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Abstract

In our concordance cosmology, large galaxies assemble through multiple mergers of

smaller galaxies. During this process, tidal forces strip loosely bound stars from these

objects leaving imprints of these interactions in the form of a faint and diffuse stellar

envelope around galaxies. These faint stellar envelopes hold important information about

the assembly histories of galaxies. In this thesis, I study this stellar envelope - the Intra-

Halo Stellar Component (IHSC) - using state-of-the-art cosmological hydrodynamical

simulations of galaxy formation. The goal is to use these simulations to characterise

the mass contained in these structures, which has been an ongoing problem in the field,

and to provide a consistent picture from Milky Way like systems up to the most massive

galaxy clusters.

A key aspect of the study of the IHSC is to separate the mass contribution of galaxies

from that of the IHSC. In the first part of this work, I present a new tool to identify

galaxies and separate the IHSC, using phase-space information from the simulation. I

show that a physically motivated and adaptive identification of galaxies is superior to

classical methods, which fail to robustly identify galaxies in complex environments. This

can affect the properties of individual galaxies, such as the total stellar mass, M∗,tot, and

the size measured as the half-mass radius R50, especially of satellite galaxies. These

differences are, however, overlooked by statistical measurements of the entire population,

and consequently care has to be taken when only population statistics are analysed.

The second part of this work focuses on the characterisation of the mass contained in

the IHSC, by studying the IHSC mass fraction - total stellar mass relation, f M∗,IHSC −M∗,

using the Horizon-AGN simulation. The method developed in this work is capable of

providing a consistent description of the IHSC across the entire stellar mass range of

galaxies, showing that the mass fraction in the IHSC is correlated with stellar mass for

M∗,tot < 1011.5 M⊙, but appears to be uncorrelated for higher mass systems. I show that

the observed scatter observed in the f M∗,IHSC for Milky Way mass galaxies is driven by

their assembly history. Galaxies with quiescent histories are expected to have a lower

f M∗,IHSC and be supported by rotation, while those with more active histories are instead

characterised by a higher dispersion support and f M∗,IHSC . For the most massive structures

resolved by the simulation volume, there is no apparent relation or dependence with the

ix



stellar mass of the system, in which a constant f M∗,IHSC is the product of the balance

between the accretion of galaxies and their disruption.

Finally, I explore the evolution of the IHSC in massive galaxy clusters with total halo

mass of M200c > 1014 M⊙ by using the Hydrangea/C-EAGLE simulations. Results of

this sample confirm those of our analysis of the Horizon-AGN clusters, where no stellar

nor halo mass dependence is observed over one order of magnitude in mass. Preliminary

analysis of this sample also indicates that the clusters with f M∗,IHSC for M200c < 4×1014M⊙

are correlated with the cluster’s dynamical age, while clusters with M200c > 4 × 1014M⊙

show a slight correlation with the large-scale environment.
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1

Introduction

Galaxies are one of the most striking, complex, and yet fascinating objects in the

Universe. From dwarf ultra diffuse spheroidals and gas-rich star-forming dwarf

irregulars, to rotationally supported discs, up to the largest spheroidals at the centres

of clusters (see Fig. 1.1), these objects display a wide and rich variety of colours,

morphologies, masses, luminosities and sizes. Comprised by up to hundreds of billions

of stars and collections of gas clouds, galaxies and their properties are the product multiple

physical processes. Their rich and diverse populations are the product of the interplay

between internal multi-scale non-linear processes, and their interaction with external

factors determined by the environment in which galaxies reside, and the rate at which

structures in the Universe collapse. Being the building blocks of the large-scale structure

(LSS) of the observable Universe, the study of these objects and their surroundings is

key to understand the properties of the Universe we live in.

Over the last few decades a series of projects have shed some light on our under-

standing of the properties of our Universe. The combined results of measurements of the

Cosmic Microwave Background (CMB) fluctuations from space probes [COBE, Smoot

et al. (1992); WMAP, Bennett et al. (2003); Planck, Planck Collaboration et al. (2018a)

Fig. 1.2] and high-altitude balloon-based experiments (e.g. de Bernardis et al., 2000),

along with measurements of large-scale galaxy clustering (e.g. Fig. 1.2 Maddox et al.,

1990; Efstathiou et al., 1990; Peacock et al., 2001), direct measurement of Hubble ex-

pansion rate through different methods (e.g. Freedman et al., 2001), and high-redshift

Supernovae Ia observations (Riess et al., 1998; Perlmutter et al., 1999), have provided

strong, independent and consistent evidence that our Universe is flat, expanding acceler-

atedly, and is therefore best described by a Λ Cold Dark Matter (ΛCDM) cosmology. In

this favored model, the mass-energy budget of the Universe is comprised roughly 70%

of dark energy, and 30% matter component, of which 25% is dark matter, and 5% is the
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Chapter 1. Introduction

baryonic matter1 from which galaxies are ultimately made of.

Starting in the early Universe, dark matter is expected to ‘condense’ into gravitation-

ally bound structures known as dark matter halos, hereafter refered to simply as halos.

These structures would then interact with others, and grow through mergers into more

massive halos which would then be able to generate deep potential wells into which hot

gas could be accreted to eventually form the constituent stars of galaxies (e.g. White and

Rees, 1978). Inside these dark matter halos (or simply halos), the gas in galaxies cools

down through radiative processes, such as the capture of electrons by ions and atoms,

and their transition to lower energy levels; given the right conditions of density and

temperature, these gas reservoirs can then collapse to form a new generation of stars. At

different stages of their evolution, these stars can eject material either as stellar winds in

the rapid evolution of massive stars, during the Asymptotic Giant Branch (AGB) phase

for less massive ones, as well as during supernovae (SNe) explosions. These events inject

material, energy and momentum back into the insterstellar medium (ISM) increasing its

temperature and also enriching it with elements heavier than Helium, which are the prod-

uct of stellar nucleosynthesis. While on one hand the temperature increment prevents the

gas from collapsing, a greater abundance of metals also reduces its cooling time, making

this an overall complicated process. An important baryonic component in galaxies is

the presence of a super-massive black hole (SMBH) at their centre, which is not only

important due to its dynamical influence, but for the feedback associated with it; these

systems when ignited are known as Active Galactic Nuclei (AGN). Radio mode feedback

occurs at low rates of gas accretion when relativistic plasma is ejected in the form of

jets, and the quasar mode feedback arises during episodes of high accretion, producing

powerful winds and heating effects, both of which are able to reach beyond the extent of

the host galaxy. While these are just a few of a long list of processes that happen within

galaxies [see for example Mo et al. (2010) for a thorough description, and Somerville

and Davé (2015) for a recent review oriented to their modelling in simulations], they are

the most relevant for the scales that current simulations can resolve.

A key role in the formation and evolution of galaxies, and therefore the diversity

of galaxies observed through cosmic time and environment, is the one played by their

interactions with other galaxies as part of their hierarchical assembly. Being the dominant

1Planck 2018 best-fitvalues H0 = 66.88 km s−1 Mpc−1
ΩΛ = 0.679, Ωb = 0.0494, Ωm = 0.321

(Planck Collaboration et al., 2014).
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-300 300 µK

Figure 1.2: Top: Large-Scale Structure of the Universe displayed by measurements of galaxies
position in the 2-degree-field galaxy redshift survey (2dFGRS), from Peacock et al. (2001).
Bottom: Cosmic Microwave Background Planck Collaboration et al. (2018b). The colour shows
fluctuations in the temperature of the CMB as shown by the colour bar.
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matter component and interacting solely through gravity, galaxies are expected to follow

closely the distribution and dynamics of dark matter halos. In this context, astronomers

refer to the galaxy sitting at the bottom of the potential well as the central galaxy, and

the rest of the galaxies that are gravitationally bound in the system as satellite galaxies.

During their hierarchical growth, halos keep merging with each other, and so do the

galaxies located at the bottom of their potential wells, resulting not only in a larger and

more massive halo, but also a more massive galaxy as well. During these interactions

and mergers, stars in galaxies experience tidal forces which can be strong enough to

strip the loosely bound stars in their outskirts. Depending on the characteristics of the

interaction, these stars can either end up as stellar streams and shells, (e.g. Toomre and

Toomre, 1972; Martínez-Delgado et al., 2008, 2010; Pop et al., 2018; Karademir et al.,

2019), or become part of a diffuse stellar component (e.g. Zwicky, 1952; Barnes and

Hernquist, 1991; Mihos and Hernquist, 1996). These diffuse tidal structures therefore

contain important clues about the assembly history of galaxies and their dark matter

halos.

The Intra-Halo Stellar Component (IHSC)

In early studies, Zwicky (1937) theorised the existence of intergalactic matter between

galaxies as a product of their interaction, as well as predicting that a non-negligible

amount of mass would exist in such component. In subsequent years with the use

of larger telescopes and improved technology, such inter-galactic matter was finally

observed around pairs of galaxies and in small groups, as well as within the Coma cluster

(Zwicky, 1952). In recent years, a series of observational and theoretical studies have

been able to show that in fact this stellar component holds key information regarding

the assembly of galaxies at all scales. For example, for spiral galaxies the pioneering

work of Martínez-Delgado et al. (2008, 2010) has shown the existence of an abundant and

diverse population of low-surface brightness features indicating past interactions (Fig. 1.3

panel a). In the Local Group, McConnachie et al. (2009) through multiple observations

were able to construct a mosaic that revealed the existence of a stellar bridge between

the Andromeda (M31) and Triangulum (M33) galaxies, providing evidence of a recent

interaction between these two objects (Fig. 1.3 panel d). At galaxy groups masses,

integrated light observations of the compact group known as Seyfert’s Sextet (Durbala
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et al., 2008, Fig. 1.3 panel b), and the Virgo Cluster (Mihos et al., 2005, Fig. 1.3 panel c),

revealed a common stellar envelope around interacting galaxies, as well as a number of

streams and signatures of interaction, confirming predictions from Zwicky (1937), and

further supporting the hierarchical nature of massive systems.

In recent years, the field has greatly benefited from advancements in both obser-

vational and theoretical techniques. On the observational side, the detection of very

low-surface brightness (LSB) features have been possible by the development of pow-

erful tools such as the Dragonfly Telephoto Array (Abraham and van Dokkum, 2014),

Hyper-Suprime Cam (Miyazaki et al., 2012), as well as by observational campaigns

such as the GHOSTS survey (Radburn-Smith et al., 2011; Harmsen et al., 2017) and the

Frontier Fields project (FF, Lotz et al., 2017), that provide a multi-wavelength view of

these diffuse stellar envelopes. While these advancements provide the tools necessary to

better understand the formation and evolution of these structures, the study of the IHSC

is still a very challenging task. The observation of such features does not only require

tools capable of reaching LSB, but also a careful treatment of noise, scattered light,

masking of foreground and background objects, as well as instrument systematics that

can affect measurements in this faint regime (e.g. Ibata et al. 2005; Mihos et al. 2005;

McConnachie et al. 2009; Barker et al. 2009; Martínez-Delgado et al. 2010; Abraham

and van Dokkum 2014; Monachesi et al. 2016, and Mihos (2019) for a recent review and

discussion of these challenges in LSB observations).

Probably the most important obstacle in the field is the lack of a consistent definition

of what the IHSC is. This exists in great part due to the variety of approaches in

the literature to tackle this problem. As a consequence, the definition of the diffuse

stellar component is likely to depend on characteristics of the instrument used for its

observation, and most importantly on the particular system of interest. For studies in

which individual stars can be resolved, the diffuse stellar outskirts are often defined by

their location. For example, studies of Milky Way-like galaxies measure stellar halos

using Asymptotic Giant Branch (AGB) stars along the minor axis of the central galaxy

(e.g. Mouhcine et al., 2005; Greggio et al., 2014; Monachesi et al., 2016), and along the

major axis at sufficiently large distances from the galaxy (e.g. Monachesi et al., 2016,

Fig. 1.3). In contrast, studies that use integrated light either treat galaxies on an object

by object basis (e.g. Krick and Bernstein, 2007; Martínez-Delgado et al., 2010; Merritt

et al., 2016), or stack samples of galaxies (e.g. Zibetti et al., 2005; D’Souza et al., 2014;
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Zhang et al., 2018). In both approaches it is a common practice to separate the light of

the galaxy from that of its diffuse component by fitting single or multiple Sérsic profiles

(Sérsic, 1963), being the diffuse envelope the outermost component (e.g. D‘Souza et al.,

2014; Zhang et al., 2018), or being defined by the excess light or mass from profile fits to

the inner regions of the galaxies (see e.g. Merritt et al. 2016 for nearby spiral galaxies,

Fig. 1.3, and Morishita et al. 2017 for galaxy clusters.) Another common approach is to

use surface brightness thresholds to separates the light from galaxies and from the diffuse

envelope (e.g. Mihos et al. 2005, Fig. 1.3, Feldmeier et al. 2004; Zibetti et al. 2005;

Montes and Trujillo 2014; Burke et al. 2015), while this method is easy to apply and

compare between different observations, it is not clear which density threshold (and in

which colour band) best characterises the diffuse stellar component. While on one hand

this variety of methods helps to tackle the problem from multiple perspectives, on the

other, this often makes difficult to compare results from different studies, and so to answer

simple questions as the amount of mass or light that resides in this stellar component.

In recent years, deep integrated light observations of nearby spiral galaxies with the

Dragonfly Telephoto Array (Abraham and van Dokkum, 2014) showed evidence that

the stellar halo mass fraction of Milky Way-mass galaxies can vary up to ∼2 orders of

magnitude at effectively fixed stellar mass (Merritt et al., 2016, see Fig. 1.4). This finding

was soon confirmed by stellar counts observations with the Hubble Space Telescope as

part of the GHOSTS Survey (Radburn-Smith et al., 2011), showing remarkably good

agreement to those obtained by the Dragonfly team, regardless that a different instrument,

method and sample were used (Harmsen et al., 2017). These observations not only show

the diversity of stellar halos that Milky Way-mass galaxies can have, but it also opens the

question of why this behaviour is observed. While both tidal features and the difference in

stellar ages and metallicities (Monachesi et al., 2016) suggest that the diversity observed

is the result of a variety of accretion histories, there is yet no conclusive evidence that

quantitatively explains where the large scatter in stellar halo mass fraction comes from.

Estimations of the diffuse stellar mass fractions have also been matter of study at

larger scales. This is particularly important as the most massive galaxies, M∗ > 1011 M⊙,

are expected to have grown by the accretion of multiple galaxies, rather than through star

formation from smooth gas accretion (Robotham et al., 2014). Over the years, several

studies suggest that in fact there is a non-negligible fraction of light and mass in the stellar

‘envelope’ of galaxy clusters, commonly referred to as Intracluster Light (ICL, e.g. Krick
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and Bernstein, 2007; Morishita et al., 2017; Jiménez-Teja et al., 2018; Ko and Jee, 2018;

Montes and Trujillo, 2018). There is, however, discrepancy between these results on the

amplitude of the ICL fraction, and while at fixed halo mass this might imply a similar

phenomenon as the obseved for Milky Way-mass galaxies, the disagreement between

studies is also seen across stellar masses, and on the estimated evolution in time. The

ICL fraction has been measured to be strongly correlated with the galaxy cluster mass

(e.g. Murante et al., 2007), or show little or no correlation at all with it (e.g. Krick and

Bernstein, 2007). By looking at clusters at different redshifts in principle the evolution

of the ICL can be inferred, however, there is again contradictory results showing a strong

evolution with the ICL increasing with redshift (Burke et al., 2015), or rather weak or

nonexistent (Krick and Bernstein, 2007; Montes and Trujillo, 2018, Fig. 1.4). A solution

to such tensions is yet to be found, which is in part to limitations on the size, mass range,

and redshift of the cluster sample, which can lead to problems similar to the concept

of ‘progenitor bias’ in galaxy populations (e.g. van Dokkum and Franx, 2001; Cortese

et al., 2019), but for clusters as a whole. Moreover, characteristics of the observations as

redshifted light can affect the inferred characteristics of the constituent stellar populations

of the ICL (e.g. Montes and Trujillo, 2018).

Another important challenge for the field is the capability to understand the assembly

and properties of diffuse stellar envelopes across different masses. Studies in general

have made distinctions between stellar halos for Milky Way-mass galaxies, Intragroup

Light (IGL) for moderate size galaxy groups, and ICL for galaxy clusters. Although the

latter is in part due to specific objects of interest, it is also a consequence of the diverse

instruments, methods, but most importantly definitions of what this diffuse component is,

and overall has limited our understanding of this component on a specific system2 basis.

This critical limitation has resulted in a disconnect between the study of the assembly

of galaxies and clusters, and the build up of their respective diffuse stellar component,

despite hierarchical growth underpinning both.

A major limitation from observations is the inability to explore to detail the accre-

tion history of systems, and while important information can be obtained by studying

2In this context the word ‘system’ is used to encompass Milky Way-like objects, and galaxy groups
and clusters as a whole, i.e. including their respective satellite galaxies and diffuse stellar component. The
word is used instead of ‘halo’ to avoid confusion between dark matter halo (and its multiple definitions)
and stellar halo.
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the properties and distribution of the diffuse stellar populations, there is no additional

temporal information that can be obtained. On this matter, numerical simulations have a

huge advantage over observations, their capability of accessing full 3D spatial and kine-

matic, as well as temporal information, therefore makes simulations an excellent tool to

address these questions. Early approaches N-body simulations were used in combination

with semi-analytic models and occupation distribution formalisms to study the diffuse

stellar envelope produced by the interaction of galaxies. These have given important

insight into the diversity of tidal features present in Milky Way-like systems (e.g. Bullock

and Johnston, 2005; Cooper et al., 2010), as well as on the formation and evolution of

the ICL at cluster scales (e.g. Rudick et al., 2006). While in principle hydrodynamical

simulations offer a clear advantage over these methods, as they self-consistently follow

the formation and assembly of galaxies and halos, other approaches were preferred at the

time as hydrodynamical simulations still presented major challenges to produce realistic

galaxies and in statistically meaningful volumes (e.g. Frenk et al., 1999; Scannapieco

et al., 2012). This picture, however, has rapidly changed over the last five years, and

major improvements have happened since.

Cosmological simulations of galaxy formation

A major breakthrough has taken place in the capability of cosmological hydrodynamical

simulations to produce not only realistic individual galaxies, but also simultaneously

those of entire populations in statistically representative volumes of the Universe (e.g

Dubois et al. 2014; Vogelsberger et al. 2014; Schaye et al. 2015; Davé et al. 2016;

Pillepich et al. 2018b; Davé et al. 2019; see also Somerville and Davé 2015 for a recent

review). This has been achieved thanks to the combination of major improvements in

numerical algorithms, availability of computing resources, improved subgrid models for

unresolved feedback processes, and the calibration of subgrid feedback parameters to

match key observables, such as the Galaxy Stellar Mass Function (GSMF) and the size-

mass relation of galaxies. Simulated boxes of ∼ (100 cMpc)3 with sub-kpc resolution

are becoming common, such as Horizon-AGN (Dubois et al., 2014, Fig. 1.5), EAGLE

(Schaye et al., 2015), Illustris (Vogelsberger et al., 2014) and IllustrisTNG (Pillepich

et al., 2018b), SIMBA (Davé et al., 2019).

This new generation of simulations reproduce observables beyond those they were
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Figure 1.5: Visualisation of the cosmological hydrodynamical simulation Horizon-AGN, taken
from Dubois et al. (2014). The panels show the projected properties of the gas, the gas density
is shown in green, temperature in red, and metallicity in blue. Top panel displays the large scale
structure in the simulation, thin and thick filaments extend over Mpc scales. This figure shows
the capability of hydrodynamical simulations to self consistently produce galaxy populations
embedded within the large scale structure of a statistically representative volume of the Universe.

tuned for, with various degrees of success. For example, these simulations produce

reasonable morphological diversity of galaxies (e.g. Snyder et al., 2015; Dubois et al.,

2016; Elagali et al., 2018), the colour bimodality of galaxies (Trayford et al., 2015, 2016;

Nelson et al., 2018), evolution of the stellar mass function, the SFR-stellar mass relation

and the cosmic SFR density evolution (Genel et al., 2014; Furlong et al., 2015; Kaviraj

et al., 2017). This level of success is generally applicable for the whole dynamic range

of the simulation, from relatively dwarf galaxies to massive ellipticals. Cosmological

hydrodynamical simulations of galaxy formation are now ideal laboratories to explore

and isolate the effects of the physical processes involved on the evolution of galaxies in
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realistic environments. This is because these simulations directly solve the equations of

hydrodynamics and gravity down to sub-galactic scales, and are designed to capture the

overall effect of the hierarchical assembly of halos and galaxies. They therefore offer a

unique opportunity to measure the diffuse stellar component in a consistent way over a

wide dynamic range.

Similarly as for observations, a main problem is to robustly define what this stellar

diffuse component is. And while state-of-the-art simulations now provide the opportu-

nity to study this component in entire populations, it also makes it challenging to identify

or separate such component in the whole dynamic range of the simulation in a physically

consistent way. Some theoretical studies have addressed this issue either by using fixed

definitions throughout the simulations, such as fixed spherical apertures (e.g. Pillepich

et al., 2018a), or using an adaptive definition of what the diffuse component is (e.g.

Pillepich et al., 2014; Elias et al., 2018). However, there is still not yet a physically moti-

vated adaptive definition that can be reliably applied to the galaxy populations resolved

in these simulations. In order to identify the stellar halos of galaxies in simulations, it is

of vital importance to have a robust way of identifying galaxies first.

Identification of galaxies

The identification of structures in simulations is a crucial part of the analysis and con-

sequently results obtained from simulations. The robustness of such results ultimately

depends on how well structures, either dark matter halos or galaxies, are identified (see e.g.

Knebe et al., 2011, 2013b). This problem has been tackled with several methods over the

years. In the first studies of hierarchical formation, simple structure finding algorithms,

such as spherical over-density (SO, Press and Schechter, 1974) and Friends-of-Friends

(FOF, Davis et al., 1985), were able to give a reasonable estimation of “condensed”

structures in simulations. However, with the ever increasing size of simulations and the

need of higher accuracy in measurements, such simple approaches are not necessarily

optimal, and a large number of codes have appeared in the literature addressing the

finding of structures in simulations (e.g. Klypin and Holtzman 1997; Eisenstein and Hut

1998; Stadel 2001; Springel et al. 2001a; Gill et al. 2004, see also Knebe et al. 2011,

2013b and references therein).

Although all these algorithms attempt to solve the same problem, the specific details
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z=0.56 z=0.54 z=0.52 z=0.5

z=0.49 z=0.47 z=0.45 z=0.44

z=0.42 z=0.41 z=0.39 z=0.38

z=0.37 z=0.35 z=0.34 z=0.32

Figure 1.6: Example of halo identification problems in simulations, taken from Poole et al. (2017).
The figure shows the evolution of a multiple halo interaction in the GiggleZ-HR simulations from
z = 0.56 to z = 0.32, as labelled in each panel. Haloes are shown in different colours as
are identified at each time (snapshot) by the identification code subfind. The panels illustrate
how particle assignment to density peaks affects the mass of structures, particularly those in the
outskirts which can bridge between halos. These particles are first assigned to the red halo,
and subsequently to the yellow, blue and green halo, producing inconsistent halo masses
across time. This is a common problem in finders in the literature, which happens as well in the
identification of galaxies as the same algorithms are used to identify both types of structures.
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of each implementation can introduce artifacts in the final results; and although more

complex algorithms have emerged over the years (e.g. Tormen et al., 2004; Diemand et al.,

2006; Giocoli et al., 2008; Maciejewski et al., 2009; Elahi et al., 2011; Behroozi et al.,

2013a; Han et al., 2012, 2018), there are still significant problems to be resolved. Two

regimes that have been traditionally challenging for galaxy finding algorithms: mergers

and interactions, and identification of substructures in high density environments. The

main problem in both of these regimes is that the outskirts of hosts and satellite structures

can have similar densities, making it difficult to distinguish to which structure they belong

(e.g. Poole et al., 2017, ; Fig. 1.6), and is therefore crucial for the study the diffuse envelope

around galaxies. A particular issue in the field is that the identification of galaxies is often

an overlooked problem, and studies have generally apply the same algorithm to galaxies

as those used to identify dark matter halos and their substructures. However, galaxies

have a wider range of morphologies than halos, which during interactions produce even

more complex stellar structures that form on an already significant density peak. Thus,

the problem of identifying galaxies cannot be solved using dark matter halo finding tools,

and requires algorithms that are developed specifically for galaxies.

This Thesis

The aim of this thesis is to use cosmological hydrodynamical simulations to study the

diffuse stellar component around galaxies, particularly focusing on estimating its mass

content across a wide range of mass scales; with this in mind and motivated by the

common hierarchical formation of these structures, I will use the term Intra-Halo Stellar

Component (IHSC) to encapsulate stellar halos, IGL and ICL into a single term. In order

to achieve this goal, it is first necessary to provide a consistent and physically motivated

definition of what the diffuse component is, and therefore how it should be separated

from the galaxies in a halo, which in turn requires a robust identification of these objects

in simulations.

First, in Chapter 2, I present a a brief description of the hydrodynamical simulation

Horizon-AGN (Dubois et al., 2014), and the EAGLE (Schaye et al., 2015; Crain et al.,

2015) and Hydrangea/C-EAGLE projects (Bahé et al., 2017; Barnes et al., 2017a) used

throughout this thesis. Additionally, this Chapter includes the description of the identifi-

cation tool velociraptor, which was used as the basis for the identification of galaxies
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and the IHSC; and halomaker which the results of this thesis are compared to.

In Chapter 3, I describe to detail a new galaxy finding algorithm to robustly identify

galaxies in simulations. The algorithm makes use of the full configuration and velocity

space information of stars, and was designed to improve the identification of closely

interacting galaxies, as well as for those in densely populated environments. The al-

gorithm is compared against the state-of-the-art code halomaker, to study the effects

that the identification method has on the properties of individual galaxies and galaxy

populations. The contents of this Chapter have been published in Cañas et al. (2019)

as a paper in the Monthly Notices of the Royal Astronomical Society (MNRAS) journal

(2019MNRAS.482.2039C).

Once we are able to robustly and adaptively identify galaxies, the next step is to

separate its IHSC, which by design is implemented within the algorithm presented in

Chapter 3. In Chapter 4, I present the first results on the estimated mass content in the

IHSC for the entire galaxy population of a uniform resolution cosmological hydrodynam-

ical simulation. This Chapter present a characterisation of the mass content of the IHSC

across different mass ranges and epochs by exploring to detail the IHSC mass fraction

- stellar mass relation, f M∗,IHSC − M∗. Special attention is put into Milky Way-mass sys-

tems and galaxy clusters to understand the scatter observed in their IHSC mass fraction,

f M∗,IHSC , (Merritt et al., 2016; Harmsen et al., 2017), and the f M∗,IHSC behaviour at the high

mass end, respectively. The majority of this contents have been submitted in the form of

a paper to MNRAS in Cañas et al. (2020), which has been accepted for publication, with

reference 2020MNRAS.494.4314C. One of the present-day limitations in the theoretical

studies of the IHSC is the lack of comparability between different studies due to the

existence of a wide variety of IHSC definitions in simulations. In addition, studies have,

in their majority, only focused on specific simulations which in turn provide a narrow

picture of the IHSC in the context of galaxy formation and its modelling.

As described above, at galaxy cluster scales, theoretical and observational studies

have shown divisive results on the mass dependence and evolution of the ICL. This

questions are thoroughly addressed in Chapter 5, where an ensemble of galaxy cluster

zoom simulations from the Hydrangea (Bahé et al., 2017) and C-EAGLE (Barnes et al.,

2017a) are analysed. While these questions were explored to certain extent in Chapter 4,

the use of cluster simulations is necessary as these structures cannot be well sampled in

present-day uniform resolution simulations, given that perturbation modes that give rise
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to massive galaxy clusters are larger than the ∼ 100 h−1 Mpc box size of simulations

such as Horizon-AGN, EAGLE or Illustris. By using the Hydrangea/C-EAGLE sample

of clusters, not only massive galaxy clusters (M200c ≃ 1015M⊙) are accessible, but also

provide a moderate sample size to provide statistical insight onto the behaviour of the

ICL. At the moment of writing this thesis, the content of this Chapter is being prepared

in the form of a paper.

Finally, in Chapter 6, I present a summary of the main results of this thesis, as well

as a discussion on the implications that these results have on the future of the field.
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2

Methodology

In this Chapter, I describe the characteristics of the simulations of galaxy formation, and

structure identification codes used throughout this work. In the first part, I present a

detailed description of the relevant parameters and sub-grid models of the Horizon-AGN

and EAGLE simulations. The Horizon-AGN simulation is analysed in Chapters 3 and 4,

and the EAGLE and its galaxy cluster-oriented project (Hydrangea/C-EAGLE) are studied

in Chapter 5. In the second part of this Chapter, I describe the algorithm of the structure

finder code velociraptor, which was improved and extensively used throughout this

thesis, as well as presenting a brief description of the halo finder code halomaker, which

used as a point of comparison for the modified version of velociraptor in Chapter 3.

2.1 | Hydrodynamical Simulations

Hydrodynamical simulations have only recently been capable of producing realistic

galaxy populations in uniform resolution boxes of statistically representative volumes of

the universe. Examples of such simulations are the Horizon-AGN simulation, presented

in by Dubois et al. (2014), and EAGLE project, first described by Schaye et al. (2015)

and Crain et al. (2015). Results of this work are extensively based in both of these

simulations. Here I present their main feautures, such as volume, resolution and adopted

cosmology, as well as a detailed description of their specific implementation of so-called

sub-grid physics models.

2.1.1 | Horizon-AGN

The Horizon-AGN simulation was first introduced in Dubois et al. (2014). It is well known

for implementing a uniform resolution simulation of a two-mode feedback from AGN, a

radio and a quasar mode. It has a ‘sibling’ simulation sharing the same initial conditions
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and simulation parameters, except for having the AGN feedback model switched off

called Horizon-noAGN (e.g. Dubois et al., 2016).

Horizon-AGN produces galaxy populations whose luminosity and stellar mass func-

tions, and star formation main sequence are in reasonable agreement with the observed

ones (Kaviraj et al., 2017). It has also been used to demonstrate that AGN feedback is

crucial to produce the observed morphological diversity and kinematic properties of mas-

sive galaxies (Dubois et al., 2016), and to investigate how AGN feedback affects the total

density profile of galaxies and dark matter halos (Peirani et al., 2017, 2019). In addition,

the simulation has been used to investigate the alignment between cosmic web filaments

and the spins of galaxies, and the role of mergers in changing the spin orientation of

galaxies (Dubois et al., 2014; Welker et al., 2014). Here, I briefly summarise the main

characteristics and sub-grid models implemented in the simulation. Additional details on

the specific implementations can be found in Dubois et al. (2014), and references therein.

Cosmology - ΛCDM cosmology total matter density Ωm = 0.272, dark energy density

ΩΛ = 0.728, amplitude of matter power spectrum σ8 = 0.81, baryon density Ωb =

0.045, Hubble constant H0 = 70.4 km s−1 Mpc−1 and spectral index ns = 0.967

compatible with Wilkinson Microwave Anisotropy Probe 7 (WMAP-7) (Komatsu

et al., 2011). It simulates a cosmological volume in a box Lbox = 100h−1 Mpc

on a side, with 10243 dark matter particles having a mass resolution of mDM =

8 × 107M⊙.

Technical aspects - Horizon-AGN was run using the Adaptive Mesh Refinement (AMR)

code ramses (Teyssier, 2002). AMR codes are characterised for using grids to

compute the evolution of a fluid in a so-called Eulerian approach, in which the

fluid properties are stored at fixed spatial regions, i.e. cells, and the evolution of

their properties is computed by the interaction with neighbouring cells, advection,

mass and momentum can be transferred across the cell boundaries. The Euler

equations that describe the evolution of gas are solved using a second-order unsplit

Godunov scheme (Godunov, 1959), along with the Harten-Lax-vanLeer-contact

(HLLC, Toro et al., 1994) Riemann solver to reconstruct the interpolated variables

from those at the centre of each cell. The same mesh is used to compute the

evolution of collisionless particles (i.e. stars and dark matter) using a particle-

mesh (PM) scheme with a cloud-in-cell (CIC, e.g. Hockney and Eastwood, 1988)
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interpolation. In the Horizon-AGN AMR scheme, cells are refined when the mass

contained within the cell exceeds 8 times the mass of a dark matter particle. This

can happen when either 8 dark matter particles are located within a cell, or then

the baryon mass exceeds that limit. An initial mesh of 10243 cells, equivalent to a

level 10 refinement1, can be refined up to seven levels with extent of ∆x = 1 kpc.

Gas cooling and heating - Gas cools through Hydrogen and Helium, using the Suther-

land and Dopita (1993) cooling function down to a temperature of 104 K. Gas

is also enriched by metals from stellar winds and supernovae explosions, more

specifically, the abundance of Oxygen, Iron, Carbon, Nitrogen, Magnesium and

Silicon are tracked. Although the presence of metals is taken into consideration in

the cooling functions, and their abundance in the simulation (see below), these do

not cool separately. Gas is heated following a redshift-dependent UV background

from quasars after zreion = 10 (Haardt and Madau, 1996). Gas is described by the

equation of state of an ideal monoatomic gas with an adiabatic index of γ = 5/3.

Star formation - Star formation is modelled following a Kennicutt-Schmidt law (Ken-

nicutt, 1998)

ρ̇∗ =
ǫ∗ ρ

tff
, (2.1)

where ρ̇∗ is the star formation rate (SFR) density, and ǫ∗ = 0.02 is a constant

star formation efficiency, and tff the local free-fall time of the gas. Star formation

happens in regions where the gas density exceeds a density threshold of ρ0 = 0.1

H cm−3. Stars are distributed in a Poissonian random process, following Rasera

and Teyssier (2006), and have a stellar mass of

M∗ = ρ0 ∆x3 , (2.2)

which for Horizon-AGN is equivalent to a particle mass resolution of mp,∗ ≃
2×106 M⊙. Following Springel and Hernquist (2003), to prevent its fragmentation,

gas pressure is enhanced above ρ0 assuming a polytropic equation of state

1Refinement levels refer to the power of 2 to which a single cells is divided into, in this case 210
= 1024.
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T = T0

(

ρ

ρ0

) κ−1

,

with index κ = 4/3.

Stellar Feedback - Stellar feedback is modelled in the form of stellar winds, and Type

Ia and Type II supernovae (SNe), it therefore takes into account major processes

that inject kinetic and thermal energy on surrounding gas. Horizon-AGN adopts a

Salpeter (1955) initial mass function (IMF), with lower limit of 0.1 M⊙ and upper

limit of 100 M⊙. Look-up tables are generated with starburst99 (Leitherer et al.,

1999, 2010) for stellar winds and Type II SNe as a function of metallicity and age;

the frequency of SNe Type Ia is computed following Greggio and Renzini (1983)

The injection of momentum, energy and mass is allowed only when blast waves

from stellar particles in each cell propagate further than 2 times the size of the cell.

Energy is released after 50 Myr as thermal feedback, and any source of energy

released before that threshold is released as kinetic feedback. A more detailed

description can be found in section 2.1 of Kaviraj et al. (2017).

Black Hole Growth - Black holes are modelled as sink particles (e.g. Bate et al., 1995),

which are capable of capturing (or accreting) gas from surrounding cells. Black

holes are created in cells that are already at the maximum refinement level, its gas

is Jeans unstable and has density that exceeds ρ0, (which is the threshold for star

formation), and have stellar velocity dispersions larger than 100 km s−1. An initial

seed mass of 105 M⊙ is adopted. Black holes are not allowed to form at distances

closer than 50 kpc from each other to prevent the formation of multiple black holes

within a single galaxy, and their formation is overall stopped in the simulation at

z = 1.5. Black holes are allowed to merge when their distance is smaller than

4∆x. At the time a black hole is created, it is also ‘split’ into cloud particles

which are used to probe the surroundings of the black hole; these are important for

the computation of accretion and spin of the black hole, as explained below (see

Dubois et al., 2010, 2012; Teyssier et al., 2011, for a more detailed description).

Accretion of mass into the black holes is modelled using a Bondi-Hoyle-Lyttleton

rate (Bondi, 1952)
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ṀBH =
4παG2M2

BH ρ̄

(c̄2
s + ū2)3/2

, (2.3)

where MBH is the black hole mass, ρ̄, c̄s and ū are the average gas density, sound

speed, and velocity with respect to the black hole, and G is the gravitational

constant. The parameter

α =



(

ρ

ρ0

)2
ifρ > ρ0

1 otherwise,

(2.4)

is used to account for the scales that cannot be resolved in kpc resolution simulations

(see e.g. Booth and Schaye, 2009). The accretion rate of the black hole is capped

at the Eddington accretion limit

ṀEdd =
4παGMBHmp

ǫrσT c
, (2.5)

where σT is the Thompson cross-section, c is the speed of light, mp is the proton

mass, and ǫ r = 0.1 is the radiative efficiency. Black holes are allowed to move

freely without any imposed constrained. However, to prevent it from oscillating

because of resolution effects, a drag force is introduced, more specifically

FDF = fgas4παρ

(

GMBH

c̄s

)2

, (2.6)

where fgas is a fudge factor with values between 0 and 2 (see Chapon et al., 2013).

AGN Feedback - A key characteristic of Horizon-AGN is the implementation of a two-

mode AGN feedback in the simulation, a radio mode and a quasar mode. Each of

these mechanisms is triggered based on the ratio between the black hole accretion

rate, ṀBH, and the Eddington accretion rate, ṀEdd, i.e.

χ =
ṀBH

ṀEdd
. (2.7)
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The radio mode is active at accretion rates χ < 0.01, and the quasar mode is active

otherwise. For both mechanisms the rate at which energy is deposited is given by

ĖAGN = ǫ fǫ rṀBHc2, (2.8)

where ǫ f is a free parameter that controls the efficiency of the energy output. Here,

I briefly summarise the specific implementation of both AGN feedback modes.

Radio Mode - The implementation for ramses is described in Dubois et al. (2010),

and subsequently updated in Dubois et al. (2012). The radio mode feedback is

modelled as momentum-driven bi-polar jets with the purpose of having a dynamical

effect on the gas close to the black hole, being capable of pushing gas away

and therefore preventing it from collapsing into stars. The jet is modelled as a

cylinder of radius rJ and height 2hJ, i.e. hJ on each end of the jet. Following

the implementation of Omma et al. (2004), a kernel window function is used to

distribute the mass, energy and momentum to surrounding cells. More specifically

ψ(rcyl) =
1

2πr2
J

exp *
,
−

r2
cyl

2r2
j

+
-

, (2.9)

where rcyl is the distance to the axis of the cylinder. The mass that is transferred

from the cell containing the black hole to the cells within the jet is then estimated

as

Ṁj (rcyl) =
ψ(rcyl)

| |ψ | | η ṀBH, (2.10)

where | |ψ | | is the integral of ψ over the entire cylinder, and η = 100 is used to

represent the mass loading factor of the jet on scales that cannot be resolved by the

simulation. Similarly, momentum is transferred along the direction of the jet axis,

which is defined by the angular momentum of the gas surrounding the black hole.

This is calculated by adding the contributions from the neighbouring cells, using

the cloud particles as tracers of the total angular momentum, i.e.

J =

nclouds
∑

i

mi dri × ui , (2.11)
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where mi and ui are the mass and velocity of the gas in the cell hosting the cloud

particle i, and dr is the distance vector from the black hole. The momentum

deposition is calculated as

| |q̇| |(rcyl) = ṀJ (rcyl) | |uJ | |, (2.12)

where

| |uJ | | =
(

2ǫ fǫ r c2

η

)1/2
j · dr

| |dr| | (2.13)

is the velocity of the jet, and j = J/| |J| | is the unit spin vector of the black hole.

For the particular choice of η = 100 and ǫ f = 1, the resulting jet velocity is ≃ 104

km s−1. Finally, the kinetic energy deposited within a cell is

ĖJ(rcyl) =
q̇2

J (rcyl)

2ṀJ(rcyl)
, (2.14)

which can be rewritten as

ĖJ(rcyl) =
ψ(rcyl)

| |ψ | | ĖAGN . (2.15)

This integrated over all cells within the jet recovers back the total ĖAGN.

Quasar Mode - The implementation used for Horizon-AGN, was first described

in Teyssier et al. (2011), and in combination with the radio mode of Dubois et al.

(2012). Here it is briefly summarised. This feedback is modelled as an isotropic

injection of thermal energy into the surrounding cells of the black hole, more

specifically those within a radius rAGN. Following Eq. (2.8), differently from the

radio mode feedback, the efficiency is lower with ǫ f = 0.15. The quasar mode

is active when accretion onto black hole is χ > 0.01. The energy, however, is

not released continuously into the surrounding gas, as it can be dissipated through

cooling in scales shorter than the time-step used in the simulation. To prevent

the latter from happening, an approach similar to Booth and Schaye (2009) is
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taken, in which the energy is released only after a sufficient amount of gas has been

accreted. The rest-mass energy of the accreted gas into the black hole is stored over

several time-steps, and is released once it is large enough to rise the temperature

of surrounding gas above a temperature threshold Tmin, i.e.

EAGN >
3

2
mgaskBTmin , (2.16)

where mgas is the gas mass within the sink radius and kB is the Boltzmann’s

constant. A threshold of Tmin = 107 K is chosen, as at lower temperatures cooling

becomes efficient.

For Horizon-AGN, rJ and hJ are equal to ∆x, and the energy efficiency for the radio

mode is ǫ f = 1, and ǫ f = 0.15 for the quasar mode to reproduce the black hole

mass-stellar mass MBH − M∗, and the black hole mass-stellar velocity dispersion,

and MBH − σ∗ observational relations. A key result of this implementation is that

at higher redshifts accretion onto black holes is higher and therefore the quasar

mode feedback is dominant, while at lower redshifts, due to the more typical lower

accretion rates, the radio modes dominates.

2.1.2 | EAGLE project

The Evolution and Assembly of GaLaxies and their Environments (EAGLE; Schaye

et al., 2015) project is a suite of cosmological hydrodynamical simulations that follow the

formation of galaxies in a ΛCDM Universe. The suite is characterised for having diverse

simulation boxes with varying volume, resolution and subgrid physics implementations

(see Schaye et al., 2015; Crain et al., 2015), and has played an important role on the

understanding of the need for calibration of subgrid models and the concept of ‘strong’

and ‘weak’ convergence (see section 2 of Schaye et al., 2015). The subgrid models have

been calibrated to reproduce the z = 0 galaxy stellar mass function, galaxy size-mass,

and black hole mass- stellar mass relations.

EAGLE has successfully reproduced observed properties of galaxy population that

were not taken into consideration for the tuning, such as the specific star formation rates

(sSFR) of galaxies, the Tully-Fisher relation, the fraction of passive galaxies as a function
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of stellar mass (Schaye et al., 2015); and the colour bimodality (Trayford et al., 2015,

2016); among others,

Cosmology - The simulation follows the evolution of a statistically representative volume

of a ΛCDM Universe. It adopts a matter density of Ωm = 0.307, a dark energy

density of ΩΛ = 0.693, a Hubble parameter H0 = 67.7 km s−1 Mpc−1, σ8 =

0.8288, and ns = 0.961, values in agreement with Planck Collaboration et al.

(2014). For the reference run Ref-L100N1504, the simulation has a box size of

Lbox = 100 cMpc2, and an initial number of 15043 gas and dark matter particle

elements, with a masses of mgas = 1.81 × 106 M⊙ and mDM = 9.70 × 106 M⊙,

respectively.

Technical aspects - The simulations were run using a modified version of Gadget-3

(Springel et al., 2001b; Springel, 2005), which is a N-body Tree-PM smoothed

particle hydrodynamics (SPH) code. The SPH formulation follows a conservative

pressure-entropy of Hopkins (2013), an artificial viscosity of Cullen and Dehnen

(2010), a C2 Wendland (1995) kernel and a time-step limiter from Durier and Dalla

Vecchia (2012). Initial conditions were generated using a glass-like configuration

and displaced using second-order Lagrangian perturbation theory (2LPT; Jenkins,

2010, 2013). A total of 4.5 million CPU hours were used to run the Ref-L100N1504

simulation.

Gas cooling and heating - Radiative cooling of gas is implemented on an element-by-

element basis for a total of 11 elements: H, He, C, N, O, Ne, Mg, Si, S, Ca and Fe.

Cooling rate tables are computed using version 07.02 of cloudy (last described in

Ferland et al., 1998), as a function of gas temperature, density and redshift, under

the assumption that gas is dust-free, optically thin and in ionization equilibrium.

The total cooling Λ is calculated as

Λ = ΛH,He +

∑

i>He

Λi , (2.17)

2For the EAGLE project comoving distances are denoted with prefix ‘c’, e.g. cMpc = comoving
Megaparsec
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whereΛH,He is the combined contribution from H and He, andΛi from each element

i heavier than Helium. The combined contribution from H and He are calculated

from tables by interpolating cloudy models containing only these elements. The

cooling of such elements is calculated as the difference between the cooling rate

computed using all 11 elements and the one computed using all elements but setting

the abundance to of zero.

Cooling rates of these elements are calculated taking into account heating sources.

From higher to lower redshifts, first cooling rates account for the Cosmic Mi-

crowave Background (CMB) and photodissociating background, obtained from

cutting the z = 9 Haardt and Madau (2001) spectrum above 1 Ryd. At redshift

z ≤ 11.5 a redshift-dependent, spatially-uniform UV/X-ray ionizing background

from galaxies and quasars, following Haardt and Madau (2001) is used to model

Hydrogen reionization. An additional 2 eV per proton are injected, distributed in

redshift according to a Gaussian centered at z = 3.5 and σ(z) = 0.5, producing

a thermal history in agreement with observations (see figure 1 of Wiersma et al.

2009b; and Schaye et al. 2000 for observational estimates). A detailed description

of this implementation can be found in Wiersma et al. (2009a).

Star formation - Following Schaye and Dalla Vecchia (2008), star formation is imple-

mented using a pressure-dependent formulation of the Kennicutt-Schmidt law,

ṁ∗ = mg A
(

1M⊙pc−2
)−n

,

(

γ

G
P

) (n−1)/2
(2.18)

where ṁ∗ is the SFR of the gas particle with mass mg and pressure P, γ is the

specific heat ratio (equal to 5/3 in this case). A and n are parameters derived from

observations (Kennicutt, 1998), with values n = 1.4 and A = 1.515 × 10−4 M⊙

yr−1 kpc−2, which takes into account the use of a Chabrier (2003) IMF rather than

a Salpeter (1955) one. To account for the physical effect of the gas phase transition

from warm to cold gas being metallicity dependent, the adopted star formation

density threshold is implemented as metallicity, Z , dependent following Schaye

(2004),

n∗H = 10−1cm−3

(

Z

0.002

)−0.64

. (2.19)
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To prevent divergence at low metallicities, n∗H is limited to a maximum 10 cm−3.

Finally, star formation is implemented stochastically with the probability of a gas

element being converted to a star particle being

Prob = min

(

ṁ∗∆t

mg
, 1

)

, (2.20)

where ∆t is the length of the time-step, and ṁ∗ is given by equation (2.18). The

interested reader is referred to sections 2 and 3 of Schaye and Dalla Vecchia (2008)

for a detailed derivation of this formulation and its implementation in simulations.

Stellar Feedback - Energy input and mass loss from stars are modeled following Dalla

Vecchia and Schaye (2012) and Wiersma et al. (2009b), respectively. Star particles

are modelled as simple stellar populations following a Chabrier (2003) initial mass

function, with lower and upper limits of 0.1 and 100 M⊙, respectively.

Mass loss - At each time step the mass fraction of initial mass of the star particle

reaching the end of the main-sequence is calculated for each stellar particle follow-

ing the metallicity-dependent lifetimes of Portinari et al. (1998). This fraction is

used to compute the mass that is lost through winds from massive stars, Asymp-

totic Giant Branch (AGB) stars, and core collapse SNe following Marigo (2001)

and Portinari et al. (1998). The lost mass is deposited into 48 neighbouring gas

particles, following

∆mk =

mg

ρk
W (rk, h)

∑

i
mg

ρi
W (ri, h)

, (2.21)

where ∆mk is the increment in mass for gas particle k with density ρk located at a

distance rk from the mass-lossing star particle with smoothing length h; W is the

SPH kernel and mg is the initial mass gas. ∆mk also carries mass and momentum

with it. These are calculated using the difference in velocity between the star

particle and each k gas particle also considering AGB winds with velocities of 10

km s−1. Momentum is conserved by modifying the velocity of each k gas particle

and energy is conserved by adjusting their entropy.
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Stellar Feedback - Feedback from stars in EAGLE is implemented as the energy

input from core-collapse supernova events, or SNII, which have typical energies

ESN II = 1051 erg, and can increase the temperature of the surrounding gas to 108

K. The energy input into surrounding gas is done stochastically, as fully described

in Dalla Vecchia and Schaye (2012), which allows to control the amount of energy

per feedback event. In this implementation there are two free parameters: the

temperature jump, ∆T , that surrounding gas particles experience and the injected

energy which is a fraction f th of the total energy per unit mass from a SNII event.

This implementation allows to control the temperature increment of gas particles

to avoid significant energy loses due to the short cooling times in high density gas.

In this implementation gas is able to escape from the galaxy, and large outflows

become common in star-forming galaxies.

The number of stars per stellar mass ending as core collapse supernovae (SNII)

can be calculated as

nSN II =

∫ Mu

Ml

Φ(M)dM , (2.22)

where Φ is the IMF, and Ml and Mu are the lower and upper mass limits of SNII

stars. The total energy per stellar mass from these events is then

ǫSN II = nSN IIESN II . (2.23)

Integrating equation (2.22) for the adopted Chabrier IMF and Ml = 6 M⊙ and

Mu = 100 M⊙, the expected number of SNII events per stellar mass is nSN II =

1.726×10−2 M−1
⊙ , and assuming an energy output from each SNII event of ESN II =

1 × 1051 erg, and M⊙ = 1.989 × 1033 g, the expected energy output per gram is

then ǫSN II = 8 × 1015 erg g−1 (see equation 2 of Dalla Vecchia and Schaye, 2012).

The total energy from a SSP star particle with initial mass m∗, is then

Etot,SN II = m∗ǫSN II , (2.24)
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when the free parameter the energy distributed by the star particle takes the form

f thm∗ǫSN II, which can be though of as ‘effective’ energy that is distributed. As-

suming that neighbouring gas particles have a probability p of receiving energy

from the star, the expectation value of the amount of energy injected from SNII is

then

p
∑

i

Ei = p∆ǫ
∑

i

mi (2.25)

where Ei is total energy given to a gas particle i with mass mi. By requiring that

that the total energy injected is equal to the ‘effective’ energy, probability can be

rewritten as

p = f th
ǫSN II

∆ǫ

m∗
∑

i mi

. (2.26)

Limiting the probability p to unity, i.e. p ≤ 1, and assuming f th = 1, a total of 48

neighbouring particles, the energy per unit mass is required to be ∆ǫ ≥ 1.82×1014

erg g−1, or equivalently ∆T ≥ 8.8 × 105 K. The adopted value for EAGLE is

∆T = 107.5 K. The energy is released in a single time-step. once the stellar particle

reaches the age of 3 × 107 yr, which is the expected maximum lifetime of stars

that undergo core-collapse SN. A full description and derivation can be found in

sections 3 and 4 of Dalla Vecchia and Schaye (2012).

The efficiency of such events, controlled by parameter f th is modeled as a function

of metallicity, Z , and density nH. The density dependence is compensates for initial

thermal losses at high densities, while the metallicity dependent accounts for the

increment of thermal losses at high metallcities. The adopted f th dependence is

then written as

f th = f th,min +
f th,max − f th,min

1 +
(

Z
0.1Z⊙

)nZ
(

nH,birth

nH,0

)−nn
, (2.27)

where nH,birth is the density of the gas particle at the moment the star was formed,

nZ = nn = 0.87, and nH,0 = 0.67 cm−3 which was chosen from several test
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simulations to match the z = 0 galaxy stellar mass function and size-mass relation.

Finally, f th,max = 3 and f th,min = 0.3 are asymptotic values reached at low metallicty

and high density, and vice versa. See section 4.5.1 of Schaye et al. (2015) for a

detailed discussion on this implementation.

Black Hole - The black hole seeding (creation) and growth is implemented following

Springel et al. (2005), Booth and Schaye (2009) and Rosas-Guevara et al. (2015).

Seeding - Black holes are created with an initial (seed) mass of mBH = 105M⊙h−1,

and placed at the centre of each dark matter halo identified by subfind that has

reached a mass of 1010M⊙ and does not already host a black hole (Springel et al.,

2005). This is achieved by running subfind ‘on-the-fly’ with a linking length

of b = 0.2 the inter-particle spacing, at logarithmically spaced time steps with

∆a = 0.005a, where a is the expansion factor. Due to resolution limitations, black

holes with mass smaller than 100 times the mass of a gas particle are forced to

move towards the minimum potential of the halo.

Mass accretion - The accretion of mass onto black holes neglects contributions

from dark matter and stars, and therefore only considers accretion of mass from

gas particles. Mass accretion is modelled as

Ṁacc = Ṁbondi ×min


1

Cvisc

(

c2
s

Vφ

)3

, 1

, (2.28)

where Cvis is a free parameter related to the viscosity of the accretion disc; ṀBondi

is the Bondi (1952) accretion rate3.

ṀBH =
4πG2M2

BH ρ̄

(c̄2
s + ū2)3/2

(2.29)

and

Vφ =

������

NSPH
∑

i

ri × vi mi W (ri, h)
1

ρh

������
(2.30)

3Note that equations (2.3) and (2.29) differ by a scaling factor α which is not used in EAGLE due to
difference of specific implementation
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is the rotation speed of gas around the black hole as calculated by Rosas-Guevara

et al. (2015), where W (r, h) is the SPH smoothing kernel, h is smoothing length,

and ρ =
∑N

i miW (ri, h) is the smoothed density, and ri and vi are the position and

velocity vectors of gas particle i with respect to the black hole. The mass accretion,

Ṁaccr is capped at Eddington accretion rate same as described by equation (2.5).

The mass accretion onto black hole, ṀBH, is then calculated as

ṀBH = (1 − ǫ r)Ṁaccr , (2.31)

where ǫr = 0.1 is the radiative efficiency of the accretion disc. A detailed descrip-

tion and discussion of this implementation can be found in Rosas-Guevara et al.

(2015). The free parameter Cvis is modified to calibrate against observations. In

the case of ‘reference’ model, Ref-L100N1504, Cvis = 2π; for the high-resolution

recalibrated model, Recal-L025N0752, Cvis = 2π × 103; and for the AGNdT9-

L050N0752 Cvis = 2π × 102

Lastly, black holes are merged if the distance between them is smaller than three

gravitational softening lengths and their smoothing kernel, and their relative veloc-

ity is smaller than the circular velocity at a black hole smoothing kernel distance.

AGN Feedback - Feedback from AGN is implemented using a single mode of feed-

back, rather than separating it into a radio and a quasar mode. Such feedback is

implemented as a thermal injection of energy into the surrounding gas particles

of the super-massive black hole, and is distributed in the same stochastic way as

stellar feedback. The energy injection rate is

ĖBH = ǫ fǫ rṁaccrc
2 (2.32)

with a radiated energy fraction of ǫ f = 0.15, which has been chosen to reproduce

the black hole mass-galaxy stellar mass relation. Black holes accumulate each time

step, ∆t a

∆EBH = ǫ fǫ rṁaccrc
2
∆t . (2.33)

33



Chapter 2. Methodology 2.1. Hydrodynamical Simulations

The energy is only released if it is enough to increase the temperature of a number

of neighbouring particles, Nnbg, by∆TAGN. For the reference model∆TAGN = 108.5

K, and ∆TAGN = 109 K for the high-resolution recalibrated, and AGNdT9 models.

The implementation follows that of Booth and Schaye (2009) and further derivation

and discussion can be found there.

2.1.3 | Hydrangea/C-EAGLE

The sample was presented in Bahé et al. (2017) and Barnes et al. (2017a). It consists of

30 galaxy clusters drawn from the parent simulation of Lbox = 3 200 cMpc used for the

MACSIS project (Barnes et al., 2017b), with an original number of of 25203 dark matter

particles with a mass resolution of mDM = 8.01 × 1010 M⊙. Dark matter halos in this

simulation were identified using subfind (Springel et al., 2001a), and only those with

Friends-of-Friends (FOF) masses above M > 1014M⊙ were considered for the sample.

To be eligible for the sample, halos must also be positioned far from the box boundaries

(> 200 cMpc) and to be ‘isolated’ from any other candidate by at least 30 pMpc or 20

r200c, whichever is larger. From an initial list of more than 90 000 candidates, a subset

of 30 halos were randomly selected from 10 mass bins to equally sample different mass

ranges.

The full C-EAGLE sample consists of these 30 galaxy clusters re-simulated to the

same resolution as the EAGLE Ref-L100N1504 simulation (see Section 2.1.2 and Schaye

et al. 2015) up to an extent of five times the virial radius, 5R200c, of the halos (Barnes et al.,

2017a). The Hydrangea sample consists of 26 of these halos re-simulated up to a radius

of 10R200c, with the purpose of studying the environmental effects of galaxy clusters

to very large distances from the halo (Bahé et al., 2017). The zoom simulations share

the same resolution, cosmology, parameters and subgrid models as EAGLE simulations.

The only difference resides in the efficiency used for AGN feedback which is adopted to

be the same as the AGNdT9 simulation (Schaye et al., 2015; Bahé et al., 2017; Barnes

et al., 2017a), in which the temperature jump experienced by heated particles from AGN

feedback is ∆T = 109 K and the value of the free parameter Cvis = 2π × 102.
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2.1.4 | Comparison between simulations

As described above Horizon-AGN and EAGLE implemement in different ways the phys-

ical processes involved in the formation of galaxies. Some of the differences arise by

the numerical scheme used, i.e. SPH for EAGLE, and AMR for Horizon-AGN. An im-

portant difference between the simulations is the way the radio mode of AGN feedback

is embedded into the geometry of the mesh for Horizon-AGN, while for EAGLE, AGN

feedback is implemented as stochastic energy injection into neighbouring gas particles.

Other differences, however, arise by the choice of parameter values or models used, for

example gas cooling functions or the IMF used for stellar feedback processes. These

differences will have an impact on the properties of the galaxy populations produced by

the simulations. In this Section I briefly compare some predictions of galaxy population

properties from both simulations, discussing briefly where differences or similarities be-

tween the two may arise. For ease of comparison I show in Table 2.1 a list of properties

and features of the simulations used in this thesis.

Galaxy Stellar Mass Function (GSMF, Φ) - The GSMF shows the number density dis-

tribution of galaxies per stellar mass. It therefore tells us about how well simulations

reproduce the observed abundance of galaxies of different stellar masses in the Uni-

verse. Both EAGLE and Horizon-AGN produce galaxy populations with a GSMF

comparable to those estimated by observations. Figure 2.1 shows the GSMF for

EAGLE and Horizon-AGN, taken from Schaye et al. (2015) and adapted from

Kaviraj et al. (2017), respectively.

In the case of EAGLE, subgrid parameters were tunned to reproduce the observed

GSMF, and therefore by construction its GSMF very closely follows the observed

one. On the other side, Horizon-AGN parameters were not tunned to reproduce

the GSMF, and therefore it is considered a prediction of the model. Although

Horizon-AGN’s Φ does not closely follow observations, it successfully recovers

the overall shape, with a steeply declining curve for M∗ > 1011M⊙, and a flatter one

at lower masses. The over-prediction of Φ at M∗ < 1011M⊙, is mostly caused by

the high effective star formation efficiency, indicating that the implemented stellar

feedback should be stronger to prevent an over-production of stars at this mass

range. On the other hand, at M∗ > 1011M⊙, it can be seen from the comparison
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Table 2.1: Comparative table of relevant parameters and features of Horizon-AGN, EAGLE and
Hydrangea/C-EAGLE. The first set of values correspond to the adopted cosmological parameters
for each simulation. The second set correspond to characteristics of the simulation, including
the box size, Lbox, number of dark matter particles, N3

DM, and resolution mass of dark matter,
mp,DM, and stellar particles, mp,∗, and initial mass of gas elements mp,gas. The third set indicates
the galaxy population properties used to calibrate the respective subgrid models. †This is the
equivalent uniform-resolution number of high-resolution dark matter particles of the parent
simulation volume. The precise number of high-resolution dark matter particles differs for each
cluster. ‡For Horizon-AGN, this value represents the gas mass contained in the initial cells.

Parameter/
Feature

Horizon-AGN EAGLE Hydrangea/C-EAGLE

ΩΛ 0.728 0.693 0.693

Ωm 0.272 0.307 0.307

Ωb 0.045 0.048 0.048

h 0.704 0.677 0.677

σ8 0.81 0.828 0.828

ns 0.967 0.248 0.248

Lbox (cMpc) 142 100 3 200

N3
DM 1024 1 504 48 128†

mp,DM (M⊙) 8 × 107 9.7 × 106 9.7 × 106

mp,gas (M⊙) 1.3 × 107‡ 1.81 × 106 1.81 × 106

mp,∗ (M⊙) ∼ 2 × 106 ∼ 1 × 106 ∼ 1 × 106

Calibration MBH − M∗ dN (M∗)/d log M∗

MBH − σv,∗ R50 − M∗

MBH − M∗
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data from several Integral Field Spectroscopy (IFS) surveys.

2.2 | Identification of structures

The identification of structures in simulations is crucial part on the analysis of cosmo-

logical simulations, and overall on the understanding galaxy formation models through

simulations. In this work, the robust identification of galaxies in simulations of galaxy

formation plays a key role to study the Intra-Halo Stellar Component (IHSC), as is de-

scribed in upcoming chapters. Here I present a detailed description of the structure

identification code velociraptor, which was improved in Chapter 3 for identification

of galaxies, and subsequently used to separate galaxies from the IHSC, as described in

Chapters 4 and 5. Additionally, I present a brief description of the halo finding code

halomaker, that was originally used to generate galaxy catalogues for the Horizon-

AGN simulation. Such catalogues are thoroughly compared to those obtained with the

improved version of velociraptor in Chapter 3.

2.2.1 | velociraptor

velociraptor (also known as stf, Elahi et al., 2011, 2019a) is a structure finding

algorithm capable of identifying dark matter haloes, galaxies and substructures such as

satellite subhaloes and streams in simulations. Here we briefly summarise the algorithm

presented in Elahi et al. (2011) and its recent update in Elahi et al. (2019a).

The standard velociraptor’s algorithm is based on the assumption that the velocity

distribution of a system composed by many objects can be split into a smooth background

component with overdense features in it. The former would correspond to the main halo,

and the latter to the substructures embedded in it. Hence, substructures are found by

identifying the particles whose local velocity density f l(v) stands out from the expected

background velocity density fbg(v), effectively looking for clustering in orbit space.

In order to calculate these quantities for each particle, the main halo is split in

volume cells using the KD-tree algorithm (Bentley, 1975). This is done such that each

cell contains enough particles to minimize statistical errors, but not too many to avoid

variations in the gravitational potential and velocity density in each cell. The expected
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background velocity density, fbg, is estimated as a multivariate Gaussian. Hence, for a

particle i with velocity vi

fbg(vi) =
exp[−1

2 (vi − v̄(xi) Σv (xi)
−1 (vi − v̄(xi)]

(2π3/2 |Σv (xi) |1/2)
, (2.34)

where v̄(xi) and Σv (xi) are respectively the local average velocity and velocity dispersion

tensor about v̄(xi), at the ith particle’s position xi. To accurately determine v̄(xi) and

Σv (xi), the v̄k and Σv,k of each cell k are calculated, and these quantities are linearly

interpolated to the ith particle’s position using the cell containing the particle and six

neighbouring cells. For each cell k

v̄k =
1

Mk

Nk
∑

j

m jv j , (2.35)

and

Σv,k =
1

Mk

Nk
∑

j

m j (v j − v̄)(v j − v̄)T , (2.36)

where m j and v j are the particle j’s mass and velocity respectively, and Nk
4 and Mk are

the number of particles and mass of the cell k, respectively. Finally, the local velocity

density f l(vi) is calculated using a smoothing kernel scheme from velocity-space nearest

neighbours.

For each particle i, the logarithmic ratio of the local and background velocity distri-

butions

Ri = ln
f l(vi)

fbg(vi)
, (2.37)

is calculated. Particles with Rth above a Rth threshold are kept and classified as potential

substructures.

4 velociraptor constructs KD-trees at several stages to calculate velocity density distribution, FOF
searches and estimate gravitational potentials. The number of particles inside each cell Nk will vary
depending on the purpose of the tree. To estimate fbg(v) a Nk = 16 is used when the f (v) is estimated
using 32 velocity-space nearest neighbours. For efficient FOF searches Nk is selected to be similar to
the minimum number of particles threshold to define a structure. Finally, to calculate the gravitational
potential Nk = 8 is used.
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Once the outlying particles are found, they are clustered into groups using a Friends-

of-Friends (FOF, Davis et al., 1985) motivated algorithm. Particles i and j are grouped

if:

(xi − x j )
2

l2
x

< 1 , (2.38)

1/Vr ≤ vi/v j ≤ Vr , (2.39)

cosΘop ≤
vi · v j

viv j

, (2.40)

where x and v are a particle’s position and velocity respectively, lx is the configuration-

space linking length, Vr is the velocity ratio threshold determining the range in which

the norm of the particles’ velocities are considered to be similar, and Θop is an opening

angle threshold within which directions of the particles’ velocity vector must align. This

effectively means that particles in a group need not only to be physically close, but they

also need to be close in orbital space.

velociraptor has been employed in several comparison projects that have confirmed

its versatility and ability to accurately find structures and substructures in N-body and

hydrodynamical simulations (e.g. Knebe et al., 2013a; Elahi et al., 2013; Behroozi et al.,

2015; Onions et al., 2012). An updated version of the code along with new features and

tools will be presented in Elahi et al. in prep.

2.2.2 | HaloMaker

Galaxies in Horizon-AGN were originally identified with the code halomaker (Tweed

et al., 2009). halomaker uses AdaptaHOP (Aubert et al., 2004) algorithm (which is

itself based on HOP Eisenstein and Hut 1998) to identify structures and their corre-

sponding substructures. The algorithm identifies high-density regions and the particles

associated to those. This is done by estimating the density of all particles from NSPH

neighbours using an Smoothed Particle Hydrodynamics (SPH) kernel. Then, starting at

a reference particle, the density field gradient is followed by linking it to the densest par-

ticle within NHOP neighbours, and hopping it as the new reference particle. This process

is iteratively done until the reference particle is the densest within its NHOP neighbours.

Particles with density above a density threshold ρt linked to the same peak constitute

groups. Hierarchy is established by looking for saddle points in the density field between
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peaks, and using them as boundaries to define hierarchy levels. Groups whose saddle

point is above ρt are linked as members of the same branch. The process is repeated

iteratively for each level until no saddle points are found. The main structure (either

dark matter halo or galaxy) is defined by following the branch to which the most massive

or densest peak belongs. Groups from other branches will then become substructures,

while those in branches within branches will be sub-substructures, and so on.
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3

Robust Identification of

Galaxies in Simulations

Identifying galaxies in hydrodynamical simulations is a difficult task, particularly in

regions of high density such as galaxy groups and clusters. We present a new scale-free

shape-independent algorithm to robustly and accurately identify galaxies in simulation,

implemented within the phase-space halo-finder code velociraptor. This is achieved

by using the full phase-space dispersion tensor for particle assignment and an iterative

adjustment of search parameters, which help us overcome common structure finding

problems. We apply our improved method to the Horizon-AGN simulation and compare

galaxy stellar masses (M∗), star formation rates (SFR) and sizes with the elaborate

configuration-space halo finder, halomaker. Galaxies living in halos with > 1 galaxy

are the most affected by the shortcomings of real-space finders, with their mass, SFR,

and sizes being > 2 times larger (smaller) in the case of host (satellite) galaxies. Thus,

our ability to measure minor/major merger rates and disentangle environmental effects

in simulations can be generally hindered if the identification of galaxies is not treated

carefully. Though large systematic differences are obtained on a one-to-one basis, the

overall Galaxy Stellar Mass Function, the Star Formation Rate Function and mass-size

relations are not greatly affected. This is due to isolated galaxies being the most abundant

population, dominating broad statistics.

Rodrigo Cañas, Pascal J. Elahi, Charlotte Welker,

Claudia del P Lagos, Chris Power, Yohan Dubois,

and Christophe Pichon

MNRAS, 482, 2039C (2019)
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3.1 | Motivation

In order to understand the physics involved in the formation of galaxies through simu-

lations, we first need to understand and test the extent to which such results depend on

numerical effects rather than on the physics (e.g. Klypin et al., 1999). This issue has been

pointed out over the years by several studies which have shown that properties of galaxies

and galaxy populations sensitively depend on the specific code used, the implemented

subgrid physics and their respective tuning, as well as numerical resolution (see e.g.

Frenk et al., 1999; Kim et al., 2014; Power et al., 2014; Knebe et al., 2015; Scannapieco

et al., 2012; Schaye et al., 2015; Elahi et al., 2016; Sembolini et al., 2016b,a).

Often overlooked is the issue of the robustness with which we can measure galaxy

properties in these simulations that can affect the conclusions reached. The latter ulti-

mately depends on how well we identify structures in the simulations (Knebe et al., 2011,

2013b). These issues are of particular interest for the new and coming generation of hy-

drodynamical simulations, which have taken the route of fine tuning the free parameters

of the subgrid physics modules (i.e. which describe the processes that are expected to take

place at scales below the resolution limit) against a desired observable (e.g. the galaxy

stellar mass function, GSMF, and the size-mass relation, Crain et al. 2015). Robustly

measuring the desired galaxy property to perform the tuning in simulations is therefore

crucial.

In the first studies of hierarchical formation, simple structure finding algorithms,

such as spherical over-density (SO, Press and Schechter, 1974) and Friends-of-Friends

(FOF, Davis et al., 1985), were able to give a reasonable estimation of “condensed”

structures in simulations. However, with the ever increasing size of simulations and the

need of higher accuracy in measurements, such simple approaches are not necessarily

optimal, and a large number of codes have appeared in the literature addressing the find-

ing of structures in simulations (see Knebe et al., 2011, 2013b, and references therein).

Early approaches have been characterised by using solely configuration-space informa-

tion (e.g. bdm, Klypin and Holtzman 1997; hop, Eisenstein and Hut 1998; skid, Stadel

2001; subfind, Springel et al. 2001a; ahf, Gill et al. 2004), while more recent sophisti-

cated algorithms have addressed the problem adding the velocity-space information (e.g.

6dfof, Diemand et al. 2006; hsf, Maciejewski et al. 2009; velociraptor, Elahi et al.

2011; rockstar, Behroozi et al. 2013a). Although all these algorithms attempt to solve
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the same problem, the specific details of each implementation can introduce artifacts in

the final results. Other approaches tackle the problem by using temporal information by

following (sub)haloes’ bound particles through simulation snapshots to identify struc-

tures and de-blend systems in interaction, which can be done either from late to earlier

times (e.g. surv Tormen et al. 2004; Giocoli et al. 2008, 2010) or vice-versa (e.g. hbt,

hbt+ Han et al. 2012, 2018). Though powerful in principle, these method rely heavily on

identification at sufficiently early times and having at hand snapshots at a high cadence.

It is essential that we understand the reliability of measurements and the associated

systematic uncertainties. This has been addressed by many comparison projects in which

structure finding codes are tested against the same data to study the similarities and

differences on the measurements of the properties of dark matter haloes (Knebe et al.,

2011), subhaloes (Onions et al., 2012), galaxies (Knebe et al., 2013a) and tidal structures

(Elahi et al., 2013). Such studies have found overall agreement when analysing dark

matter halo populations (Knebe et al., 2011). However, large differences are obtained on

the overall mass recovered for dark matter subhaloes, satellite galaxies and tidal streams

(Knebe et al., 2013b; Onions et al., 2012; Knebe et al., 2013a; Elahi et al., 2013). While

the identification of substructures depends on the identification of density peaks, the

major challenge is to assign the “background” particles to statistically significant density

peaks which can affect drastically the properties of the structures. For this reason,

algorithms that only use configuration space information, although fast, struggle to

identify appropriately subhaloes in dense environments (e.g. galaxy groups and clusters,

and merging systems), while finders that include also include velocity-space information

obtain better results in these regimes (Knebe et al., 2011).

This Chapter presents a new galaxy finding algorithm which makes use of the full

configuration and velocity space information, and presents a thorough study of the effects

that the identification method has on the properties of individual galaxies and galaxy

populations. This implementation is an extension of the halo-finder code velociraptor

(Elahi et al., 2011, 2019a). We pay special attention to two regimes that have been

traditionally challenging for galaxy finding algorithms: (i) mergers and interactions and

(ii) identification of substructures in high density environments. The main problem in

both of these regimes is that the outskirts of hosts and satellite structures can have similar

densities, making it difficult to distinguish to which structure they belong. This is even

harder if only configuration space information is taken into account. These problems are
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equally valid for dark matter haloes and galaxies, while there is a plethora of literature

that addresses the former (see for reference Knebe et al., 2013b), the latter has not

yet been thoroughly addressed. Galaxies have a range of morphologies which during

interactions produce complex stellar structures that form on an already significant density

peak. Thus, the problem of identifying galaxies cannot be solved using dark matter halo

finding tools. We show that the undesirable consequences of poor identification affect

radial mass profiles, sizes and total masses. We apply our new galaxy finding algorithm

to the state-of-the-art cosmological hydrodynamical simulation Horizon-AGN (Dubois

et al., 2014) and compare our results with the original galaxy catalog, which was obtained

by applying the configuration space finder halomaker (Aubert et al., 2004; Tweed et al.,

2009).

3.2 | An Improved Algorithm to Identify Galaxies

velociraptor was originally designed to find dark matter structures in simulations,

including haloes, subhaloes and dark matter streams. While it has also been used to

identify galaxies in hydrodynamical simulations (Knebe et al., 2013a), the treatment of

the baryonic component was limited to first identifying dark matter (sub-)haloes, and

then linking gas and stellar particles to the nearest dark matter particle in phase-space.

Though this procedure in principle provides a phase-space assignment of baryons to dark

matter haloes, there were two key aspects that needed improvement. First, the metric

used for baryon assignment was quite simple, which could cause incorrect assignment

of particles especially for non-spherical or complex geometries, which are particularly

present in interacting galaxies. Secondly, for some interacting galaxies, the dark matter

haloes might be indistinguishable, assigning the merging galaxies to the a single halo.

These problems could be solved by running velociraptor independently over stellar

particles to identify galaxies. However, the original velociraptor algorithm assumes

the existence of a smooth, semi-virialised background. The code was not optimised to

find substructures in any system where the background is sparsely sampled.

Here, we describe a new algorithm that uses the tools already implemented in veloci-

raptor to perform fast and efficient phase-space FOF searches, but modifying several

search and assignment criteria to get the desired robustness in the identification of galax-
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ies.

The exact definition of what a galaxy is non-trivial in both simulations and obser-

vations. For hydrodynamical simulations a commonly adopted definition of a galaxy is

all the baryonic mass bound to dark matter (sub)haloes. Hence, the identification of a

galaxy relies on how well (sub)haloes are identified. Instead, our aim here is to be able to

identify galaxies robustly independently of dark matter by using star particle information

only. This is done first by identifying the regions where galaxies are expected to be and

then separating kinematically distinct phase-space overdense structures. In this section

we describe in detail the algorithm; a schematic representation is shown in Fig. 3.1.

3.2.1 | Step 1 - 3DFOF

In the dark matter cosmological framework, galaxies reside inside large virialised dark

matter haloes. Our ‘first guess’ of where galaxies are located will be the region delimited

by the extent of its host dark matter halo. This is done by grouping particles that are

close in physical space using a configuration-space FOF search (3DFOF), described by

equation (2.38), on the star particles. Since its introduction in Davis et al. (1985), this

first step is commonly used by many finding algorithms (e.g. Subfind, HaloMaker,

Rockstar, Springel et al., 2001a; Aubert et al., 2004; Tweed et al., 2009; Behroozi

et al., 2013a) due to its simplicity and versatility. For cosmological simulations, a widely

adopted scheme is

lx(3D) = b ∆x , (3.1)

where lx(3D) is the configuration-space linking length, ∆x is the simulation’s mean inter-

particle spacing, and 0 < b < 1. We adopt the commonly used value of b = 0.2 (e.g.

Boylan-Kolchin et al., 2009; Schaye et al., 2015; Vogelsberger et al., 2014) which will

group star particles inside the dark matter halo.

3.2.2 | Step 2 - 6DFOF

Galaxies are centrally concentrated distributions of stars in configuration and velocity

space. In simulations, the positions and velocities of the constituent particles are expected

to be found close in phase-space. Galaxies are identified by performing a phase-space
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FOF (6DFOF) search separating each 3DFOF object into kinematically distinct substruc-

tures. Particles i and j are linked into 6DFOF groups if and only if

(xi − x j )
2

l2
x(6D)

+

(vi − v j )
2

l2
v(6D)

≤ 1, (3.2)

where lx(6D) and lv(6D) are the configuration space and velocity linking lengths, respec-

tively.

We stress that appropriate values of lx(6D) and lv(6D) have to be chosen in 6DFOF

searches. If a very large value of lx(6D) is adopted, this would result in a velocity-only

FOF search and vice-versa; while very small values of linking lengths would result in

either splitting single structures into multiple components, or missing structures.

At this point we are interested in separating structures that have been found in a

common 3DFOF envelope. For this purpose lx(6D) is chosen to be a function of lx(3D)

and lv(6D) is estimated from the velocity dispersion of the full 3DFOF object

lx(6D) = f lx(6D)
lx(3D) , (3.3)

and

lv(6D) = f lv(6D)
σv = f lv(6D)

√

σ2
v,x + σ

2
v,y + σ

2
v,z . (3.4)

Here 0 < f lx(6D)
< 1, σv, j is the velocity dispersion in the j direction, and f lv(6D)

is a user

defined parameter which should be of order unity. As local properties of each 3DFOF

object are used for its 6DFOF search, we are effectively performing a ‘tailored’ 6DFOF

search 1. The above choice of parameters is motivated by the fact that galaxies reside

in (sub)haloes centres, hence their overdensities are expected to be much higher than

that of the dark matter halo. This condition is imposed by shrinking the configuration

space linking length. The velocity space linking effectively removes particle bridges in

configuration space, resulting in the identification of kinematically distinct structures.

Intuitively it would be more consistent to compute lx(6D) using similar arguments as

for lv(6D). However, due to the complexity of the environment in which some galaxies

reside, measurements of position dispersion of the particles would actually result in

1Consider trying to link particles belonging to a Gaussian distribution. Its dispersion, σ, provides a
good starting point for linking length.
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very large values of lx(6D). This is especially the case for galaxy groups and clusters

where particle bridges between galaxies make 3DFOF structures too extended. A similar

argument can be stated against using equation (3.4), as large 3DFOF objects are expected

to have very large velocity dispersion, and consequently very large values of lv(6D).

However, in this case we do not have a priori knowledge of what the scale of the velocity

linking length should be, as this is the first 6DFOF search, σv provides a good first

estimation of lv(6D).

3.2.3 | Step 3 - Iterative 6DFOF core search

Although the 6DFOF search should already have separated galaxies with distinct phase-

space distributions, multiple galaxies can still be found in single 6DFOF groups. This is

the case of merging galaxies whose outskirts have phase-mixed to some degree but whose

cores (dense kinematically cold galactic centres) have not yet fully merged, or satellites

that orbit close to the centre of a much bigger galaxy. Instead of trying to recover a group

in its entirety, we adopt a different approach and attempt to isolate their cores. In order

to separate galaxies in these structures we perform an iterative 6DFOF core search for

each preliminary 6DFOF group. For this iterative 6DFOF core search we use the same

criteria as equation (3.2) to link particles, but using a different choice of linking lengths,

which for clarity will be identified with the subscript (6D, core). These linking lengths

scale with the dispersion of the system being searched.

FOF algorithms, particularly when used in an iterative fashion, are sensitive to the

choice of linking parameters: too large and separate structures can be joined; too small

and structures can be fragmented. Rockstar (Behroozi et al., 2013a), which uses a

6DFOF to recover groups in full, addresses the latter problem by merging groups if

their centres are closer than a phase-space distance threshold to clean for false positives.

Although useful, our approach is oriented towards a robust search of the densest portions

of groups, followed by carefully growing candidate cores, and does not solely rely on

the effectiveness of cleaning procedures. Therefore, we first set appropriately the search

parameters, which are then modified in each iteration.

For the initial velocity space linking length we adopt

lv,(6D,core) = σv,λ1 , (3.5)
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where σ2
v,λ1

is the length of the largest principal axis of the velocity dispersion tensor,

Σv. As for the first 6DFOF search, equation (3.5) sets the scale for the initial velocity

space linking length. For the following iterations lv(6D,core) is iteratively shrunk, i.e.

lℓ+1
v(6D,core)

= f lv(6D,core)
lℓ
v(6D,core)

, (3.6)

where the super-script indicates the iteration level, and 0 < f lv(6D,core)
< 1 is a user-

defined shrinking factor. By shrinking the velocity space linking lengths this way, we

remove the wings and bridges in the distribution, because in each iteration we truncate

the original distribution towards the coldest regions, separating cores. For this study we

adopt f lv(6D,core)
= 0.8.

The adopted configuration space linking length here is

lx(6D,core) = 3 σx,λ1

(

4π

3

1

Npart(6D)

)1/3

, (3.7)

where σ2
x,λ1

is the length of the largest principal axis of the configuration dispersion

tensor, Σx , and Npart(6D) is the number of particles in the 6DFOF group. Equation (3.7)

is then the mean inter-particle spacing in a 3σx,λ1(6D) radius sphere. This linking length

scales with configuration-space dispersion and the extent to which the distribution is

well sampled. The logic of including a scaling that decreases the linking length with

increasing number of particles is as follows. With a well-sampled distribution, the 3σ

scaling used will link not only the central region but the outskirts as well, possibly joining

this distribution with neighbouring ones. Decreasing the linking length, if well sampled,

reduces the likelihood of artificially joining structures. Conversely, if poorly sampled,

the measured dispersion will underestimate the true one. Therefore, relative to a well

sampled system, we scale up the linking length.

Although at this stage the iterative 6DFOF search is done to separate structures,

configuration space linking length is kept fixed through iterations. We could in princi-

ple modify lx(6D,core) by some factor f lx, (6D,core)
at each iteration as is done for lv(6D,core).

However, equation (3.7) already includes the information on how concentrated the dis-

tribution (6DFOF object) is in configuration space. Reducing lx(6D,core) value will likely

cause that we either miss or fragment structures. Our approach requires a fixed lx,(6D,core)

short enough to separate structures in configuration space, and a lv(6D,core) long enough
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Table 3.1: Suggested values for the parameters used for galaxy identification with velociraptor.

Parameter Value Reference

b 0.2 Equation 3.1

f lx(6D)
0.2 Equation 3.3

f lv(6D)
1.0 Equation 3.4

f lv(6D,core)
0.8 Equation 3.6

fn(6D,core) 1.5 Equation 3.8

Nmax
iter 8 Section 3.2.3

npart,min ≥ 50 Section 3.2.3

α 0.5 Equation 3.13

to gather statistically significant groups of particles. In each iteration lv(6D,core) is shrunk

to separate structures that might be linked by their velocity-space outskirts.

For each FOF search, a minimum particle number, npart,min has to be set to define

statistically significant structures. For steps 1 and 2 (Sections 3.2.1 and 3.2.2) we suggest

a npart,min = 50. For the iterative search, however, npart,min is updated after each iteration

as

nℓ+1
part,min = fn(6D,core) nℓpart,min , (3.8)

where npart,min is the minimum number of particles, fn(6D,core) > 1 and superscript ℓ

indicates the iteration level. Increasing the minimum number of particles while shrinking

linking lengths may sound non-intuitive at first as we expect to link fewer particles per

group in each iteration. However, as the linking length lv,(6D,core) becomes smaller, it also

becomes easier to identify small phase-space overdense (noisy) patches in the distribution,

which can result in finding multiple spurious structures. Iteratively increasing npart,min

reduces the likelihood of finding noisy patches. For this study we adopt fn(6D,core) ∼ 1.5.

A more intuitive choice of fn(6D,core) would be one that scales with the number of

particles in a given group or iteration level, instead of choosing a fixed fn(6D,core) for all

searches. However, bearing in mind that the number of particles can differ by orders of

magnitude between galaxies in the same system, even using a logarithmic scale of the
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number of particles can lead to fn(6D,core) ≫ 1, and consequently to very large npart,min

in a couple of iterations.

This iterative 6DFOF search starts with the entire 6DFOF object. For subsequent

iterations the 6DFOF search is done only for the largest core. This prevents the loss of an

already found structure due to the increment of npart,min. These cores are kept for particle

assignment (core growth, Section 3.2.4) and are revisited later to look for possible mergers

or close interactions. Iterations on the largest core stop when a user-defined maximum

number of iterations, Nmax
iter , has been reached, or when no more structures are found with

the current iteration level search parameters.

3.2.4 | Step 4 - Core growth

The critical step once cores are identified is assigning particles to these cores, recon-

structing the galaxies. We assign particles that belong to the original 6DFOF structure

(step 2, Section 3.2.2) that are not member of a core. This process is crucial as the

final product of structure searches (either galaxies or dark matter halos) can be severely

affected by how this is done.

Given the phase-space nature of the 6DFOF searches, the obvious criteria would

be to assign a given particle to the closest core in phase-space. This concept has been

previously used by other algorithms, but several implementations can exist. A naive 6D

phase-space distance as implied by Behroozi et al. (2013a), implicitly assumes a spherical

morphology. This might work well for dark matter haloes but can lead to systematic

effects due to the complex morphologies of galaxies.

Instead, starting at level ℓ, we characterise the phase-space distribution of each

core k, by calculating its mean µ (phase-space centre-of-mass vector), and phase-space

dispersion tensor ΣX (distribution’s covariance matrix),

µk = {µi,k } , i = {1, ..., 6} , (3.9)

µi,k =
1

Mk

nk
∑

mp Xi,p , (3.10)

ΣX,k =
1

Mk

nk
∑

mp (Xp − µk )(Xp − µk )T . (3.11)
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Here, Mk and nk are the total mass and the total number of particles in the core k,

respectively; Xi,p is the ith coordinate of the phase-space coordinate vector X of particle

p with mass mp, that belongs to core k. Then, for all the particles at ℓ − 1 that were not

assigned to any core at level ℓ, we calculate

d2
u,k = wk (Xu − µk )T

Σ
−1
X (Xu − µk ) . (3.12)

Here du,k is the phase-space distance from untagged particle u to core k and wk is

a weighting constant. A weighting scheme is necessary to avoid assigning too many

particles to tidal streams and shells. Without a weighting, this could happen as these

structures can be quite extended and have large position and velocity dispersion compared

to those of galaxies (compact centrally concentrated distributions). To compensate for

this, we adopt

wk =
1

Mα
k

, (3.13)

with α a free parameter. Taking α = 1 can cause all particles to be assigned to the largest

object, again, as galaxy masses in the same system can differ by orders of magnitude.

Values of 1/3 ≤ α ≤ 2/3 give a w that scales with tidal radius. We have found that

α = 0.5 leads to good results; we justify this choice of α in Appendix A.2.

After calculating these distances, particles are assigned to the closest core in phase-

space. When a single core is found at level ℓ, all untagged particles at the previous level,

ℓ − 1 are assigned to that single core. Then, µ and Σ are recalculated for all the cores in

the following levels and the process is repeated until all particles in the original 6DFOF

group have been assigned to a core.

This approach is particularly powerful for many reasons: (i) it effectively takes into

account the shape and orientation of the distribution; (ii) it allows the shape of the

distribution to change from the inner to the outer parts; (iii) this produces smooth density

profiles for the galaxies even when galaxies are passing through the inner radii of larger

galaxies. Hence, galaxies will not have missing holes or bubble-like structures (see Figs

3.1 and 3.3 for some examples). This is essential when measuring galaxy properties’

radial profiles.

For each 6DFOF object (step 2, Section 3.2.2) the algorithm continues as follows.

After performing step 3 (Section 3.2.3) on the largest core, particles are assigned to all
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cores inside following step 4. The top hierarchy level, i, is assigned to the largest core

(candidate central galaxy). The rest of the cores will have hierarchy level i + 1. Steps

3 and 4 are then repeated for all i + 1 substructures. If any sub-substructures are found

they are assigned a hierarchy level i + 2, and so on. The algorithm finishes when all

(sub)structures have been iteratively searched.

3.2.5 | Step 5 - Selecting galaxies

Once all (sub)structures have passed through the iterative core search and their respective

core growth, bulk properties of the structures are calculated to determine if they are

galaxies or not. This is necessary because the versatility of the algorithm allows us to

identify not only galaxies but also tidal features such as streams and shells. This catalogue

can be cleaned if only galaxies are desired.

We classify objects as galaxies or streams following Elahi et al. (2013). We calculate

the ratios q ≡ λ2/λ1 and s ≡ λ3/λ1 of the eigenvalues, λi, of the position and velocity

dispersion tensors for all the structures, as well as the bound fraction of particles fb. A

structure is not considered as a galaxy if

( fb < 0.01) ∪
((qx < 0.3 ∩ sx < 0.2) ∪ (qv < 0.5 ∩ sv < 0.2)) ∪
( fb < 0.2 ∩ ((qx < 0.6 ∩ sx < 0.5) ∪ (qv < 0.5 ∩ sv < 0.4))) ,

(3.14)

that is, galaxies are expected to be bound ellipsoidal distributions of stars. Structure with

less than 1% of bound particles are unlikely to be galaxies. Highly elongated structures

either in configuration or velocity space (i.e. low values of qx , sx , qv, and sv), which

can be bound to some degree, are likely to be streams or shells. The fraction of bound

particles is kept to such low thresholds, as neither gas nor dark matter information is taken

into account when computing the gravitational potential. Parameters and thresholds used

in equation (3.14) are suggested values that were derived from calibration tests to give

desired results. At z = 0 this selection discards∼ 30% of structures with 108 < M∗/M⊙ <

109, ∼ 1.5% for 109 < M∗/M⊙ < 1010, and ∼ 0.2% for 1010 < M∗/M⊙ < 1011. If

desired, other selection criteria could be used.

It is important to note that, equation (3.14) was only tested for velociraptor outputs.

Comparisons throughout this study between velociraptor and halomaker are done
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using raw catalogues. We argue that selection of galaxies using equation (3.14) does

not impact on the results of this study as we focused on well resolved structures with

M∗ > 109M⊙.

3.2.6 | Intra-halo stellar component

Once galaxies have been identified inside a 3DFOF object, the remaining stellar particles

are kept and labelled as Intra-Halo Stellar Component (IHSC). The extent, distribution

and shape of this component relies on the definition itself of galaxies (see Appendix A.1

and Fig. A.1). The IHSC is therefore all the material that is kinematically different enough

from the distribution of any structure in the 3DFOF object. This diffuse component can be

associated to either extended stellar haloes on Milky Way like systems, up to Intra-Cluster

Light in densely populated environments. In-depth analysis of the IHSC is presented in

Chapters 4 and 5.

3.2.7 | Adjustable parameters

Our new algorithm introduces a few tunable parameters, which determine key aspects

of how the search is done. We show in Table 3.1 the values of the parameters used in

this work. These values are, however, not fixed and can be modified to achieve different

desired results. Here, we briefly describe how modifications to these values can change

the identification.

� b - Step 1 (Section 3.2.1): As mentioned above our choice of b is the widely adopted

b = 0.2, which is a good reference to define the extent of dark matter haloes in

which we are interested in finding galaxies. This parameter can be changed if a

different definition of the extent of FOF dark matter halo is adopted (e.g. b = 0.28

Behroozi et al., 2013a).

� f lx(6D)
- Step 2 (Section 3.2.2): This parameter shrinks b in order to identify higher

overdensities than those of dark matter haloes. From the tests and calibrations we

have performed (Appendix A.1), we found that f lx(6D)
= 0.2 separates most of the

galaxies and satellites, leaving only strongly interacting systems linked as a single

6DFOF object. We further discuss the impact of f lx(6D)
in Appendix A.1.
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� f lv(6D)
- Step 2 (Section 3.2.2): The velocity dispersion σv of a 3DFOF object can

have different meanings for isolated and highly interacting systems due to the large

dynamical range that is covered in cosmological simulations. As our aim is to have

an automated algorithm to identify all the galaxies in such simulations, we suggest

to keep it σv unchanged with f _v(6D) = 1. However, f lv(6D)
= 1 is left as free

parameter for the possibility of tuning the initial 6DFOF for specific cases such as

zoom simulations or non-cosmological models.

� f lv(6D,core)
- Step 3 (Section 3.2.3): This parameter sets how the velocity linking

length scales in each iteration and can impact on how many iterations are per-

formed. Small values of f lv(6D,core)
will lead to fewer iterations, therefore less use

of computational resources; however, the identification of cores can be missed as

aggressively shrinking lv6D,core can cause particles not to be linked. A conservative

choice would be values of f lv(6D,core)
∼ 1, which in principle would be able to find

all cores; however, this can lead to a very large number of iterations to separate

cores, and consequently more use of computational resources, especially for ma-

jor mergers; for such values a successful separation of all cores will then depend

on Nmax
iter . From calibration tests we found that values of 0.7 ≤ f lv(6D,core)

≤ 0.8

successfully separate structures and minimize the total number of iterations.

� fn(6D,core) - Step 3 (Section 3.2.3): This parameters dictates how the minimum

number of particles threshold is modified between iterations. The purpose of this

parameter is to avoid identifying small spurious structures, due to shrinking of

lv6D,core, which happens to be overdense patches in phase-space. This parameter

is particularly important for galaxy groups and clusters due the amount of particle

bridges caused by the large number of particles in the system and their interactions,

and the large dynamical range of galaxy masses within them. The threshold nℓpart,min

changes ∝ npart,min × f m
n(6D,core)

mth iteration. Values of fn(6D,core) ∼ 1 practically

do not change nℓpart,min, contradicting the purpose of this parameter. Values of

fn(6D,core) ≫ 1 can lead to missing the identification of cores of small galaxies

specially for systems composed of a large number of particles. For example, for

fn(6D,core) = 3 and starting with npart,min = 50, would require a core to have at least

4,050 particles at a fourth iteration to identified. From calibration tests we found

fn(6D,core) = 1.5 to give the desired results in a large simulation, such as Horizon-
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AGN. Deviations of ±0.1 from the suggested value and starting with npart,min = 50,

lead to differences of 40% with particle thresholds of 192 for fn(6D,core) = 1.4 and

327 for fn(6D,core) = 1.6 at a fifth iteration, which are reasonable thresholds for the

purpose of this parameter.

� Nmax
iter - Step 3 (Section 3.2.3): The iterative core search stops when no further cores

are found with the parameters at a given an iteration. Depending on the choices of

f lv(6D,core)
and fn,(6D,core), it is possible that a large number of iterations are needed

before the loop stops. This parameter sets the maximum number of iterations in

case the iterative core search has not stopped. Using the values in Table 3.1, the

algorithm stops at the 6th iteration for the largest galaxy cluster in Horizon-AGN

at z = 0. Choosing Nmax
iter = 8 sets a reasonable threshold in case more iterations

are needed.

� npartmin - Steps 1, 2 and 3 (Sections 3.2.1, 3.2.2 and 3.2.3): This parameters sets

a threshold over which structures are considered as relevant. This limit can be

adjusted depending on the galaxies of interest. In our study we adopt a value of 50.

� α - Step 4 (Section 3.2.4): This parameter sets the strength of the mass-dependent

weight to scale phase-space distances from untagged particles to cores. The pur-

pose of this parameter is to compensate between tidal features with large dispersions

and compact dense cores with small ones. The value of α can be adjusted depend-

ing on the scientific question to be addressed. For identification of galaxies and

from our calibrations tests, we found α = 0.5 to give the best results. A thorough

discussion and comparison of different values of α as well as other choices of w

for the core growth can be found in Appendix A.2.

3.2.8 | Comments

This core growth method has been also implemented in the velociraptor algorithm to

find merging dark matter haloes.

We note that none of the finding algorithms is exempt from finding undesired (spu-

rious) structures. Although for this study most of such structures are removed from our

galaxy catalogue with the criteria described in equation (3.14), some spurious struc-

tures can still be present if they happen to be not very elongated in phase-space and are
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marginally bound. A further discussion on this matter can be found in the most recent

velociraptor publication (Elahi et al., 2019a).

Many structure identification codes implement particle unbinding procedures to

‘clean’ substructures from particles that likely belong to a parent structure. This means

that algorithms are generally focused on finding density peaks (either in configuration,

velocity or phase-space), while the assignment of particles to these peaks is not well

addressed and is generally overlooked (Knebe et al., 2011). velociraptor performs

unbinding procedures for dark matter (sub)halo identification. In the present study we

only use the stellar particles information to identify galaxies; that is, we do not take

into account any information either from the gas or dark matter distributions. Therefore

we cannot estimate accurately the true gravitational potential at each particle position to

determine whether it is bound or not to a given (sub)structure. The latter is also true

for the galaxy catalogues generated by halomaker for the Horizon-AGN simulation

(Dubois et al., 2014). We argue that for velociraptor, binding information is included

to a certain degree by requiring that particles belonging to the same structure are close

in phase-space 2. We stress though that it is crucial how particles with lower densities

than the peaks are assigned to them. Even if particle unbinding is fully implemented, if

the first guess of what a (sub)structure is wrong, no unbinding procedures will fix the

problems, as particles would be assigned automatically to its direct host. In the structure

finding codes found in the literature (to the knowledge of the authors), particles are never

re-assigned from hosts to substructures, unless using temporal information (tracing) to

decide where to re-assign particles (e.g. hbt,hbt+ Han et al., 2012, 2018).

As it is shown in the following sections, this algorithm is quite efficient and powerful

at finding galaxies at all simulation-resolved mass scales, in all environments. We note,

however, that this is not the definitive method for finding simulated galaxies because we

do not include baryons in the form of gas. Hence, we may miss gas-dominated dwarf

galaxies, which would have very few stellar particles or with a bound fraction of particles

below our adopted threshold. This is anyway solved by applying conservative particle

number thresholds when selecting galaxies. In the future we plan to link gas to galaxies

2This can also be thought the other way around. The way in which configuration space based finders
include velocity space information is by including unbinding procedures. Estimating the kinetic energy
of each particle takes into account the information of the relative velocity of a particle with respect to the
bulk velocity of a structure (either centred on mass, deepest potential or highest density), bound particles
would then need to be those which are close in phase space
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in a similar fashion as we do in the core growth, but to do this properly we need to

take into account the thermal energy of the gas. This needs to be carefully implemented

to include both particle-based and mesh-based algorithms. Further discussion on this

matter is beyond the scope of this work and is left for future studies.

3.3 | Case Studies

Here we present two case studies in which we compare the results of the improved

algorithm of velociraptor and the galaxies from the original catalogue identified with

halomaker. With these case studies we address the most challenging cases for galaxy

identifications, which our new algorithm solves well: (i) strongly interacting and merging

galaxies and (ii) robust identification and particle assignment in dense environments, such

as galaxy groups and clusters.

3.3.1 | Close interactions

Structure finding algorithms have been known to struggle to produce robust results when

trying to separate dark matter haloes and galaxies in the process of merging (Knebe

et al., 2011; Behroozi et al., 2013a, 2015). The reason behind this problem is that as

structures start to get closer, the particle distributions that describe them start to mix, and

separating them becomes a complicated task. For FOF finders, particle mixing creates

bridges between the centres of the structures that link them together; while for density

threshold algorithms, the mixture of the distribution reduces the contrast between peaks

and saddle points in the density field, making it more difficult to identify correctly the

components. As particle distributions also mix in phase-space, even iterative procedures

can struggle to find peaks, and to assign particles correctly to structures, hence host and

substructure identities can be swapped between snapshots (see e.g. Behroozi et al., 2015;

Poole et al., 2017). Here we show how our improved galaxy finding algorithm performs

in such cases.

We show an example of a close merger in Fig. 3.2. At a given snapshot, t, the galaxies

are still separated, and have masses of 5.61 × 1010 M⊙ and 2.88 × 1010 M⊙ respectively,

giving a merger ratio of 1 : 1.9. In a subsequent snapshot, t + dt, halomaker identifies

two galaxies with very different masses of 8.25×1010 M⊙ and 4.49 ×109 M⊙ respectively,
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corresponding to a merger ratio of 1 : 18. During a merger, we expect some of the mass

of one galaxy to be accreted by the other. However, from visual inspection we can tell

that the galaxies have not been well separated by halomaker, as it seems that only the

core of one of them is identified as an individual galaxy, while its outer parts have been

assigned to its companion. Although two galaxies are identified, the mass of the smallest

galaxy is underestimated, while the mass of the larger one is overestimated.

We ran velociraptor on the same merger and it can be seen from simple visual

inspection that a better result is obtained, despite the complexity of the interaction.

The recovered masses of the galaxies are 5.4 × 1010 M⊙ and 3.08 × 1010 M⊙, giving

merger ratio of 1 : 1.75. This is in much better agreement with what is measured at

t, when galaxies were far enough as to be easily identified by a 3DFOF algorithm. It

can be seen that not only both the galaxy centres are found, but also the shapes of the

galaxies are well recovered thanks to the improved particle assignment (core growth)

implementation. In order to confirm the latter, we analysed different projections of the

stellar mass maps of the galaxies, together with the velocity maps and found that prior to

the merger both galaxies have clear rotation-dominated kinematics, and flattened stellar

disks, while during the merger the primary galaxy continues to have rotation-supported

kinematics, while the secondary galaxy becomes more disturbed. Correctly assigning

particles to galaxy centres is crucial for an accurate estimation of the overall properties

of galaxies. It affects the ratio of the merger, which in turn can affect the overall minor

and major merger rate estimates, especially when only single snapshots are taken into

account.

The (in)capability of disentangling structures in such complex interactions might not

be considered as a relevant problem for finders, as it is easier to look for the progenitor

structures at earlier times when they are still well separated, which ends up not affect

the merger ratio estimation in a major way. However, in general there is not always data

available at high enough cadence to identify the galaxies at a mass that represents best

the merger (e.g. maximum mass as is done by Rodriguez-Gomez et al. 2015) or simply

snapshots may not be available. The capability of identifying robustly galaxies in these

cases will become more important with the advent of even larger simulations for which

storage of a large number of snapshots becomes undesirable and even implausible. The

fact that velociraptor succeeds in this task without using any temporal information is

a major success of our algorithm.
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Regarding mass ratios other than those of major mergers. The algorithm actually

performs better for higher mass ratios. The reason behind this i that there is less overlap

between the particle distributions in phase-space, and in fact small satellites ‘stand out’

from the background particles (main galaxy’s distribution). This is also a consequence of

how dense cores are grown, by using full dispersion tensor to calculate weighted phase-

space distances to assign particles back to dense cores, the concentrated distribution of

small galaxies makes the particles of the main galaxy to be ‘outside’ or very far away

from the satellite distribution, this is where the mixture model-like behaviour comes into

play. Conversely, during major mergers distributions can phase mix and therefore being

extremely hard to ‘disentangle’ them.

3.3.2 | Groups and Clusters of Galaxies

Galaxy identification can be a complex task in galaxy groups and clusters. Stripped

material from multiple interactions generates particle bridges and decreases the contrast

in the density field, causing similar problems as the ones discussed in Section 3.3.1.

Robust identification of galaxies in such systems is crucial as it can affect a very large

number of galaxies. This can in principle affect environmental studies, as well as impact

on galaxy population measurements.

We show in Fig. 3.3 two galaxy clusters in Horizon-AGN that host the two most

massive galaxies identified by halomaker. We show projected stellar density of the full

3DFOF structure (step 1, Section 3.2.1), the central galaxy identified with halomaker,

and the velociraptor counterpart; a zoomed-out visualisation of the objects is shown

in the insets.

We can see that both codes are able to identify correctly a single peak in the central

galaxy, meaning that there is no contamination from undetected satellite galaxies. In

the zoomed-out images it can be seen that halomaker tends to assign a large number

of particles to the central galaxy that belong to other galaxies in the cluster. This leads

to the odd bubble shapes observed for the second halomaker galaxy on its top, and

bottom-right in the zoom-out inset. This problem causes the mass and size of the central

galaxy to be overestimated. On the other hand, because it searches for structure in phase

space, velociraptor is able to identify kinematically distinct structures, resulting in a

better delimitation of the galaxy’s boundaries.
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Full Cluster

HaloMaker

VELOCIraptor

Figure 3.3: Projected stellar density of the two most massive galaxies found by halomaker

(middle row), their respective galaxy cluster (top row), and their velociraptor counterparts
(bottom row). Although both codes are able to identify the central galaxy, halomaker fails to
separate stellar content that belongs to other galaxies. To emphasise the full extension of the
galaxies, insets show a zoomed-out visualisation of the same objects. Panels (insets) have a box
size of 600 (2000) kpc.
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This example also demonstrates how crucial the particle assignment is for the robust

identification of structures. Although both finders are capable of identifying the cores

of the central and satellite galaxies, galaxies can be greatly different due to particle

assignment procedures. This occurs for the galaxy in the first column of Fig. 3.3, where

halomaker assigns particles from an orbiting satellite to the central galaxy. Similarly

as above, this is seen as a bubble-shaped feature corresponding to the outskirts of the

satellite. On the other hand, due to the improvements of particle assignment using phase-

space dispersion tensors, velociraptor is able to separate distinct components even if

their distributions overlap. This produces not only a better estimation of the masses of

the galaxies, but also allows us to recover smooth density profiles of the galaxies, which

is important if we are interested in studying radial profiles of galaxy properties.

This problem is not unique of halomaker, but of structure finding codes in general.

This could in principle be tackled by re-assigning procedures, for which particles from

central galaxies could be returned to any of the other substructures identified. However,

as mentioned in Section 3.2.8 particles are never returned to substructures as particles that

are not originally part of a substructure are expected to be bound to the central halo-galaxy

system. velociraptor attempts to minimise this issue by carefully assigning particles

to cores at each iteration level (Step 4 Section 3.2.4) without any prior assumption on

whether cores will become central or satellite galaxies.

3.3.3 | Temporal evolution of galaxy properties

We have shown how our new implementation to find galaxies with velociraptor is

capable of identifying galaxies in complex environments. However, a robust algorithm

requires that structures are identified consistently over time. This is necessary to ensure

that studies focused on the evolution of single galaxies or systems, are not affected by

the finder. Temporal evolution of structures is either tracked by linking structures across

catalogues using merger trees (see for reference Srisawat et al., 2013; Avila et al., 2014;

Wang et al., 2016; Poole et al., 2017), or is done on the fly during structure identification

by tracing algorithms (e.g. hbt,hbt+ Han et al., 2012, 2018). It is well known that the

evolution traced by merger trees can be severely affected by the specific implementation

of structure finding algorithms (e.g. Avila et al., 2014; Poole et al., 2017). Though the

goal of this study is not focused on testing the consistency of merger trees for our galaxy
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catalogues, we show in this section how large-scale properties of galaxies as well as their

radial distribution evolve for our catalogues.

For this purpose we generate galaxy catalogues on high-cadence snapshots produced

for stellar particles only in Horizon-AGN. These catalogues are temporally spaced every

∼ 25 Myrs, with a total of 778 snapshots being available. To test time consistency in

the properties of the galaxies identified by our algorithm and halomaker, we selected

from the most massive galaxy cluster at z = 0 the four most massive galaxies, hereafter

referred to as Galaxy 1-4, respectively, and follow their evolution backwards in time

for 40 of the above mentioned snapshots, corresponding to ∼ 1 Gyr of evolution.

We trace galaxies between snapshots using TreeFrog (Poulton et al., 2018; Elahi

et al., 2019b) a tool associated to the velociraptor repository to construct merger trees

for simulations. Galaxies in a reference snapshot are matched by finding the structure

that shares the most particles in a subsequent snapshot. This is done by looking at the

individual particle IDs that belong to the galaxies and computing a merit function

Mi j =

N2
sh

Ni N j

. (3.15)

Here, Ni and N j are the total number of particles in structures i and j respectively, and

Nsh is the number of shared particles, i.e. that exist both in i and j. This method ensures

that galaxies in one snapshot are matched to the galaxy in the subsequent snapshot that

is most similar in particle members and that shares a large fraction of those.

The upper panel of Fig. 3.4 shows the evolution of M∗ for the most massive galaxy

in the cluster, Galaxy 1, found by velociraptor (blue) and halomaker (green). We

calculate M∗ simply by adding the stellar mass of all the particles in the galaxy. The

bottom panel shows the evolution of R50, which is the spherical radius which encloses

half of M∗. Solid lines show the evolution of each quantity, and a dashed line shows, as

reference, the initial amplitude of each quantity for each finder.

We demonstrate that for velociraptor the evolution of M∗ and R50 is stable through

time. Slight increments and decrements are expected due to the evolution of the galaxy

through mergers and interactions. For halomaker it is seen that the evolution for the

first ∼ 500 Myrs is quite stable; however, past that point there is huge increment of

both M∗ and R50 for ∼ 200 Myrs; then a sudden drop, which decreases to a minimum at

t = 13.5 Gyrs. During the last 100 Myrs, the magnitude of the properties increase steadily
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of the galaxies. The top panel of Fig. 3.5 shows the stellar volume density profile ρ

of Galaxy 1 produced by velociraptor (blue lines) and halomaker (green lines),

from the snapshot where galaxies were first identified ti (z = 0) to the last snapshot

used t f ; for halomaker we have offset the profile by −1 dex for clarity. The profile is

calculated by adding the mass of all stellar particles inside fixed 1 kpc bins describing

concentric spherical shells around the centre of mass of the galaxy, and dividing over

the volume of the shell. The bottom panel shows the ratio of the density at each bin at a

time, t, with respect to the density of the same bin at time ti, as solid lines. The density

profiles at ti and t f for each finder are shown as dashed and dotted lines, respectively.

We show that velociraptordoes not only produce stable large-scale properties, but also

the mass profile of Galaxy 1. On the other hand, the halomaker stellar mass profile

is only stable for the inner 40 kpc, fluctuating by up to two orders of magnitude at large

radii. This is also due to particle assignment , which truncates the outskirts of Galaxy

1 when is identified as a satellite rather than the central by halomaker; this is seen

as the decrement in the density profile, which corresponds to the ‘valley’ observed for

M∗ and R50 at t & 13.3 Gyrs. Between 12.6 ≤ t/Gyr ≤ 13.1, halomaker’s profile

seems stable and smooth for three reasons: (i) the outskirts are not truncated, (ii) even if

other galaxies’ outskirts are added (producing the bumps in M∗ and R50), those particle

have radii much greater than 200 kpc, and (iii) even if those particles are asymmetrically

distributed with respect to the Galaxy 1’s centre-of-mass, the profile looks smooth, as

calculating ρ spherically averages that added outskirts (see Appendix A.3 for further

details).

3.4 | Results

In this section we study the differences between the halomaker and velociraptor. For

this purpose we generate a new galaxy catalogue for the Horizon-AGN simulation using

our improved algorithm. In Section 3.4.1 we compare the catalogues on a galaxy-to-

galaxy basis to study how much galaxy properties can be affected by the identification

method. In Section 3.4.2 we investigate how differences in the identification can affect

measurements of galaxy population properties.
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computing

fY = Yhalomaker/Yvelociraptor , (3.16)

which is the ratio between the above mentioned quantities, Y , as measured for the

halomaker galaxy, over the one measured for its velociraptorcounterpart. In order

to make a proper comparison and avoid resolution effects, we only show fY of galaxies

whose total stellar mass is greater than 109 M⊙ in both catalogues, and only matches

withM > 0.1 (galaxies sharing & 30% of particles) are shown.

To properly account for the cases shown in Section 3.3, we labelled galaxies depending

on their degree of interaction as:

� Isolated - The galaxy is the only structure found in the initial 3DFOF envelope.

� Loosely interacting - The galaxy belongs to a 3DFOF object with multiple struc-

tures, and no structures were found in its iterative search, i.e. a single structure in

a 6DFOF object.

� Strongly interacting - The galaxy belongs to a 3DFOF object with multiple

structures, and one or more additional structures were found in the 6DFOF object

iterative search. The most massive galaxy in the 6DFOF object will be referred to as

host, otherwise as satellite. Note that strongly interacting hosts are not necessarily

central galaxies of the 3DFOF object (e.g. most massive galaxy of an interacting

pair falling into a galaxy cluster).

A total of 81,583 matches fulfill the above criteria at z = 0. Of those, a total of 54,113

are isolated; from the remaining 27,470 interacting galaxies, 16,851 (10,619) are loosely

(strongly) interacting. Approximately 3% of all the structures in each of the catalogues

do not have a counterpart in the other catalogue.

3.4.1.1 | Total Stellar Mass

We measure the impact of identification on one of the most fundamental properties

of a galaxy, the total stellar mass, M∗. We show in Fig. 3.6 the distributions of the

ratio f M for galaxies in velociraptor in the mass ranges of 109 ≤ M∗/M⊙ ≤ 1010,

1010 ≤ M∗/M⊙ ≤ 1011, and M∗/M⊙ ≥ 1011, which we will refer to as M09, M10, and
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M11 respectively. The f M distribution of all galaxies is shown as a solid line; dashed lines

show the contribution from both isolated and loosely interacting galaxies (i.e. not strongly

interacting); dotted lines show the contribution from strongly interacting galaxies. For

the latter we show the contribution from host and satellite galaxies as shaded blue and

red regions, respectively. Vertical dashed lines are shown as reference at ±0.2 dex with

respect to an identical estimated mass, i.e. f M ≡ 1.

At z = 0, the f M distributions of the M09, M10 and M11 samples show that galaxies

that are not strongly interacting are overall distributed around f M = 1. This is something

we would expect because any finder in the literature should not have any problem with

the identification of isolated density peaks or particle distributions. Looking closely we

see that the peak is slightly skewed towards f M > 1, as a result of differences in the

initial galaxy identification steps taken by the codes. halomaker assigns all particles

inside a 3DFOF object to identified structures, but velociraptor performs an additional

6DFOF search which delimits galaxies by grouping only phase-space close particles.

This procedure effectively gets rid of the furthest phase-space particles reducing the

‘available’ mass to distribute between galaxies inside the original 3DFOF object; the

mass excess observed for halomaker galaxies is the mass we consider to be part of

the IHSC (Section 3.2.6). The reason why the M09 f M distribution is not as narrow

as the other sample is likely due to all galaxies in M10 and M11 being well resolved,

while some galaxies in M09 could still be affected by resolution effects. In Fig. 3.7 the

f M distributions for all not strongly interacting galaxies in the M09 sample are shown.

The majority of isolated and loosely interacting hosts have f M > 1, consistent with the

above description. On the other hand, loosely interacting satellites describe a symmetric

f M distribution centred at f M = 1, suggesting that their mass can either be over- or

underestimated by halomaker compared to velociraptor.

The greatest difference between the catalogues is seen in the strongly interacting

population (dotted lines in Fig. 3.6). Their f M distributions at all stellar masses are

broader than for the rest of the population. This shows that there is a non-negligible

number of resolved galaxies that are affected by the artificial transfer of mass in interacting

systems due to the particle assignment criteria of the finder (see Fig. 3.2 for an example).

Host galaxies display a significant preference for f M > 1, while the f M < 1 part of

the distribution is predominantly dominated by satellite galaxies, which is more evident

for the M11 sample. This picture is consistent with the examples shown in Section 3.3
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further from f M > 1. The f M distributions at z = 2, shown in the middle panels of

Fig. 3.6, are wider, with more prominent wings compared to z = 0. In addition, the M09

f M at z = 2 peaks at f M ≈ 1.2 for not strongly interacting galaxies. Strongly interacting

galaxies show a similar behaviour to the z = 0 ones, with the f M > 1 region being

dominated by host galaxies, and the f M < 1 region by satellites, with some fraction

of satellites also having f M > 1, likely due to the host-satellite swapping. The f M

distributions at z = 4 (right panels in Fig. 3.6) show an even wider distribution than that

at z = 2 with a less prominent peak in the case of isolated galaxies.

In order to understand some of the differences at z = 2 and z = 4 we have to bear

in mind the nature of the AMR calculation, and the properties of high-redshift galaxies.

Horizon-AGN was run using an AMR code for which the grid cells used to compute

gravity and hydrodynamics change as the simulation evolves depending on local density,

affecting the effective resolution of the simulation. Cells are allowed to be refined when

the universe has an expansion factor of a = 0.1, 0.2, 0.4, 0.8 (z = 0.25, 1.5, 4.0, 9.0),

in order to keep the physical size of the cell somewhat constant. This affects the spatial

and mass scales at which gas forms stars, hence the scales on which galaxies are resolved,

impacting also on their identification. Additionally, such large differences for the same

galaxy can be explained by the fact that at high redshifts, galaxies are clumpier and more

compact than at the present time. Bursts of star formation within the same galaxy could

be easily identified as separate structures, by either of the finders. However, we expect

that velociraptor is capable of joining structures that are kinematically similar that

might appear as separate structures in configuration space. Lastly, at high redshifts we

also expect the number of mergers to increase (e.g. Fakhouri et al., 2010), hence we

expect that the example analysed in Section 3.3 becomes more frequent.

3.4.1.2 | Star Formation Rate

Another fundamental quantity measured for galaxies is their star formation rate (SFR).

We calculate the SFR for each galaxy by adding up the mass of all stellar particles with

age smaller than a given ∆t threshold, and dividing the sum over that period of time.

Results presented here were obtained adopting ∆t = 50 Myr, and were corrected for a

recycling fraction of 0.44 for a Kroupa initial mass function following Courteau et al.

(2014), implicitly assuming instantaneous recycling. We have also calculated SFRs using
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particles of the initial 3DFOF object, as discussed in Section 3.4.1.1. The spread in

the fSFR distribution comes mostly from strongly interacting galaxies, with fSFR > 1

( fSFR < 1) corresponding to host (satellite) galaxies. It is interesting though that for host

galaxies the fSFR tail is quite prominent and extends to fSFR > 2 at all stellar masses. For

satellites, on the other hand, fSFR < 1 tails are more prominent at lower stellar masses.

Galaxies whose mass is overestimated via the spurious acquisition of outer material of

an orbiting satellite, will for instance increase their SFR, and vice versa. Moreover, the

satellite galaxies affected by this are likely to have only the inner non-star-forming core

as the galaxy (see for example Fig. 3.2). This will drastically reduce their estimated SFR,

while for their hosts it will be enhanced by the incorrect assignment of the star-forming

outskirts of the satellite.

3.4.1.3 | Sizes - Enclosed Mass Radius

Accurate estimation of galaxy sizes is crucial as they are used not only to test how

well galaxy formation models agree with observations, but have also been used for

calibration of subgrid physics parameters by some of the present-day hydrodynamical

simulations (e.g Crain et al., 2015). We calculate spherical radii R50 and R90, which

enclose 50% and 90%, respectively, of the total stellar mass of a galaxy. We show in

Fig. 3.9 the f RY
= RY,halomaker/RY,velociraptor distribution, for R50 and R90 at z = 0.

Galaxy samples are colour coded as in Figs. 3.6 and 3.8.

At all stellar masses the total f R50 distribution peaks close to f R50 = 1, and its tails

extend beyond ± 0.3 dex from this value. At 109 ≤ M∗/M⊙ ≤ 1011 the peak of f R50

comes from not strongly interacting galaxies, while at M∗ > 1011 M⊙ isolated and

interacting host galaxies contribute equally. Isolated and loosely interacting galaxies

display a narrow distribution close to f R50 = 1 at all stellar masses, with its peak being

slightly shifted towards f R50 > 1. Both of these behaviours are similar to those seen for

f M and obey to the same reasons (see Section 3.4.1.1). Not strongly interacting galaxies,

however, at M∗ < 1010 M⊙ show a larger spread on f R50 , as galaxies can have values from

f R50 . 0.5 up to f R50 & 2.0; while the former does not contribute largely to the low- f R50

tail, isolated and loosely interacting galaxies do contribute to the spread at the high- f R50

end.

Similarly to f M and fSFR (Figs. 3.6 and 3.8, respectively), strongly interacting galaxies
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spread is much larger at all stellar masses, for all the galaxy samples. For not strongly

interacting galaxies a narrow peak is no longer visible and f R90 extends well above

0.2 dex from f R90 = 1. Although R90 encloses almost all the mass of the galaxy, the

distributions do not resemble to those of f M at the same redshift (see Fig. 3.6), especially

for M∗ > 1011 M⊙ galaxies, suggesting that sizes are more sensitive to finder systematics

than the stellar mass is. Interacting host galaxies peak at f R90 = 1.41, showing that

the size of central galaxies of groups and clusters are greatly increased by halomaker,

which is consistent with the examples shown in Fig. 3.3.

For completeness purposes we repeated the above analysis for radius enclosing 20%

and 100% of total stellar mass, and results are consistent to those for R50 and R90,

respectively.

3.4.2 | Galaxy Population Statistics

In this section we study the impact of the identification method on the statistical properties

of the galaxy population of Horizon-AGN. We measure standard galaxy properties and

compare velociraptor and halomaker catalogues. Our main objective here is not to

test how well Horizon-AGN reproduces the observed galaxy population, but to compare

how statistical measurements of galaxy population can be affected by identification and

the resulting consequences of the biases discussed in Section 3.4.1.

3.4.2.1 | Galaxy Stellar Mass Function

We start with the simplest measurement, the Galaxy Stellar Mass Function (GSMF).

Simulations are often tuned to reproduce this quantity (see review of Somerville and Davé,

2015). Moreover, it has been demonstrated that a GSMF consistent with observations can

be obtained by tuning subgrid physical model parameters (see e.g. Crain et al., 2015).

Therefore, it is essential that we understand and control for all the systematic effects

behind measuring the GSMF in our simulations.

We show in Fig. 3.10 the GSMF, ΦM = dN/d log M∗, of Horizon-AGN measured

with velociraptor(solid blue line), and halomaker (solid green line) at redshifts

z = 0, 2, 4. To quantify the agreement between the catalogues, we compute the relative

difference
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ǫ = (ΦM∗,halomaker/ΦM∗,velociraptor) − 1 . (3.17)

We also show the contribution to the GSMF from isolated (solid thin line) and strongly

interacting hosts and satellites (dashed and dotted lines, respectively) from the matched

galaxies as described in Section 3.4.1.

At z = 0 the overall shape of the GSMF measured by both catalogues is similar.

However, differences can be seen at both the low and high mass ends. At M∗ < 109 M⊙

halomaker finds fewer galaxies than velociraptor. The GSMF predicted by halo-

maker displays a declining curve towards lower stellar masses, while velociraptor’s

GSMF shows a plateau. This can be attributed to two factors. First at low number of

particles, the density field used by halomaker is likely to be poorly sampled, making

it possible that structures are not dense enough in configuration space to be identified.

velociraptor is better at picking up these structures as they are dense in velocity-space

as well. This is consistent with comparison studies which have found that in general

6D-based finders tend to perform better at identifying structures with low number of

particles (Knebe et al., 2011, 2013b). The second reason is attributed to the specific

particle and density thresholds used by halomaker to define relevant structures. At this

mass range, galaxies are composed of . 300 particles, close to the resolution limit of the

simulation, making the identification of its peaks and saddle points challenging.

It has been pointed out by several studies that structures need to be composed by at

least hundreds or thousands of particles in order to have reliable measurements of their

internal properties, as well as resolved merger histories, (e.g Knebe et al., 2013b; van

den Bosch et al., 2018; Chisari et al., 2015; van den Bosch, 2017; Elahi et al., 2018). We

argue that velociraptor is capable of robustly identifying structures at very low particle

numbers, as has been shown in other studies (Elahi et al., 2018). Finally, it is worth

mentioning that for Horizon-AGN, only galaxies with M∗ > 109 M⊙ are considered as

resolved structures due to resolution.

At M∗ > 1011M⊙, the GSMF of halomaker predicts between 20% up to 100% more

galaxies than velociraptor. This difference is a result of the IHSC being assigned to

the central galaxy in halomaker. Therefore it is not that velociraptoris unable to

find such big galaxies, but the fact that the mass of central galaxies in halomakeris

systematically increased by the finder. Note that halomaker’s GSMF extends to higher
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masses than the most massive galaxy obtained by velociraptor, shown as a dotted thick

green line in Fig 3.10.

Despite the wide f M distributions shown in Fig. 3.6, the GSMFs practically overlap

in the mass range between 109 ≤ M⊙ ≤ 1011. This is partially explained by the peak

of the total f M distribution (Fig. 3.6), located close to f M = 1, which mostly comes

from isolated galaxies (see Fig. 3.7). The latter are the galaxies that contribute the most

to the GSMF at M∗ < 1011M⊙. Another factor is that the over- and under-estimation

of the stellar mass by halomakeris compensated between systems of different masses.

This effect can be seen at M∗ & 109M⊙ from the mass functions of different galaxy

populations, where velociraptor predicts more isolated and strongly interacting host

galaxies than halomaker. The opposite happens for strongly interacting satellites,

giving a total GSMF that agrees at those stellar masses. This is even more evident

at z = 2 at 109 ≤ M∗/M⊙ ≤ 1010.5, where catalogues predict different numbers of

galaxies for different populations, and still the total GSMFs agree relatively well. The

observed difference in the estimation of M∗ (as seen in Section 3.4.1.1) leads to a shift in

mass for the GSMF. Such difference can only be distinguished beyond the break of the

GSMF, as the flat slope at lower masses has the effect of making the shift of the GSMF

indistinguishable.

At higher redshifts, the GSMF has a different behaviour than at z = 0. Although the

overall shape of the GSMF is roughly similar, there is a clear offset in the normalisation.

At z = 2 (middle panel of Fig. 3.10) the GSMFs at M∗ < 109 M⊙ behave similarly to the

z = 0 ones, except for a slightly higher number density obtained by halomaker compared

to velociraptorat 2.5 × 108 . M∗/M⊙ . 9 × 108. At M∗ ∼ 109 M⊙, both GSMF agree

well, however as we go to higher masses, halomaker’s GSMF starts to deviate from

the one measured by velociraptor, with up to ∼ 50% more galaxies at M∗ ∼ 1011 M⊙.

At z = 4.0 (right panel in Fig. 3.10), the GSMF of velociraptorand halomaker are

completely offset at all masses. For galaxies with 108.5 . M∗/M⊙ . 109.5, halomaker

predicts between 30% and 40% more galaxies than velociraptor. This difference

increases to 50% up to more than 100% at M∗ & 1010 M⊙. We can see from the mass

function of isolated galaxies and strongly interacting hosts that halomaker predicts more

galaxies at all stellar masses. This difference, however, to some degree can be explained

by the IHSC that velociraptor is able to separate, but halomaker includes as part

of the galaxy. By adding the IHSC mass to their respective central galaxy we could in
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principle shift these mass functions to the right, matching those obtained by halomaker.

As discussed for Fig. 3.6, differences between the catalogues at high redshift can also

be attributed to (i) higher merger rates, (ii) bursty star formation (iii) AMR resolution

implementation.

In Fig. 3.10 we show observational data from Wright et al. (2017), Moustakas et al.

(2013), Muzzin et al. (2013) and Ilbert et al. (2013). These observations are shown as

reference. We note that none of the algorithms was able to match the data well. This

is, however, expected given that the underlying simulation results were not calibrated

to recover the data. The latter also applies for observational data shown thoughout this

Chapter.

3.4.2.2 | Star Formation Rate Function

In Fig. 3.11 we show the estimated SFRF, ΦSFR, of Horizon-AGN using velociraptor

(blue line) and halomaker (green line) at z = 2. SFRFs from isolated galaxies, as well

as strongly interacting hosts and satellites are shown, as labelled. Bottom panel shows

the relative difference ǫ = (ΦHaloMaker/ΦVELOCI) − 1, for the total SFRF. The dashed

vertical line shows a SFR equivalent to ∼10 new star particles formed in the last 50 Myr

for reference.

The overall shape of the total SFRF is in good agreement between the finders, as

well as with the estimated from observations. At 0.1M⊙ yr−1, halomaker predicts 50%

less galaxies than velociraptor. These are, however, SFR values close to & 1 star

particle formed in the last 50 Myr. At higher SFRs, the values SFRFs start to become

more similar, reaching a negligible difference at 0.6 ≤ SFR/M⊙ yr−1 ≤ 6. At these

SFRs the total SFRF is principally dominated by isolated galaxies whose SFRF agree

between the catalogues; however, similarly to the GSMF, there is also ‘compensation’

from different galaxy samples, as velociraptor predicts more strongly interacting hosts

than halomaker, but less strongly interacting satellites at SFR . 3M⊙ yr−1, and vice

versa at 3 . SFR /M⊙ yr−1 . 30. At SFRs > 30 M⊙ yr−1, halomaker predicts more

galaxies than velociraptor, reaching a maximum difference of 50% at ∼ 100M⊙ yr−1.

This excess on number density predicted by halomaker compared to velociraptor is

caused by the addition of mass from other galaxies to the central (see Fig. 3.3 and the

IHSC that is separated in velociraptor). As we showed in Section 3.4.1.1, systematics
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and fourth panel, respectively). Vertical dashed lines are shown at the high-mass end

where bins have less than 10 galaxies. For reference, the J-band mass-size relation linear

fit from Lange et al. (2015) is shown as a solid red (magenta) line for early (late) type

galaxies. We apply an average correction to the observations due to the fact that we are

measuring 3D sizes in the simulation, while observations measure projected sizes. The

latter is a simple scaling of 1.35 applied to the observations (which comes from the fact

that galaxies have minor to major axis ratios of ≈ 2 and are inclined by 60 degrees, on

average).

The overall shape for R50 and R90 mass-size relation of the whole sample of matched

galaxies is roughly similar for both finders. At M∗ & 109 M⊙, R50 (R90) of all the galaxies

in the sample are on average 10% (20%) larger in halomaker than in velociraptor. At

M∗ ∼ 1010 M⊙ this difference reaches a minimum for both radii, being almost negligible

for R50, and & 5% for R90. At M∗ > 1010.5 M⊙, the difference in the sizes of galaxies

between the catalogs starts to increase. The difference on the estimated radii of galaxies

peaks at M∗ ∼ 1012 M⊙ where on average halomaker galaxies have R50 (R90) values

up to & 20% (∼ 50%) larger than velociraptor. Although there is agreement between

both finders at M∗ > 2 × 1012 M⊙, the number of galaxies is very low. As discussed in

Sections 3.4.1.1 and 3.4.2.1, high-mass galaxies are more massive in halomaker than in

velociraptor, extending the mass-size relation to larger values. It is interesting though,

that despite the individual differences seen in Figs. 3.6 and 3.9, a simple extrapolation

of the velociraptor’s relation would agree with the one described by halomaker.

The mass-size relation for isolated and loosely interacting galaxies, as well as for

strongly interacting host galaxies (second and third panel of Fig. 3.12, respectively) has

a similar behaviour as the complete sample at all stellar masses. Smaller R50 and R90

in velociraptor are expected for isolated galaxies due to its 6DOF implementation,

which, as discussed in Section 3.4.1.1, reduces the stellar particle budget for galaxies and

is kept as the IHSC. Although the latter also affects sizes of interacting host galaxies,

their sizes are again artificially increased because of how particles in a common 3DFOF

object are distributed as was shown in Fig. 3.3. Both effects are evident at M∗ > 1011 M⊙

for R50, and to a greater extent for R90. Although at the very high-mass end there seems

to be agreement, as discussed above, the number of galaxies for both finders is very low

preventing us from reaching any conclusion.

The difference in the mass-size relation for strongly interacting satellites, however,
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has a different behaviour compared to other samples. At M∗ > 1011 M⊙, interacting

satellite galaxies are on average more compact in the halomaker catalog; both R50 and

R90 have on average lower values than their velociraptor counterparts. Similarly to

other samples, differences are larger for R90 than for R50 in the same stellar mass bin. At

M∗ & 109 M⊙, R50 (R90) is on average ∼ 10% (∼ 20%) smaller in halomaker than in

velociraptor. At higher stellar masses the difference increases reaching a maximum

at ∼ 1010.5 M⊙ with galaxies being on average ∼ 20% and ∼ 30% smaller for R50 and

R90, respectively, in halomaker compared to velociraptor. At 1011 ≤ M∗/M⊙ ≤
5 × 1011 M⊙, there are two mass bins where R50 and R90 of interacting satellites are on

average similar and even larger in halomaker, contrary to what would be expected. This

is likely to be caused by host-satellite swapping, and can be seen in Fig. 3.9 as a small

bump at f RX
> 2. At M∗ > 1012 M⊙ R50 (R90) is on average ∼15% (∼ 20%) smaller for

for halomaker satellites.

3.5 | Discussion

We have presented an improved algorithm for identifying galaxies in simulations and

showed how galaxy properties are affected by the finding algorithm. In this section we

discuss implications of our algorithm, as well as possible consequences that non-robust

identification of galaxies can have in cosmological hydrodynamical simulations.

3.5.1 | Identifying galaxies vs. dark matter halos

Many structure finding codes are capable of finding galaxies in simulations (see for

reference Knebe et al., 2013a). The vast majority of them are generally limited to either

taking all bound baryons inside a dark matter (sub)halo and label them as the galaxy, or

use the same algorithm and parameters adopted for dark matter haloes to identify galaxies.

Although both approaches are valid for the identification of galaxies, there are important

differences between dark matter halos and galaxies to keep in mind: (i) Stars, that make

up galaxies, are formed from gas elements at the bottom of potential wells, hence galaxies

are expected to be more compact than dark matter haloes; such gas elements can also

cool into discs, very different than the geometry of dark matter halos. Consequently, for

a large fraction of the galaxies, the stellar density profiles do not resemble those of their
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dark matter counterpart. (ii) Taking into account this variety of shapes and distributions

is extremely important for the identification of merging and interacting galaxies, as such

morphologies can distort and become quite complex, making their identification a non-

trivial task. (iii) During mergers, the outer dark matter component will at some point

phase-mix, but the stars in its centre do that on a different timescale, with some features

being long living (such as streams and shells). This makes it important to analyse them

separately. Even if stars and dark matter are both collisionless in simulations and interact

solely through gravity, we should not use the same approach if codes were designed under

assumptions that are valid only for dark matter haloes. Although for some galaxies the

above approaches might work, that is not expected to be the case for the entire galaxy

population in cosmological simulations, as we have shown in this study.

The algorithm presented here is a solution to tackle this problem. It is particularly

powerful as it was designed to work without any a priori assumption on shape or distri-

bution, which is capable of handling the large dynamical range covered in cosmological

simulations. It is therefore a generalised solution that can be also easily applied to other

components in simulations.

3.5.2 | Impact of identification

Simulation results

We have shown in this study how the total mass, size and star formation rate of galaxies

can be affected by the assumptions and sometimes oversimplification of the finder. Ad-

ditionally, as seen in the case studies (Section 3.3), misestimation of masses of merging

galaxies impact the estimated merger ratio. This has several consequences as galaxy

mergers are essential for the growth of massive galaxies (Robotham et al., 2014). In-

ability to resolve galaxies in interactions can affect estimated merger ratios and therefore

estimated minor and major merger rates, and the impact they have on the build up of

galaxies. A related area of great interest is whether interactions enhance/suppress the

star formation activity in galaxies (Ellison et al., 2008; Davies et al., 2015; Kaviraj et al.,

2015; Martin et al., 2017, Davies et al. submitted). As shown in this work the SFRs

of galaxies that are strongly interacting have their SFRs affected within a fraction of 2

to 3 by mostly due to how particles in the outskirts of galaxies are assigned to density
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peaks. The latter is comparable to the enhancements inferred observationally, showing

that it is critical to robustly measure SFRs in simulated galaxies if we want to use them to

offer physical interpretations at these environmental trends. Misestimation of masses and

sizes can impact the interpretation that we can give to galaxies in dense environments

such as groups and clusters, where both central and satellites can be largely affected.

This implies that we could get misleading results when studying environmental effects

on galaxy quenching in hydrodynamical simulations.

These are not the only possible consequences. Our case studies also showed that

radial profiles can be affected, such as angular momentum or inertia tensors, both used

for alignment studies. Regarding angular momentum, it has been recently shown by

e.g. Cortese et al. (2016) in observations and Lagos et al. (2017) in simulations, that

the estimated specific angular momentum can be up to ∼2.5 times (∼0.4 dex) higher if

measured at two effective radius rather than one. It is therefore important for related stud-

ies in simulations to account for systematic effects that can severely affect the estimated

sizes (e.g R50) of interacting galaxies. Taking into account the offset we found when

comparing halomaker with our new algorithm in Section 3.4.1.3, we would expect 3D

finders to bias the specific angular momentum of satellites (centrals) towards low (high)

values.

The effects on our understanding of Galaxy Formation

We showed in this study that despite the large differences seen in individual galaxies,

especially the interacting ones, the overall galaxy population statistics are not severely

affected by finder systematics. This has important implications for the way the galaxy

formation is modelled and understood. We have already stated that population statistics

are used to tune free parameters of subgrid physics models in simulations. To a certain

extent, through tuning we can learn how recipes affect galaxies as well as the impact

of different models, e.g. star formation, stellar and AGN feedback. However, we have

shown that we can obtain the right amplitude of a relation or function (i.e. stellar mass

function, or mass-size relation) using vastly different finders but for different reasons. We

argue that the study of subsamples of the galaxy population (e.g. satellite galaxies, galaxy

groups/clusters) can unveil such differences, and therefore provide key information to

estimate the systematic effects introduced by the choice of finder. Subgrid physics often
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model unresolved and generally not-so-well understood physical processes that can affect

the large-scale properties of galaxies. This is the case of BH growth and its corresponding

AGN feedback. A major growth channel of BHs are mergers, and we have shown that the

choice of finder affects the derived merger ratio. This in turn affects our estimates of BH

merging timescales, possibly causing the existence of multiple BHs in merger remnants,

and thus changing the associated effect of AGN feedback on the galaxy properties.

Overall, there are many unknowns in simulations, and the exact way in which one

decides to compare with observations or even among simulations is a non-trivial task. In

this Chapter, we focus on the effect the galaxy identification has on the derived galaxy

properties, and in many cases those differences will be smaller than other uncertainties,

such as the exact way one measures a property (Stevens et al., 2014), or the systematic

effects the physical modelling itself has on the predicted population. However, in some

cases (such as galaxy mergers and satellite galaxies in dense environments), the bias

introduced by the chosen algorithm could be a dominant effect.

This all shows that perfecting our ability to identify galaxies and measure their

properties in simulations is a key task that cannot be overlooked. Our new algorithm

offers a new, robust and accurate way of doing this, yielding smoother stellar profiles (see

Figs. 3.2 and 3.3) and more robust stellar mass estimates than widely used 3D finders. This

implementation of our algorithm in velociraptor is included in the publicly available

version of the code (Elahi et al., 2019a).

3.6 | Summary and Conclusions

We have extended the halo-finder code velociraptor (Elahi et al., 2011, 2019a) to

robustly identify galaxies in state-of-the-art simulations of galaxy formation. This new

implementation overcomes many common problems that even state-of-the-art structure

finding codes struggle with, such as particle assignment and accurate identification of

strongly interacting systems. We have paid special attention to the appropriate selection

and iterative adjustment of search parameters, to account for the wide dynamical range that

simulations can have. Particle assignment (core growth) was improved by using the full

phase-space dispersion tensor, allowing us not only to recover arbitrary galaxy shapes,

but also to obtain smooth density profiles even for galaxies with satellites embedded
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within it.

With our improved code, we built an additional galaxy catalogue for the state-of-the-

art cosmological hydrodynamical simulation Horizon-AGN, and compared its outcomes

with those of the complex configuration-space based finder, halomaker. Case studies

confirmed the versatility and robustness of our algorithm, and provided insight into how

identification tools can affect galaxy properties (e.g. mass and sizes), as well as the

estimates of merger ratios. Below we summarize our main results.

Galaxy-to-galaxy comparison. We matched the galaxy catalogues to quantify how

the total M∗, SFR and sizes (R50 and R90) can be affected by the chosen finder. We

built distributions of fY = Yhalomaker/Yvelociraptor, where Y corresponds to each of the

properties above, and separate the contribution from isolated and interacting galaxies.

Interacting galaxies are those hosted by halos with more than 1 substructure, otherwise

galaxies are considered as isolated.

� Isolated galaxies are in general narrowly distributed close to fY = 1 for M∗, SFR,

and R50. Such similarities between catalogues are expected as the identification

of isolated galaxies should be straightforward. For R90, however, the peak is not

narrow and a considerable amount of isolated galaxies have f R90 values around

± 0.3 dex from f R90 = 1. This suggests that R90 is highly dependent on the finding

algorithm.

� Interacting galaxies show a very wide fY distribution for all quantities studied.

There is an evident difference between host and satellite galaxies, which peak at

fY > 1 and fY < 1, respectively. These differences are mainly caused by inad-

equate particle assignment in halomaker, which we show our improved version

of velociraptor handles better. halomaker artificially increases (decreases) the

estimated values of M∗, SFR and R50,90 for host (satellite) galaxies in interacting

systems.

� Differences between the catalogues are amplified at higher redshifts, where the fY

distributions of interacting and isolated galaxies widen.

Galaxy population statistics. We investigate how the choice of finder affects the overall

galaxy population statistics. We explore the GSMF, SFRF, as well as the Mass-Size

relation for R50 and R90.
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� At M∗ < 1011 M⊙, the z = 0 GSMFs of halomaker and velociraptor agree

well, while at higher stellar masses the former predicts from 20% to 100% more

galaxies than the latter. At higher redshifts differences are amplified. At z = 4,

halomaker’s GSMF predicts a number density of galaxies at least 30% higher than

velociraptor over the whole mass range, increasing to 100% at M∗ & 1010 M⊙.

� The SFRF at z = 0 is also fairly similar between the finders, with differences

increasing with redshift. At z = 2, the peak of the cosmic star formation history,

halomaker predicts up to 50% more galaxies of 3 ≤ SFR/M⊙ yr−1 ≤ 100 than

velociraptor. This is important as these galaxies are expected to dominate the

cosmic SFR.

� We compare the R50 and R90 size-mass relation predicted by both finders. We find

that the R50 mass-size relation resulting from the two finders are similar, except at

the high mass end, M∗ ≃ 1012 M⊙, where halomaker’s galaxies are 20% larger

than velociraptor’s. These differences increase by 30% when we study R90.

This results from the fact that the stellar content and structure in the outskirts of

galaxies is very sensitive to the choice of finder.

Although we see that the overall z = 0 galaxy statistics are not greatly impacted

by the choice of finder, individual galaxies can display differences in mass and size

of more than a factor of 3 between the two finders studied here. We suggest that

the tuning of simulations of galaxy formation is relatively robust as it has consistently

focused on population statistics. However, comparisons of galaxy sub-populations with

observations, specifically in the context of pairs, groups and clusters, can be greatly

affected by the choice of finder. We showed that our new algorithm outperforms 3D

finders and provided extensive evidence of this.

One of our key findings is that the stellar outskirts of galaxies is greatly affected by

the choice of finder. In upcoming studies we will explore in detail the diffuse Intra Halo

Stellar Component, stellar streams and the outer stellar profiles of galaxies. Another

important area of investigation will be comparing our theoretical measurements of the

diffuse stellar halo with observations, by mimicking the observational effects, such as

selection, surface brightness biases, among others.
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The Intra-Halo Stellar Component

In this Chapter, I study the Intra-Halo Stellar Component (IHSC) of Milky Way-mass

systems up to galaxy clusters in the Horizon-AGN cosmological hydrodynamical simu-

lation. The IHSC is identified using an improved phase-space galaxy finder algorithm

which provides an adaptive, physically motivated and shape-independent definition of

this stellar component, that can be applied to halos of arbitrary masses. I explore the

IHSC mass fraction - total halo’s stellar mass, f M∗,IHSC − M∗, relation and the physical

drivers of its scatter. On average the f M∗,IHSC increases with total stellar mass, with

the scatter decreasing strongly with mass from 2 dex at M∗,tot ≃ 1011 M⊙ to 0.3 dex at

group masses. At high masses, M∗,tot > 1011.5 M⊙, f M∗,IHSC increases with the number of

substructures, and with the mass ratio between the central galaxy and largest satellite, at

fixed M∗,tot. From mid-size groups and systems below M∗,tot < 1012 M⊙, I find that the

central galaxy’s stellar rotation-to-dispersion velocity ratio, V/σ, displays the strongest

(anti)-correlation with f M∗,IHSC at fixed M∗,tot of all the galaxy and halo properties ex-

plored, transitioning from f M∗,IHSC < 0.1% for high V/σ, to f M∗,IHSC ≈ 5% for low V/σ

galaxies. By studying the f M∗,IHSC temporal evolution, I find that, in the former, mergers

not always take place, but if they did, they happened early (z > 1), while the high f M∗,IHSC

population displays a much more active merger history. In the case of massive groups

and galaxy clusters, M∗,tot & 1012 M⊙, a fraction f M∗,IHSC ≈ 10 − 20% is reached at z ≈ 1

and then they evolve across lines of constant f M∗,IHSC modulo some small perturbations.

Because of the limited simulation’s volume, the latter is only tentative and requires a

larger sample of simulated galaxy clusters to confirm.

Rodrigo Cañas, Claudia del P. Lagos, Pascal J. Elahi,

Chris Power, Charlotte Welker, Yohan Dubois,

and Christophe Pichon

MNRAS, 494, 4314C (2020)
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4.1 | Motivation

In the hierarchical formation scenario, large galaxies are assembled via a sequence of

interactions and mergers with smaller galaxies (White and Rees, 1978). During such

events, tidal forces strip stars from these smaller, satellite galaxies, which become part

of the more massive, central galaxy, or are deposited in its outskirts in the form of

streams, shells, and a diffuse component (e.g. Zwicky, 1952; Toomre and Toomre, 1972;

Barnes and Hernquist, 1991; Mihos and Hernquist, 1996). The properties of these stellar

remnants should contain important information about the assembly history and dynamical

age of Milky Way-like systems (e.g. Ibata et al., 2005; Martínez-Delgado et al., 2008;

McConnachie et al., 2009; Watkins et al., 2015; Merritt et al., 2016; Monachesi et al.,

2016), galaxy groups (e.g. Da Rocha and Mendes de Oliveira, 2005; Durbala et al.,

2008), and galaxy clusters (e.g. Mihos et al., 2005; Montes and Trujillo, 2014; Mihos

et al., 2017; Morishita et al., 2017). However, the study of such stellar remnants is a

complicated task because of their diffuse nature, which leads them to have low surface

brightnesses. This has led to the development of multiple techniques to study them in

both observations and simulations.

From the theoretical perspective, reliable predictions of stellar halos and Intraclus-

ter Light (ICL) require simulations to realistically trace the accretion and subsequent

disruption of the satellite galaxies that give rise to these structures, and to resolve the

sparsely populated outskirts of galaxies. Early studies of stellar halos, such as Bullock

and Johnston (2005) and Gauthier et al. (2006), used idealised non-cosmological N-

body simulations with satellite populations whose properties (e.g. orbital parameters

and accretion histories) informed by cosmological simulations. Others, e.g. Rudick et al.

(2006), used dark matter halos drawn from cosmological N-body simulations, populated

with galaxies using an occupation distribution formalism, to study the formation and evo-

lution of the ICL. Cooper et al. (2010) studied stellar halo formation in a self-consistent

cosmological context by coupling a semi-analytical model to a cosmological N-body

simulation, in which subhalos’ most bound dark matter particles are tagged and used as

dynamical tracers of the stellar populations predicted, to predict the properties of stellar

halos; here it was assumed that stellar halos are composed of stellar particles that were

accreted from satellites and reside outside a spherical aperture of 3 kpc (see also Cooper

et al., 2013, 2015).
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The current generation of cosmological hydrodynamical simulations (e.g. Dubois

et al., 2014; Vogelsberger et al., 2014; Schaye et al., 2015) are now sufficient to model

self-consistently the formation and hierarchical assembly of statistical samples of galax-

ies, and consequently track the formation of stellar streams, shells, and halos. This

provides important new insights into formation processes (e.g. in-situ vs ex-situ ha-

los; cf. Font et al., 2011), but it also complicates the separation of galaxies from their

stellar components. In uniform resolution cosmological boxes, this has led the diffuse

component to be defined as the stellar material outside spherical apertures, which can

be either fixed (e.g. Font et al., 2011; Pillepich et al., 2018a) or dependent upon the

mass distribution of the system (e.g. Pillepich et al., 2014; Elias et al., 2018). In zoom

cosmological simulations of late-type galaxies, a more ad hoc approach has been used.

For example, Pillepich et al. (2015) used a cylindrical volume to separate galaxies from

their stellar halos, while Monachesi et al. (2019) used rectangular windows, mirroring an

observational 2D approach, to separate components. While such spatial definitions are

simple and easy to compare between studies, they ignore the sometimes complex galaxy

morphology, and, most importantly, they do not exploit the velocity information that is

available in simulations.

However, this is not the case for all existing methods in the literature. For example,

at galaxy clusters scales, velocity information has been used to separate the brightest

galaxy cluster (BCG) from the ICL, either by comparing particles’ binding energy in

which the ICL is the stellar material bound to the cluster but not to a particular galaxy

(e.g. Murante et al., 2004, 2007; Rudick et al., 2011), or by using its kinematics and fitting

Maxwellian distributions to the total velocity distribution being the diffuse component the

one with the largest dispersion (e.g. Puchwein et al., 2010; Dolag et al., 2010; Cui et al.,

2014; Remus et al., 2017). These are both physically motivated definitions; however, in

applying the first method, it is not clear how to properly disentangle the contribution from

individual cluster members to the global gravitational potential (Murante et al., 2004;

Rudick et al., 2011), while in applying the second method, how particles are assigned

to the distributions is not unique (Dolag et al., 2010; Cui et al., 2014) and the number

of distributions needed to describe the system can vary between clusters (Remus et al.,

2017).

Studies of the diffuse stellar component in the literature have focused on Milky Way-
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like galaxies, in which case the diffuse stellar component is equivalent to a stellar halo,

or on galaxy groups and clusters, in which case it is the IGL and ICL, respectively.

This, in addition to the variety of definitions of the diffuse stellar component and the

techniques used to identify it, has limited our understanding of how it is built across the

dynamic range of galaxy formation. This critical limitation has resulted in a disconnect

between the study of the assembly of galaxies and the build up of the diffuse stellar

component, despite hierarchical growth underpinning both. Some theoretical studies

have addressed this issue either by applying the same technique or definition to systems

of a wide mass range (e.g. Cooper et al., 2010, 2013, 2015; Pillepich et al., 2018a),

or using an adaptive definition of what the diffuse component is (e.g. Pillepich et al.,

2014; Elias et al., 2018). However, there is still not yet a physically motivated adaptive

definition that can be reliably applied to the whole dynamic range of systems resolved by

cosmological hydrodynamical simulations.

In this Chapter, I present the first results of a new method to identify the diffuse stellar

component in simulations based on the galaxy finding algorithm described in Chapter 3

Cañas et al. (published in 2019) developed within the phase-space structure finder code

velociraptor (Elahi et al., 2011, 2019a). In this method, the diffuse stellar component is

defined as kinematically hot stellar particles that are distinct from the stellar components

of phase-space overdense galaxies. The algorithm is adaptive and capable of separating

the diffuse component in fairly isolated systems as well as in complex ones such as

galaxy groups and clusters. We have decided to refer to the diffuse stellar component as

the Intra-Halo Stellar Component (IHSC). I characterise the mass content of the IHSC

across different mass ranges and epochs by exploring to detail the IHSC mass fraction -

stellar mass relation, f M∗,IHSC − M∗. The aim of this Chapter is to understand the origin

of the large scatter observed in the IHSC mass fraction of Milky Way-mass like galaxies

(e.g. Merritt et al., 2016; Harmsen et al., 2017), as well as shed some light on the mass

dependence and evolution of the ICL fraction1, which is still an unresolved problem, from

both observational and theoretical perspectives (e.g. Krick and Bernstein, 2007; Murante

et al., 2007; Rudick et al., 2011; Contini et al., 2014; Cui et al., 2014; Burke et al., 2015;

Montes and Trujillo, 2018) In this Chapter, I address this problem using the Horizon-AGN

simulation (Dubois et al., 2014), a state-of-the art hydrodynamical simulation which has

1Referring either to light or mass, which can be interchangeable if a constant mass-to-light ratio, M/L,
is assumed.
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a volume big enough to contain galaxy groups and low-mass galaxy clusters (∼ 400 halos

with M200c > 1013M⊙), as well as, enough resolution to explore Milky Way-like systems.

This Chapter is organised as follows. In Section 4.2, I describe the Horizon-AGN

simulation, the algorithm used to identify galaxies and the IHSC, as well as a description

of how galaxy properties used throughout this Chapter are calculated. In Section 4.4, I

show visually the IHSC for systems ranging in mass from the Milky Way up to galaxy

clusters. I also describe the z = 0 f M∗,IHSC − M∗ relation and show how the mass content

in galaxies and the IHSC is affected by parameters of our identification method, as

well as how our method compares to spherical aperture definitions of the IHSC. In

Section 4.5.5, I explore the origin of the scatter observed in the f M∗,IHSC − M∗ relation

and correlations with galaxy properties. In Section 4.6 I investigate the evolution of the

IHSC for individual systems, as well as entire galaxy populations. Finally, in Section 4.7,

I present a summary and conclusions of this work. Additional information is presented

in Appendix B, where I show a comparison between our method to separate the IHSC

and widely used definitions in the literature, and also show the mass fraction in the IHSC

as a function of halo mass.

4.2 | Methodology

In this Section, I briefly summarise the Horizon-AGN simulations and the identification

of structures with velociraptor. Horizon-AGN is fully described in Chapter 2.1.1 and

velociraptor in Chapter 2.2.1

4.2.1 | Horizon-AGN Simulation

Horizon-AGN, first described in Dubois et al. (2014), is a state-of-the-art hydrodynamical

simulation of a statistically representative volume of the universe in a periodic box of

Lbox = 100 h−1 Mpc on each side, with a Λ cold dark matter (ΛCDM) cosmology. It

adopts values of a total matter density Ωm = 0.272, dark energy density ΩΛ = 0.728,

amplitude of the linear power spectrum σ8 = 0.81, baryon density Ωb = 0.045, Hubble

constant H0 = 70.4 km s−1 Mpc −1, and spectral index ns = 0.967, in concordance to

results from the Wilkinson Microwave Anisotropy Probe 7 (WMAP7, Komatsu et al.,

2011).
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The simulation follows the formation and evolution of galaxies using the adaptive

mesh refinement (AMR) code ramses (Teyssier, 2002), with a total of 10243 dark matter

particles with mass Mdm = 8 × 107M⊙, and a force softening of ∼ 2 kpc. It has an initial

number of 10243 gas cells, which are refined up to seven times reaching a maximum

physical resolution of ∼1 kpc. It includes gas cooling, heating from a uniform redshift-

dependent UV background, star formation, stellar feedback driven by supernovae (SNe)

Type Ia and II, and stellar winds. Black holes (BHs) grow according to a Bondi-Hoyle-

Lyttleton accretion scheme capped at the Eddington accretion rate, and a two-mode AGN

feedback is explicitly implemented as an isotropic thermal energy injection at accretion

rates greater than 1% the Eddington accretion, and as a bipolar outflow otherwise (see

Dubois et al., 2010, 2012, 2014, for further details); these implementations produce BH

populations that reproduce the observed evolution of the BH mass density and mass

functions (Volonteri et al., 2016).

4.3 | Identification of structures

Structures are identified using the code velociraptor, first introduced in Elahi et al.

(2011) and subsequently upgraded in Cañas et al. (2019) (see Chapter 3) and Elahi et al.

(2019a). Here we describe the identification process for dark matter halos, galaxies and

the IHSC.

4.3.1 | Galaxies

Galaxies are identified using a phase-space (6D) Friends-of-Friends (Davis et al., 1985,

FOF) search to identify phase-space dense structures. The algorithm is described in detail

in Chapter 3, but here we summarise key features. The first step consists of obtaining

a configuration space (3D) FOF, which is done using the commonly adopted b = 0.2

dark matter inter-particle spacing as linking length, lx . Subsequently a 6DFOF search

is done, where lx is shrunk as galaxies are expected to be more concentrated than dark

matter halos; the velocity space linking length is chosen to be equal to the 3DFOF object

velocity dispersion, lv = σv. Substructures are identified by performing an iterative

6DFOF search, as is used for core-finding in dark matter halos. A key feature of this

process for galaxies is the selection of the initial and iterative parameters used for this
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search, and properly assigning particles to each of these cores. The most massive galaxy

in each 3DFOF object is considered to be the central, and the remaining objects to be

substructures/satellites.

4.3.2 | Dark matter halos

Dark matter halos and their substructure can also be identified with velociraptor.

However, because I focus on the stellar mass content in galaxies and the IHSC, dark

matter halos will only be used to refer to the total matter content (stars + BH + gas + dark

matter) in the region of interest. Halos are therefore defined as spherical regions centred

at the centre-of-mass of the most massive galaxy of a FOF object, in which the total mass

average overdensity is 200 times the critical density of the universe. Throughout this

Chapter I use the subscript 200c to refer to properties of these objects, e.g M200c.

4.3.3 | Defining the IHSC

The IHSC is composed of all the background particles that were not assigned to galaxies

in the field 6DFOF search. The parameters that define the IHSC are therefore the linking

lengths used for the field 3DFOF and 6DFOF search. Because galaxies and tidal features

are identified using a phase space FOF algorithm, the IHSC is composed of particles that

are too far in phase space to be linked to any structure. Physically, this means that the

component is diffuse and kinematically hot. This definition allows us to estimate robustly

the IHSC for systems of different masses in a cosmological simulation. velociraptor

has the ability to recover streams and other tidal features, but these are not included as

part of the IHSC; if desired it is straightforward to include those structures into the IHSC.

Moreover, the outer extent of the background particles that compose the IHSC can

be defined either by the region delimited by the 3DFOF field search, or by the virial

radius R200c. While the second approach provides a theoretical point of comparison with

simulations and observations, in the case of merging groups and clusters, some of the

diffuse material between such systems might be left out. Throughout this Chapter we

use the former definition, although we note that both definitions give equivalent results.

See Appendix B for a comparison of the total and IHSC stellar mass content using both

of these definitions.
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In Fig. 4.1, we give a visual impression of the projected stellar density of all stellar

particles (first and third row) and the IHSC (second and fourth row) of Milky Way-like

mass systems, as well as galaxy groups and clusters. For reference, we show the extent

of fixed spherical apertures of radius RIHSC = {30, 100} kpc commonly used to separate

the central galaxy from the IHSC (e.g. Pillepich et al., 2018a). While fixed spherical

apertures are a simple way of separating the mass content in the central galaxy and

the IHSC, they do not necessarily provide a robust definition that works for systems

displaying a variety of mass distributions that depart from a spherical symmetry, as well

as systems of a wide range of masses. For example, a spherical aperture of 30 kpc might

be reasonable for Milky Way-like mass systems to separate the stellar content of the

central galaxy from that of the IHSC (e.g. systems A and B in Fig. 4.1). However, for

galaxies at the centre of groups and clusters this aperture can in fact truncate the outer

parts of the galaxy (e.g. D, E and F). In contrast, a larger aperture, e.g. 100 kpc, could

work for massive systems, but will be too large for smaller galaxies encompassing most

of the stellar material within the aperture; this can lead to measurements of IHSC mass

fraction that are too low as a result of the measurement method. See also Appendix B

for a comparison between these different definitions.

To solve these issues, previous studies have implemented adaptive spherical apertures

based on the central galaxy + IHSC (CG+IHSC) mass distribution; for example a sphere

with radius proportional to the CG+IHSC half-mass radius, RIHSC = β R50, (e.g. β = 2.0

Pillepich et al., 2018a; Elias et al., 2018). However, it is not straightforward to know

which value of β should be used to give consistent answers across the mass range covered

by hydrodynamical simulations. Moreover, for this particular choice of RIHSC, the amount

of mass that is assigned to the IHSC is likely to depend on the specific distribution of

the central galaxy rather than on the properties of the IHSC. For example, the RIHSC

of a system with a spiral central galaxy will be larger than that of an elliptical galaxy

with same stellar mass only because of their intrinsic mass distribution (e.g. van der Wel

et al., 2014); in this case, a lower mass fraction in the IHSC would be expected for spirals

compared to ellipticals because of the method rather than the properties of the IHSC.

By defining the IHSC as the kinematically hot component, we are able to address

all the issues that spherical aperture definitions have, as is seen in the IHSC projections

of Fig. 4.1. Moreover, by having the capability to consistently define the IHSC for

systems with a wide range of masses, we can perform statistical studies of the IHSC
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in entire cosmological simulations, as well as systematically following the evolution of

the IHSC for both individual systems and complete entire populations. We note that in

the cases where the IHSC is considered as a diffuse extension of the central galaxy, the

vast majority of its stars will be ‘accreted’. However, there is the possibility that the

IHSC contains stars that formed in-situ of that reference central galaxy, and have become

kinematically hot to be assigned to the IHSC. We refrain from distinguishing between

in-situ and ex-situ component as we considered the IHSC to be a component of the

system rather than an extension of a reference central galaxy. This is a more generalised

definition that is important to use for massive galaxy groups and clusters where infalling

groups and clusters already have an IHSC of their own.

For simplicity, throughout this Chapter we refer to 3DFOF objects as “systems”,

which would typically be composed by a central galaxy, its satellite galaxies, and the

IHSC.

4.3.4 | Calculated properties

In this Section we describe how we calculate the properties of systems and galaxies used

in upcoming sections.

4.3.4.1 | Number of satellites

The number of satellites of a given system (3DFOF) is the count of substructures found

by velociraptor composed of more than 50 stellar particles.

4.3.4.2 | Mass content

The stellar mass of objects will be denoted by the subscript ‘∗’ and a label. This quantity

refers to the sum of the mass of all stellar particles in that object/component as identified

by velociraptor. For the total mass content inside R200c, i.e. stars + gas + BH + dark

matter, we will simply refer to as M200c, and M∗,200c for the stellar mass only within R200c.
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4.3.4.3 | V/σ

For the kinematic morphology parameter V/σ of the central galaxies, we first calculate

the spherical radius that encloses 50% of the stellar mass of the central galaxy2, R50.

Then, we calculate the specific angular momentum, j, for all the particles within R50, i.e.

j =
1

M∗,R50

ri≤R50
∑

i

ri × mivi , (4.1)

where ri and vi are the position and velocity vectors of stellar particle i, with mass mi,

measured with respect to the galaxy’s centre-of-mass; and M∗,R50 is the mass inside R50,

or equivalently M∗,R50 = 0.5 M∗,ctrl. The rotational velocity V is calculated as

V =
| j |
R50

. (4.2)

The velocity dispersion σ is calculated as the average 3D velocity dispersion of all

stellar particles within R50,

σ2
vx
=

1

M∗,R50

ri≤R50
∑

i

mi v
2
x,i , (4.3)

σ =
1

3

√

σ2
vx
+ σ2

vy
+ σ2

vz
, (4.4)

where vx,i is the velocity of particle i along the Cartesian axis x, and σvx
, σvy

, and σvz
are

the velocity dispersions along the x, y, and z axes, respectively. Finally, the kinematic

morphology parameter V/σ is simply the ratio between these quantities.

4.3.4.4 | Star formation rate

The star formation rate (SFR) of a galaxy is calculated by summing the mass of all its

stellar particles with age, tage, smaller than a given ∆ t window from the time of the

snapshot analysed,

SFR =
1

∆ t

tage,i <∆ t
∑

i

mi . (4.5)

2Note that we consider the central galaxy and the IHSC as separate components, therefore no IHSC
particles are included in the computation of the half-mass radius.
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Throughout this Chapter we adopt a ∆ t = 50 Myrs to calculate this quantity. SFRs

calculated using windows of ∆ t = {20, 100} Myrs, are consistent with that of ∆ t = 50

Myrs. Mass loss due to stellar evolution is neglected, however; if included, it would

represent a systematic shift of the estimated SFRs, and would not change our conclusions.

4.4 | Present day f M∗,IHSC − M∗ relation

The IHSC mass fraction, f M∗,IHSC , is calculated as

f M∗,IHSC =
M∗,IHSC

M∗,tot
, (4.6)

where M∗,IHSC is the stellar mass of the IHSC, and M∗,tot is the total stellar mass of the

system that includes all the stellar mass in the galaxies (central and satellites) and the

IHSC. As shown in Chapter 3, velociraptor’s galaxy finding algorithm is also capable

of identifying tidal structures, such as stellar streams and shells, as separate objects that

are distinct in phase-space from the galaxies and are kinematically colder than the IHSC

envelope. These structures are often incorporated into the IHSC because of their diffuse

and accreted nature, in the sense that their stars do not form in the main galaxy/dark

matter halo branch, similar to the outskirts of galaxies and clusters (in-situ vs. ex-situ,

e.g. Pillepich et al., 2015; Dubois et al., 2016). We argue, however, that it is important

to separate such structures from the IHSC as some of that material may be accreted

onto the galaxy at later times. Although these tidal structures can be found with ease by

velociraptor, for the purposes of this study we consider all kinematically distinct stellar

structures as satellite galaxies, while the IHSC is only the diffuse stellar background.

In Fig. 4.2 we show the f M∗,IHSC − M∗ relation in Horizon-AGN at z = 0. The

measurements for individual systems (i.e. entire 3DFOF objects) are shown as black dots.

Dashed and dotted-dashed blue lines delimit regions where, at fixed total stellar mass, the

IHSC is composed of ≤ 100 and ≤ 10 particles, respectively. At 1010.5 . M∗,tot/M⊙ .

1012 M⊙ f M∗,IHSC increases with increasing M∗,tot, with the scatter decreasing as M∗,tot

increases. At M∗,tot > 1012 M⊙, the relation flattens while the scatter keeps decreasing

out to the most massive system resolved in Horizon-AGN, M∗,tot ∼ 1013 M⊙.

The variation in f M∗,IHSC at fixed M∗,tot is ∼ 2 dex at M∗,tot ≃ 3 × 1010 M⊙ (M200c ≃
1012 M⊙), and gradually decreases towards higher M∗,tot. This is caused by changes in the
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such particles are not linked to galaxies by the 6DFOF search, and are therefore assigned

to the IHSC, giving high f M∗,IHSC for 3DFOF objects close to the resolution limit.

The overall shape of the relation is similar to the accreted stellar mass fraction total

stellar mass relation (e.g. Cooper et al., 2013; Rodriguez-Gomez et al., 2016), but it is

important to note that these two quantities are not the same. We expect this similarity

because the mass budget in the outskirts of galaxies and clusters, included in the IHSC,

is dominated by stars that originated in satellite galaxies, i.e. were accreted into the host

galaxy/dark matter halo. This also explains why a larger amplitude in the stellar fraction

is measured in such relations.

In observations it is generally easier to determine with precision the mass of the

central galaxy, M∗,tot, rather than the total stellar mass of the system. This in part due to

the difficulty to get high signal-to-noise ratios in the outskirts of systems, and therefore

estimate how much light and mass in contained outside galaxies. For massive groups and

clusters, it is also difficult to confirm the membership of satellite galaxies without spectral

information. We therefore also show in Fig. 4.3 the f M∗,IHSC as a function of M∗,ctrl. The

relation is consistent with that of f M∗,IHSC − M∗, as M∗,ctrl is highly correlated with M∗,tot,

especially for M∗,tot < 1011M⊙ where the vast majority of the mass is contained in the

central galaxy. The latter makes the relation to ‘shrink’ slightly towards lower masses.

On the other hand, for M∗,tot > 1011M⊙, central galaxies do not dominate the mass

budget, causing a greater shrunk in the relation. Despite the latter, the behaviour of

the relation stays the same: the f M∗,IHSC increases with decreasing scatter towards higher

M∗,ctrl, up to M∗,ctrl ≃ 1011.5M⊙ where the relation starts to flatten.

4.4.1 | Parameter dependence of the IHSC

We mentioned in Section 4.3 that the IHSC is determined by the choice of linking lengths

used for the 6DFOF field search. As the velocity linking length in the 6DFOF search

is chosen to be proportional to the velocity dispersion of each system, the only user-

defined parameter is the configuration space linking length, lx,6D. This parameter sets a

phase-space density cut on the particles that are linked to galaxies, excising them from

the IHSC. Therefore, larger values of lx,6D will assign more mass to the galaxies and

less to the IHSC and vice-versa (see Appendix A for a detailed discussion). Here, we

study in detail the effects different choices of lx,6D have on the estimated IHSC mass,
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In Fig. 4.4 we show the effect that changing f lx,6D has on the f M∗,IHSC −M∗ relation, as

estimated using different values of f lx,6D; solid lines show medians in equal log-spaced

mass bins, and shaded regions delimit the 16th and 84th percentiles of the distribution in

each mass bin. Increasing f lx,6D has the effect of changing the overall normalization of the

f M∗,IHSC −M∗ relation, in a way that increasing f lx,6D leads to a lower f M∗,IHSC . In addition,

the scatter of the relation below 1012 M⊙ also depends on f lx,6D , with higher values leading

to larger scatter. Despite these differences, the overall behaviour of the f M∗,IHSC − M∗

relation is qualitatively the same: f M∗,IHSC increases with M∗,tot up to M∗,tot ∼ 1012 M⊙,

followed by a flattening at higher masses. The scatter also decreases monotonically with

increasing M∗,tot, which is in part caused by the limited volume of Horizon-AGN. The

increasing f M∗,IHSC at fixed mass with decreasing linking length is expected as higher f lx,6D

values result in assigning more particles to galaxies, reducing the mass in the IHSC. It

should be noted that for small f lx,6D values, resolution effects (i.e. upturn in the relation)

become important at smaller M∗,tot (vertical dot-dashed line). Observations at this stage

are shown for reference. We must note, however, that the two galaxies with upper limits

from Merritt et al. (2016) are located below the line where the IHSC is composed by less

than 10 particles. This means that it is not possible to reliably detect galaxies with such

characteristics within Horizon-AGN due to its resolution, independently of the method

or parameters used to define the IHSC3.

In Fig. 4.5 we compare the estimated mass in the IHSC to that in the central galaxy,

M∗,ctrl, and to the total stellar mass in satellites, M∗,sats; For each f lx,6D , we fit a power-law

as M∗,IHSC ∝ Mα
∗ , to the mean M∗,IHSC per M∗ bin, shown as dashed coloured lines,

with power-law index α as labelled; bins are required to have at least 5 systems and a

M∗,tot > 4 × 1010 M⊙ to avoid consideration of systems affected by resolution; points

show individual measurements of resolved systems in bins with less than 5 systems. The

mass relations between these components are strikingly similar for different values of

f lx,6D , with power-law index variations smaller than 5%. This agreement is remarkable

due to the large range of f lx,6D and stellar masses explored. Moreover, the extrapolation

of the fit to each distribution does seem to be in agreement as well with mass estimations

of high mass systems where statistics are low.

3If such galaxies were not found given the sufficient resolution, it would mean that either the method
or the simulation are not capable of reproducing such behaviour. As a consequence, a large number of
simulations with enough resolution and varying models would be needed to test this.
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f lx,6D = 0.4, because it predicts a f M∗,IHSC − M∗ relation that is in better agreement with

the estimated stellar halo mass fractions for Milky Way-like galaxies from Merritt et al.

(2016) and Harmsen et al. (2017), and recent ICL mass estimations of Morishita et al.

(2017). Although the exact method to measure the stellar halo and ICL mass fraction

differs between studies, these measurements give a rough idea of the expected mass

fraction in different mass ranges; this provides us with an equivalent phase-space density

threshold, which in our method is equivalent to a fixed f lx,6D .

4.4.2 | Comparison to IHSC definitions in literature

As mentioned above, for simplicity and ease of comparison, numerical studies in the

literature have used geometrical definitions of the IHSC. In Fig. 4.7, we compare

the f M∗,IHSC obtained with our method to that of spherical apertures with RIHSC =

30 kpc, 100 kpc, 2 R50. To properly compare the methods we show the f M∗,IHSC as a

function of the total stellar mass within R200c, i.e. M∗,200c. A visual representation

and a comparison of the mass content with these definitions is shown in Appendix B.

Observations are shown for reference. At Milky Way scales, i.e. M∗,200c ∼ 1011 M⊙,

2 R50 overestimates the f M∗,IHSC , as the median of their distribution goes through the

galaxies with the highest f M∗,IHSC of the observed sample; the 30 kpc aperture median

is in slight better agreement, while the 100 kpc aperture underestimates the f M∗,IHSC at

these masses. At the high mass both fixed apertures overestimate the f M∗,IHSC compared

to the estimated from the Frontier Field clusters, while 2 R50 is in better agreement with

these measurements. Only our method is capable of predicting IHSC mass fractions

that are in agreement with observations in a wide range of masses because it offers an

adaptive, physically motivated, shape-independent and consistent definition of the IHSC

throughout the mass range, representing a considerable advantage over previous studies.

4.5 | Unveiling the nature of the f M∗,IHSC − M∗ relation

One of the aims of this study is to understand the origin of the scatter observed in the

f M∗,IHSC − M∗ relation (e.g. Merritt et al., 2016; Harmsen et al., 2017). In this section,

we explore how the mass fraction in the IHSC, f M∗,IHSC , correlates with observables,

specifically with those that relate directly to environment and accretion history. We

115



Chapter 4. The Intra-Halo Stellar Component 4.5. Unveiling the fM∗,IHSC − M∗ relation

remind the reader that throughout this Chapter we refer to a ‘system’ as the ensemble of

components in a 3DFOF object, composed of a central galaxy, satellites, and its IHSC.

Here, we focus on static properties of systems, i.e. properties that can be measured at a

fixed time-step, to provide guidance on possible third parameters that could be explored

in observations that would help to interpret the observed scatter. All the measurements

presented in this Section are done at z = 0; in subsequent sections we will focus on their

temporal evolution.

4.5.1 | Number of satellites

As the IHSC is built from the tidal debris of orbiting satellites and mergers, we expect

that the mass in the IHSC should correlate with the accretion history of a halo, as well as

with the availability of material that can be deposited into the IHSC. In Fig. 4.8 we show

the f M∗,IHSC − M∗ relation for sub-samples according to the current number of satellites,

Nsats, as identified by velociraptor.

Overall, more massive systems tend to have a higher number of satellites, as expected

from hierarchical growth. However, in the range in which there is overlap between the

samples with different number of satellites, we see that a system with a larger total

number of satellites display a higher f M∗,IHSC at fixed M∗,tot. Although the scatter around

the f M∗,IHSC − M∗ relation in each sub-sample is large, the correlation between f M∗,IHSC

and Nsats is noticeable at 2 × 1011 . M∗,tot/M⊙ . 4 × 1011, in which the distribution of

three subsamples of different Nsats overlap. However, the 1σ regions are typically large

enough that they overlap, and hence a point in the f M∗,IHSC − M∗ plane cannot be robustly

associated with a single value of Nsats.

It is important to note that for lower masses and less populated systems, the scatter is

quite large, ∼ 0.5 dex (∼ 1 dex) for 1σ (2σ). This can be caused by a variety of factors.

For example, at fixed M∗,tot a system with only one satellite that has just accreted is likely

to have a very different f M∗,IHSC than another one-satellite system in which the satellite

has had enough time to interact with the central galaxy, and therefore deposit material

into the IHSC. In fact, after only one orbit, an average subhalo is expected to lose ∼ 50%

of its infall mass after its first peri-centric passage, and up to ∼ 80% after its second

(Poulton et al. in prep). For this reason, we expect to be within a given sub-sample’s

scatter in the f M∗,IHSC − M∗ relation. Moreover, a system without satellites could have

116







Chapter 4. The Intra-Halo Stellar Component 4.5. Unveiling the fM∗,IHSC − M∗ relation

idea by using the ratio between the masses of the largest satellite (or second most massive

galaxy), M∗,scnd, and the central galaxy, M∗,ctrl, as a proxy for the dynamical age of a

system. This definition is widely used in observations because it is readily accessible

(e.g. Davies et al., 2019). As dynamical friction is more efficient on massive satellites,

their orbits are expected to decay more quickly than those of less massive satellites, and

they will have more significant interactions with the central galaxy more quickly than

less massive substructures; this suggests that a higher M∗,scnd/M∗,ctrl should indicate that

the system is young, and debris from interactions are yet to be deposited into the IHSC.

On the other hand, smaller M∗,scnd/M∗,ctrl are typically associated with dynamically old

systems, indicating that interactions with larger satellites might have already occurred,

and mass has been deposited onto the IHSC.

In Fig. 4.9 we show the f M∗,IHSC−M∗ relation for sub-samples of different M∗,scnd/M∗,ctrl;

using mass ratios of [0.001, 0.05), [0.05, 0.3) and [0.3, 1.0), which mimic commonly

adopted thresholds to classify mergers as mini, minor and major, respectively. At

M∗,tot < 1011.6 M⊙ we find that the three samples of M∗,scnd/M∗,ctrl have similar me-

dians as well as 1 σ and 2 σ contours. It is only at M∗,tot > 1011.6 M⊙ that we start

to see the expected dependence of a higher f M∗,IHSC as M∗,scnd/M∗,ctrl decreases at fixed

M∗,tot. The fact that M∗,scnd/M∗,ctrl disentangles the distributions only at larger M∗,tot is

because mergers are the principal mechanisms through which these systems grow (see

for example Oser et al. 2010,Dubois et al. 2016 and Rodriguez-Gomez et al. 2016 for

simulations, and Robotham et al. 2014 for observational evidence). While these results

are indicative, stronger conclusions cannot be made because of the small number of

systems with M∗,tot > 1012 M⊙ that can be resolved by the Horizon-AGN simulation box

(Lbox = 100 h−1 Mpc).

4.5.3 | Kinematic Morphology

The internal properties of the central galaxy provide additional information about the

accretion history of a system. Previous studies have found that galaxies with low V/σ are

mostly formed by mergers (Dubois et al., 2013, 2016), particularly dry mergers (Lagos

et al., 2018a). Although several routes can lead the formation of the so-called slow

rotators (Naab et al., 2014), large cosmological hydrodynamical simulations have allowed

the statistical inference of the dominant mechanism behind their formation (Penoyre et al.,
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2017; Lagos et al., 2018a). Therefore, we expect that kinematic morphology gives us an

indication of the merger history of the galaxy. Here, we use the kinematic morphology

V/σ of the central galaxy as an indicator of the accretion history experienced by a system.

We note that V/σ for Horizon-AGN galaxies does indeed reflect the properties expected

for a galaxy given its visual morphology; see for instance figure 2 of Dubois et al. (2016)5.

In Fig. 4.10 we show the f M∗,IHSC − M∗ relation, separating systems into sub-samples

according to the V/σ of their central galaxy, as labelled. At all masses, systems with high

f M∗,IHSC host a highly dispersion-supported galaxy, while a lower f M∗,IHSC corresponds to

systems hosting a rotationally-supported galaxy. There is a clear distinction between

different sub-samples as their medians do not overlap or cross each other; moreover,

there is a gradual transition between sub-samples from low f M∗,IHSC and high V/σ, to

high f M∗,IHSC and low V/σ. These results are consistent with the notion that rotationally

supported galaxies should have had quiescent accretion histories, and consequently lower

f M∗,IHSC . Lagos et al. (2018a) found that the highest V/σ galaxies can only be obtained in

the absence of mergers. On the other hand, a dispersion-supported galaxy is expected to

have experienced multiple mergers and interactions, which in turn should deposit higher

amounts of mass into the IHSC, increasing its f M∗,IHSC .

We find that the strongest correlation displayed by the kinematic morphology of the

central galaxy is with the scatter of the f M∗,IHSC−M∗ relation at M∗,tot < 1012 M⊙. This may

be surprising because other parameters studied here are typically used in observations

to separate dynamically young and old systems. This means that, in Horizon-AGN,

kinematic morphology is the best indicator of how the IHSC was built up. Previous

simulation results suggest that the IHSC could be easily built up by dry mergers, because

the mass of satellites is preferentially deposited in the outskirts (see e.g. Lagos et al.,

2018b). This, combined with the fact that simulations predict dry mergers to be the most

effective way of producing slow rotators, may be the reason behind our findings. For

higher masses, the dynamical state of the system gives us a handle on the scatter in a

way that morphology cannot, because at M∗,tot > 1012 M⊙ all the centrals are mainly

supported by dispersion. Note that there is a difference between the V/σ calculated

(which uses the 3D velocity information of galaxies) with what is recovered from a

2D projection of that information. This is partly due to inclination and partly due to

5Note that although the exact way of calculating V/σ for this study differs from that of Dubois et al.
(2016), low (high) V/σ values correspond to spheroidal (disc) dominated galaxies for both methods.
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f M∗,IHSC scatter. Consequently the f M∗,IHSC scatter at fixed κ is comparable to that of the

entire population.

We can, in principle, connect this result with those found in recent observations by

Merritt et al. (2016) and Harmsen et al. (2017) (shown as symbols in Fig. 4.10), who, using

different observational techniques, found that the estimated f M∗,IHSC for Milky Way-like

galaxies can vary up to 2 dex in a similar mass range. Because of their disc morphology,

we would expect all the galaxies in these studies to have a high V/σ, and consequently a

low f M∗,IHSC according to the behaviour observed in our results. However, their location

in the relation overlaps with the entire simulated population, even for simulated galaxies

mainly supported by dispersion. While this can be in conflict with the trend observed

in our measurements, we have to take into account that the observational data do not

include ellipsoidal galaxies which are needed to test if the V/σ correlation is displayed

by observations. The ‘tension’ can be alleviated by shifting the f M∗,IHSC − M∗ relation

measured from the simulation towards higher f M∗,IHSC values, which can be achieved by

using a different choice of f lx,6D , as shown in Section 4.4.1; however, this would then

introduce a conflict with estimated mass fraction in the ICL, and would also reduce

the extent and mass of the galaxies (see Section 4.4.1, and Appendix A.1). Another

factor that comes into play is the uncertainty in the measurements as well as the scatter

that individual V/σ sub-samples have; 1σ of contours of consecutive V/σ sub-samples

overlap and 2σ contours as large as ∼ 0.5 dex, indicating that, although unlikely, a galaxy

with high V/σ can high f M∗,IHSC as well, and vice-versa.

4.5.4 | Specific star formation rate

In the previous section we saw that although a large scatter in f M∗,IHSC is observed for

systems with similar V/σ, there is evidence that the overall IHSC mass fraction is

(anti-)correlated with V/σ. However, observational estimates of this parameter require

expensive spectroscopic observations, and while surveys such as MaNGA (Drory et al.,

2015), CALIFA (Sánchez et al., 2011), and SAMI (Croom et al., 2012) have been capable

of estimating kinematic properties of thousands of galaxies, there are no estimates of

the IHSC of these galaxies to date. Here we explore a possible correlation between

specific star formation rate (sSFR) of the central galaxy and the f M∗,IHSC . Star formation

rate and V/σ of a galaxy are strongly correlated, and it is easier to estimate sSFR from
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observations that will be readily accessible via SED fitting to a survey such as LSST

(Robertson et al., 2017).

In Fig. 4.11 we show the f M∗,IHSC − M∗ relation for sub-samples of sSFR. Although

the median of each sub-sample indicates that there is anti-correlation between the sSFR

and f M∗,IHSC , the scatter observed is quite large. A larger number of sub-samples shows

a similar behaviour; because of highly overlapping distributions, we only show two sub-

samples that are most distinct for clarity. We repeated this calculation using bins in SFR

instead of sSFR, and found similar results. The observed behaviour is a consequence

of several factors. One is the way in which we estimate the SFR; by using only stellar

particles to determine the SFR, it is likely that our estimate is affected by particle

discreteness and mass resolution, because we cannot measure SFR below one stellar

particle formed in the ∆ t used. Another is that spheroidal and disk galaxies of similar

masses can have similar SFRs; this can arise if star formation quenching occurs because

of feedback or because the available reservoir of gas has been exhausted. We note

that while the exact values of V/σ and sSFR change from simulation to simulation, all

simulations tend to predict qualitatively similar relations between sSFR-M∗ (Somerville

and Davé, 2015) and V/σ vs. M∗ (van de Sande et al., 2019).

4.5.5 | Two distinct regimes for the IHSC and observational prospects

in the local Universe.

Our results suggest that there are two broad, distinct, populations of halos, with a

transition at M∗,tot ∼ 1012 M⊙. At M∗,tot < 1012 M⊙, properties of central galaxies are

highly correlated with f M∗,IHSC , with more dispersion dominated galaxies being a strong

indicator for high f M∗,IHSC . Weaker correlations are seen with star formation activity,

likely rising from the more fundamental correlation with V/σ. Halo properties at these

masses do not seem to be good indicators of the overall f M∗,IHSC . At M∗,tot > 1012 M⊙ a

very different picture emerges. All centrals at these masses are similar: they have little

star formation activity and are dispersion dominated, and so they offer little insight into

the IHSC. Instead, the dynamical state of the correlations studied are readily available in

the observations and hence offer a great opportunity to test our predictions. Moreover,

observations have so far sampled only a handful of galaxies, which is insufficient to

unveil a correlation like the one reported here. Surveys such as those possible with

123





Chapter 4. The Intra-Halo Stellar Component 4.6. Temporal evolution of the IHSC

and Milky Way-mass systems, using their individual evolutionary paths.

4.6.1 | Individual paths

In this section we follow the evolution of individual systems through cosmic time by

tracking their location in the f M∗,IHSC − M∗ plane. We focus on three sets of objects of

interest: Milky Way-mass systems with low and high f M∗,IHSC and galaxy clusters.

We follow the evolution of each system by tracking its central galaxy across snapshots

using treefrog (Poulton et al., 2018; Elahi et al., 2019b), a code that constructs merger

trees for simulations. The progenitor of each galaxy is defined as the structure that shares

most of its particles in the previous snapshot. This is found by comparing IDs of the

stellar particles, and computing a merit function

Mi j =

N2
sh

Ni N j

, (4.7)

where Ni and N j are the total number of particles in galaxies i and j respectively, and Nsh

is the number of particles that exist in both structures. The main progenitor is chosen to

be the one with the highestMi j . Systems are traced by following the main progenitors

of the system’s most massive galaxy at z = 0, i.e. the one with the highest merit.

To understand the evolutionary paths, we first note that horizontal displacements in

the f M∗,IHSC − M∗ plane tend to be towards higher M∗,tot increments, which can either

be caused by the accretion of systems or by the creation of new stars from gas accreted

on an already existing Interstellar Medium (ISM); negative horizontal displacements are

infrequent, and are caused by other galaxies or systems ‘flying by’. Vertical positive

displacements correspond to mass being deposited from galaxies in the system (either

central or satellites) into the IHSC. Negative vertical displacements result from either

increments in M∗,tot for a fixed M∗,IHSC, or the ‘re-capture’ of particles from the IHSC to

galaxies at fixed M∗,tot.

4.6.1.1 | Milky Way-mass - Low f M∗,IHSC

In Fig. 4.12 we show the evolutionary paths in the f M∗,IHSC − M∗ plane for a sample of

systems with M∗,tot ≃ 1011M⊙ and f M∗,IHSC ≃ 10−3 at z = 0. At z = 2.12 (magenta

squares) these systems have total stellar masses between M∗,tot ≃ 1010 M⊙ and 1010.5 M⊙,
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particles in the IHSC increases, as seen in N∗,IHSC and ∆N∗,IHSC , due to the disruption of

stellar material from the interaction, causing the bump in the track. At subsequent times,

f M∗,IHSC keeps decreasing up until z = 0.02, which is due to the decreasing number of

particles in the IHSC, and an ongoing increment of M∗,tot, i.e. positive values of δM∗,tot ,

due to continuing star formation in the galaxy. The decreasing number of particles in

the IHSC is also explained by mass being ‘re-accreted’ onto the galaxy from the IHSC

as the system relaxes due to the particular orbit that the infalling satellite had. This is in

agreement with Peñarrubia et al. (2006) and more recently Karademir et al. (2019), who

have shown that stellar debris from the disruption of galaxies on orbits close to the plane

of the disk are expected to relax into an extended rotating disk; this extended disk would

therefore occupy a similar region in phase-space and therefore be assigned to the galaxy

in our method. Finally, we note that the bumps displayed by all systems at later times are

caused by the low number of particles that compose the IHSC, as is shown by ∆N∗,IHSC .

All of the other highlighted galaxies in magenta show a similar behaviour, interacting

with a single satellite and continuous star formation activity in the central.

In Fig. 4.13 we show the same evolutionary paths as Fig. 4.12, adding measurements

from several observational studies, as labelled. Overall, the space occupied by the

f M∗,IHSC − M∗ of Horizon-AGN, is consistent with a large number of observations across

a wide range of masses.

4.6.1.2 | Milky Way-mass - High f M∗,IHSC

In Fig. 4.14 we show evolutionary paths of systems with M∗,tot ≃ 1011 M⊙ and high

f M∗,IHSC at z = 0. The paths that these galaxies display in the f M∗,IHSC − M∗ plane are

characterised by large displacements and variations in the f M∗,IHSC , a consequence of

the interactions that these systems experience. Contrary to the low f M∗,IHSC cases, these

systems show a large variety of paths across cosmic time, due to the diversity of accretion

histories. This is seen in the visualization of the highlighted path (bottom panels), as

well as the evolution of the mass in satellites, M∗,sats (top right panels), where bumps

across time represent the infall (peaks) and disruption (valleys) of satellites. These

multiple interactions experienced by the central galaxy at different times result in a

higher mass fraction in the IHSC. For comparison, the spatial scale and colour schemes

of the projections is the same as for the low f M∗,IHSC case in Fig. 4.12. These results are
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consistent with the relation observed between the f M∗,IHSC of a system and V/σ of its

central galaxy. Moreover, these results demonstrate the robustness of our method, and

highlight the advantage of defining the IHSC as the kinematically hot component in each

system.

4.6.1.3 | Galaxy Clusters

In the top panel of Fig. 4.15, we show evolutionary paths in the f M∗,IHSC − M∗ plane of

systems with M∗,tot > 1012 M⊙ at z = 0, all of which have f M∗,IHSC > 5 × 10−2 (magenta

triangles). These objects display a variety of locations in the f M∗,IHSC−M∗ plane at z = 2.12

(magenta squares), differing by ∼ 1 dex in both M∗,tot and f M∗,IHSC for this particular

sample. Regardless of their initial location, all systems move towards higher M∗,tot with

time and display a series of peaks and valleys in the f M∗,IHSC − M∗ plane throughout

their evolution, a consequence of the multiple interactions that drive the growth of these

systems. For systems that at z = 2.12 have a high f M∗,IHSC , the displacements are on

average horizontal through cosmic time, as shown by the highlighted case. Systems that

start with low f M∗,IHSC and M∗,tot show a tendency to move towards increasing f M∗,IHSC

and M∗,tot, until reaching M∗,tot ≃ 1012 M⊙ where the displacements become on average

horizontal.

While for Milky Way-mass systems this evolution can be described by the accretion

of satellites onto a dominant central galaxy, for groups and clusters this evolution is more

complex, because they grow mainly by accretion of entire smaller groups and clusters.

These infalling systems carry with them their own IHSC, which after accretion is added

to the IHSC of the larger system. During these events the total f M∗,IHSC is not expected

to increase, simply because of how mass fractions add; for example, a cluster with an

initial IHSC mass fraction of 10% that accretes a group whose f M∗,IHSC is 10%, will

have, post-accretion, the same mass fraction in the IHSC. Displacements towards higher

f M∗,IHSC can therefore only arise because mass is disrupted from galaxies and transferred

to the IHSC. On average, systems describe horizontal paths because of the interplay

between the disruption timescales of the galaxies already in the cluster and the accretion

timescale of other clusters.

Overall these results indicate that, for systems with M∗,tot > 1012 M⊙, there is no

apparent correlation between f M∗,IHSC and M∗,tot, and there should be no strong evolution
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of f M∗,IHSC with time. The lack of evolution of f M∗,IHSC with time is consistent with

observational results of Krick and Bernstein (2007), who found no trend between ICL

fraction and cluster mass for a sample of Abell clusters, and a weak or nonexistent

evolution across redshifts. This has also been noted more recently by Montes and

Trujillo (2018), using data from the Hubble Frontier Fields. In previous theoretical

studies, Cui et al. (2014) found no correlation between cluster mass and the mass fraction

in the ICL, using simulations that did not include AGN feedback and only when the ICL

was defined using surface density thresholds. This was not observed however when AGN

feedback was included, as well as when a dynamical definition of the ICL was used. This

contradicts our results, and warrants further research at cluster masses. In the Chapter 5

I focus specifically on this regime using the Cluster-EAGLE (Bahé et al., 2017; Barnes

et al., 2017a) suite.

4.6.2 | Galaxy population

In Fig. 4.16 we show the temporal evolution of the f M∗,IHSC − M∗ relation from z = 2.12

to z = 0.02. At z = 2.12 the relation shows a mass dependence of the f M∗,IHSC with M∗,tot

up to M∗,tot ∼ 2× 1011 M⊙, where the relation appears to flatten. At M∗,tot ≃ 1010 M⊙ the

scatter in the f M∗,IHSC can be greater than 1 dex, and decreases with increasing M∗,tot. At

subsequent redshifts the evolution is characterised by a shift of the relation towards higher

M∗,tot, and is accompanied by a steepening of the mean for M∗,tot < 1011.5 M⊙, as well

as a stronger distinction between a mass dependence of the f M∗,IHSC and a weaker or non-

existent one at the high mass end. This steepening of the relation is partially caused by

systems populating low f M∗,IHSC regions at ever high M∗,tot, which, as seen in Section 4.6.1,

correspond to systems that had a quiescent accretion history and whose IHSC ceased

to grow. The other factor that causes this steepening is the horizontal displacement of

systems with initially high f M∗,IHSC , which also contribute to the flattening of the relation

at M∗,tot > 1011.5 M⊙

4.7 | Summary and conclusions

We presented the first results of a new method to define the Intra-Halo Stellar Component

(IHSC) in cosmological hydrodynamical simulations. This method relies on robust
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identification of galaxies using an adaptive phase space structure finder velociraptor

(Cañas et al., 2019; Elahi et al., 2019a). The IHSC is then defined to be all the stellar

material that is sufficiently distinct from galaxies in phase-space to be considered separate

from them, i.e. a diffuse, kinematically hot stellar component. A critical feature of this

method is the use of local properties of each system to separate the IHSC from the rest of

the galaxies. This allows us to robustly define the IHSC from Milky Way mass systems

up to galaxy groups and clusters, and consequently to consistently follow the assembly

of the IHSC through cosmic time.

A novelty of this method is that it is capable of producing consistent relations between

the stellar mass of the central galaxy, M∗,ctrl; the IHSC, M∗,IHSC; and satellites, M∗,sats,

independently of the phase-space density thresholds used, determined by the search

parameter f lx,6D . Modifying this parameter does not affect the shape of the relations, but

only changes their zero-point. We argue that this feature allows the user to choose the f lx,6D

value that better matches observations of given characteristics, e.g. surface-brightness

limit, to make appropriate theoretical predictions.

We find that the f M∗,IHSC increases with the system’s mass, on average, with the scatter

being a strong function of the latter: low mass systems display variations of up to 2

orders of magnitude in their f M∗,IHSC , while the scatter gets systematically smaller, being

0.3 dex at group masses.

We explored the nature of the scatter observed in the f M∗,IHSC − M∗ relation at Milky

Way masses by looking for possible correlations between properties of systems that are

easily accessible in observations and their f M∗,IHSC:

Number of satellites. At M∗,tot > 1011 M⊙, systems with higher Nsats are expected to

have a higher f M∗,IHSC at fixed M∗,tot, but at lower masses there is no evident

correlation between Nsats with f M∗,IHSC .

Dynamical age. In the case of M∗,scnd/M∗,ctrl, it is only at M∗,tot > 1012 M⊙ that this

quantity is indicative of the f M∗,IHSC in a system. At a fixed M∗,tot, dynamically

younger systems with higher M∗,scnd/M∗,ctrl have lower f M∗,IHSC than older, more

dynamically relaxed ones.

Kinematic morphology. We found that V/σ is the parameter that most strongly (anti)correlates

with f M∗,IHSC at fixed mass in systems with M∗,tot < 1012 M⊙. At Milky Way masses,
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we see a clear transition from low f M∗,IHSC in systems with more rotationally sup-

ported galaxies, i.e. higher V/σ, to high f M∗,IHSC for those with a central galaxy

mainly supported by dispersion, low V/σ. This is consistent with the picture that

dispersion-supported galaxies have a more active accretion history and therefore

a larger amount of mass deposited into the IHSC; this is in comparison with disk

galaxies, which have on average a more quiescent accretion history.

Star formation rate. At fixed M∗,tot, the SFR of the central galaxy can be indicative of

the expected f M∗,IHSC of the system, with lower f M∗,IHSC in systems with more star

forming central galaxies. However, there is not a continuous transition from low

f M∗,IHSC and high SFRs to high f M∗,IHSC and low SFRs, as strong as we obtained for

V/σ

Our method also allows us to follow the evolution and assembly of the IHSC through

cosmic time for individual objects as well as for the entire galaxy population. We explored

individual paths in the f M∗,IHSC − M∗ plane for cases of interest:

Milky Way mass - low f M∗,IHSC . The evolution of these systems is characterised by smooth

displacements towards higher M∗,tot and lower f M∗,IHSC which are the result of the

absence of accretion of satellites, the continuous formation of new stars from gas,

and the relaxation of IHSC stars into the outskirts of the growing central galaxy.

Milky Way mass - high f M∗,IHSC These galaxies display a variety of evolutionary paths

in the f M∗,IHSC − M∗ plane. Contrary to low f M∗,IHSC cases, these systems have

different locations in the plane at z = 2, but finish with similar M∗,tot and f M∗,IHSC

at z = 0. Their paths are characterised by increments in the f M∗,IHSC , which are

a consequence of episodes of satellite accretion and interactions, that occur at

different epochs for each system.

Galaxy groups and clusters The evolutionary paths of high-mass systems are charac-

terised by a series of increments and decrements in the f M∗,IHSC . While for Milky

Way mass systems the evolution of these features are attributed to the accretion and

disruption of individual satellites, for groups and clusters such features are caused

by the accretion of smaller groups/clusters and the disruption of all the members

within those structures. Overall these systems display increasing f M∗,IHSC with time
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until they reach a M∗,tot ∼ 1011.5 M⊙ and f M∗,IHSC ≃ 10 − 20%, from where the

evolution indicates to be weak or nonexistent due to the interplay between group

accretion episodes, which decreases f M∗,IHSC , and disruptions of individual galaxies

that increase it.

The evolution of the galaxy population is characterised by a steepening of the median

f M∗,IHSC at M∗,tot < 1011 M⊙, which is caused by galaxies with f M∗,IHSC at high redshifts

that subsequently have a quiescent accretion history, populating the low f M∗,IHSC region in

increasing numbers as time goes by. For M∗,tot > 1011 M⊙, the population evolution shows

a mild to negligible increment in the f M∗,IHSC . For our preferred 6D finder parameters,

the f M∗,IHSC appears to peak around ∼ 10%, however such value changes depend on the

phase space density cut used.

Overall, the scatter displayed by the f M∗,IHSC − M∗ relation is driven by the large

diversity in accretion histories that galaxies can experience. The difference in the scatter

observed at Milky Way-masses and at groups and cluster scales is mainly due to the

various factors that play a role in the growth and evolution of a Milky Way-mass system,

compared to that of clusters, which are dominated by hierarchical growth. While some

properties of the system can be used as indicators of the stellar content in the IHSC, the

specific location in the f M∗,IHSC − M∗ plane ultimately depends on the specific assembly

history a system has, because specific locations in the f M∗,IHSC −M∗ plane can be reached

by a variety of paths, explaining why there is a non-negligible scatter even when studying

sub-samples of the population with more similar accretion histories.

The method and results presented in this Chapter give insight into open questions

about the IHSC, and provide a consistent picture of the properties of the IHSC across

a wide range of masses and its evolution throughout cosmic time. There is, however,

still work to be done, more specifically exploring in detail Milky Way mass system using

higher resolution simulations, as well simulations that can resolve multiple massive

galaxy clusters. Finally, a detailed and careful comparison between observations and

different theoretical models is crucial to help us understand better the physics of galaxy

formation.
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Mass dependence and

evolution of the ICL mass fraction

To date, theory and observations have predicted divisive results on the mass depen-

dence and evolution of the Intracluster Light (ICL) fraction. In this Chapter we use the

Hydrangea/C-EAGLE sample of simulated clusters to investigate the mass content in the

Intracluster Light (ICL), its evolution and mass dependence. From the sample of galaxy

clusters and groups within re-simulated regions, we find that for groups and clusters with

M∗,tot > 1012M⊙, the ICL mass fraction does not correlate with the cluster mass (both

stellar and total). This result, using a wide range of masses, confirms findings of previous

studies where massive galaxy clusters were not well resolved or were poorly sampled. We

find that the dispersion observed, < 0.3 dex from peak to peak, in the ICL mass fraction

is not correlated with NFW concentration, cNFW, half-assembly time, t1/2, nor the ratio

between the kinetic energy and thermal energy of the ICM, Ekin/Ethmr, used as a proxy

for cluster’s relaxation. On the other hand, there is indication that the mass fraction of

the ICL is weakly correlated with dominance parameter D5, and more strongly with the

ratio M∗,scnd/M∗,ctrl, used as a proxy for dynamical age. Such correlation is stronger for

D5 for the high mass end of the cluster sample, and for M∗,scnd/M∗,ctrl for the low mass

end.

Rodrigo Cañas, Claudia del P. Lagos, Yannick Bahé

Chris Power, Pascal J. Elahi

in preparation

137



Chapter 5. ICL mass fraction 5.1. Motivation

5.1 | Motivation

Galaxy clusters are the largest and most massive overdense structures in the Universe.

These structures are assembled by the merger and infall of diverse and numerous galaxies,

groups and smaller clusters. The properties of these objects and of their constituent

galaxies are the product of the complex interplay of all physical processes involved in

galaxy formation, and therefore it is important to understand the formation of these

objects, from both a cosmological and galaxy formation perspectives. An important

by-product of their hierarchical assembly is the diffuse envelope of stars that fills the

space between galaxies, known as Intracluster Light (ICL). This diffuse stellar envelope

is constituted by stars that were stripped from galaxies by tidal foces during the numerous

interactions responsible for the build up the cluster galaxies and the cluster itself (Zwicky,

1937; Cooper et al., 2015; Mihos et al., 2017). Therefore holds important information

about the assembly history the cluster.

Ever since it was theorised (Zwicky, 1937), and subsequently observed (Zwicky,

1952), both observational and theoretical studies have tried to estimate the light and mass

content in the ICL. In recent years, studies in both ends have provided evidence that

the ICL contains a non-neglible fraction of the total stellar mass of a cluster (& 10%,

e.g. Rudick et al., 2011; Cui et al., 2014; Morishita et al., 2017; Jiménez-Teja et al.,

2018; Ko and Jee, 2018; Montes and Trujillo, 2018; Pillepich et al., 2018a; Tang et al.,

2018). These studies, however, have yet to agree on the amplitude of the ICL fraction,

which among a variety of factors is largely a consequence of the diversity of definitions

used in both simulations and observations. In simulations, for example, the effect of the

definition has been explored by Rudick et al. (2011), who used N-body simulations to

measure the ICL fraction using by different methods, and showed that even for the same

cluster, the ICL fraction can vary up to factors of 2 between different definitions. In

observations, the situation is more complicated, due to the amount of processing, and

data processing factors that have to be taken into account when measuring LSB signal,

such as point spread function (PSF), intrinsic instrument systematics, object masking,

among many others (see Mihos, 2019, for a recent overview and future directions on this

matter). A direct consequence of this problem is the inability to reach strong conclusions

on the mass dependence of the ICL fraction (either mass or light), and therefore how the

ICL fraction evolves in time.
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To date, divisive results on these topics have been presented in the literature. Both

simulation and observational studies presented contradictory results, for example either

the ICL fraction correlates with its host halo mass (e.g. Murante et al., 2004; Lin and

Mohr, 2004; Murante et al., 2007), or does not show a mass dependence (Zibetti et al.,

2005; Puchwein et al., 2010; Rudick et al., 2011; Contini et al., 2014; Cui et al., 2014).

In some cases there can even be a mixture of behaviours, as is observed in Krick and

Bernstein (2007), where no dependence is observed for the very massive clusters of the

sample, M200c ∼ 1 − 4 × 1015 M⊙, but a slight anti-correlation can be inferred when

a wider range mass range, that includes smaller clusters, is analysed. Such mixture of

behaviours have also been found in simulations by Cui et al. (2014), where both different

definitions of the a diffuse envelope (DSC vs. ICL in their study), as well as the inclusion

of AGN feedback, show either an anti-correlation of the ICL fraction with halo mass, or

a constant ICL fraction across different masses. Regarding the temporal the literature has

not been conclusive either, where some report a strong evolution in observations (Burke

et al., 2015) or in simulations (Rudick et al., 2011; Contini et al., 2014), or conversely a

rather weak or non-existent evolution has also been reported (Krick and Bernstein, 2007;

Montes and Trujillo, 2018). Recently, Ko and Jee (2018) investigated the colours and

fraction of the ICL of a galaxy cluster at z = 1.24, and concluded that the ICL is already

in place before z = 1, therefore supporting an earlier formation than the one supported by

other observational and theoretical studies (e.g. Rudick et al., 2011; Contini et al., 2014;

Burke et al., 2015; Cooper et al., 2015; Montes and Trujillo, 2018).

In Chapter 4 (Cañas et al., 2020), we showed that there the is indication that at a total

stellar mass of ∼ 1011.5M⊙, the ICL1 mass fraction relation stops being correlated with

the total stellar mass, and appears to flatten at higher masses. Additionally, the temporal

evolution of the massive end of the systems resolved by Horizon-AGN, also indicates

that there is little evolution of the ICL fraction for M∗,tot > 1012M⊙ systems. While the

latter supports a non-evolutionary and mass-independent ICL mass fraction scenario, the

volume resolved by Horizon-AGN (Lbox = 100 h−1 Mpc) does not include large scale

perturbation modes, preventing systems to grow to higher masses; resulting in a very

small sample of massive objects resolved in the simulation, limiting the conclusions that

1While in the literature different terminologies imply different definitions, for our method and results
presented here, the terms ICL and IHSC are interchangeable. Throughout this Chapter we use the term
ICL as the focus is on galaxy clusters only.
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can be made. In this Chapter we address this issue by applying our galaxy identification

and IHSC separation algorithm (Chapter 3) on the Hydrangea/C-EAGLE sample of

simulated galaxy clusters (Bahé et al., 2017; Barnes et al., 2017a). This set of simulations

represents the largest sample of high-resolution galaxy clusters using hydrodynamical

simulations in the literature. Its parent simulation box of 3.2 Gpc, compared to previous

hydrodynamical clusters in boxes of ≤ 1 h−1 Gpc (e.g. Puchwein et al., 2010; Cui et al.,

2014; Pillepich et al., 2018a; Tang et al., 2018), allows to sample the largest perturbation

modes, in addition that it encompasses a wider mass range than what has been explored

before. Our main focus is to explore what the behaviour of the ICL mass fraction is up to

M200c ∼ 2 × 1015 M⊙, and understand the diverse results on their mass dependence and

evolution.

This Chapter is organised as follows. In Section 5.2 I present a summary of the

C-EAGLE and Hydrangea sample of simulated galaxy clusters (Bahé et al., 2017; Barnes

et al., 2017a). In Section 5.4 we investigate the mass dependence and evolution of the

ICL. Finally, in Section 5.7 we discuss the implications of our findings and compare to

those on the literature.

5.2 | The Hydrangea/C-EAGLE sample

The Hydrangea/C-EAGLE project, first presented in Bahé et al. (2017) and Barnes et al.

(2017a), consists of 30 galaxy clusters M200c > 1014M⊙, drawn from a dark matter only

parent simulation with Lbox = 3, 200 cMpc. These clusters were re-simulated with the

inclusion of the baryonic component, using the same resolution and subgrid physics

prescriptions as the EAGLE-AGNdT9 model. The latter shares all the parameters of the

main EAGLE simulation Ref-L0100N1504, with the only difference being the efficiency

of AGN with a temperature jump ∆T = 109 K, and a corresponding value of the free

parameter Cvis = 2π×102 (see Chapter 2 for a more detailed definition of these parameters,

and how they affect the accretion onto black holes and the feedback efficiency). The C-

EAGLE sample of 30 clusters is re-simulated up to 5 R200c, while the Hydrangea sample

of 26 of these same halos was re-simulated up to a radius of 10 R200c. A more detailed

description of the sample and simulation details is presented in Sections 2.1.2 and 2.1.3.

A number of studies have tried to characterise the mass content and evolution of
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the diffuse component at cluster scales in hydrodynamical simulations. These have,

however, not only used different approaches to define the ICL but also are somewhat

limited in resolution due to the large dynamic scales in clusters. Such simulations have

been characterised for using uniform resolution simulation such as Illustirs-TNG on a box

of L = 300 Mpc (Pillepich et al., 2018a). While some others have used a similar zoom-in

technique as that of the C-EAGLE sample, such as Cui et al. (2014), although with a

parent simulation volume that is rather ‘small’ and do not contain the most massive and

rare density peaks, L = 1 Gpc. In the particular case of the latter, the mass resolution was

of ∼ 109 M⊙ for the dark matter particles. Such characteristics compared to the larger

volume from which the Hydrangea/C-EAGLE sample was drawn from, and the resolution

∼ 107 M⊙, make the sample ideal to study the mass content, dependence and evolution of

the ICL to an unprecedented resolution. More details about the subgrid physics included

in C-EAGLE/Hydrangea, and how the free parameters are chosen please see Chapter 2.

In this Chapter, the Intracluster Light (ICL) is identified using velociraptor in the

same way as was done for the Horizon-AGN simulation in Chapter 4. In this case, the

ICL is considered to be the same structure as the IHSC. For the rest of the Chapter both

terms are used interchangeably.

In Fig. 5.1, I show the projected stellar mass density of all the stars in the FOF halo

of cluster CE-10, i.e. stars from galaxies and ICL, along the stellar projected density of

the ICL only as identified by velociraptor. The visualization shows that the method

consistently identifies the ICL independently of the mass of the system due to the adaptive

and physically motivated definition of such component, as shown in Chapter 4. It is

seen, as well, that the identification of satellite galaxies even in highly complex systems,

such as galaxy clusters, is robust, as no residuals of satellites are seen in the ICL (see for

comparison figure 2 of Cui et al. 2014, in which the ICL, or DSC in their study, shows

clear residual overdensities from satellites). In Fig. 5.1 a small bubble-like feature is

visible in the IHSC visualization (right panel).

This feature is visible due to the first phase-space FOF search of velociraptor, used

to separate galaxies from the IHSC. Because the latter is defned by a phase-space density

threshold, the transition between the region where the galaxy is removed is not as smooth

as the ones shown in Chapter 3. They therefore must not be confused with the bubble-like

features that structure finders can cause within the main body of a galaxy.
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5.3 | The EAGLE f M∗,IHSC − M∗ relation

The aim of this Chapter is to explore and characterise the relation at M∗,tot > 1012M⊙

using the Hydrange/C-EAGLE clusters. However, we need first explore the relation at

M∗,tot < 1012M⊙ for the EAGLE model. For this purpose, in this Section I briefly compare

the f M∗,IHSC − M∗ relation of Horizon-AGN to the one predicted by the main EAGLE

simulation, Ref-L0100N1504. As detailed in Sections 2.1.1 - 2.1.4 both simulations

were run using different numerical approaches and subgrid models that were calibrated

to different observables. In order to understand the physical drivers of any observed

difference, we need to have consistent galaxy catalogues to eliminate differences that may

arise from structure finders (see for instance Chapter 3, Knebe et al. 2013b, and references

therein). This is done by processing the EAGLE simulation with velociraptor using

the exact same set of parameters as the ones used for Horizon-AGN in Chapter 4. Given

the adaptive nature of the method developed in Chapter 3 we only need to specify the

equivalent dark matter inter-particle spacing ∆x of the simulation. For all the analysis

presented in this Chapter, the velociraptor parameters remained unchanged, except for

∆x, that is changed when necessary.

Figure 5.2 shows the f M∗,IHSC − M∗ relation predicted by EAGLE and Horizon-AGN.

The first thing to notice is the difference in the amplitude of the f M∗,IHSC − M∗ relation.

At fixed M∗,tot EAGLE predicts a f M∗,IHSC between 2-3 times higher than Horizon-AGN

at all M∗,tot resolved by the Ref-L0100N1504 volume. The EAGLE relation shows at

M∗,tot > 1011.5M⊙ a slight indication of a flattening, however, only a handful of objects

are sampled at this mass range. In the case of Horizon-AGN, the flattening is more

evident at the same M∗,tot. This is because of its larger simulation volume (see Table 2.1)

that resolves larger perturbations that give rise to higher overdensities, and consequently

more massive galaxy groups and clusters. However, as mentioned in Chapter 4 there

is no evidence to determine whether the relation at this mass range is described by a

power-law with a small index, or if it completely flattens, which is what is going to be

explored in this Chapter.

What are the drivers of the different f M∗,IHSC − M∗? The observed difference in

the amplitude of the f M∗,IHSC between the two simulations can be a combination of the

implementation of physical processes, and numerical effects that the characteristics of

the simulations and the algorithm may cause. Given the comparable volumes, resolution
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affect also the dynamics, as well as the phase-space distributions used by the algorithm to

distinguish stellar components from each other. The answer is therefore not simple and

requires further in-depth analysis on this matter that is beyond the scope of this Chapter.

5.4 | ICL mass dependence

In Fig. 5.3 I show the relation between the total stellar mass, M∗,tot, of the FOF cluster

and the mass fraction in the IHSC, f M∗,IHSC , in the central galaxy, f M∗,ctrl , and in satellites,

f M∗,sats . Mass fractions are defined as

f M∗,X =
M∗,X
M∗,tot

=

M∗,X
M∗,IHSC + M∗,ctrl + M∗,sats

. (5.1)

The central galaxy, often referred to as brightest cluster galaxy (BCG), is defined as the

most massive galaxy in the FOF object; the rest of the galaxies identified are considered

as satellites. The panels show measurements of main clusters from the Hydrangea sample

(CE-0 to CE-29) as star symbols, other systems in the surroundings of the clusters are

shown as individual blue dots. A solid green line shows the median of the relation for all

the systems in the EAGLE Ref-L100N1504 simulation, along with 1 σ shaded regions.

Firstly, these panels show how the Hydrangea/C-EAGLE clusters populate the M∗,tot >

1012M⊙ mass range, which cannot be sampled by simulations with volumes similar to

those of EAGLE and Horizon-AGN, showing only a handful of objects in this mass

range. For the f M∗,IHSC − M∗,tot relation, at M∗,tot < 1011.5 M⊙, both EAGLE galaxies and

the Hydrangea/C-EAGLE clusters display a similar behaviour to that of Horizon-AGN

(see Section 4.4), where higher f M∗,IHSC are observed for higher M∗,tot. At higher masses,

the f M∗,IHSC − M∗,tot relation reaches a turning point where it starts to flatten. If we only

look at EAGLE data, similarly to Horizon-AGN, the trend of the relation at this point is

only suggestive due to the low number of objects resolved by EAGLE at this mass range;

however, with the Hydrangea/C-EAGLE clusters we are able to sample this region and

confirm the behaviour indicated by the high-mass end of the other simulations.

The middle and left panels show the relation between the mass fractions of the central

and satellite galaxies, respectively. At M∗,tot < 1011 M⊙ the mass fraction in the central

galaxy shows a very tight relation around f M∗,ctrl . 1, as the vast majority of the mass

budget at these masses resides in the central galaxy. For this same reason, at this mass
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range, the scatter in the f M∗,sats − M∗,tot relation is particularly large, given that there are

systems in which the presence of massive satellites will result a higher f M∗,sats , while

those with very small ones (or none at all) correspond to extremely low f M∗,sats . Towards

higher M∗,tot, the mass contribution from the central galaxy declines as that of satellites

increases, the latter becoming the dominant component at M∗,tot ∼ 1012M⊙. While

EAGLE systems sparsely sample this region, the Hydrangea/C-EAGLE clusters appear

to display for both relations a power-law behaviour, being slightly more evident for f M∗,sats .

Looking closely at the f M∗,IHSC of EAGLE systems (green line) and the one of systems

surrounding the cluster region (blue dots), we’ll notice that the median of the relations at

M∗,tot < 1011.5 M⊙ have different amplitudes of f M∗,IHSC , being the EAGLE one slightly

larger than the one of the Hydrangea/C-EAGLE systems. This difference could be first

attributed to the difference in the numerical implementation of AGN feedback which

is a stronger and more intermittent for the AGNdT9 model (see Schaye et al., 2015),

preventing gas from collapsing and forming stars that might have ended up in the IHSC.

While the latter effect has been found for simulations with and without AGN feedback

(Cui et al., 2014), both of the implementations studied here include AGN feedback being

different only by a slight increment in the ∆TAGN. Moreover, this would only affect

high-mass systems (M∗,tot > 1012M⊙) where AGN feedback plays an important role,

while for lower masses, where the difference is seen, the properties of galaxy populations

are not affected by the change of such parameter, as has been shown by as Schaye et al.

(2015). Therefore the effect that the difference in ∆TAGN may have on the f M∗,IHSC in this

region (if any) is expected to be low. A more likely explanation for the lower f M∗,IHSC

amplitude in near cluster systems is attributed to environmental effects coming into play,

that could potentially reduce the expected f M∗,IHSC for a given M∗,tot. Bahé et al. (2017)

showed that at fixed mass, subhalos residing close to the Hydrangea clusters have higher

stellar masses, and higher halo concentrations, than those residing the field2. While one

side a higher stellar mass content in subhaloes should, in principle, increase the mass

available to be disrupted during interactions, hence increasing the expected f M∗,IHSC; on

the other side, a higher concentration would suggest that the stellar content is also more

concentrated, and consequently making more difficult to strip stars from such satellites,

decreasing the f M∗,IHSC compared to systems in the field. Given the observed behaviour

2EAGLE Ref-L0100N1504 galaxies were used as reference for field galaxies.
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the second scenario is likely to be the most plausible one.

The stellar mass fraction relations with total stellar mass (Fig. 5.3) show that the

overall populations of galaxies display two different behaviours for galaxies roughly

separated at M∗,tot ≃ 1012M⊙. For masses higher than this threshold, the f M∗,IHSC − M∗,tot

relation flattens, while the f M∗,ctrl and f M∗,sats appear to be described a power-law

f M∗ ∝ Mα
∗,tot, (5.2)

with negative and positive index α respectively. We estimate this index for each relation

and its uncertainty by getting linear regressions in log-log space over 100,000 re-samples

of the Hydrangea/C-EAGLE clusters, in a bootstrapping-like fashion to obtain an estimate

of the uncertainty given the size of the sample. Each sample contains k = 14 out

of the n = 28 clusters used, and no substitutions were made. The sample number

was chosen to maximize the possible number of samples at the same time as avoiding

drawing the same combination more than once; i.e. k = n/2 maximizes the number of

possible combinations given by the binomial coefficient
(

n
k

)

. We store the slope value,

or equivalently αi index for each draw i, and compute its mean and standard error.

Figure 5.4 shows the results of this procedure for each stellar mass fraction relation.

Individual measurements of the Hydrangea/C-EAGLE clusters are shown as symbols,

and thin red lines show fits to the sub-samples; right panels show the distribution of

the power-law indices obtained for each sub-sample. The IHSC/ICL mass fraction is

described by a power-law index α fM∗,IHSC
= 0.039± 0.04, showing that while there might

be a very slight dependence with M∗,tot, the relation is flat within 1σ, therefore the ICL

mass fraction does not show a dependence with total stellar mass of the cluster. On the

other hand, the f M∗,ctrl and f M∗,sats relations are well described by power-laws with indices

α fM∗,ctrl
= −0.426 ± 0.055 and α fM∗,sats

= 0.276 ± 0.059, respectively; and while there

is a clear dependence of these mass fractions with M∗,tot, they are rather weak as the

power-law indices indicate sub-linear relations, i.e. |α | < 1. An interesting feature to

point out is that for the f M∗,sats relation, the distribution of α fM∗,sats
appears to be bimodal,

implying that for a series of sub-samples a lower α fM∗,sats
is preferred. To explore this

we ran our re-sampling analysis varying the sub-sample size k = {17, 20, 23} for 10,000

random sub-samples each. We find that the second peak is also present at α ∼ 0.225,

with its amplitude decreasing as k increases. The latter is explained by the fact that as
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for higher k more clusters of the entire sample are included in the sub-sample draws, it

is more likely that members of multiple populations (if any) are mixed within the same

sub-sample "bag". On the other hand, by lowering k, we increase the probability that

any given random sub-sample only includes members of a single population, therefore

increasing any signal that indicates the presence of a second population, which in this

case describes a weaker M∗,tot dependence for f M∗,sats (i.e. lower α fM∗,sats
). Given our

limited cluster sample, it is unclear whether this bimodality is physical or not, and if so,

what are the processes that give rise to it. A much larger sample would be required to

disentangle these two options.

In Fig. 5.5 we show the relation between the mass fraction in different stellar compo-

nents against the total halo mass, M200c. Although M200c and M∗,tot are correlated, and

therefore their relation to f M∗,IHSC is expected to be similar, we present it as measuring

total halo mass from either X-ray and/or gravitational lensing is sometimes more straight-

forward than quantifying total stellar mass. The latter can be challenging as it requires

deep observations and careful consideration of stellar populations. We apply the same

re-sampling procedure as above to estimate the power-law index α and its corresponding

uncertainty for each relation. The f M∗,IHSC − M200c relation is described by a power-law

index of α fM∗,IHSC
= 0.046 ± 0.034, being slightly steeper than with M∗,tot. In this case,

a flat relation (i.e. α fM∗,IHSC
= 0) is reached within 1.4σ rather than 1σ for M∗,tot.

However, these joint results provide further support for a mass-independent ICL mass

fraction scenario. For the central and satellite galaxies mass fraction, the Hydrangea/C-

EAGLE clusters are described by power-law indices α fM∗,ctrl
= −0.354 ± 0.054 and

α fM∗,sats
= 0.223 ± 0.0533, respectively. Although their α values obtained for these

relations differ slightly from that of their M∗,tot counterpart, the mass dependence is

evident as well. For both M∗,tot and M200c, the scatter of the f M∗,sats relation appears to

decrease as M200c increases, while for the f M∗,ctrl relation, the scatter increases for higher

M200c. This can be explained by the fact that as large halos grow via the continuous

accretion of satellite galaxies, these eventually start to dominate the stellar mass content

(M∗,tot ∼ 1012M⊙), becoming a more reliable proxy of the halo properties than the central

galaxy. Though f M∗,ctrl shows a dependence with cluster mass, the scatter around the best

fits is large. This indication might come in handy in future analysis as it is generally

3Note that the distribution of α values is also bimodal.

150







Chapter 5. ICL mass fraction 5.5. ICL fraction and cluster properties

show in the figure the mean and standard deviation of all sub-samples, while for the p-

values, text indicates the percentage of samples with p < 0.05 from the total draws. The

M∗,tot and M200c relations have Spearman correlation coefficients of rS,M∗,tot = 0.18±0.21

and rS,M200c = 0.22 ± 0.20, respectively; both of which are consistent with rS = 0

within 1σ, indicating that at best the variables are weakly correlated. In addition, the

p-value distributions show that the vast majority of the sub-samples fails to reject the

null hypothesis that variables are uncorrelated, and only 4% and 6% of them do so for

M∗,tot and M200c, respectively.

5.5 | Is the ICL fraction correlated with cluster proper-

ties?

While results from Section 5.4 show that overall there is no dependence of the IHSC/ICL

mass fraction with the total stellar or halo mass of the cluster, the relation shows that

f M∗,IHSC can oscillate between 10% to 20%, with no apparent correlation of such scatter

with mass. In this Section we investigate which are the cluster properties that best predict

such scatter. This is done by analysing the correlation between the mass fraction in the

ICL, f M∗,IHSC , with diverse properties of the Hydrangea and C-EAGLE clusters measured

by Bahé et al. (2017) and Barnes et al. (2017a), as well as some properties measured by

our velociraptor algorithm. From Bahé et al. (2017) we use the Navarro-Frenk-White

(NFW, Navarro et al., 1997) halo concentration, cNFW, estimated by fitting an NFW

profile to the cluster mass profile; the half-assembly time, t1/2, defined as the look-back

time to the point at which the cluster achieved half of its total mass; and the dominance

parameter, D5, which is defined as the distance to the nearest halo whose total mass

is at least one fifth of the reference cluster halo (see table A1 of their work). From

Barnes et al. (2017a) we use the ratio between the kinetic energy and the thermal energy,

Ekin/Ethrm, of the intracluster medium (ICM) gas as a proxy for relaxation (see table A2

of their study), measured from X-ray mock maps of the simulated clusters, and hence

are comparable to similar measurements in observations. Finally, we also use the ratio

between the mass of the second most massive galaxy and the most massive galaxy in

the cluster, M∗,scnd/M∗,ctrl, as a proxy for dynamical age and relaxation; we showed in

Chapter 4 that there is indication of an (anti-)correlation between the f M∗,IHSC and this
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parameter, and therefore we explore if such trend holds for a larger and more massive

sample of simulated clusters.

In Figure 5.7 we show the correlation between the f M∗,IHSC and the several cluster

properties discussed above (cNFW, t1/2, D5, and proxies for relaxation state). Each panel

shows individual measurements of Hydrangea/C-EAGLE clusters as symbols. We follow

the same procedure described for M∗,tot and M200c, and measure the level of correlation

by drawing 100,000 sub-samples and calculating the Spearman correlation coefficient

and their p-value. The respective distributions and results are shown in the insets, as

it was done for Fig. 5.6. For the entire Hydrangea/C-EAGLE sample, the Spearman

correlation coefficient indicates that there is only indication of correlation between the

ICL fraction and M∗,scnd/M∗,ctrl. For cNFW, t1/2 and Ekin/Ethrm the mean |rS | < 0.1 and

<2% of the sub-samples have p-values < 0.05, i.e. there is no evidence to reject the

hypothesis that the respective variables are uncorrelated. In the case of D5, the mean rS

show a slight correlation, but the latter is consistent with an rS = 0 within ∼ 0.7σ, and

only 6% of the sub-samples has p-values below 0.05. On the other hand, the correlation

described by M∗,scnd/M∗,ctrl is much stronger with rS = −0.48 ± 0.17, with 42% of

the sub-samples rejecting that M∗,scnd/M∗,ctrl and f M∗,IHSC are uncorrelated, although the

overall distribution shows significant scatter.

The (anti-)correlation between M∗,scnd/M∗,ctrl and f M∗,IHSC is consistent with the results

from Horizon-AGN (see Chapter 4), where we looked at an entire population of galaxies.

While at Milky Way masses this estimate was not descriptive of the scatter of the

relation between the IHSC mass fraction and the total stellar mass of a system, at

M∗,tot > 1011.5 M⊙ this parameter was able to ‘disentangle’ the relation at fixed stellar

mass. The latter can be understood from the fact that for a smaller M∗,scnd/M∗,ctrl ratio

the cluster is expected to have already gone through violent relaxation processes as

dynamical friction is more effective for more massive satellites. We therefore expect that

such events have already happened in systems where the M∗,scnd/M∗,ctrl is smaller and

hence the IHSC/ICL mass fraction is higher. There is, however, still intense debate in the

field as to which process is the one that dominates the growth of the ICL, either violent

relaxation or stripping during orbital passages. A mixture of such contributions can then

explain to certain degree the existence of scatter in the relation of these quantities, and

that the correlation appears relatively weak. It is also interesting to see that there is a big

difference between the correlation of M∗,scnd/M∗,ctrl from that of Ekin/Ethrm, as both to
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some extent try to capture the relaxation state of the cluster, one using galaxies as tracer,

while the other using the properties of the ICM. Such difference can indicate that there

is not a close relation or dependence between the cluster gas and the stellar distribution

within it. The latter can be compared to a given extent with recent results from Montes

and Trujillo (2019), who used the Frontier Field clusters (Lotz et al., 2017) to compare

how the mass distribution of a cluster from lensing estimations compares to that of the

ICL and the X-ray gas distribution. Their findings show that for the majority of the

HFF clusters, the spatial distributions of gas and collisionless matter do not follow each

other, while the ICL and total matter do to a much better extent. The indication of a

correlation between D5 and f M∗,IHSC is a rather interesting one. The D5 parameter gives

us information about the environment outside the cluster, with larger values indicating

‘isolation’ from other massive halos or clusters. The positive value of the Spearman

correlation index therefore tell us that for isolated clusters we expect to have a higher

f M∗,IHSC . This is to certain extent similar to what the M∗,scnd/M∗,ctrl ratio tells us, if a

cluster halo is rather isolated from other massive objects, it is likely that massive halos

infall has already taken place, and therefore the halo is in a relaxed state and has a high

f M∗,IHSC . The correlation ‘signal’ is likely to be caused by clusters with higher D5, as for

those with D5 < 20 Mpc, there is quite a lot of scatter and no apparent correlation is

observed.

The lack of correlation between the f M∗,IHSC and some properties, as well as the

modest Spearman correlation coefficient between the ones displaying some correlation,

is probably affected by the use of the entire sample which extends over more than 1 dex

in M200c. To further explore the dependence of the f M∗,IHSC scatter at fixed mass we next

perform a mass-binned analysis. Given the size of the sample, an analysis similar to

that of Horizon-AGN using narrow mass bins is not possible, however we can simplify

that approach and explore if there is difference between a lower and an upper mass end;

this way we also maximize the number of clusters per bin, which is crucial due to the

low total number of clusters. We show this in Figure 5.8, where we present separately

the f M∗,IHSC and M∗,scnd/M∗,ctrl relation into a lower (upper) mass end sub-sample, which

correspond to halo masses lower (higher) than 4× 1014 M⊙. This threshold separates the

sample into two groups with similar number of objects. We only show this separation

for M∗,scnd/M∗,ctrl as none of the other explored cluster properties displayed a correlation

with f M∗,IHSC . To get an estimate of the uncertainty of these measurements we performed
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Figure 5.8: Correlation of the ICL fraction with M∗,scnd/M∗,ctrl of the lower (left panel) and high
mass (right panels) bins. Insets show the distributions of rS and p-values, and their respective
values, as labelled.

a similar random re-sampling procedure as above, however, given the low number of

objects in each bin we reduce the number of sub-samples to 500, otherwise we would

increase the probability of getting repeated draws.

Separating the clusters into mass bins shows interesting features. The low mass bin

displays a strong correlation with M∗,scnd/M∗,ctrl rS = −0.75 ± 0.05, while for the upper

mass bin the correlation is not as strong with rS = −0.30±0.19. For M200c < 4×1014M⊙

there is a clear (anti-)correlation with f M∗,IHSC , with 99% of the sub-samples rejecting

uncorrelation between these properties, and while rS is non-negligible for more massive

clusters 98% of the sub-samples fail to reject uncorrelation. The slight correlation

observed by the higher mass end for D5 would indicate that for more massive clusters,

the f M∗,IHSC is better explained by the large-scale environment of the cluster, while for

lower mass ones M∗,ctrl/M∗,scnd indicates that ‘local’ properties are more important.

Using only this information we can speculate that at lower masses violent relaxation

events (related to M∗,scnd/M∗,ctrl) may be the main drivers of the ICL mass fraction, while

for more massive clusters which need longer time scales to relax, stripping of galaxies

from infalling groups and clusters may be the main driver of ICL growth. Further analysis

on this matter is needed, yet this is an interesting picture to explore in the near future.
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5.6 | Evolution of the ICL mass fraction

In Fig. 5.9 I show the evolution of the IHSC, central and satellite mass fractions from z = 1

to z = 0. Individual measurements of clusters at z = 1, 0.5, 0.1, 0 are shown as triangles

with thin lines connecting between different epochs. Thick lines show the median of the

respective mass fraction in equally log-spaced mass bins at the selected redshifts, coloured

as labelled. The evolution of the IHSC mass fraction for the Hydrangea clusters appears

to be negligible over the 8 Gyrs spanned by this redshift range, with a similar observed

amplitude for both individual measurements and the median. This result supports the

findings in Chapter 4 where a handful of massive objects in the Horizon-AGN simulation

suggested that for massive systems the evolution is rather small or non-existent. In the

case of the central galaxy mass fraction results show that the relation shifts horizontally

towards higher masses with a slight change in the slope of the relation. These are however

difficult to interpret as the scatter observed, as described above, becomes larger at higher

M∗,tot. Lastly, the satellite mass fraction shows an interesting feature in which the scatter

of the relation decreases as the clusters evolve and reach higher M∗,tot, even suggesting a

possible convergence towards 70% of the total stellar mass of the cluster.

The temporal evolution of the IHSC can be used to make comparisons between

clusters of the same mass at different redshifts versus the true cluster progenitor. This is

relevant for the field as observational studies can sometimes attempt to understand the

origin of low redshift objects by looking at objects of similar mass at higher redshifts,

causing what is known as ‘progenitor bias’. While in the case of the IHSC fraction little

evolution is observed across cosmic time, other mass fractions do evolve strongly, which

means that the relation between the IHSC and those other components is also evolving.

Although the IHSC fraction is not evolving at least up at z = 1, its stellar population

properties are mostly likely evolving. This is an interesting avenue of research in the

future and the simulations can be helpful in predicting how these stellar populations

should be evolving.

5.7 | Discussion and Future work

One of the open questions on the field is the the mass dependence and evolution of the

ICL fraction. Using a phase-space based method we were able to separate the kinematic
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hot ICL from phase-space dense galaxies we found that for the Hydrangea/C-EAGLE

clusters the ICL mass fraction does not depend or correlate with total stellar (cluster)

mass, M∗,tot (M200c). These results provide further evidence of tentative results obtained

with the Horizon-AGN simulation, which indicated that after reaching M∗,tot ≈ 1012 M⊙,

the IHSC mass fraction of systems does not increase with time.

Results in the literature from simulations and observations can be grouped into

different scenarios: Strong evolution and mass dependence; temporal evolution but no

mass dependence; neither evolution nor mass dependence.

The behaviour of the first scenario would imply that as clusters grow via the accretion

of galaxies, the stellar budget available to be disrupted also increases, therefore interac-

tions would be able to deposit more mass into the ICL, increasing the overall fraction.

In order for this to be possible it would be necessary that the rate at which stellar mass is

disrupted, Ṁdisrupt, should be larger than the rate at which galaxies are accreted onto the

cluster, Ṁacc, i.e. the ratio

Ṁdisrupt

Ṁacc
> 1 , (5.3)

should hold at all observed times.

The second scenario is the one displayed by the simulated clusters studied in Rudick

et al. (2011). That sample of clusters shows an increment of the ICL with time, indepen-

dently of the method used to define the ICL, and when analysed at z = 0, such clusters do

not show a correlation between the ICL fraction and the cluster mass. This behaviour is

observed because of how these simulations are designed. These are N-body simulations

in which halos are populated with stars at z = 2, and then the evolution of collisionless

stars and dark matter is followed. This configuration then means that there is a finite

stellar mass budget which was assigned to halos z = 2. As stated by Rudick et al. (2011),

halos that are small at z = 2 but might have grown larger at subsequent redshifts are

also not considered, therefore reducing the stellar mass budget that could be eventually

deposited into the ICL. As the simulation evolves, the cluster assembles and grows via

the accretion of the galaxies that were inserted in surrounding halos, and the ICL forms

as interactions happen. Given the finite mass budget and the ongoing interactions, the

ICL mass keeps increasing while the total stellar mass does not, and therefore the ICL

mass fraction must increase at all times. The negligible mass dependence observed at
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z = 0 is likely to be caused by the variety of accretion histories of the clusters, moreover

with a sample of only six simulations it is hard to reach strong conclusions on the latter.

The third is the one that is observed for the Hydrangea/C-EAGLE clusters, as well

as the massive groups and clusters resolved in by Horizon-AGN simulation (Chapter 4),

where little or no dependence in mass is shown by the ICL mass fraction. For this

scenario to be true, it is necessary that the stellar mass accretion rate and the disruption

rate are the same,

Ṁdisrupt ≃ Ṁacc , (5.4)

at all times. What we saw in Section 4.6 where we traced the evolution of the IHSC/ICL

mass fraction for a handful of the most massive systems in Horizon-AGN, is that massive

groups and clusters do not experience an equal IHSC and total stellar mass growth

(Eq. 5.4). Instead, they experience episodes of increment in the total stellar mass when

smaller groups and clusters are accreted, which can decrease the f M∗,IHSC , as well as

episodes of IHSC mass increment in which galaxies are disrupted, therefore increasing

the f M∗,IHSC . These processes that are seen as ‘oscillations’ in the f M∗,IHSC −M∗ plane. The

latter means that in practice equation 5.4 holds if the evolution of the cluster is averaged

over a long enough period of time. This picture has also been previously described by

Krick and Bernstein (2007), who observed a similar trend as the one of this study in a

sample of Abell clusters.

The discrepancies presented in the literature can then be a mixture of factors, such

as the method used, or the cluster sample analysed. In a recent work, Burke et al.

(2015) used clusters from the CLASH survey to investigate the ICL light fraction. Their

results show a strongly evolving ICL fraction with redshift, and the sample also shows

an anti-correlation between the ICL light fraction and the mass of the BCG. While it

is hard to compare those results with the ones obtained here, we argue that special

care has to be taken when inferring the evolution of the ICL fraction (either mass or

light). For example, Rudick et al. (2011) show the evolution of individual clusters as

simulations allow us to do. However, the evolution obtained in observations is inferred

by looking at different galaxy clusters across cosmic time. In this case the temporal

evolution of individual clusters does not necessarily translate into a population redshift

evolution because observations do not allow us to track the evolution but to infer it from
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various members. We argue that we are running into a situation similar to what is called

progenitor bias for galaxy populations (see Cortese et al., 2019, for a discussion on this

matter), in the sense that the observed galaxy clusters at higher redshift are not necessarily

the progenitors of the clusters that we observe at lower redshift. This is supported by the

fact that the evolution of each cluster is different as they have different accretion histories,

and can therefore display a diversity of masses across different redshifts. For example,

as described in Bahé et al. (2017), in the Hydrangea sample the most massive cluster at

z = 0 might not have been the most massive at all times, and similarly, Shattow et al.

(2013) showed that half of the z = 2 most massive clusters in the Millennium simulations

do not evolve into the most massive clusters at z = 0.

To address this question, careful planning has to be made for future observational

surveys, such as LSST, in which not only a large enough sample of clusters is observed,

but that contains clusters of different masses across a number of redshifts that would

help us fill in the gaps. While simulation projects such as Hydrangea allow us to address

this problem, there is always the need for more observational data to put constraints on

the simulations, which are essential to understand the assembly and evolution of galaxy

clusters. We also see that even with a simulated cluster sample like Hydrangea/C-EAGLE,

we are limited by low number of statistics, meaning that a larger sample of simulated

clusters, at the same high resolution level of Hydrangea/C-EAGLE are necessary. This

is certainly an area in which we expect future simulations to progress towards.
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Conclusions

A key process in the formation and evolution of galaxies is their hierarchical assembly.

In this paradigm, larger galaxies grow through mergers of multiple smaller ones, process

which drives not only important changes on the properties of individual galaxies, but also

is one of the main drivers of the galaxy diversity observed through cosmic time. During

these interactions, tidal forces strip stars that are loosely bound from galaxies, which are

subsequently deposited into a diffuse and faint stellar background. Being the product of

such an important process in the formation of galaxies, this diffuse stellar component

holds key information to understand the assembly history of galaxies and halos.

In this thesis I studied this diffuse stellar component using state-of-the-art cosmolog-

ical simulation of galaxy formation. One of the goals of this work was to develop the

tools necessary to address common problems on the field, and use them to provide further

insight into our understanding of galaxy formation. During this process I developed a

method that separates in a consistent, adaptive and physically motivated way the diffuse

stellar component in simulations. This allows us to bridge between the stellar halos of

Milky Way mass systems up to the ICL at galaxy cluster scales, henceforth adopting the

term Intra-Halo Stellar Component (IHSC) to encompass all mass scales. A great part

of this thesis has been focused on exploring the mass fraction contained in the IHSC,

f M∗,IHSC , and understand its temporal evolution, with which I have been able to describe

the relation between galaxy properties and the f M∗,IHSC , as well as providing further evi-

dence on what the mass dependence and evolution at cluster scales. Here I summarise

the key aspects and results of the research presented in this work.

In Chapter 3, I presented a new, robust galaxy identification algorithm for simulations.

A robust identification of galaxies is necessary for the study of the IHSC as one of the

most complex questions to answer is where galaxies end and where the IHSC starts.

Additionally, if galaxies are not identified correctly, the mass assignment to galaxies

and the IHSC can severely affect the conclusion drawn from studies. The algorithm

163



Chapter 6. Conclusions

presented uses the configuration and velocity space information of stellar particles in

the simulation to separate galaxies as kinematically distinct structures in the simulation.

This starts by identifying over-dense regions in the simulations using a Friends-of-Friends

(FOF) algorithm, where galaxies are expected to reside. Then, the velocity dispersion of

each of these objects is taken into account to separate dense and kinematically distinct

structures. Given the phase-mixing and overlapping that can occur during mergers

and close interactions, iterative searches are performed to separate the phase-space dense

centres, or cores, of galaxies. A key difference of this algorithm from those in the literature

is the appropriate determination of search parameters to prevent spurious identifications

and numerous iterations. These cores are then grown by assigning the remaining particles

using the phase-space tensor to properly account for the size and orientation of each

distribution in phase-space. This is the first time in the literature that this approach

to assign particles is used, and represents a great advantage over other identification

algorithms due to the diversity of morphologies that galaxies and halos display, and that

are correctly considered when identifying them.

I showed that the properties of individual galaxies and galaxy populations can be

affected by the identification tool used. Satellite galaxies and those in close interactions

are the most affected by the identification tool. This is because of how particles are

assigned or ‘returned’ to dense cores identified within the algorithm, central galaxies

are often assigned larger amount of mass which in turn increases their size, while

satellite galaxies experience a decrement in size and mass. This behaviour is clearly seen

when galaxy-to-galaxy comparisons are made, however, this can be overlooked if only

the population statistics are taken into account. For example, the galaxy stellar mass

function (GSMF), the star formation rate function (SFRF), and stellar mass-size relation,

appear all to be consistent between different structure finders despite the differences of

factors of > 2 found in individual galaxies. This is caused by ‘compensation’ across

stellar masses, in which the central galaxies at a given M∗,tot become more massive, at

the same time as satellites in higher M∗,tot systems become less massive, compensating

for the overall number of galaxies at a given mass. This is particularly important as

population statistics are the ones looked during the tuning of galaxy formation subgrid

models rather than the properties of individual galaxies. Consequently, problems with

the identification can be mostly ignored. It is only when looking at specific populations

that these differences between finders appear, which are, in fact, more evident for the
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satellite galaxy population. The next generation of cosmological simulations of galaxy

formation need not only to check for robust tools to identify galaxies, but also need to

take into account observable statistics of the satellite galaxy population to further validate

subgrid models and the specific choice of parameters.

The galaxy identification algorithm was designed with the goal of this work in mind,

and by construction it automatically separates the diffuse stellar component from galaxies

at no extra computational cost, representing a huge advantage over other identification

tools and IHSC separation methods. Additionally, as the identification of galaxies is

already done adaptively throughout the entire mass range resolved in the simulation, this

also provides a consistent and adaptive definition of the IHSC across masses. This is a

major achievement of the investigation of this thesis, as in the literature, studies often use

system-specific definitions of what the IHSC is. In my algorithm, the IHSC is defined

(at all masses) as the local kinematically hot and diffuse component. This definition

therefore allows to study consistently the transition from stellar halos of Milky Way-mass

systems, to Intragroup and Intracluster light.

In Chapter 4, I used this method to study and characterise the mass content in the

IHSC by analysing the IHSC mass fraction - total stellar mass relation, f M∗,IHSC − M∗.

Overall, the relation shows a strong mass dependence of the IHSC mass fraction, f M∗,IHSC ,

for systems with M∗,tot . 1011.5 M⊙, and shows a decreasing scatter from ∼ 2 dex at

1010.5 M⊙ to ∼ 0.5 dex at 1011.5 M⊙. At larger masses, the relation starts to flatten,

suggesting that at higher masses there is a mild or non-existent mass dependence of the

f M∗,IHSC . However, such trend was only displayed by a handful of objects in the limited

volume of Horizon-AGN. Compared to other commonly used definitions of a diffuse

stellar component, our method is the only one capable of producing a f M∗,IHSC − M∗

relation that is in agreement with observational estimates over more than 2 orders of

magnitude in M∗,tot, from Milky Way masses up to galaxy clusters. Our method also

produces a mass relation between satellites, M∗,sats, central galaxy, M∗,ctrl, and in the

IHSC, M∗,IHSC, with power-law indices that are consistent independent of the chosen

free parameters, contrary to other approaches in which the slope of such relations vary

depending on the adopted aperture (e.g. fixed apertures or scale radius dependent).

Such relations can be used to make important predictions that can be tested against

observations. For example, in Horizon-AGN the mass contained in the IHSC is expected

to be a constant fraction of the the total mass in satellites.
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I also addressed one of the open question in the area, which is: what are the physical

drivers of the observed scatter in the f M∗,IHSC − M∗ relations? This was achieved by

studying the relation between observable properties of systems and the f M∗,IHSC at a fixed

time. We found that for M∗,tot > 1011 M⊙ systems, the total number of substructures

and the ratio between the second most massive galaxy and the central, M∗,scnd/M∗,ctrl,

are the properties that are best correlated with f M∗,IHSC at fixed stellar mass, suggesting

that systems with a larger number of satellites and dynamically older ones are expected

to have a higher f M∗,IHSC . At Milky Way-masses, the kinematic morphology parameter,

V/σ, is the property that best explains the scatter observed in the IHSC mass fraction.

This is consistent with the picture that a lower mass fraction is expected for quiescent

galaxies, while those that have experienced a great number of interactions tend to be

spheroidal galaxies supported by dispersion. These results were confirmed by analysing

the temporal evolution in the f M∗,IHSC − M∗ plane of these objects, which showed that

Milky Way-mass systems with low f M∗,IHSC have had an overall quiescent accretion history,

displaying paths towards lower f M∗,IHSC and higher stellar masses with time, while those

with high f M∗,IHSC have experienced multiple interactions across their history and are

consequently supported by dispersion.

The same temporal analysis in galaxy groups and clusters revealed that these objects

tend to experience increments in their f M∗,IHSC as they grow in mass, until they reach

M∗,tot ≃ 1011.5 M⊙. From this point forwards, the evolution is characterised by the

interplay between the accretion of smaller groups that increase the total stellar mass and

decreasing the f M∗,IHSC , as well as disruption events (either stripping or violent relaxation)

that transfer mass from galaxies to the IHSC, increasing the total f M∗,IHSC . In Chapter

5, I extended such analysis to a larger sample of massive galaxy clusters using the

Hydrangea/C-EAGLE simulations. In this preliminary analysis, I was able to confirm

the suggested trend of massive groups and clusters: the IHSC (or ICL in this mass range)

does not correlate to the total stellar mass, nor the host halo mass. These results provide

further evidence of a mass independent and constant mass fraction of the ICL picture,

rather than a mixture of scenarios that both observational and theoretical studies, to date,

have not yet agreed upon.
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Future Directions

Overall results presented in this thesis have given important insight onto the study of

the properties and evolution of the Intra-Halo Stellar Component. In a more general

picture, these are first steps taken towards a more complete understanding of not only

the hierarchical assembly of individual galaxies and clusters, but of galaxy formation.

While this work focused on charactersing the mass content in the IHSC, there are a

plethora of properties yet to be explored and studied than can contribute further to this

goal. For example, the properties of its constituent stellar populations such as colour and

metallicity, which are commonly used in observations to infer the properties of progenitor

galaxies that gave rise to the IHSC during the assembly of a galaxy or cluster.

Moreover, comparisons with observations in this work have been done using the

reported values of studies, rather than the use of similar or consistent methods to separate

the diffuse stellar component from galaxies in observations and simulations. On one

side, this is a direct consequence of the projected nature of observations mostly limiting

information to two dimensions, compared to the capability of simulations to access full

phase-space and temporal information. On the other side, this is caused by the huge

variety of approaches used in the literature to study the IHSC. A consistent comparison

between the results from simulations and the real Universe can only be achieved by

making mock observations of the simulated systems and applying different observational

techniques to understand how the six-dimensional estimate is converted to a 2D projected

one, and vice-versa. This has yet to be addressed using realistic mock images that account

for all the limitations of observations, and the use of an adaptive and physically motivated

separation of the IHSC in the simulations as the one presented in this work.

On the theoretical and numerical aspect, there are several questions yet to be ad-

dressed. There has not been yet a thorough comparison between different galaxy forma-

tion models and simulations, which can have very different numerical implementations.

In this study we have used Horizon-AGN and the EAGLE simulations, however it is

necessary to include multiple simulations from different research groups to understand

which properties of the IHSC are driven from more fundamental physics and which ones

depend more on the specific code and subgrid model implementation. For example, a

question that needs to be addressed is how the galaxy stellar mass function and the size-

mass relation affect the predicted f M∗,IHSC −M∗ relation, as the former one to some degree
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accounts for the mass budget that can be converted into the IHSC, and the second one

accounts for how easily can stars be stripped given the mass concentration in galaxies.

It is also necessary to get a better understanding of the IHSC at all masses, and while

we addressed this problem in uniform resolution simulations, the current computational

resources and codes limit the resolution that such simulations can achieve. This is in part

the motivation to use the Hydrangea/C-EAGLE sample, which while on one side helped

to understand the ICL mass fraction mass-dependence and evolution problem, is still

limited to a small sample of clusters from which statistical behaviours are hard to draw.

This opens the door for projects that can provide a much larger galaxy cluster sample at

the expense of resolution such as the The Three Hundred and MACSIS projects (Barnes

et al., 2017b; Cui et al., 2018), or the largest boxes of the Magneticum simulations (Dolag

et al., 2016). At Milky Way masses uniform resolution simulations of representative

volumes of the Universe often lack of the resolution to resolve these objects and their

progenitors, and therefore the need to use simulations of much higher resolution such as

IllustrisTNG-50 (Nelson et al., 2019; Pillepich et al., 2019), or zoom simulations such as

Auriga (Monachesi et al., 2019) or Fire-2 (Hopkins et al., 2018) projects.

It is only through the combined used of multiple simulations that a complete picture

of the IHSC can be taken. This will be possible with the advent of an ever increasing

number of low surface brightness-oriented campaigns such as BUFFALO and telescopes

such as LSST (Robertson et al., 2019), and upcoming simulations such as EAGLE-XL.

These are exciting times to study the Intra-Halo Stellar Component.
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On the identification of galaxies

A.1 | 6DFOF linking length

As described in Section 3.2.2, we use a fraction f x,(6D) of b for the configuration space

linking length, described in equation (3.3). We show in Fig. A.1, how the particular

choice of f x,(6D) can affect how galaxies are delimited in velociraptor, and how its

IHSC changes with it.

Values of 0.6 . f x,(6D) . 1 link a large number of substructures to the 6DFOF

object. Though smaller values get rid of some of the substructures in the outskirts of the

central/group, they can also shrink the size of the central galaxy to only the inner parts as

is seen for f x,(6D) = 0.1. The latter is appreciated in the IHSC, where bubble-like features

can be seen at the position of galaxies, as if the central parts of the galaxies were carved

leaving the outer parts unassigned to any galaxy. Mid range values of 0.2 . f x,(6D) . 0.4

leave out some of the outskirts of the group without leaving bubble-like structures in the

IHSC. For this study our preferred choice is f x,(6D) = 0.2 as it leaves out most of the

satellites, while preserving structures that can only be separated using the iterative search

in the 6DFOF object1.

A.2 | Core growth weighting

In Section 3.2.4 we stated that when calculating phase-space distances from cores,

equation (3.12), a weight wk , was needed to compensate for the compactness of galaxies

1It is important to notice that even fx, (6D) = 0.1 a small satellite still remains as part of the 6DFOF
object (this can be seen by zooming the figure in the electronic version), and that independently of the
fx, (6D) value used, the inner profile of the galaxy is smooth showing the power of the iterative search and
core growth.
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and extension of streams and shells. For this we use a mass-dependent weight, as this

would reduced the phase-space distance from particles to phase-space compact high-mass

objects (i.e. galaxy candidates), compared to low-density extended objects (streams and

shells). We show in Fig. A.2 surface density projections of how the growth of phase-

space cores changes for w = {1, 1/ log M, 1/M, 1/
√

M }, where M is the total mass of the

core at a given iteration level.

We show how the central galaxy is affected by w in the first row. For w = 1 and

w = 1/ log M it can be seen that some of the outer parts of the galaxy are missing. The

reason behind this is the fact that some streams can have very large dispersion so that

‘weak’ weights do not compensate, as is seen in the last row. On the other hand ‘strong’

weights can in fact make that the central galaxy absorbs the vast majority of the particles,

as they would have to be close to any structure by the same orders of magnitude difference

of their masses. A weight of 1/
√

M does a slightly better job than 1/M , as for the largest

satellite (second row) it is able to return correctly its outskirts. For satellites with leading

or trailing tails, and some streams (rows 3 to 5), it can be seen that weak weights recover

a little better outer material than strong ones, as for the latter streams seem to look a little

fragmented. The last row shows an example of a tidal structure which grows drastically

when weak weights are used, due to their large dispersions and the metric used to assign

particles.

velociraptor can also identify tidal features with the same algorithm. Though the

ability of identifying streams is important for many studies, our priority is first to identify

galaxies as cleanly as possible. In order to avoid the extreme growth of streams, we

incline for stronger weights. Both 1/M and 1/
√

M give similar results, however the latter

does a better job at preventing that all particles are assigned to the central, and recovers

better outskirts for satellites. We further compare these two weights by taking a closer

look to the streams from the last rows of Fig. A.2. In Fig. A.3 we show zoomed-in

projected surface densities and velocity field for both structures. The left panel shows

how for an arc stream the velocity field smoothly changes along it. The same is recovered

for both weights. However, for the last stream it can be seen that for a weight of 1/M ,

the velocity field is not continuous along the structure, and are in fact distinct structures,

while for a weight of 1/
√

M the stream (or tidal feature) has a smooth the velocity field.

Weights proportional to other powers of M , or to any arbitrary quantity can be easily

applied. However, a weight of 1/
√

M is used as it gives the desired results for the purposes
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of this study.

Physically, Mα for α < 1 is the proportional to a galaxy’s tidal the radius, rt. In

the case of point masses, the tidal radii can be approximated as the Roche lobe radii,

i.e. rt ∝ M1/3. For a King’s profile the tidal radii is approximately ∝ M0.4 (see e.g.

Binney and Tremaine, 2008). For more realistic profiles rt ∝ R M1/3, which for the

spherical collapse model gives rt ∝ M2/3. Therefore, w ∝ 1/rt, give us w ∝ 1/Mα, with

1/3 ≤ α ≤ 2/3. Our choice of α = 0.5 is then appropriate to properly account for the

size of galaxies for particle assignment.

A.3 | Evolution of massive galaxies in galaxy cluster

In Section 3.3.3 we show how the properties of the most massive galaxy in the most

massive cluster in Horizon-AGN evolve over the last Gyr. In this Appendix, we show

the evolution of the subsequent three most massive galaxies in the same cluster. In

Fig. A.4 we show the projected mass density of the cluster (left column) at different

times across the 40 snapshots analysed. Galaxies identified by halomaker (central

column) and velociraptor are coloured as blue, orange, green and red, for Galaxy

1-4, respectively. When galaxies are well separated (first row), both finders are able to

identify them independently without any contamination of other galaxies’ outskirts. At

subsequent snapshots, as galaxies get closer, halomaker starts to assign the outskirts of

other galaxies to what is considered the central, as seen in the second row for Galaxy 2

(orange) and 3 (green). This problem gets worse at later times as the two most massive

galaxies experience a flyby (rows three to five): first, Galaxy 1 (blue) gets assigned

the outskirts of galaxies 2 (orange) and 3 (green). Later, they are assigned to Galaxy

2 (orange). It can be seen in rows three to five that the central galaxy can extend to

very far regions. Due to the 6DFOF implementation of velociraptor and its phase-

space dispersion tensor based particle assignment, the time-independent identification of

galaxies is much more consistent over time even during the flyby of Galaxy 1 and 2.
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B

IHSC extent and spherical apertures

Here we present how our definition of the IHSC compares to the one defined by spherical

overdensity and spherical apertures widely used in the literature (see Section 4.1 for

a discussion). In Fig. B.1 we show surface density projections of the stellar mass

content using M200c (left column) and 3DFOF (right column) mass conventions. Top

row shows the total stellar mass, middle row the stellar mass in the central galaxy and

IHSC (CG+IHSC), and bottom row the stellar mass in the IHSC only, as identified by

velociraptor. The total mass content (top row) shows that 3DFOF convention does

not capture the presence of some satellites in the vicinity of the central galaxy, as well

as some diffuse stellar mass, differing by ∼ 15%. This difference is similar to the excess

of ∼ 10% mass content in the M200c IHSC and 3DFOF definitions. For this particular

example, the mass fraction in the IHSC is f M∗,IHSC = 0.059 for M200c and f M∗,IHSC = 0.062.

This behaviour is consistent for the entire population of objects resolved in the Horizon-

AGN simulation, as can be seen in Fig. B.2, where the total stellar mass content, M∗,tot

(top panel), and the mass in the IHSC, M∗,IHSC (middle panel), follow an almost 1-to-1

correspondence with only notable variations at M∗ < 1011 M⊙. Finally, the f M∗,IHSC −M∗

relation (bottom panel) is consistent in shape and amplitude at all stellar masses for both

conventions.

In the middle panel of Fig. B.1, we show the combination of CG+IHSC components,

along with concentric circles representing spherical apertures of 30 and 100 kpc (solid

circles) and 2 R50 (dashed circle) used in the literature to separate the central galaxy

from the IHSC (e.g. Pillepich et al., 2018a; Elias et al., 2018). We show in the top panel

of Fig. B.3 the stellar mass of the central galaxy, M∗,ctrl as a function of total stellar

mass inside spherical over-density, M∗,200c; note that for the velociraptor measurement

we use the definition of the bottom left panel of Fig. B.1, instead of the 3DFOF for

consistency. All definitions show a consistent relation between M∗,ctrl and M200c for

M200c < 1011 M⊙, which is expected as the mass budget is contained mainly in the
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