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“In the beginning there was nothing, which exploded!"
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ABSTRACT

In our modern galaxy formation theory, dark matter, gas and galaxies are intimately linked,

and the interplay between these components is what drives galaxy formation and evolution.

Atomic hydrogen (HI) is one of the most readily observed gas phases and plays a key role in

piecing together our understanding of this interplay. HI allows us to probe the evolution of

the interstellar medium (ISM) and how gas gets into and out of galaxies. In this thesis, we ex-

plore the connection between dark matter, galaxies, and HI in galaxy formation simulations.

We use the semi-analytic model of galaxy formation SHARK in a Λ cold dark matter (ΛCDM)

universe, to study this connection, linking it to observations by forward-modelling our simu-

lated galaxies to consider the strong selection effects that blind HI surveys suffer from.

We begin our journey by investigating the well-known discrepancy between the observed

and predicted galaxy HI velocity function (HIVF), by modelling HI emission lines in a mock

ALFALFA survey and comparing the derived HI velocity distribution from the mock to the

one from observations. This discrepancy has been used as evidence that dark matter is com-

posed of relatively low-mass particles (aka warm dark matter). However, we find that once

the flux and velocity width selections are applied, the simulation’s predicted velocity width

distribution, which assumes cold dark matter, is in good agreement with observations. We

also find that the ALFALFA survey is biased towards galaxies with high HI gas content, even

in the dwarf galaxy regime, where most galaxies tend to be relatively gas-rich.

Next, we explore the effect that different physical processes have on the total HI content

of haloes, i.e. the HI–halo mass scaling (HIHM) relation. We find that the HIHM relation is

not monotonic, with the HI mass increasing with halo mass up to 1012M�, followed by a

decline up to 1013M�, to then increase again to higher halo masses. We find this character-

istic shape (and the scatter) is in large part driven by the feedback from active galactic nuclei

(AGN), which kicks in at ∼ 1012M�. We find that the spin parameter of the halo and the

fractional contribution from the substructure to the total halo mass (M sat
h /Mvir ) are able to

constrain the scatter of the HIHM relation at halo masses< 1012M� and> 1013M�, respect-

ively. However, at intermediate masses, the scatter is better correlated with the central black

hole–stellar mass ratio of the central galaxy, tracing the onset of efficient AGN feedback. We
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also developed a numerical model to populate haloes in dark matter-only simulations with

HI, depending on their halo mass, spin parameter,M sat
h /Mvir and redshift.

Although SHARK predicts a distinct HIHM shape described above, observational inferences

show a notably different shape. This tension led to a detailed study of how the HIHM relation

is measured in observations. Using SHARK, we created a mock survey with a corresponding

mock group catalogue and mimicked the HI stacking procedures adopted by different sur-

veys. We were successful in reproducing the observationally inferred HIHM relations by using

the respective HI stacking techniques and adopted parameters. In testing, we were unable to

find a reliable method that could compensate for observational effects that might allow one

to probe the intrinsic HIHM relation with empirical data alone. We find that the estimation of

halo masses for galaxy groups are uncertain enough as to wash out the characteristic shape

of the HIHM relation predicted by SHARK at the critical halo mass range 1012–1013M�. These

uncertainties are the leading cause behind the discrepancy seen between the predicted and

observationally inferred HIHM relations. Contamination from HI sources outside of galaxy

groups also causes significant deviations for haloes of mass≥ 1012M�.

With this thesis, we have furthered our understanding of the connection between HI, galax-

ies, and dark matter, and showed that to fully understand the limitations of our simulations,

a careful treatment of observations and selection biases is needed. This careful treatment

allows us to interpret observations in a meaningful way, also making suggestions for what

strategies work best when measuring, for example, the HIHM relation.

WORD COUNT : 59,257
The codes written and used for the analysis done in this thesis are available at https://github.com/
garimachauhan92/PhD_analysis_codes.git
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1
INTRODUCTION

I
n 1915, Albert Einstein published his General Theory of Relativity (Einstein, 1916), forever

changing our view of space, time and matter. As soon as Einstein had completed his

theory, it was realised that this theory allowed, for the first time, the construction of

self-consistent models for the Universe as a whole. An expanding Universe was a natural con-

sequence of General Relativity1, however, astronomers, including Einstein,2 still thought it

inconceivable that the Universe extended beyond our own Milky Way, let alone that it was

not ‘static’ but expanding. With the velocity measurements of ‘nebulae’3 pointing in the dir-

ection of the existence of celestial objects outside our Milky Way (Slipher, 1917), astronomers

began to seriously question this paradigm, which climaxed in the form of the ‘Great Debate’

between Harlow Shapley (in favour of a giant Milky Way of which the spiral nebulae were

part) and Heber Curtis (in favour of extragalactic nebulae; Shapley and Curtis, 1921). A few

years later, this debate was settled when Edwin Hubble spectacularly showed that some of

these ‘nebulae’ were, in fact, distant galaxies of their own, completely unassociated with the

Milky Way (Hubble, 1925). Furthermore, Hubble4 realised that the distances of these systems

were correlated with their recessional velocities (Lemaître, 1927; Hubble, 1929), suggesting

that the Universe was not only large but that it was expanding as well. Putting the final nail in

the coffin, in 1998, the groups of Riess et al. (1998) and Perlmutter et al. (1999) independently

concluded that the expansion rate of the universe was accelerating, forever putting to rest the

‘static-Milky Way size’ universe paradigm.

Since the Universe is expanding, it must have been denser and perhaps also hotter at earlier

times. In 1948, George Gamow (Gamow, 1948) suggested that the chemical elements seen

1 As shown by Friedmann in 1922, where he provided the theoretical framework for an expanding Universe within
the space-time and mathematics of General Relativity (Friedmann, 1922).

2 Einstein had introduced the ‘cosmological constant’ to counteract the expansion, which he later called the
‘biggest blunder of his life’ after learning of Hubble’s discovery.

3 Galaxies were called ‘nebulae’ due to their fuzzy appearance and the belief that they were part of the Milky Way.
4 Georges Lemaître actually discovered “Hubble’s Law" two years before Hubble, but historically was not given

credit as his paper was originally written in French, and was not translated into English until after Hubble’s pub-
lication.

1
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today may have been created by the thermonuclear reactions in the early Universe (primor-

dial nucleosynthesis). Gamow realised that for this to be true, the residual heat still should

be visible in today’s Universe as a background of thermal radiation, peaking at microwave

wavelengths. With the discovery of the cosmic microwave background (CMB; Penzias and

Wilson, 1965), the seed of our the ‘Hot Big Bang model’5 as the foundation of standard model

of cosmology was established. Despite its successes, it became evident that this cosmological

model was neither able to explain the isotropy of the CMB (which implied that different parts

of the Universe had to be in causal contact with each other at some point in time, e.g. Misner,

1968); nor the spatial flatness of the Universe (which was concluded from the matter density

of the Universe which is similar to the critical density corresponding to a flat geometry, e.g.

Dicke and Peebles, 1979). Rescue came in the form of the conceptual breakthrough proposed

by Alan Guth (Guth, 1981). He (with revisions by Linde, 1982 and Albrecht and Steinhardt,

1982) proposed that the Universe might have gone through an early period of exponential

expansion (inflation) driven by the vacuum energy of some quantum field. That would make

different parts of the Universe in causal contact with each other before inflation took place.

The inflation scenario is also able to resolve the flatness problem, by hypothesising that the

Universe expanded so much during the inflation that its curvature radius grew to be much lar-

ger than the presently observable Universe (thus making the present Universe appear flat).

During these developments in our understanding of the Universe, it came to light that most

of the matter in the Universe is non-baryonic and not luminous. The first hints of the pres-

ence of ‘dark matter’ (DM) in our Milky Way was provided by Oort (1932), when he found that

the velocity dispersion of the stars around our Galaxy required more mass than was present

in the form of luminous matter. On the extra-galactic front, the evidence for DM was first

presented by Zwicky (1933) when studying the velocities of galaxies in the Coma Cluster. It

was concluded that the mass to hold the cluster together should be about 400 times larger

than the luminous mass in stars. This idea was reinforced by the observed rotation curves

of other galaxies (e.g. Rubin and Ford, 1970; Rubin, Ford and Thonnard, 1978, 1980; Bosma,

1981), which again suggested the presence of a larger mass that was not luminous. These rota-

tion curves established that DM does not only influence the masses on cluster scales, but also

on galaxy scales. The observed different distributions for the observed baryonic mass and

total matter from gravitational lensing of the Bullet Cluster (Clowe, Gonzalez and Markevitch,

2004) has further solidified the presence of DM.

The standard cosmological picture emerging from these observations is the Λ Cold Dark

Matter (ΛCDM) model, where Λ is the cosmological constant associated with the accelera-

5 The thermal history in which the Universe expands from a dense and hot initial state was derisively referred to as
the Hot Big Bang model by Fred Hoyle, who was a proponent of unchanging steady-state cosmology.
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tion of the expansion of the Universe, which is generally called ‘dark energy’ (Huterer and

Turner, 1999; Perlmutter et al., 1999). The DM in the ΛCDM cosmogony corresponds to colli-

sionless particles that interact only via gravity and are expected to have a non-relativistic ve-

locity distribution, thus referred to as ‘cold’. According to our current measurements (Planck

Collaboration et al., 2016), DM and dark energy make up more than 95 per cent of the mass–

energy content of the Universe, while the remaining' 5 per cent comes from baryonic mat-

ter6 (as measured at z = 0). We find that ' 75 per cent of baryonic matter is hydrogen, and

' 25 per cent is in the form of helium, with a small fraction� 1 per cent of lithium (these

are primordial abundances produced by the Big Bang Nucleosynthesis; Planck Collaboration

et al., 2016).

In the ΛCDM model, small perturbations in the matter distribution were introduced dur-

ing the initial inflationary period, which grew over time due to gravitational instability. As the

Universe expands, the average background density decreases. When an overdense region ex-

ceeds a critical threshold overdensity relative to this background, the region stops expanding

and becomes gravitationally self-bound. Structure formation, thus, happens hierarchically,

where the formation of small structures happen first, which then merge to form larger struc-

tures. Figure 1.1 shows the evolution of the DM density field at different epochs.

Galaxy formation and evolution is intimately linked to the collapse and growth of struc-

tures in the Universe. Initially, gas and DM are well mixed, but as the Universe evolves, gas

falls to the centre of gravitationally bound structures, where it can cool and form stars, which

eventually grow into galaxies. These galaxies grow and evolve either via merging or by con-

tinual gas accretion and production of stars. The energetic processes within galaxies (such as

star formation, supernova explosions, etc) impact their surroundings by heating and ejecting

gas, which in turn influences gas accretion and star formation (Benson, 2010). The cycle of

gas in and out of the galaxies, fuelling the conversion of gas into stars, which is termed as ‘the

baryon cycle’, is fundamental to galaxy evolution and intimately linked to the formation and

growth of structure in the Universe.

Thus, from the story presented so far, a picture emerges where dark matter, gas, and galax-

ies are completely intertwined with each other. The interplay between these components

is what drives galaxy formation and evolution. In this thesis, we explore this connection

between dark matter, galaxies and gas (particularly atomic hydrogen, HI) by using a semi-

analytic model of galaxy formation (see Chapter 2 for details about the model) that follows

the formation and evolution of galaxies in the standard cosmological model. In Section 1.1,

6 Any of a group of subatomic particles (such as nucleons) that are subject to the strong force and are composed of
three quarks. The most familiar baryons are the protons and neutrons which make up most of the visible matter
in the Universe.
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Figure 1.1: Figure provided by Lucie Bakels: An example of the evolution of the density field at fixed
coordinates in a simulated cosmological box, at three different redshifts: z = 6 (upper left),
z = 2 (upper right), and z = 0 (lower left). The lower right panel shows a zoom in on the
central halo and substructure. This figure consists of only DM particles.

we present a brief introduction to galaxy formation in the current cosmological framework,

and the theoretical methods used to study it. In Section 1.2, we concentrate on the role of

atomic hydrogen in galaxy formation; what observations and theory have shown so far; and

what the current outstanding questions are. Finally, we outline the motivation, structure and

main goals of this PhD thesis in Section 1.3.
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1.1 G A L A X Y F O R M AT I O N A N D E V O L U T I O N

Under the standard cosmological model, after the Big Bang, the matter in the Universe con-

sisted of DM and fundamental baryon particles, distributed almost uniformly albeit with

small density perturbations. These perturbations can be thought of as a superposition of

plane waves, which first collapse into vast sheets. Filaments are formed where these sheets

intersect, and at the intersection of these filaments form great knots of matter, called “haloes".

This results in the formation of the cosmic web, whose densest regions are the birthplace of

the galaxies seen today. These haloes grow by continually accreting gas and DM, either via

smooth accretion through the filaments (Keres et al., 2004; Dekel et al., 2009; Brooks et al.,

2009; Wright et al., 2020) or by mergers with other haloes (Lacey and Cole, 1993; Baugh, 2006;

Benson, 2010). This section provides a brief overview of the key physical processes involved

in galaxy formation and evolution.

Modern galaxy formation theory is founded on the ground-breaking work of White and

Rees (1978). They proposed a two-stage theory for galaxy formation: (a) DM haloes form

first through hierarchical clustering; (b) within the potential wells of these DM haloes, the

luminous content of galaxies forms as a result of cooling and condensation of the gas. They

utilised the Press and Schechter (1974) description of the formation of non-linear structure

to calculate the mass function of these galaxies.

According to galaxy formation theory, a halo initially consists of both DM and gas. The DM

virializes into a halo supported by random motion and, due to its dissipationless nature, does

not collapse any further. Gas, however, collapses further due to its ability to radiatively cool

its energy away, but is prevented from collapsing to a point source by virtue of the conser-

vation of angular momentum. The angular momentum provided to the halo via primordial

gravitational torques leads to the formation of rotationally-supported, flat discs of gas (see

Hoyle, 1951; Fall and Efstathiou, 1980; Mo, Mao and White, 1998).

Once this gas disc forms, the gas can fragment into dense clouds which allows hydrogen

to form molecules. This results in further cooling, more fragmentation, and eventually each

fragment gravitationally collapses to form a star, often with many stars forming per birth

cloud (see McKee and Ostriker, 2007, for a review). The high temperature and density in the

inner regions of the star is sufficient for nuclear fusion to occur. Thus, the stars ‘burn’ hy-

drogen into heavier elements like helium and metals7, where the energy produced by fusion

is released from the stellar surface in the form of thermal (electromagnetic) radiation. The

fate of the star then rests on its mass when it first formed. The most massive stars are able

7 Since hydrogen and helium together make up about 98 per cent of the baryonic mass in the Universe, astro-
nomers refer to all other elements collectively as “metals".
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to generate the heaviest metals8 (up to iron), but also burn through their fuel relatively fast.

With no thermal pressure to counteract its own gravity, the core of the star collapses, and its

life ends with a core-collapse supernova (SN) explosion, where the outer layers of the star are

energetically driven away from the core. This redistributes the star’s gas into the interstellar

medium (ISM) and enriches it with the metals produced during the star’s lifetime as well as

those produced by the explosion itself (see Heckman et al., 2000; Rubin et al., 2010; Sharma

and Nath, 2012; Rupke, 2018). The energy and momentum added to the gas by the SN explo-

sion generate winds and shocks in the ISM, which can eject gas out of the galaxy as well as

prevent further accretion of primordial gas from the cosmic web (see Rupke, 2018, for a re-

cent review). Hence, the SN explosion acts as a source of negative feedback, which prevents

the galaxy from collapsing into clumps of stars by ejecting low-angular-momentum gas from

it (Dekel and Silk, 1986; Hopkins, Quataert and Murray, 2012), as well as reducing the overall

gas reservoir. As for the remnant, depending on its mass, it either becomes a neutron star (if

the remnant mass ≥ 1.4 M�) or a black hole (remnant mass ≥ 2M�; Chandrasekhar, 1931;

Bombaci, 1996; Oppenheimer and Snyder, 1939; Tolman, 1939). For low-mass stars, electron

degeneracy pressure balances out gravity, resulting in a white dwarf composed of helium,

oxygen, and/or carbon (Liebert, 1980).

There is strong observational evidence that most or perhaps all spheroid-dominated galax-

ies (which comprise the majority of all massive galaxies) contain a supermassive black hole

(SMBH; see the review of Kormendy and Ho, 2013). When stellar feedback is no longer suffi-

cient to keep the gas from accreting onto the galaxies (which happens for galaxies with stellar

mass≥ 1010.5M�) (see King and Pounds, 2015, for a review), the gas funnels into the central

regions of the galaxy and accretes onto the central SMBH. As this black hole grows in mass,

it can create its own feedback by various process (such as intense heat produced by the fric-

tion in its gaseous disc, loss of gravitational energy as gas falls into the black hole, etc), with

the energy it outputs being proportional to the accretion rate of the gas. The accretion rate in-

creases with the mass of the black hole, with the energy outflows taking the form of relativistic

collimated jets, which can heat the surrounding medium (Lynden-Bell, 1969). This black hole

feedback is powerful enough to suppress the cooling of gas, which can lead to a reduction in

star formation and further accretion of gas (King and Pounds, 2015).

The final step in our understanding of galaxy formation and evolution is to understand

how galaxies evolve into the variety of morphologies we see today. The stellar morphologies

of galaxies range from being rotationally supported, flattened discs, to dispersion-supported,

elliptical objects, with everything in between, and combinations thereof. Stellar discs are

thought to have formed from a gas disc, and grow through star formation and possible ac-

8 Low-mass binaries are also known to have metal lines in their spectra.
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cretion of smaller galaxies. As for ellipsoids, we think they form either through gravitational

instabilities in discs driving low-angular momentum material in the centres of the galaxies

(Kormendy and Kennicutt, 2004); or through major mergers with other galaxies, which can

disrupt the disc out of which its stars are formed, as well as adding stars formed in the ex-

ternal galaxies on orbits misaligned with the disc (see Toomre, 1964; Barnes and Hernquist,

1992; Lagos et al., 2015; Clauwens et al., 2018).

1.1.1 STUDYING GALAXY FORMATION

A broad brush view of galaxy formation and the processes involved is presented in Section

1.1, and maybe accurate to first order for much of the galaxy population. The general picture

that arises from our current modern galaxy formation theory is that DM, gas and galaxies are

inextricably linked. To rigorously test theories of galaxy formation and evolution, it is imper-

ative to be able to generate predictions of galaxy properties, ideally from ab-initio physical

processes and in a statistical sense, that are directly comparable with observations. Unfor-

tunately, as we are dealing with cosmological volumes, with processes that influence galaxy

formation ranging from the subatomic scales, where the atomic composition of the gas de-

termines its ability to cool and condense; to parsec (pc) scales relevant for star formation,

stellar and other feedback; to mega-parsec (Mpc) scales needed to capture the interaction

of galaxies with its environment; to hundreds of Mpc in order to obtain a statistically repres-

entative sample of galaxies in a cosmic web that forms following the standard cosmological

model – none of which we are able to recreate in a laboratory as a controlled experiment, thus

making directly studying them impossible. Fortunately, for us, the advances made in the com-

puter technology over the last two decades have given us the ability to perform simulations

of the Universe in enough detail to meaningfully interpret our data.

In general, galaxy formation is a complex interplay between various physical processes, for

example, gas inflows and feedback-driven outflows, the distribution of metals within and out-

side galaxies, and interactions between galaxies and their environments. To test galaxy forma-

tion models, one must capture – as closely as possible – the complex interactions between the

different relevant physical mechanisms, for which numerical simulations are required. There

are two widely used approaches to study galaxy formation: hydrodynamical simulations, and

semi-analytic modelling of galaxy formation.
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Hydrodynamical Simulations:

Hydrodynamical simulations simultaneously evolve DM and baryonic matter by concurrently

solving equations of gravity, hydrodynamics, and thermodynamics for particles and/or grid

cells representing DM, gas, and stars. The advantage of hydrodynamical simulations is that,

within the limitations of the adopted numerical resolution, predictions of the spatial kin-

ematic, and thermodynamical properties of the baryons are made. These simulations also

provide information on the velocity of stars and DM. While highly sophisticated, the main

disadvantage of this technique is that many of the physical processes that regulate galaxy

formation occur on a scale well below the resolution of these simulations, and are viewed as

sub-grid physics in this context, and are hence treated in a phenomenological way. We remark

that at all scales there are physical processes that can only be modelled in a phenomenolo-

gical way. A change in resolution would not eliminate the problem but move the problem to

a different scale where sub-grid models will be a natural consequence of our lack of under-

standing of the processes at play. Another downside of hydrodynamical simulations is the

high computational cost, which is dominated by the small time-steps required to solve the

relevant equations in regions of high-density gas, typical of the ISM of galaxies. For more in-

formation about the technical aspects of hydrodynamical simulations, see Vogelsberger et al.

(2020) for a recent review.

DM-onlyN -body simulations:

An important class of simulations are cosmological N -body simulations. These work by dis-

cretising a universe into a finite number of particles in a box that is periodic. The particles

are first distributed uniformly throughout the box, then their positions are perturbed, thereby

seeding overdensities, which are consistent with observations of the cosmic microwave back-

ground (see Section 2.1.1 in Chapter 2). These N -body simulations, which model only grav-

ity as the sole means of particles interacting, are representative of a universe composed en-

tirely of DM. These N -body simulations provide insight into how the large-scale structure is

formed and allow us to identify the sites and gravitational potentials of the haloes in which

galaxies can form and evolve. These haloes need to, therefore, be populated with galaxies

in order for us to test our understanding of galaxy formation. We can populate these haloes

either using empirical models or physical models of galaxy formation.
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Empirical models:

The class of empirical models includes halo occupation distribution models (e.g. Berlind and

Weinberg, 2002; Zheng et al., 2005; Benson et al., 2000; Seljak, 2000), conditional luminosity

function models (Yang, Mo and van den Bosch, 2003; van den Bosch et al., 2007), subhalo

abundance matching (SHAM) models and related techniques (Tasitsiomi et al., 2004; Con-

roy, Wechsler and Kravtsov, 2006; Behroozi, Conroy and Wechsler, 2010; Moster et al., 2010).

These techniques derive mappings between observable properties of galaxies and predicted

properties of the DM haloes from the N -body simulations, but do not contain any actual

modelling of physical processes. Empirical models produce a theoretical galaxy population

that are statistically consistent with observations (see Lim et al., 2016, for a thorough com-

parison of how well different empirical models produce galaxy population that is consistent

with observations). These techniques provide insights into the required connection between

observable galaxies and DM haloes, but offer limited information on how galaxies evolve, and

which and when physical processes may be relevant.

Semi-analytic models:

Semi-analytic models (SAMs), unlike hydrodynamical simulations, do not explicitly solve

fundamental equations for particles or grid cells but rather adopt a hybrid set of discret-

ised numerical physical models to treat galaxy formation and evolution. They take advant-

age of halo catalogues and merger trees that characterise halo assembly history constructed

from N -body (i. e. DM-only) simulations, and couple these to galaxy formation models that

track physical processes within a dark matter halo over time (see Baugh, 2006; Benson, 2010;

Somerville and Davé, 2015). In other words, the entire process of galaxy formation and evolu-

tion is treated in a “sub-grid" fashion, to make the parallel with hydrodynamical simulations

(see Somerville and Davé, 2015, for a review). SAMs are able to simulate large cosmological

volumes containing millions of galaxies over all cosmic epochs, making multiwavelength pre-

dictions, and at lesser computational expense than hydrodynamical simulations. The main

drawback of SAMs lies in the fact that important approximations are required: for example,

assuming that the structure of discs and bulges follow analytic (and axis-symmetric) profiles.

This limits their predictive power compared to hydrodynamical simulations. However, the

smaller computational cost allows us to rerun the model multiple times by its multiple facets

and extensively exploring different sub-grid recipes that treat the most uncertain aspects of

galaxy formation. This also provides us with an in-depth understanding of the parameter

space of the model and possible degeneracies (Proctor et al., in prep). Figure 1.2 highlights
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Figure 1.2: From Wechsler and Tinker (2018): Modelling approaches to the galaxy–halo connection.
The top panel shows the DM distribution in a 90× 90× 30 Mpc h−1 slice of a cosmolo-
gical simulation (left) compared with the galaxy distribution using an abundance match-
ing model (right), tuned to match galaxy clustering properties of an observed sample. The
grid highlights the key assumptions of various models. The models are listed on a con-
tinuum from left to right ranging from physical and predictive (making more assumptions
from direct simulations or physical prescriptions) to more empirical (more flexible para-
meterisations, constrained directly from data).

key features of the different approaches to modelling galaxy formation, with an emphasis on

the galaxy–halo connection.

In this thesis, we exploit the predictive power and modularity of the semi-analytic model

SHARK (Lagos et al., 2018a), to understand the relation between gas, galaxies, and dark matter

and how they collectively affect and are affected by the various physical process described

earlier. Chapter 2 provides an overview of our model and the equations in place for treating

galaxy formation and evolution.
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1.2 T H E R O L E O F AT O M I C H Y D R O G E N I N G A L A X Y F O R M AT I O N

From the prevalent galaxy formation model described in the previous section, it becomes

evident that gas is just as much a central component of a galaxy as stars are. The flow of

gas into and out of galaxies profoundly affects their formation and evolution. This baryon

cycle provides the fuel for future star formation and black hole growth. The energy and mo-

mentum released by stars and black holes result in outflows of interstellar gas which may be

responsible for the regulation of star formation, and perhaps sometimes, its cessation (see

reviews of Putman, Peek and Joung, 2012; Somerville and Davé, 2015; Tumlinson, Peeples

and Werk, 2017). Thus, the transport of gas from the intergalactic medium (IGM) through

the circumgalactic medium (CGM) and into galaxies as well as the expulsion of gas out of

the ISM and into the surrounding CGM plays a pivotal role in galaxy evolution (Somerville

and Davé, 2015). The ISM mediates between stellar- and galactic-scale processes. The accret-

ing ionised gas from the IGM passes through different ISM phases before being converted to

stars, and the various feedback mechanisms involved in galaxy evolution enrich the IGM with

metals. The large-scale multi-phase gas distribution of the CGM around galaxies, formed due

to inflows, outflows and mergers, is again intricately linked with the ISM and star formation.

Thus, we can see that the ISM of a galaxy is a complex and dynamic reservoir with a con-

stant interplay of matter, momentum and energy between various ISM phases and the stars,

with the phase structure of the ISM becoming a direct probe of various complex astrophys-

ical processes that take place inside a galaxy (Davé, 2016; Anglés-Alcázar et al., 2017; Dutta,

2019). Figure 1.3 shows a schematic on how the gas reservoir of galaxies is affected by various

processes, and a simplistic view of the baryon cycle.

The majority of gas in galaxies in the local Universe is in the form of neutral atomic hy-

drogen, HI9 (Panagia, 1979). The HI in and around galaxies acts as the intermediary phase

in the baryon cycle connecting the accreting ionised gas from the IGM, the shock heated gas

around the galaxy and the molecular phase in the stellar disc that gets converted to stars (Put-

man, Peek and Joung, 2012; Krumholz and Dekel, 2012; Crain et al., 2017). The HI disc of a

galaxy is also the component that gets most affected by tidal interactions and galaxy mergers,

since it is more extended than the stellar disc and has a lower density (Oosterloo, Fraternali

and Sancisi, 2007; Sancisi et al., 2008; Chung et al., 2009; Mihos et al., 2012). Thus, due to its

inherently transient nature, the HI content of a galaxy is constantly in flux – increasing from

accretion, decreasing from molecule formation (and subsequent star formation), feedback,

and environmental effects. Therefore, theories of galaxy formation must address how – and

9 The ISM also consists of helium, atoms of other elements along with unexpectedly exotic organic molecules.
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Figure 1.3: From Lilly et al. (2013): Illustration of gas-regulated model, showing how the gas flows into
the halo and galaxies and is affected by different physical processes.

to what extent – atomic hydrogen gas reservoirs are regulated, and how they respond to the

baryon cycle of galaxies.

In addition to the crucial role HI plays in galaxy formation and evolution, it is also one of

the components that is most easily observable. HI passively emits at a wavelength of 21.106

cm, or a frequency of 1420.405727 MHz, resulting from the electron spin-flip in the electronic

ground state of the hydrogen atom. This frequency is one of the most precisely known quant-

ities in astrophysics, having been measured to great accuracy in studies of hydrogen masers

(Goldenberg, Kleppner and Ramsey, 1960). This line was theoretically predicted by van de

Hulst (1945), with the HI 21 cm emission from our Galaxy detected in 1951 (Ewen and Pur-

cell, 1951; Muller and Oort, 1951; Pawsey, 1951) and beyond the Galaxy in 1953 (Kerr and

Hindman, 1953). These detections propelled us into the era of radio astronomy, where the HI

21 cm emission line has proven to be a powerful tool for studying the distribution, amount,

kinematics, and temperature of HI in and around galaxies.

In the following sections, we tackle how HI is treated in simulations first. We then go into

details of how HI is connected to galaxies and dark matter haloes, and how that can be used

to further our knowledge of galaxy formation.
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1.2.1 HI IN SEMI-ANALYTIC MODELS

Large cosmological simulations (which follow volumes of up to a few hundred Mpc on a side)

are integral to achieving statistically representative samples of galaxies, within a physically

motivated context that connects the formation of structures in the universe to galaxy forma-

tion and evolution. But the cost of getting a statistically representative sample is low resolu-

tion, both in particle mass (Mp≥ 107M�) and spatial resolution (roughly& 1 kpc)10. The ISM

is a complex component of galaxies, where multiple gas phases coexist at very different dens-

ities and temperatures (McKee and Ostriker, 1977), and the resolution of large cosmological

simulations is orders of magnitude away from capturing it. However, advances in our theor-

etical understanding of star formation, as well as better observational characterization of key

scaling relations (see Kennicutt and Evans, 2012), have enabled the development of empir-

ical recipes that smooth over much of the small–scale complexity. In both hydrodynamical

simulations (barring the zoom simulations) and SAMs, alternative approaches are required

to track the gas phases of the ISM. Since the focus of this thesis is SAMs (SHARK), we will

discuss the approach adopted by them. Howerver, a similar approach to what is described

below, is also adopted in hydrodynamical simulations, where the implementation is done on

a particle-by-particle (or cell-by-cell) basis rather than in a radial profile fashion (see Rahmati

et al., 2013; Lagos et al., 2015; Diemer et al., 2018, for ISM implementation in hydrodynamical

simulations).

It is well known now that star formation happens in the dense, cold, molecular phase of the

ISM, with the star formation efficiency being equivalent to∼ 1 per cent of molecular gas be-

ing converted to stars per free-fall time (Bigiel et al., 2008; Bigiel et al., 2011; Krumholz, Dekel

and McKee, 2012; Leroy et al., 2013a; Krumholz, 2014). Gas that has cooled loses its pressure

support and collapses into a disc, and SAMs use the initial angular momentum of the halo

gas to estimate the radial size of the disc. While some SAMs track the radial structure of the

disc (see Kauffmann, 1996; Dutton and van den Bosch, 2009; Fu et al., 2010; Stevens, Croton

and Mutch, 2016), most models assume that the disc radial surface density is an exponential

profile. Here, we describe the latter case, as it is the assumption made in SHARK (see Chapter

2 and Lagos et al., 2018a for more details). Several SAMs track the atomic and molecular gas

phases separately (Fu et al., 2010; Lagos et al., 2011; Popping, Somerville and Trager, 2014; La-

gos et al., 2018a). This is achieved either by employing metallicity-based analytic models or

fitting functions to full hydrodynamical simulations including the formation and destruction

processes of molecular gas (see Krumholz, Mckee and Tumlinson, 2009; Gnedin and Kravtsov,

2011) or by adopting an empirical pressure-based relation (Blitz and Rosolowsky, 2006; Leroy

10 These numbers correspond to the current state-of-the-art cosmological simulations.
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et al., 2008). The former is based on the expectation that the H2 production is catalyzed by

dust (by extension metallicity plays a key role via the dust-to-metal ratio, e.g. Rémy-Ruyer

et al., 2014), whereas the latter is based on the dependence of the H2 fraction on the disc mid-

plane pressure. The hydrostatic pressure can be estimated from the cold gas surface density,

the stellar surface density, and the ratio of vertical velocity dispersions of the gas and stars

(Elmegreen, 1989).

It has been suggested in the literature that galaxy interactions and mergers trigger star-

bursts with enhanced star formation efficiency (Sargent et al., 2014). Most SAMs implement

a burst mode, where the star formation efficiency is increased depending on the cold gas

fractions of the progenitors (see Chapter 2 for details). Merger-driven bursts are important

for aiding the production of certain populations, like ultraluminous IR galaxies and about

half of the high-redshift submillimeter-detected galaxies (Niemi et al., 2012; Hayward et al.,

2013), which are required for SAMs to produce multiwavelength predictions (Baugh et al.,

2005; Lacey et al., 2016; Lagos et al., 2019).

Using these techniques, cosmological simulations have successfully reproduced the ob-

served HI mass function, the cosmic HI density in the local Universe, and fundamental kin-

ematic relations such as the Tully-Fisher relation (Tully and Fisher, 1977; cf. Cole et al., 2000;

Crain et al., 2015b; Kim et al., 2017; Lagos et al., 2018a, etc.). Galaxy formation is a challenging

problem due to its intrinsic multi-scale and multi-physics character, where processes at every

scale have a profound effect on galaxy properties. In order to develop a robust model for the

physical processes of the ISM, we need to have better and deeper HI observations which can

probe the ISM at unprecedented levels.

1.2.2 HI AND GALAXIES

The evolution of HI is of fundamental importance for understanding the build-up of both the

stellar and gas reservoirs in galaxies, as well as to explore the process by which galaxies accrete

their material (Athanassoula et al., 2016). We have given an overview of how HI is treated

in simulations, but for robustly testing and revising our theories, we need observations. HI

plays a major role in building up the stellar mass of galaxies, and as the principal component

of the ISM, it is an excellent tracer of the total gas content in and around galaxies. The 21

cm emission line carries a range of information about the HI content of the galaxy. Each

galaxy’s HI spectrum provides information on systemic velocity, the integrated flux and the

velocity width, which are used to derive the galaxy distance, gas mass and total dynamical

mass, respectively (Koribalski et al., 2004). The shape of the integrated HI spectrum also

reflects the overall galaxy symmetry, flatness of the rotation curve and presence of other HI
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components (Verdes-Montenegro et al., 2001; Kilborn et al., 2009; Reynolds, Westmeier and

Staveley-Smith, 2020; Watts et al., 2020).

In the past decade, large-area, blind HI surveys have proven invaluable in providing uni-

form coverage over a large region of the sky for samples of order 104 galaxies. Surveys, such

as the HI Parkes All-Sky Survey (HIPASS; Meyer et al., 2004) and the Arecibo Legacy Fast ALFA

(ALFALFA; Giovanelli et al., 2005; Haynes et al., 2018) survey have provided us with the global

HI content of galaxies out to redshifts z ≤ 0.04 and z ≤ 0.06, respectively. These surveys have

made it possible to measure the HI mass and velocity functions for the present-day Universe.

Not only have they established the global HI properties of nearby galaxies, but they have also

offered a window into the complex links that exist between cold gas reservoirs and the phys-

ical conditions in galaxies. The link between HI and the galaxies’ stellar properties (Fabello

et al., 2011a; Brown et al., 2015; Chen et al., 2020), star formation activities (Kannappan, 2004;

Catinella et al., 2010; Schiminovich et al., 2010; Janowiecki et al., 2020) and environments

(Boselli et al., 2006; Cortese et al., 2011; Fabello et al., 2012; Brown et al., 2017; Janowiecki

et al., 2017), have helped further our understanding of galaxy formation and evolution.

The way the HI mass scales with stellar mass in galaxies as we vary other galaxy proper-

ties (e.g. star formation rate, colour, etc.), can give us insight into the physical and dynam-

ical processes taking place within the galaxy. Normally, these scaling relations are derived

by comparing the ratio of total HI and stellar mass (gas fraction) of the galaxy, against other

derived and observed galactic properties. Figure 1.4 shows the relationship between the gas

fraction of galaxies and their total stellar mass. A clear trend emerges: gas fractions tend to

decrease when stellar mass increases. Trends like this inform us how HI responds to a variety

of different physical conditions in galaxies and providing insights on their evolution, such as

what processes are responsible for the transition between blue, star-forming spirals to red,

passively-evolving ellipticals. For example, the decreasing gas fraction with increasing stel-

lar mass tells us that high-mass galaxies (generally dominated by elliptical galaxies) have less

HI per unit stellar mass, which directly influences their star formation rate, which increases

with increasing gas content. We can infer from this observation that high-mass galaxies un-

dergo physical processes and formation histories that differ from low-mass galaxies, which

are responsible for decreasing their HI content (maybe a result of feedback from AGN, galaxy

mergers etc).

In the current epoch of the Universe, most galaxies reside in galaxy groups (Tully, 1987),

which are ubiquitous with their evolution often dominated by gravitationally driven interac-

tions between their members (Barnes and Webster, 2001; Yang et al., 2007; Marasco et al.,

2016). Galaxies residing in groups are not only affected by internal galaxy processes, but also

by interactions with other galaxies, the intra-group gas medium and the group’s tidal field.
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Figure 1.4: From Brown et al. (2015): HI gas fraction versus stellar mass diagram for galaxies present in
the intersection of the SDSS DR7 (Sloan Digital Sky Survey Data Release 7; Abazajian et al.,
2009) footprint and the ALFALFA survey. The grey points represent galaxies detected in HI

by ALFALFA, with the blue line showing the stacked average HI mass of galaxies that are
detected in ALFALFA and red line showing the stacked average of the entire sample. The
dashed black line and magenta line show scaling relations from GASS (GALEX Arecibo SDSS
Survey; Catinella et al., 2010) and HRS (Herschel Reference Survey; Boselli et al., 2010),
respectively.

For example, processes such as ram pressure stripping (Gunn and Gott, 1972), turbulent/vi-

cious stripping (Nulsen, 1982), thermal evaporation (Cowie and Songaila, 1977), starvation

(Larson, Tinsley and Caldwell, 1980), interactions with the cluster potential (Bekki, 1999),

harassment, the cumulative effect of many fast interactions (Moore et al., 1996), slow inter-

actions between individual galaxies (Mihos, 2004) and mergers; have a profound effect on

galaxy evolution. HI is an excellent tracer of different physical processes, as it is affected by

both the intra-halo medium/IGM and gravitational interactions. Its low density and overall

weak binding energies (due to residing in the outskirts of galaxies) makes it particularly sus-

ceptible to the physical processes listed above. HI also allows us to investigate and detect

the faint outer discs of galaxies, extended tidal features (such as tails, bridges, filaments) and

dwarf galaxy companions (Hibbard et al., 2001; Sancisi et al., 2008; Heald et al., 2011; Serra et

al., 2012; Bosma, 2017; Koribalski et al., 2018). Tidal bridges and tails can constrain the initial

properties of the interacting galaxies and the dynamics of the actual encounter (Toomre and

Toomre, 1972; Bournaud and Duc, 2006). Global statistics of how the HI-to-stellar mass ratio
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changes in satellite galaxies as a function of their stellar mass, host halo mass and specific

star formation rate can also provide information of the average effect environment has on

the HI content of galaxies (e.g. Brown et al., 2017; Stevens and Brown, 2017). The net effect of

the internal and external physical processes affecting HI is what we observe via these scaling

relations, and hence they provide desirable constraints on galaxy formation models.

Hence, HI can provide invaluable assistance in answering questions such as, which mech-

anisms are responsible for galaxy evolution, how do galaxies interact with each other, and

what effect do these interactions have on galaxy evolution? Galaxy mergers and interactions

are very important in our favoured galaxy formation theory, and with HI being a good tracer

of galaxy interactions, it provides an insightful constraint for cosmological simulations to ro-

bustly test and calibrate their models. However, there is a caveat; HI surveys have given us

enormous insight into the role HI plays in galaxy formation and evolution, but due to the

faint nature of the 21 cm line emission, these surveys have been limited to the local Universe.

Along with this limitation, surveys, in general, suffer from selection biases, i.e. blind HI sur-

veys will preferentially detect gas-rich galaxies, which tend to be star-forming and late-type.

This is obvious from Figure 1.4, where the detections from ALFALFA have a higher gas fraction

when compared to a more targeted survey, such as GASS and HRS, or even when comparing

with the average stacked HI mass of the entire sample considered in Brown et al. (2015). This

makes the derived scaling relations reliable for a subset of galaxy population and not the en-

tire population. Understanding and controlling these systematic biases is crucial to place

into context scaling relations and global measurements coming from blind HI surveys, but

at the same time can be extremely challenging given the several parameters that determine

whether a galaxy is detected or not.

1.2.3 HI AND DARK MATTER

The current standard ΛCDM cosmological model has been extremely successful at repro-

ducing the bulk of the observed properties of our Universe on large scales (Komatsu et al.,

2011a). However, given the current lack of a firm theoretical understanding of dark energy

and the lack of direct or indirect detection of the DM particle, it is important to test in detail

the astrophysical implications of the established cosmological paradigm.

Rotational velocities measured using different emission lines (optical or radio) of rotation-

ally supported objects are of paramount importance, since they directly trace the total dy-

namical mass of galaxies. Kinematic scaling relations, such as the Tully-Fisher and Faber-

Jackson relation (Faber and Jackson, 1976), are tightly connected to the DM content of dif-

ferent kinds of galaxies, and are thus, one of the most important direct observational con-



18 I N T R O D U C T I O N

Figure 1.5: From Schneider et al. (2014): Velocity-width function of the HI component measured by
ALFALFA (black dots; Papastergis et al., 2011) and obtained by converting the maximum
circular velocity of the haloes into the HI emission line width by populating haloes with
a corresponding HI disc. Different coloured lines represent different warm dark matter
cosmologies, with the black line representing the ΛCDM cosmology.

straints for models of galaxy formation. By being the most extended, visible component of

disc galaxies with radii typically twice the size of the stellar discs (Swaters and Balcells, 2002;

Bigiel et al., 2010; Mishra et al., 2017), HI is an excellent tracer of the dynamical mass dis-

tribution in galaxies (de Blok et al., 2008; Oh et al., 2015). In the paradigm of hierarchical

growth, structure forms first on small scales, resulting in a universe dominated by low-mass

haloes. This is reflected in the steeply declining halo mass function (N(M)∝M−1) or halo

velocity function (N(V )∝ V −3; Klypin et al., 2015; Elahi et al., 2018) predicted by ΛCDM. As

galaxy rotational velocity is directly connected to the underlying dark matter distribution, the

velocity function of galaxies using HI line widths makes an excellent test-bed for our ΛCDM

model, which are thought to be good proxies for the DM rotational velocity. When compar-

ing the “raw" predictions of the velocity function from ΛCDM with observations, it is found

that they match for galaxies with circular velocities around and above 80 km s−1(Zavala et

al., 2009; Zwaan, Meyer and Staveley-Smith, 2010; Papastergis et al., 2011; Trujillo-Gomez

et al., 2011; Klypin et al., 2015), but below that circular velocity, ΛCDM predicts an order of
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magnitude more galaxies than observed. Many theories have come forward to reconcile this

discrepancy, ranging from the effect of baryonic physics on the DM distribution (Almeida

et al., 2014; Brooks et al., 2017) to changing the nature of DM itself (see Zavala et al., 2009;

Schneider et al., 2012; Trujillo-Gomez et al., 2018). Figure 1.5 shows how the HI velocity func-

tion is affected by varying the nature of DM. The selection biases of the surveys have also

been proposed as a probable solution (see Obreschkow et al., 2013), but due to the resolution

limitations the controversial region of low circular velocities could not be probed. Neverthe-

less, the HI velocity function becomes an important observational measurement that has the

potential of informing us of the DM distribution but also possible baryonic physics affecting

it.

Another important cosmological probe is the clustering of galaxies, which encodes inform-

ation about cosmological parameters and also the physical processes behind the formation

and evolution of galaxies. In ΛCDM, galaxies form and evolve in DM haloes. The spatial

distribution of galaxies is therefore dictated by the underlying DM, which in turn, depends

sensitively on the cosmological parameters. By comparing galaxies selected in different ways,

one gains an understanding of how different galaxies trace the underlying DM. It has been

found that HI-rich galaxies tend to cluster weakly when compared to HI-deficient galaxies

and galaxies selected in optical bands (Meyer et al., 2007; Martin et al., 2012; Papastergis et

al., 2013), which indicates that the HI-rich galaxies are preferentially found in lower-mass ha-

loes compared with their optical or gas-poorer counterparts. Figure 1.6 shows the projected

correlation function for optically (SDSS sample) and HI (ALFALFA sample) selected galax-

ies, where it can be seen that the gas-poor galaxies are more clustered than gas-rich galax-

ies. This is in agreement with theoretical expectations, as the environment has a profound

effect on the HI content of galaxies, whereby galaxies that are more clustered have less HI

(see Chung et al., 2009; Brown et al., 2017). These clustering measurements, therefore, help

develop clustering-based galaxy occupation models which then feed back into cosmological

studies, as they provide the necessary link between the measured distribution of matter that

is determined by cosmological parameters and the galaxy formation and evolution which is

governed by physical processes (Reddick et al., 2013). Studying the spatial distribution of HI-

selected galaxies, thus, has the potential of improving our understanding of the astrophysical

processes governing the abundance and evolution of HI in galaxies across time.

Along with information on the distribution of HI-selected galaxies in the Universe, accur-

ate clustering measurements of HI-selected galaxies can be used to infer the HI–halo mass

scaling relation (HIHM). Numerical simulations have shown that the majority of HI in the

post-reionisation Universe is inside DM haloes (Villaescusa-Navarro et al., 2014, 2018), thus

making the HIHM relation useful to constrain environmental effects and halo assembly his-
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Figure 1.6: From Papastergis et al. (2013): Top panel: The projected correlation function, Ξ(σ)/σ,
for the “blue" (star-forming, gas-rich galaxies), “green" (galaxies in between star-forming
and quenched phases) and “red" (quenched, gas-poor galaxies) SDSS galaxy sample, com-
pared with the correlation function of the ALFALFA sample. Here, σ denotes the separation
between galaxies on the plane of the sky. Bottom panel: the same projected correlation
functions as above, normalised to the correlation function of the ALFALFA sample (correla-
tion function withMHI > 109M�). The unity line is also plotted for reference.

tory. HI clustering has been used to build empirical models of the total HI content of haloes

as a function of halo mass (see Padmanabhan, Refregier and Amara, 2017; Obuljen et al.,

2019). Guo et al. (2017) introduced assembly age in addition to halo mass to model the HI

clustering of galaxies, with their model suggesting that younger haloes tend to be HI-richer

than their older counterparts.

HI clustering has been useful in indirectly constraining the HIHM relation, but it is lim-

ited to HI-rich galaxies, due to the limitations of the HI surveys. The empirical modelling so

far used to do this is subject to strong assumptions (such as monotonic relation between HI

mass and subhalo mass or maximum circular velocity) that could be flawed. Directly meas-
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Figure 1.7: From Guo et al. (2020): Measurement of total HI masses for haloes in different mass bins
using HI stacking. The measurements are shown for groups with different occupation
(i.e. number of galaxies associated to the group) as labelled. There is an increasing turn-
over feature with larger group richness around the halo mass scale∼ 1012M�.

uring the HI mass inside a halo can be done via HI stacking11 of galaxy groups (Guo et al.,

2020, Rhee et. al., in prep), which will make certain that all the HI emission from the group is

captured. Figure 1.7 shows the HIHM relation inferred from HI stacking SDSS galaxy groups

using ALFALFA observations. The HIHM relation can, hence, provide powerful constraints

for galaxy formation models. However, the derived shape of the HIHM relation from observa-

tions depends very much on the stacking technique adopted (see Chapter 5 for more details).

The HIHM relation can vary from monotonically increasing (Guo et al., 2020) to a flat, mass-

independent relation (Rhee et al., in prep). On the other hand, while a lot of progress has

been made in the modelling of cold gas in the recent years (see Obreschkow et al., 2009; La-

gos et al., 2011; Popping, Somerville and Trager, 2014; Somerville and Davé, 2014; Crain et al.,

2017; Diemer et al., 2018), large variations in model predictions of the HIHM relation still re-

main due to uncertainties in the underlying physics. Both of these situations reflect the need

for deeper and more accurate HI surveys, as the current observations are limited to the local

Universe and provide strongly biased view of the HI content of galaxies and haloes.

11 Stacking is the process of co-adding individual non-detections in an attempt to boost the signal-to-noise ratio of
the data and thereby recover a more significant statistical detection.
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1.3 M O T I VAT I O N A N D T H E S I S S E T U P

Modern galaxy formation theory and physical cosmology have been profoundly shaped by

the discoveries of the last couple of decades, driven largely by the availability of large galaxy

surveys, such as SDSS12, GAMA13, ALFALFA, HIPASS, and other surveys. They have not only

helped constrain our understanding of galaxy formation and evolution, but also provided a

statistically relevant sample of galaxies to test and model our cosmological simulations. Over

the last decade or so, advances in numerical methodologies and computing speeds have also

advanced our ability to simulate the formation of structure within the ΛCDM model (see

Springel, 2005; Klypin, Trujillo-Gomez and Primack, 2011; Somerville and Davé, 2015; Elahi

et al., 2018; Vogelsberger et al., 2020). Cosmological simulations have been able to produce

realistic galaxy populations from well-defined initial conditions and make detailed predic-

tions for the expected observable properties of those galaxies. By developing galaxy forma-

tion models to describe gas cooling, star formation, feedback etc, cosmological simulations

have enhanced our understanding of a wide range of problems in astrophysics and cosmo-

logy (Naab and Ostriker, 2017). Successes of cosmological simulations’ predictive power in-

clude:(i) correctly predicting the buildup of stellar mass over cosmic time, with massive galax-

ies forming earlier and more rapidly than lower-mass galaxies (e.g. Bower et al., 2006; Croton

et al., 2006; De Lucia and Blaizot, 2007; Lagos, Padilla and Cora, 2009; Font et al., 2011; Mc-

Carthy et al., 2012; Pillepich et al., 2014); (ii) qualitatively reproducing the correct slope and

evolution of mean global scaling relations between stellar mass and star formation rate, gas

fraction, and gas phase metallicity (cf. Cole et al., 2000; Crain et al., 2015b; Lagos et al., 2018a;

Collacchioni et al., 2018, etc.); (iii) predicting the rise of the morphological diversity of galax-

ies (e.g. Correa et al., 2017; Dickinson et al., 2018); and (iv) and qualitative reproduction of

the observed sizes and internal velocities of observed galaxies and their scaling relations (cf.

Cole et al., 2000; Fu et al., 2010; McCarthy et al., 2012; Crain et al., 2015b; Lagos et al., 2018a;

Stevens et al., 2019, etc; see Somerville and Davé, 2015; Vogelsberger et al., 2020 for recent

reviews).

Clearly, advances have been made in both observations and simulations, and these have

made immense contributions to the development of the theory of galaxy formation. Des-

pite these successes, some important limitations remain. Simulations have been successful

in identifying key physical processes involved in galaxy formation and a range of methods

are used to model them. Many of these processes that affect galaxy formation come under

the banner of sub-grid physics and rely on phenomenological prescriptions that are calib-

12 Sloan Digital Sky Survey, (York et al., 2000)
13 Galaxy and Mass Assembly, (Liske et al., 2015; Driver et al., 2011)
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rated using observations. Many model predictions and results are sensitive to the assump-

tions used in the sub-grid prescriptions which in turn are shaped by observations (Haas et

al., 2013a,b; Naab and Ostriker, 2017). On the other hand, HI surveys have given us enorm-

ous insight into the role HI plays in galaxy formation and evolution, but these surveys have

been limited to the local Universe. Large-scale blind HI surveys are able to provide the global

HI content of star-forming, mostly late-type galaxies, with spatially-resolved HI observations

possible for relatively nearby galaxies only. However, these surveys suffer from selection bi-

ases, preferentially selecting galaxies that are more gas-rich and star forming, which have a

direct impact on the inferences made from observations. In order to develop a fully-fledged

understanding of galaxy formation, we need to probe the ISM of galaxies at higher redshifts,

go deeper to observe down to galaxies that can be gas-poor and live in high density environ-

ments, and probe both global and spatially-resolved HI in galaxies to fully grasp the dynamics

of the ISM of galaxies.

These limitations may also be behind some disagreements between theoretical predictions

and observations, and also among predictions from different galaxy formation models. For

example, there is disagreement between the ΛCDM predicted and observed HI velocity func-

tion for galaxies with circular velocities ≤ 80 km s−1(see Papastergis et al., 2011; Obresch-

kow et al., 2013, and Chapter 3 for more details). The HIHM relation predicted by different

galaxy formation models varies, depending on how the physical processes are modelled in

them (see Chapter 4). On the observational side, the HIHM relation inferred using differ-

ent spectral-stacking procedures tend to disagree, giving different values to both observed

and predicted HIHM relations (see Chapter 5). These limitations make it hard for us to isol-

ate the cause of these disagreements, opening questions such as: (a) are these discrepancies

caused by survey biases?; (b) do we need serious revisions to our cosmological model as to

our galaxy formation theories? To answer these questions and form a robust galaxy formation

theory, simulations and observations need to work in conjunction. We need observations to

constrain our simulations and simulations to interpret the observed data and model survey

biases.

With this thesis, we try to bring some resolution to the aforementioned problems, by an-

swering some of the questions pertaining to the limitations described above. By using the

state-of-the-art semi-analytic model of galaxy formation, SHARK, we aim to bridge the gap

between observations and simulations, using simulations to understand the prevalent ob-

servational biases and to develop models that can help understand current and future ob-

servations. It has become evident that HI plays a fundamental role in galaxy formation and

evolution, and thus, understanding the connection between HI, galaxies and DM is essential
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to understanding how galaxies form and evolve in the standard cosmological model. With

this in mind, we aim to answer:

(i) Is the discrepancy between the ΛCDM prediction and observed HI velocity function

due to our cosmology being wrong, baryonic physics, observational biases, or a com-

bination of these options?

(ii) What are the causes and major physical processes responsible for the varied HIHM

relations predicted by different galaxy formation models? Can the HIHM relation be

described by halo properties alone or do we need to invoke baryonic processes to un-

derstand it?

(iii) Why do different spectral stacking procedures result in different observed HIHM rela-

tion? And how can we compare our simulations with these observations?

Answering these questions becomes essential as we are currently living in exciting times.

Not only do we have an ensemble of HI observations at low redshifts that provide meas-

ures of the fundamental relations between galaxies, HI and DM, but future facilities such

as the Square Kilometre Array (SKA; Abdalla and Rawlings, 2005) will vastly improve our un-

derstanding of how the HI content of galaxies evolves through cosmic dawn, reaching a peak

of star formation at cosmic noon, towards lower redshifts, where quenching becomes a pre-

valent process. Already, surveys such as the Widefield ASKAP L-band Legacy All-sky Blind

surveY (WALLABY; Koribalski et al., 2019) and the Deep Investigation of Neutral Gas Origins

(DINGO; Meyer, 2009) are underway on the Australian Square Kilometre Array Pathfinder

(ASKAP), aiming to detect and chart the evolution of HI to redshifts z = 0.26 and 0.4, respect-

ively. Using the VLA14, the COSMOS HI Large Extragalactic Survey (CHILES; Fernández et al.,

2013), for the first time, aims to produce HI images of at least 300 galaxies spread over the

range z = 0−0.45 in the COSMOS (The Cosmic Evolution Survey; Scoville et al., 2007) field.

With the advent of these new and improved surveys, it becomes all the more important to

recognise the systematic effects that might affect the measurements made by these surveys,

as they will directly impact our understanding of how HI evolves through time. This has also

opened up the need to study and recognise the physical processes that drive this evolution,

which is possible by using galaxy formation models. We hope that the theoretical framework

presented in this thesis will help with the interpretation of observations from the current and

next-generation radio telescopes.

14 Karl G. Jansky Very Large Array, (Napier, Thompson and Ekers, 1983)
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Thesis Setup

The main objective of this thesis is to understand the connection between HI, galaxies and

DM. We do this by using simulations to explore the effect different physical processes have on

this connection, and to also interpret our current HI observations in the context of physical

models of galaxy formation in the standard cosmological model.

In Chapter 2, we summarise the N -body simulations that undperpin our models, how we

track the growth of DM haloes, and the physical processes included in the semi-analytic

model of galaxy formation, SHARK, used throughout this thesis.

We then use our model to, first, explore the effect HI survey detection biases have on the

derived HI velocity function, in Chapter 3. We show how these survey selection effects can

explain the discrepancy seen between the observations and ΛCDM predictions.

In Chapter 4, we explore how HI populates haloes, by identifying physical processes dir-

ectly responsible for affecting the HIHM relation both in shape and scatter, and track their

evolution through redshifts z = 0−2. We find that feedback from active galactic nuclei (AGN)

is the main physical process responsible for the shape and the scatter around the HIHM re-

lation at Milky Way-halo mass scales. We also identify the spin parameter and amount of

substructure in haloes as main drivers of scatter at lower and higher halo masses.

In Chapter 5, we explore in detail how well HI stacking techniques currently used in obser-

vations can derive the mean HIHM relation by fully mimicking the observational procedures

in our simulations. We find that we are able to reproduce the observed HIHM relation when

following the same procedures as used in observations. However, the derived HIHM relation

is far from the intrinsic one predicted by SHARK due to systematic effects in the derivation of

halo masses and the large velocity stacking windows used in observations.

Chapter 6 concludes with a summary of the results presented in this thesis and discusses

future work.





2
SEMI-ANALYTICAL MODEL FOR GALAXY

FORMATION

T
he main aim of this thesis is to understand the connection between neutral atomic

hydrogen (HI), galaxies, and dark matter (DM). In order to study the distribution and

evolution of HI throughout time and space, and its role in galaxy formation and evol-

ution, we employ semi-analytical models for galaxy formation (SAMs).

SAMs use DM-only halo merger trees, which are produced from a cosmological DM-only

N -body simulation, and follow the formation and evolution of galaxies by solving a set of

equations that describe all the physical processes that (we think) are relevant for the problem,

by linking them to the evolution of DM halo properties in the merger trees (see reviews by

Baugh 2006; Benson 2010; Somerville and Davé 2015). For this thesis, we use the SHARK semi-

analytical model for galaxy formation (Lagos et al., 2018a), which is run on the SURFS suite of

N -body simulations (Elahi et al., 2018).

As stated in Baugh (2006), hierarchical galaxy formation models require three pieces of in-

formation about DM haloes: (i) the abundance of haloes of different masses, (ii) the form-

ation history of each halo, and (iii) the internal structure of the halo. Thus, we begin this

chapter by describing the DM-only N -body simulation used for this study in Section 2.1.

Here, we go into the details of how the growth, identification and tracking of the DM struc-

tures are done in the SURFS suite ofN -body simulations. We then move to describe all the rel-

evant prescriptions for baryon treatment that are included in SHARK in Section 2.2. It should

be noted that SHARK is a modular SAM with several implementations for any one physical

process. However, here we limit ourselves to only describing the default parameters and pre-

scriptions used throughout the thesis. If the reader is interested in other implementations,

we refer them to Lagos et al. (2018a).

27
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Table 2.1: SURFS simulation parameters of the runs used in this thesis. We refer to L40N512 and
L210N1536 as micro-SURFS and medi-SURFS, respectively.

Name Box size Number of Particle Mass Softening Length

Lbox[cMpc/h] ParticlesNp mp [M�/h] ε[ckpc/h]

L40N512 40 5123 4.13×107 2.6

L210N1536 210 15363 2.21×108 4.5

2.1 S U R F S : n- B O D Y S I M U L AT I O N S

The SURFS suite (Elahi et al., 2018) consists ofN -body simulations of differing volumes, from

40 to 210 h−1 cMpc (comoving megaparsec) on a side, and particle numbers, ranging from

∼ 130 million up to∼ 8.5 billion particles. The simulation adopts the ΛCDM Planck Collabor-

ation et al. (2016) cosmology, which assumes total matter, baryon and dark energy densities

of Ωm = 0.3121, Ωb = 0.0491 and ΩΛ = 0.6879, respectively, and a dimensionless Hubble

parameter of h = 0.6751. Throughout this thesis, we use the L210N1536 and L40N512 runs

of the suite, hereafter referred to as ‘medi-SURFS’ and ‘micro-SURFS’, respectively.

Medi-SURFS is a moderate-volume, medium-resolution simulation, with a volume of 210

h−1 cMpc on a side and contains ∼ 3.6 billion particles. The DM haloes in this simula-

tion are considered resolved at masses of ≥ 1011.2M�; these haloes contain ≥ 200 particles.

Complementing medi-SURFS, we have micro-SURFS which is a small-volume, high-resolution

simulation, with a volume of 40 h−1 cMpc on a side and containing ∼ 130 million particles.

Micro-SURFS allows us to resolve DM haloes (with at least 200 particles) down to masses of

∼ 1010M�. By using two different resolution runs, we can probe over 6 orders of magnitude

in DM halo mass, which gives us an optimal dynamic range to conduct our various analysis.

Table 2.1 shows the simulation parameters. It should be noted that the SURFS simulations

consists of haloes with≥ 20 particles, and SHARK is run on all of them (see Lagos et al., 2018a;

Lagos et al., 2019; Bravo et al., 2020, etc). We have limited our analysis in this thesis to haloes

containing≥ 200 particles as a conservative resolution limit.

SURFS simulations consist of 200 snapshots with associated halo catalogues in evenly spaced

logarithmic intervals of the expansion factor starting at z = 24 for all of their boxes. All theN -

body simulations were run with a memory lean version of the GADGET2 code, with the halo

identification done using VELOCIRAPTOR and the halo merger trees built using TREEFROG,

which are discussed briefly in Sections 2.1.1, 2.1.2 and 2.1.3, respectively.
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2.1.1 EVOLUTION OF DARK MATTER

The continuum limit of non-interacting DM particles is described by the collisionless Boltzmann1

equation coupled to Poisson’s equation in an expanding background universe dictated by

the Friedmann equations. These equations are best solved with the N -body method, where

phase-space density is sampled with a finite number,N , of tracer particles. GADGET-2 (Sprin-

gel, 2005) is an N -body hydrodynamical simulation code which is used to evolve the DM in

the SURFS simulations. In GADGET-2, theN -body forces are computed using the tree particle-

mesh method (TreePM; see Bagla, 2002), computing both short and long range gravitational

forces. It uses a hierarchical multipole expansion technique to compute the short-range

forces, which has proven to be more accurate on small scales. The long-range forces are com-

puted using Fourier techniques, as particle-mesh methods are adept at quickly computing

the large-scale gravitational field.

Assuming periodic boundary conditions for a cube of sizeL3 (which is required in order to

emulate the large-scale homogeneity and isotropy of the Universe), GADGET-2 computes the

interaction potential, ϕ(x) as the solution of

(2.2)∆2ϕ(x) = 4πG

[
− 1

L3
+
∑

n

δ̃(x− nL)

]
,

where the sum over n = (n1,n2,n3) extends over all integer triplets, x is the position of the

particle and G is the gravitational constant. The Poisson’s equation at position x can be writ-

ten as ∆2φ(x) = 4πG(ρ(x)−ρ), where ρ is the mean density, which has been subtracted. This

would lead us to define a ‘peculiar potential’ for the discretised particle system as:

(2.3)φ(x) =
∑

i

miϕ(x− xi),

as has been shown in Springel (2005), where mi and xi are the mass and position of the

particle i, respectively.

The field description of the gravitational forces does not hold when the discretised particles

move close to each other. Thus, a single-particle density distribution function, δ(x), is intro-

duced. This is a Dirac δ-function convolved with a normalised gravitational softening kernel

1 The collisionless Boltzmann equation is written as:

(2.1)
df

dt
=
∂f

∂t
+ v

∂f

∂r
− ∂φ

∂r
∂f

∂v
= 0

where f = f(r,v, t) is the mass distribution function at a point at position (r) with velocity (v) at a time, t. φ =
φ(r, t) is the gravitational potential at position r and time t.
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of comoving scale ε, set by δ(x) = W (|x|,2.8ε), where W (r) is given by the following spline

kernel (Monaghan and Lattanzio, 1985):

(2.4)W (r,d) =
8

πd3


1− 6( rd)2 + 6( rd)3 ,0 ≤ r

d ≤
1
2

2(1− r
d)3 , 1

2 ≤
r
d ≤ 1

0, r
d > 1

where r is the distance between two particles, and d is 2.8 times the softening length, ε.

As stated earlier, GADGET-2 computes long and short-range forces differently. Hence, the

potential of Equation 2.3 is split in Fourier space into a long-range part and a short-range

part, φk = φ
long
k +φshort

k . The long-range part (φk
long) is described as:

(2.5)φ
long
k = φkexp(−k2r2

s ),

The short-range part (φk
short) is computed as:

(2.6)φshort(x) = −G
∑
i

mi

ri
erfc

(
ri

2rs

)
.

Here, rs is the spatial scale of the force split. The short-range part of the potential is solved for

rs ≪L, in which ri = min(|x−ri−nL|) is defined as the smallest distance of the particle i to

x. erfc is the complementary error function which rapidly suppresses the force for distances

large compared to rs.

After computing the forces acting on each particle, the dynamics of these particles can then

be described by the Hamiltonian

(2.7)H =
∑

i

p2
i

2mia(t)2
+

1

2

∑
ij

mimjϕ(xi − xj)

a(t)
.

Here, H = H(p1, . . . ,pN,x1, . . . ,xN, t), xi are comoving coordinate vectors, with the corres-

ponding canonical momenta given by pi = a2mix
.

i. The time dependence of the Hamiltonian

arises from the evolution of a(t) (the scale factor). The Hamiltonian operator is further split

into two parts giving rise to two symplectic operators, kinetic (drift) and potential (kick) op-

erators. The ‘drift’ and ‘kick’ operators handle the change in position due to momentum and

gravitational forces, respectively. The time integration is then done by a combined time evol-

ution operator, a kick-drift-kick leapfrog integrator.

In the end, we have successfully run a cosmological simulation which has evolved DM to

form cosmic structures.
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2.1.2 HALO-FINDING ALGORITHM

To move towards understanding the formation and evolution of cosmic structure, we need

to extract information on these structures by identifying DM haloes (gravitationally bound

structures), the SURFS suite of N -body simulations uses VELOCIRAPTOR. Figure 2.1 illus-

trates the process of halo decomposition by VELOCIRAPTOR. The upper panel showcases the

decomposition of an initial 3DFoF candidate into 6DFoF haloes. The bottom panel shows the

application of substructure finding in the largest 6DFoF halo that was identified in the upper

panel.

VELOCIRAPTOR is a phase-space (sub)halo finder capable of identifying DM haloes, subha-

loes and galaxies. In a DM-only simulation, the identification of structures is carried out in

two steps (i) identify field haloes; and (ii) for each field halo, search for substructure using

phase-space information.

The first haloes (or structures) are identified using a 3D friends-of-friends (3DFoF) algorithm,

where particles are linked together according to the distances between them:

(2.8)
|xi − xj|2

l2x
< 1,

where xi is the position of particle i and lx is the linking length, chosen to be a fixed fraction

of the mean inter-particle separation, which identifies overdensities corresponding to haloes.

Although 3DFoF can identify structures, it is susceptible to linking objects that happen to

be close to each other but not part of the same structure. To ensure that unrelated particles

are not assigned to a halo, VELOCIRAPTOR imposes a 6D friends-of-friends (6DFoF) criteria,

which links particles in velocity space:

(2.9)
|xi − xj|2

l2x
+
|vi − vj|2

l2v
< 1.

Here, vi is the velocity of particle i and lv = αvσv,k, where σv,k is the velocity dispersion of

structure k and αv is a scaling term of order unity.

Once all the field haloes are identified, the next step is to identify the subhaloes (substruc-

tures) of those field haloes. The subhaloes are identified using a phase-space FoF algorithm

applied to particles that have a local velocity distribution that differs significantly from the

mean, smooth background halo. The dynamically distinct particles are identified by calcu-

lating the local velocity density of a particle using a smoothing kernel2, with nearest velocity

neighbours, Nv, forming a set of nearest physical neighbours, Nset, and comparing them to

2 Epanechnikov smoothing kernel
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Figure 2.1: From Elahi et al. (2019b): Figure illustrates decomposition of an initial 3DFoF candidate
into 6DFoF haloes (upper panel), followed by the search for substructure and major mer-
gers in the largest 6DFoF halo (bottom panel, red 6DFoF halo seen in the upper right panel).
The bottom panel shows the application of substructure finding (green arrow), core identi-
fication and growth for mergers (purple arrow), and the substructure identified when the
self-boundedness criteria are relaxed to find tidal debris (teal arrow). In the left column,
particles are colour-coded according to the 3D density going from blue to green in increas-
ing density. Colours in the other panels represent the group they belong to.

the expected velocity density in the background. The mean velocity field is estimated by split-

ting the halo into cells, each containing∼ 1 per cent of the total particles in the halo (which is

increased up to∼ 12.5 per cent for cells containing fewer than 100 particles). For each of the

cells, the centre-of-mass position, centre-of-mass velocity, and the velocity dispersion tensor

are calculated as well. The expected velocity of each halo is then calculated by interpolating

the quantities of the cell it is positioned in and its neighbouring 6 cells as,

(2.10)u(x) =

N∑
i=0

wi(xui)∑N
j=0 wj(x)

.

Here, u is the quantity we wish to determine at a position x based on cells with centre-of-

mass position x and wi(x) = |x− x|−1. As both velocity and position have noise associated

with them, that must be taken into account when determining if a particle is an outlier to the

background distribution and belongs to a substructure. A particle is defined to be an outlier,

if it satisfies:

(2.11)Lk ≡ (Rk −R)/σR > 1,
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where Rk is the logarithmic velocity density ratio between the particle and the background,

and σR is its dispersion.

After recognising the outlying particles, they need to be linked together to form a substruc-

ture. A phase-space algorithm is employed to link the particles together that satisfy the follow-

ing four criteria: (i) both particles need to be outliers (Lk > 1); (ii) they should be closer than

0.5× lx, where lx is the 3DFoF linking length; (iii) and (iv) criteria involve relaxing the 3DFoF

constraints and putting constraints on the differences within the velocity ratio threshold and

the angle between the velocity vectors.

All these parameters can be manually set, though for the SURFS N -body simulations, the

default parameters listed in Table 1 in Elahi et al. (2018) have been used. For the application

to SHARK, we care about 6DFoF haloes and subhaloes (separated into central and satellite

subhaloes).

2.1.3 MERGER TREE BUILDING

With the (sub)haloes identified, in order to understand the evolution of (sub)haloes we need

to track them through time. Tracking how and when a (sub)halo acquires its mass is called

building a merger history tree for this specific (sub)halo. In the SURFS N -body simulations,

TREEFROG (Poulton et al., 2018; Elahi et al., 2019a) is used to build merger trees for the haloes

identified by VELOCIRAPTOR.

TREEFROG at the most basic level is a particle correlator that matches particles within the

cores of DM haloes across multiple snapshots. It links DM haloes by matching particle IDs

between different halo catalogues. For example, the cross-matching between haloes belong-

ing to cataloguesA andB is done by identifying for each object in catalogueA, the object in

catalogueB that maximises the merit function:

(2.12)NAiBj = N2
Ai
⋂

Bj
/(NAiNBj).

Here, NAi
⋂

Bj
is the number of particles shared between objects i and j, and NAi and NBj are

the total number of particles in the corresponding object in cataloguesA andB, respectively.

This merit function maximises the fraction of shared particles in both objects, though there

can be instances where several possible candidates are identified. This is bound to happen

when several similar mass haloes merge at once, as loosely bound particles can be readily

exchanged between haloes. To circumvent this issue, TREEFROG ranks the particles according

to their binding energy using:

(2.13)SAiBj,Ai =

NAi
⋂

Bj∑
l

1

Rl,Ai

.
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Figure 2.2: From Elahi et al. (2019a): The mass accretion history and motion of the main branch of
the 6DFoF halo shown in Figure 2.1 (left panel), along with the relative radial position of a
sample of large subhaloes (all the other panels). The size of the markers (horizontal lines)
indicates the mass of the object. The size of the markers of the subhaloes increased by a
factor of 5 relative to the main halo to make them more visible. Colours indicate the merit
of a match between a halo and its descendant given by Equation 2.14. The range of the
colour bar is chosen to emphasise the transition about the nominal acceptable merit of 0.1.
The inset panel shows the mass evolution of the three largest objects and the main branch.
The virial radius of the main halo is plotted by a dashed vertical grey line in the subhalo
panel.

Rl,Ai is the rank of particle l in halo Ai, with the most bound particle having R = 1. By

combining Equation 2.12 with the normalised version of Equation 2.13, we get the ‘combined

merit’:

(2.14)MAiBj = NAiBjS AiBj,AiS AiBj,Bj,

where we calculate the rank ordering in both the haloes in question. Here

S AiBj,Ai = SAiBj,Ai/S
max
AiBj,Ai

, with S max
AiBj

= γ + lnNAi where γ = 0.572156649 is the Euler-

Mascheroni constant. This combined merit maximises the total shared number of particles

along with weighting the match by the number of equally well-bound shared particles. In the

case that no good match is found for a halo in adjacent snapshots, subsequent snapshots are
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searched until a good match is found or the maximum number of snapshots is reached. For

SURFS N -body simulations, typically four snapshots are searched for the best match halo.

Figure 2.2 shows the mass accretion history that results from a merger tree as obtained from

TREEFROG. Here the growth of a halo/subhalo is shown as a function of the snapshot number

(time), with the highest (latest) snapshot at the top.

2.2 E V O LV I N G G A L A X I E S W I T H S H A R K

With the DM haloes identified and their merger histories constructed, we populate these

haloes with baryons using the state-of-the-art SAM, SHARK3. SHARK (Lagos et al., 2018a) is

an open-source, flexible and highly modular SAM that models the key physical processes of

galaxy formation and evolution. These include:

(i) the collapse and merging of DM haloes (Section 2.1);

(ii) the accretion of gas onto haloes, which is governed by the DM accretion rate (Section

2.2.3);

(iii) the shock heating and radiative cooling of gas inside DM haloes, leading to the forma-

tion of galactic discs via conservation of specific angular momentum of the cooling gas

(Section 2.2.4) ;

(iv) the formation of a multi-phase interstellar medium and subsequent star formation (SF)

in galaxy discs (Section 2.2.5);

(v) stellar feedback from evolving stellar populations (Section 2.2.6);

(vi) chemical enrichment of stars and gas (Section 2.2.7 and 2.2.8);

(vii) galaxy mergers driven by dynamical friction within common DM haloes, which can

trigger bursts of SF and the formation and/or growth of spheroids (Section 2.2.9);

(viii) the collapse of globally unstable discs leading to bursts of SF and the creation and/or

growth of bulges (Section 2.2.10).

(ix) the suppression of gas cooling due to photo-ionisation (Section 2.2.11);

(x) the growth of supermassive black holes (SMBH) via gas accretion and merging with

other SMBHs (Section 2.2.12); and

3 https://github.com/ICRAR/shark/
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Figure 2.3: Figure provided by Katy Proctor: A schematic of different baryonic components inside a
halo and the processes that influence the transfer of material between them.

(xi) heating by active galactic nuclei (AGN) (Section 2.2.12).

SHARK also includes several different prescriptions for gas cooling, AGN feedback, stellar and

photo-ionisation feedback, and SF.

Using these models, SHARK computes the exchange of mass, metals, and angular momentum

between the key baryonic reservoirs in haloes and galaxies, which include hot and cold halo

gas, the galactic stellar and gas discs and bulges, central SMBH, as well as the ejected gas

component that tracks the baryons that have been expelled from haloes (Section 2.2.15). A

schematic view of the interplay between these physical processes and the baryonic compon-

ents inside a halo is shown in Figure 2.3.
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We would like to remind our readers that SHARK is a modular SAM, meaning that it con-

tains multiple models for different physical processes which all can be used in most possible

combinations. In this section, we describe the default models and equations of SHARK that

have been used in this thesis. These models and parameters are the ones shown in Lagos

et al. (2018a), which is found to be the best combination for results that were closest to re-

producing observations. Part of the aim of this thesis is also to test the default models and

parameters adopted by SHARK, to see where they fail and where they succeed.

2.2.1 HALO PROPERTIES AS CALCULATED IN SHARK

As the haloes grow via merging with other haloes and by DM accretion, the halo properties,

such as halo mass and radius, Mhalo and R200 ≡ rvir, respectively, are calculated by VELO-

CIRAPTOR at each snapshot. The virial mass is defined as:

(2.15)Mhalo ≡M200 = 4πR3
200∆ρcrit/3,

where ρcrit is the critical density of the universe at that epoch. M200 and R200 are the mass

and radius of the halo, respectively, where the average density within the halo radius is 200

times of the critical density of the universe, by definition4.

The haloes are assumed to follow a NFW (Navarro-Frenk-White; Navarro, Frenk and White,

1997) density profile:

(2.16)ρDM(r) ∝ 1

(r/rs)(1 + r/rs)2
,

where r is the radius, rs is the scale radius, related to the virial radius by the concentration,

rs = R200/cNFW. In SHARK, the halo concentration (cNFW) is estimated using the Duffy et al.

(2008) relation between concentration, the halo’s virial mass and redshift. The spin paramet-

ers of the haloes, λDM, are drawn from a log-normal distribution of mean 0.03 and width 0.5.

These parameters correspond to those measured in SURFS for well-resolved haloes (Elahi et

al., 2018), which are computed using the Bullock et al. (2001) spin parameter. In SHARK we

opt for using these definitions of concentration and spin parameter rather than those com-

puted directly by VELOCIRAPTOR, because the latter are only reliable down to a few hundred

particles, while SHARK instead uses all haloes with more than 20 particles.

Finally, we calculate the halo’s angular momentum using the mass and halo’s spin paramet-

ers, adopting the Mo, Mao and White (1998) definition,

(2.17)Jh =

√
2G2/3

(10H(z))1/3
λDMM

5/3
halo,

4 The value presented here is only an approximation of the radius within which the system is truly virialised. See
Cole and Lacey (1996) and Bryan and Norman (1998) for more details.
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whereG is Newton’s gravity constant andH(z) is the Hubble parameter at redshift z.

2.2.2 GALAXY TYPES IN SHARK

In SHARK, we define the most massive subhalo of every existing halo at z = 0 to be the central

subhalo, and the rest of the subhaloes as satellite subhaloes. The main progenitor of the

central subhalo is then made the central subhalo of their respective haloes at earlier epochs.

This is repeated at every snapshot.

SHARK uses the merger trees and subhalo catalogue information to define three types of

galaxies: centrals, satellites and orphans. We define centrals or type=0 to be the central galaxy

of the central subhalo. Satellites or type = 1 galaxies are the central galaxies of the other ex-

isting subhaloes for that host halo (satellite subhaloes). The galaxies belonging to a subhalo

that merges onto another one and is not the main progenitor become orphans or type = 2

galaxies. A central subhalo in SHARK can only have one central galaxy and any number of

orphan galaxies, whereas the satellite subhalo is allowed to have only one type = 1 galaxy.

When a subhalo becomes a satellite subhalo, any orphan galaxies in that subhalo are trans-

ferred to the central subhalo.

2.2.3 MATTER ACCRETION ONTO HALOES

At every snapshot, newly identified haloes are treated as potential galaxy-forming structures.

We assume a fraction of matter (Ωb) is inside the halo is in the form of hot halo gas with a

temperature Tvir = (µmH/2kB)v2
vir, where vvir = (GMhalo/rvir)

1/2, µ is the mean molecular

weight and kB is the Boltzmann’s constant. The gas is also assumed to have a minimum frac-

tion of metals of 10−7.

Any further gas accretion onto haloes is dictated by the DM mass gained by the halo (bar-

ring the mass gained by mergers), which is estimated by taking the difference between all the

mass contributed by the progenitor halo and the halo mass at the current timestep, ∆M =

Mhalo,current−
∑

iM
i
halo,progenitor. The accreted matter is assumed to bring a fraction Ωb of ba-

ryons with a minimum fraction of metals (10−7). In order to avoid sudden changes in mass

due to misidentification of haloes/subhaloes by the halo finders, we limit the maximum ba-

ryon mass haloes can contain to the universal baryon fraction.
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2.2.4 GAS IN HALOES

The gas in haloes is in two phases: cold and hot. The cold halo gas is the gas that cools

down within a simulation snapshot, whereas the hot halo gas is the gas that is still at the

virial temperature or has not had enough time to cool down to be accreted by the central

galaxy. The halo gas settles into a spherically symmetric distribution, with an isothermal

density profile:

(2.18)ρg(r) =
mgas,h

4πr2
virr

,

wheremgas,h is the total halo gas.

The halo gas begins loosing its thermal energy via radiative cooling caused by atomic pro-

cesses, at a rate of ρ2
gΛ(Tvir,zgas,h) per unit volume, with zgas,h being the metallicity of this

gas and Λ(Tvir,zgas,h) being the cooling function. A tabulated cooling function in a grid of

(Tvir,zgas,h) is produced using CLOUDY version 08 (Ferland et al., 1998), under the assump-

tion of collisional ionisation equilibrium and without dust consideration, which is then in-

terpolated at each snapshot for each halo to estimate Λ. The cooling time is then calculated

based on the density as:

(2.19)tcool(r) =
3

2

µmHkBTvir

ρg(r)Λ(Tvir,zgas,h)
,

The cooled gas corresponds to that enclosed within the cooling radius, rcool, which is then

referred to as cold halo gas. The default SHARK model adopts the Croton et al. (2006) model

to estimate the cooling time (tcool), which assumes that tcool at the cooling radius, rcool, is

of a similar magnitude to the dynamical time-scale, which is assumed to be tcool ≡ rvir/vvir.

This assumption comes from the argument that the cooling mass that crosses rcool is approx-

imately equal to the cold-gas mass deposition rate on the galaxy (Bertschinger, 1989). After

deriving the cooling radius from Equation 2.19, the cooling rate is estimated by employing

the continuity equation, as follows:

(2.20)M
.

cool = 4πρg(rcool)r
2
coolr

.
cool.

This is only valid for ‘hot-halo mode’, rcool < rvir. In ‘cold-halo mode’, rcool > rvir, all the

halo gas is accreted onto the galaxy in a dynamical time-scale.

2.2.5 GAS PHASES IN THE INTERSTELLAR MEDIUM AND STAR FORMATION

In the default SHARK model, we use the prescription described in Blitz and Rosolowsky (2006),

hereafter referred to as BR06, to compute the amount of atomic and molecular hydrogen
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(HI and H2, respectively) in the gas disc and bulge of the galaxy. The gas, once it cools, is

assumed to settle in an exponential disc of half-mass radius, rgas,disc. In BR06 the ratio of

the molecular to atomic hydrogen gas surface density in galaxies is a function of the local

hydro-static pressure in the mid-plane of the disc, with a power-law index close to 1,

(2.21)Rmol ≡
ΣH2

ΣHI
=

(
P

P0

)αP

,

whereP0 andαP are parameters measured in observations and have valuesP0/κB = 1,500−
40,000(34,673)cm−3K andαP ≈ 0.7−1(0.92) (Blitz and Rosolowsky, 2006; Leroy et al., 2008),

with the values in paranthesis being the default values used in SHARK. The hydrostatic pres-

sure from the surface densities of gas and stars is calculated following Elmegreen (1989),

(2.22)P =
π

2
GΣgas

(
Σgas +

σgas

σ?
Σ?

)
,

where Σgas and Σ? are the total gas (atomic, molecular and ionised) and stellar surface dens-

ities, respectively, and σgas and σ? are the gas and stellar velocity dispersions, respectively.

The stellar surface density is assumed to follow an exponential profile with a half-mass stel-

lar radius of r?,disc. We adopt σgas = 10 km s−1(from Leroy et al., 2008) and calculate σ? =
√
πGh?Σ?, where h? = r?,disc/7.3 (Kregel, Van Der Kruit and Grijs, 2002). In the case of

bulges, the same Equations 2.21 and 2.22 are adopted, but instead using the half-gas mass

and half-stellar mass radii of the bulge. The HI surface densities cannot extend to infin-

itely values because the UV background will ionise very low-density gas; thus a minimum

threshold of Σthresh = 0.1M�pc−2 is applied, following the results of the hydrodynamical

simulations of Gnedin (2012). All the gas at lower densities is considered to be ionised.

Our default star formation model assumes the SFR surface density to be proportional to the

H2 surface density. The SFR surface density is calculated by assuming a constant depletion

time for the molecular gas, following

(2.23)ΣSFR = νSFfmolΣgas.

Here, νSF is the inverse of the H2 depletion time-scale with fmol = Σmol/Σgas, where Σmol is

the molecular gas surface density and Σgas is the total gas surface density; ΣSFR is integrated

over a radii range of 0− 10 rgas,disc or rgas,bulge. We adopt two different values of νSF. For SF

in discs, νSF = 1Gyr−1, while for starbursts triggered by galaxy mergers and disc instabilities,

νSF = 0.1Gyr−1 (these values are based on Sargent et al., 2014). The latter value is adopted for

SF in bulges, as starbursts cause SF in the central bulge. This is motivated by the bimodality

observed in the ΣSFR−Σmol plane for normal star-forming galaxies and starbursts (Genzel

et al., 2010).
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Star formation in bulges

In SHARK, the mean star formation taking place in the central bulge is by starbursts. Star-

bursts can be triggered by either galaxy mergers or disc instabilities. There is a strong evid-

ence that starbursts follow a similar relation to normal star-forming galaxies studied in Leroy

et al. (2013b) but with a time-scale significantly shorter (Daddi et al., 2010; Genzel et al., 2015;

Tacconi et al., 2018). The same calculations forRmol, Σgas andP above are adopted for bulges,

replacing all the disc properties with bulge’s. The only important factor that we apply is a

boost factor to the star formation efficiency, νSF,burst = ηburstνSF ,with ηburst taking values in

the range≈ 1−10, according to the observations (Daddi et al., 2010; Tacconi et al., 2018).

We implicitly assume that the gas in the bulge also settles in an exponential disc. In order

to avoid SFRs for very small quantities of gas left in the bulges, we decide to transfer the bulge

gas to disc if it drops below 105M�.

2.2.6 STELLAR FEEDBACK

The stellar feedback in SHARK is separated into two main components: the outflow rate of

the gas that escapes from the galaxy, m
.

outflow, and the ejection rate of the gas that escapes

from the halo,m
.

ejected. The gas that escapes from the disc is assumed to circulate in the halo,

falling back to the disc on roughly a dynamical time if the cooling time is sufficiently short

(Bower, Benson and Crain, 2012). Lagos et al. (2018a) assumesm
.

outflow = ψf(z,Vcirc), where

ψ is the instantaneous SFR, z is the redshift and Vcirc is the maximum circular velocity of the

galaxy. The ejection rate is > 0 only when the total injected energy of the outflow is greater

than the binding energy of the halo. The terminal wind velocity, Vw, is based on the FIRE

simulation suite (Muratov et al., 2015),

(2.24)
Vw

km s−1 = 1.9

(
Vcirc

km s−1

)1.1

.

The terminal wind velocity is required to compute the excess energy that will be used to eject

the gas out of the halo:

(2.25)Eexcess = εhalo
V 2

w

2
f(z,Vcirc),

where εhalo is a free parameter with εhalo = 2 adopted by SHARK. The net ejection rate can

then be calculated as,

(2.26)m
.

ejected =
Eexcess

V 2
circ/2

−m. outflow.
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Ifm
.

ejected < 0 no ejection from the halo takes place and we limitm
.

outflow =Eexcess/(V
2

circ/2).

For supernova feedback in SHARK, we use the modelling presented in Lagos, Lacey and

Baugh (2013), referred to as Lagos13, where they follow the evolution of the expansion of SNe

driven bubbles from an early epoch of adiabatic expansion to the momentum-driven phase

of expansion. They used this model to estimate m
.

outflow and find,

(2.27)f = εdisc

(
Vcirc

v′hot

)β
,

(2.28)v′hot = vhot(1 + z)zP

Here, εdisc = 0.8, zP = 0.12, β = 4.5 and vhot = 110 km s−1. The parameter vhot sets the overall

normalisation of wind loading (Bower, Benson and Crain, 2012).

2.2.7 REINCORPORATION OF EJECTED GAS

Due to stellar feedback, gas can be expelled from the haloes of galaxies. This gas is assumed

to be reincorporated in a mass-dependent time-scale. SHARK follows the method developed

by Henriques et al. (2013) and describes the reincorporation rate as:

(2.29)M
.

reinc =
mejected

τreinc(Mhalo/Mnorm)γ
,

where mejected is the reservoir of ejected mass, τreinc, Mnorm and γ are free parameters, with

values 25 Gyr, 1010M� and−1, respectively.

2.2.8 RECYCLED FRACTION AND YIELD

SHARK adopts the instantaneous recycling approximation for the metals in ISM, which im-

plies that the metallicity of the ISM gas mass instantaneously absorbs the fraction of recycled

mass and newly synthesised metals in recently formed stars. The time delay for the ejection

of gas and metals is neglected. The initial mass function (IMF) is used to calculate the re-

cycled mass injected back into the ISM. SHARK assumes a universal stellar IMF which takes

the shape of Chabrier (2003), which is a widely used IMF in observations and simulations.

With these assumptions, we obtain the value of the recycled mass injected back into the ISM

(R) to be 0.4588 and the corresponding yield (P ) to be 0.02908.
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2.2.9 GALAXY MERGERS

When DM haloes merge, SHARK assumes that the galaxy hosted by the central subhalo be-

comes the central galaxy, while all the other galaxies become satellites orbiting the cent-

ral galaxy. These orbits gradually decay towards the centre due to energy and angular mo-

mentum losses driven by dynamical friction with the halo material. The dynamical friction

time-scale is calculated for orphan satellites only, which merge with the central galaxy at the

end of the time-scale. A starburst can be triggered, based on the gas and baryonic mass in-

volved in the galaxy merger.

The time for the satellite to merge with the central galaxy (referred to as orbital time-scale,

τmerge), is calculated following Lacey and Cole (1993):

(2.30)τmerge = fdf Θorbit τdyn

[
0.3722

ln(ΛCoulomb)

]
M

Msat
.

Here, fdf ≤ 0.1 is a dimensionless adjustable parameter, Θorbit is a function of the orbital para-

meters, τdyn ≡ rvir/vvir is the dynamical timescale of the halo, ln(ΛCoulomb) = ln(M/Msat) is

the Coulomb logarithm, M is the parent halo mass and Msat is the mass of the satellite (in-

cluding mass of the DM). Note that the parameter fdf provides the flexibility to choose to

merge galaxies right after the subhaloes disappear from the catalogues (fdf = 0). In addition,

this parameter may be > 0 but < 1 if the subhaloes tend to disappear deep into the poten-

tial well when their number of particles drop below the threshold imposed by the subhalo

finder (which is the ideal case). In this case, the dynamical friction time-scales should be a

lot shorter than Equation 2.30 with fdf = 1, as that was originally calculated for subhaloes at

the virial radius. It has been argued by Simha and Cole (2017) that the true dynamical friction

timescale for orphan galaxies would be smaller than Equation 2.30 with fdf = 1 if satellites

are modelled the way we do in SHARK (i.e. by not allowing type 1 satellites to merge).

SHARK defines the orbital function Θorbit as

(2.31)Θorbit =

[
J

Jc(E)

]0.78[rc(E)

RV

]2

,

where J is the initial angular momentum and E is the energy of the satellite’s orbit. Jc(E)

and rc(E) are the angular momentum and radius of a circular orbit with the same energy as

that of the satellite, respectively. A log normal distribution with median value 〈log10Θorbit〉=
−0.14 and dispersion 〈(log10Θorbit−〈log10Θorbit〉)2〉1/2 = 0.26, well describes the function

Θorbit (as shown in Lacey and Cole, 1993). This value is not dependent on the satellite galaxy

properties, and so for each satellite, the value of Θorbit is randomly chosen from the distribu-

tion.
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We merge an orphan galaxy with the central when τmerge < t−torphan, with torphan being the

time at which the galaxy became an orphan. The outcome of the galaxy merger depends on

the ratio of the total mass of gas and stars, (Mp/Ms), of the primary (Mp) and the secondary

(Ms) galaxies involved, with primary being the largest. It also depends on the fraction of

gas present in the primary galaxy, Mcold,p/Mp, with Mcold,p being the total ISM mass of the

primary galaxy. The dependence is explained as follows:

• Ms/Mp > fellip, with fellip = 0.3 drives a major merger, in which all the stars present

are rearranged to form a spheroid. Any ISM gas involved with the merging system is

assumed to go through a starburst, with the stars formed being added to the spheroid

component.

• fburst ≤ Ms/Mp ≤ fellip, with fburst = 0.1, drives minor mergers, where the stars in

the secondary galaxy are accreted onto the primary galaxy spheroid. The stellar disc

of the primary is left intact. If the minor merger has Mcold,p/Mp > 0.3, a starburst is

triggered, with the perturbations caused by the secondary driving all the ISM gas from

both galaxies to the newly formed spheroid. If there is no starburst, then the gas mass

of the secondary is accreted onto the primary galaxy disc.

• Ms/Mp ≤ fburst does not perturb the primary disc. The stars accreted from the sec-

ondary galaxy are added to the spheroid, and the overall gas component of the galaxies

stays in the disc.

As orphan galaxies lack a subhalo, we have no self-consistent information on their orbits

in the time between satellites becoming orphan galaxies and merging onto the central galaxy.

This poses as a problem if we would like to use SHARK to study clustering or build lightcones.

For overcoming this problem, the orphan galaxies are positioned randomly in a 3D NFW halo

with the properties of the host halo where the orphan galaxy lives. This is done by following

the analytic quantile function for an NFW profile described in Robotham and Howlett (2018).

We assign velocities to these galaxies using the virial theorem in an NFW halo and assuming

isotropic velocities.

2.2.10 GLOBAL DISC INSTABILITIES

A global disc instability happens when the disc becomes sufficiently massive making its self-

gravity more dominant, causing it to become unstable to small perturbations caused by minor
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satellites or DM substructures. The criterion for instability was described in Ostriker and

Peebles (1973) and Efstathiou, Lake and Negroponte (1982) as,

(2.32)ε =
Vcirc√

1.68GMdisc/rdisc

.

Here, Vcirc is the maximum circular velocity, rdisc is the half-mass disc radius and Mdisc is

the disc mass (gas plus stars). The numerical factor 1.68 converts the disc half-mass radius

into a scale length assuming an exponential profile. If ε < εdisc, we consider the disc to be

unstable, in which case, stars and gas in the disc are accreted onto the spheroid and the gas

inflow drives a starburst (following Lacey et al., 2016). In SHARK, gas and stellar discs can

have different sizes, and thus to evaluate Equation 2.32 we compute a mass-weighted rdisc

between the two disc components. The value adopted for εdisc in SHARK default is 0.8.

2.2.11 PHOTOIONSATION FEEDBACK

Photoionisation feedback refers to the feedback arising from the ionising radiation back-

ground produced by the combined effect of stars, galaxies and quasars. The large ionising

radiation density affects small haloes primarily, keeping the baryon temperature higher than

the virial temperature, thus suppressing radiative cooling.

SHARK follows the results of the one-dimensional collapse simulations of Sobacchi and Me-

singer (2013b), which suggest that the effects of reionisation can be captured by allowing only

those haloes that satisfy a redshift-dependent threshold velocity to be occupied. SHARK uses

the Sobacchi & Mesinger parametric form, as adapted by Kim et al. (2015), which depends on

the halo’s Vcirc based on the spherical collapse model of Cole and Lacey (1996) instead. This

predicts Mhalo ∝ V 3
circ. Thus, haloes with circular velocities below vthresh(z) are not allowed

to cool their halo gas, where

(2.33)vthresh(z) = vcut(1 + z)αv

[
1−

(
1 + z

1 + zcut

)2]2.5/3

.

Here, vcut, zcut and αv are free parameters that are constrained by the Sobacchi and Mesinger

(2013b) simulation. The values adopted by SHARK for these parameters are 35 km s−1, 10 and

−0.2, respectively.

2.2.12 BLACK HOLE GROWTH AND AGN FEEDBACK

We seed DM haloes more massive than mhalo,seed with supermassive black holes (SMBHs) of

massmseed in SHARK. The two mass parameters are treated as free parameters. In the default
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SHARK model, the values for mhalo,seed and mseed are 1010h−1M� and 104h−1M�, respect-

ively.

In SHARK, SMBHs can grow via three channels:(i) BH–BH mergers, (ii) accretion during star-

bursts and (iii) accretion in the hot-halo regime. The BH–BH mergers happen when there are

galaxy mergers and both galaxies host an SMBH. SMBHs mergers are instantaneous in the

model, with the remnant mass equal to the direct sum of the progenitors. SMBH growth via

accretion during starbursts can happen both during galaxy mergers and violent disc instabil-

ities. In this case, the BHs grow following the phenomenological description of Kauffmann

and Haehnelt (2000), and increase their mass by:

(2.34)δmBH,sb = fsmbh
mgas

1 + (vsmbh/vvir)
2 .

Here, mgas and vvir are the cold gas mass reservoir of the starburst and the virial velocity,

respectively. fsmbh = 8×10−3 and vsmbh = 400 km s−1are the parameters adopted in SHARK

default. The former parameter is responsible for controlling the normalization of the BH–

bulge relation, with the dependence on virial velocity indicating that the rate of accretion

is regulated by the binding energy of the system. We estimate a typical SMBH accretion rate

during starbursts from Equation 2.34 under the assumption that a typical accretion timescale

is of the order of the bulge dynamical timescale, τacc,sb = esbrbulge/vbulge, where esb is an e-

folding parameter of the order of unity. The accretion rate during starbursts is:

(2.35)M
.

BH,sb =
δmBH,sb

τacc,sb
.

AGN feedback influences the amount of gas that cools and hence replenishes the ISM con-

tent of galaxies. The default AGN feedback and BH growth model used in SHARK is that of Cro-

ton et al. (2016), hereafter referred to as Croton16. Croton16 assumes a Bondi-Hoyle (Bondi,

1952) like accretion model

(2.36)M
.

BH,hh = 2.5πG2m
2
BHρ0

c3
s

,

where cs and ρ0 are the sound speed and average density of the hot gas in the halo that ac-

cretes on to the SMBH, respectively, where cs≈Vvir andVvir is the halo’s virial velocity. M
.

BH,hh

is the accretion rate calculated for the hot-halo mode, as described below.

ρ0 is calculated by equating the sound travel time across a shell of diameter twice the Bondi

radius to the local cooling time. This is also termed the “maximal cooling flow” by Nulsen and

Fabian (2000), which leads to

(2.37)M
.

BH,hh = κagn
15

16
πGµmp

kBTvir

Λ(Tvir,zhot)
mBH.
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κagn is a free parameter that was introduced in Croton et al. (2006) to counteract the ap-

proximations used to derive the accretion rate and is set to 0.002 for SHARK default model.

Λ(Tvir,zhot) is the cooling function that depends on Tvir and the hot gas metallicity. From

Equation 2.37, we can estimate the BH luminosity (LBH) in this accretion mode, which in

turn is used to calculate the heating provided by the BH for the halo as,

(2.38)M
.

heat =
LBH

0.5V 2
vir

,

where LBH = ηM
.

BH,hhc
2, with η= 0.1 and c being the luminosity efficiency (based on Lagos,

Padilla and Cora 2009) and speed of light, respectively. We assume that the energy injected by

the AGN will heat the cooling gas out to a particular radius, called rheat, interior to which the

gas retains the memory of its past heating, and is therefore, never allowed to shrink (Croton

et al., 2016). To determine rheat, we find the radius internal to which the energy deposited

into the gas due to radio-mode feedback equals the energy the halo gas would lose if it were

to cool down onto the galaxy disc. This radius is based onM
.

heat and is estimated as:

(2.39)rheat =
M

.
heat

M
.

cool
rcool,

whereM
.

cool is the cooling rate, which is then modified in response to the heating source as:

(2.40)M
. ′

cool =

(
1− rheat

rcool

)
M

.
cool.

If rheat/rcool > αcool then the cooling flow is completely shut down, i.e. M
. ′

cool = 0. αcool is

an adjustable parameter with a default value of 0.5 in SHARK. As the heating due to radio jets

retains the memory of the past heating episodes, the heating radius is forced to only move

outwards.

2.2.13 GAS STRIPPING IN SATELLITE GALAXIES

Following the model of “instantaneous ram-pressure stripping” described in Lagos et al. (2014),

SHARK assumes that as soon as galaxies become satellites, their halo gas is instantaneously

stripped and transferred to the hot gas of the central galaxy, a process that is commonly re-

ferred to as “strangulation". Thus, gas can only accrete onto the central galaxy in the halo

and not onto satellite galaxies. The ISM in the discs of galaxies is not stripped. The gas that is

ejected from satellite galaxies due to stellar feedback is transferred to the ejected gas reservoir

of the central galaxies, and hence that gas cannot be reincorporated into the hot halo gas of

the satellites. In addition, as soon as subhaloes become satellites, we assume they are cut-off

from cosmological accretion, which means their halo gas will not be replenished.
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2.2.14 DISC AND BULGE SIZES

The specific angular momentum exchange between the cooling gas and stellar disc drives

the estimation of the disc-scale radii (rs). For the cooling gas, we assume it has the same

specific angular momentum as the DM halo, jcool = Jh/Mhalo. The gaseous and stellar discs

exchange their angular momentum as a rate J
.

g,s = ψjgas, where ψ is the instantaneous SFR

and jgas is the specific angular momentum of the gaseous disc.

The half-mass gas and stellar disc sizes are calculated as rgas = fnormjgas/Vcirc and r? =

fnormj?/Vcirc, respectively, with fnorm = 0.677 (based on the r, vcirc and j relation reported

by Swinbank et al., 2017).

The specific angular momentum is not well defined in the case of starbursts, thus the ex-

plicit exchange of angular momentum cannot be followed. However, we do make the as-

sumption that the stars and gas are well mixed, and thus calculate a pseudo specific angular

momentum for bulges following Cole et al. (2000), jB = rBv(rB), where rB is the half-mass

radius of the bulge and v(rB) is the circular velocity at rB.

The radius of the bulge (rB) is calculated from the virial theorem, as presented in Cole et al.

(2000),

(2.41)
(Ms +Mp)2

rnew
=
Ms

rs
+
Mp

rp
+
forbit

cgal

MsMp

rs + rp

where cgal = 0.49 and forbit = 1 are estimated from the binding energy of each of the galaxy

and the mutual orbital energy, respectively. Ms andMp are the secondary and primary galaxy

masses, respectively, and rs and rp are the half-baryon mass radius of the secondary and

primary galaxies, respectively. For Ms only baryon mass is considered, whereas for Mp the

DM mass enclosed within rp is also included. Thus, we define Mp = Mp,bar + 2Mhalo(rp),

where factor 2 implicitly assumes that the DM has the same spatial distribution as the bary-

ons within rp. In case of minor mergers,Mp and rp are replaced with the mass of the central

galaxy that will end up in the bulge and an effective half-mass radius calculated from mass

weighting the sizes of all the baryon components of the central ending up in the bulge, re-

spectively.

A merger dissipation model, as suggested by Hopkins et al. (2009), is also included, which

suggests to shrink the sizes of the merger remnants according to:

(2.42)r′new =
rnew

1 +
Rgas

R0

.

Here, rnew is the radius calculated assuming no dissipation (from Equation 2.41), Rgas =

Mcold/M?, where Mcold and M? are the total ISM and stellar mass of resulting merger rem-
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nant, withR0 ≈ 0.3. SHARK includes an additional parameter,mr,diss= 0.3, which is the mass

ratio above which we allow the dissipation calculation.

Finally, in case of disc instabilities, the resulting galaxy is a new spheroid containing all the

mass of the disc plus bulge, as shown here:

(2.43)
(Mdisc +Mbulge)2

rnew
= cdisc

Mdisc

rdisc
+ cbulge

Mbulge

rbulge
+ fint

MdiscMbulge

rdisc + rbulge
.

The masses shown in the equation include both stars and gas, with the radii calculated as the

mass weighted average stellar plus gas radii. cdisc and cbulge have the same meaning as cgal,

with fint ≈ 2.

2.2.15 EVOLVING GALAXIES

SHARK regulates its-star forming activity via three channels:(i) accretion of gas which cools

from the hot halo gas onto the disc, (ii) SF from the ISM gas, and (iii) reheating and ejection

of gas due to stellar feedback. Through these channels, the mass, metallicity and angular

momentum of each baryonic component is modified. The baryonic components of SHARK

are: stellar mass,M?, cold gas mass (ISM mass),Mcold, hot halo gas mass,Mhot,halo, cold halo

gas mass,Mcold,halo, the ejected gas reservoir,Mejected, and their respective masses in metals,

M z
? , M z

cold, M z
hot,halo, M z

cold,halo and M z
ejeced. The following equations relate these quantities

with each other:

(2.44)M
.
? = (1−R)ψ

(2.45)M
.

cold = M
.

cool − (1−R+ β)ψ

(2.46)M
.

cold,halo = −M
.

cool

(2.47)M
.

hot,halo = M
.

outflow −M
.

ejected

(2.48)M
. z
? = (1−R)Zcoldψ

(2.49)M
. z

cold = M
.

coolZcold,halo + (p− (1 + β −R)Zcold)ψ

(2.50)M
. z

cold,halo = −M
.

coolZcold,halo

(2.51)M
. z

hot,halo = (M
.

outflow −M
.

ejected)Zcold
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(2.52)M
. z

ejec = ZcoldM
.

ejected.

where

(2.53)β ≡ M
.

outflow

ψ
, Zcold ≡

M z
cold

Mcold
, Zcold,halo ≡

M z
cold,halo

Mcold,halo

are the mass-loading factor, the metallicity of the cold (ISM) gas and metallicity of the cold

gas in the halo, respectively. Here, ψ, M
.

cool, p and R denote the instantaneous SFR, cooling

rate, yield and fraction of recycled mass (see Section 2.2.7), respectively. We also assume that

the cold halo gas is not affected by the outflowing gas from the galaxy until the cooling rate is

calculated again.

Simultaneously to solving for mass and metal exchange, we also solve for the angular mo-

mentum exchange between the same components, as follows:

(2.54)J
.
? = (1−R)J

.
g,s

(2.55)J
.

cold = M
.

cooljcool − (1−R+ β)J
.

g,s

(2.56)J
.

cold,halo = −M
.

cooljcool

(2.57)J
.

hot,halo = M
.

outflowjout −M
.

ejectedjout

(2.58)J
.

ejected = M
.

ejectedjout.

Here, J ≡ |~J |, and J
.

g,s is as described in Section 2.2.14. The angular momentum growth of

the hot halo and ejected gas mass components depends on the specific angular momentum

of the outflowing gas. This then allows the outflows to affect the angular momentum of the

disc in a differential form, which will be closer to the case of the outflow rate being an explicit

function of radius (which has been proposed by detailed stellar feedback models, Hopkins,

Quataert and Murray, 2012; Lagos, Lacey and Baugh, 2013). In SHARK, we assume jout =

J
.

g,s/φ, with the Equations 2.54 to 2.58 not being solved for starbursts triggered by galaxy

mergers and disc instabilities.

All of these equations are solved using Runge-Kutta Cash-Karp integration method with

adaptive stepsizes using the C++ GSL library, with the accuracy to which the equations are

solved set to 0.05.

The primary constraints used to tune the free parameters are from the observed values of

the Stellar Mass Function (SMF) at z = 0,1,2 and the black hole–bulge mass relation and the

size–mass relations at z = 0. Appendix A shows SHARK predictions against the observations

used for calibrating the free parameters in SHARK.



3
THE HI VELOCITY FUNCTION: A TEST OF

COSMOLOGY OR BARYON PHYSICS?

A
ccurately predicting the shape of the HI velocity function of galaxies is regarded

widely as a fundamental test of any viable dark matter model. Straightforward

analyses of cosmologicalN -body simulations imply that the ΛCDM model pre-

dicts an overabundance of low circular velocity galaxies when compared to observed

HI velocity functions. More nuanced analyses that account for the relationship between

galaxies and their host haloes suggest that how we model the influence of baryonic pro-

cesses has a significant impact on HI velocity function predictions. We explore this in

detail by modelling HI emission lines of galaxies in the SHARK semi-analytic galaxy

formation model, built on the SURFS suite of ΛCDM N -body simulations. We create

a simulated ALFALFA survey, in which we apply the survey selection function and ac-

count for effects such as beam confusion, and compare simulated and observed HI

velocity width distributions, finding differences of . 50 per cent, orders of magnitude

smaller than the discrepancies reported in the past. This is a direct consequence of our

careful treatment of survey selection effects and, importantly, how we model the re-

lationship between galaxy and halo circular velocity - the HI mass-maximum circular

velocity relation of galaxies is characterised by a large scatter. These biases are complex

enough that building a velocity function from the observed HI line widths cannot be

done reliably.
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3.1 I N T R O D U C T I O N

The Λ Cold Dark Matter (hereafter ΛCDM) model is well established as the Standard Cos-

mological Model, naturally predicting the structure of the Universe on intermediate-to-large

scales and explaining a swathe of observational data, from the formation and evolution of

large scale structure, to the state of the Early Universe, to the cosmic abundance of different

types of matter (e.g. Bull et al. 2016).

Despite its numerous successes, however, the ΛCDM model faces a number of challenges

on small scales. Cold dark matter (hereafter CDM) haloes form cuspy profiles (i.e. the dark

matter density rises steeply at small radii; Navarro, Frenk and White, 1995), whereas observa-

tional inferences suggest that low mass dark matter (hereafter DM) dominated galaxies have

constant-density DM cores (Duffy et al., 2010; Oman et al., 2015; Dutton, Obreja and Macciò,

2018), leading to the so-called “cusp-core" problem. CDM haloes are also predicted to host

thousands of subhaloes, which has led to the conclusion that the Milky Way suffers from a

“missing satellites” problem because it should host many more satellite galaxies than the∼ 50

that are observed (Bullock and Boylan-Kolchin, 2017). While the inefficiency of galaxy form-

ation in low-mass haloes - because of feedback processes such as e.g. cosmological reioniza-

tion, supernovae, etc... - may lead to many subhaloes to be free of baryons and dark, the “too

big to fail” problem (Boylan-Kolchin, Bullock and Kaplinghat, 2011) suggests that the cent-

ral density of CDM subhaloes are too high; in dissipationless ΛCDM simulations of Milky

Way mass haloes, the most massive subhaloes, which are large enough to host galaxy form-

ation and so “too big to fail”, have typical circular velocities 1.5 times higher (∼ 30 km s−1)

than that observed at the half-light radii of the Milky Way satellite. This indicates that there

are problems with both the predicted abundances and internal structures of CDM subhaloes

(Dutton et al., 2016).

Interestingly, with the emergence of observational surveys sensitive enough to detect stat-

istical samples of faint galaxies in the nearby Universe, it has become clear that there is a

consistent deficit in the observed abundance of low mass galaxies when compared to pre-

dictions from the ΛCDM model (e.g. Tollerud et al., 2008; Hargis, Willman and Peter, 2014).

This suggests that the “missing satellite” problem is more generically a “missing dwarf galaxy”

problem. This is most evident in measurements of the velocity function (VF) - the abundance

of galaxies as a function of their circular velocity. The observed VF is assumed to be equival-

ent to the VF of DM subhaloes (Gonzalez et al., 2000), and so its measurement should provide

a potentially powerful test of the Standard Cosmological Model.

The utility of the VF as a test of DM is already evident in the results of the HI VF meas-

ured by ALFALFA (The Arecibo Legacy Fast ALFA: Giovanelli et al., 2005); focusing on galaxies
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with rotational velocities of ∼ 25 km s−1, the ALFALFA VF found approximately an order of

magnitude fewer galaxies than expected from cosmological CDM simulations (Klypin et al.,

2014; Brooks et al., 2017). Trujillo-Gomez et al. (2018) attempted to correct the measured

HI velocities by including the effects of pressure support and derive a steeper VF, though

still shallower than the ΛCDM prediction. This has prompted interest in Warm Dark Matter

(hereafter WDM) models, which predict significantly less substructure within haloes (Mac-

ciò et al., 2012; Zavala et al., 2009). The linear matter power spectrum in WDM cosmolo-

gies is characterised by a steep cutoff at dwarf galaxy scales, which results in the suppres-

sion of low-mass structure formation and a reduction in the number of dwarf galaxies such

that the VF predicted by the WDM model is more consistent with observations (Schneider

et al., 2012). While the WDM model has the potential to provide a better description of the

observed VF, there is a tension between the range of WDM particle masses required (< 1.5

keV; cf. Schneider et al., 2017) and independent observational constraints from the Lyman-α

forest at high redshifts, which rule out such low WDM particle masses (Klypin et al., 2014).

An alternative solution that has been recently discussed to alleviate the discrepancy between

the observed and predicted VF is the effect of baryonic physics. Brooks et al. (2017) and Mac-

ciò et al. (2016) used cosmological zoom-in hydrodynamical simulations of a small number

of galaxies (typically ranging from 30 to 100) to produce HI emission lines for their galaxies.

They measured W50 (width of the HI emission line at 50 per cent of the maximum peak flux),

which is used as a proxy in observations to estimate the HI velocity of the galaxy, and then

compared them with the rotational velocity, VDMO, of the haloes from the dark matter only

(DMO) simulations. They found that due to the effect of baryons, W50 and VDMO are non-

linearly correlated, in a way that W50 tends to underestimate VDMO in low mass haloes, while

the opposite happens at the high-mass end. They propose that a DM density profile that

varies with stellar-to-halo mass ratio can be used to reconcile the differences with the obser-

vations. Trujillo-Gomez et al. (2018), however, showed that including the feedback-induced

deviations from the ΛCDM VF predicted by the hydrodynamical simulations above were in-

sufficient to reproduce the observed VF.

Although the work of Brooks et al. (2017) and Macciò et al. (2016) present a compelling

solution to the apparent missing dwarf galaxy problem, their sample is statistically limited.

Obreschkow et al. (2013) approached this problem from a different perspective, with much

better statistics (going into a million of simulated galaxies). They attempted to see how the

selection biases of the surveys might contribute to this problem. Their solution was to make a

mock-survey using DMON -body simulations combined with semi-analytic models of galaxy

formation, and then compare its results with the actual observations via producing a light-

cone (see Section 3.2.1) with all the required selection effects. They did this for the HIPASS
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survey (HI Parkes All-Sky Survey: Meyer et al., 2004), as their simulation was limited in resol-

ution to moderate halo masses, and hence was more directly comparable to HIPASS. HIPASS

is the first blind HI survey in the Southern Hemisphere with a velocity range of −1280 to

12700 km s−1, identifying over 5317 HI sources in total (including both Northern and South-

ern Hemispheres). Obreschkow et al. (2013) found that the observed HI linewidths were

consistent with ΛCDM at the resolution of the Millennium simulation (Springel et al., 2005),

though they could not comment on haloes of lower mass, in which the largest discrepancies

have been reported.

The main limitations of the works above have been either statistics or limited resolution.

Here, we approach this problem with the SURFS suite (Elahi et al., 2018) of N -body simu-

lations, which covers a very large dynamic range, from circular velocities of 20 km s−1 to

> 500 km s−1, and combine it with the state-of-the-art semi-analytic model SHARK (Lagos et

al., 2018b), which includes a sophisticated multi-phase interstellar medium modelling. We

use these new simulations and model to build upon the work of Obreschkow et al. (2013), and

present a thorough comparison with the 100 per cent data release of ALFALFA (Haynes et al.,

2018). We focus on the ALFALFA survey as it is a blind HI survey and covers a greater cosmolo-

gical volume with a better velocity and spatial resolution than other previous HI surveys. We

show that our simulated ALFALFA lightcone produces a W50 distribution in very good agree-

ment with the observations, even down to the smallest galaxies detected by ALFALFA, and

discuss the physics behind these results and their implications.

This chapter is organised as follows. Section 3.2 describes the galaxy formation model used

in this study and the construction of the mock ALFALFA survey. In Section 3.3, the modelling

of the HI emission lines is described along with its application on the mock-sky built in the

previous section. Section 3.4, we compare our results with ALFALFA observations and discuss

our results in the context of previous work. Section 3.5 summarises our main results. In the

Appendix B we compare our model for the HI emission line of galaxies with the more com-

plex HI emission lines obtained from the cosmological hydrodynamical simulations APOSTLE

(Oman et al., 2019).

3.2 T H E S I M U L AT E D G A L A X Y C ATA L O G U E

Our simulated galaxy catalogue is constructed using the SHARK semi-analytic model (Lagos

et al., 2018b) that was run on the SURFS N -body simulations suite (Elahi et al., 2018). Hier-

archical galaxy formation models, such as SHARK, obtain information about the dark matter
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Figure 3.1: Mock sky of the ALFALFA survey, created with the outputs of SHARK and processed with
Stingray to create the observable sky. Symbols show individual galaxies and colours show
their HI mass, as labelled by the colour bar at the bottom. Low HI mass galaxies are only
detected in the very nearby universe.
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halo abundance, formation history and the internal structure of the halo using N -body sim-

ulations.

In Chapter 2, we explained in detail the properties and features of the SURFS suite of N -

body simulation along with the description of the softwares used for the identification of

haloes and the construction of merger trees. For this chapter, we run SHARK on the micro-

and medi-SURFS boxes, whose properties are given in Table 2.1 of Chapter 2. We run SHARK

on all the haloes with≥ 20 particles.

SHARK was introduced by Lagos et al. (2018a), and is an open source, flexible and highly

modular cosmological semi-analytic model of galaxy formation, which is hosted in GitHub1.

It models key physical processes that shape the formation and evolution of galaxies, which

all have been described in detail in Section 2.2 of Chapter 2.

Models and parameters used in this study are the defaults of SHARK as described in Chapter

2, which were calibrated to reproduce the z = 0, 1, 2 stellar mass functions (SMFs); the z = 0

black hole-bulge mass relation; and the disc and bulge mass-size relations (see Appendix A

for the calibration plots). In addition, the model reproduces observational results that are in-

dependent of those used in the calibration, including the total neutral, atomic and molecular

hydrogen–stellar mass scaling relations at z = 0; the cosmic star formation rate (SFR) density

evolution up to z ≈ 4; the cosmic density evolution of the atomic and molecular hydrogen at

z . 2 or higher in the case of the latter; the mass–metallicity relations for the gas and stellar

components of galaxies; the contribution to the stellar mass by bulges, and the SFR–stellar

mass relation in the local Universe. Davies et al. (2019) show that SHARK also reproduces the

scatter around the main sequence of star formation in the SFR–stellar mass plane. Of partic-

ular importance for this study is SHARK’s success in recovering the observed gas abundances

of galaxies.

We would like to remind our readers that the halo gas in SHARK is assumed to be in two

phases: cold, which is expected to cool within the duration of a halo’s dynamical time; and

hot, which remains at the virial temperature of the halo. Cold gas is assumed to settle onto

the disc and follows an exponential profile of half-mass radius rgas,disc. In our model rgas,disc

can differ from the stellar half-mass radius, as stars form only from the molecular hydrogen

(H2) and not the total gas. Surface densities of HI and H2 are calculated using the pressure

relation of Blitz and Rosolowsky (2006), described in detail in Section 3.3.1.

1 https://github.com/ICRAR/shark

https://github.com/ICRAR/shark
https://github.com/ICRAR/shark
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3.2.1 A MOCK ALFALFA SKY

To ensure a fair comparison with available HI surveys, we first estimate how predicted galaxy

properties are likely to be influenced by the choice of selection criterion. Here, mock galaxy

catalogues are a particularly powerful tool, and so we begin by constructing a “mock AL-

FALFA" survey. We do this by generating a galaxy population with SHARK and embed them

within a cosmological volume by applying the survey’s angular and radial selection functions

(e.g. Merson et al., 2013).

We use the code STINGRAY, which is an extended version of the lightcone of Obreschkow et

al. (2009), to build our lightcones from the SHARK outputs. Rather than forming a single chain

of replicated simulation boxes, STINGRAY tiles boxes together to build a more complex 3D field

along the line-of-sight of the observer. Galaxies are drawn from simulation boxes which cor-

respond to the closest look-back time, which ranges over the redshift range z = 0 to z = 0.06

(corresponding to the ALFALFA limit); in the SHARK simulations, this corresponds to the last

7 snapshots. Properties of each galaxy in the lightcone are obtained from the closest avail-

able time-step, resulting in the formation of spherical shells of identical redshifts. A possible

issue would be the same galaxy appearing once in every box, but due to cosmic evolution

might display different intrinsic properties. In order to avoid this problem, galaxy positions

are randomised by applying a series of operations consisting of 90 deg-rotations, inversions,

and continuous translations. We build the lightcones with all the galaxies in SHARK that have

a stellar or cold gas mass (atomic plus molecular)≥ 106 M�. Any additional selection (in this

case the one specific to ALFALFA) are applied later, directly to the lightcone galaxies. The end

result of the whole process is that we get a mock-observable sky as shown in Figure 3.1 which

is as near to the real sky as possible and with minimum repetition of the large-scale structure.

The two portions of the sky shown correspond to the north and south ALFALFA regions.

STINGRAY also computes an inclination for each galaxy with respect to the observer. The lat-

ter are constructed assuming galaxies to have an angular momentum vector of the same dir-

ection as of its subhalo angular momentum vector (as measured by VELOCIRAPTOR), in the

case of central galaxies (type = 0) and satellites galaxies (type = 1). For Orphan (type = 2)

satellite galaxies we assume random orientations. Satellites (type = 1) correspond to those

hosted by satellite subhaloes that are identified by VELOCIRAPTOR, while orphan satellites

(type = 2) correspond to those that were hosted by subhaloes that have ceased to be iden-

tified by VELOCIRAPTOR. The latter usually happens when subhaloes become too low mass

to be robustly identified (see Poulton et al. 2018 for a detailed analysis of satellite subhalo

orbits). The overall effect of inclinations is to reduce W50.



3.3 M O D E L L I N G H I E M I S S I O N L I N E S I N G A L A X Y F O R M AT I O N M O D E L S 59

A limitation of any observational survey is finite velocity and spatial resolution, which for

a survey like ALFALFA can lead to 2 or more galaxies falling inside the same beam and then

overlapping in frequency, more commonly known as “beam confusion”. To mimic the effect

of confusion in our analysis, we merge simulated galaxies whose centroids are separated by

less than a projected 3.8’ (the full-width-half-max for the ALFALFA beam) and whose HI lines

overlap in frequency. In the case of galaxies being confused, the common HI mass is taken

as the sum of the individual HI masses of the galaxies, and the W50 (the full-width at half of

the peak flux of the line) is measured for the combined line formed due to the overlapping HI

lines. Obreschkow et al. (2013) found that “confused" galaxies typically have high HI-mass

and W50, withMHI > 1010M� andW50 > 300 km s−1, albeit for the HIPASS survey, which has

a larger beam than ALFALFA; we find fewer confused galaxies lying in this range in our sample.

By including confusion, we reduce the total number of galaxies by < 1 per cent, throughout

the whole dynamical range of galaxies.

To ensure that we have the dynamical range in circular velocity in our sample of galaxies

required to test the “missing satellite problem”, we make two lightcones using the micro- and

medi-SURFS; micro-SURFS gives us better mass resolution to probe down to dwarf galaxies,

with MHI . 109M�, while medi-SURFS provides us with a much larger volume and better

statistics at the high-mass end, MHI & 109M�. Results for these lightcones are presented in

Section 3.4.2.

3.3 M O D E L L I N G H I E M I S S I O N L I N E S I N G A L A X Y F O R M AT I O N M O D -

E L S

In this section, we describe the steps required to build an HI emission line for each SHARK

galaxy. Section 3.3.1 and Section 3.3.2 provide details of the surface density and velocity pro-

file calculations, respectively. The way we combine them to create the HI emission line is

described in Section 3.3.3.

3.3.1 GAS MASS AND PROFILE

For the calculation of the HI surface density profile, we adopt the empirical model described

in Blitz and Rosolowsky (2004, 2006) (Equation 3.1). In their model, the ratio of molecular to

atomic hydrogen gas surface density in galaxies is a function of hydro-static pressure in the

mid-plane of the disc, with a power-law index close to 1,

(3.1)Rmol(r) = [Pext(r)/P?]
α ,
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whereRmol ≡ΣH2/ΣHI, with ΣH2 and ΣHI being the surface density of molecular and atomic

hydrogen, respectively. The parametersP? andα are measured in observations, and in SHARK

we adopt P?/kB = 34,673cm−3K and α = 0.92, which correspond to the best fit values in

Blitz and Rosolowsky (2006).

Blitz and Rosolowsky (2006) adopted the Elmegreen (1989) estimate of Pext for disc galax-

ies, which corresponds to the mid-plane pressure in an infinite, two-fluid disc with locally

isothermal stellar and gas layers,

(3.2)Pext(r) =
π

2
GΣg

[
Σg +

(
σgas

σ?

)
Σ?

]
,

where Pext(r) is the kinematic mid-plane pressure outside molecular clouds, and the input

for Equation 3.1. G is the gravitational constant, Σg is the total gas surface density (atomic

plus molecular), Σ? is the stellar surface density, and σgas and σ? are the gas and stellar ver-

tical velocity dispersion, respectively.

The stellar and gas surface densities are assumed to follow exponential profiles with a half-

gas and half-stellar mass radii of rgas,disc and r?,disc, respectively. We adopt σgas = 10km s−1

(Leroy et al., 2008) and calculate σ? =
√
πGh?Σ?. Here, h? is the stellar scale height, and

we adopt the observed relation h? = r?,disc/7.3 (Kregel, Van Der Kruit and Grijs, 2002), with

r?,disc being the half-stellar mass radius.

Figure 3.2 shows the radial surface density profile for an example galaxy in SHARK with a

stellar and HI mass of 109 M� and 108 M�, respectively. The inner radius is dominated by H2,

with HI forming a core there. The latter is due to the saturation of HI at high column densities,

above which the gas is converted into H2. The sum of both gas components is exponential,

however, the individual ones can deviate from that assumption. HI typically dominates at

the outer radius.

Previous work by Obreschkow et al. (2009) and Obreschkow et al. (2013) assumed the total

gas disc to have an exponential profile with a scale length that was larger than the stellar one

by a factor > 1. They determined the HI/H2 ratio locally in post-processing using the Blitz

and Rosolowsky (2006) model, with updated empirical parameters obtained from THINGS

(The HI Nearby Galaxy Survey Walter et al., 2008). Thus, our work improves on this by (i)

allowing the HI to have a more complex profile, such as the example of Figure 3.2, though

still axisymmetric, and (ii) by calculating the multi-phase nature of galaxies self-consistently

within the galaxy formation calculation. The latter directly impacts galaxy evolution as stars

can only form from molecular hydrogen in SHARK. In our model, HI can also exist in the

bulges of galaxies, which in general allows the models to reproduce the observed gas content

of early-type galaxies (Lagos et al., 2014; Serra et al., 2010; Lagos et al., 2018b).
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Figure 3.2: Surface density radial profiles of HI in the disc and bulge, as labelled, for an example SHARK

galaxy, used to model the HI emission lines. The solid and dashed lines represents the HI

and H2 surface density of the galaxy, respectively. As it can be seen, there is a presence of
HI in the bulge of the galaxy, which drops down steeply in the beginning, but the HI in the
disc extends much further, and dominates beyond & 4 kpc. There is a significant amount
of H2 present in the bulge, though it declines much more rapidly than the extended HI disc.

3.3.2 CIRCULAR VELOCITY PROFILE

The circular velocity profiles are constructed following Obreschkow et al. (2009), which we

briefly describe in this section. We assume a Navarro-Frenk-White (NFW; Navarro, Frenk

and White, 1995) halo radial profile, which describes the DM halo density profiles not as iso-

thermal (i.e. ρ∝ r−2) but with a radially varying logarithmic slope

(3.3)ρhalo(r) = ρ0

[
(r/rs)(1 + r/rs)

2
]−1

,

where ρ0 is a normalization factor and rs is the characteristic scale radius of the halo (where

the profile has a logarithmic slope of−2). The virial radius, rvir is calculated using the virial

velocity of the haloes, Vvir, following the relation,

(3.4)rvir =
GMvir

V 2
vir

,

whereMvir is the virial mass of the halo. Here, we define the virial mass as the mass enclosed

within the halo when the overdensity is 200 times that of critical density. The scale radius, rs,
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is defined as rs = rvir/chalo, where chalo is the concentration parameter, which in SHARK is

estimated using the Duffy et al. (2008) relation.

For a spherical halo, the circular velocity profile will be V halo2

c = GMhalo(r)
r , whereMhalo(r)

is the mass enclosed within the radius r. Therefore, the circular velocity profile of the halo is,

(3.5)V halo2

c (x) =

(
GMvir

rvir

)
×

ln(1 + chalox)− chalox
1+chalox

x
[

ln(1 + chalo)− chalo
1+chalo

] ,
where x ≡ r/rvir. For larger radii, the circular halo velocity approaches the point mass velo-

city profile V halo2

c ≈ GMvir/r.

For the velocity profile of the disc, we use the stellar and gas surface densities calculated

with SHARK. Stellar and gas surface density profiles are assumed to follow an exponential

form with a distinct half mass radius for stellar and gas components. We calculate velocity

profiles for stars and gas separately and then combine them to give V disc
c . Following Obresch-

kow et al. (2009), we define the circular velocity for the stellar disc, V ?,disc
c , as

(3.6)
V ?,disc2

c (x) ≈ GM?,disc

rvir
×

c?,disc + 4.8c?,disc exp[−0.35c?,discx− 3.5/(c?,discx)]

c?,discx+ (c?,discx)−2 + 2(c?,discx)−1/2
,

where c?,disc ≡ rvir/rs,disc is the stellar disc concentration parameter, where rs,disc = r?,disc/1.67

is the scale radius of the stellar disc. M?,disc is the total mass of the stellar disc. We then cal-

culate the contribution to the circular velocity from gas, V gas
c , which we also describe as an

exponential disc, and thus can be calculated as,

(3.7)
V

gas2

c (x) ≈ GM gas

rvir
×

cgas + 4.8cgasexp[−0.35cgasx− 3.5/(cgasx)]

cgasx+ (cgasx)−2 + 2(cgasx)−1/2
,

where cgas ≡ rvir/rs,gas is the concentration parameter for the gas disc, where rs,gas = rgas/1.67.

M gas is the total cold gas mass (atomic plus molecular) of the galaxy.

We note that Eqs. 3.6 and 3.7 are an approximate solution for an exponential profile provided

by Obreschkow et al. (2009).

We describe bulges as spherical structures following a density profile according to the Plum-

mer Model (Plummer, 1911),

(3.8)ρbulge(r) ≈ 3Mbulge

4πr3
Plummer

[
1 +

(
r

rPlummer

)2]−5/2

,
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Figure 3.3: Radial circular velocity profile of the same galaxy showed in Figure 3.2 (solid line), high-
lighting the contribution of all the components: stellar and gaseous disc, bulge and halo
of the galaxy, as labelled (see Section 3.3.2 for details). The velocity profile of this galaxy is
dominated by DM at all radii.

with rPlummer ≈ 1.7rbulge, and rbulge is the half-mass radius of the bulge. The contribution to

the total circular velocity profile by the bulge is as follows,

(3.9)V
bulge2

c (x) =
GMbulge

rvir
×

(cbulgex)2cbulge

[1 + (cbulgex2)]3/2

where cbulge ≡ rvir/rs,bulge is the bulge concentration parameter, where rs,bulge = rbulge/1.67.

Unlike the V disc
c calculation, where we calculate gas and stellar terms separately, we assume

gas and stars within the bulge to follow the same profile with the same scale radius when

computing V bulge
c ; we combine their masses and calculate a single bulge contribution to the

circular velocity profile. The latter was done as during the development of this model, we

noted that the bulge gas and stellar radius were generally very similar and so we simply com-

bined stellar and gas masses and used only the stellar bulge radius for our calculations.

Now that we have all our components calculated, we can estimate the total circular velocity

profile, Vc as,

(3.10)V 2
c (x) = V halo2

c (x) + V ?,disc2

c (x) + V
gas2

c (x) + V
bulge2

c (x),

which we use to construct the HI emission line profiles. Figure 3.3 shows the circular velocity

profile of the same galaxy as shown in Figure 3.2. It should be noted that the velocity profile

of this galaxy is dominated by DM at all radii.
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3.3.3 EMISSION LINE PROFILE

To construct the HI emission line associated with any circular velocity profile, we consider

the line profile of a flat ring with constant circular velocity Vc and a normalized flux.

After imposing the normalization condition
∫
dVobsψ̃(Vobs)≡ 1, the edge-on line profile of

a ring is,

ψ̃(Vobs,Vc) =


1

π
√
V 2

c −V 2
obs

if|Vobs|<Vc

0, otherwise.

(3.11)

This profile diverges as |Vobs|→ Vc, but the resulting singularity is smoothed by introducing

a constant velocity dispersion for gas of σgas = 10km s−1 throughout the disc, which mimics

the effect of random HI motions. This assumption is supported by observations of the gas

velocity dispersion seen in the nearby galaxies (Leroy et al., 2008). The smoothed normalized

velocity profile is then given by

(3.12)ψ(Vobs,Vc) =
σ−1

√
2π

∫
dV exp

[
(Vobs − Vc)2

−2σ2

]
ψ̃(Vobs,Vc).

From the edge-on line profile ψ(Vobs,Vc) of a single ring and the surface density of atomic

hydrogen, ΣHI, which has been calculated as described in Section 3.3.1. We can construct the

edge-on profile of the HI emission line for the entire HI disc, by using the following equation,

(3.13)ΨHI(Vobs) =
2π

MHI

∫ ∞
0

dr rΣHI(r)ψ(Vobs,Vc(r)).

An example of the resulting HI emission lines is shown in Figure 3.4, where we can see the

signature double-horned profile. We include the effect of inclinations by using the inclination

provided by STINGRAY for every galaxy in the lightcone.

To construct the HI emission lines we assume a constant HI velocity dispersion. Obser-

vations have found the latter to be remarkably constant, with values typically ranging from

8−12 km s−1 (Leroy et al., 2008), and approximately independent of galaxy properties. This

has been suggested to be caused by thermal motions setting the HI velocity dispersion, and

the HI abundance being largely dominated by the warm, neutral interstellar medium. Hence,

we decide to keep this value constant, but note that increasing (decreasing) σgas has an effect

of slightly increasing (decreasing) the number of lowW50 galaxies, . 40 km s−1 in Figure 3.9.
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Figure 3.4: Normalised HI emission line profile for the same example galaxy of Figures 3.2 and 3.3, with
edge-on and intrinsic inclination of the randomly selected galaxy (in this case, cosθ∼ 60◦),
as labelled. The two top and the two bottom horizontal lines mark the W50 and W20 of the
two orientations respectively. W50 and W20 are maximal at edge-on orientations.

3.3.4 FLUX CALCULATION

The lines described in Section 3.3.3 are normalized, and so need to multiply by the integrated

flux of the HI line to approximate an observed HI emission line, which we do by using the

relation of Catinella et al. (2010),

(3.14)
MHI

M�
=

2.356× 105

1 + z

[
dL(z)

Mpc

]2( ∫
SdΩ

Jy kms−1

)
;

hereMHI is the HI mass, dL(z) is the luminosity distance of the galaxy at redshift z, and
∫

SdΩ

is the integrated flux. The luminosity distance and redshift information were obtained from

the ALFALFA lightcone produced in the Section 3.2.1 and the HI mass is directly output by

SHARK.

3.3.5 HOW WELL DOES THE HI VELOCITY WIDTH TRACE Vmax

Figure 3.5 compares Vmax and the 50th percentile, W50, and 20th percentile, W20, widths of the

HI emission lines in the case of edge-on orientations, for all galaxies in the ALFALFA lightcone
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Figure 3.5: Comparison of the intrinsic maximum circular velocities of SHARK galaxies with that de-
rived from our mock observations of the galaxies, using the width at 50 per cent (top row)
and 20 per cent (bottom row) of the peak flux of the HI emission lines of the simulated galax-
ies. The dashed and solid lines represent the 1:1 line and median of the values, respectively,
with each scatter point being an individual galaxy in the simulation, and coloured by their
HI mass, as shown in the colour bar at the right of the figure. A slight tendency to deviate
up from the 1:1 relation is seen at Vmax . 30 km s−1, which is caused by the fact that the
HI velocity dispersion and rotational velocity become comparable at such low velocities.
As W20 is measured at a lower level than W50 it gets affected more by the dispersion than
W50. Going to higher velocities, we note that there is a larger scatter in W50 than seen in
W20, indicating that W20 is a more accurate measure for the intrinsic maximum circular
velocities of the galaxies.

(see Section 3.3.2 for a description of Vmax); W50 and W20 are widely used in the observations

to estimate rotational velocities of galaxies.

Figure 3.5 shows that there is good agreement between the true maximum circular velo-

cities and the simulated HI W50 and W20 at the higher velocity regime, Vmax & 100 km s−1,

but there are systematic deviations at lower velocities, Vmax . 35 km s−1. These deviations

can be understood as the effect of non-circular motions modelled via the inclusion of the

random HI velocity component to the HI emission lines. As stated in Section 3.3.3, we in-
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corporate a velocity dispersion of 10 km s−1 throughout the HI disc. When we reach the low

velocity range (. 35 km s−1), this velocity dispersion is comparable to these circular velocity

of the disc and skews the HI linewidths. We should also note that the direction of this skew-

ness is the opposite to what Brooks et al. (2017) found in their cosmological hydrodynamical

zoom simulations of dwarf to MW galaxies. We also find that the median line for medi-SURFS

start deviating from the 1:1 line at higher velocities (particularly for Vmax > 250 km s−1), with

W50 showing more deviation than W20. We also note that at higher velocities there is a larger

scatter in W50 than seen in W20. This indicates that W20 is a more accurate measure for the

intrinsic maximum circular velocities of the galaxies. In spite of these effects, however, we

can recover the observed HI velocity and mass distributions Section 3.4.2.

3.3.6 HI LINE PROFILES: IDEALISED MODELS VS. HYDRODYNAMICAL SIMULATIONS

As discussed in Section 3.3, we assume profiles for our dark matter, gas and stellar compon-

ents when modelling the HI emission lines of all SHARK galaxies. In addition, we also assume

axis-symmetry that leads to perfect double-horned HI emission line profiles for our SHARK

galaxies. Observations show that asymmetries in the HI emission line profiles are common

(Catinella et al., 2009) and hence we would like to test how much our assumptions affect our

ability to predict a distribution of W50 and W20.

With this aim, we use a suite of 13 dwarf and 2 Milky-Way sized galaxies from the APOSTLE

cosmological hydrodynamical simulations suite (Sawala et al., 2016) as a test-bed, and use

the MARTINI (Oman et al., 2019) software to produce HI emission lines for all these galax-

ies (see Appendix B for details). We find that our idealised model reproduces very well the

W20 measurements of the APOSTLE simulations. However, the W50 measurements show

more discrepancies driven by the asymmetry of the HI emission lines in the APOSTLE sim-

ulations. These deviations are typically within ≈ 25 per cent in the case of dwarf galaxies

Vmax . 100 km s−1, while being larger for the 2 Milky-Way galaxies. Because we are inter-

ested primarily in the dwarf regime, we conclude that our idealised HI emission line model

produces a good enough representation of dwarf galaxies even in hydrodynamical simula-

tions.
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3.4 R E P R O D U C I N G T H E H I M A S S E S A N D V E L O C I T I E S O F O B S E R V E D

G A L A X I E S I N A ΛCDM F R A M E W O R K

We compare SHARK predictions with HI observations to highlight the conclusions one could

draw in such case. We then go onto comparing our simulated ALFALFA survey with the real

one and discuss our findings.

3.4.1 A RAW COMPARISON BETWEEN SHARK AND THE OBSERVED HI MASSES AND VELOCITIES

OF GALAXIES

The traditional way in which simulations are compared to observations is by taking the pre-

dicted galaxy population in the simulated box and comparing directly with derived properties

of galaxies in observational surveys, which in any case is a non-appropriate comparison (see

Brooks et al., 2017; Obreschkow et al., 2009; Obreschkow et al., 2013). The drawback of such

an approach is that there may be important selection biases that are not taken into consid-

eration. This could lead us to conclude that the simulation fails to reproduce an observable

when in fact it reflects a mismatch in the different selections and biases that are present in

simulation and observational data. This hampers interpretation of the shortcomings of sim-

ulations and our understanding of galaxy formation.

In this context, we examine the raw SHARK predictions with the derived ALFALFA HI mass

and velocity functions, which should illustrate the importance of accounting for selection ef-

fects. We do the comparison using both the micro-SURFS and medi-SURFS (see Section 3.2

for details) simulations, and perform a raw comparison with ALFALFA. This assumes that ob-

servations are able to sample an unbiased portion of the galaxy population across the probed

dynamic range and hence, a reliable volume correction can be applied to take the observed

distributions to convert them into functions.

In the left panel of Figure 3.6, we compare the HI mass function at z = 0 that we derive

from SHARK, running over the two simulation boxes described in Table 2.1 in Chapter 2, with

the observed HI mass function at z = 0 from Jones et al. (2018) and Zwaan et al. (2005), and

find overall agreement between the predictions and observations. Micro-SURFS agrees better

with the observations across the whole dynamic range of masses observed, while medi-SURFS

agrees well with the observations atMHI & 109 M�, while deviating at lower HI masses. This

difference is simply a resolution effect, in which the haloes that host central galaxies with

MHI . 109 M� are not well resolved in medi-SURFS, but they are in micro-SURFS. In addition

to the resolution, the HI mass of galaxies is very sensitive to the adopted parameters in the

photo-ionisation model, with lower velocity thresholds resulting in a higher abundance of
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Figure 3.6: The HI mass function (left panel) and HI velocity function (right panel) of all the SHARK

galaxies at z = 0, produced using the medi-SURFS and micro-SURFS, as labelled in each
panel. We also show as symbols the observational estimates from Zwaan et al. (2005) and
Jones et al. (2018) in the case of the HI mass function, and from Papastergis et al. (2011)
for the HI velocity function. There is good agreement between the SHARK and the observa-
tions of the HI mass function, while there is a clear tension with the observations of the HI

velocity function at Vmax . 100 km s−1and at higher velocities.

low HI mass galaxies, in this case causing a bump seen at MHI ∼ 108.5 M�. Central galaxies

with MHI ∼ 109 M� reside in haloes with a median mass MHalo ∼ 1011.4 M�. In medi-SURFS

these haloes would comprise of∼ 1100 particles. On the other hand, in micro-SURFS central

galaxies with MHI ∼ 109 M� will reside in haloes with masses similar to medi-SURFS, but be-

cause of better mass resolution such halo masses are made of≈ 6000 particles. This enables

micro-SURFS to be more suited for resolving haloes over the dwarf galaxy mass range.

The agreement between SHARK and observations is not surprising because Lagos et al.

(2018b) used the HI mass function as a guide to find a suitable set of values for the free para-

meters in SHARK.

In the right panel of Figure 3.6, we show the comparison between the 40 per cent ALFALFA

data release global HI velocity function at z = 0 as calculated by Papastergis et al. (2011) and

the “raw” HI velocity functions of the circular velocities of the galaxies at z = 0 in SHARK,

again for our two simulations, medi-SURFS and micro-SURFS. This allows us to determine

whether or not SHARK over-predicts the number of low dynamical mass systems as reported

in Zavala et al. (2009), Schneider et al. (2017), Papastergis et al. (2011) and Obreschkow et al.
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(2013). We find that more galaxies are predicted than are observed by more than an order of

magnitude at circular velocities < 100km s−1. The peak of the velocity function for micro-

SURFS is shifted towards a lower velocity (∼ 20 km s−1) due to its higher mass resolution,

which enables us to better sample the low dynamical mass galaxies at the cost of producing

a smaller number of massive galaxies. The latter is due to the smaller volume. This problem

is remedied by including medi-SURFS, which allows us to access much larger cosmological

volumes and hence higher dynamical masses. The downside is that its resolution is coarser

and hence does not go down to the low halo masses that we have access to with micro-SURFS.

The two simulations in combination allow us to fully sample the velocity and HI mass range

of interest, ≈ 20 km s−1 to 800 km s−1. We confirm previous results that have reported an

over-abundance of low-dynamical mass galaxies in ΛCDM compared to observations, even

after accounting for the complexity of how galaxies populate haloes through the modelling of

SHARK.

Because we are investigating the masses and velocities of galaxies, it is natural to extend

the comparison to the Tully-Fisher relation (Tully and Fisher, 1977), which is an empirical

relation between the optical luminosity and the W50 of HI emission lines. The Tully-Fisher

relation has been used to place tight constraints on galaxy formation models and is used as

a test for the robustness of those models (e.g. Fontanot, Hirschmann and De Lucia, 2017).

McGaugh (2011) extended the classic Tully-Fisher relation to the baryonic Tully-Fisher re-

lation (BTFR), which relates the total baryonic mass of galaxies (gas plus stars) with the ob-

served rotational velocities. In Figure 3.7, we compare the predicted BTFR of all disc-dominated

(bulge-to-total ratio< 0.5) SHARK galaxies (open symbols) with the observed BTFR of (McGaugh,

2011). Here, we only show the micro-SURFS because the medi-SURFS results are similar, albeit

lacking the lowest Vcirc galaxies. We find that the simulated galaxies tend to be≈ 0.2−0.3 dex

more HI massive at fixed circular velocity compared to observations. If instead we use the

edge-on HI W50 of galaxies that are present in our mock survey, we find that they follow the

BTFR more closely. This result further strengthens our confidence in that the HI W50 measure-

ments done in this study are a closer representation of the observed HI W50 than raw circular

velocity.

3.4.2 A MOCK-TO-REAL COMPARISON BETWEEN SHARK AND ALFALFA

The Arecibo Legacy Fast ALFA (ALFALFA) survey is a ‘blind’ HI survey that has mapped nearly

7000 deg2 area in the velocity range −2000 < cz < 18,000 km s−1, where c is the speed of

light and z is the redshift. The survey has identified ∼ 31,500 extragalactic HI line sources

(Haynes et al., 2018). The detection limit of the survey as described by Papastergis et al. (2011)
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Figure 3.7: The baryonic Tully-Fisher relation of all the galaxies in the lightcone compared to those that
we flag as “ALFALFA-selected” in the lightcone. We also show the best fit to the observed
relation from McGaugh (2011). We show the results from the micro-SURFS box only as there
was little difference in the values from medi-SURFS. The figure shows that the entire galaxy
population follows a Tully-Fisher relation in tension with the observations, while the more
fair comparison with the “ALFALFA-selected” simulated galaxies shows much better agree-
ment, showing that SHARK galaxies reproduce the Tully-Fisher relation very well.

is a function of the integrated HI line flux, Sint,lim, and velocity width Sint,lim/Jy kms−1 =

0.06 (W 0.51
50 /kms−1).

For our analysis, we apply the same selection of Papastergis et al. (2011) to our lightcones

(see Section 3.2.1 for details) to select ALFALFA-like galaxies; this results in our mock “AL-

FALFA” survey. We remind the reader that our lightcone has the same survey area and red-

shift coverage as ALFALFA. We also apply beam confusion to the lightcone prior to applying

the selection criterion above.

We construct the HI mass distribution from the released catalogue of Haynes et al. (2018),

and present this as number per unit deg2. The resulting observed distribution is shown in

Figure 3.8 as symbols. We perform the same measurement in our mock ALFALFA survey (one

for each SURFS simulation being used here), which we also show in Figure 3.8. We find that
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Figure 3.8: Comparison of the HI mass distribution as obtained from our mock ALFALFA survey with
the observations of Haynes et al. (2018). The purple and yellow solid lines represent the
results of the lightcones constructed with SHARK, using the medi-SURFS and micro-SURFS

N -body simulations, respectively. The shaded region is representative of the poisson noise
in the data. Our mock survey’s HI mass distribution, in both resolution boxes, is in reason-
able agreement with the observations.

there is very good agreement between the simulated and observed HI mass distributions,

which is particularly striking for the lightcone based on micro-SURFS. This is not surprising,

because Figure 3.8 shows that the predicted HI mass function agrees well with the measure-

ments of Jones et al. (2018). There is a slight tension between HI masses of 107M� and 108M�,

where SHARK predicts a slightly lower number of galaxies. Lagos et al. (2018b) showed that

the abundance of galaxies below the break of the HI mass function was very sensitive to the

adopted parameters in the photo-ionisation model. Lower velocity thresholds, below which

haloes are not allowed to cool gas to mimic the impact of a UV background, has the effect of

producing a higher abundance of low HI mass galaxies (see their Appendix A).

In this work we do not attempt to calibrate SHARK to reproduce the low-mass end of the

HI mass function but simply to show how our default model performs compared to HI ob-

servations, and to put constraints on the magnitude of the discrepancy (if any) between the

predictions and the observations of HI masses and velocity widths.
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Figure 3.9: The HI velocity distribution obtained by our mock ALFALFA survey, with the purple and
yellow solid lines representing the SHARK model run over the medi- and micro-SURFS sim-
ulations, respectively, with the shaded regions representing the poisson noise. Because
micro-SURFS has a higher resolution than medi-SURFS, it traces the lower velocity end bet-
ter, while the medi-SURFS is able to track down the galaxies at higher velocity end. By com-
bining the results from these two boxes and applying the selection function of ALFALFA,
we are able to obtain a velocity function that is in agreement with the observations.

We now turn our attention to the HI W50 distribution. We take the HI W50 measurements

from Haynes et al. (2018) (which are as observed, and hence there is no attempt to correct by

inclination effects), and construct the HI W50 distribution (shown as symbols in Figure 3.9).

We also take our modelled HI W50 (assuming the STINGRAY inclinations for our simulated

galaxies) and construct the HI W50 distribution for those that pass the ALFALFA selection cri-

terion for our two lightcones created running SHARK on the medi- and micro-SURFS (lines

in Figure 3.9, as labelled). We find that the model and the observations agree remarkably

well. We remind the reader that the observationally derived HI velocity function and the

Vmax function of SHARK displayed differences of factor & 20 at velocities . 30 km s−1 (see

Figure 3.6), while in Figure 3.9, differences are . 50 per cent. In other words, the “missing

dwarf galaxy problem” is not evident. Using the medi- and micro-SURFS allow us to probe the

entire range of the observations with the micro-SURFS simulation probing the lower velocity

end . 30 km s−1, while the medi-SURFS allows us to improve significantly the statistics at the

high HI W50 end & 100 km s−1. With SHARK applied to these two simulations, we are able to
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reproduce the observed HI W50 distribution. The large differences seen between Figure 3.6

and Figure 3.9 suggests that there are important selection biases which cannot be easily cor-

rected in the process of taking the observed HI W50 distribution and inferring from there an

HI W50 function, which prevent us from making a one-to-one comparison between the pre-

dicted Vmax function from DMO simulations and observations. This highlights the fact that

building lightcones to reproduce observational surveys is essential to tackle this problem,

and, in their absence, erroneous conclusions could be drawn.

We have so far shown that SHARK produces galaxies with the correct HI mass and W50 dis-

tributions, but that does not necessarily mean that galaxies of a given HI mass have the right

HI W50. To test this, Figure 3.10 shows 2D histograms of galaxies in the HI mass-W50 plane.

The left panel shows all the galaxies in the simulation at z = 0, whose numbers are scaled

accordingly to match the ALFALFA volume, whereas the right panel shows the galaxies which

pass the ALFALFA selection criterion applied to our lightcones. We also show the same 2D

histograms of galaxies for the real ALFALFA survey in the bottom, right panel of Figure 3.10.

Going from left to right panels of Figure 3.10 show that the majority of galaxies that were

originally present in simulation box do not satisfy the ALFALFA selection. Large differences

are seen between the 2D distributions of the galaxies in the z = 0 simulated boxes and the

mock ALFALFA lightcones. Most of the galaxies in both micro- and medi-SURFS with masses

MHI . 109 M� are selected out, producing a narrower relation between HI mass and W50

than the one followed by the underlying population of simulated galaxies. Our simulated

ALFALFA lightcone reproduces well the observed HI mass and W50 relation of ALFALFA. How-

ever, there is some tension in the medians as SHARK tends to produce 0.1−0.4 dex too much

HI mass at log10(W50/km s−1). 2.1. This difference is also seen in Figure 3.8, as the number

of galaxies in the simulations is less than the observed one in the regime of MHI . 108M�.



3.4 R E P R O D U C I N G T H E H I M A S S E S A N D V E L O C I T I E S O F O B S E R V E D G A L A X I E S I N A ΛCDM F R A M E W O R K 75

F
ig

u
re

3.
10

:2
D

h
is

to
gr

am
s

sh
ow

in
g

th
e

n
u

m
b

er
o

f
ga

la
xi

es
in

th
e

p
la

n
e

o
f

H
I

m
as

s
an

d
W

50
fo

r
th

e
S

H
A

R
K

ga
la

xi
es

o
b

ta
in

ed
b

y
ru

n
n

in
g

th
e

m
o

d
el

in
th

e
m

ed
i-

S
U

R
F

S
an

d
m

ic
ro

-S
U

R
F

S
,a

s
la

b
el

le
d

.T
h

e
le

ft
-h

an
d

p
an

el
s

sh
ow

al
lt

h
e

ga
la

xi
es

in
th

e
si

m
u

la
ti

o
n

at
z

=
0

,w
h

ic
h

w
e

sc
al

e
ac

co
rd

in
gl

y
to

m
at

ch
th

e
vo

lu
m

e
o

f
A

LF
A

LF
A

,w
h

er
ea

s
th

e
ri

gh
t-

h
an

d
p

an
el

s
sh

ow
o

n
ly

th
e

ga
la

xi
es

th
at

ar
e

co
m

p
ly

w
it

h
th

e
A

LF
A

LF
A

se
le

ct
io

n
in

o
u

r
m

o
ck

su
rv

ey
.

T
h

e
b

o
tt

o
m

,r
ig

h
t-

h
an

d
p

an
el

sh
ow

s
th

e
ac

tu
al

o
b

se
rv

ed
H

I
m

as
s-

W
50

re
la

ti
o

n
o

f
th

e
A

LF
A

LF
A

su
rv

ey
as

re
le

as
ed

in
H

ay
n

es
et

al
.(

20
18

).
T

h
e

co
lo

u
r

b
ar

in
d

ic
at

es
th

e
n

u
m

b
er

o
fg

al
ax

ie
s

p
re

se
n

t
in

ea
ch

b
in

.
So

li
d

li
n

es
sh

ow
th

e
ru

n
n

in
g

m
ed

ia
n

fo
r

th
at

re
sp

ec
ti

ve
p

an
el

w
h

er
ea

s
th

e
d

as
h

ed
lin

e
is

th
e

ru
n

n
in

g
m

ed
ia

n
fo

r
th

e
A

LF
A

LF
A

o
b

se
rv

at
io

n
s.

M
o

st
ga

la
xi

es
in

th
e

m
o

d
el

ar
e

b
el

ow
th

e
A

LF
A

LF
A

se
le

ct
io

n
cr

it
er

io
n

w
h

ic
h

is
w

h
y

th
e

re
la

ti
o

n
s

lo
o

k
so

d
if

fe
re

n
t

b
et

w
ee

n
th

e
le

ft
an

d
ri

gh
tp

an
el

s.
T

h
e

si
m

il
ar

it
y

to
th

e
ac

tu
al

o
b

se
rv

at
io

n
s

gi
ve

s
u

s
th

e
co

n
fi

d
en

ce
th

at
w

e
ar

e
d

et
ec

ti
n

g
si

m
il

ar
ga

la
xi

es
in

o
u

r
m

o
ck

su
rv

ey
.



76 T H E H I V E L O C I T Y F U N C T I O N

In Figures 3.11 and 3.12, we show the biases the selection criterion of ALFALFA introduces

in the galaxy population; in other words, how do ALFALFA-like galaxy properties compare to

the underlying galaxy population? In both figures, the red and the blue colours represent all

galaxies in the lightcone (prior to any selection) and the ALFALFA mock-survey galaxies (after

applying the ALFALFA selection), respectively.

Figure 3.11 and the right panel of Figure 3.12 show the half-gas mass disc radius, HI-to-

stellar mass ratio and star-formation rate (SFR) as a function of the galaxy stellar mass, for

all galaxies in SHARK and selected by the ALFALFA criteria (i.e. those that make up the distri-

butions of Figures 3.8 and 3.9). The left panel of Figure 3.12 compares the HI content of the

galaxies with its dark matter halo circular velocity, for the sub-sample of central galaxies in

both SHARK and in those selected as ALFALFA-like. When comparing the gas radii (see left

panel in Figure 3.11), we see that the median of the ALFALFA mock survey galaxies is always

higher than the overall median of galaxies in SHARK (i.e. the underlying galaxy population),

with our simulated ALFALFA galaxies having a half-gas mass radius of the disc≈ 0.5−0.7 dex

larger than SHARK galaxies of the same stellar mass atM?. 1010.3M�. A drop in the half-gas

mass radii of galaxies at stellar masses higher than 1010.3 M�is seen for the overall median

of the SHARK galaxies (red). The latter is due to this mass range being dominated by pass-

ive elliptical galaxies which tend to be gas poor. This drop is not seen in the median of the

ALFALFA mock survey galaxies (blue), thus showing that ALFALFA preferentially picks out

gas-rich galaxies, avoiding early-type galaxies that are affected by AGN feedback. This prefer-

ence is clear when we compare the MHI
M?

ratio for both observed and all galaxies in the SHARK

(see right panel in Figure 3.11), with the mock ALFALFA survey galaxies, which continue to be

systematically gas richer than the overall median, even at the dwarf galaxy regime.

We also see a strong preference for gas-rich galaxies when we compare the maximum cir-

cular velocity of central galaxies with their HI content (see left panel in Figure 3.12), with the

mock observed galaxies median (blue) staying in the range of 108M�. MHI . 1010M�, even

when the overall median (red) is orders of magnitude below (MHI ∼ 106− 108 M�). Even

though both ALFALFA and our mock ALFALFA survey detect galaxies with HI content as low

as 106M�, the number of those detections are fairly low (∼ 20− 30 galaxies), making the

higher HI mass galaxies more dominant and skewing the median towards those values even

at the low circular velocity end.

When analysing the overall central galaxy population, there is a clear peak in theMHI−Vmax

relation, which is related to the peak of the baryon collapse efficiency in galaxies (e.g. Eckert

et al. 2017). Baugh et al. (2019) using the GALFORM semi-analytic model of galaxy formation

(Cole et al., 2000; Lacey et al., 2016; Lagos et al., 2014) also found a sharp break in the HI

mass-halo mass relation at & 1011.5 M�. This is the approximate halo mass scale at which
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Figure 3.11: Half-gas mass disc radius (left panel) and HI-to-stellar mass ratio (right) as a function of
stellar mass of the galaxies at z = 0 in SHARK. The lines and colours represent our two
simulations medi- and micro-SURFS, as labelled. Shaded regions show the 16th − 84th

percentiles. For clarity, the latter are shown only for the medi-SURFS. A clear selection
effect is seen as galaxies with larger gas discs and higher gas-to-star ratio are preferentially
selected by ALFALFA.

Figure 3.12: Left: HI content of galaxies as a function of the maximum circular velocity of the
galaxy (which is used as a proxy for dynamical mass). Due to the limited resolution
of medi-SURFS, we only shown the latter down to log10(Vmax/km s−1) = 1.4. Resolu-
tion is the likely driver of the difference seen between medi- and micro-SURFS below
log10(Vmax/km s−1)≈ 1.7. Here, we show the 16th−84th percentiles for micro-SURFS as it
goes down to lower circular velocities. Right: As Figure 3.11 but for the star-formation rate
(SFR) as a function of the stellar mass. In both panels a clear bias is seen as the ALFALFA
mock-survey is preferentially selecting galaxies with higher HI content, albeit a smaller
bias is seen for the star formation rate.

AGN feedback starts to suppress gas cooling in both models, leading to the decline in HI

mass. The width and prominence of the peak is therefore expected to be very sensitive to the

AGN feedback model and hence a useful relation to constrain from observations.
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When comparing the star formation rate (SFR) with the stellar mass (see right panel in

Figure 3.12), we see only a small tendency for the ALFALFA mock survey galaxies to have

slightly higher SFRs than the underlying galaxy population, again across the whole stellar

mass range studied here. The most probable reason for this effect is that in SHARK the SFR is

calculated from the H2 content of the galaxies, which in turn depends on the total gas mass

and radius. Because gas masses are larger in the ALFALFA mock survey galaxies compared to

the underlying population, that tends to drive a smaller H2/HI ratio, which is why the SFRs in

Figure 3.12 are close to the median of SHARK despite the higher HI abundance in Figure 3.11.

The main sequence of star formation of the entire sample of lightcone galaxies shows a clear

break at ∼ 1010M�, driven by the mass above which AGN feedback starts to be important

(typically overcoming the gas cooling luminosity). This break is not seen in the ALFALFA

mock survey galaxies, showing the strong bias against gas poor, low star-forming galaxies.

These biases are to be expected because ALFALFA is a blind survey and is limited by the in-

tegrated HI flux and velocity width, which in turn depends on the HI mass content of galaxies.

What is unexpected is that these biases are important even at the dwarf galaxy regime, where

most galaxies are star-forming and gas-rich; our ALFALFA mock survey galaxies are more gas-

rich and more star-forming. This also raises concerns regarding how best to correct for the

galaxies that are not detected by ALFALFA, and how to account for the fact that the observed

population is not representative even at the dwarf galaxy regime. Thus, we can see that selec-

tion bias plays a very important role in our understanding of the intrinsic galaxy properties

and are crucial even at dwarf galaxy scales.

3.4.3 IMPLICATIONS FOR ΛCDM AND COMPARISONS WITH PREVIOUS STUDIES

Brooks et al. (2017) used a suite of 33 cosmological zoom hydrodynamical simulations, cov-

ering a wide dynamic range from dwarfs to MW-like galaxies, and suggested that the dearth

of observed galaxies with low circular velocities was caused by the HI line-width (used as the

dynamical mass tracer) not tracing the full potential well in dwarf galaxies. The reason for

this was because in their simulated dwarf galaxies, the bulk of HI is in the rising part of the

rotation curve, which means that the integrated HI line width does not reflect the maximum

circular velocity of the galaxy. This results in a relation between the effective circular velo-

city of HI (VHI = W50/2 for a galaxy observed edge-on) and the maximum circular velocity

which significantly deviates from the 1:1 relation at the dwarf galaxy regime, in a way that in

the latter VHI is much smaller than Vmax. By applying the relation VHI−Vmax obtained from

their zoom simulations to the dark matter haloes of a large cosmological volume, DM-only

simulation, they were able to reproduce the observed galaxy velocity function. This therefore
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offers an attractive solution to the tension seen in Figure 3.6, which is also supported by the

fact that there have been reports from observations in some nearby dwarfs that the bulk of HI

is indeed in the rising part of the rotation curve e.g. Catinella, Giovanelli and Haynes (2005),

Swaters et al. (2009) and Oman et al. (2019).

Macciò et al. (2016) arrived at a similar conclusion, but using mock-observed galaxies from

the NIHAO simulations suite(a suite of 100 cosmological hydrodynamical simulations zooms,

again covering a wide dynamic range from dwarfs to MW-like galaxies Wang et al., 2015a).

They obtained similar deviations of the VHI − Vmax relation from the 1:1 line at the dwarf

galaxy regime as Brooks et al. Two reasons were given by Macciò et al. (2016) to explain this,

one was again the fact that HI is not extended enough to reach the flat part of the rotation

curve, and the second was that the non-circular motions of the gas seem to become signific-

ant at the dwarf galaxy regime (also seen in other cosmological zoom simulations; e.g. Oman

et al. 2019). Despite this impressive progress, an important limitation remains. Both studies,

Macciò et al. (2016) and Brooks et al. (2017), assume their suite of simulated galaxies to be

representative of all the galaxies of the same Vmax. The main question is then whether 33 or

100 galaxies is sufficient to make a statement about the main drivers of the tension seen in

Figure 3.6.

To address this question we turn to our ALFALFA lightcones and quantify the fraction of

galaxies at two maximum circular velocities, Vmax = 100 km s−1 and Vmax = 30 km s−1 that

would be selected by ALFALFA (given their selection criteria) in a fixed cosmological volume.

These Vmax values are chosen because the deviations of the VHI−Vmax relation from the 1:1

line in Macciò et al. (2016) and Brooks et al. (2017) appear at Vmax . 100 km s−1. In SHARK,

we find that ≈ 22 per cent of the galaxies with Vmax = 100 km s−1 would be detectable by

ALFALFA, while that number reduces to ≈ 1.4 per cent for galaxies with Vmax = 30 km s−1.

In the context of the simulated samples of Macciò et al. (2016) and Brooks et al. (2017), a few

galaxies with Vmax = 100 km s−1and < 1 (or ∼ 0.462) galaxy with Vmax = 30 km s−1 would

be detectable by ALFALFA. In addition, the small fraction of dwarf galaxies that would be

detectable by ALFALFA will be gas-rich and have extended HI disks, and hence making VHI

more likely to trace Vmax. This small fraction of dwarf galaxies is far from representative of

the galaxies that have on average the same stellar or halo mass. This strongly argues for the

need of large statistics to assess the tension between ΛCDM and the observed galaxy velocity

function of Figure 3.6.

Our work therefore differs from previous ones in two fundamental ways. The first is that we

use a statistically significant population of galaxies; with each simulated box having∼ 1.3 mil-

lion galaxies, each of which have their own star formation, gas accretion and assembly histor-

ies, and so we are capable of simulating the entire ALFALFA survey volume. The second is that
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is that we obtain a VHI−Vmax relation that is very close to the 1:1 line even at the dwarf galaxy

regime. Hence, we are able to reproduce the observed HI W50 distribution without the need

to invoke significant deviations in the VHI−Vmax relation. That is not to say these deviations

do not exist but simply that observations can be reproduced without them. The fact that our

model does not obtain the deviations discussed above is likely due to the simplistic physics

that is inherent to semi-analytic models, which are much better captured with hydrodynam-

ical simulations, and therefore likely reflects a limitation of our model. In the Appendix, we

applied our idealized model to galaxies in the APOSTLE hydrodynamical simulation suite,

and found that in dwarf galaxies our method overestimates W50 by≈ 20−30 per cent. If we

were to correct our W50 distribution of Figure 3.9 by these differences, our predicted number

of dwarf galaxies would slightly decrease, making the number of dwarfs smaller than the ob-

served one - indicating that the observed abundance of low W50 galaxies is very sensitive to

baryon physics.

Our work suggests that the main effect in the apparent discrepancies between the predicted

Vmax function from DMO simulations and the recovered one from observations are selection

effects, which are complex because of how non-linearly galaxy properties correlate with their

halo properties. Hence, the HI velocity distribution is not a cosmological test, but more ap-

propriately a baryon physics test. This also strongly suggests that for a complete and un-

biased understanding of HI galaxy surveys, it is necessary to mock-observe our simulated

galaxy population and compare with observations in a like-to-like fashion.

3.5 C O N C L U S I O N S

The abundance of galaxies of different maximum circular velocities (the velocity function)

is a fundamental prediction of our concurrent cosmological paradigm and hence, of utter-

most important to test against observations. In this work, we have used the SHARK semi-

analytic galaxy formation model to simulate the ALFALFA HI survey, the largest blind HI sur-

vey to date, to investigate the well-known discrepancy between the observed and predicted

galaxy HI velocity function. Our goal was to determine whether this tension is a true failure

of ΛCDM, or simply a reflection of the complexity of baryon physics.

We have presented how we model HI emission lines in SHARK taking into account halo, gas

and stellar radial profiles of galaxies, and tested our idealised approach against more complex

models derived from the cosmological hydrodynamical APOSTLE simulations by comparing

our derived HI line widths with theirs and find good agreement. We used this new mod-

elling to build a mock ALFALFA survey, and in the process, we combined simulation boxes



3.5 C O N C L U S I O N S 81

spanning a range of mass resolutions and cosmological volumes, to ensure a good coverage

over the full dynamical range probed by the observations. By applying the ALFALFA selec-

tion function to our simulated galaxies, we were able to recover the observed HI velocity and

mass distributions to within 30 per cent, which shows that a physically motivated model of

galaxy formation in the ΛCDM paradigm is able to reproduce the observed HI velocity width

distribution of galaxies. We highlight that these are true predictions of our SHARK model, as

gas properties are a natural outcome of the model and were not included in fine tuning of the

free parameters of the model.

Our key results can be summarised as follows -

• Survey selection plays a major role in explaining the discrepancy between predictions

and observations of the HI velocity function. We see an over-prediction of galaxies in

the HI velocity function of more than an order-of-magnitude at the low velocity end

only when we make an “out-of-the-box” comparison of the predicted and observed

galaxy populations, while a careful comparison accounting for the survey selection cri-

teria reveals discrepancies of less than 50 per cent. On applying the ALFALFA selection

criteria, we get the desired HI W50 distribution even at low circular velocities, alleviat-

ing the missing dwarf galaxy problem.

• Our predicted galaxy population agrees well with the observed HI mass function. We

compare the HI-W50 2D distribution obtained from the 100 per cent data release of AL-

FALFA with our mock survey, and find agreement at an acceptable level. This strengthens

our belief that the discrepancy between the predicted HI velocity distribution with the

observed one is due to the selection biases inherent in the survey.

• Previous simulations found that the effective HI velocity (VHI =W50/2 for an edge-on

galaxy) significantly underestimates Vmax, which has been invoked as a plausible ex-

planation for the discrepancies described above in the velocity function. We find that

our HI emission line modelling produces a VHI−Vmax relation that is very close to the

1:1 line even at the dwarf galaxy regime. Despite this, we are able to reproduce the HI

W50 distributions; these deviations may still happen, but we argue that they are not

necessary to reproduce the observed HI W50 distribution.

• A clear selection bias is seen when the mock is compared with the total galaxies that

are presented in SHARK, shown in Figures 3.11 and 3.12. The mock ALFALFA survey is

biased towards galaxies with a higher HI gas content, larger HI sizes and slightly higher

SFRs. We find that at fixed Vmax the mock ALFALFA galaxies are very strongly biased

towards high HI masses, with a difference in the typical HI mass of up to two orders
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of magnitude at Vmax ≈ 30− 50 km s−1. This selection bias, in turn, affects our un-

derstanding of the distribution of galaxies in our local universe. Thus in order to fully

understand galaxy evolution, a clear understanding of these biases is required.

• By comparing our simple model of HI emission lines with the more complex HI lines

obtained in the cosmological hydrodynamical simulation APOSTLE, we find that W20

is less affected by the asymmetry that is seen in the HI emission lines than W50, the

more commonly used velocity estimator. Thus, robust observational measurements of

W20 would be extremely useful to constrain the simulations and uncover any tension

with the simulations.

Our study suggests that the primary reason for the discrepancy between the HI velocity

function in observations and ΛCDM simulations are selection effects in HI surveys, which

are highly non-trivial to correct for. The latter is due to the fact that the typical galaxy with low

circular velocity detected in ALFALFA is far from representative of galaxies of the same stellar

or halo mass, particularly at Vmax . 100 km s−1, according to our predictions. The observed

HI velocity distribution is therefore an excellent test for the baryon physics included in our

cosmological galaxy formation models and simulations rather than a cosmological one.

A new generation of HI surveys is underway in telescopes such as The Australian Square

Kilometer Array Pathfinder (ASKAP; Johnston et al. 2008). Examples of those are the Widefield

ASKAP L-band Legacy All-sky Blind surveY (WALLABY: Staveley-Smith, 2008) and the Deep

Investigation of Neutral Gas Origins (DINGO: Meyer, 2009). The depth of these surveys will

certainly lead to improvements over previous HI surveys; however, a careful consideration

of systematic effects such as those described here will be necessary to make measurements

that can be robustly compared with simulation predictions. Similarly, the exercise of simu-

lating the selection effects of surveys to the detail presented here, will be equally important

to identify the areas in which our understanding of galaxy formation and perhaps cosmology

need improvement.
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4
THE PHYSICAL DRIVERS OF THE ATOMIC

HYDROGEN–HALO MASS RELATION

W
e use the state-of-the-art semi-analytic galaxy formation model, SHARK, to in-

vestigate the physical processes involved in dictating the shape, scatter and

evolution of the HI–halo mass (HIHM) relation at 0 ≤ z ≤ 2. We compare

SHARK with HI clustering and spectral stacking of the HIHM relation derived from

observations finding excellent agreement with the former and a deficiency of HI in

SHARK at Mvir ≈ 1012−13M� in the latter. In SHARK, we find that the HI mass in-

creases with the halo mass up to a critical mass of ≈ 1011.8M�; between ≈ 1011.8M�

and 1013M�, the scatter in the relation increases by 0.7 dex and the HI mass decreases

with the halo mass on average (till Mvir ∼ 1012.5 M�, after which it starts increasing);

at Mvir & 1013 M�, the HI content continues to increase with increasing halo mass, as

a result of the increasing HI contribution from satellite galaxies. We find that the crit-

ical halo mass of≈ 1012M� is set by feedback from Active Galactic Nuclei (AGN) which

affects both the shape and scatter of the HIHM relation, with other physical processes

playing a less significant role. We also determine the main secondary parameters re-

sponsible for the scatter of the HIHM relation, namely the halo spin parameter atMvir

< 1011.8M�, and the fractional contribution from substructure to the total halo mass

(M sat
h /Mvir ) for Mvir > 1013M�. The scatter at 1011.8M� < Mvir < 1013M� is best

described by the black-hole-to-stellar mass ratio of the central galaxy, reflecting the rel-

evance of AGN feedback. We present a numerical model to populate dark matter-only

simulations with HI at 0≤ z ≤ 2 based solely on halo parameters that are measurable

in such simulations.
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4.1 I N T R O D U C T I O N

Understanding the distribution and evolution of neutral atomic hydrogen (HI) in the Uni-

verse provides key insights into cosmology, galaxy formation and the epoch of cosmic reion-

isation (Blanton and Moustakas, 2009; Pritchard and Loeb, 2012; Somerville and Davé, 2015;

Rhee et al., 2018). A long-standing challenge in galaxy formation and evolution is addressing

the relationship between stars, gas and metals in galaxies, haloes and the large-scale struc-

ture. HI is a primary ingredient for star formation and a key input to understand how various

processes govern galaxy formation and evolution. The HI content of dark matter (DM) haloes

forms an intermediate state in the baryon cycle that connects the largely ionised gas in the

intergalactic medium (IGM), the shock heated gas at the virial radius and the star-forming,

cold gas in the interstellar medium (ISM) of galaxies (Putman, Peek and Joung, 2012; Krum-

holz and Dekel, 2012). Constraints on HI at all relevant scales (IGM, halo and galaxy scales)

are therefore key to reveal the role of gas dynamics, cooling and regulatory processes such as

stellar feedback, gas inflows and outflows (Prochaska and Wolfe, 2009; Voort et al., 2011), and

the effect of environment in galaxy formation (Fabello et al., 2012; Zhang et al., 2013).

When studying galaxy formation and evolution, the exploration of scaling relations is par-

ticularly useful as a way of reducing the inherent complexity of the process and providing

a quantitative means of examining physical properties of galaxies. The dependence of the

abundance of baryons on the host halo mass is considered one of the most fundamental

scaling relations (Wechsler and Tinker, 2018). In particular, the stellar–halo mass relation has

been studied in detail, and has been shown to have little scatter (≈ 0.2 dex, see Behroozi, Con-

roy and Wechsler, 2010; Moster et al., 2010) and a shape that reflects the mismatch between

the halo and stellar mass functions - the latter has a much shallower low-mass end slope and

a more abrupt break at the high-mass end than the former (see review Wechsler and Tinker

2018). The scatter around these scaling relations is particularly useful because it helps to pin-

point how a halo’s assembly history affects its baryon content (Kulier et al., 2019; Mitchell

et al., 2016; Matthee et al., 2017).

Stellar mass can be inferred observationally for large statistical samples, unlike the gas con-

tent of galaxies and haloes. However, given that stellar mass is only a small contribution to

the baryon content of the Universe (Fukugita, Hogan and Peebles, 1998; Driver et al., 2018), it

is imperative to explore how the abundance of different gas phases correlate with halo mass.

HI is particularly interesting because it is the intermediate state in the baryon cycle. The HI–

halo mass scaling relation (HIHM) is likely to be much more complex than the stellar–halo

mass relation because observations show that the correlation between HI mass and stellar

mass is characterised by a large scatter (e.g. Catinella et al. 2010; Brown et al. 2015, 2017; Cat-
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inella et al. 2018). This is implied by the work of Chauhan et al. (2019) (Chapter 3), who used

galaxy formation simulations to show that the correlation between HI mass and HI velocity

width - a tracer of a galaxy’s dynamical mass - is complex, with variations of > 2 dex in HI

mass at fixed velocity width.

Several empirical studies have inferred limits on the form of the HIHM relation. Eckert et al.

(2017) attempted to measure the “cold” baryon mass (stars plus ISM mass) vs. halo mass rela-

tion, for which they combined 21 cm-derived HI masses with empirical estimates of the gas

mass in galaxies based on the correlation between the HI mass and optical colours in galax-

ies with detected HI. The difficulty with this approach is the unknown systematic effects in

the application of the empirical estimation to a wider parameter space than probed by actual

HI detections (see Eckert et al., 2015). Other approaches use HI-clustering measurements to

infer an HIHM relation (Padmanabhan and Refregier, 2017; Obuljen et al., 2019), as well as HI

spectral stacking, which has been used to calculate the mean HI content of groups identified

in optical redshift surveys (Guo et al., 2020). HI clustering provides an indirect way of meas-

uring the HIHM relation because it relies on abundance matching to match the HI with the

respective halo that will be expected to host galaxies of the observed HI mass. In contrast, HI

stacking provides a direct measurement of the mean HI mass inside haloes of a given mass,

typically using an estimate of the halo radius to choose the stacking area. However, it relies on

group finders and halo mass estimates based on optical redshift surveys and so care must be

taken because of the well known issue that optically selected and HI-selected galaxies do not

fully overlap, such that HI-selected surveys typically miss the most massive, gas-poor galax-

ies (e.g. de Blok, McGaugh and van der Hulst, 1996; Schombert, McGaugh and Eder, 2001).

The HIHM relation is also expected to differ from the stellar–halo mass relation because, as

previous work has shown, the distribution of HI-selected galaxies depend not only on halo

mass but also on the halo’s formation history (Gao, Springel and White, 2005; Guo et al., 2017)

and on halo spin parameter (Maddox et al., 2015; Obreschkow et al., 2016; Lutz et al., 2018).

While these observational inferences provide highly valuable constraints on the average

HIHM relation, they do not constrain the scatter. The HIHM relation has been investigated

extensively using different theoretical models, including semi-analytic models of galaxy form-

ation (Kim et al., 2017; Baugh et al., 2019; Spinelli et al., 2019) and hydrodynamical simula-

tions (Villaescusa-Navarro et al., 2018), which have consistently shown that the HIHM rela-

tion is characterised by a large scatter (especially in the region 1012M� <Mvir < 1013M�) -

much larger than the stellar–halo mass relation, by> 0.5 dex. However, the predicted scatter

of the HIHM appears to be largely model-dependent and no observational constraints have

been obtained yet. For instance, both Baugh et al. (2019) and Spinelli et al. (2019) attribute

the scatter in the relation to feedback from Active Galactic Nuclei (AGN), which suppresses
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gas cooling in the halo, preventing further gas accretion onto the central galaxy. Spinelli et al.

(2019) also find that the HIHM relation depends on the detailed assembly history of haloes,

which agrees with inferences based on HI clustering studies in Guo et al. (2017). Villaescusa-

Navarro et al. (2018), using the IllustrisTNG hydrodynamical simulations, also report a larger

scatter in their HIHM relation at Mvir between 1012M�–1013M�, compared to what is found

for the stellar-halo mass relation in their simulation.

The current paucity of observational constraints on the shape, scatter and evolution of the

HIHM is likely to change in the coming decade, ultimately with the Square Kilometer Array

(SKA; see Abdalla and Rawlings, 2005), but also with its pathfinders (e.g. MeerKAT, see Hol-

werda et al., 2011 and the Australian SKA Pathfinder, ASKAP; see Duffy et al., 2012; Koribalski

et al., 2020). With these transformational instruments on the horizon, it is imperative that

we use current galaxy formation models and simulations to explore the physics shaping the

HIHM relation to offer predictions and aid the interpretation of these upcoming observations.

This is the main motivation of this chapter.

Another important challenge is the fact that the SKA is expected to probe cosmological

volumes much larger than those we currently use to study galaxy formation (Power et al.,

2015), even in the case of semi-analytic models of galaxy formation - whose accessible volumes

are already 2-3 orders of magnitude larger than what we can reliably do with hydrodynamical

simulations. In the case of semi-analytic models, the typically used cosmological volumes

are usually limited by the fact that we require enough resolution to accurately model the as-

sembly and growth history of the haloes. The challenge is even greater if we focus on cosmo-

logical studies with the SKA, which require thousands of statistical realisations of the universe

with trustworthy models describing how to populate haloes with HI mass. This demands a

physically motivated way of populating DM-only simulations with HI without the need of

running computationally expensive physical galaxy formation models on them. This is an

important second motivation for our work.

These motivations require an in-depth exploration of the astrophysical processes that shape

the HIHM relation and the development of an analytical model for how to populate dark mat-

ter haloes with HI. We aim to understand what physical parameters are responsible for how

HI populates haloes, and what drives the shape and scatter of the relation. For this, it is ne-

cessary to assess how the baryon physics included in galaxy formation simulations and halo

formation history affect the HIHM relation across cosmic time. We explore which (other)

halo properties affect the HIHM relation (e.g. spin, substructure mass fraction etc.). We do

this by the use of the SHARK semi-analytic model of galaxy formation (Lagos et al., 2018a)

and leverage its modularity and flexibility to test the effect of different physical models and

parameters on the shape of the HIHM relation. We expect our numerical model showing how
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to populate DM haloes with HI to be beneficial for designing HI-stacking and HI-intensity

mapping experiments.

The structure of this chapter is as follows. Section 4.2 summarises the relevant features of

SHARK. Section 4.3 validates our semi-analytic model against the local Universe HI observa-

tions that capture the average HIHM relation. In Section 4.4, we delve into the properties

responsible for the shape and scatter of the HIHM relation, and see how much impact these

properties have. In Section 4.5, we present our physically motivated HIHM relation along

with providing information on its evolution with redshift. We draw conclusions in Section 4.6.

The Appendices C, D and E show how the HIHM relation evolves with redshift and provide

tabulated fits to populated haloes with HI mass.

4.2 M O D E L L I N G T H E H I C O N T E N T O F G A L A X I E S A N D H A L O E S

In this section, we describe the semi-analytical model that is used in the study, and which

prescriptions are applied to calculate the HI content of galaxies and haloes. The result of

using these models are discussed in Section 4.4.

4.2.1 THE SHARK SEMI-ANALYTICAL MODEL OF GALAXY FORMATION

We use the semi-analytical model of galaxy formation (SAM), SHARK (Lagos et al., 2018a).

SAMs use halo merger trees, which are produced from a cosmological DM-onlyN -body sim-

ulation, and follow the formation and evolution of galaxies by solving a set of equations that

describe all the physical processes that (we think) are relevant for the problem (see reviews

by Baugh 2006; Somerville and Davé 2015; Chapter 2).

We have described the default models for the key physical processes of galaxy formation

and evolution used in SHARK in detail in Section 2.2 of Chapter 2. We would like to remind

our readers that SHARK also includes several different prescriptions for gas cooling, AGN feed-

back, stellar and photoionisation feedback, and star formation. Using these models, SHARK

computes the exchange of mass, metals, and angular momentum between the key baryonic

reservoirs in haloes and galaxies, which include hot and cold halo gas, the galactic stellar and

gas discs and bulges, central black holes, as well as the ejected gas component that tracks

the baryons that have been expelled from haloes. In Section 4.2.3, we describe in detail the

modelling of star formation, AGN feedback, stellar feedback, reionisation, and gas stripping

in satellite galaxies, all of which are relevant for the discussions in Sections 4.4, 4.5 and 4.6.
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The models and parameters used in this study are the SHARK defaults, as described in La-

gos et al. (2018a) and used in Chauhan et al. (2019) (Chapter 3) to study the HI content of

galaxies. A reminder to the reader that these models have been calibrated to reproduce the

z = 0, 1, and 2 stellar mass functions; the z = 0 black hole-bulge mass relation; and the disc

and bulge mass-size relations. As stated in Chapter 3, SHARK is able to reproduce a range

of observational results, such as the total neutral, atomic and molecular hydrogen–stellar

mass scaling relations at z = 0; the cosmic density evolution of atomic and molecular hydro-

gen at z ≤ 2; the SFR–stellar mass relation in the local Universe, among others (see Lagos

et al., 2018a, for details). With Davies et al. (2019) showing that SHARK reproduces the scat-

ter around the main sequence of star formation in the SFR–stellar mass plane; Chauhan et al.

(2019) (Chapter 3) show that SHARK can reproduce the HI mass and velocity widths of galaxies

observed in the ALFALFA survey; and Amarantidis et al. (2019) show that the predicted AGN

luminosity functions (LFs) agree well with observations in X-rays and radio wavelengths.

In addition, Lagos et al. (2019) has shown that SHARK can reproduce the panchromatic

emission of galaxies throughout cosmic time; most notably, SHARK reproduces the num-

ber counts from GALEX UV to the JCMT 850 microns band, the redshift distribution of sub-

millimetre galaxies, and the ALMA bands number counts (Lagos et al., 2020). Bravo et al.

(2020) show that SHARK also reproduces reasonably well the optical colour distribution of

galaxies across a wide range of stellar masses and redshift, as well as the fraction of passive

galaxies as a function of stellar mass.

For this analysis, we use the micro-SURFS and medi-SURFS, whose properties are described

in Table 2.1 in Chapter 2. By using two different resolution runs of different volumes, we are

able to probe over 6 orders of magnitude in DM halo mass, thus giving us an optimal dynamic

range for exploring the HIHM scaling relation. We show the results of SHARK using micro-

SURFS at halo masses below 1011.2M�, while medi-SURFS is used for higher halo masses. This

transition mass is chosen as according to Elahi et al. (2018) at this mass haloes in medi-SURFS

comprise ≥ 200 particles, making them reliable for our calculation (because their merger

trees will be sufficiently well resolved). Merger trees and halo catalogues were constructed

using the phase-space finder VELOCIRAPTOR (Elahi et al., 2019b; Cañas et al., 2019) and the

halo merger tree code TREEFROG (Poulton et al., 2018; Elahi et al., 2019a), which have been

described in detail in Section 2.1 of Chapter 2

A reminder to the readers, we define three types of galaxies in SHARK: centrals, satellites and

orphans (see Section 2.2.2 in Chapter 2). These types are based on the information provided

by the merger trees and subhalo catalogues that are used by SHARK to evolve its galaxies. As

a brief description, centrals are the central galaxies of the most massive subhalo of every ex-

isting halo at z = 0. The central galaxy of every other subhalo of that host halo is defined
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as the satellite galaxies. Orphan galaxies are the galaxies that belong to a subhalo that has

either merged onto another or is no longer being tracked. When a subhalo becomes a satel-

lite subhalo, any orphan galaxies in that subhalo are transferred to the central subhalo.

4.2.2 HALO PROPERTIES AS CALCULATED IN SHARK

SHARK assumes the masses of DM haloes (Mhalo) to be those calculated by VELOCIRAPTOR.

The virial mass is defined as Mhalo ≡ M200 = 4πR3
200∆ρcrit/3, with ρcrit being the critical

density of the universe, with M200 and R200 being the mass and radius of the halo, respect-

ively, when the density within the halo becomes 200 times of the critical density of the uni-

verse. It is assumed that the mass profile of the halo follows an NFW profile (Navarro, Frenk

and White, 1997). The halo concentration is estimated using the Duffy et al. (2008) relation

between concentration, the halo’s virial mass and redshift. The spin parameter of the haloes

are drawn from a log-normal distribution of mean 0.03 and width 0.5. These parameters

correspond to those measured in SURFS with the well-resolved haloes (Elahi et al., 2018).

4.2.3 MODELLING OF KEY PHYSICAL PROCESSES IN SHARK

As stated in Section 4.2.1, SHARK is a modular SAM, and so the user can adopt a range of

models for different physical processes. Although we use the default SHARK model for the

derivation of the HIHM scaling relation, we also want to understand what drives the shape of

the HIHM relation, and so varying the models and parameters adopted in SHARK is necessary.

Here, we describe a subsample of the models and physical processes that are relevant for the

HIHM relation.

We compare the HI in haloes based on two different ISM gas-phase models, different AGN

and stellar feedback efficiencies, and different ram pressure stripping considerations, as well

as altering the photoionisation of HI in haloes.

4.2.3.1 Gas phases in the interstellar medium and star formation

In the default SHARK model, hereafter referred to as SHARK-ref, we use the prescription de-

scribed in Blitz and Rosolowsky (2006), hereafter referred to as BR06, to compute the amount

of atomic and molecular hydrogen (HI and H2, respectively) in the gas disc and bulge of the

galaxy. The gas, once it cools, is assumed to settle in an exponential disc of half-mass radius,

rgas,disc. In BR06 the ratio of the molecular to atomic hydrogen gas surface density in galaxies
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is a function of the local hydro-static pressure in the mid-plane of the disc, with a power-law

index close to 1. We have described the BR06 model, in detail in Section 2.2.5 in Chapter 2.

In order to understand how the default SHARK ISM prescription works against another avail-

able ISM model in SHARK, we carry out another run using an alternative prescription - in this

case, Gnedin and Draine (2014), hereafter referred to as GD14. The GD14 model uses the

dust-to-gas ratio, DMW, and the local radiation field, UMW, with respect to that of the solar

neighbourhood, to estimate the ratio of HI to H2 in the gas disc. These two parameters are es-

timated as DMW = Zgas/Z� and UMW = ΣSFR/ΣMW, where Zgas is the metallicity of the ISM.

The valuesZ� = 0.134 (Asplund et al., 2009) and ΣMW = 2.5M�yr−1 (Bonatto and Bica, 2011)

are estimates from the solar neighbourhood. Hence, DMW and UMW are quantities that vary

with galaxy properties. Using the argument presented in Wolfire et al. (2003), where it is stated

that the pressure balance between the warm and the cold neutral media can only be achieved

if the density is larger than a minimum density, we can approximate the minimum density to

be proportional toUMW. Hence, assuming that the pressure equilibrium between warm/cold

media is a necessity for the formation of the ISM, thenUMW will be proportional to ρgas, with

ρgas being the gas density. As galaxies show an almost constant σgas, it can be assumed that

the gas scale height is also close to constant, which allows us to replace ρgas by Σgas above.

Based onDMW and UMW we calculateRmol following Gnedin and Draine (2014),

Rmol = (
Σgas

ΣR=1
)
αGD

, (4.1)

where

αGD = 0.5 +
1

1 +
√
UMWD2

MW/600
, (4.2)

ΣR=1 =
50M�pc−2

g

√
0.01 +UMW

1 + 0.69
√

0.01 +UMW
, (4.3)

and

g=
√
D2

MW +D2
?. (4.4)

Here,D? ≈ 0.17 for scales L> 500pc1.

1 For scales < 500pc, D? = 0.17(2+S5

1+S5 ), where S ≡ L/100pc. For more details, see equation 5 in Gnedin and

Draine (2014).
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Independent of how the HII/HI/H2 is computed, our default star formation model assumes

the SFR surface density to be proportional to the H2 surface density. The SFR surface density

is then calculated by assuming a constant depletion time for the molecular gas, following

ΣSFR = νSFfmolΣgas. (4.5)

Here, νSF is the inverse of the H2 depletion timescale with fmol = Σmol/Σgas, where Σmol is

the molecular gas surface density and Σgas is the total gas surface density; ΣSFR is integrated

over a radii range of 0−10 rgas,disc. Equation 4.5 applies to both the BR06 and GD14 models.

Note that two different values of νSF are adopted in SHARK. For star formation in disks, νSF =

1Gyr−1, while for starbursts triggered by galaxy mergers and disk instabilities, νSF = 0.1Gyr−1

(these values are based on Sargent et al., 2014). This is motivated by the bimodality observed

in the ΣSFR−Σmol plane for normal star-forming galaxies and starbursts (Genzel et al., 2010).

4.2.3.2 AGN feedback

The amount of gas that is allowed to cool down is influenced by AGN feedback, which in turn

has an impact on the replenishment of the ISM content of galaxies. In SHARK-ref, we use

the AGN feedback model of Croton et al. (2016), hereafter referred to as Croton16. Croton16

assumes a Bondi-Hoyle (Bondi, 1952) like accretion model. This model is described in detail

in Section 2.2.12 of Chapter 2. In this chapter, to understand the effect of AGN feedback has

on the HIHM relation, we vary the value of the free parameter κagn (see Equation 2.37 in

Chapter 2) between 0 (no AGN feedback) to 1. Note that the default value in SHARK is 0.002.

This parameter was introduced by Croton et al. (2006) to counteract the approximations used

to derive the accretion rate. The free parameter κagn directly influences the strength of AGN

feedback, so that the higher the value of κagn, the stronger is the AGN feedback.

4.2.3.3 Stellar feedback

The effect of stellar feedback on the total HI content of the halo is another important aspect

to explore. The stellar feedback prescription used in SHARK-ref is described in Section 2.2.6 in

Chapter 2. Here, we briefly explain the changes we made to the default SHARK-ref parameters

to understand the effect of stellar feedback on the HIHM relation. SHARK-ref uses the default

values of the parameters βdisc = 4.5 and zP = 0.12 for Equations 2.27 and 2.28, respectively.

We vary the value of βdisc from 0.5 to 5 in increments of 1, with the default value in SHARK-ref

being 4.5, to understand how stellar feedback influences the amount of HI in haloes. For the

no-stellar-feedback run, we set εdisc = 0.
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4.2.3.4 Photoionsation feedback

Photoionisation feedback is caused by the ionising radiation background produced by stars,

galaxies and quasars, and primarily affects the small haloes. The ionising radiation density

keeps the temperature of baryons inside the haloes higher than the virial temperature, which

results in suppression of radiative cooling. The photoionisation feedback model adopted in

SHARK-ref is based on the results of the one-dimensional collapse simulations of Sobacchi

and Mesinger (2013a), details of which are given in Section 2.2.11 of Chapter 2. Here, to un-

derstand the effect of photoionisation feedback on the HI content of haloes, we alter the vcut

values (see Equation 2.33 in Chapter 2), which is a free parameter that is constrained by the

Sobacchi and Mesinger (2013a) simulation. We vary its value, from 20 km s−1to 50 km s−1,

with the default SHARK-ref value being 35 km s−1. We keep the values of the other two free

parameters, zcut and αv (see Equation 2.33), fixed at 10 and−0.2, respectively.

4.2.3.5 Gas Stripping in Satellite galaxies

As stated in Section 2.2.13 of Chapter 2, SHARK follows the “instantaneous ram-pressure strip-

ping" model described in Lagos et al. (2014), which assumes that as soon as galaxies become

satellite, all of their halo gas is stripped instantaneously and transferred to the hot gas reser-

voir of the central galaxy. This allows the gas to only accrete onto the central galaxy and not

onto the satellite galaxies.

SHARK also allows us to switch off this process, in turn assuming that satellite galaxies can

retain their hot halo gas, and hence their ISM can continue to be replenished for some time,

until their halo gas reservoir is exhausted. We note that quenching of satellites can also hap-

pen in this case, as satellite subhaloes, where satellite galaxies reside, are cut off from cosmo-

logical accretion, and hence their halo gas reservoir is not replenished. We test the effect of

turning on and off the “instantaneous ram pressure stripping” on the overall HI mass con-

tained in haloes, with stripping ‘on’ being used in SHARK-ref.

Regardless of whether or not the stripping is ‘on’ or ‘off’, the gas that is ejected from satellite

galaxies due to stellar feedback is transferred to the ejected gas reservoir of the central galax-

ies, and hence that gas cannot be reincorporated into the hot halo gas of the satellites. The

cold gas in the discs of galaxies is also not stripped.
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4.3 VA L I D AT I O N O F T H E S H A R K M O D E L A G A I N S T L O C A L U N I V E R S E

H I O B S E R VAT I O N S A N D P R E V I O U S M O D E L S

In this section, we describe how the total HI in the haloes compares with available observa-

tions, with the aim of validating the model before we analyse in detail what drives the shape

and scatter of the HIHM relation. In particular, we compare with the observed HIHM relation

(Section 4.3.1) and HI clustering (Section 4.3.2). We remind the reader that previous papers

have shown that SHARK-ref reproduces well the HI mass function, HI–stellar mass scaling re-

lation (Lagos et al., 2018a), HI mass and velocity width distributions and the HI mass–velocity

width relation observed in ALFALFA (Chauhan et al., 2019, Chapter 3).

4.3.1 THE LOCAL UNIVERSE HIHM RELATION

In Figure 4.1, we compare the results from SHARK-ref with observations. We use the results

shown in Guo et al. (2020), where they calculate the HI content of groups from the Sloan

Digital Sky Survey DR7 Main Galaxy (SDSS, Lim et al., 2017) sample by stacking the HI spectra

obtained from the ALFALFA survey. SDSS is a major multi-spectral and spectroscopic redshift

survey that covers over 35% of the sky. We use data from the main SDSS galaxy survey, which

is sensitive to the 17.77 r-band magnitude. The ALFALFA (Arecibo Legacy Fast ALFA) survey,

on the other hand, is a blind HI survey covering 6900 deg2 in the Northern Hemisphere, with

∼ 31,000 direct HI detections (Giovanelli et al., 2005; Haynes et al., 2018) and going out to

redshift z = 0.06.

Guo et al. (2020) use the SDSS DR7 group catalogue to identify galaxies with available spec-

troscopic redshifts, which is about 98 per cent complete. The halo masses of these groups

were calculated using the proxy of galaxy stellar mass, with the halo radius, r200, estimated

from the definition that the mean mass density within r200 is 200 times the mean density of

the universe at a given redshift. For stacking the HI for these groups and galaxies, they use

ALFALFA IDL (see Fabello et al., 2011b), which integrates over a square aperture and returns

the HI spectrum. They have used 2r200 as the aperture for groups, with 200 kpc being the

apertures for centrals. They were able to extract 25,906 group spectra and 25,868 central

spectra for their analysis. We present their final sample (with an occupancy numberNg ≥ 1),

which includes all the haloes with 1 or more galaxies in it, and compare with SHARK-ref.

We also use the data from Obuljen et al. (2019), who estimate the HI masses in dark mat-

ter haloes by directly integrating the HI mass functions over the available range of HI masses.

Obuljen et al. (2019) model the abundance and clustering of neutral hydrogen through a halo-

model based approach, where they parametrise the HIHM relation as a power law with an ex-



4.3 VA L I D AT I O N O F T H E S H A R K M O D E L A G A I N S T L O C A L U N I V E R S E H I O B S E R VAT I O N S A N D P R E V I O U S M O D E L S 97

Figure 4.1: The mean of the total HI content in haloes as a function of halo mass at z = 0. In the
upper-panel, the red line shows predictions from SHARK-ref, with the vertical dashed line
showing the convergence point between micro-SURFS and medi-SURFS. The yellow-line
shows the HI contained in subhaloes that are associated with the host-halo and are within
one virial radius of the host halo. The symbols with error bars show the observed values
of HI shown in Guo et al. (2020) and Obuljen et al. (2019), as labelled. Note that SHARK-
ref predicts the HI content of Ng ≥ 1 reasonably well until Mvir ≈ 1012M�, with all the
points agreeing with SHARK-ref, at which point SHARK-ref starts to deviate from the Guo
et al. (2020) and Obuljen et al. (2019) points, either over-predicting or under-predicting the
content at various points. The lower-panel shows the central and satellite HI contribution
from Guo et al. (2020) compared with SHARK-ref. We see the centrals agreeing with SHARK-
ref untilMvir≈ 1012M�, but the satellite population agrees reasonably well with SHARK-ref
over the entire range.

ponential mass cut-off (see Equation 6 in Obuljen et al., 2019). In contrast to Guo et al. (2020),

Obuljen et al. (2019) do not directly measure the HI content of haloes, but instead use empir-

ical relations to derive it. There is clearly some tension between these two approaches be-

cause they appear to be more than 2-sigma away from each other at Mhalo > 1013M�. Some

of this may be due to the SDSS group catalogue not sampling the high halo mass end with

enough statistics, as well as the Obuljen et al. (2019) model not correctly capturing the HI

mass in the massive haloes (where the HI content of galaxies is generally undetected by AL-

FALFA).

In the upper-panel of Figure 4.1 compares SHARK-ref with observations. We calculate the

error on the mean HI content of SHARK-ref haloes via bootstrapping. The error is too small

to be noticeable in the plot shown here. The observational data plotted are taken from Guo



98 T H E H I – H A L O M A S S R E L AT I O N I N S H A R K

et al. (2020) and Obuljen et al. (2019). It can be seen that SHARK-ref is consistent with the HI

mass content of groups untilMvir < 1012M�. For the HI-stacking points withMvir > 1012M�,

SHARK-ref consistently under-predicts HI in haloes, while it over-predicts it forMvir > 1013.2M�.

The inferred relation of Obuljen et al. (2019) seems to be flatter than our predictions, which

results in the model under- (over-) predicting the HI content of haloes atMhalo < (>)1013.8M�.

In the lower-panel of Figure 4.1, we compare the HI contribution from the satellite and

central populations to the HI content of haloes at z = 0. We also show the HI-stacking results

for the contribution of HI from centrals and satellites as presented in (Guo et al., 2020). The

error-bars for centrals (from the observational data) are the values presented in (Guo et al.,

2020). We estimate the errors, ∆, for the satellites from those reported for the total HI and

central galaxy contributions as ∆sat =
√

∆2
total + ∆2

central, with ∆total and ∆central being the er-

rors calculated for the total HI content of the halo and centrals, respectively. We find that the

observed centrals data are consistent with the SHARK-ref predictions until Mvir < 1012M�,

and thereafter SHARK-ref under-predicts the HI contained in the centrals. The satellites data,

in contrast, are in better agreement with SHARK-ref predictions.

Note that the relation derived in Figure 4.1 has not taken into account limitations that are

inherent in observational surveys. Bravo et al. (2020), using a SHARK-derived lightcone to

produce an analogue of the Galaxy and Mass Assembly (GAMA) survey (e.g. Robotham et al.,

2011), showed that assigning galaxies to groups and classifying them as centrals and satel-

lites in the same way as is done in observations has an important impact on how we under-

stand satellite/central galaxy quenching (also see Stevens and Brown, 2017). This is because

∼15% of satellites/centrals are wrongly classified as such (according to the intrinsic definition

provided by the halo/subhalo catalogue). In this work, we compare directly VELOCIRAPTOR

groups to the stacking results of Guo et al. (2020) without considering the effects shown in

Bravo et al. (2020). Because the SDSS group catalogue used by Guo et al. (2020) is expec-

ted to have an even higher contamination than the GAMA groups analysed by Bravo et al.

(2020) (see Robotham et al. 2011 for details), we expect this to play an even greater role in our

comparison. In future work, we will make a detailed comparison with observations by mim-

icking the HI stacking procedure, with the aim of quantifying the systematic effects above. As

is shown in Chauhan et al. (2019) (Chapter 3), accounting for observational limitations and

producing mock-catalogues for comparison is essential when comparing simulations with

observational data.

After comparing with the observations, we compare SHARK against other SAMs, such as

GALFORM (Cole et al., 2000) and GAEA (GAlaxy Evolution and Assembly, Xie et al., 2017).

Baugh et al. (2019) analysed the HIHM relation in a recalibrated GALFORM variant, using

the Planck Millennium N -body simulation, which is the latest addition to the “Millennium”
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series of simulations of structure formation. For reference, Planck Millennium has a DM

particle mass of 2.12×109M� and a box of length 542.6 h−1 cMpc (Baugh et al., 2019).

GAEA on the other hand was run on the Millennium I (Springel et al., 2005) and Millennium

II simulations (Boylan-Kolchin et al., 2009), whose DM particle masses are 1.7×1010M� and

1.4×108M�, respectively, in boxes of length of 500 and 100 h−1 cMpc, respectively. We also

compare to the HIHM relation derived from the hydrodynamical simulation Illustris-TNG100

(Nelson et al., 2018; Pillepich et al., 2018), which is publicly available (Nelson et al., 2019). This

simulation has a box size of 75h−1 cMpc and a DM particle mass of 7.5×106 M�. The HI con-

tent of Illustris-TNG100 galaxies was calculated in post-processing, following the ‘inherent’

method outlined in Stevens et al. (2019), using the Gnedin and Draine (2014) prescription.

We exclusively sum the HI masses of Illustris-TNG100 galaxies withinRvir to calculate a halo’s

total HI mass. In other words, we intentionally exclude any HI contribution from the CGM.

This makes the results from Illustris-TNG directly comparable to SAMs, which do not include

HI in the CGM by design. We also compare with the semi-empirical HIHM relation described

in Padmanabhan and Kulkarni (2017), which was derived at z ∼ 0 by abundance matching

dark matter haloes with HI-selected galaxies. They use the HI-mass function from HIPASS

(Meyer et al., 2004) and ALFALFA (Martin et al., 2012) along with the Sheth and Tormen (2002)

dark matter halo-mass function to match the HI-selected galaxies to dark matter haloes. They

assume that each dark matter halo hosts one HI galaxy with its HI mass is proportional to the

host dark matter halo mass. By construction, this means that the most massive HI galaxies

inhabit the most massive haloes.

In Figure 4.2, we plot the median of the total HI content as a function of halo mass for

the SAMs, SHARK, GALFORM (Baugh et al., 2019) and GAEA (Spinelli et al., 2019); the hy-

drodynamical simulation Illustris-TNG100; and the empirical relation by Padmanabhan and

Kulkarni (2017).

Both GALFORM and SHARK predict qualitatively similar curves, which display a prominent

dip in the median HI mass of haloes at intermediate masses. The exact mass at which the dip

happens differs between the models, with GALFORM predicting this to take place atMhalo ≈
1012 M�, while for SHARK this happens at Mhalo ≈ 1012.5 M�. At lower (higher) halo masses,

GALFORM predicts a higher (lower) median HI mass than SHARK. GAEA on the other hand,

displays a very weak dip in the median HI mass with halo mass.

The Padmanabhan and Kulkarni (2017) semi-empirical relation by construction shows a

monotonically increasing HI mass vs. halo mass. This behaviour is qualitatively very differ-

ent to the SAMs shown here, particularly SHARK and GALFORM. We show in Section 4.4.1 that

the non-monotonic relation between the HI and halo mass is due to the modelling of AGN

feedback. The difference in the sharpness of the dips seen in SHARK and GALFORM is due to
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Figure 4.2: The median HI content of haloes as a function of halo mass by GALFORM (Baugh et al.,
2019), GAEA (Spinelli et al., 2019), TNG100 (Stevens et al., 2019) and SHARK (Lagos et al.,
2018a). The dip in the median HI mass occurs at lower halo masses for GALFORM than
for SHARK-ref, though for GAEA and TNG100 we do not see a prominent dip at all. This
is an effect of different AGN feedback and SF models implemented by the different SAMs
presented here, as the strength of the AGN feedback affects the position and shape of the
drop. As for TNG100, the dip and HI value depends on how it has been calculated, as for
the current comparison, the CGM contributions to the HI in the haloes has been removed
from the TNG100 to make it more comparable with the SAMs presented. The purple-dotted
line with the errorbars are the HI values as shown in Baugh et al. (2019), with the errorbars
showing the 10th-90th percentile range of the distribution, whereas the yellow-dotted line
represents the values obtained from GAEA with the errorbars showing the 16th–84th per-
centile range of the distribution. The grey dashed line represents TNG100, with error-bars
showing the 16th–84th percentile range of the distribution. The solid green line represents
the HI–halo scaling relation developed by Padmanabhan and Kulkarni (2017). The red solid
line is the prediction from SHARK-ref with the shaded region representing the 16th–84th per-
centile range of the distribution.

the AGN feedback modelling used in the SAMs. As mentioned in Section 4.2.3.2, SHARK uses

the Croton et al. (2016) model for AGN feedback, where the BH heating is estimated based

on the luminosity of the BH, which is then used to adjust the cooling rate to respond to the

heating. The heating radius is then estimated based on the radius within which the energy

injected by the AGN equals that of the halo gas internal to that radius that would be lost if the

gas were to cool. Whereas when looking at the AGN feedback in GALFORM, which is based

on the Bower et al. (2006) model, AGNs are assumed to quench gas cooling only if the avail-

able AGN power is comparable to the cooling luminosity. The latter makes the AGN heat-
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ing a binary mode, resulting in a sharper transition in GALFORM. GAEA produces massive

galaxies that are less quenched than observations suggest at stellar masses > 1010 M� (see

for example Figure 3 in Xie et al. 2020), which may be an indication that their AGN feedback

is not efficient enough. Illustris-TNG100, on the other hand, displays a mild dip at around

Mhalo ≈ 1012.5 M�, but much weaker than that displayed in SHARK and GALFORM. This dip

goes away when we include the CGM HI contribution in the total HI mass of the haloes (not

shown here), strongly suggesting that the CGM makes up a non-negligible amount of the HI

in groups. Unlike SAMs, Illustris-TNG100 predicts a flat median HI mass atMhalo & 1013 M�.

We caution that the definition ofMhalo is not the same in all these simulations, but differences

in definitions are much smaller (. 0.2 dex) than the differences seen here in the position of

the HI mass dip. The abrupt drop in the HI abundance of haloes atMvir . 1010.4M� is caused

by the strength of the UV background being sufficient to keep the gas in those low-mass ha-

loes ionised (see C.1 for more details).

When looking at the scatter around the median HIHM relation for all simulations, we find

that all galaxy formation simulations shown here (SHARK, GALFORM, GAEA and Illustris-

TNG100) agree in that the scatter is maximal at Mhalo ≈ 1012− 1013 M�, although the exact

mass at which this occurs, and the magnitude of the scatter, varies from simulation to simula-

tion. SHARK, GALFORM, and Illustris-TNG100 produce a similarly large scatter (≈ 1−1.5 dex)

at around the position where the dip in HI mass takes place, while GAEA predicts a much

smaller scatter of ≈ 0.3 dex. This shows that observational constraints on the scatter of the

HIHM relation are essential if we are to judge the success of the models.

The work presented in this chapter deals with and compares the variations in the paramet-

ers and models used in SHARK. We make changes to a certain model dealing with a physical

process, while keeping the rest of the parameters at their default SHARK value.

4.3.2 THE HI CORRELATION FUNCTION

The correlation function is defined as the excess clustering of a target distribution of galaxies

over a random distribution, and thus is a measure of the spatial distribution of galaxies. It en-

codes information about both the underlying cosmology and the physics of galaxy formation,

and its form is subject to how galaxies are selected (e.g. optically selected or HI selected).

We use the z = 0 medi- and micro-SURFS boxes to measure the projected two-point correl-

ation function (2PCF) of galaxies with HI masses > 108M� for medi-SURFS and HI masses

> 107M� for micro-SURFS. We employ the CorrFunc2 (Sinha and Garrison, 2020) python

2 https://github.com/manodeep/Corrfunc
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Figure 4.3: The projected two-point correlation function of the SHARK-ref model for micro-SURFS
(red-dashed line) and medi-SURFS (green-dashed line) compared with the observations
of Meyer et al. (2007) (grey-shaded region with stars) and Papastergis et al. (2013) (brown-
shaded region with circles), for the HIPASS and ALFALFA 40% surveys, respectively. There is
good agreement between the predictions and observations within the errorbars. For micro-
SURFS, the predictions deviate at rP & 1h−1 Mpc due to the small size of the simulated box.

routine developed to compute correlation functions and other clustering statistics for simu-

lated and observed galaxies, as follows:

wp(rp)

rp
=

2

rp

∫ πmax

0
ξ(rp,π)dπ. (4.6)

Here, we have measured the correlation function as a two-dimensional histogram, ξ(rp,π),

with the count of galaxy pairs as a function of both projected separation (rp) and line-of-

sight separation (π). By integrating ξ(rp,π) over π, we can account for the effect of peculiar

velocities. The πmax values adopted for our micro- and medi-SURFS boxes are 10 h−1 cMpc

and 30 h−1 cMpc, respectively. Different πmax values are used to incorporate the different box

sizes of micro- and medi-SURFS. These values reproduce the observational measurements of

Papastergis et al. (2013) and Meyer et al. (2007), with medi-SURFS using the same πmax values

as were used in the observations. As for micro-SURFS, we opted for a lowerπmax value because

of the relatively small volume of the simulation box, which impacts the strength of clustering

(Power and Knebe, 2006).
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In Figure 4.3, we reproduce the clustering measurements using the criteria used by Papas-

tergis et al. (2013) and Meyer et al. (2007), and show the predicted 2PCF of HI selected galax-

ies in SHARK in both simulated SURFS boxes, micro-SURFS and medi-SURFS. We also show

the observational measurements of Meyer et al. (2007) using HIPASS and Papastergis et al.

(2013) using ALFALFA. Both these observational measurements apply a volume correction

and hence are comparable to the 2PCF obtained from the simulated box, which by con-

struction is volume-limited. Meyer et al. (2007) adopted a higher mass threshold of MHI '
109M� for their analysis, whereas Papastergis et al. (2013) utilise the entire 40% ALFALFA data

sample, with the HI masses limiting to MHI >107.5M�. Despite also using differentMHI lim-

its for our different resolution boxes, we find agreement between them, although the micro-

SURFS predictions start deviating at about rp & 1 h−1 Mpc as a result of the small volume of

micro-SURFS.

HIPASS and ALFALFA have different volumes and depth, and hence they are expected to

trace different HI mass distributions. This can, in principle, lead to different clustering sig-

nals if the 2PCF is HI-mass dependent. Papastergis et al. (2013) and Meyer et al. (2007) tested

this dependence and found that the clustering amplitude were largely insensitive to the HI

mass (see however Guo et al. 2017 for a different conclusion). Crain et al. (2017) also tested

the HI-clustering dependancy on the HI mass of the galaxies in EAGLE hydrodynamical sim-

ulation (Schaye et al., 2015b; Crain et al., 2015b) by looking at the clustering measurements of

galaxies belonging to the same stellar bin, and found that HI-poor galaxies seem to be more

clustered. We tested this in our simulated boxes and found that the clustering amplitude was

independent of the HI mass selection (not shown here). This is also the reason why micro-

and medi-SURFS agree well in Figure 4.3 despite having different HI mass lower limits.

4.4 T H E P H Y S I C A L D R I V E R S O F T H E H I H M R E L AT I O N

In this section, we explore the physical processes that drive the shape and the scatter of the

HIHM relation. In what follows, we compute a halo’s HI mass by summing over the HI masses

of all galaxies embedded in that halo. Note that SHARK does not model the atomic content of

the intra-halo gas and hence our measurement only reflects the total HI content in the ISM

of galaxies that belong to the same group.

In order to better understand the physical drivers of the HIHM relation, we divide the rela-

tion into three regions, as shown in Figure 4.4:

a) Low-mass Region: includes haloes with Mvir < 1011.8M�. In this region the HI mass

monotonically increases with halo mass. We show in Section 4.4.1 that here the major-
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Figure 4.4: The HIHM relation in SHARK at z = 0. Each point is an individual halo, while the line shows
the median of the relation. The three regions used to study the HIHM relation are shown
with different shaded styles. The vertical dotted line represents the converging point of the
two resolution boxes we are using - micro-SURFS and medi-SURFS.

ity of the HI content is in the central galaxy, with satellites contributing little to nothing,

as many of these centrals are isolated (i.e. have no satellites).

b) Transition Region: includes haloes with 1011.8M� ≤Mvir < 1013M�. Here the HI con-

tent of haloes displays a non-monotonic dependence on halo mass. In this region some

haloes have most of their HI content in the central galaxy, while others are dominated

by their satellites. As a result, this is the region of largest scatter.

c) High-mass Region: includes haloes with Mvir > 1013 M�. In this region, the HI mass

returns to a monotonically increasing relation with the halo mass. Here, the majority

of HI is contained in the satellite population.

4.4.1 UNDERSTANDING THE SHAPE OF THE HIHM RELATION

In order to unveil the physical drivers behind the shape of the HIHM relation, we leverage on

the flexibility and modularity of SHARK to explore different models and parameters for any

one physical process. In this section we show how the HIHM relation is affected by these

variations and break down the analysis into the effect of different physical processes.
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4.4.1.1 AGN feedback effect

As previously stated in Section 4.2.3.2, we vary the free parameter κagn (Equation 2.37), which

controls the strength of AGN feedback. In Figure 4.5, we show how this efficiency affects the

overall median HI content of the halo at z = 0. The different colours represent different val-

ues of κagn, with the shaded region representing the 16th–84th percentile range of the SHARK-

ref model. We remind the reader that the vertical line demarcates the transition from the high

resolution, small volume micro-SURFS box used at low halo masses, to the moderate resolu-

tion, large volume, medi-SURFS box, used at high halo masses. This demarcation style is used

throughout the figures in this chapter, and has the purpose of increasing the dynamical range

explored. Lagos et al. (2018a) analysed the convergence between these two boxes and found

that the stellar mass function was very well converged down to 108 M� in medi-SURFS, while

the HI mass function was converged at 108.5 M�. We therefore adopt a transition between

the boxes that roughly corresponds to these masses.

We find theMHI/Mvir ratio increases asMvir increases, reaching a peak value and then rap-

idly dropping to a minimum (except for the SHARK-no-AGN run) to then gradually rise again.

This drop corresponds to our transition region (for SHARK-ref), and is mostly influenced by

the strength of the AGN feedback. As we move fromκagn = 0.002 (the default in SHARK-ref),0.02

and 1, the drop shifts from Mvir = 1012M� to 1011.2M� to 1010.6M�, respectively. As for the

case of SHARK-no-AGN feedback, κagn = 0, we see that the ratio reaches a peak and then

gradually decreases with the halo mass and this peak corresponds to the peak achieved by

SHARK-ref model. This is because shock heating of the accreted gas onto haloes plays a role

in slowing down the cooling in the more massive haloes and hence the replenishment of the

ISM of central galaxies, producing the mild decrease in HI-to-halo mass ratio. It should be

noted that despite the drop becoming steeper and taking place at lower halo masses with in-

creasing AGN feedback efficiency, the HI contained in the haloes gradually rises up to similar

values at the cluster regime (Mvir > 1014.3 M�), which is a consequence of satellites dominat-

ing this regime. As for the smallest haloes, there is not much difference in their HI content as

AGN feedback does not play a role here.

More efficient AGN feedback has the consequence of steepening the drop in the HI-to-halo

mass ratio in the transition region, as this shifts to lower halo masses. This is driven by the

fact that as AGN feedback becomes more efficient, gas cooling becomes extremely inefficient,

hampering the replenishment of the ISM of central galaxies.

A related consequence is that satellite galaxies become more prominent HI reservoirs of

the halo at lower halo masses as the AGN feedback efficiency increases, which can be seen in

the lower panel of Figure 4.5. The lower panel shows the central and satellite HI contributions
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Figure 4.5: Median MHI/Mvir ratio as a function of Mvir. The shaded region represents the one-sigma
scatter on the medianMHI/Mvir relation for our default (SHARK-ref) model, and other lines
representing different strengths of the feedback (as labelled). κagn is the free parameter
that regulates the AGN feedback efficiency (see Equation 2.37); the higher the value, the
stronger the feedback. It should be noted that as AGN feedback becomes more efficient, the
knee of the relation shifts towards smaller virial masses, making AGN feedback efficiency
a major contributor to the shape of the HIHM scaling relation. The vertical dotted line
represents the shift from micro-SURFS (dashed-dotted lines) to medi-SURFS (solid lines).
Lower Panel: The median HI contribution from central and satellite galaxies to the total HI

of the halo. For clarity we show this for the SHARK-ref and SHARK-no-AGN runs only. The
centrals, which are major contributors to the HIHM relation at the transition region, are
significantly affected by changes in the AGN feedback efficiency.

for SHARK-ref and SHARK-no-AGN runs. We find that for the SHARK-no-AGN run, the centrals

remain the primary HI reservoir of haloes as massive asMvir ≈ 1014.6M�, thereafter satellites

become dominant. On the other hand, in the SHARK-ref run we find satellites start to become

major HI contributors at much lower halo masses,Mvir ≈ 1012.5M�.

4.4.1.2 Stellar feedback effect

Stellar feedback in SHARK is a two step process: gas is first expelled from the galaxy, and

then from the halo depending on the excess energy of the outflow compared to the bounding

energy (discussed in detail in Section 4.2.3.3).

In the first step, the outflow rate from the galaxy depends on the maximum circular velocity

of the galaxy to the power −βdisc. For reference, an energy conserved outflow should have
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Figure 4.6: As in Figure 4.5, but for different βdisc, which represents the power-law exponent in the cir-
cular velocity dependence of the mass loading due to stellar feedback (see Equation 2.27).
Although we see an effect of this parameter over the whole mass range, it is more promin-
ent at low masses, with a weaker stellar feedback being associated to a higher HI-to-halo
mass ratio. The impact of stellar feedback is anyway weaker than that of AGN. Lower Panel:
The median HI contribution from centrals and satellites to the total HI of the halo. For clar-
ity we show the SHARK-ref and SHARK-no-stellar-feedback runs only. In the latter, centrals
see a decrease of their HI content at very low halo masses compared to SHARK-ref.

a βdisc = 2, while a momentum-conserved outflow has βdisc = 1. Lagos, Lacey and Baugh

(2013) found that once outflows are followed throughout their evolution in the interstellar

medium from the adiabatic expansion to the snow-plough phase, βdisc can take higher values,

and in fact, SHARK-ref adopts βdisc = 4.5. Here, we vary the value of βdisc to examine the effect

this has on the HI content of haloes.

In Figure 4.6, we present the effect of varying βdisc on the MHI/Mvir-Mvir relation at z = 0.

We change the value of βdisc from 0.5 to 5. The way βdisc affects the HI content of haloes is

different at different halo masses. The HI content of haloes below the virial mass of 1011.2M�

is affected the most, with higher βdisc values inducing a smaller amount of HI in the halo. A

similar trend is seen in haloes above the massMvir > 1012.6M�.

These trends are caused by a higher value of βdisc driving higher outflow rates, and hence

depleting the ISM of both centrals and satellites alike. In the transition region we see that a

higher βdisc value is associated to higher HI-to-halo mass ratios. This at first appears counter-

intuitive as more outflows should lead to a lower HI content. However, this can be reconciled
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by the fact that what drives this trend is the transition from HI being dominated by the central

galaxy to the satellites moving towards lower halo masses as βdisc increases.

One interesting aspect of having no stellar feedback (SHARK-no-stellar-feedback), is seen

in Figure 4.6. The MHI/Mvir ratio is very similar to the κAGN = 1 run, i.e. very high AGN feed-

back efficiency (Section 4.4.1.1), for the HI content of the entire halo. With stellar feedback

off, we end up with more elliptical galaxies at lower halo masses which is indicative of the

galactic disc being unstable and unable to sustain itself. This leads to galaxies being bulge-

dominated at Mstellar & 108.5 M� compared to Mstellar & 1010 M� in SHARK-ref. Because the

BH mass scales with the bulge mass in SHARK, AGN feedback can now be effective in galax-

ies of much lower stellar masses compared to SHARK-ref. In short, AGN feedback becomes

overly efficient in the absence of stellar feedback across the whole stellar mass range. A sim-

ilar effect was noticed in the EAGLE hydrodynamical simulations (see Wright et al., 2020),

where AGN feedback becomes much more efficient when there is no stellar feedback present.

We also vary other parameters related to stellar feedback. In particular we tested varying

εdisc = 1, 3, 5, 7 and 10. We find that the effect of changing the εdisc has a similar effect on

theMHI/Mvir-Mvir relation as varying βdisc.

In the lower panel of Figure 4.6, the HI contribution of central and satellites is shown for

the SHARK-ref and SHARK-no-stellar-feedback runs. The HI content of centrals decreases

rapidly for the SHARK-no-stellar-feedback and starts at a lower halo mass ofMvir≈ 1010.4M�,

whereas for the SHARK-ref centrals, the HI content starts decreasing at Mvir ≈ 1012M�. We

also find that the HI content of satellites in the SHARK-no-stellar-feedback run is more signi-

ficant than in the SHARK-ref run relative to the total, with the satellites becoming a major HI

contributors at lower halo masses.

Despite stellar feedback having a clear effect on the HIHM relation, it appears like AGN

feedback has a more dramatic effect on the shape of the HIHM relation. This makes sense as

stellar feedback hardly quenches galaxies but instead plays a role in the self-regulation of star

formation. AGN, on the contrary, is very efficient at quenching galaxies above a stellar mass

threshold, that in SHARK-ref happens roughly atMstellar ≈ 1010.5 M�.

4.4.1.3 The effect from other physical mechanisms

In addition to stellar and AGN feedback, we explore other physical mechanisms in SHARK,

which we present in Appendix C. These include photoionisation feedback, ISM modelling

and environmental effects. These other mechanisms have a lesser effect on the HIHM rela-

tion compared to AGN and stellar feedback. Here, we provide short description of the main

conclusions.
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As stated in Section 4.2.3.4, we vary the value of vcut, which directly affects the circular

velocity (vthresh) of the haloes under which the halo gas is not allowed to cool down and thus

remains ionised (see Equation 2.33). We find that changing vcut does not have any effect on

the drop seen in the transition region, which remains at theMvir ∼ 1012M� mass scale for all

the runs with varying vcut. Though, a lower photoionisation feedback efficiency does result

in higher HI content for haloes ofMvir > 1012.4M�. This is caused by the fact that with lower

photoionisation feedback smaller haloes are allowed to retain their HI content, and when

they become satellites, their HI contribution to the total HI of a halo increases (see Figure

C.1). See Appendix C.1 for more details.

We also tested the effect of using different models for the molecular-to-atomic gas partition

on the total HI content of the halo. We compared the BR06 (the default model of choice) and

GD14 models for gas partition in the ISM (see Section 4.2.3.1). We find that the transition

region for the model adopting the GD14 prescription occurs at lower halo masses, Mvir ≈
1011.5M� compared to Mvir ≈ 1012M� for BR06. We find that this is due to the interplay

between AGN feedback and the ISM model, as bigger BHs are produced in the GD14 run

compared to BR06 at fixed halo mass in the transition region, again highlighting the complex

interplay between the physical processes modelled in SHARK. We also find that using GD14

results in higher HI content for low- and high-mass haloes as opposed to BR06 (see Figure

C.2). The latter is due to the fact that the centrals of low-mass haloes are more HI-rich in

GD14 than BR06, which boosts the HI content of those, but also of high-mass haloes as they

become satellites. We delve deeper into the ISM model effect in Appendix C.2.

Finally, we test the ram-pressure stripping effect on the HI content of haloes, by switching

between the stripping mode ‘on’ and ‘off’ (see Section 4.2.3.5). We find that the total amount

of HI in either model is approximately the same, though the stripping ‘off’ model leads to a

slightly lower HI in the transition region (see Figure C.3). More details on this effect are given

in Appendix C.3.

One major inference made through these tests was that despite the variations above, the

shape of the HIHM relation essentially remained the same.

4.4.1.4 Summary

In conclusion, we find that several physical processes affect the shape of the MHI/Mvir–Mvir

relation and therefore we cannot isolate a single process that is the sole contributor for this.

We can, nonetheless, rank different processes by their apparent effect. By doing this we find

that AGN feedback appears to have the strongest effect as the transition region changes shape

dramatically with varying AGN feedback efficiency, and moreover, the existence of a trans-
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ition region (regardless of its shape) seems to be solely determined by AGN feedback. We

expect the exact way of modelling AGN feedback to also have an effect (though this is not

tested explicitly here). Other physical processes, such as stellar feedback, the ISM modelling

and photoionisation feedback have a noticeable effect on the shape of the relation but qual-

itatively the relation continues to clearly have three distinct regions.

4.4.2 PHYSICAL DRIVERS BEHIND THE SCATTER OF THE HIHM RELATION

The shape of the HIHM is only half the story. To fully characterise the HIHM scaling relation,

we also need to understand the underlying scatter and its physical drivers. This is neces-

sary for the purpose of Section 5, in which we aim to develop a numerical way of populating

DM-only simulations with HI. For the latter, it is then important to explore how the scatter

correlates with different halo properties which are accessible in these simulations. With this

in mind, we explore how the scatter of the HIHM relation related to halo properties such as

the halo mass assembly history, the halo’s spin parameter, etc, in the following sections. Here,

we focus on the SHARK-ref model only.

4.4.2.1 Spin parameter effect

An intrinsic halo property that has recently been discussed in length in the literature in con-

nection to the HI content of galaxies is the spin parameter. The spin parameter of a halo is

normally quantified as follows (Peebles, 1969),

λ=
J
√
|E|

GM5/2
, (4.7)

where J is the magnitude of the angular momentum vector of the particles within the virial

radius,M is the virial mass,E is the total energy of the system andG is the gravitational con-

stant. Maddox et al. (2015) and Obreschkow et al. (2016) have suggested based on ALFALFA

and THINGS (Walter et al., 2008) observations that the angular momentum of a galaxy regu-

lates its HI mass and the atomic-to-baryon mass fraction; the idea being that a galaxy with

high angular momentum can support a larger HI disc, thus sustaining more HI mass as well,

compared to a lower angular momentum disc, which is subject to more instabilities. Empiric-

ally this has been observed as a correlation between the angular momentum, HI content and

physical extent (Lutz et al., 2018). Angular momentum in haloes scales steeply with mass,

dependence that is removed when focusing instead on the spin parameter. Hence, for our

purpose - studying what drives the scatter of HI content in haloes at fixed halo mass - the

halo spin is a more natural property to focus on than angular momentum.
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Figure 4.7: The HIHM relation of haloes in SHARK-ref at z = 0, with each bin being coloured by the
median halo’s spin parameter of the haloes in that bin, as labelled in the colour bar. There
is a strong correlation between the HI mass and the spin parameter at fixed halo mass for
haloes with Mvir < 1012 M�. Haloes with higher spin parameters are HI-richer than their
counterparts. This trend becomes less prominent at the transition regions and completely
disappears in the high mass region.

Figure 4.7 shows theMHI–Mvir relation with bins in this space this time coloured by the me-

dian spin parameter of haloes. The halo’s spin parameter is very strongly correlated with the

scatter in the HIHM relation atMvir < 1012M�, with higher spin parameters being associated

to more HI-rich haloes. The HI content in haloes at the low-mass region is primarily contrib-

uted by the central galaxy. Hence, the relation between the HI mass and spin parameter for

haloes is pretty much a reflection of the relation between the HI content and angular mo-

mentum of the central galaxy.

We would like to caution our readers that we use the halo spin parameter as opposed to the

spin of the galaxies and these can be very different. The cited observations have no access

to the halo spin. The strong correlation seen in Figure 4.7 could be exaggerated due to the

simplistic model assumptions. For instance, SHARK assumes that the halo gas has the same

specific angular momentum as the halo’s DM, with the specific angular momentum of the

gas being conserved as it cools. SHARK also assumes the specific angular momentum of the

galaxy’s components and halo to be aligned.

As we move towards the transition and high-mass regions, this correlation is no longer ob-

served. This is because in these regions we see the emergence of the satellite population as
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the main contributors of HI in haloes and hence the relation between HI mass and angular

momentum of the central galaxy is no longer relevant. Satellite galaxies on the other hand,

have angular momenta which is largely uncorrelated with the host-halo’s spin. Satellite galax-

ies in SHARK have a specific angular momentum that is inherited from their hosthalo last time

they were centrals. Due to the stochastic nature of the halo spin parameter, by z = 0 satellite

galaxies have their own stellar disk spins, and therefore HI masses, that are uncorrelated with

the central galaxy spin.

We also study the evolution of the HI–halo mass–λ relation towards high redshift, up to

z = 2 (see Appendix D.3). We find that the trend remains prominent throughout the whole

redshift range. We also find evidence of the transition region shrinking in dynamic range due

to the systematic effect of AGN feedback efficiency decreasing as we move to higher redshifts.

4.4.2.2 Substructure mass effect

As stated in previous sections, satellite galaxies are the primary source of HI in haloes in the

high-mass region. Hence, we expect the amount of substructure to be a good predictor of the

scatter in the HIHM relation at high halo masses. To explore this idea, Figure 4.8 shows the

HIHM relation with bins now coloured by the fraction of mass in a halo that is contained in

subhaloes,M sat
h /Mvir . Note that here we use subhalo and halo masses of the VELOCIRAPTOR

catalogues of the micro-SURFS and medi-SURFS.

Already at the transition region the effect of substructure on the HI content of haloes is

visible, but certainly becomes clearer in the high mass region, in a way that haloes with higher

M sat
h /Mvir also have more HI. This is largely due to the larger number of satellites a halo with

a higherM sat
h /Mvir has compared to one with a lowerM sat

h /Mvir at fixed halo mass. The fact

that the trend is weaker in the transition region than atMvir > 1012.5M� is due to the fact that

many of those haloes have very few or no satellites. The clear correlation we obtain between

the HI mass and M sat
h /Mvir at high halo masses makes it a good candidate to be used to

predict the HI content of massive haloes.

We explore the evolution of the HI–halo mass relation dependence onM sat
h /Mvir over the

redshift range 0 ≤ z ≤ 2 in Appendix D.3, and find the trend to remain prominent and con-

tinue to be the main parameter that correlates with the scatter of the HI–halo mass relation

at the high halo mass end (& 1013 M�).

4.4.2.3 Other Halo Properties

In addition to the halo parameters analysed here, we also explored the halo concentration

and the effect of formation age (redshift at which the halo has assembled 50% of its present



4.4 T H E P H Y S I C A L D R I V E R S O F T H E H I H M R E L AT I O N 113

Figure 4.8: As in Figures C.4 and 4.7, but here bins are coloured by the median ratio between the total
mass in subhaloes (M sat

h ) to the total halo mass (Mvir), as labelled in the colour bar. At
Mvir > 1012 M�, a correlation emerges with higher M sat

h /Mvir associated to a higher HI

content at fixed halo mass.

mass) of the halo on the HI content. We found no correlation between the HI content of

haloes and its concentration. This is due to the fact that SHARK adopts the concentration

model of Duffy et al. (2008), which only depends on halo mass and time. Hence, naturally, at

fixed halo mass, we obtain no dependence of the HI content on concentration.

It has been speculated in previous studies that the formation age of haloes, hereafter re-

ferred to as z50, is correlated to their HI content (see Guo et al., 2017; Spinelli et al., 2019).

When testing the effect of z50 with SHARK, we find that a slight trend is noticeable in the

transition region, with younger haloes having more HI than their counterparts of the same

mass (see Figure C.4). We discuss more on the effects of formation age on the HI content in

Appendix C.4, and its relation to AGN feedback in Section 4.4.2.4.

4.4.2.4 Baryon physics effects

As stated previously (see Section 4.4.1.1), the dip in the HI–halo scaling relation (at Mvir ≈
1012M�) is caused by AGN feedback, which becomes prominent at these masses. AGN feed-

back is also responsible for the flaring of the scatter in the transition region, which increases

from about 0.5 dex in the low-mass region to almost 1.2 dex at the transition region. As poin-
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ted out above, the halo spin parameter and M sat
h /Mvir are promising second variables to

reduce the scatter at the low- and high-mass end regions, respectively.

For the transition region, however, a combination of these two parameters is required, as

in this region we get both types of haloes, those that have their HI content mostly in their

central, and those that have most of their HI in satellite galaxies. But even when including

both parameters, we still cannot reduce the residual scatter to below 0.9 dex (discussed in

detail in Section 4.5).

This is to be expected, as the exact effect of AGN feedback cannot be trivially predicted from

halo properties only but instead we require insight into the BH mass and cooling luminosity.

To better illustrate the effect of AGN feedback at the transition region, Figure 4.9 shows the

HIHM relation with bins coloured by the median ratio between the BH mass,MBH, and stellar

mass of the central galaxy. We find a stronger correlation between the halo HI mass with

MBH/M? at fixed halo mass than that seen with z50, halo spin parameter and M sat
h /Mvir .

Haloes with low-mass BHs relative to the stellar mass of the central tend to have more HI

mass compared to haloes with more massive BHs. However, there still is a causal relation

between the AGN feedback efficiency and z50. We find that at fixed halo mass, more massive

BHs inhabit older haloes, and hence more powerful AGN feedback is possible in older haloes.

We do, however, find the correlation between the scatter of the HIHM relation at fixed halo

mass to be stronger with the BH mass than with z50.

Despite the significance of the BH mass in reducing the residual scatter of the HIHM rela-

tion, we do not use it in Section 5 to build up our numerical model for how to populate haloes

with HI. This is because we are interested in a model that can be applied to large-scale DM-

only simulations. This analysis, however, serves to remind the reader that the complexity of

baryon effects cannot be fully described with halo properties alone.

4.4.2.5 The HI content of subhaloes

In this section, we discuss how the HI mass inside the subhaloes is related to subhalo proper-

ties.

Section 4.4.2.1 showed that there is a strong correlation between the HIHM scatter and

the spin parameter of the halo at fixed halo mass in the low-mass region. A possible inter-

pretation of Figure 4.7 is that the weakening of the correlation at Mhalo > 1011.8 M� is due

to the contribution of satellite galaxies becoming significant, and their subhalo’s spin being

uncorrelated to the host halo’s spin. In this scenario, it is possible that the HI content of the

underlying subhalo population is well correlated with the subhalo’s spin parameter instead.

To test this idea, we plot the MHI–Msubhalo relation for the central subhaloes (which are the
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Figure 4.9: As in Figures C.4, 4.7 and 4.8), but bins here are coloured by the median of the fraction of
BH mass (MBH) to the central galaxy’s stellar mass (M?) as labelled in the colour bar. A
clear trend emerges in the transition region of more HI residing in haloes whose central
has a low-mass BH relative to its stellar mass.

largest subhalo in the host halo and contain the central galaxy) in Figure 4.10, colouring by

the spin of the central subhalo. Here, we only include galaxies type=0 (centrals). We remind

the reader that galaxies type=0 are centrals of the central subhalo in a halo, while galaxies

type=1 are centrals of satellite subhaloes.

The solid line shows the median HI content of the central subhalo as a function of the

subhalo mass, at z = 0. The dotted vertical line demarcates the micro- to medi-SURFS subhalo

population transition. The central subhalo spin parameter is strongly correlated with the scat-

ter in the M subhalo
HI –Msubhalo at Msubhalo < 1011.5M�, after which the correlation becomes

much weaker, similar to the behaviour we obtained for the total halo mass. On the other

hand, we find that satellite subhaloes3 do not show a correlation between the HI mass and

the satellite subhalo’s spin at fixed subhalo mass. This shows that the weakening of the cor-

relation between the HIHM and halo’s spin parameter is not driven by the effect of satellite

galaxies, and instead central subhaloes display the same behaviour.

Figure 4.11 explores the effect of AGN feedback in erasing the spin parameter dependency

in the transition region at the subhalo level. We plot the MHI–Msubhalo relation explicitly for

3 We only use type=1 satellites as they are associated to a satellite subhalo. Galaxies type=2 are not included here
as their host subhalo has been lost.
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Figure 4.10: The HI content of central galaxies as a function of their subhalo mass at z = 0. Bins
are coloured by the median subhalo’s spin parameter, as labelled in the colour bar. The
solid black line shows the median HI mass as a function of the mass of the subhalo,
Msubhalo. Subhaloes with higher spin parameters are HI-richer than their counterparts
up toMsubhalo ∼ 1012M�, after which the trend is almost completely lost at the transition
and high mass regions.

central subhaloes, colouring the bins by the median MBH/M? ratio, where MBH and M? are

the BH and galaxy stellar masses, respectively, of the central galaxy of the central subhalo,

at z = 0. We find that the AGN does not show a strong correlation with the scatter of the

HIHM relation for subhaloes for Msubhalo ≤ 1011.5M�, but at higher subhalo masses a clear

correlation emerges. This shows that the weakening of the λsubhalo–HI mass correlation at

fixed subhalo mass in Figure 4.10 in the transition region is driven by the effect of AGN feed-

back. We also find a similar, albeit weaker trend in satellite subhaloes, meaning that AGN

feedback is also playing a role in reducing the HI content of massive satellites type=1. This

is similar to what we saw for the entire haloes: the significant increase in the scatter of the HI

mass-subhalo mass relation is driven by AGN feedback.

In order to understand the HI in satellite subhaloes and their lack of correlation with the

subhalo’s spin parameter, we explore the correlation between the HI mass of the satellite

subhalo and the redshift at which the subhalo became a satellite subhalo, zinfall. In Fig-

ure 4.12, we plot the MHI–Msubhalo relation for satellite subhaloes, colouring by the median

zinfall of the satellite subhaloes in each bin at z = 0. For this figure we limit ourselves to using

medi-SURFS only, as there are not enough satellite subhaloes in micro-SURFS for a statistical
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Figure 4.11: Similar to Figure 4.10, but here the bins are coloured by the median ratio between of BH
and the stellar mass of the central galaxy of central subhaloes, as labelled in the colour bar
at z = 0. The solid line show the median HI in central subhaloes. A clear trend emerges
atMsubhalo & 1011.4M�, where we find that the subhaloes with higher BH-to-stellar mass
ratio of the galaxy, lesser the HI abundance.

study at Msubhalo < 1011 M�. A clear trend emerges, where we see later infalling subhaloes

being HI-richer than earlier infallers.

We remind the reader that here we are only including type=1 satellites, as these quantities

are not well defined for type=2 satellites. This trend is expected as in SHARK we implement

instantaneous stripping of the hot halo of subhaloes that become satellites, leaving the ISM

to exhaust itself by continuing star formation. This process of stripping plus starvation is the

cause for the loss of correlation with the subhalo’s spin.

4.5 D E V E L O P I N G A N U M E R I C A L M O D E L T O P O P U L AT E D A R K M AT-

T E R H A L O E S W I T H H I

The relation between HI and the underlying distribution of DM will be explored in signific-

ant detail over the coming years thanks to the advent of the SKA and its pathfinders. Hence, it

becomes imperative that physical galaxy formation models explore the ways in which HI and

DM trace each other in advance of these experiments. Most atomic hydrogen is expected to

reside in dense systems in or around galaxies, where HI is shielded from ionising UV photons
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Figure 4.12: The HIHM relation of the satellite subhaloes (type = 1) in SHARK-ref at z = 0, with each
bin coloured by the median zinfall of the subhalo. The solid line represents the median HI

mass of all the satellite subhaloes, irrespective to their zinfall as a function of Msubhalo. A
clear trend is seen between the HI of the satellite subhaloes and their zinfall, with later the
zinfall, more HI-rich is the satellite subhalo.

(Spinelli et al., 2019). Understanding this distribution and evolution opens up new avenues

for cosmology and galaxy evolution. A significant challenge in HI cosmology applications is

the requirement to produce thousands of mock observations to measure the statistical uncer-

tainties in parameter determinations. The only plausible way of doing this is by approximate

N -body, dark-matter only simulations (see Howlett et al. 2015 for an example in the optical

and Howlett, Manera and Percival 2015 for an example of fast methods to produce N -body

halo catalogues). Having a physical way of populating these simulations with HI is a crucial

step.

As discussed previously, both the functional form and scatter of this relation can be de-

scribed in terms of non-baryonic halo properties. This presents a unique advantage and the

possibility to apply the phenomenological behaviour in which HI traces DM haloes we de-

scribed above to large simulations. In this section we present a numerical method to pop-

ulate DM haloes with HI based on SHARK-ref. We perform exhaustive fits to the relations

analysed in Section 4.4 in the same three halo mass regimes presented there.

We develop our numerical model in the redshift range 0≤ z ≤ 2, as SHARK predictions for

the cosmic density of HI starts to deviate significantly from the observations at higher red-

shifts (see Lagos et al. 2018a; Hu et al. 2019). Lagos et al. (2018a) argue that the reason for this
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discrepancy is the fact that SHARK models only the HI content in the ISM of galaxies, while

it does not explicitly model the HI content in the circumgalactic medium. Hydrodynamical

simulations, e.g. Voort and Schaye (2012) and Diemer et al. (2019), show that at z & 2 the

majority of HI resides in the circumgalactic medium.

We caution the reader that the fits presented here are for one physical model of galaxy form-

ation (SHARK-ref), though we do expect different models to behave differently (see Figure 4.2).

Hence, this should not be taken as a unique way of populating haloes in DM-only simulations

with HI, but a way of doing it that reflects a physical model that matches a variety of observa-

tional constraints.

4.5.1 THE TOTAL HI–HALO MASS SCALING RELATION

To develop our numerical model for how to populate haloes with HI (here HI being the total

HI content of a halo), we perform a fit to our simulation in two parts. We first fit the shape

of the relation, fMHI(Mvir,z), which depends solely on halo mass and redshift, and then a

perturbation component, δMHI , which scales with halo properties other than mass,

log10(MHI) = fMHI(Mvir,z) + δMHI . (4.8)

The median HIHM relation of SHARK is fitted with a polynomial function fMHI(Mvir,z), with

the fit done in bins of 0.1 dex of halo mass. We use different polynomial fits for different

regions, which will be expanded upon later in this section. Our polynomial fit for the median

can formally be written as

fMHI(Mvir,z) =Hnorm +
n∑
i=0

ai(z)(log10(Mvir−Mnorm))i .4 (4.9)

The value of n differs between halo mass regions: n = 2, 5, and 1 respectively for the low-

mass, transition, and high-mass regions. These were found upon iterating with different

dimensions and finding the minimum n that provides a reasonable fit. [Hnorm,Mnorm] =

[(8,9,9.8),(10.5,11.8,13)] are the normalisation values for low-mass, transition, and high-

mass regions, respectively.

After fitting the median, we use the R HYPER-FIT package of Robotham and Obreschkow

(2015) to fit a plane to the residual scatter (δMHI ) around the HIHM relation. HYPER-FIT derives

a general likelihood function that is maximised to recover the best-fitting model describing

a set of D-dimensional data points with a (D− 1)-dimensional plane, with some intrinsic

4 The revised equation has been submitted as an erratum accompanying the paper.
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scatter. The secondary parameters involved in fitting the residual scatter vary according to

regions. Sections 4.5.1.1, 4.5.1.2 and 4.5.1.3 provide details of these fits for the low-mass,

transition, and high-mass regions, respectively. We report the vertical scatter around the best

fit plane provided by HYPER-FIT and use that to quantify the goodness of the fit.

4.5.1.1 H I–halo scaling relation: Low-mass region

For the low-mass region, we use a quadratic (n = 2) polynomial to fit the median HI–halo

relation. A quadratic is needed to incorporate the slight downturn seen at the end of the

low-mass region (around Mvir' 1011.8 M�). We find that the best-fitting coefficients of the

median relation change with redshift. This redshift dependence can itself be fitted well with

polynomials, as follows:

alow
0 =−0.477 + 0.142z−0.006z2,

alow
1 = 1.920−0.592z−0.1999z2−0.0352z3,

alow
2 =−0.348 + 0.321z−0.176z2 + 0.035z3, 5

(4.10)

where alow
0−2 are the coefficients for the polynomial fit of Equation 4.9 for the low-mass region,

and z is redshift.

We have shown in Section 4.4.2.1 that for fixed Mvir in the low-mass region, the halo spin

parameter is strongly correlated with the amount of HI contained in the halo. We therefore

use that as our sole property to constrain the scatter in this region. When fitted, we find

δlow
MHI

(λh) = 1.433(log10(λh)) + 2.124. (4.11)

Here, λh is the halo spin parameter. We get a vertical scatter of σ = 0.19 dex around our

relation when we fit the residual scatter of the HIHM relation with λh using HYPER-FIT. By

residual scatter we refer to the residual left after subtracting the fitted fMHI(Mvir,z) from the

intrinsic SHARK-refMHI values. We find that the residual scatter-λh fit for the low-mass region

does not change significantly over the redshift range 0≤ z ≤ 2 and hence, the above equation

is at least valid for z.2, which is the tested regime.

4.5.1.2 H I–halo scaling relation: Transition region

The fitting is the hardest at the transition region, as this region is dominated by AGN feedback,

and the inherent scatter cannot be defined solely on halo properties. When we focus solely on

5 The revised equation has been submitted as an erratum accompanying the paper.
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halo properties, it is seen in Figures 4.7 and 4.8 that both halo spin parameter andM sat
h /Mvir

play a role in defining the scatter of the transition region.

When fitting the median relation, fMHI(Mvir,z), we use a quintic (n = 5) polynomial fit

for our model, in order to incorporate the squiggle seen in the region from Mvir= 1011.8M�–

1013M�. The coefficients for this fit have been tabulated in Table E.1, as the parameters of

the fit change with redshift in ways that are not easy to parametrise.

We note that although the halo spin parameter becomes less important in the transition

region, haloes with a higher spin systematically retain more HI up toMvir' 1012.5M�. In this

region (Mvir < 1012.5M�), the HI is still prominently contained in the central galaxies of these

haloes, even though we see the beginning of the emergence of satellite population. AtMvir &

1012.5M�, satellites become the dominant HI reservoirs of the halo and the host halo’s spin

parameter is not a meaningful property to define the HI content of satellite subhaloes. When

we lose the spin parameter dependence, the vertical scatter around the best fit plane in the

transition region is captured almost entirely byM sat
h /Mvir .

We find the HIHM relation’s scatter to be reasonably well captured by

δTR
MHI

(λh,
M sat

h

Mvir
) = bfrac(z)log10 (

M sat
h

Mvir
) + bλ(z)log10(λh) + b0(z), (4.12)

with

bfrac(z) = 0.25e−z + 0.2192,

bλ(z) = 2.77e−z + 0.7854,

b0(z) = 4.56e−z + 1.4041.

(4.13)

We find that the scatter around the transition region changes considerably with redshift.

This is due to both the AGN and subhalo populations being markedly different at earlier

epochs. Despite our finding in Section 4.4.2.3 and Appendix D, that there is a slight correl-

ation between the HI content of haloes and their z50, we did not find z50 to be useful at redu-

cing the vertical scatter compared to λh andM sat
h /Mvir .

When we fit the residuals using HYPER-FIT, we obtain a vertical scatter of σ = 0.91 dex

around the plane at z = 0. Although this is much larger than the 0.19 dex we achieve in the

low-mass region, we find the vertical scatter decreasing to σ = 0.27 dex at z = 2, making it

highly redshift dependent. This is due to the fact that as we move to higher redshift, the AGN

influence decreases and so does the scatter dependence on it, thus making it easier to fit the

relation with spin parameter andM sat
h /Mvir at those redshifts.
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Another aspect which was discussed in Section 4.4.2.4 is that the scatter in this region can

be better described with baryon properties; for example, using the BH-to-stellar mass ratio

of the central galaxy instead of M sat
h /Mvir brings the HYPER-FIT vertical scatter down to σ =

0.8 dex at z = 0. But as the goal of this analysis is to define the HIHM scaling relation solely

on the basis of halo properties, baryons are not included.

4.5.1.3 H I–halo scaling relation: High-mass region

In the high-mass region the dependence of HI mass on the spin parameter or z50 becomes

negligible. This is because haloes’ HI content is almost entirely contained in satellite galaxies.

Thus, in this region we see that at fixed halo mass the HI content is primarily correlated with

the number of substructures present in that particular halo. In this region, we find that a

linear function (i.e. polynomial fit of n = 1) is sufficient to describe the dependence of the

median HI mass on halo mass.

The coefficients of this linear fit vary as a function of redshift as follows:

a
high
0 = 0.371 + 1.197z−0.791z2 + 0.171z3,

a
high
1 = 1.409−0.583z+ 0.340z2−0.057z3.6

(4.14)

The scatter in the HIHM relation is then fitted as

δ
high
MHI

(
M sat

h

Mvir
) = bfrac(z) log10 (

M sat
h

Mvir
) + b0(z), (4.15)

with

bfrac(z) = 0.498e−z + 0.11,

b0(z) = 0.669e−z + 0.1734.
(4.16)

The vertical scatter from HYPER-FIT for this fit comes out to be σ= 0.3 dex at z = 0, making it

a good fit for the residuals. As we move from z = 0 to z = 2, we find σ changing from 0.3 dex

to 0.23 dex, which is a weak change and could be driven by the decreasing number of haloes

in the high-mass region at higher redshifts.

6 The revised equation has been submitted as an erratum accompanying the paper.
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4.5.2 ASSESSING THE EFFECTIVENESS OF THE NUMERICAL MODEL FOR THE HI–HALO MASS

SCALING RELATION

Figure 4.13 compares the actual HI content of SHARK-ref haloes at z = 0 with that from our fit-

ted HIHM scaling relation as applied to the same underlying halo population (see Equations

4.9 to 4.15).

We can see that our numerical model produces a comparable relation to that of the intrinsic

model for the low-mass and high-mass regions, highlighting the fits approximately capture

the correct amount of scatter. However, for the transition region, the 16th and 84th percentiles

of our fit are higher than in the SHARK-ref model, though when comparing with the cumulat-

ive HI in the simulation boxes (see Section D.2), this might not make a huge inconsistency as

the percentage of HI contributed from this region is small.

This numerical model represents significant progress over previous work, which focused

only on the median HI content of haloes, without considering the scatter around the relation.

This is important as HI-selected surveys will always be preferentially biased towards the more

gas-rich systems rather than the typical at fixed halo mass. To properly capture this effect in

mock observations it is crucial to have an understanding on how much scatter the underlying

relation displays. Our numerical model offers exactly this and hence we expect it will prove

useful for future HI surveys planning.

4.5.3 HI EVOLUTION WITH REDSHIFT

It has been shown in previous sections (see Section 4.5.1), that the coefficients of fMHI are

redshift-dependent. We find that as we move to higher redshifts, AGN feedback is less effi-

cient at preventing the halo gas from cooling. Also, haloes at higher redshifts have not had

enough time to assemble all their mass, leading to a lesser number of substructures. Both of

these factors significantly contribute to the evolution in the scatter at the transition region.

By z = 2, the transition is barely visible. We explore this in detail in Appendix D.1.

We have seen in Figure 4.13 that the transition region is characterised by a large scatter that

is difficult to fully account for with halo properties alone. It it therefore informative to know

how much HI in SHARK-ref resides in the transition region, to quantify the impact inaccurate

estimates of the scatter can have on studies that focus on unveiling the total HI content of

the Universe. We find at z = 0, about 25% of the total HI resides in the transition region and

60% in the low-mass region. At z = 2, we find that almost 80% of the HI in the SHARK-ref

resides in the low-mass region. We explore the evolution of the cumulative HI in SHARK-ref

in Appendix D.2.
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Figure 4.13: Overall HI content in a halo as a function ofMvir as predicted by our scaling relation (see
Section 4.5), which was fitted to the output of SHARK-ref compared here. The purple (dot-
dashed) and yellow (solid) line represent our the median relations for SHARK-ref and our
model, respectively. The shaded region of corresponding colour around each relation
shows the 16th–84th percentile range. Our scaling relation stays close to the values pre-
dicted by the SAM, but we see a slightly higher scatter in the transition region

4.6 C O N C L U S I O N S

Understanding the evolution of HI throughout cosmic time provides key insights into cos-

mology and galaxy evolution. Unlike the stellar–halo mass relation, the HIHM relation is not

necessarily monotonic and is likely to be characterised by a large scatter (given the large scat-

ter in the HI–stellar mass relation; Catinella et al. 2018). In this chapter, we have used the

state-of-the-art semi-analytic galaxy formation model SHARK, with the aim of understanding

the physical processes behind the shape, scatter and evolution of the HI–halo mass relation

at 0≤ z ≤ 2.

We compared the HI–halo mass relation and the HI clustering of SHARK with available ob-

servations. These observations were not used as part of the tuning of the free parameters

of SHARK, and can hence be considered predictions. We find the predicted HI clustering

in SHARK to be in excellent agreement with the observations. However, when comparing

with observational inferences of the HI–halo mass relation, coming mostly from HI stack-

ing of groups, we found that SHARK reproduces well the HI abundance in haloes of masses

< 1012 M� and > 1013.3 M�, but in the range 1012− 1013.3 M�, SHARK under-predicts the
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abundance of HI in haloes. In an upcoming paper (Chauhan et al., in prep), we show that

these discrepancies are largely due to the uncertainty in group definition around that halo

mass (that in current spectroscopic surveys have a small occupancy).

We then explored the effect of different physical processes in the shape of the HIHM rela-

tion, and what properties of haloes are the best secondary parameter that correlates with the

scatter in the HIHM relation. Our key results can be summarised as follows,

• The HIHM relation is characterised by three mass regions that display distinct beha-

viours. At z = 0, we find that the total HI content of haloes with Mvir < 1011.8M�,

aka low-mass region, increases monotonically with the halo mass. In haloes of masses

1011.8 M� < Mvir < 1013 M�, aka the transition zone, the total HI content of haloes

peaks at Mvir = 1012M� and then declines with increasing halo mass. For haloes of

massesMvir > 1013 M�, aka the high-mass region, the total HI content of haloes starts

to increase again with increasing halo mass. The scatter around the HIHM varies sig-

nificantly in the three mass regions, being ∼ 0.5 dex, ∼ 1.2 dex and ∼ 0.4 dex in the

low-mass, transition and high-mass regions, respectively.

• We find the contribution to the total HI mass of the halo to be dominated by central

galaxies for haloes of Mvir < 1012.5M�. At higher halo masses, satellite galaxies are

the dominant contributor. The bump seen in the HIHM relation in the transition zone

is caused by central galaxies, while the total HI mass contributed by satellites scales

monotonically with halo mass. The latter is what produces the increasing HI mass with

increasing halo mass in the high-mass zone.

• The peak of the HIHM relation in the transition region and the halo mass at which

this peaks happens are largely determined by the AGN feedback efficiency, with stellar

feedback, photoionisation feedback and ISM modelling playing a lesser role. The dip

in the HIHM relation is caused by the suppression of gas cooling in these haloes due to

the influence of AGN feedback. At lower halo masses, AGN does not play an important

role.

• We isolate the main secondary parameter responsible for the scatter of the HIHM rela-

tion. In the low-mass region, the scatter at fixed halo mass is highly correlated with the

spin parameter of the halo, whereas for the high-mass zone, the scatter is correlated

with the fractional contribution from substructure to the total halo mass, M sat
h /Mvir .

As for the transition zone, we find the scatter to be highly dependent on the black hole-

to-stellar mass ratio of the central galaxy, reflecting the importance of AGN feedback in

this region. However, when we explored halo properties only, we find that a combina-
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tion of halo’s spin andM sat
h /Mvir is relatively successful at characterising the scatter of

the HIHM relation in the transition zone. Once these secondary dependencies are in-

cluded, the vertical scatter of the 2-dimensional plane (between the median-subtracted

halo mass HI mass and the secondary parameter) at z = 0 is significantly tighter than

the HIHM relation, with values of ∼0.19 dex, ≈ 0.91 dex and 0.3 dex, in the low-mass,

transition and high-mass zones, respectively.

• As we move to higher redshifts, the transition zone starts to shrink, as AGN feedback be-

comes less efficient. The vertical scatter in the 3-dimensional plane over the transition

zone decreases significantly with redshift, from σ = 0.91 dex at z = 0 to σ = 0.27 dex

at z = 2. The latter values for the scatter already consider the dependency on spin and

M sat
h /Mvir . In the low and high mass regions the decrease in the scatter is not as sig-

nificant as in the transition zone, with the low-mass region hardly seeing a decrease in

the vertical scatter (remaining at∼ 0.19 dex once the halo spin is considered) and the

high mass region sees a decrease from ∼ 0.3 dex at z = 0 to ∼ 0.23 dex at z = 2, once

M sat
h /Mvir is considered. By z = 2, the HIHM relation is monotonic over the whole

halo mass range.

Finally, we use the lessons learned to develop a numerical model to populate haloes in DM-

only simulations with HI, depending on their halo mass, spin parameter,M sat
h /Mvir and red-

shift. Obvious applications of this numerical model include HI intensity mapping, HI stack-

ing and modelling of HI clustering. This study also opens up avenues for exploring the role of

different halo properties in the HIHM relation. With the upcoming SKA and its Pathfinders,

we will be able to explore the role of halo properties in the HIHM relation observationally,

providing better constraints and deeper insight into the HIHM relation.
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5
UNVEILING THE ATOMIC HYDROGEN–HALO

MASS RELATION VIA SPECTRAL STACKING

M
easuring the HI–halo mass scaling relation (HIHM) is fundamental to under-

standing the role of HI in galaxy formation and its connection to structure

formation. While direct measurements of the HI mass in haloes are pos-

sible using HI-spectral stacking, the reported shape of the relation depends on the

techniques used to measure it (e.g. monotonically increasing with mass versus flat,

mass-independent). Using a simulated HI and optical survey produced with the SHARK

semi-analytic galaxy formation model, we investigate how well different observational

techniques can recover the intrinsic, theoretically predicted, HIHM relation. We run

a galaxy group finder and mimic the HI stacking procedure adopted by different sur-

veys and find we can reproduce their observationally derived HIHM relation. However,

none of the adopted techniques recover the underlying HIHM relation predicted by

the simulation. We find that systematic effects in halo mass estimates of galaxy groups

modify the inferred shape of the HIHM relation from the intrinsic one in the simula-

tion, while contamination by interloping galaxies, not associated with the groups, con-

tribute to the inferred HI mass of a halo mass bin, when using large velocity windows

for stacking. The effect of contamination is maximal at Mvir ∼ 1012−12.5M�. Stack-

ing methods based on summing the HI emission spectra to infer the mean HI mass

of galaxies of different properties belonging to a group suffer minimal contamination

but are strongly limited by the use of optical counterparts, which miss the contribu-

tion of dwarf galaxies. Deep spectroscopic surveys will provide significant improve-

ments by going deeper while maintaining high spectroscopic completeness; for ex-

ample, the WAVES survey will recover ∼ 52% of the total HI mass of the groups with

Mvir ∼ 1014M� compared to∼ 21% in GAMA.

129
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5.1 I N T R O D U C T I O N

Since the establishment of the Λ cold dark matter model (hereafter ΛCDM) as the standard

cosmological model, our understanding of galaxy formation and evolution is shaped by the

idea that galaxies form, evolve, and merge within host dark matter (DM) haloes. It is well

known that gravitational instability led to the growth of overdensities in the primordial mat-

ter density field, further leading gas to decouple from DM and dissipate, falling to the grav-

itational potential centre, and then cooling and forming stars, which eventually grow into

galaxies (see Baugh, 2006; Benson, 2010). Thus, the growth, internal properties, and spatial

distribution of galaxies and DM haloes are closely linked (see review by Wechsler and Tinker,

2018). This link between galaxy properties and DM haloes has led to the establishment of

some fundamental scaling relations, which characterise the dependence of the abundance

on baryons to the host halo mass. The stellar–halo mass relation (SMHM) is the most well-

studied of these relations (e.g. Behroozi, Conroy and Wechsler, 2010; Moster et al., 2010). Our

focus in this chapter is instead on the less-explored neutral atomic hydrogen–halo mass scal-

ing relation (HIHM). Neutral atomic hydrogen (HI) plays a fundamental role in our under-

standing of galaxy formation and evolution. Not only is it the raw fuel for galaxies, it also is an

excellent tracer of galactic interactions and the underlying DM distribution (e.g. Gunn and

Gott, 1972; Chung et al., 2009; Dénes et al., 2016).

Unlike the SMHM relation, the HIHM relation is much more complex, which we can see

from the correlation between HI mass and stellar mass in galaxies, which is characterised by

a large scatter (e.g. Catinella et al., 2010; Brown et al., 2015, 2017), and thus, understanding the

HIHM complexity is of particular interest. The form of the HIHM relation has been explored

in various empirical studies, using for example, HI clustering measurements (Padmanabhan

and Refregier, 2017; Obuljen et al., 2019), which infer the HIHM relation by determining the

HI associated with a halo by matching it with haloes that have the same clustering strength.

This requires a fair amount of modelling, as the shape of the clustering of DM haloes of a

given mass can significantly deviate from that of the HI clustering. To solve this, additional

halo properties have been invoked, e.g. assembly age (see Guo et al., 2017).

A more direct way of measuring the mean HI content of groups is by employing HI spec-

tral stacking, whereby one co-adds the HI detections and non-detections associated with an

optically identified group in an attempt to boost the signal-to-noise ratio, thereby recovering

a more statistically significant detection. This does not need prior assumptions about rela-

tionships between halo properties and HI as required when using HI clustering. Recently,

Guo et al. (2020) calculated the HI content of groups identified in an optical redshift survey

by using an estimate of the halo radius to choose the sky-projected area within which HI
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emission was stacked. Guo et al. (2020) used SDSS (The Sloan Digital Sky Survey; York et al.,

2000) as their spectroscopic survey and ALFALFA (Arecibo Legacy Fast ALFA; Giovanelli et al.,

2005; Haynes et al., 2018) for their HI stacking measurements. They first divided their galaxy

groups (as were presented in the Lim et al., 2017, which is based on the original Yang et al.,

2005 group finder that is a halo based group finder) according to the number of member

galaxies, and then derived the HIHM relation for each subset. They found a monotonically

increasing HIHM relation, which starts to plateau at Mvir ≥ 1013.2M�. At those high halo

masses, Guo et al. (2020) found that all selections in the number of member galaxies produce

the same relation (due to haloes of these masses always having a large number of member

galaxies). Guo et al. (2020) also found that as they select haloes to have a high occupation of

galaxies (i.e. Ng ≥ 5,Ng ≥ 6), the inferred HIHM relation flattens across the whole halo mass

range (& 1012M�).

Another way of estimating the HI content of a group, employed by Rhee et al. (in prep), is

through stacking the HI spectra of individual galaxies identified as belonging to that group.

Rhee et al. (in prep) used the GAMA (Galaxy And Mass Assembly; Driver et al., 2011; Liske

et al., 2015) survey as their spectroscopic survey and, the ASKAP DINGO (Deep Investigation

of Neutral Gas Origin; Meyer, 2009) early science observations for their HI stacking. In this

method, the spectra of galaxies are divided in host halo mass bins (based on the group cata-

logue presented in Robotham et al., 2011), and then stacked to measure the mean HI mass

of central/satellite galaxies within that halo mass bin. To then measure a total HI mass for

the haloes in a bin, the mean HI mass is simply multiplied by the number of central/satel-

lite galaxies belonging to groups in that halo mass bin, followed by summing up the total HI

mass of central/satellite galaxies in a halo mass bin. Unlike Guo et al. (2020), Rhee et al. (in

prep) find a non-monotonic HIHM relation, which dips at Mvir ∼ 1011.8M�, followed by an

increasing HI mass fromMvir & 1012.8M�.

These are innovative new ways to further our understanding of the HIHM relation and

provide valuable constraints for it. Although, novel in approach, these two techniques yield

very different measurements of the HIHM relation. For example, there is a difference of∼ 0.5

dex in the measured mean HI mass at Mvir ∼ 1012.8M� between Guo et al. (2020) and Rhee

et al. (in prep). It has so far been unclear whether this is simply due to the difference in their

methodologies. We explicitly address this in this chapter.

The HIHM relation is of particular interest to theorists as well, and has been extensively

investigated using various theoretical models, ranging from semi-analytic models of galaxy

formation (SAMs; e.g. Baugh et al., 2019; Spinelli et al., 2019; Chauhan et al., 2020) to hydro-

dynamical simulations (Villaescusa-Navarro et al., 2018). Simulations have the power to in-

vestigate not only the average HIHM relation, but also the scatter associated with it. Although
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the shape and scatter of the HIHM relation is model-dependent (Chauhan et al., 2020), it has

been reported independently that the shape and scatter of the HIHM relation is heavily influ-

enced by feedback from Active Galactic Nuclei (AGN) (see Baugh et al., 2019; Spinelli et al.,

2019; Chauhan et al., 2020). Spinelli et al. (2019) find that the HIHM relation depends on

the detailed assembly history of haloes, which agrees with inferences based on HI clustering

studies in Guo et al. (2017). Chauhan et al. (2020) find that the scatter around the HIHM re-

lation can be constrained instead using halo spin and the ratio of subhalo mass to host halo

mass.

It is evident that progress has been made in our understanding of the HIHM relation on

both observational and theoretical fronts, independently. On both of these fronts, some chal-

lenges need to be overcome. For example, HI stacking is a very powerful tool for making HI

measurements of groups, but it heavily relies on group finders and halo mass estimates based

on optical redshift surveys, which may sometimes provide inaccurate results due to survey

limitations (Campbell et al., 2015; Bravo et al., 2020). Interestingly, simulations and models,

which do not suffer from observational limitations, show a range of different HIHM relations

(see figure 2 in Chauhan et al., 2020), which are significantly different from each other and de-

pend on the models employed in the simulations. Here, we try to bridge the gap between the

observed and predicted HIHM relations, by producing a mock survey made using the state-

of-the-art semi-analytic model of galaxy formation, SHARK (Lagos et al., 2018a; Chauhan et

al., 2019), and deriving mock-observed HIHM relations that mimic the techniques of Guo et

al. (2020) and Rhee et al. (in prep). Our main aim is to see if we can reproduce the observed

HIHM relation using our mock survey and try to understand the limitations and advantages

of the stacking techniques used in the observational HIHM literature. As we will show, the

HIHM relation that we derive from the mock survey is notably different from SHARK’s in-

trinsic HIHM relation. We explore the origin of this difference, and test whether there is an

“optimal-” observing method that can minimise it.

The structure of this chapter is as follows. Section 5.2 details the construction of the mock

survey and mock group catalogue used for our analysis. Section 5.3 compares the halo mass

estimates made for groups by different methods against the intrinsic halo mass of groups.

In Section 5.4, we delve into the systematic effects involved in HI stacking measurements

and compare different HI stacking techniques with the intrinsic prediction of SHARK. In Sec-

tion 5.5, we discuss the causes of the discrepancy seen between the intrinsic and the mock-

observed HIHM relation. We draw our conclusions in Section 5.6.
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5.2 T H E S I M U L AT E D G A L A X Y C ATA L O G U E

In order to make a fair comparison with the HI stacking done observationally, it is imperative

to replicate stacking procedures on our simulated “mock surveys". For this, it is necessary to

build a simulated lightcone that replicates the limitations of the optical surveys that serve as

a base for the HI stacking experiments. In the following sections, we describe how these are

built.

5.2.1 THE SHARK SEMI-ANALYTICAL MODEL OF GALAXY FORMATION

We use the semi-analytical model of galaxy formation (SAM), SHARK (Lagos et al., 2018a), to

provide us with the simulated galaxies for our HI stacking experiment. SAMs, such as SHARK,

use halo merger trees, which are produced from a cosmological DM-onlyN -body simulation,

to follow the formation and evolution of galaxies by solving a set of equations that describe

exchange of mass, metals and angular momentum produced by a series of physical processes.

In the following sections, we describe the DM-onlyN -body simulation (SURFS) SHARK is run

on, followed by a description of the baryon physics that is included in SHARK. We end the

section with a brief description of how the spectral energy distribution (SED) of galaxies is

computed in SHARK.

5.2.1.1 The SURFS N-body suite

As we have discussed in earlier chapters (see Chapters 2-4), we use the SURFS suite of DM-

only N -body simulations (Elahi et al., 2018) for our analysis. We use the medi-SURFS box

for this chapter. We construct the merger trees and halo catalogues using the phase-space

finder VELOCIRAPTOR1 (Elahi et al., 2019b; Cañas et al., 2019) and the halo merger tree code

TREEFROG2 (Poulton et al., 2018; Elahi et al., 2019a); see Chapter 2 for details. It has been

shown in Poulton et al. (2018) that TREEFROG + VELOCIRAPTOR lead to well behaved merger

trees, with orbits that are well reconstructed. We refer the readers to Lagos et al. (2018a) for

more details on how the merger trees and halo catalogues are constructed for SHARK, and to

Elahi et al. (2018), Elahi et al. (2019b), Cañas et al. (2019) and Poulton et al. (2018) for more

details on the VELOCIRAPTOR and TREEFROG software.

1 https://github.com/icrar/VELOCIraptor-STF/
2 https://github.com/pelahi/TreeFrog

https://github.com/icrar/VELOCIraptor-STF/
https://github.com/pelahi/TreeFrog
https://github.com/pelahi/TreeFrog
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5.2.1.2 Baryon physics in SHARK

SHARK3 is an open-source, flexible and highly modular SAM that models the key physical pro-

cesses of galaxy formation and evolution. The default parameters and models in SHARK have

been discussed in detail in Section 2.2 of Chapter 2. Apart from these prescriptions, SHARK

includes several different prescriptions for gas cooling, AGN feedback, stellar and photoion-

isation feedback, and star formation. SHARK adopts a universal Chabrier (2003) IMF (Initial

Mass Function). These models are used by SHARK to compute the exchange of mass, metals

and angular momentum between the key baryonic reservoirs in haloes and galaxies, which

include hot and cold gas, the galactic stellar and gas discs and bulges, central black holes,

as well as the ejected gas component that tracks the baryons that have been expelled from

haloes.

The models and parameters used in this study are the SHARK defaults, as described in Lagos

et al. (2018a) and used in Chauhan et al. (2019) and Chauhan et al. (2020) (Chapter 3 and 4)

to study the HI content of galaxies and haloes. These have been calibrated to reproduce the

z = 0, 1, and 2 stellar mass functions; the z = 0 black hole-bulge mass relation; and the disc

and bulge mass-size relations. This model has been shown to successfully reproduce several

observational results that are independent of those used in the calibration process (see Lagos

et al., 2018a; Davies et al., 2019; Amarantidis et al., 2019; Chauhan et al., 2019; Chauhan et al.,

2020).

In all SAMs, including SHARK, the galaxies are assumed to be described by two structural

components, namely a disc and a bulge. The point of difference between these two compon-

ents is the mechanism involved in their formation, with discs building their stellar mass by

consuming the gas accreted from the halo onto the galaxy, and bulges forming stars from the

gas that is dumped into them during global disc instabilities and galaxy mergers, also acquir-

ing stellar mass of the satellite in the latter case. Both discs and bulges form stars based on

the surface density of molecular hydrogen, with the only difference being that bulges have 10

times higher efficiency of converting molecular gas into stars than discs. This follows obser-

vational findings which show starburst galaxies to have a higher efficiency than normal star-

forming galaxies (Sargent et al., 2014). As discussed in Chapter 2, in the default SHARK model,

the pressure relation of Blitz and Rosolowsky (2006) is used to estimate the radial breakdown

between atomic and molecular gas in the galaxies. It should be noted that in SHARK the strip-

ping of halo gas from galaxies when they become satellites is instantaneous. Along with halo

gas stripping, a satellite galaxy is also cut-off from cosmological accretion, which will lead to

an eventual exhaustion of gas in the galaxy via continuing star formation.

3 https://github.com/ICRAR/shark

https://github.com/ICRAR/shark
https://github.com/ICRAR/shark
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5.2.1.3 Spectral Energy Distribution of galaxies in SHARK

The electromagnetic spectrum produced by the integrated contribution of gas, dust and stars

in galaxies, provides information about the formation and evolution of the observed galax-

ies. This integrated electromagnetic spectrum, also referred to as spectral energy distribu-

tion (SED), encompasses information of a galaxy’s stellar population, its interstellar medium

(ISM) and the dust distribution (see Conroy, 2013, for a review). As previously mentioned, for

HI stacking, the groups identified by optical surveys are matched with their HI counterparts,

to get an estimate of the HI content of the group contained in a halo. In order to have a fair

comparison between simulations and observations, we need to compute luminosities of all

SHARK galaxies, which can then be used to apply optical survey limits and group finding for

these mock surveys.

The process of computing the SEDs for galaxies in SHARK is detailed in Lagos et al. (2019),

but here we briefly describe how is it done. In SHARK, we have access to the star formation

histories (SFH) and metallicity histories (ZH) for all the galaxies produced at every simula-

tion snapshot. To produce the SEDs, we use two packages: PROSPECT4 and VIPERFISH5. PRO-

SPECT (Robotham et al., 2020) combines the GALEXev stellar synthesis libraries (Bruzual and

Charlot, 2003) and/or EMILES (Vazdekis et al., 2016) with the two-component dust attenu-

ation model of Charlot and Fall (2000) and dust re-emission using the templates of Dale et

al. (2014), which covers a rest-frame wavelength of up to 1,000µm. VIPERFISH is a wrapper

for PROSPECT, which enables the use of SHARK SFHs and ZHs to generate a series of desired

SEDs through target filters.

An important novelty of the SED modelling in SHARK is the way the Charlot and Fall (2000)

parameters are informed from galaxy properties. Using a 3D radiative transfer analysis of

galaxies in the EAGLE hydrodynamical simulations (Schaye et al., 2015b), Trayford et al. (2020)

found that the resulting attenuation curves could be well fitted with a parametrization as

done in Charlot and Fall (2000), in which the parameters scale with the dust surface dens-

ity and are independent of redshift. Lagos et al. (2020) adopted this parametrisation, and

hence every galaxy has its own set of Charlot & Fall attenuation parameters based on dust

surface density. When combined with PROSPECT and VIPERFISH, Lagos et al. (2019) showed

that SHARK can reproduce the panchromatic emission of galaxies throughout cosmic time;

most notably, SHARK reproduces the number counts from the GALEX UV to the JCMT 850-

microns bands, the redshift distribution of sub-millimetre galaxies, and the ALMA bands

number counts. Bravo et al. (2020) showed that SHARK reproduces the optical colour dis-

4 https://github.com/asgr/ProSpect
5 https://github.com/asgr/Viperfish

https://github.com/asgr/ProSpect
https://github.com/asgr/ProSpect
https://github.com/asgr/Viperfish
https://github.com/asgr/Viperfish
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tribution of galaxies across a wide range of stellar masses and redshift reasonably well, along

with the fraction of passive galaxies as a function of stellar mass.

5.2.2 MOCK CATALOGUES OF SIMULATED GALAXIES

To produce mock catalogues that mimic the surveys used for the HI stacking experiments in

the observations, we embed the galaxy population generated by SHARK in a survey volume

by applying the ALFALFA survey’s angular and radial selection function.

Table 5.1: Mock-survey parameters

Lightcone parameter Value

Area coverage 6900 deg2

Redshift range 0−0.1

Apparent magnitude limit r-band magnitude≤ 19.5 (applied in post processing)

Stellar-mass limit M? ≥ 105M�

To construct the lightcone, we use the code STINGRAY (Obreschkow et al, in prep; Chauhan

et al., 2019), which is an extended version of the lightcone builder code used in Obreschkow

et al. (2009). STINGRAY tiles simulation boxes together to build a 3D field along the line-of-

sight of an observer. The galaxies are drawn from simulation snapshots corresponding to the

closest lookback time, which for this analysis ranges over z = 0−0.1. To ensure that we have

a large statistical sample, we set the area of our lightcone to be ∼ 6900 deg2 containing all

galaxies with M? ≥ 105M�. Once this lightcone is built, we compute the SEDs of galaxies

as described in Section 5.2.1.3, and apply in post-processing an apparent r-band magnitude

cut-off of 19.8 mag. See Table 5.1 for these specifications.

We choose our redshift range to be z = 0− 0.1 for this analysis as the radio surveys used

for this study (DINGO and ALFALFA), currently, go to a maximum of z = 0.08. We also chose

this redshift range to facilitate any future studies which might require the use of a similar

lightcone, hence this choice was made out of convenience as well. The choice of the area of

our lightcone, is based on the area covered by the larger (ALFALFA) radio survey among the

ones considered here.

The choice of the magnitude limit is based on the GAMA survey, as it is the deeper of the

two optical surveys used in the comparison with observations in this study (the other being

SDSS). Accompanied by a large multi-wavelength data set, the GAMA (Driver et al., 2011;

Liske et al., 2015) survey is a spectroscopic campaign aimed at measuring the redshifts of
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galaxies with r-band AB magnitudes < 19.5 at > 98 per cent completeness up to z ∼ 0.25.

The survey consists of five fields, amounting to a total sky area of 230 deg2 with ∼ 300,000

galaxies targeted using the Anglo-Australian Telescope.

Figure 5.1: From Robotham et al. (2011): Schematic of the two-step process used when grouping galax-
ies via a FoF algorithm on redshift survey data. The same set of galaxies are shown in two
panels: along the line-of-sight (left) and projected on the sky (right). Both lz and lp are
needed to recover the true group, with lz being significantly larger than lp to account for
the peculiar velocities of the galaxies, which drives a significant uncertainty in the radial
coordinate.

5.2.3 GROUP-FINDING ALGORITHM

The concordance ΛCDM model predicts that all galaxies form and evolve in DM haloes. Galaxy

groups are the observable tracer of DM haloes offering direct insight into the physics that oc-

cur inside them. Thus, assigning galaxies to groups becomes imperative to further our under-

standing of galaxy formation and evolution. The galaxies are assigned to groups by employing

‘group-finding algorithms’ which aim to associate galaxies with common DM haloes.
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Many large spectroscopic surveys use group finders based on the friends-of-friends (FoF)

method, which identifies galaxy systems as member galaxies that are linked by some adopted

linkage criteria. There are differences in the way the halo masses of these groups are later

estimated, which we will elaborate on in Section 5.3. The group-finding algorithm used for

our mock survey is based on the group finder used to construct the GAMA group catalogue

(G3C; Robotham et al., 2011). Here we give a brief description of the process of assigning

galaxies to groups.

(i) Step 1: A luminosity correction6 is applied to the galaxies that are fed to the group finder.

As our mock survey is similar to GAMA in magnitude completeness, a luminosity cor-

rection is needed for some SHARK galaxies, whose luminosities are above the brightest

galaxies observed by GAMA. This luminosity correction is required as the group finder

produces a luminosity function by integrating the luminosities of galaxies ranging from

minimum to the highest detection limit (see Robotham et al., 2011; Bravo et al., 2020,

for details), and having brighter than GAMA leads to an integration error.

(ii) Step 2: A FoF algorithm is used to allocate the luminosity-corrected galaxies into groups.

Since we work in redshift space, separate linking lengths need to be defined along the

line of sight and in projection. These linking lengths are denoted by lz and lp, respect-

ively. The linking lengths used by the group finder to define a group scale as a function

of the observed density contrast. This leads to linking parameters that depend on both

the position of the group and the faint magnitude limit of the survey. These parameters

therefore need to be tuned to the survey completeness (see Equation 1-7 in Robotham

et al., 2011). The FoF algorithm processes is shown in Figure 5.1.

(iii) Step 3: Once galaxies are assigned to a group, an initial estimate of the centre of the

group is made by calculating the centre of luminosity. Then the process is iterated after

removing the most distant galaxy, and recalculating the centre of luminosity, until only

two galaxies are left, of which the brightest is defined as the group central, and the rest

of the galaxies are flagged as satellites ranked in the order of their distance from the

centre.

6 For the luminosity correction, the r−band luminosities of all the galaxies were generated by sampling it from the
GAMA distribution. We preserve the intrinsic brightness order of galaxies, i.e. if a galaxy is brighter in SHARK, it
preserves its order after the correction as well. The change in the r−band magnitude is then applied to all the
other bands as well to keep the colours unperturbed. For the luminosity correction, a mass-to-light ratio of 1 is
assumed which is used to change the stellar masses of the galaxies.
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For the rest of the chapter, we use the ‘mock group catalogue’ generated using the proced-

ure described above for our mock-stacking results. Our mock group catalogue recovers galaxy

groups till z = 0.075.

In this chapter, we compare the HI-stacking results presented in Guo et al. (2020) and Rhee

et al (in prep) with our mock group catalogue, which is tailored to the completeness of the

optical surveys used by these authors. For comparison with Rhee et al. (in prep), we use our

current GAMA-like group catalogue, as their HI stacking uses GAMA groups as their external

optical catalogue.

Guo et al. (2020), on the other hand, used the SDSS group catalogue (Lim et al., 2017) as

their optical catalogue (see Section 5.4.2.1). SDSS (York et al., 2000) is a major multi-spectral

and spectroscopic survey that covers over 35 per cent of the sky, and is complete to an appar-

ent r-band magnitude of 17.77 mag. The latest group catalogue, as used by Guo et al. (2020),

contains galaxies from the SDSS DR7 Main Galaxy Sample (Albareti et al., 2017). To make our

mock group catalogue more comparable to the SDSS group catalogue, we remove all galaxies

that have an r-band AB magnitude> 17.77, and adapt the number of galaxies associated with

each group accordingly. A caveat of using this approach is that the groups in the SDSS-like

selection will actually be better recovered than the recovery of groups in the original SDSS

catalogue, i.e. the groups recovered will be better matched to the underlying mock. This is

due to us using a deeper survey to define our initial groups, and then selecting galaxies that

are above the SDSS magnitude limit within those groups. We leave the creation of a consist-

ent group catalogue for the flux limit of SDSS to future work, as this implies re-calibrating to

the observed r-band luminosity distribution as described in Bravo et al. (2020).

To confirm that the group finder recovers the underlying baryon distribution, in Figure 5.2

we plot the distribution of the stellar and HI masses of the central galaxies present in the

lightcone for all of the galaxies in SHARK catalogue (using all the central galaxies in the light-

cone), comparing this against the same distributions after applying the FoF group finder and

GAMA/SDSS flux limits. We would expect the high-mass end in all three criteria to match, as

the group finder is expected to recover the most luminous centrals. In Figure 5.2, we define

mock as the underlying mock survey described in Section 5.2.2, containing all the centrals (as

defined by SHARK). GAMA-selection refers to the centrals that are defined by the group finder

that has been run on the mock survey. SDSS-selection includes all the centrals (as defined by

the group finder) that are above the SDSS magnitude limit. A shift in the high-mass end of the

stellar-mass distribution (left panel) is seen, with the GAMA and SDSS selection not matching

with the lightcone distribution. This shift is a result of introducing luminosity corrections to

the galaxies that were passed to the group finder, as described earlier. A consequence of this

correction (lowering SHARK galaxies luminosities) is that the stellar masses of those galaxies
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Figure 5.2: Stellar mass (left panel) and HI mass (right panel) distributions of the central galaxies in the
full lightcone constructed using STINGRAY, with the galaxies generated with SHARK. ‘Mock’
includes all the centrals present in the lightcone, with ‘GAMA (selection)’ and ‘SDSS (selec-
tion)’ corresponding to the GAMA-like, and the SDSS-like mocks (which include the corres-
ponding flux magnitude cut and group finder definition of centrals). See Sections 5.2.2 and
5.2.3 for full description of the mocks.

are also decreased assuming a 1:1 light-to-mass ratio(Bravo et al., 2020), resulting in the mis-

match seen at the high stellar masses. Taking this into account, we can see that the SDSS

selection is complete forMstar & 109.5M�, while the GAMA selection matches the underlying

lightcone distribution for Mstar & 108.5M�. This is to be expected, as the sensitivity of both

surveys differs by approximately 2 mag. The high-mass end of the HI mass distribution (right

panel) of the centrals matches up in all the three cases, confirming that the centrals with

MHI ≥ 109.5M� are recovered irrespective of the survey magnitude limitations. Note that

the correction to luminosities and stellar masses above is not applied to the HI masses (as

the HI masses of galaxies are not determined by the optical luminosity of the galaxy), hence

the agreement here is very good. We see the numbers declining at MHI ≤ 109.5M�, with the

SDSS-like selection having a lower number of galaxies than the GAMA-like selection in the

same HI mass bin. This happens because at fixed MHI, the GAMA limit has the capability

of going lower in stellar mass than the SDSS limit, capturing better those low-stellar-mass

galaxies that are relatively gas-rich.
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5.3 C O M PA R I N G H A L O M A S S A L L O C AT I O N B Y G R O U P F I N D E R S W I T H

S H A R K

One of the major possible systematic effects in measuring the HIHM relation is the estimation

of the halo mass of a galaxy group. This is easier in simulations than it is for observations. For

example, in SHARK, halo mass is determined from the VELOCIRAPTOR halo catalogues, using

well-defined quantities such asM crit
200 (hereafterMvir). In this section, we briefly describe how

the halo masses are assigned by group finders and then compare them with the halo masses

intrinsic to SHARK.

5.3.1 ESTIMATING THE HALO MASS OF A GALAXY GROUP

As stated earlier, it is possible to use certain properties of galaxies in groups to obtain a map-

ping to properties of the underlying DM halo. Therefore, once the galaxy groups have been

defined, the next step is to assign properties to the underlying DM halo, namely its mass. The

way that halo masses are assigned to galaxy groups varies based on the group finder and the

preferences of the surveyor. Here we describe the two ways that halo mass estimates were

made for SDSS (abundance matching; Yang et al., 2005; Lim et al., 2017) and GAMA (dynam-

ical mass estimation; Robotham et al., 2011).

5.3.1.1 Abundance Matching estimate

It is expected that the total luminosity of the galaxies in a halo scales with the virial mass of

the halo. Using this relation, we can match up the number densities of galaxies and haloes,

a process termed ‘abundance matching’. Note that this process assumes no scatter in the

luminosity–halo relation. We use the luminosity–halo relation obtained from Lim et al. (2017)

to estimate the halo masses of the groups belonging to our SDSS-like mock to make a more

one-to-one comparison to the HI stacking based on SDSS groups. Lim et al. (2017) developed

their luminosity–halo relation by comparing their fit from the mean luminosity–halo relation,

derived from SDSS and 2dfGRS (The 2dF Galaxy Redshift Survey; Colless et al., 2001) with

the results obtained from the EAGLE hydrodynamical simulation (Schaye et al., 2015b; Crain

et al., 2015b).

In order to assign halo masses to the galaxy groups in our catalogue, we use the following

relation for isolated centrals:

(5.1)log
Mh

M�h−1
= 10.595 + 4.370× 10−4exp

(
log

Lc

L�h−2

1

1.214

)
,
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whereMh and Lc refer to the halo mass and the luminosity of the central galaxy, respectively.

In order to estimate the halo masses of galaxy groups, Lim et al. (2017) use the ‘GAP correction’

based on Lu et al. (2016) but modified using EAGLE. The GAP correction uses a combination

of the luminosity of the central galaxy and the difference in the luminosity to thenth brightest

galaxy in the group to estimate a correction to the halo mass of the galaxy group. We have

used the same procedure as Lim et al. (2017) (see their Equations 9-10) to assign halo masses

to our galaxy group using the SDSS best-fitting parameters for the GAP correction (see Table

2 in Lim et al., 2017). This means, our estimates are close to the SDSS group catalogue used

for the HI stacking in Guo et al. (2020).

5.3.1.2 Dynamical Mass estimate

With the information gathered from the galaxy–galaxy links made by the FoF algorithm, we

can recover the group velocity dispersion (σ) and radius (R), which are key for estimating

the dynamical mass of the group. Galaxy groups are assumed to be virialized systems, in

which case we expect the dynamical mass to scale as M ∝ σ2R. Robotham et al. (2011) use

the dynamical mass estimate to assign a halo mass to the galaxy group, using the following

relation:

Mdyn =
A

G
(σdyn)2Rdyn, (5.2)

where Mdyn is the dynamical mass of the system, σdyn and Rdyn are the velocity dispersion

among the galaxies in the group and radius of the FoF group, respectively. G is the gravita-

tional constant andA is a scaling factor dependent on the number of galaxies in a group and

its redshift (see Equation 19 and Tables 2–4 in Robotham et al., 2011).

Unlike abundance matching, where the DM halo properties are reliant on the halo distri-

bution obtained from ΛCDM predictions, the dynamical mass method depends more on

the physically measurable properties of galaxy groups to estimate the properties of their

halo. Note that a velocity dispersion can only be strictly computed with more than 2 galax-

ies. Hence, for isolated galaxies (i.e., those that are not assigned to any groups), abundance

matching is the only way of assigning them halo masses.

5.3.2 USING SHARK TO ASSESS HOW WELL HALO MASSES ARE ESTIMATED

In order to reproduce the HI-stacking results in our simulated lightcone, presented in Section

5.4.2, we compute halo masses as done by the surveys (i.e. using abundance matching when

comparing to SDSS-based stacking, and dynamical masses when comparing to GAMA-based
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Figure 5.3: Halo mass distribution comparison between the SHARK output (light grey) and the estim-
ates made by abundance matching (upper panel) and dynamical mass (lower panel). The
left panel comprises all groups with Ng ≥ 2, whereas the right panel shows the distribu-
tion of groups with at least five galaxies, Ng ≥ 5. The distribution obtained for abund-
ance matching is similar in shape to the intrinsic distribution for both group member-
ship criteria at Mvir ≤ 1013.5M� and Mvir ≤ 1014M�, for Ng ≥ 2 and Ng ≥ 5, respect-
ively. The number of groups at the high-mass end is significantly smaller for abundance
matching than SHARK. The distribution derived from dynamical mass is very different
from the intrinsic distribution forNg ≥ 2 because the dynamical mass estimate is not well-
constrained for galaxy groups with Ng ≤ 5 (Robotham et al., 2011). When Ng ≥ 5 groups
are selected, the dynamical mass estimates produce a distribution that closely resembles
that of SHARK.

stacking). To fully understand the systematic effects introduced by these different methods

to measure the halo masses in the derived HIHM relation, we first investigate how well these

estimates reproduce the intrinsic halo masses of the simulation.

In this section, we investigate the differences between the halo masses inferred from abund-

ance matching and dynamical mass estimates, to the intrinsic values in SHARK. Here, we fo-
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cus on galaxy groups with at least 2 or more members (Ng ≥ 2), as a dynamical mass estimate

cannot be computed for an isolated galaxy (see Section 5.3.1.2).

One key difference between the dynamical mass method and abundance matching is that

the former requires at least several galaxies in a group to be reliable (preferably Ng ≥ 5, Ro-

botham et al., 2011). Abundance matching, on the other hand, relies on the mass-to-light

ratio from the selected galaxies, which is less sensitive to the group membership. It is hence

easier to apply, regardless of the occupation of groups. With this knowledge at hand, we di-

vide the groups in two categories, all and high membership, with all containing groups with

two or more galaxies (Ng ≥ 2) and high membership containing groups with at least five galax-

ies (Ng ≥ 5). To compare the halo mass estimations from abundance matching and the dy-

namical mass method with the intrinsic virial mass of haloes in SHARK, we track the centrals

identified by the group finder back to the simulation box and use the host halo mass associ-

ated with that galaxy as our intrinsic virial mass for that galaxy group. Note that we do this

regardless of whether that galaxy is classified as central or satellite in SHARK.

Figure 5.3 shows the distribution of halo masses assigned by the group finders (abundance

matching and dynamical) against the true halo masses (intrinsic) of the haloes containing

those groups. As can be seen from the left panels, group membership plays an important role

in the accuracy of the dynamical mass estimate. For Ng ≥ 2, the distribution obtained from

the dynamical mass estimate is very different to the intrinsic one, with a peak at a higher mass

compared to the intrinsic distribution and a tail towards low masses that is not seen in SHARK.

The abundance matching-derived distribution is more consistent with the intrinsic distribu-

tion at Ng ≥ 2, though with a significant underestimation in the number of groups for Mvir

≥ 1013.6M�. We plot the same distribution for high-membership groups (in the right panels)

and see a remarkable improvement in the shape of the dynamical mass estimate distribution,

as it now closely resembles the intrinsic distribution. The abundance-matching distribution

follows the intrinsic distribution quite well (better than the all distribution), which is to be

expected as the Lim et al. (2017) group masses were calibrated to reproduce a simulation

(though, a different simulation and halo finder were used). Though the distributions are sim-

ilar to each other, we do find discrepancies between the group finder allocations and the in-

trinsic distribution. The most prominent discrepancy is the underestimation of halo masses

at the high-mass end, which is seen in both the all and high-membership distributions, for

both the abundance matching and the dynamical mass estimates.

To investigate the effect of group membership further and to identify where it falters, Fig-

ure 5.4 compares the two halo mass estimate methods against the true halo masses in SHARK,

with the left panels comparing abundance matching and right panels looking at the dynam-

ical mass. The lower panels compare the running medians and percentiles of the distribution.
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Figure 5.4: Comparison of halo mass estimate methods with the intrinsic halo masses in SHARK. Up-
per panels: Each point represents a galaxy group that has been allocated a halo mass by
abundance matching (left) and the dynamical mass method (right), coloured according
to the number of group members. Lower panels shows the median for both all (purple-
diamonds) and high-membership (yellow-square) groups, for both abundance matching
(left) and the dynamical mass method (right), with the shaded region representing the 16th-
84th percentile range of the distribution. The dotted line in all the panels represents the 1:1
line. Abundance matching is seen to be closer to the 1:1 relation forMvir . 1013M�, but de-
viates thereafter. Dynamical masses, on the other hand, are not as close to the 1:1 relation
for lower halo masses, but tend to get closer as we move towards higher halo masses

We find that abundance matching, irrespective of member allocation, stays close to the 1:1

line, although there is significant scatter around the relation. The same effect is reflected

in the median relations plotted below (lower-left panel), where the purple and yellow points

represent the median of all and high-membership groups, respectively, with the shaded re-

gion being the 16th–84th percentile range of the distribution. As is evident from the left panel

of Figure 5.4, abundance matching underestimates the halo masses fromMvir&1013M� and

Mvir&1013.5M�, and overestimates the halo masses for Mvir.1012.5M� and Mvir.1013M�,

for all and high-membership groups, respectively. This underestimation explains the discrep-
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ancies seen in the upper panels of Figure 5.3. Given that the abundance matching is based

on a different simulation with a different halo mass function driven by the different assumed

cosmology and halo mass definition, differences like these are to be expected.

For the dynamical mass estimates, we see a significantly larger scatter than the abund-

ance matching comparison for all groups. This reverts for high-membership groups, where

the scatter displayed by dynamical mass estimates is smaller than the one seen in abund-

ance matching (right panel). We show the medians for the same distribution (right bot-

tom panel in Figure 5.4), and find that the dynamical masses overestimate the halo masses

for Mvir.1013.2M� and Mvir.1014M�, for all and high-membership groups, respectively.

Though, it can also be seen that for higher halo masses (Mvir ∼ 1014.5M�), where abundance

matching underestimates the halo masses by∼ 2.4 and 0.9 dex for all and high-membership

groups, respectively, dynamical masses only underestimate halo masses by∼ 1.5 and 0.6 dex,

respectively. As the dynamical mass estimate relies on the velocity dispersion calculated for

the group, which becomes better constrained when there are more group members, we find

dynamical mass estimates to be closer to the true halo masses of SHARK for high-membership

groups. Abundance matching, on the other hand, provides a better estimate for groups with

low membership, as it primarily relies on the luminosity–halo relation, which is not so much

affected by how the groups are partitioned.

Both the methods to measure halo mass underestimate the halo masses at the high-mass

end, which suggests that the systematic differences may come from the underlying group

finder. The way galaxies are identified as being part of a group and flagged as centrals or

satellites, might be the reason for the differences seen. The next step in our investigation is to

quantify if the central recognised by the group finder is the true central for that halo or not.

In SHARK we have three primary galaxy types: centrals, satellites and orphans, which are

assigned based on the merger trees and subhalo catalogues used by SHARK as a skeleton. We

define centrals (type = 0) to be the central galaxy of the most massive subhalo in the group.

Satellite (type = 1) galaxies are the galaxies that are hosted by the other subhaloes of the

group. Orphans (type = 2) galaxies are the galaxies that cease to be tracked by VELOCIRAP-

TOR (either because their number of particles drop below the threshold required to consider

a detection, or because it becomes indistinguishable from the underlying density-velocity

field), i.e. lack a subhalo entirely.

Figure 5.5 compares the halo mass estimates from the two methods against the true halo

masses in SHARK, in this case, coloured by the intrinsic galaxy type of the galaxies flagged as

centrals by the group finder as they appear in SHARK. The pie chart shows how many galax-

ies that are flagged by the group finder as centrals are intrinsically centrals in SHARK or not.

From the pie chart, we can see that ∼ 22.7 per cent of galaxies identified as centrals by the
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Figure 5.5: Similar to Figure 5.4. Left panels: Each point represents a galaxy group that has been al-
located its halo mass by abundance matching (upper) and the dynamical mass method
(bottom), coloured according to the intrinsic galaxy type (as defined by SHARK) of the cent-
ral of the galaxy group. The dotted line in all the panels represents the 1:1 line. Right panel:
percentage of the galaxies that are mismatched by the group finder for “all" groups. Almost
∼ 23 per cent of galaxies defined as central by the group finder are satellites in SHARK. This
becomes more problematic for halo mass estimates made via abundance matching due to
its reliance on luminosity.

group finder are satellites. When comparing the pie chart with the scatter plot, we find that

most of the groups with underestimated halo masses also correspond to misidentified cent-

rals (which in SHARK are either satellites or orphans). Even though both abundance matching

and dynamical mass estimates have similar percentages of mismatch (which is to be expec-

ted as the same group finder was run on them), it affects the abundance matching estimates

more because of its reliance on the luminosity of centrals for the halo mass estimations. As

satellites tend to be less massive than centrals in SHARK and in general, they also tend to be

less luminous. If a satellite is identified as a central, because of its low luminosity, it will be
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Figure 5.6: Mean HI content of groups identified by the group finder within a spherical aperture (as
labelled) versus the intrinsic halo mass of the corresponding halo in SHARK containing the
galaxy flagged as a central by the group finder. These apertures are based on the intrinsic
halo masses of the galaxy groups. It can be seen that as we move to larger aperture sizes, the
HI content of the haloes increases, though the characteristic shape of the intrinsic relation
(maroon solid line) remains qualitatively the same.

assigned a smaller halo mass, thus deviating from the 1:1 relation. This effect will be more

prominent for halo mass estimations for higher halo masses.

5.4 T O W A R D S A R E A L I S T I C H I S TA C K I N G U S I N G M O C K C ATA L O G U E S

The strategy we follow below is to get closer to the way HI stacking is done in observations

step by step, so that we can critically analyse the systematic and random effects introduced at

each step of the process. We start by estimating the total HI mass of the haloes defined by the

group finder. We first obtain the HIHM relation of groups by using the true halo masses and

then by using the estimated halo masses, using both abundance matching and dynamical

masses.

5.4.1 THE DEPENDENCE OF THE DERIVED HIHM RELATION ON THE STACKED VOLUME AND

HALO MASS DEFINITION

Chauhan et al. (2020) derived a mean HIHM relation directly from the SHARK outputs and

found it to have a distinct shape. Unlike the observed HIHM relation (see Guo et al., 2020),
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which was a monotonically increasing function, Chauhan et al. (2020) found a dip in their

derived HIHM relation at Mvir ∼ 1012M�, which plateaued up to Mvir ∼ 1012.8M�, followed

by an increase towards higher masses (see figure 1 in Chauhan et al., 2020). The characteristic

shape of the intrinsic HIHM relation is a result of the HI mass contribution from the central

and satellite populations of the haloes. Chauhan et al. (2020) found that central galaxy is

the dominant HI mass contributor for haloes with Mvir ≤ 1012.8M�, with satellites taking

over thereafter. The dip in the HIHM relation seen at Mvir ∼ 1012M� is caused by the AGN

feedback. One of the possible reasons given for the discrepancy between the observed and

intrinsic SHARK HIHM relation was the uncertainty in group definitions around that halo

mass.

In Figure 5.6, we compare the mean HIHM relation as obtained from SHARK (SHARK-ref)

with the mean HIHM relation obtained when we use the groups defined by the group finder.

SHARK-ref refers to the intrinsic HIHM relation that was obtained for the haloes that have at

least two subhaloes (dictated by the resolution of the DM-only simulation), irrespective of

whether they are detectable by any survey or not, with the total HI mass being the sum of all

the galaxies associated with the same host halo in the simulation box at z = 0, regardless of

their luminosity. We calculate the mean HI mass for the groups in our mock group catalogue

by assuming the central, as defined by the group finder, to be the true central of the host halo,

and then calculating the HI mass of all the galaxies that are within a spherical volume of 1−2

times the virial radius (Rvir) of the host halo that galaxy belongs to. The virial mass assumed

for this analysis is the true halo mass provided by SHARK. From Figure 5.6 we find that just

by using the group finder defined groups, we overestimate the HI mass in the region Mvir ∼
1012−13M�. However, even though the uncertainty in group definitions cause a change in the

HI content of the group, it does not change the qualitative shape of the relation.

As we move to Mvir ≥ 1013M�, the total HI mass associated with the halo cannot be cap-

tured by an aperture of 1Rvir around the ‘central’ galaxy (although, in this instance it can be

captured with an aperture of 1.5 Rvir). One of the probable reasons for this departure from

the underlying intrinsic HIHM relation is the misidentification of satellite galaxies as centrals

by the group finder. We find that almost 25 (9.5) per cent of satellites are misidentified as

centrals forMvir ∼ 1013M� (1014M�). If a satellite residing at the edge of the halo is misiden-

tified as a central, we consider the position of that satellite as the halo centre, and calculate

the HI mass of everything in the vicinity of that satellite, using the Rvir of the host halo the

satellite resides in to define our sphere. This would lead us to miss many of the galaxies be-

longing to the original host halo. Another possible reason for the HI mass not being captured

by 1 Rvir is that the haloes tend to be more elongated than spherical at high halo masses,

making 1 Rvir quite small for the major axis of a massive halo (see figure 1 in Cañas et al.,



5.4 T O W A R D S A R E A L I S T I C H I S TA C K I N G U S I N G M O C K C ATA L O G U E S 151

Figure 5.7: Mean HI content of groups identified by the group finder within a spherical aperture (as la-
belled) versus the halo mass estimates from abundance matching (left panel) and dynam-
ical mass (right panel) methods for the corresponding halo in SHARK containing the galaxy
flagged as a central by the group finder. The apertures are also based on the halo masses
estimations made for the galaxy groups by abundance matching (left) and the dynamical
mass method (right). The departure from the characteristic shape seen when using the
halo mass estimations alludes to the fact that correct halo mass estimation plays a major
role in determining the shape of the mean HIHM relation.

2020). Both of these cases are remedied by using a larger aperture, as demonstrated by using

2 Rvir, which captures a total HI mass more in line with the VELOCIRAPTOR haloes. Apart

from these, there is also the possibility of the ‘true’ central of that host halo being classified

as a central in a different group. This will result in the same host halo being used twice (or

maybe more) for calculating the HI mass, which will end up being different each time.

Even though we find slight deviations from the intrinsic HIHM relation when using group-

finder-defined groups, the characteristic shape of the relation remains qualitatively the same.

We then investigate the systematic effect that halo mass definition has on the derived HIHM

relation.

In Figure 5.7, we repeat the same exercise as for Figure 5.6, but this time using the halo

masses estimated by abundance matching (left panel) and the dynamical mass method (right

panel), which appear in the x-axis and are also used to calculate Rvir to estimate the total

HI mass associated with that galaxy group. It becomes clear that the halo mass estimates

cause a major deviation in the HIHM shape from the intrinsic one. By using the abundance-

matching halo mass estimates, we find that the characteristic shape of the relation is lost. It

becomes a monotonically increasing relation, which underestimates the mean HI mass for

Mvir ≤ 1012.4M� and Mvir ≥ 1013.5M�, and overestimates for the region in between. We do

not recover the shape by using dynamical mass estimates either (see right panel) and find

larger deviations from the intrinsic shape than seen when using abundance matching. The
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HIHM relation obtained by dynamical mass estimates remains almost constant for Mvir ≤
1012.5M�, above which it starts to increase.

The median for all groups in the case of abundance matching (see lower-left panel in Fig-

ure 5.4), stays close to the true halo masses for lower-mass haloes. As for the HIHM relation

obtained using dynamical mass, the higher HI mass estimate at the low-mass end could be

a consequence of centrals being misidentified as satellites resulting in a higher total HI mass

for a group in that region; we found ∼ 35 per cent of centrals in Mvir ∼ 1012M� groups are

actually satellites. Figure 5.7 summarises the effect that uncertainties in the halo mass es-

timates have on the mean HIHM relation, which becomes paramount for our analysis of the

parameters involved in HI stacking, covered in the following section.

5.4.2 REALISTIC GEOMETRICAL STACKING USING MOCK CATALOGUES

The general principle of HI-stacking analysis is to identify the positions and redshifts of galax-

ies using an external source catalogue containing optical redshifts, extract HI information at

these coordinates and then co-add the data. In this section, we describe different HI stacking

methods employed by surveys to recover the HIHM relation, along with analysing how tweak-

ing their parameters changes the derived HIHM relation. For the latter we make use of our

mock group catalogue and survey. Our main aim here is to highlight the differences between

these stacking techniques and how well they recover the underlying intrinsic HIHM relation.

5.4.2.1 Group HI stacking

Traditionally, HI stacking has been done on individual galaxies, using an optical catalogue to

estimate the position and redshift of the target galaxy. One then extracts spectra associated

with that area within a stacking velocity window and co-adds them, generally weighting each

spectrum by its RMS noise (Fabello et al., 2011a).

Guo et al. (2020) extended this technique to a galaxy group scale, which we will refer to as

‘group HI stacking’. They use the SDSS group catalogue (Lim et al., 2017) as their optical spec-

troscopic catalogue and ALFALFA as their HI survey. The ALFALFA (Arecibo Legacy Fast ALFA)

survey is a ‘blind’ HI survey that has mapped nearly 6900 deg2 in the Northern Hemisphere,

with ∼ 31,500 direct detections (Giovanelli et al., 2005; Haynes et al., 2018) out to redshift

z = 0.06. The typical beam size is ∼ 3.3′× 3.8′ with a velocity resolution of ∼ 10 km s−1.

Guo et al. (2020) use 2R200 as the halo radius as the projected aperture over which HI stack-

ing is done, with R200 being the radius containing a mean mass density that is 200 times the

mean density of the universe at a given redshift (not to be confused with Rcrit
200, which corres-
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Figure 5.8: Illustration of group HI stacking, showing both the projected view (upper panel) and the
orientation in redshift space (lower panel). The maroon ellipses symbolise the galaxies that
are identified by the group finder as belonging to the group shown. The orange ellipses
denote the galaxies that are missed by the group finder due to the magnitude limitations of
the parent survey, which would include HI gas in galaxies that are below the magnitude cut
of the optical survey and the absence of HI gas not in galaxies in the group environment.
The blue ellipse represents a galaxy that does not belong to the group, but is still in the
vicinity of the group, and would thus contribute towards (and contaminate) the stack. The
half maroon-half blue ellipse represents a misidentified galaxy by the group finder, where
the galaxy is not intrinsically a part of the common halo but is still assigned to the group by
the group finder. The HI content associated with this particular group will contain the HI

in all galaxies that are in the yellow shaded area.

ponds to the radius containing a mean mass density that is 200 times the critical density of

the Universe). Using the software of Fabello et al. (2011a), they extracted a single spectrum

for each group, which was then stacked with other group spectra in the same mass bin and,

finally, fitted with a Gaussian profile. The HI mass was measured by integrating the signal

within∼±3σ width of the Gaussian profile fitted to the stacked spectra, centred on the cent-
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ral galaxy of the group. This method, in principle, should ensure that all the HI associated

with the target galaxy groups is captured. Figure 5.8 shows a schematic of how this stacking

technique works. Notably, the HI content of galaxies that were not detected in the parent op-

tical catalogue would still contribute to the total HI mass measured. But because of the large

stacking velocity window and projected aperture, some contamination is expected, as the HI

content of galaxies that are not actually part of the group would still contribute to the stack.

If the adopted apertures (both in projected and velocity space) are very large, then more con-

tamination is expected. While very small apertures minimise such contamination, they come

at the expense of excluding galaxies that belong to that group.

In this section, we test if we can reproduce the observationally derived HIHM relation using

our mock survey, when we mimic the observational procedure.

Unlike observations, where they have to consider various observational limitations, like

noise and flux sensitivity, our mock survey does not suffer from either of those. For keeping

our analysis simple, we do not work with HI emission spectra for mock-stacking our galax-

ies. Instead, we use the projected aperture (as used by observations considered here) and a

stacking velocity window, to define the volume within which we sum the HI mass of all the

galaxies within. For approximating the∼±3σ width, we use ∆v=±700 km s−1 as our stack-

ing velocity window, which ends up being close to the ∼ ±3σ width for most of the haloes

(barring the most massive ones). This choice was made after discussions with the authors of

Guo et al. (2020).

To understand the effect of the stacking velocity window, we repeat the same exercise, but

this time adopting ∆v=±350 km s−1 around the group central. For both of these HI stacking

measurements, we use an aperture of 2R200, which is the aperture used by Guo et al. (2020).

The latter is based on the halo mass estimated via abundance matching (see Section 5.3.1.1).

In Figure 5.9, we show the stacked results obtained for ∆v =±700 km s−1 and±350 km s−1,

and compare them against the HIHM relation presented in Guo et al. (2020). We notice that

by using the ∆v =±700 km s−1 for our stacking velocity window, we are able to recover the

observed HIHM relation for groups that contain at least one galaxy (Ng ≥ 1; left panel) and

for groups with two or more members (Ng ≥ 2; right panel) quite closely. A slight under-

estimation of HI mass in the Mvir range 1011.5−12M� is, however, seen. When we compare

the derived HIHM relation obtained using ∆v = ±350 km s−1 as our stacking velocity win-

dow, we find an underestimation of the HI mass for haloes with Mvir ≥ 1013M� and Ng ≥ 1,

and for the entire halo mass range for Ng ≥ 2. We find that the HIHM relation we get from

HI stacking starts to plateau after Mvir ≥ 1013M�, which could be due to the stacking win-

dow not being large enough to encompass all the associated HI sources of the group. Despite

these deviations, we can say that mimicking the stacking procedure of Guo et al. (2020) yields
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Figure 5.9: Mean HI content of haloes obtained by mock group stacking our mock group catalogue,
over a fixed projected aperture, for groups with Ng ≥ 1 (left) and Ng ≥ 2 (right), compared
to the intrinsic HIHM relation obtained from SHARK. Crosses show is the observed HIHM
relation from Guo et al. (2020). Different coloured lines correspond to different ‘fixed ve-
locity windows’ adopted for the stacking, as labelled. Signs of confusion start to become
evident at Mvir ≥ 1012M� for Ng ≥ 1 groups, where the stacked HI masses start deviating
from the underlying intrinsic HIHM relation. Stacked results for Ng ≥ 2 are always higher
than the intrinsic relation, showing that the contribution of confusion is prominent even
at low halo masses.

very good agreement between simulations and their observations to within 0.15 dex. This is

not the conclusion we would have arrived at had we instead simply compared the intrinsic

relation to the observational inferences of Guo et al. (2020), as shown in Chauhan et al. (2020).

We notice that changing our stacking velocity window does make a difference in the amount

of HI that is measured for a certain group, but it is not a drastic change. An important conclu-

sion here is that we are unable to recover the intrinsic HIHM shape by changing ∆v, and we

generally see that the derived HIHM relation starts deviating from the intrinsic one atMvir ≥
1012M�. The latter is due to the systematic effects of halo mass definition as shown in Section

5.4.1.

In Figure 5.10, we keep our stacking velocity window fixed at ∆v =±700, but now change

the projected aperture. Similar to Figure 5.9, changing the aperture does make a difference in

the amount of HI measured for a group, but it does not affect the shape of the HIHM relation.

By changing the aperture from 1Rvir to 2Rvir, we see a change of∼ 0.5 dex at the high-mass

end (Mvir ≥ 1013M�), for both Ng ≥ 1 and 2. This is expected, as massive haloes contain

many galaxies in the outskirts, and increasing/decreasing the aperture directly impacts the

number of satellites that contribute to the HI mass for that halo. However, at the low-mass

end, haloes have very few or no satellites, so increasing the aperture has less of an effect.
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Figure 5.10: Similar to Figures 5.9. Here we keep our stacking velocity window fixed at ∆v = ±700
km s−1, and change the projected aperture for stacking as labelled. The effect of changing
the projected aperture is small at the low-mass end, but becomes prominent at higher
halo masses.

Figure 5.11: Mean HI content of haloes obtained by group HI stacking of the groups identified by the
group finder, over a fixed projected aperture, for groups with Ng ≥ 1 (left) and Ng ≥ 2
(right) in the mock catalogue, compared to the intrinsic HIHM relation obtained from
SHARK. Crosses show the observed HIHM relation from Guo et al. (2020). The stacking
results shown here use an ‘adaptable velocity-window’, which scales according to the virial
velocity of the haloes. By using an adaptable velocity-window, the intrinsic HIHM relation
forMvir≥ 1013M� is recovered for bothNg ≥ 1 andNg ≥ 2 groups, except for the last data
point.

In Figure 5.11, instead of using a ‘fixed velocity window’ for stacking our groups, we use the

virial velocity of the halo as our guide and produce ‘adaptable stacking velocity windows’. The

adaptable stacking window would be closer to the±3σ window adopted by Guo et al. (2020)

for the higher halo masses, where ∆v = ±700 km s−1 is too small compared to the velocity

dispersion of the groups at that halo mass, which can be as high as,≈ 1000 km s−1(forMvir≈
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1014M�, which corresponds to the last halo mass bin). The velocity dispersion of a halo cor-

relates strongly with the virial velocity. The halo mass that we consider here is obtained from

abundance matching, which we use to estimate the virial velocity of that halo, thus, ending

with a ∆v = ±Vvir, where Vvir is the virial velocity of the halo. We aim to see if using a ∆v

that adapts to the halo mass of the galaxy group will help recover the intrinsic shape of the

HIHM relation. For our ‘adaptable stacking velocity window’ test, we use the same aperture

(2×R200) as we used for our fixed stacking velocity window test. We can see that by using an

adaptable window, we are able to recover the HIHM relation in the low-mass (Mvir≤ 1012M�)

and high-mass (Mvir ≥ 1013.5M�) end for Ng ≥ 1. We are also able to recover the HIHM re-

lation for the high-mass end for Ng ≥ 2, even though we overestimate the HI content at the

low-mass end. We do find, however, that the derived HIHM using these stacking parameters

in the mock catalogues is below the observationally derived one of Guo et al. (2020). If we

instead use an adaptable stacking velocity window of 1.5Vvir, which is closer to the±3σ win-

dow that was adopted for the observed HIHM relation, we find that there is still a difference

of ∼ 0.3 dex between the observed HIHM relation and the one we obtain in our mock cata-

logues at Mvir ∼ 1014M�. This could be hinting at a limitation of our simulation, where we

are producing satellites that are too HI-rich in high-mass haloes. We discuss the limitation

and effect this has in Section 5.5.3.

For the groups with Mvir ≤ 1012M� (see right panels in Figures 8, 9 and 10, which corres-

pond the HIHM relation for groups with 2 or more galaxy members), which generally have

few occupants (Ng ≤ 5), the mock-stacked mean HI mass is higher than the intrinsic relation,

which could be caused by group membership misallocation. When galaxies residing in two

or more haloes are misidentified to be in a common group, group finders tend to misidentify

centrals as satellites (Campbell et al., 2015). This, combined with the large projected aperture

and stacking velocity window, results in a higher HI mass estimation for the lower mass end,

as seen.

An important takeaway conclusion from these tests is that estimating the halo mass cor-

rectly is very important, as the uncertain halo mass measures will wash out features in the

shape of the HIHM relation. As the halo mass affects both the projected aperture and velocity

considered for HI stacking, correctly identifying the halo mass becomes important for min-

imising contamination. We find that the deviation we see between the derived HIHM relation

from the mock catalogues and the intrinsic one afterMvir≥ 1012M�, corresponds to the area

where the scatter between the halo mass estimates from abundance matching against the

intrinsic halo masses (see Figure 5.4) is largest. This can cause many smaller groups to be as-

signed a larger halo mass than the one they reside in, leading to a bigger aperture size, which

in turn can lead to an increase in the HI mass due to the inclusion of HI sources not associated
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Figure 5.12: Illustration of individual-galaxy HI stacking, showing both the projected view (upper
panel) and the orientation in redshift space (lower panel). The galaxies in the illustra-
tion are the same as shown in Figure 5.8. It can be seen that in the Individual Stacking
technique, non-detections that are part of the group are missed, thus making individual
stacking technique a way of providing a lower limit to the HI content of the group, when
compared with group HI stacking.

with the group. Even in the absence of contamination, a systematically higher (lower) halo

mass would lead to the HI mass at fixed halo mass being lower (higher), leading to changes

in the shape of the relation (as shown in Figure 5.7).

5.4.2.2 Individual HI stacking

As opposed to the group HI stacking, where whole group spectra are stacked, ‘individual

HI stacking’ involves stacking individual galaxies’ HI spectra that are part of the groups of

interest. Figure 5.12 shows a schematic of the individual HI stacking process. All the galaxies’

spectra are stacked individually, and then combined in the halo mass bins of their respective
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Figure 5.13: Mean HI content of haloes obtained by individual HI stacking of the groups identified by
the group finder, over a fixed aperture covering a square sky region of 49 kpc, for groups
with Ng ≥ 2, and comparing it against the intrinsic HIHM relation obtained from SHARK.
The scatter points show the observed HIHM relation as obtained from Rhee et al. (in prep),
by stacking the galaxy groups in G23 field. The observed, mock-stacked and intrinsic
HIHM relations all agree for 1011.8M� ≤ Mvir ≤ 1013M�, at the level of observational
uncertainties.

groups, to determine the mean HI mass of groups in that halo mass bin. Using this method

ensures that the contamination from the HI sources not part of the group (as recognised by

the group finder) is kept at its bare minimum, as those sources would not be stacked. How-

ever, because to its reliance on the optical group catalogue, the HI content of galaxies that are

part of the group but below the detection limit of the optical survey will be missed.

This method has been used by Rhee et al. (in prep) to estimate the HI mass of galaxy groups

in the G23 field of the GAMA survey, observed using the ASKAP (Australian Square Kilometre

Array Pathfinder; Johnston et al., 2008) radio telescope as a part of the early-science phase of

DINGO7 (Deep Investigation of Neutral Gas Origin; Meyer, 2009). DINGO is a deep HI survey

that aims to observe the HI gas content of galaxies out to z ∼ 0.43 in the five GAMA regions.

For their HI stacking, Rhee et al. (in prep) used the early-science data for DINGO, which has a

velocity resolution of∼ 4 km s−1, with a synthesised beam size corresponding to∼ 40′′×27′′.

The external spectroscopic optical catalogue used was from Bellstedt et al. (2020), which is

an update from the initial Robotham et al. (2011) catalogue, with the photometry performed

using PROFOUND (Robotham et al., 2018) for the GAMA G23 region. For the HI stacking,

Rhee et al. (in prep) extract the HI spectrum over the spatial pixels covering a square sky

7 https://dingo-survey.org/
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region of∼ 49 kpc centred on the target galaxy position, over a velocity window of 300 km s−1,

calculating the flux density for each spectral channel using the method described in Shostak

and Allen (1980). The extracted spectra are then co-added, weighted by the RMS noise. In

this analysis, we consider the HI stacking results of Rhee et al. (in prep) for the redshift range

of 0.039 < z < 0.088 (Spectral Window ID 3 and 4 in Rhee et al., in prep). This range is

slightly above our mock catalogue range (which is complete till z = 0.075), but it would not

have major impacts on our results (this has been discussed with the authors of Rhee et al., in

prep).

Here, we test if we can reproduce the individual stacking results as presented by Rhee et al.

(in prep) using our mock survey and mimicking their observational procedure. Figure 5.13

compares the average HIHM relation for galaxy groups (Ng ≥ 2) derived by Rhee et al. to our

mock catalogue. For our measurements, we stack all the galaxies in our group catalogue, us-

ing a projected aperture covering a square sky region of 49 kpc and adding all the HI sources

around our target galaxy in a velocity window of ±300 km s−1. We group these galaxies ac-

cording to their corresponding group dynamical mass and calculate the average HI mass in

each bin. Our mock-stacked and the observed HIHM relations show similar features, in very

good agreement, and remain fairly constant over the entire range. Our mock-stacking res-

ults are close to the HI mass predictions made by our intrinsic HIHM relation for 1012M�

≤ Mvir ≤ 1013M�. The observed HIHM points are close to the intrinsic HIHM relation in

that region. Surprisingly, the HIHM relation obtained from group HI stacking (see Figure 5.9)

starts diverging from the intrinsic HIHM relation atMvir≥ 1012M�. This hints at the fact that

group HI stacking at these halo masses starts to include too many HI sources that are likely

not part of the group. For the range, 1012M�≤Mvir≤ 1013M�, the magnitude limit of GAMA

is sufficient to recover all the relevant HI sources associated with the group, as can be seen

from the agreement between the mock galaxy stacking and the intrinsic HIHM relation. How-

ever, as we move to Mvir ≥ 1013M�, the GAMA magnitude limit ceases to be deep enough

to recover all the HI sources. For the groups with Mvir ≤ 1012M�, which are generally small

groups (Ng ≤ 5), the HI mass measured is higher than the intrinsic relation, which could be

caused by group membership misallocation. This, combined with the uncertainty associated

with the halo mass estimates from the dynamical mass method, sometimes leads to two cent-

rals being grouped together and given a smaller halo mass (based on their uncertain velocity

dispersion), and resulting in a higher HI mass for that halo mass bin.

A common conclusion between this test and the group stacking experiment is that by mim-

icking the observational procedure, SHARK shows very good agreement with the observations.

However, by reproducing the procedure in the observations, we are unable to recover the
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Figure 5.14: Central (left) and satellite (right) contributions to the total HI content of haloes obtained
by stacking as shown in previous figures. The results are shown for two stacking windows
∆v=±300 km s−1(initially used by Guo et al., 2020) and ∆v=±700 km s−1, for compar-
ison. The black crosses are the observed central and satellite contributions from Guo et
al. (2020). Our mock-stacking results are able to reproduce the observed group-stacked
HIHM relation for centrals and satellites. Though, they only match with the intrinsic
HIHM relation for Mvir ≤ 1012M� for central, and for all mass bins for satellite HI con-
tribution.

intrinsic HIHM relation, highlighting fundamental limitations of the current observational

techniques.

5.4.2.3 Central and satellite HI estimates

In the previous sections, we have discussed the effect that group stacking and individual

stacking have on the total average HI mass of a halo. Here, we analyse how the central and

satellite contributions to the total HI content of the halo are affected by the HI stacking tech-

nique used.

In Figure 5.14, we compare the HI stacking results for centrals (left panel) and satellites

(right panel) forNg ≥ 1, from Guo et al. (2020) with our mock group stacking results. We com-

pare them against the contribution of HI mass by centrals and satellites to the intrinsic HIHM

relation. For stacking the centrals in our mock catalogue, we follow the approach adopted by

Guo et al. (2020). We take a projected aperture of 200 kpc around the central and sum the HI

masses of all the galaxies that are within a velocity window of ∆v = ±300 km s−1. We find

that we are able to reproduce the observed HI mass contribution of centrals to the HIHM

relation with our mock stacking quite well. In the region of Mvir ≤ 1012M�, we find that our

mock-stacked and observed HI values of the centrals, are comparable with the intrinsic HI

mass contribution of centrals. This is not surprising, as the major contributor to the total HI
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mass of haloes in this region are isolated centrals. Any contribution from confused satellites

in this region will be small. As soon as we enter into the regime where centrals are typically

no longer isolated (i.e. have satellites),Mvir≥ 1012M�, we start seeing the effect of confusion.

That is, the large aperture and wide velocity window allows some satellites to contribute to-

wards the HI mass inferred for the centrals. The HI mass of centrals steadily increases as we

go to higher halo masses (Mvir ≥ 1013M�), and the distance between the intrinsic central

HI mass and the mock-stacked HI mass of centrals keeps increasing (maximum being 0.7

dex at Mvir ≈ 1013.2M�), before coming closer again at Mvir ≈ 1014M�. The latter happens

because the satellites close to centrals at galaxy cluster scales are extremely gas-poor or even

devoid of gas. To provide a comparison of how much difference a bigger stacking velocity win-

dow has on the total HI mass of the central, we repeat the same exercise, but this time with

∆v = ±700 km s−1, and find that the HI mass measured for centrals is slightly higher than

with the ∆v = ±300 km s−1 counterpart. Another possible reason for the lack of dip seen

in the HI mass contribution of centrals, could be due to the fact the groups do not generally

have very dense cores nor very high-mass centrals which are needed to ignite AGN activity.

For estimating the satellite HI contribution (right panel) to our mock HI-stacked groups, we

subtract the HI mass measured for the central (with a stacking velocity window of ∆v=±300

km s−1) from the total HI content of the halo, which we had measured for a group stack-

ing velocity window of ∆v = ±700 and 350 km s−1, mimicking the approach of Guo et al.

(2020). We are able to reproduce the observed HI mass contribution of satellites by subtract-

ing the central HI contribution from the total HI mass measured with a stacking window of

∆v=±700 km s−1, which is closer to the values Guo et al. (2020) used. Our HI estimates for

satellites derived by mock stacking show a similar shape to the intrinsic HI contribution of

satellites, but display a different slope. Our mock-stacking results overestimate the underly-

ing satellite intrinsic HI contribution forMvir ≤ 1013M�, and underestimate thereafter.

The difference between the HI mass measured by observations and our mock-stacked res-

ults in the halo mass bin of Mvir ≈ 1014M� is a physical effect. This is due to the lack of

modelling of ISM stripping for SHARK satellites. It is likely we would find less HI in SHARK

satellites if the SAM included ISM stripping from environmental effects (Stevens and Brown,

2017). The lack of ISM-stripping modelling is most significant for haloes withMvir≥ 1014M�.

This is because generally the intra-group medium is not dense enough as to ram pressure

strip significant amounts of the ISM content of satellites (see Marasco et al., 2016, for an

analysis of this in hydrodynamical simulations).

Unlike the central HI measurement for group stacking, we find that with individual stack-

ing the observed measurements remain lower than the intrinsic central HI contribution. Fig-

ure 5.15 compares the HI contributions of centrals (left panel) and satellites (right panel) to
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Figure 5.15: Similar to Figure 5.14, the central (left) and satellite (right) contributions to the total
HI content of haloes as measured by individual HI stacking. The black points with error-
bars are the individual stacking results from Rhee et al. (in prep). Our mock-stacking
results estimate higher HI masses for group centrals in the halo mass region of 1012M� ≤
Mvir ≤ 1013M�.

the total HI mass of the group for (i) observations as will be presented in Rhee et al. (in

prep), (ii) our mock individual stacking results and (iii) the intrinsic contributions as calcu-

lated from SHARK-ref. Despite being able to reproduce the group HI mass measurements for

the individual stacking observations via our mock-stacking technique, we predict higher HI

masses for centrals in the 1012M�≤Mvir≤ 1013.5M� region. This difference is caused by the

higher percentage of red centrals that are observed by Rhee et al. (in prep) in that mass bin.

Rhee et al. (in prep) stack the HI spectra from red and blue galaxies, separately, measuring

different mean HI masses for them and then using these to estimate the mean HI mass of

the centrals in a halo mass bin. Red galaxies tend to be gas-poor. Even when stacked, red

centrals contribute relatively little HI compared to their blue counterparts. The fraction of

red centrals in the region of disagreement between mock-stacked results and observations

is higher than the blue centrals, with the ratio of red centrals to blue centrals being ≈ 2.4.

This brings down the observed average HI mass of centrals in that halo mass bin. As for our

mock-stacked centrals, we find that the region of 1012M� ≤Mvir ≤ 1013.5M� is dominated

by lowly star-forming galaxies (which might or might not appear red when observed). The

average HI mass associated with them is MHI≈ 1.5×109M�. Compared to our values, Rhee

et al. (in prep) find the average HI mass of their red centrals to be MHI∼ 0.707×109M�, and

for their blue centrals to be MHI∼ 1.21× 109M�.

Individual HI stacking uses both a small aperture and velocity window, thereby minimising

the effect of confused sources. In our analysis for mock individual HI stacking, detections of

a second source of HI mass around the targeted galaxy (which could contribute to confusion)
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are negligible, with≤ 1 per cent of galaxies being confused and having their HI mass added to

the targeted central. In order to keep our mock individual HI stacking simplified, we accom-

modate the entire HI mass of the galaxy that we target, which might end up with us measuring

a higher HI mass for centrals than what will be captured with a projected aperture covering

a square sky region of 49 kpc, if the HI content of the central extends beyond that aperture.

According to the observed HI size–mass relation, for MHI≥ 109.7M�, the radius at which the

density drops below 1M�/pc2 is larger than 49 kpc (see Wang et al., 2016; Stevens et al., 2019),

thus a fixed projected aperture for galaxies at those HI masses might not be enough to encom-

pass all the HI mass associated with them. Irrespective of the difference between observed

and mock-stacked results, the characteristic shape of the central HIHM relation is lost. Our

mock-stacked centrals lose the bump seen in the intrinsic relation atMvir ≈ 1012M�, though

they start agreeing with the intrinsic central HI mass fromMvir ≥ 1012.5M�.

In the right panel of Figure 5.15, we find that the observed HI stacking measurements

for satellites are very different from the intrinsic satellite HI mass contribution. Our mock

HI stacking results underestimate the HI contribution of satellites for Mvir ≤ 1012M� and

overestimate thereafter, compared with Rhee et al. (in prep). Unlike the observed stacking

points, which show a weak decline from low masses up to Mvir ≤ 1012.3M� and rise there-

after (barring the last halo mass bin), our mock-stacking results show a steady increase in

the satellite HI contribution as we move towards higher halo masses. The satellite HI mass

contribution rises sharply after Mvir ≥ 1013.5M� in our mock-stacking results, which is in

tension with the observed stacking results. At these high halo masses, the difference between

the observations and mock-stacking results is ∼ 1 dex. The low HI mass estimated for the

observed satellites in the last bin is due to the almost equal fraction of blue and red satellites

in that mass bin, which causes the average HI mass in that region to be estimated lower than

what actually would be.

Though closer to the observed HI mass of satellites, our mock stacking results are very

different from the intrinsic HI contribution of satellites. Relative to the intrinsic SHARK rela-

tion, our mock stacked results consistently overestimate the satellite HI contribution inMvir

≤ 1012.7M� and underestimate thereafter. We suspect the higher satellite contribution in

our mock HI stacking result at lower halo masses (Mvir ≤ 1012.5M�) could be a direct con-

sequence of centrals being grouped together causing them to occasionally be misidentified

as satellites. This will result in a higher HI mass contribution from the misidentified galaxy,

resulting in increasing the mean HI contribution from satellites in that halo mass bin.
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5.5 D I S C U S S I O N

As described in the previous sections, despite using the same underlying mock catalogue for

our HI stacking experiments, changing the stacking technique leads to a remarkable change

in the HI measured for galaxy groups. Our main aim in this section is to discuss what causes

this change in the shape, and also assess the limitations of the HIHM relation derived using

different stacking techniques.

5.5.1 THE EFFECT OF GROUP FINDER FALLIBILITY ON THE HIHM RELATION

The main difference between the intrinsic HIHM relation and the one measured via stacking

is the group definitions. The intrinsic HIHM relation uses the halo merger tree catalogues to

identify all the subhaloes associated with the host halo, and then calculates the HI masses

of the galaxies residing in those subhaloes. As for our HI-stacking experiment, we rely on

the groups as defined by our FoF based group finder, which links galaxies together based on

some adopted linkage criteria. Where an ideal group finder would result in a perfect mapping

to a simulation halo catalogue, group finders have to work within the limitations of observa-

tions in redshift space. According to Campbell et al. (2015), there are three major challenges

faced by a group finder: (i) halo mass estimation, (ii) central/satellite designation error, and

(iii) group-member allocation.

Already discussed in detail in Section 5.3.2, comparing the halo mass assigned by a group

finder with the intrinsic halo mass of the simulation results in a large scatter. Dynamical mass

estimates show a particularly large scatter for Mvir ≤ 1013M�. This region is mainly domin-

ated by groups with a low occupancy, mostlyNg ≤ 5, for which the dynamical mass estimates

are not reliable and are prone to errors. We demonstrate that for high-membership groups,

dynamical mass estimates show a significantly smaller scatter than the abundance matching

estimates, and performs better at recovering the intrinsic halo mass. Although abundance

matching is more reliable in the low-halo-mass region, there is still a scatter of ∼ 0.5 dex.

The first effect of using the group mass estimates is the loss of the characteristic shape of the

intrinsic HIHM relation, particularly at the critical 1012M� ≤Mvir ≤ 1012.5M� mass region,

which is washed out due to the uncertainties inherent to the method. This is a large limitation

of the stacking techniques discussed here, as it is exactly around this mass region that AGN

feedback imprints its effect, and is also the region that shows the largest differences among

simulations (see figure 2 in Chapter 4).

The second challenge of the group finder is to identify the central galaxy of the galaxy group,

which has paramount importance when estimating the halo mass for abundance matching.
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The brightest member of a galaxy group is normally recognised as a central galaxy of the

group, based on the idea that central galaxies grow in mass by cannibalising their satellites

(Dubinski, 1998; Cooray and Milosavljević, 2005). This way of identifying centrals works in a

statistical sense, but it has been shown by van den Bosch et al. (2005) and Skibba et al. (2011)

that in a significant fraction of dark matter haloes the brightest group member is a satellite

rather than a true central. This is usually the case in dynamically young groups, in which the

most massive galaxies have not yet had time to merge. Campbell et al. (2015) quantify this

fraction and show that the fraction of brightest galaxies not being centrals ranges from∼ 10

per cent to ∼ 30 per cent for haloes of masses 1013M� and 1014M�, respectively. Misidenti-

fication of the central galaxy would affect the luminosity and thus, the halo mass estimates

made by the abundance matching technique. This is highlighted by the fact that the scatter

in the virial mass comparison made for the abundance-matching allocation increased with

increasing halo mass (see Figure 5.5) – which also coincides with the increase in the fraction

of bright satellites. As dynamical mass is not dependent on the luminosities for their halo

mass estimates, they do not suffer from it, but still tags a fraction of satellites as centrals.

The final challenge of the group finder is to correctly partition galaxies into their groups.

A group finder can fail at this by either assigning galaxies from different haloes to the same

group or by assigning galaxies from the same halo to different groups. The former case will

lead to two true centrals being assigned to a single group, which will lead to one of them being

recognised as a satellite and thus provide spurious results. For the latter case, a true satellite

could be identified as a central, leading again, to errors. The effect of both these phenomena

results in deviations in halo mass estimates, which in turn would lead to uncertainty in the

HI mass measured by HI stacking of those groups. As previously seen in the pie chart shown

in Figure 5.5, out of all the centrals flagged by the group finder, 22.7 per cent of those are

intrinsically satellites in our simulation.

5.5.2 THE EFFECT OF CONTAMINATION FROM HI SOURCES NOT PART OF THE GROUP

In Section 5.4.2, we mentioned that group HI stacking is expected to have some contam-

ination from the HI content of galaxies not part of the group, due to those galaxies falling

within the large projected aperture and velocity window employed for the stacking. Indi-

vidual HI stacking, by virtue of using a smaller aperture and stacking velocity window, should

not suffer from as much contamination.

To quantify the contamination, we compare the HI mass measured via HI stacking with the

total HI mass contained in the “best match halo" counterpart of the group being stacked in

our simulation box. We define a halo to be the best match counterpart of our galaxy group
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Figure 5.16: Comparing the contamination from HI sources not part of the group for group (left panel)
and individual (right panel) HI stacking measurements for high-membership groups. The
red points are the observed HIHM relation from Guo et al. (2020) for Ng ≥ 5 groups. The
yellow triangles and the maroon line represent the HIHM relation derived from the in-
trinsic galaxy groups and the best match haloes, respectively. The lines with crosses rep-
resent the mock HI stacking results as labelled. It becomes evident that group HI stacking
measurements start being affected by contamination fromMvir ≥ 1012M�, whereas indi-
vidual HI stacking shows minimal contamination for 1012.3M� ≤Mvir ≤ 1013.2M�.

by comparing the number of galaxies residing in that group with the number of GAMA/SDSS

detectable galaxies residing in a common halo. We use a ‘purity fraction’ (Robotham et al.,

2011) for our analysis, which is defined as

fpf =
(N

gal
shared)2

N
gal
group×N gal

halo

, (5.3)

where N gal
shared, N gal

group and N gal
halo is the number of GAMA or SDSS detectable galaxies that are

shared between the intrinsic halo in SHARK and the FoF group in the mock group catalogue,

the total number of galaxies in the FoF mock group, and the total number of GAMA or SDSS

detectable galaxies in the intrinsic SHARK halo, respectively. We consider the halo with the

highest purity fraction to be the best match counterpart of our galaxy group. For example, if

a galaxy group defined by the group finder, consists of five member galaxies, where three of

these galaxies share a halo that contains nine detectable members, while the other two share

a halo with three detectable member galaxies, the purity fraction for these two haloes will be

3/5×3/9 = 0.2 and 2/5×2/3≈ 0.27, respectively. Therefore the latter is considered the best

match. Once we have identified a best-match halo, we compute the total HI mass content

of that halo by simply adding the HI content of all galaxies belonging to it and use that as

our ‘true’ HI mass associated with the group. Any deviation from this result (by stacking)
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is considered to be caused by contamination from HI sources not part of the halo. We also

produce an intrinsic HIHM line for comparison, where we consider the total HI mass of the

haloes in our lightcone that have at least five or more GAMA or SDSS detectable galaxies. For

this comparison, we mock stack only the high-membership groups which have had their best

match halo identified (94 per cent of the total high-membership groups).

In Figure 5.16, we compare the contamination in the measured HI mass of high-membership

groups by both group (left panel) and individual (right panel) HI stacking. We can see that

the Guo et al. (2020) observed HIHM relation for high-membership groups is higher from

Mvir ≥ 1012.2M� onwards, relative to both the intrinsic and the best-match relations. The

mock-stacked (group) measurements (see left panel) underestimate the HI mass for Mvir ≤
1013M�, agree for Mvir ∼ 1013−13.7M� and overestimate for Mvir ≥ 1013.7M�, compared to

the observed HIHM relation. Irrespective of the agreement with the observed HIHM relation,

the HIHM relation derived from the mock-stacked (group) HI measurements starts suffering

the effects of contamination from Mvir ≥ 1012.2M� and Mvir ≥ 1012.6M� for the fixed and

adaptable velocity stacking window, respectively. The level of contamination – that is, the dif-

ference between the HI mass of the best-matched haloes (yellow triangles) and the derived

HI mass via group stacking – is largest at 1012.5M� ≤ Mvir ≤ 1013.2M�, according to our

mock catalogue. In our analysis we find that, on average, the fraction of contaminants that

are central galaxies from other smaller haloes is∼ 81 per cent. These centrals have 106M� ≤
M? ≤ 1011.8M� and are hosted in haloes of 1010.5M� ≤Mvir ≤ 1013.4M�. The average stellar

mass and halo mass weighted by the HI mass of the contaminant galaxies are 1010.9M� and

1012.8M�, respectively. We find that these galaxies have a median HI-to-stellar mass ratio

' 0.34.

Individual HI-stacked measurements, on the other hand, agree with the best-match halo

HI mass for 1012M�≤Mvir ≤ 1013.3M�, signalling that the contamination is at its bare min-

imum when using this HI stacking technique. This also signifies that the magnitude limit of

GAMA (apparent r-band magnitude ≥ 19.5) is able to recover all the prominent HI sources

in that halo mass region that contribute meaningfully to the total HI content of groups. As we

move towards Mvir ≥ 1013.3M�, our mock-stacked (individual) HI measurements are lower

than the total HI mass of the corresponding best-match halo. This is due to GAMA magnitude

limit not being sufficient to detect all the major HI contributing galaxies, as the majority of

them (from this analysis) appear to be under the detection limit of GAMA.

During our analysis, we found that the median r-band and z-band magnitude of satellites

residing in haloes of masses Mvir ∼ (1012.5M�, 1013M�, 1013.5M�, 1014M�) is (20.65, 22.04,

22.72, 22.83) mag and (20.18, 21.76, 22.46, 22.49), respectively. In Table 5.2 we list the 5th–95th

percentile distribution of the galaxies for r- and z-band magnitudes for different halo mass
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Figure 5.17: Comparing the HI mass contribution from the galaxies in the best-match haloes above
the GAMA detection limit (black crosses), against the expected HI mass measurements
from WAVES for the best-match haloes in our simulation for high-membership groups. It
becomes evident that both the GAMA and WAVES detection limits are able to recover the
major HI sources for 1012.5M� .Mvir . 1013.1M�, and remain equivalent to the true
mean HI mass of the best-match haloes. For Mvir > 1013.1M�, the expected HI mass
from WAVES starts diverging from both the GAMA estimates and the true HI mass of the
best-match haloes, where it recovers more HI than GAMA but not all. An increase of 0.3
dex in the HI mass estimates by WAVES is seen over GAMA for Mvir ≥ 1013.6M�. We use
the virial mass from SHARK as our halo mass in this plot.

bins. We find that from the total number of satellites belonging to the haloes of masses Mvir

∼ (1012.5M�, 1013M�, 1013.5M�, 1014M�), GAMA is able to detect ∼ (45.4, 27.6, 10.7, 7.6)

per cent of satellites, which make up for (84.8, 68.8, 34.4, 21.5) of the total HI mass of those

haloes (see Table 5.2). Even though the GAMA magnitude limit is sufficient for detecting all

the major HI sources in the 1012M�≤Mvir ≤ 1013.3M� range, it is too bright to recover the

major HI contributing galaxies for Mvir ≥ 1013.3M�. The satellite population also spreads

about 4 mag in both r-band and z-band magnitudes, though the majority of them might not

be the major HI contributors. Nevertheless, the need for a deeper spectroscopic survey arises

to capture more of the missed faint satellites.

The Wide-Area VISTA Extragalactic Survey (WAVES; Driver et al., 2019) is an upcoming spec-

troscopic survey that aims to map 1200 deg2 of sky area up to redshift z = 0.2, complete to

an apparent z-band magnitude of 21.1 mag (WAVES-Wide). In Figure 5.17, the purple dia-

monds represent the total HI mass contribution from satellites that would be detectable by

WAVES, for the best match haloes. For comparison, the black crosses here represent the HI

mass contribution from the group members that are above the GAMA magnitude limit, with
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Halo Mass r-band [mag] z-band [mag] GAMA galaxies WAVES galaxies

[M�] 5th 50th 95th 5th 50th 95th Satellites HI

mass
Satellites HI

mass

1012.5 17.6 20.7 22.8 17.2 20.2 22.5 45.4% 84.8% 60% 88.5%

1013 19.0 22.0 23.5 18.6 21.8 23.5 27.6% 68.8% 46% 78.8%

1013.5 21.3 22.7 23.3 21.0 22.5 23.0 10.7% 34.4% 28% 54.2%

1014 21.4 22.8 23.3 21.4 20.5 23.0 7.6% 21.5% 25% 51.8%

Table 5.2: Table shows the 5th–95th percentile distribution of the galaxies of our mock-survey, along
with the median value (50th percentile), in r- and z-bands residing in different halo mass
bins. The column ‘Satellites’ in the GAMA- and WAVES-galaxies section refer to the percent-
age of galaxies that are detected by the respective surveys to the total number of galaxies
residing in that halo. The ‘HI mass’ column refers to the percentage HI mass contribution of
these detectable galaxies to the total HI mass of the halo they reside in. We can see that with
a deeper survey, such as WAVES, there is a significant increase in the detection of galaxies
which will provide better constrains for the HIHM relation.

the yellow triangles comprising the HI mass from all galaxy members of the best-match halo,

irrespective of whether they are above the GAMA or WAVES magnitude limit. We use the in-

trinsic SHARK virial masses as our halo masses for this analysis. An increase of about∼ 0.3 dex

in HI mass measurements is expected for a WAVES-like selection compared to a GAMA-like

one atMvir ≥ 1013.6M�. We find that with the deeper spectroscopic range of WAVES, we will

be able to detect ∼ (60, 46, 28, 25) per cent of all satellites belonging to the haloes at Mvir ∼
(1012.5M�, 1013M�, 1013.5M�, 1014M�), and recovering∼ (88.5, 78.8, 54.2, 51.8) per cent of

the total HI mass at those halo masses, according to our mock catalogue (see Table 5.2). The

difference between the intrinsic HI mass predicted by SHARK forMvir∼ 1013.8M�, and the HI

mass measured by GAMA and a survey of the depth of WAVES is 0.6 and 0.3 dex, respectively,

which in itself is a significant improvement. In addition to recovering a larger fraction of the

satellites in massive groups, WAVES will also allow for the measurement of dynamical masses

down to lower halo masses compared to GAMA. This improvement is key to recover the true

shape of the HIHM relation around the fundamental range of 1012M� ≤Mvir ≤ 1012.5M�.

5.5.3 THE EFFECT OF THE LACK OF SATELLITE ISM-STRIPPING MODELLING

The final piece to solving the puzzle of the discrepancy between the intrinsic and observed

HIHM relation lies in the modelling of gas stripping in satellites in SHARK. In SHARK, the

model of “instantaneous ram-pressure stripping" (as described in Lagos et al., 2014) is used,
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which assumes that as soon as galaxies become satellites, their halo gas is instantaneously

stripped and transferred to the hot gas of the central galaxy. Thus, gas is only allowed to ac-

crete onto the central galaxy in the halo and not onto the satellites. In addtion, satellite galax-

ies are cut off from cosmological accretion as soon as they become satellites, which prevents

their halo gas from being replinished.

Though the halo gas of the satellites is stripped in SHARK, the cold gas in the discs of the

galaxies is not stripped. This lack of modelling of “ISM stripping" does not affect the total HI

in haloes in the regime where the major HI contributor is the central galaxy. As we move into

the regime of halo masses where satellites are the major HI reservoir, we see the effects of ram

pressure stripping. Stevens and Brown (2017) and Stevens et al. (2019) in their analysis, find

that the ram pressure stripping will start affecting the total HI mass of the haloes as soon as

we enter the regime where satellites dominate the HI content of haloes (over centrals). The ef-

fect of ram pressure stripping continuously increases with halo mass, with satellites residing

in more massive haloes displaying lower average gas content relative to those in lower-mass

haloes. Other simulations, however, show that ram pressure stripping becomes effective only

at Mvir ≥ 1014M� (Marasco et al., 2016). We find that the hot gas stripping model employed

by SHARK is sufficient to match observations well for satellites residing in haloes at Mvir ≤
1014M�, as displayed by our intrinsic satellite HI mass contribution matching with the ob-

served satellite HI mass in the group HI stacking results (see Figure 5.14). Though, at higher

halo masses, a higher HI mass is seen in both mock-stacked as well the intrinsic HIHM rela-

tion for the last halo mass bin (corresponding to Mvir ≈ 1014M�). This is when the tension

between the mock stacked and observed HI mass is seen. This shows that this is an important

area that requires revision in the SHARK model, which we leave for future work.

5.6 C O N C L U S I O N S

In this work, we have used the SHARK semi-analytic galaxy formation model to create a mock

survey with the area 6900 deg2 and redshift z ≤ 0.1. We have also produced a corresponding

mock group catalogue for galaxy groups till redshift z = 0.075, complete for the GAMA mag-

nitude limit. We use this mock survey to analyse the effect that group finding and different HI

stacking techniques have on the inferred HIHM relation, and to determine whether the ten-

sion between the intrinsic and observed HIHM relation, as reported in Chauhan et al. (2020),

is due to the systematics involved in making the measurements or is physical in nature. We

have presented how we mock stack our survey, mimicking the approach adopted by Guo et al.

(2020) and Rhee et al. (in prep), to compare different HI stacking techniques.
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Our key results can be summarised as follows:

• The correct estimation of halo masses for galaxy groups plays a major role in defining

the shape of the derived HIHM relation. Irrespective of a group being well recovered or

not, as soon as we start using the halo mass estimates from abundance matching or the

dynamical mass method, we lose the characteristic intrinsic HIHM shape. Abundance-

matching halo mass estimates are more reliable for isolated centrals and small group

(Ng ≤ 5) compared to those derived by dynamical estimates, as they follow a 1:1 re-

lation with the virial masses of haloes in SHARK, albeit with significant scatter (∼ 0.5

dex). For higher-membership groups, the dynamical mass method provides a more re-

liable halo mass estimate and shows less scatter than the abundance matching estim-

ates. The difference of the median halo mass estimates for high-membership groups

between the SHARK intrinsic values and, those derived from dynamical and abundance-

matching estimates is 0.6 and 0.9 dex, respectively.

• We find that by mimicking the HI stacking procedure used by different surveys, we are

able to reproduce all the observed HIHM relation. We also find that despite making

changes to the HI stacking projected apertures and stacking windows, used by the sur-

veys, we are unable to recover the intrinsic HIHM relation, which again points to the

importance of correct halo mass estimation.

• We find that the group HI stacking suffers from contamination from Mvir ≥ 1012M�,

due to its reliance on large projected aperture and stacking velocity window. This con-

tamination amounts up to 0.6 dex in HI mass for groups with Ng ≥ 5 (Figure 5.16).

Group HI stacking, though, successfully recovers the intrinsic HIHM shape for Mvir ≤
1012M�, and is able to recover the total HI mass associated with groups in the halo

mass rangeMvir & 1014M�. Individual HI stacking shows minimal contamination and

recovers the intrinsic total HI mass for groups residing in Mvir ≈ 1012−13M�. Due to

the detection limit of GAMA, the HI masses of groups thereafter are underestimated, as

the major HI contributing galaxies lie below the detection limit.

• We estimate that a deeper spectroscopic survey, such as WAVES, will be able to recover

∼ 51−88 per cent of the total HI mass of the haloes. This will lead to an improvement

of 0.3− 0.4 dex in the HI mass measurement for galaxy groups at halo masses Mvir ∼
1013.5−14M� and reliable dynamical mass estimates (with Ng ≥ 5) for haloes down to

masses of 1012M�. This improvement is likely sufficient to unveil the true shape of the

HIHM relation at the critical halo mass range of 1012–1012.5M�, where differences are

largest among simulations and the effect of AGN feedback becomes most prevalent.
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• We note that the HI mass estimates from the intrinsic HIHM relation and the results of

the mock HI stacked HIHM relation for Mvir ≈ 1014M� are higher than their observed

counterparts. This is likely a result of lack of modelling of ISM stripping in SHARK satel-

lites, which results in satellites being more HI-rich in the Mvir ≥ 1014M� halo mass

range than they need to be to recover observations.

The current paucity of observational constraints on the shape, scatter and evolution of the

HIHM relation is likely to change in the coming decade, ultimately with the Square Kilometre

Array (SKA; Abdalla and Rawlings, 2005), but also with its pathfinders. With the coming of

Wide-Area VISTA Extragalactic Survey (WAVES; Driver et al., 2019), a new era of optical sur-

veys will start, with surveys going as deep as an apparent z-band magnitude of 21.1 mag.

This will open a new range of galaxies and HI sources, thus providing data for measuring

constraints on the HIHM relation which will likely yield inferences very close to the total HI

content of haloes when applying individual stacking. Having complete, deep spectroscopic

surveys, such as WAVES, will also allow reliable measurements of halo masses down toMvir∼
1011M�, which we find in this work to be required to recover the true shape of the underlying

HIHM relation. The depth of these surveys will certainly lead to improvements over the previ-

ous HI and optical surveys; however, careful consideration of systematic effects such as those

described here will be necessary to make measurements that can be robustly compared with

the simulation predictions.
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6
CONCLUSIONS AND PERSPECTIVE

A
long-standing challenge in galaxy formation and evolution is addressing the relation-

ship between stars and gas in galaxies and haloes. Atomic hydrogen (HI) is a primary

ingredient for star formation and key to understanding various processes that gov-

ern galaxy formation and evolution. Therefore, understanding the connection between HI,

galaxies, and dark matter (DM) in galaxy formation simulations is imperative to further our

understanding of galaxy formation and evolution.

6.1 L O O K I N G B A C K

With this thesis, we aimed to bridge the gap between observations and simulations, using

simulations to understand the prevalent observational biases and develop models that can

help understand current and future observations. In this thesis, we:

• looked at the role that observational biases play in determining the HI velocity func-

tion;

• explored the physical processes that are responsible for the shape and scatter of the

HI–halo mass scaling (HIHM) relation;

• determined the halo properties that can be used to constrain the HIHM relation, and

used them to develop a numerical model to populate haloes in DM-only simulations

for z = 0−2;

• investigated the possible causes behind the different HIHM relation inferred from ob-

servations using different HI stacking procedures and the intrinsic HIHM relation pre-

dicted by SHARK.

The tool used in this thesis is the semi-analytic model of galaxy formation SHARK (see

Chapter 2; Lagos et al., 2018a), which combines the predicted growth of dark matter haloes

175



176 C O N C L U S I O N

across time taken from the SURFS simulations, with models for the physics of galaxy forma-

tion, such as cooling, star formation and feedback. Semi-analytic models of galaxy formation

(SAMs) are a powerful tool that can predict a plethora of observables spanning a wide range

of cosmic epochs, which can be directly compared with observations, thus giving us an edge

over other theoretical tools. SHARK is a modular SAM with several implementations for any

one physical process, providing flexibility for the investigations carried out in this thesis. In

addition, we made extensive use of software to produce lightcones and spectral energy distri-

bution of galaxies to fully reproduce observations.

In this summary, we review each chapter, summarizing our main findings. We then address

several areas in which further work is required, both in terms of the work presented in this

thesis and within the wider context.

THE HI VELOCITY FUNCTION

In Chapter 3, we investigated the well-known discrepancy between the observed and pre-

dicted galaxy HI velocity function, with the goal of determining whether this tension is a true

failure of ΛCDM, or simply a reflection of the complexity of baryon physics. We modelled HI

emission lines in SHARK taking into account halo, gas and stellar radial profiles of galaxies.

Using this new modelling, we built a mock ALFALFA survey, and in the process, combined

simulation boxes spanning a range of mass resolutions and cosmological volumes, to ensure

good coverage over the full dynamical range probed by the observations.

We found that survey selection plays a major role in explaining the discrepancy between

predictions and observations of the HI velocity function. On the application of the ALFALFA

selection function to our simulated galaxies, we were able to recover the observed HI velocity

width (W50) distribution of galaxies, even at low circular velocities, thereby, alleviating the

missing dwarf galaxy problem. To further test if SHARK produces galaxies with correct HI

mass and corresponding HI W50 values, we compared the HI-W50 2D distribution obtained

from the 100 per cent data release of ALFALFA with our mock survey. We find them to agree at

an acceptable level, which strengthens our belief that the discrepancy between the predicted

HI velocity function and the observed one is largely due to the selection biases inherent to

the survey.

We also found that the mock ALFALFA survey is biased towards galaxies with a higher HI gas

content, larger HI sizes, and slightly higher star formation rates. At a fixed maximum circular

velocity of central galaxies, the mock ALFALFA galaxies are very strongly biased towards high

HI masses, with a difference in the typical HI mass of up to two orders of magnitude for max-

imum circular velocities of≈ 30−50 km s−1. This selection bias needs to be fully considered
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when using these observations to place constraints on our understanding of cosmology and

galaxy formation. Using the tools developed in this study, we were also able to provide mock

surveys for WALLABY to make predictions for the survey (Koribalski et al., 2020).

THE HI–HALO MASS SCALING RELATION

Building on the aforementioned work, next we wanted to understand the effect different

physical processes had on the total HI content of haloes by characterising the HI–halo mass

scaling relation (HIHM). Previous models have shown that the HIHM relation is more com-

plex than the stellar–halo mass relation, both in its shape and scatter, with the observational

inferences only being able to provide constraints on the average HIHM relation. In Chapter 4,

we used SHARK to understand the physical processes behind the shape, scatter and evolution

of the HIHM relation at 0≤ z ≤ 2.

We explored the effect of different physical processes on the shape of the HIHM relation,

and what properties of haloes are the best secondary parameter that correlates with the scat-

ter in the HIHM relation. We found that the HIHM relation is characterised by three mass

regions that display distinct behaviours. We find that at z = 0, the total HI content of haloes

withMvir < 1011.8M�, aka the low-mass region, increases monotonically with the halo mass.

In haloes of masses 1011.8 M� <Mvir < 1013 M�, aka the transition zone, the total HI content

of haloes peaks at Mvir = 1012M� and then declines with increasing halo mass. For haloes

of masses Mvir > 1013 M�, aka the high-mass region, the total HI content of haloes starts to

increase again with increasing halo mass. The scatter around the HIHM varies significantly

in the three mass regions, being the highest in the transition region.

We found that the peak of the HIHM relation and the halo mass at which the HIHM rela-

tion peaks, are determined by the feedback efficiency of active galactic nuclei (AGN). Stellar

feedback, photoionisation feedback and ISM modelling all play a lesser (but non-zero) role.

We also isolated the main parameters responsible for the scatter of the HIHM relation. The

spin parameter of the halo and the fractional contribution from substructure to the total halo

mass (M sat
h /Mvir ), are able to constrain the scatter in the low- and high-mass regions of the

HIHM relation. The scatter in the transition region is highly dependent on the AGN feed-

back, but can be constrained by a combination of halo’s spin and M sat
h /Mvir . However, the

strongest correlation was found to be with the black hole to stellar mass ratio of the central

galaxy. We found that as we move towards higher redshifts, the transition zone starts to shrink

due to the decreased efficiency of AGN feedback.

Using the aforementioned results, we developed a numerical model to populate haloes

in DM-only simulations with HI, depending on their halo mass, spin parameter, M sat
h /Mvir
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and redshift. In Chapter 4, we compared the HIHM relation and the HI clustering of SHARK

with available observations. We found that the HI clustering in SHARK was in excellent agree-

ment with the observations. However, the HIHM relation of SHARK showed some important

discrepancies with observational inferences of the HIHM relation (coming mostly from HI

stacking of groups). We found that SHARK is able to reproduce the HI abundance in haloes of

masses< 1012 M� and> 1013.3 M�, but in the range 1012−1013.3 M�, SHARK under-predicts

the abundance of HI in haloes.

THE HIHM RELATION VIA SPECTRAL STACKING

The discrepancies between the predicted HIHM relation in SHARK and observations led to

the work presented in Chapter 5, where we mimicked HI stacking procedures adopted by

different surveys to understand the cause of these discrepancies. Using SHARK, we created

a mock survey with a corresponding mock group catalogue, that is complete for the GAMA

magnitude limit. This mock survey was then used to analyse the effect that group finding and

different HI stacking techniques (used by Guo et al., 2020 and Rhee et al., in prep) have on

the inferred HIHM relation, and to determine whether the tension between the intrinsic and

observed HIHM relation is due to the systematics involved in making the measurements or

is physical in nature.

We found that the estimation of halo masses for galaxy groups plays a major role in defining

the inferred shape of the HIHM relation. As soon as we start using the halo mass estimates

from either abundance matching or the dynamical mass method, the characteristic intrinsic

HIHM shape is lost, irrespective of whether or not a group is accurately identified. We found

that by mimicking the HI stacking procedure used by different surveys, we are able to re-

produce the observationally inferred HIHM relation. But despite making changes to the HI

stacking projected apertures and stacking windows used by the survey, we were unable to

recover the intrinsic shape of the HIHM relation.

We found that group HI stacking suffers from contamination at Mvir ≥ 1012M�, due to its

reliance on large projected aperture and stacking velocity windows. Despite that, group HI

stacking is able to recover the intrinsic HIHM relation for Mvir ≤ 1012M� and successfully

recovers the total HI mass associated to groups in the halo mass range & 1014M�. Individual

HI stacking, on the other hand, displays minimal contamination and recovers the intrinsic

total HI mass for groups residing in haloes of masses 1012M� ≤Mvir ≤ 1013M�. Due to its

reliance on the detection limit of GAMA, the HI masses of groups of higher masses are under-

estimated, as the major HI-contributing galaxies lie below that detection limit. We estimated

that with deeper spectroscopic surveys, such as WAVES (Driver et al., 2019), we will be able
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to recover ∼ 51− 88 per cent of the total HI mass of these massive haloes. A deeper spec-

troscopic survey will also allow reliable dynamical mass estimates for haloes down to masses

of 1012M�, which will help unveil the true HIHM relation at the critical halo mass range of

1012–1012.5M�, where differences are largest among simulations and the effect of AGN feed-

back becomes most prevalent.

6.2 L O O K I N G A H E A D

During the course of this PhD, we were able to answer the questions we posed in the Introduc-

tion, but they in turn have opened new questions and possible further development. Here we

describe some elements of this work that could be extended and improved upon.

Modelling satellite ISM-stripping in SHARK:

In SHARK, the model of “instantaneous ram-pressure stripping" (as described in Lagos et al.,

2014) is used, which assumes that as soon as galaxies become satellites, their halo gas is in-

stantaneously stripped and transferred to the hot gas of the central galaxy. While working on

the results presented in Chapter 5, we found that this model is sufficient to match observa-

tions for HI mass of satellite residing in haloes at Mvir < 1014M�, but results in predicting

higher HI masses in satellites residing in haloes above that mass. As as been discussed in

Section 5.5.3, studies (Stevens and Brown, 2017 and Stevens et al., 2019) have found that the

effect of ram pressure stripping continuously increases with halo mass. This reflects the need

for including a model for “satellite ISM-stripping" in SHARK. We would like to work on devel-

oping this model in the future and re-assess then the discrepancies seen at Mvir ≥ 1014M�,

between SHARK and HI stacking inferences of the HIHM relations.

Modelling of HI outside galaxies:

In Chapter 4, we developed our numerical HIHM relation only for z ≤ 2, as SHARK is able to

reproduce the observed HI cosmic density for those redshifts. In SHARK, only the HI content

in the ISM is modelled, which according to numerical simulations, is where the majority of

HI resides for z ≤ 2 (Voort and Schaye, 2012; Villaescusa-Navarro et al., 2014). Beyond this

redshift, the neutral gas abundance of the Universe is expected to be dominated by the cir-

cumgalactic gas rather than the ISM of galaxies. Thus, as a future direction, modelling HI

in the circumgalactic medium will allow further development of the HIHM relation into a

fully-fledged model, that is able to go to higher redshifts.
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Effect of physical processes on gas in and around galaxies:

Energetic feedback from supernovae (SNe) and from AGN are both important processes that

are thought to control how much gas is able to condense into galaxies and form stars (Benson,

2010). We have shown in Chapter 4 that AGN feedback has a major impact on the total HI

content of haloes, and is responsible for dictating its shape and scatter. Thus, understanding

how these feedback mechanisms influence the gas accretion and expulsion onto and from

galaxies and haloes becomes essential for understanding galaxy formation. Cosmological

hydrodynamical simulations can be used to study in detail how the intergalactic accretion

feeds galaxies from the cosmic web (Kereš et al., 2005; Voort et al., 2011), how gas is expelled

from the galaxies (Muratov et al., 2015), and how the outflowing gas re-accretes back onto

galaxies (Christensen et al., 2016). Using these simulations, and tracking how these process

affect the HI and cold gas content of haloes would be an interesting topic to explore further.

Overall, we consider this thesis to have made a significant contribution to the understand-

ing of the connection between HI, galaxies, and dark matter. Particularly, it shows that to fully

understand the limitations of our simulations, we need to be careful in treating observations

and selection biases there. Otherwise, we can reach the wrong conclusion, which in some

cases can lead to extraordinary claims (for example that an extremely light particle mass for

dark matter is required to understand the HI velocity widths). We have also shown that many

times a direct comparison between the raw output of simulations and observations is mis-

leading and does not necessarily inform us of true shortcoming in our modelling. The results

that we present in this thesis will help with the interpretation of observations from current

and next-generation telescopes.



A
CALIBRATION PLOTS FOR SHARK

I
n Chapter 2, we stated that the default SHARK model has been calibrated to reproduce

the stellar mass functions (SMFs) at z = 0,1 and 2; the z = 0 black hole–bulge mass

relation; and the disc and bulge mass–size relation at z = 0. In this chapter, we show how

SHARK performs against the calibration relations. We show the stellar mass functions, galaxy

size–mass relation and black hole–bulge relation in SHARK and observations, in Sections A.1,

A.2 and A.3, respectively.

A.1 T H E S T E L L A R M A S S F U N C T I O N

The SMF is one of the usual observational choices for tuning the free parameters in both

semi-analytic models (e.g. Guo et al., 2011; Henriques et al., 2013; Knebe et al., 2018) and

hydrodynamical simulations (e.g. Schaye et al., 2015b; Wang et al., 2015b; Pillepich et al.,

2018).

Figures A.1 and A.2 show the SMFs of SHARK at several redshifts, from z = 0 to z = 4, for

medi- and micro-SURFS, respectively. The figures consist of the entire galaxy population,

along with the SMFs for central and satellites, separately. We also show a compilation of

observations covering the same redshifts.

We find that SHARK is able to reproduce the SMF for M? . 1011.5M� and z ≤ 2 in medi-

SURFS. At the high-mass end and at z ≤ 1, SHARK produces more massive galaxies than

observed at fixed number density. This tension is relived when using the SMF produced by

SHARK run on micro-SURFS, which agrees with the observations of z ≤ 2. The model struggles

to reproduce the high-mass end for z ≥ 3, but the tension is alleviated upon the application

of a Gaussian uncertainty of 0.25 dex (dashed-dotted line in the bottom 4 panels of the Fig-

ure A.1 and A.2), which is a typical error at high redshift (Marchesini et al., 2009; Mitchell et

al., 2013). The exact high-mass end of the SMF is a fairly contested topic in observation (see

discussion in Bernardi et al., 2013), as the exact contribution from the intra-cluster light is

181



182 C A L I B R AT I O N P L O T S F O R S H A R K

uncertain. This is the reason why several cosmological hydrodynamical simulations tend to

show the stellar mass contained in a spherical aperture (Schaye et al., 2015b; Pillepich et al.,

2018). The dotted line in Figures A.1 and A.2 show the effect of using a fixed aperture of 30

physical kpc in the SMF at z = 0 and z = 0.5. The effect in the number density is minimal, in

both medi- or micro-SURFS. Figures A.1 and A.2 also show that central galaxies always dom-

inate at the high-mass end, and that satellite galaxies have a negligible contribution at high

redshift, but become increasingly important towards low redshift at the low-mass end.

A.2 T H E G A L A X Y S I Z E – M A S S R E L AT I O N

The galaxy size–mass relation is another observational relation used to calibrate the free para-

meters of SHARK.

Figure A.3 shows the disc size–disc mass relation (upper panels), and the equivalent for

bulges (lower panels), for medi- (left panel) and micro-SURFS (right panel). We compare with

the observations of Lange et al. (2016), who performed profile light fitting to decompose their

galaxies into discs and bulges and then measured the sizes and the stellar masses of both com-

ponents. Galaxy discs agree very well with the observations of Lange et al. (2016). Due to the

earlier forming times of satellites, when DM haloes have lower specific angular momentum,

they tend to have less extended discs than central galaxies in SHARK. We find the region with

Mdisc & 1011M� is scarcely populated with galaxies with only 50 galaxies in SHARK. This is in

agreement with observations.

SHARK bulges are in agreement with observations for M?,bulge ≤ 1010M�, thereafter they

tend to be slightly too small compared to observations. This is an effect of galaxy mergers.

This can be seen from the squares and diamonds in the lower panel of Figure A.3, which show

the sizes of bulges with stellar masses> 1010M� that grew mostly due to disc instabilities and

galaxy mergers, respectively. We find that the bulges formed via disc instabilities tend to be

≈ 0.15 dex larger than those produced by galaxy mergers around a bulge mass of 1011M�.

This is caused by the effect of gas dissipation during mergers (see Section 2.2.9 in Chapter 2),

which makes the remnant spheroidal galaxy more compact than it would be in the absence

of gas. We find that both the low- and high-mass ends are affected by gas-rich mergers, at

later times for the low-mass end and earlier times for the high-mass end. Thus, we find that

dissipation is a key process that has to be considered in order to reproduce realistic bulge

sizes.
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A.3 B L A C K H O L E – B U L G E R E L AT I O N

SHARK also uses the black hole–bulge mass relation to tune its free parameters. The efficiency

at which gas flows towards the central black hole during starbursts (fsmbh in Equation 2.34),

is the main parameter that controls the black hole–bulge mass relation in SHARK. Figure A.4

shows the black hole–bulge mass relation at z = 0 for our default SHARK model, for medi- and

micro-SURFS. It also shows two variants with a fsmbh 10 times higher/lower than our optimal

value. These changes almost linearly translate into the same change in the normalisation of

the BH–bulge relation (see dashed and dotted lines in Figure A.4). We also show in Figure A.4

the observations of Häring and Rix (2004) and McConnell and Ma (2013), which were used as

reference to obtain an optimal fsmbh.
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Figure A.1: Galaxy SMF at z = 0,0.5,1,2,3 and 4, as labelled for medi-SURFS using default SHARK

model. Solid lines show all galaxies, while dotted and dashed lines show central and satel-
lite galaxies, respectively. We also show observations from Wright et al. (2017), Wright,
Driver and Robotham (2018), Bernardi et al. (2013), Moustakas et al. (2013), Muzzin et al.
(2013) and Santini et al. (2012), as labelled. The dot-dashed line in the middle and bottom
panels show the SMF if we assume stellar masses have a Gaussian uncertainty of width 0.25
dex. We also show at z = 0 and z = 0.5 the SMF if we use the mass enclosed in a 30 physical
kpc aperture rather than the total stellar mass (black dotted line in the top panels).
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Figure A.2: Same as Figure A.1, but showing the SMF for micro-SURFS for default SHARK model.
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Figure A.3: Size–stellar mass relation for discs (top panel) and bulges (bottom panel) at z = 0, for medi-
(left panel) and micro-SURFS (right panel). Here we plot the disc (bulge) half-stellar mass
radii vs. disc (bulge) stellar mass. We have shown here all the bins with≥ 10 objects. The
top panel shows only the late-type galaxies in SHARK ([[B/T]? ≤ 0.5), separating into cent-
ral and satellites. The bottom panel shows SHARK early-type galaxies ([[B/T]? ≥ 0.5). Sym-
bols with errorbars show the medians and 16th-84th percentile ranges, respectively. In the
bottom panel we also show the relation for bulges with stellar masses> 1010M� that grew
mostly by galaxy mergers (diamonds) or by disc instabilities (squares). We also show a
model variant that assumes no gas dissipation during mergers (see Equation 2.42; crosses).
Solid and dotted lines show the best fit and the 50th, 68th and 90th percentile regions of the
GAMA observations of Lange et al. (2016).
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Figure A.4: The black hole–bulge mass relation at z = 0, for medi- (left panel) and micro-SURFS (right
panel). The solid and shaded region correspond to the median and the 16th-84th percentile
ranges for our default SHARK model. We show all bins with ≥ 10 objects. Triangles with
errorbars show the local observations of Häring and Rix (2004) and McConnell and Ma
(2013), as labelled. We also show the medians of two model variations that change the
efficiency of the gas inflow towards the super massive black hole during starbursts by×10
(fsmbh) = 8×10−3 and /10 (fsmbh) = 8×10−5, as labelled.





B
ASSESSMENT OF OUR HI EMISSION LINE

MODEL AGAINST THE APOSTLE

COSMOLOGICAL HYDRODYNAMICAL

SIMULATIONS

T
he APOSTLE cosmological hydrodynamical simulations (Sawala et al., 2016) are a suite

of twelve ‘zoom-in’ volumes evolved with the code and models developed and calib-

rated for the EAGLE project (Schaye et al., 2015a; Crain et al., 2015a). The volumes are

selected to resemble the Local Group of galaxies in terms of the masses of two central objects –

analogous to the Milky Way and M 31, their separation, relative velocity, and relative isolation

from other massive systems. Each volume is evolved at 3 resolution levels. The lowest level L3

is similar to the fiducial EAGLE resolution (e.g. L0025N0376 in the nomenclature of Schaye et

al., 2015a), with a gas particle resolution of∼ 106 M� and gravitational softening of∼ 700pc.

The two higher resolution levels each decrease the particle resolution by a factor of ∼ 8, for

a gas particle mass at maximum resolution L1 of ∼ 104 M�, and a gravitational softening of

∼ 130pc. The code uses the ANARCHY implementation Schaller et al. (2015) of pressure-

entropy smoothed particle hydrodynamics (Hopkins, 2013), and includes prescriptions for

radiative cooling (Wiersma, Schaye and Smith, 2009), an ionizing background (Haardt and

Madau, 2001), star formation (Schaye, 2004; Schaye and Dalla Vecchia, 2008), supernovae

and stellar mass loss (Wiersma et al., 2009), energetic feedback from star formation (Dalla

Vecchia and Schaye, 2012) and AGN (Booth and Schaye, 2009; Rosas-Guevara et al., 2015).

Full details of the model and calibration are available in Schaye et al. (2015a) and Crain et

al. (2015a), and of the APOSTLE simulations in Sawala et al. (2016) and Fattahi et al. (2016).

APOSTLE uses the REFERENCE calibration of the EAGLE model (see Schaye et al., 2015a),

and the WMAP7 cosmological parameters (Komatsu et al., 2011b).
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Figure B.1: Rotational Velocity curves (left panel) and corresponding HI emission line profiles (right
panel) from the APOSTLE simulations compared to our model. The blue and orange lines
correspond to Apostle and our model results, respectively, with the stellar mass of the galax-
ies as labelled. We show three examples of a galaxy in which our model does poorly (top
panel), does well (middle) and an intermediate case (bottom panel).
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Figure B.2: Comparison of the W20 and W50 measurements taken for the HI emission lines in APOSTLE
and that produced by our idealised model, with the points being individual galaxies, the
solid line being the 1:1 ratio and dashed line being the best spline fit. It should be noted that
W20 measurements agree better between the hydrodynamical simulations and our ideal-
ised model than for W50. This is because most of the HI emission line spectra in APOSTLE
are asymmetric, which affects W50more than W20.

The code MARTINI 1 was used to produce neutral hydrogen (HI) emission line profiles for a

selection of galaxies from the APOSTLE simulations. A detailed description of an earlier ver-

sion is available in Oman et al. (2019). The hydrogen ionization fraction of each simulation

particle is estimated following Rahmati et al. (2013); the neutral hydrogen is further parti-

tioned into atomic and molecular gas following Blitz and Rosolowsky (2006). Each particle

contributes flux to the spectrum distributed as a Gaussian centered at the particle velocity,

with a width specified by
√
kBT/mp, where kB is Boltzmann’s constant, T is the particle

temperature, and mp is the particle mass, and an amplitude proportional to the neutral hy-

drogen mass of the particle. The galaxies are placed edge-on (i = 90◦) at a fiducial distance

of D = 10Mpc, with a systemic velocity of H0D, with H0 = 70km s−1 Mpc−1. The galaxies

are selected morphologically to host gas discs, and to span a range in total (dynamical) mass,

with 14 between 60 < Vmax/km s−1 < 120 and 2 with Vmax ∼ 200km s−1, where Vmax is the

maximum of the circular velocity curve. Other quantities required as inputs for our model

were measured directly from the simulation particle properties – specifically, virial mass of

the halo,HI and stellar mass of galaxy and half-mass stellar and gas radii for the galaxy.

We build HI emission lines following the procedure described in § 3.3 using the input global

properties specified above. On the other hand, the HI emission lines from APOSTLE make full

use of the complex geometry and non-circular motions that are predicted by the simulation.

We compare our idealised model with the HI emission lines predicted by APOSTLE with the

aim of understanding the systematic effects introduced by our assumptions with respect to

1 https://github.com/kyleaoman/martini
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more realistic HI line profiles. We used 13 dwarf galaxies and 2 Milky way sized galaxies to

compare our models.

In Figure B.1, we compare the HI emission for 3 example galaxies, highlighting cases in

which our idealised model provided a poor and a good representation of the HI emission line

(top and middle panels, respectively), with the bottom panel showing an intermediate case.

We find that for some galaxies the estimates of our model and the HI generated by the sim-

ulation show comparable widths and rotation curves but for others our model produces a

rotation curve that flattens are smaller radii. When we compare the W50 and W20 (see Fig-

ure B.2), we notice that for galaxies with a higher mass or higher velocity and symmetric

double-horned profile shape, we produce measurements that are close to the APOSTLE ones.

We find better agreement in our W20 values than the W50 estimates. The cause for this is the

asymmetry of the lines in the APOSTLE simulated galaxies, which leads to systematically dif-

ferent W50 estimates (due to the heights of the lines), which play a lesser role on W20. This

suggests that W20 should be a more stable, reliable estimate of the dynamical mass, in agree-

ment with the inferences of McGaugh (2011).

The reason why the HI emission lines in APOSTLE are so asymmetric and whether that

agrees with observations is unclear. Oman et al. (2019) studied the velocity profiles of APOSTLE

dwarf galaxies, finding significant contribution from non-circular motions in addition to the

purely circular velocity. Sales et al. (2017) found that APOSTLE dwarf galaxies may be signi-

ficantly deviating from the measured Tully-Fisher relation of Papastergis, Adams and Hulst

(2016). The latter may be an indication that feedback effects are too strong in APOSTLE. How-

ever, further research on the HI line profiles of APOSTLE galaxies is required before we can

make draw robust conclusion.

Equations B.1 and B.2 show spline fits to the relations shown in Figure B.2. These equa-

tions could be used as an approximation to the deviations of W50 and W20 from our idealised

model.

W50Apostle = 6.02×10−6×W 3
50Model

−7.04×10−3×W 2
50Model

+2.98×W50Model−176.04 (B.1)

W20Apostle = 2.40×10−5×W 3
20Model

−1.75×10−2×W 2
20Model

−4.93×W20Model−280.69 (B.2)



C
PHYSICAL PROCESSES AFFECTING THE

HI–HALO MASS SCALING RELATION

I
n this chapter, we explore a bit more on the impact using different models and paramet-

ers for a physical process have on the shape of the HIHM relation, which we have only

briefly discussed in Chapter 4.

C.1 P H O T O I O N I S AT I O N E F F E C T

We discuss the implementation of photoionisation feedback in SHARK in Section 4.2.3.4, and

briefly touched on the effect changing its parameters has on the HIHM relation in Section 4.4.1.3.

Here we show the effect of photoionisation feedback on the overall HI content of the haloes at

z = 0. We vary the value of vcut, which from Equation 2.33 directly affects the circular velocity

(vthresh) of haloes under which the halo gas is not allowed to cool down.

The effect of varying vthresh is presented in Figure C.1, where haloes below a certain mass

(which correspond to the circular velocity vthresh) do not have HI in them, as the halo gas

is kept ionised. As expected, increasing vcut has the effect of shifting the steep decline of

the HI fraction-halo mass relation to higher halo masses. Though, changing vcut value does

not have any effect on the transition region - the drop essentially remains at the same Mvir

value (1012M�) for all the variations. We find that photoionsation feedback becomes more

prominent for the HI content of haloes after Mvir > 1012.4M�, with a smaller vcut driving a

higher HI content in haloes. This effect is due to smaller haloes being allowed to cool down

their halo gas under smaller vcut values, increasing their HI content. These centrals of low-

mass haloes can then become satellites of larger haloes and contribute to the total HI content

of that halo.

In the lower panel of Figure C.1, we compare the HI contributions from satellites and cent-

rals for the SHARK-ref and vcut = 50 km s−1runs. We find that the central HI contribution

193
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Figure C.1: As in Figure 4.5 but for different values of vcut, which represents the virial velocity threshold
under which the gas in haloes is assumed to be kept ionised by the UV background, and is
hence not allowed to cool down and replenish the interstellar medium of the central galaxy
(see Equation 2.33). Different colour lines represent different vcut values, with red repres-
enting the default SHARK-ref model and the shaded region being the 16th–84th percentile
range. Photoionisation heating does not affect the knee of the HIHM relation, though it
does affect the amount of HI contained in haloes in the low and high mass regions. Lower
Panel: The median HI contribution from centrals and satellites to the total HI of the halo.
For clarity we only show SHARK-ref and the vcut = 50 km s−1variation. Unlike previous
figures, changing the photoionisation feedback leads to a change in the HI content of satel-
lites, with higher the feedback the lesser the amount of HI in satellites.

remains almost unchanged in both the runs, except for the halo mass below which the HI

content sharply decreases, which is at Mvir ≈ 1010.4M� and Mvir ≈ 1011M� for SHARK-ref

and vcut = 50 km s−1 runs, respectively. On the contrary, the contribution from satellite galax-

ies are different in these runs, with SHARK-ref having higher HI content in satellites than the

other extreme run. The latter is due to the galaxies that become satellites being more HI-rich

with smaller vcut values.

C.2 I N T E R S T E L L A R M E D I U M M O D E L E F F E C T

In SHARK, stars form from molecular gas, and different models are implemented for how to

split the ISM into ionised, atomic and molecular gas phases. Here, we compare two models

for the molecular-to-atomic gas partition, specifically the BR06 (the default model of choice)
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and the GD14 model. In both cases, stars are formed from the molecular gas with a fixed

efficiency (see Equation 2.23). A brief overview of the effect of changing the ISM model had

been given in Section 4.4.1.3, here we delve into more details.

Figure C.2 shows MHI/Mvir as a function of Mvir for different H2-to-HI partition models

that are implemented in SHARK, with the top-panel showing the total MHI/Mvir ratio, and

the bottom-panel showing the centrals and satellite contributions at z = 0. When using the

GD14 prescription, the overall HI content of haloes is higher than when adopting the BR06

prescription, except at halo masses between 1012 M� and 1012.7 M�. The transition region for

the model adopting the GD14 prescription is at a lower halo masses,Mvir≈ 1011.5M� against

Mvir ≈ 1012M� for BR06. In this transition region, BR06 predicts a slightly higher abundance

of HI. However, at lower and higher halo masses, GD14 results in higher HI content. The

fact that centrals of low mass haloes are more HI-rich in GD14 than BR06 is the cause for the

higher HI abundance at high halo masses, as many of the low mass centrals become satellites

as time progresses.

When we compare the HI contributions of centrals and satellites to the overall HI of the

halo (bottom panel in Figure C.2), we find that the HI contribution of centrals in GD14 is

higher than BR06 for haloesMvir < 1012M�, while at higher masses there is virtually no differ-

ence. This happens due to the fact that HI-H2 partition in GD14 depends on the gas metalli-

city (among other parameters). This is not the case for BR06, which is a purely pressure-based

model. SHARK-ref predicts low metallicities for low-mass galaxies, which in turn makes the

HI value for low mass haloes to be higher in GD14, as the HI in low-mass haloes is domin-

ated by the centrals. As for the satellite contribution, we see that GD14 consistently predicts

more HI than BR06 throughout all virial masses, again due to the gas metallicity effect. The

fact that the transition region happens at lower halo masses in GD14 than in SHARK-ref is,

however, unrelated to the SF law. We find that BH masses are slightly bigger at intermediate

mass galaxies (around the break of the stellar mass function) in GD14, causing AGN feedback

to be more efficient than in SHARK-ref in those galaxies. As seen before, more efficient AGN

feedback shifts the transition region to lower halo masses, which is effectively what happens

in the GD14 run. This again highlights the complex interplay between the different baryon

physics in models such as SHARK.



196 P H Y S I C A L P R O C E S S E S A F F E C T I N G T H E H I – H A L O M A S S S C A L I N G R E L AT I O N

Figure C.2: As in Figure 4.5 but for two variations of the molecular-to-atomic interstellar gas partition
in SHARK. The models being compared are the default SHARK model as shown in Lagos et
al. (2018a), which incorporates the Blitz and Rosolowsky (2006) prescription (SHARK-ref)
to split atomic and molecular gas in the interstellar medium of galaxies, with a variant ad-
opting the Gnedin and Draine (2014) atomic-to-molecular transition prescription (SHARK-
GD14). In both variants, stars from the molecular gas with the same efficiency. The top
panel shows the entire HI fraction whereas the bottom panel shows the central and satel-
lite contributions.

C.3 G A S S T R I P P I N G E F F E C T

The last effect we want to test is the environmental effect, which we do by comparing the

effect turning ‘off’ ram-pressure stripping has on the overall HI content of the haloes (see

Section 4.2.3.5).

In Figure C.3 (top panel), we compare MHI/Mvir–Mvir relation for stripping mode ‘on’ and

‘off’ as a function ofMvir. We find that the total amount of HI in either model is approximately

the same, though stripping ‘off’ tends to lead to a slightly lower HI in the transition region and

higher HI in the high mass region.

When looking at the central-satellite galaxies contribution to the total HI mass of the halo

(bottom panel), we find centrals to reduce their HI content when stripping is off, while satel-

lites become more important. This happens because when stripping is off, satellites are able

to hold on their hot haloes for longer, which means that the hot halo of the central is now less

massive than in the run with stripping. This leads to central galaxies accreting less gas (due
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Figure C.3: Similar to Figure C.2, but for the default model (red) vs a model with no gas stripping (yel-
low). The top panel shows the total HI fraction, whereas the bottom panel shows the cent-
ral and satellite contributions. Differences between the two models are clear when we
decompose the HI contribution between centrals and satellites, but these difference com-
pensate each other so that the total HI in haloes is barely affected. The top panel shows the
entire HI fraction whereas the bottom panel shows the central and satellite contributions.

to the smaller overall reservoir of gas), while satellite can continue to accrete gas for longer.

Clearly these two competing effects compensate relatively well as to lead to small differences

in the total HI content of haloes at 1012 M� <Mvir < 1013.5 M�.

C.4 F O R M AT I O N A G E E F F E C T

Here we discuss the effect halo formation age has on the scatter in the HIHM relation. This

was Briefly discussed in Section 4.4.2.3.

We define formation age (z50) as the redshift at which the halo accreted 50% of its present

mass. It has been speculated that z50 is correlated to the amount of HI contained in a halo.

Guo et al. (2017) found from their clustering measurements of ALFALFA galaxies, that a way

of describing the clustering bias dependence on scale was to assume HI-rich galaxies to live

in preferentially young haloes. Under this assumption, they developed a subhalo abundance

matching model (SHAM) which was used to derive a strong correlation between the HI con-

tent of the haloes and its z50. A suitable explanation for this effect is the fact that young haloes
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Figure C.4: The HIHM relation of haloes in SHARK-ref at z = 0, with each bin being coloured by the
median z50 of the haloes in that bin, as labelled in the colour bar. The solid line represents
the median HI mass of the halo as a function ofMvir, while the dashed and dashed-dotted
lines represent the central and satellite galaxies contributions, respectively. The vertical
dotted line shows the transition from micro-SURFS to medi-SURFS at lower and higher halo
masses, respectively. A slight trend with z50 is seen at the transition region so that younger
haloes tend to be more HI-rich. This trend reverses though at higher halo masses.

would be expected to contain HI-rich galaxies, as they had not had enough time to lose their

cold gas via ‘ram-pressure stripping’ or other environmental effect. Spinelli et al. (2019), us-

ing the semi-analytic model of galaxy formation GAEA, found that in low-mass haloes there

was no difference between young and old haloes in terms of their HI content; but as theMvir

increased, a segregation appeared between young and old haloes, with the former being more

HI-rich in agreement with Guo et al. (2017) inferences.

We test the effect of z50 here. Figure C.4 shows the HIHM relation at z = 0 colouring each

bin by the median formation age of haloes in that bin. We find that in SHARK, z50 does not

show a significant trend in the low-mass region, though a slight trend is noticeable in the

transition region. We see that younger haloes (closer to z = 0) tend to have more HI than

their counterparts of the same mass. We think the trend emerges here because it is in this

region that satellites start to become a more prominent reservoir of HI compared to the cent-

ral galaxy. We see a slight opposite trend in the high-mass region, where later forming haloes

tend to be HI poorer which contradicts the conclusion in Guo et al. (2017). This is due to older

haloes having on average more substructure and therefore more satellite galaxies at fixed halo



C.4 F O R M AT I O N A G E E F F E C T 199

Figure C.5: The number of subhaloes in a halo as a function of Mvir, with bins coloured according
to the median z50 of that bin. Older haloes have more substructure than their younger
counterparts at fixed halo mass.

mass (see Wechsler and Tinker, 2018; Croton, Gao and White, 2007), which contribute to the

total HI content of the halo. We discuss this in more detail in Section 4.4.2.2. Figure C.5 shows

the relation between the halo mass, z50 and the number of substructure per halo. We find that

haloes formed earlier have more substructure as compared to their younger counterparts in

the same mass bin.

Appendix D.3 presents the redshift evolution of the HI–halo mass–z50 relation up to z = 2.

We find that the trend we see at z = 0 holds at high redshift with the main difference being

the expected lack of massive haloes.





D
EXPLORING THE REDSHIFT DEPENDENCE OF

THE HI–HALO MASS SCALING RELATION

After the brief overview given in Section 4.5.3, here we explore a bit more on the evolution of

the HIHM relation through different redshifts.

D.1 R E D S H I F T D E P E N D E N C E

As noted in Section 4.5.1, the coefficients for fMHI(Mvir) are dependent on redshift. We find

that as we move towards higher redshifts, the transition region shrinks, with the noticeable

bump (aroundMvir' 1012M�) becoming flatter (see Appendix D.3). By the time we reach z =

2, the HI–halo scaling relation becomes a monotonically increasing function of Mvir. One of

the key reasons behind this outcome is that for higher redshifts AGN feedback is less efficient

than at z = 0 and therefore by z = 2 AGN feedback does not play a significant role at keeping

the halo gas hot and preventing gas cooling and accretion onto galaxies. In addition, as the

haloes have not had enough time to assemble all of their mass, they do not have enough

substructures yet to contribute to increasing the scatter in the transition region. In short, we

find that there are no distinctive regions at high redshifts, i.e. the transition region effectively

disappears.

In the low-mass region we find that, while the shape of the median HIHM relation carries a

redshift dependence, the fits to the residuals (δMHI , which captures the scatter) do not. That

is to say, for example, the influence that halo spin has on the total HI in a halo of fixed virial

mass is the same at all epochs.

In Figure D.1, we compare the HI mass calculated by our model with the intrinsic HI output

from SHARK-ref, at each snapshot out to z = 2, to assess the performance of our numerical

model. We show this for the individual halo mass regions as well as the total halo population

(however, by sheer number, the low-mass region dominates the latter). It can be seen that as
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Figure D.1: The ratio between the true HI masses of haloes in SHARK-ref and the derived masses from
Equations 4.10 to 4.16, i.e. the HI-mass residuals, as a function of redshift. Symbols with
errorbars show the median and 16th–84th percentile range. This is presented for all haloes
in the simulation (lower panel), and for each halo mass region separately (top panel), as
labelled. For reference, the horizontal lines show equality.

we move from low to high redshifts, the median of the residuals stays around 0, with small

deviations of . 0.02 dex. We also find that the 16th–84th percentile range decreases as we

move to higher redshift. This shows that our numerical model is able to successfully capture

the dependence of HI mass on halo properties, within certain limits.

In Appendix D.3, we show the how the HIHM relation changes at higher redshifts. We find

that the scatter around the median relation significantly changes for the transition region, as

we move to higher redshifts, and this can be encapsulated in Equations E.2 to E.4.

D.2 C U M U L AT I V E H I

As seen in Figure 4.13, the scatter is well constrained for the low- and high-mass regions, by

invoking secondary parameters (the halo’s spin parameter and M sat
h /Mvir , respectively) but

at the transition region we find this to be more difficult. It is therefore informative to ask
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Figure D.2: The cumulative fraction of cosmic HI mass contained in haloes as a function of virial
mass at four different redshifts, as labelled. At z = 0, ∼ 60% of the HI is contained in
haloes withMvir < 1012M�, with about∼ 25% lying in the transition region of 1012M� ≤
Mvir < 1013M� and the rest in haloes withMvir > 1013M�. For reference, these halo mass
thresholds are shown with dot-dashed lines. At higher redshift, the contribution from the
lower-mass region becomes even greater.

how much of the total HI in SHARK-ref resides in the transition region. In Figure D.2, we

plot the cumulative HI mass as a function of halo mass in SHARK-ref. We find that at z = 0

∼ 60% of the HI is contained in haloes with Mvir < 1011.8M�, with about∼ 25% lying in the

transition region of 1011.8 M� ≤Mvir < 1013 M�. The rest, ∼ 15%, is in haloes with masses

Mvir > 1013 M�.

As we move to higher redshifts, we find that the low-mass region becomes more important,

with contributions that increase from 60% at z = 0 to 80% at z = 2.

This shows that, even if our numerical model is less reliable around the transition region,

the majority of HI lies in regions that are very well modelled by our numerical method. This is

particularly important in, for example, HI stacking or intensity mapping experiments, when

the relevant quantity is the aggregated HI mass at a given redshift.
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Figure D.3: The HIHM relation of haloes in SHARK-ref at z = 0.5, 1 and 2, with each bin being coloured
by the median z50 of the haloes in that bin, as labelled in the colour bar. The solid line
represents the median HI mass of the halo as a function of Mvir, while the dashed and
dashed-dotted lines represent the central and satellite galaxies contributions, respectively.
The vertical dotted line shows the transition from micro-SURFS to medi-SURFS at lower and
higher halo masses, respectively. Though not much can be seen, there is a slight trend with
the younger formed haloes being more HI rich than the older ones.
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Figure D.4: As in Figure D.3 but here bins are coloured by the median halo’s spin parameter, as labelled
in the colour bar. There is a strong correlation between the HI mass and the spin parameter
at fixed halo mass for haloes withMvir < 1012 M� at z = 0.5, with theMvir threshold being
1012.5M� and∼ 1013M� for z = 1 and 2, respectively. Haloes with higher spin parameters
are HI-richer than their counterparts.
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Figure D.5: Similar to the earlier plots (see Figure D.3 and D.4), here the contribution of HI contained
in satellites to the total HI in the halo containing them. As we reach to higher virial masses,
we can see that satellites contain most of the HI in the haloes, irrespective to which redshift
it is being observed at.
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D.3 R E D S H I F T D E P E N D E N C E O F T H E H I H M R E L AT I O N

As stated in Section D.1, as we move to higher redshifts we find the Transition Region getting

noticeably smaller in dynamic range, with the scatter around the relation decreasing as well.

We have showed earlier in Section 4.5, that the residual fits for the HIHM relation are redshift

dependent, though the halo properties comprising the residual fits remain the same through

out the redshift range in consideration.

Figure D.3 shows theMHI–Mvir relation at z = 0.5, 1 and 2, colouring each bin with the me-

dian formation age. As had been seen for the z = 0 case, z50 does not show a very strong trend

at low mass region, though a slight trend is noticeable in transition and higher mass regions,

with (relatively) younger haloes having higher HI than their older counterparts, throughout

the redshift range in consideration.

As we move towards halo spin parameter in Figure D.4, we find that the spin parameter

is strongly correlated with the scatter of low-mass region in the HIHM relation. One inter-

esting aspect of the correlation seen is that as we move to higher redshifts, we find the spin

parameter correlation extending to higher halo masses than seen in the lower redshift range.

As opposed to halo spin parameter showing strong correlation with haloes of masses Mvir <

1012M� at z = 0, we find the correlation goes as far as halo mass range of Mvir < 1013M�

at z = 2. This is in agreement to our assessment that as we move to higher redshifts, the

Transition Region gets smaller and move towards higher halo masses.

Similar to Figures D.3 and D.4, when we look at the evolution of the M sat
h /Mvir trend with

redshift in Figure D.5, we find it more or less similar to what was seen at z = 0: the higher the

value ofM sat
h /Mvir the higher the HI mass in the halo. This is due to the fact that, as we move

to higher halo masses, the number of satellites in those haloes increases, and thus does the

total HI contribution of the satellites.

The evolution of the scatter around the HIHM relation, especially for the transition region,

through the redshift points to the fact that the flaring of scatter in the transition region at

z = 0 can be related to the AGN feedback efficiency adopted by the model. As we go higher

in redshift, AGN feedback becomes less important leading to a decrease in the scatter around

the transition region. This effect is also evident in the noticeable bump that is prominent in

the z = 0 and 0.5, is smoothed out by the time we reach z = 2.

Therefore, from Figures D.3, D.4 and D.5, it is clear that the trends of z = 0 persist towards

at higher redshifts, which means that we can use the same secondary parameters to fit the

scatter around the HIHM relation at different redshifts.





E
PARAMETER FITS FOR TRANSITION REGION

IN THE HI–HALO MASS SCALING RELATION

I
n Section 4.5.1.2, we pointed out that the dependence of the median relation parameters

of the quintic polynomial fit for the transition region is hard to parametrise as a function

of redshift, and thus we tabulate the coefficients in Table E.1. The equation for estimat-

ing the HI in the transition region is as follows:

fMHI(Mvir,z) = 9 +

n∑
i=0

ai(z)(log10(Mvir)−11.8)i . (E.1)

where n= 5, with aTR
1 = 0.

Figure E.1 compares the true HI content of SHARK-ref haloes at z = 2, z = 1 and z = 0.5

with the outcome of applying our numerical HIHM scaling relation to the same underlying

halo population (see Equations 4.8 to 4.16). Figure E.1 showcases that as we move towards

higher redshift the scatter around the HI relation decreases considerably for the transition

region, and the shape also evolves into a monotonically increasing relation by the time we

reach z = 2.

We find that the vertical scatter around the HIHM relation obtained from our numerical

model decreases in a similar manner, and can be described by the following functions of

redshift, with parameters that depend on the mass region,

σlow = 0.189−0.017z, (E.2)

σTR = 0.138 + 0.771e−z, (E.3)

209



210 PA R A M E T E R F I T S F O R T R A N S I T I O N R E G I O N I N T H E H I – H A L O M A S S S C A L I N G R E L AT I O N

σhigh = 0.185 + 0.142e−z, (E.4)

with z being the redshift. Here, “low”, ”TR” and “high” refer to the low-mass, transition and

high-mass regions, respectively. This also shows that our numerical model becomes more

reliable in the transition region as the redshift increases.
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z aTR
0 aTR

2 aTR
3 aTR

4 aTR
5

2 0.247 2.033 -4.390 4.303 -1.409

1.96 0.249 1.810 -3.651 3.517 -1.140

1.91 0.260 1.319 -2.065 1.758 -0.496

1.86 0.261 1.448 -2.718 2.604 -0.826

1.77 0.269 1.393 -2.848 3.008 -1.054

1.73 0.275 1.180 -2.365 2.641 -0.962

1.68 0.286 0.768 -1.120 1.303 -0.476

1.64 0.297 0.454 -0.309 0.493 -0.183

1.6 0.304 0.235 0.170 0.168 -0.117

1.56 0.311 0.072 0.448 0.029 -0.103

1.51 0.316 -0.237 1.390 -0.908 0.198

1.43 0.328 -0.376 1.411 -0.582 -0.017

1.4 0.329 -0.228 0.683 0.394 -0.415

1.36 0.331 -0.155 0.265 0.930 -0.615

1.32 0.335 -0.023 -0.363 1.675 -0.876

1.28 0.338 -0.112 -0.127 1.436 -0.791

1.21 0.347 -0.635 1.419 -0.158 -0.237

1.17 0.354 -0.763 1.753 -0.536 -0.080

1.14 0.357 -0.796 1.725 -0.426 -0.138

1.1 0.369 -1.179 2.698 -1.265 0.101

1.07 0.370 -1.169 2.527 -0.984 -0.020

1 0.376 -1.128 1.968 -0.080 -0.413

0.97 0.380 -1.332 2.515 -0.598 -0.246

0.94 0.386 -1.410 2.483 -0.415 -0.335

0.91 0.389 -1.606 2.973 -0.868 -0.189

0.88 0.388 -1.479 2.227 0.162 -0.603

0.85 0.393 -1.666 2.628 -0.170 -0.500

0.82 0.398 -1.852 2.961 -0.399 -0.441

0.79 0.403 -1.862 2.682 0.075 -0.643
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0.76 0.408 -2.031 2.939 -0.051 -0.625

0.73 0.411 -2.108 2.989 -0.005 -0.661

0.71 0.412 -2.037 2.434 0.782 -0.976

0.68 0.417 -2.144 2.568 0.711 -0.954

0.65 0.424 -2.457 3.239 0.202 -0.823

0.62 0.428 -2.428 2.926 0.611 -0.970

0.6 0.434 -2.317 2.216 1.536 -1.317

0.57 0.438 -2.307 1.885 2.024 -1.508

0.55 0.442 -2.393 1.881 2.166 -1.580

0.52 0.442 -2.144 0.902 3.222 -1.932

0.5 0.442 -1.976 0.071 4.227 -2.292

0.47 0.448 -2.020 -0.083 4.526 -2.416

0.45 0.451 -2.040 -0.175 4.677 -2.475

0.43 0.455 -2.059 -0.333 4.918 -2.565

0.4 0.460 -2.223 0.039 4.573 -2.448

0.38 0.466 -2.177 -0.460 5.301 -2.742

0.36 0.466 -2.233 -0.294 5.070 -2.640

0.34 0.473 -2.352 -0.178 5.045 -2.642

0.32 0.476 -2.309 -0.602 5.616 -2.855

0.3 0.476 -2.214 -1.053 6.138 -3.039

0.27 0.479 -2.395 -0.664 5.812 -2.942

0.25 0.481 -2.364 -0.927 6.117 -3.039

0.23 0.480 -2.152 -1.763 7.053 -3.368

0.21 0.486 -2.135 -1.968 7.281 -3.435

0.19 0.489 -2.004 -2.542 7.935 -3.665

0.18 0.490 -1.951 -2.868 8.322 -3.798

0.16 0.492 -2.209 -2.055 7.386 -3.441

0.14 0.493 -1.922 -3.068 8.454 -3.801

0.12 0.495 -1.711 -4.016 9.611 -4.235

0.1 0.501 -1.919 -3.551 9.211 -4.111
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0.08 0.506 -2.079 -3.089 8.683 -3.909

0.07 0.508 -1.973 -3.669 9.425 -4.192

0.05 0.514 -2.043 -3.732 9.636 -4.293

0.03 0.517 -2.372 -2.641 8.373 -3.818

0.02 0.518 -2.231 -3.149 8.923 -4.013

0 0.524 -2.529 -2.355 8.173 -3.774

Table E.1: Parameters for the quintic polynomial fit for the transition region.
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Figure E.1: Overall HI content of haloes as a function of halo mass for SHARK-ref (dot-dashed line),
and predicted by our numerical model (solid line) at z = 0.5, 1 and 2, as labelled. The
shaded regions represent the 16th–84th percentile ranges of the distributions. A decrease
in the scatter around the transition region is seen as we move towards higher redshifts.
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