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Several popular techniques exist for cosmological modelling of galaxies, from computa-
tionally intensive hydrodynamical simulations, ab-initio semi-analytic models, to data-
driven semi-empirical models. Each has caveats that limit the range of predictions they
can make. In hydrodynamical (sub-grid) and semi-analytic models, the high parametri-
sation can cause degeneracies that prevent clear analysis of which processes are driving
galaxy evolution. Furthermore, all must balance simulating a large universe against
simulating galaxies with high fidelity. This trade-off between volume and resolution in-
troduces a bias in the number of objects simulated at different masses given differences
in cosmological abundances.
This thesis describes the STatistical sEmi-Empirical model, steel, and its contributions
to the modelling of galaxies. steel is built to overcome the limitations of volume and
resolution. We remove these constraints and biases using a novel technique to replace
discrete haloes with a statistical alternative. This statistical dark matter backbone is
then combined with empirical techniques, e.g. Abundance Matching, to create steel.
In this thesis, we use steel to empirically generate robust assembly histories of galaxies,
constrained using SDSS and high redshift cluster observations. Using these constraints
we probe the in-situ vs. ex-situ growth of galaxies. It is found that within ΛCDM
hierarchical assembly using certain stellar mass functions to populate haloes produces a
satellite accretion history that is inconsistent with the central galaxy growth.
Furthermore, there is a noted tension in the observed galaxy pair fraction and its evolu-
tion with redshift. We use the flexible nature of steel we present a systematic inves-
tigation into how stellar mass function derivations affect the pair fraction. It is found
that the pair fraction can be substantially altered by the type of stellar mass estimates,
providing an avenue to remove the discrepancies in pair fraction observations.
Finally, there is still an active debate over the significance of mergers on the morphological
evolution of galaxies. We find that mergers are capable of creating the observed elliptical
fractions and, additionally, a two-pathway merger and in-situ disk instability can produce
the observed lenticular fractions.
In summary, the STatistical sEmi-Empirical modeL, steel is a new take on galaxy mod-
elling. In this thesis steel has been used to add constraints to galaxy assembly histories,
satellite distributions, star formation rates, and pair fractions. Working alongside new
extra-galactic surveys, such as EUCLID, steel has the potential to be a prominent
feature in the future of extra-galactic astrophysics.
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The reason cosmological modellers should never work too hard:

“There is a theory that states that if ever anyone discovers exactly what the Universe

is for it will instantly disappear and be replaced by something even more bizarre and

inexplicable. There is another theory that states this has already happened.”

Douglas Adams, The restaurant at the end of the Universe.
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Chapter 1

Introduction

Say first, of God above, or man below,

What can we reason, but from what we know?

Of man what see we, but his station here,

From which to reason, or to which refer?

Through worlds unnumber’d though the God be known,

’Tis ours to trace him only in our own.

He, who through vast immensity can pierce,

See worlds on worlds compose one universe,

Observe how system into system runs,

What other planets circle other suns,

What varied being peoples ev’ry star,

May tell why Heav’n has made us as we are.

But of this frame the bearings, and the ties,

The strong connections, nice dependencies,

Gradations just, has thy pervading soul

Look’d through? or can a part contain the whole?

Is the great chain, that draws all to agree,

And drawn supports, upheld by God, or thee?

- Alexander Pope 1733, ‘An Essay on Man: Epistle I’

1.1 Motivation

1.1.1 The answer we seek.

The firmament has been the muse of humans for as long as we have recorded our his-

tory and most likely longer still. The field of astronomy is descended from priests who

worshipped celestial objects as the divine and sought for them to bring meaning to their

1
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world. Structures such as Stonehenge use celestial objects to allow people to track the

‘repetitious’ passage of time, thus being able to predict the seasons. It is possible that

this correlation between the heavens and the earthly systems so critical to life is the

reason that humanity became convinced that the universe was there for our benefit.

Elaborate orrerys with the earth at the centre of all creation were built to explain how

the sun and planets orbit around us cementing our belief that we are at its origin. The

progression to modern astronomy was slow. However, thanks to advances in scientific

thinking and technological process we have shed many of the biases and limitations that

once held us back. We are now able to discover our place in cosmos that is unfathomably

enormous, diverse and inhospitable.

The Milky Way is our home and was the first observed galaxy. The name comes from

Greek to mean ‘milky circle’ stemming from our belief that the universe exists to give

us life and gives the galaxy a mammalian nurturing characteristic. The idea of complex-

ity emerging from the universe is present in the first classification of the structures of

galaxies by Edwin Hubble [24, 25]. Complex spirals were thought to be the descendants

of elliptical galaxies leading to the misnomer of ‘early-type’ (elliptical) and ‘late-type’

(spiral) galaxies, as it has since been found that, amongst other formation pathways,

it is spiral galaxies that transform into elliptical galaxies. The Universe is at its core

in antithesis to the way humanity regards themselves, it thus presents a challenge in

thinking to detach hubris and think logically about a system that in its entirety is truly

incomprehensible. This must be reflected in galactic modelling we must understand the

limitations of our work and the scope of what each model can explain.

Most advances in astronomy have come from technological progress. When the most

advanced way to view the cosmos was with the naked eye we observed little and as such

interpretations were limited. With the advent of optics, such as lenses and then mirrors,

which led to the building of telescopes, the ability to look deeper into space became a

possibility and the first work on the classification of astrophysical objects was carried

out. Modern advances such as CCD/SED photographic plates, and telescopes that work

outside of the visible wavelengths, gave information far beyond what the human eye can

see.

With the influx of new information, galaxy models have become further refined. The

emergent complexity proposed by Hubble is superseded by a hierarchical formation which

mutates structures. Observations of our galaxy and distant galaxies show how different

morphologies of galaxies are more or less common at different masses. Galaxies with

different masses and morphologies can be seen to form stars at different rates, with some

of the most massive appearing ‘red and dead’. We also find an ‘arrow of time’ where

galaxies seem to increase in star formation peak and drop showing we are likely past the

point of maximum stellar mass creation in the Universe. Whilst these discoveries are far
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more complex then those made by studying the sky only with the naked eye, we remain

connected to our predecessors by the ultimate pervasive question of ‘why?’1.

1.1.2 The tools we use.

The field of astronomy is both privileged and restricted by observations. As no ex-

periments can be performed to generate new data the traditional theory, experiment,

data, analysis, theory, ... cycle that exists in most other fields is not possible. It is

such that theoretical models are often driven by the data and must be careful not to

over-fit. Furthermore, for astronomers who observe galactic scale objects, the timescales

involved eclipse not only a human lifespan but the entirety of human civilisation. It is

then fortunate that the finite speed of light in conjunction with the massive distances

between galaxies mean observations of the most distant galaxies are also observations

of the history of galaxies. Therefore, by observing galaxies at different epochs we can

construct a picture of how the galactic population has changed and evolved. Under the

standard axiom that the Universe is, at large scales, homogeneous and isotropic, we can

assume that the galaxies observed in the far distance, in both time and space, are similar

to the progenitors of observed local galaxies that are closer in time and space. Using ob-

servations of the start-point and end-point of galaxy populations theories of how galaxies

evolve can be constrained. To test these theories the ability to model galaxies and ‘fast

forward’ time is required such that simulations can provide results in a reasonable time

frame.

The first such model by Holmberg [26] predates digital computing and used an array

of light bulbs where the ‘candle power’, or flux, was a proxy for mass. Two arrays of

bulbs were constructed and by measuring the intensity of light along two axes the total

gravitational attraction was calculated. The light is a reasonable proxy for mass due

to the similarity in the inverse square laws that govern both the spread of light and an

increase in the gravitational potential. Each mass element (light bulb) is then given an

acceleration and its position updated manually. In the Holmberg [26] model the merging

of two systems of distributed mass is confirmed along with an investigation of the change

of shape of the systems.

With the rapid increase in computing power over the last century, the capability of galaxy

simulations has grown. The simulation of mass and mergers have improved with more

and smaller ‘mass elements’. Beyond simply testing the dynamics of mass, simulations

also have prescriptions for the formation of stars from gas, the feedback of energy from

central black holes millions of times the mass of our sun, feedback from supernovae, and

more... [e.g., 27, 28]. Despite these major advancements made over many decades, a full

understanding of the assembly and evolution of galaxies in our Universe is beyond our
142
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capability. Other less computationally intensive analytic tools have been used to model

from ‘first principles’, in this instance gas collapse, the formation of galaxy populations.

Since their original inception where galaxies form from gas via the loss of angular mo-

mentum and cooling to form galactic disks [29], these so-called “Semi-Analytic” Models

have branched out to cover tens of different analytic recipes that try to balance different

processes to faithfully recreate the diversity in galaxy populations [e.g., 30, 31]. A recent

development in galactic modelling attempts not to recreate the entire Universe from first

principles but to use what we observe as a guide providing powerful constraints. These

“Semi-Empirical Models” are observation-driven and ask focused questions to understand

if a given hypothesis/model of galaxy formation is adequate to ‘link’ the observed galactic

population over cosmic history [8, 17, 32–34].

1.1.3 The questions we answer.

In this thesis, we describe steel , the STastical sEmi-Empirical modeL, PJG’s contribu-

tion to the galactic modelling community. steel has been designed to be complementary

to existing models of and approaches to galaxy formation. steel uses semi-empirical

modelling techniques but its defining characteristic is its statistical nature. Traditional

models, described in more detail below, simulate discrete elements of dark matter ex-

tracted from a cosmological volume. steel instead creates a simulation of galaxy popu-

lations using number density functions to describe cosmological volumes. By design, this

avoids the volume and resolution constraints that effects discrete object simulations. The

full methodology of steel is given in Chapter 2. The advantage of having a volume free

model is twofold. Firstly, we can simulate rare objects that have a number density far

lower than what can be extracted from traditional models. Secondly, steel is not biased

in favour of smaller objects which have higher number densities and are thus simulated

orders of magnitude more often in traditional simulations.

1.2 ΛCDM Cosmology

Dark Matter is a theorised form of matter that interacts only through gravity and is

therefore not observable with traditional methods that rely on photons. As dark matter

is five times more abundant than normal matter it is the dominant gravitational force

in the universe. This has important implications for the expected galaxy populations

as in a ΛCDM universe baryonic matter is theorised to trace the dark matter distribu-

tion. Galaxies are thought to assemble at the centre of dark matter haloes where gas

accumulates, the larger the halo the larger quantity of gas collects in the halo and the

larger the galaxy. Hierarchical assembly of dark matter haloes is then translated into the

galaxy population. Galaxies will follow the merger history of their host haloes, smaller

galaxies will follow their host halo when it merges with a larger halo. Massive galaxies,
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which reside in massive haloes that have accreted many other haloes through mergers,

are expected to be surrounded by many smaller satellite galaxies.

The first notion of dark matter was from Zwicky [35], who observed that the binding mass

required to hold the Coma Cluster together was roughly 400 times the observable total

stellar mass. It took many years and further evidence such as observations of the motions

of satellites around our galaxy before the ideas of dark matter became mainstream.

Furthermore, observations of the rotation curves of galaxies [36] were found to support

a ‘dark’ component; the rotation of the outer regions of the galaxy did not fall off as

the mass profile of the luminous galaxy would suggest within a Newtonian framework of

gravity. Alternative theories to explain the discrepancies from Newtonian gravity exist,

such as Modified Newtonian Dynamics (MOND) that suggests gravity acts differently

at large scales. However, dark matter is now the preferred model amongst physicists to

explain the aforementioned observations.

As the observations of mass deficit can be made on all galaxies it follows that dark

matter must permeate the entire universe. Additionally, it interacts only through gravity

giving no electromagnetic signature. It is still unclear what dark matter ‘is’ but through

simulations, observations, and experiments we can put constraints on its possible nature.

Initial theories suggested brown dwarf stars or black holes, dark yet familiar objects that

satisfy both requirements of adding mass and being mostly invisible, however these were

quickly dismissed [37]. It is now thought that dark matter consists of a massive subatomic

particle characterised by low thermal velocity, and is hence known as cold dark matter

(CDM). Including the cosmological constant (Λ) required for a flat universe [38, 39],

alongside this model for dark matter, the leading cosmological theory of ΛCDM was

developed.

The prediction from ΛCDM of foremost importance to galactic modelling is that of hier-

archical assembly. Dark matter collapses under gravity from an initial density field, that

mirrors density fluctuations in the cosmic microwave background. This means that areas

of greater density collapse faster and eventually attract other collapsed regions further in-

creasing their mass. This structure has become commonly referred to as the ‘cosmic web’.

As dark matter interacts only via gravity it is relatively easy to simulate on large scales.

There have been many massive ΛCDM simulations using various cosmologies (WMAP5,

Planck), of note are the Millennium simulation [40] and the Bolshoi/MultiDark simu-

lations [41]. We show a visualisation of the Bolshoi Plank dark matter simulation in

Figure 1.1. The ‘cosmic web’ is composed of matter haloes connected by filamentary

structures seen here as the darkest regions. There is a notable void in the upper right of

the image and two clusters, groups of many dark matter haloes in one spatial location,

one in the top middle and one in the bottom left. The initial dark matter distribution is

accentuated by giga-years of gravitational collapse creating the complex structure seen

in Figure 1.1.
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Figure 1.1: A visualization of the ‘cosmic web’. The shading shows the distribution
of dark matter. The darkest regions are the spherical ‘haloes’. Between the haloes
extended filaments can be seen. Regions of note are the void in the upper right and
the clusters in the top middle and lower left. Initially the dark matter density field
would have been similar to the microwave background but giga-years of collapse have
accentuated small features into a large structure. Image Credit: C.Marsden using
the galaxy and structure visualization code Astera processing the Bolshoi Planck dark

matter simulation (https://astera.soton.ac.uk/).

In order to analyse complex dark matter simulations, several classifications have been

developed to describe the dark matter haloes. Firstly, ‘virialised haloes’ collections of

dark matter particles2 which are gravitationally interacting and are balanced in terms of

their potential and kinetic energy such that the group is neither expanding nor contract-

ing. Secondly, from a structural point of view, haloes can be defined by their overdensity.

Specifically, a halo is defined as a sphere containing a density of mass that is a set number

times that of a reference average density. The average density definitions commonly used

are defined by either the background3 or critical4 density. For example M200c would be

the mass of a halo defined as the spherical region that is 200 times the critical density.

To identify these regions a number of methods have been developed:
2Note here a dark matter particle is a simulation element, often millions of solar masses, and not the

theorised fundamental particle.
3The average density of the Universe.
4The density required such that the universe will not expand forever.
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• Bound Density Maximum: BDM classifies halo structure by defining a spherical

overdensity threshold, e.g. M200c, then removes particles that exceed the escape

velocity of the halo mass [42].

• Friends of Friends: FOF uses a dark matter particle linking threshold, particles are

‘linked’ together if they are closer than the threshold. One particle cannot be in

two FOF groups simultaneously such that particle groups are unique [43].

• ROCKSTAR (Robust Overdensity Calculation using K-Space Topologically Adap-

tive Refinement): ROCKSTAR is a cutting-edge development of the FOF halo

finders. Using a 6-dimensional phase space and a temporal dimension, the struc-

ture and evolution of haloes are extracted from dark matter simulations [44].

• mhf (mlapm’s halo finder): mhf uses the adaptive mesh of mlapm to find haloes

and substructure. The adaptive mesh naturally traces the density profile of the

halo structure with the gurd structure surrounding areas of high density. This

method avoids the scale lengths found in FOF [45].

Once equipped with a halo classification and an extraction tool, a language and formalism

to describe how these structures relate to one another is required. Hierarchical assembly

predicts halo growth via accretion followed by cannibalisation of a smaller halo. This

process is not instantaneous and during this time the smaller halo is situated within the

larger and can be referred to as a subhalo. Subhaloes then may contain further structure

from smaller haloes they have accreted. Thus there are different ‘orders’ of haloes: 0th

order or central halos, 1st order or subhaloes whose parent is a 0th order halo, 2nd order

or subhaloes whose parent is a 1st order halo, and so on. Useful statistical descriptions of

the haloes are the halo and subhalo mass functions. The halo mass function is defined as

the number density of central haloes of a given mass per unit volume. The subhalo mass

function has multiple definitions depending on the definition of subhalo, each definition

is useful to a different context. Firstly, one can define the global subhalo mass function,

similarly to the halo mass function this is the number density of subhaloes at a given

mass per unit volume. Secondly, one can define the subhalo mass function relative to

a particular central host halo, which provides the number of subhaloes of a given mass

ratio Msubhalo/Mcentral one expects to be associated to a halo mass Mcentral.

Once a subhalo has been accreted onto a central halo it begins the process of merging.

As the subhalo orbits, it gradually loses mass to the parent halo due to tidal disruption.

This process is called ‘stripping’, initially the outer regions of the subhalo are stripped

with the denser centre surviving for longer periods. Once a subhalo can no longer be

resolved by the simulation, i.e. its mass becomes indistinguishable from the parent halo’s

mass, it is regarded as fully merged. Information on this process is derived from using

the aforementioned halo finders to track substructures between simulation snapshots.
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As this is a simulated result it is important to note that the simulation calibration, e.g.

the number of particles and force softening, can strongly affect the timescale of subhalo

disruption [46].

As the subhaloes are an evolving population, it is necessary to state which subhalo mass

definition one is using:

• Unevolved Subhalo Mass Function (USHMF): This mass function is the total num-

ber of subhaloes that have accreted onto a central halo over its entire history. The

subhalo mass is defined at the point of accretion and is frozen at infall and no

number density is ever lost. This mass function is useful for understanding the

total accretion history of a halo.

• Unevolved Surviving Subhalo Mass Function (USSHMF): This mass function is

the total number of subhaloes that reside in a halo at a given epoch. Subhaloes

once accreted are frozen in mass, however, at the time when they would have fully

merged are then considered removed from the count. This mass function is useful

as it retains information about the infall masses and can be further categorised to

retain information about number density contribution from different infall epochs.

• Evolved Subhalo Mass function (ESHMF): This mass function is the total number

of subhaloes that reside in a halo at a given epoch where the subhaloes have

undergone mass loss/transfer to the central halo. This mass function is the ‘true’

subhalo mass function that one would expect to see if dark matter were directly

testable, e.g. via galaxy lensing in groups and clusters [47].

In Figure 1.2, we show the halo mass function at redshift z = 0.1, black line. Note

the characteristic Schechter function shape with an inverse linear relationship between

number density and halo mass in log-log space, which breaks and rapidly declines above a

threshold mass, which at this redshift is roughlyMh ∼ 1014 M�. We also show the Global

Unevolved Surviving Subhalo Mass Function at redshift z = 0.1 the coloured shading

represents the contribution to the global USSHMF at different redshifts of infall, note

the logarithmic scaling means the shading is not linear. Recent accretion is the dominant

contributor of subhaloes at all masses. Furthermore, high mass subhaloesMh ≥ 1013M�

accrete only at redshifts below z < 2.

In addition to the distinction between central and satellite haloes, information about

the full mass assembly is also extracted from simulations. Halo assembly histories are

commonly visualised as simple(ish) tree networks, referred to as a “merger trees”. Central

haloes are identified at a low redshift and the main progenitors followed backwards in time

to create the central ‘trunk’. At any epoch where a merger occurs, the main progenitor
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Figure 1.2: Central Halo Mass function, the global number density of haloes at
redshift z = 0.1, black line. Global Unevolved Surviving Subhalo Mass Function at
redshift z = 0.1, coloured section. The colour gradient shows the fraction of subhaloes
at each mass coloured by the redshift of infall. Note due to the logarithmic scaling the
thinner yellow bar at the top of the distribution is a majority contribution of subhaloes,

showing that at all masses recent accretion dominates the population.

is assigned to be the larger of the two merging haloes5. At each merger a ‘branch’ is

created following this branch which followed back in time gives the assembly history of

that halo. We show an example of a simple merger tree in Figure 1.3.

There are increasingly more complex merger tree diagrams, as it is not the case that

haloes merge simply we list below some examples of this complexity and show what

these look like on a stylised merger tree in Figure 1.4:

• Substructure: A halo is not immediately dissolved upon accretion to the central

halo, the substructure is therefore maintained in central haloes between epochs.

Furthermore, haloes on accretion may also carry internal substructure, which cre-

ates 2nd (and above) order substructure in the parent halo.
5This remains true even if the main progenitor branch becomes smaller than the other branch at an

earlier redshift.
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Figure 1.3: A cartoon of a simple merger tree. Increasing time moves up the page as
indicated on the right, horizontal lines separate epochs. Dark blue circles represent the
main progenitor or trunk haloes of the merger tree. Haloes that merge directly onto the
trunk are coloured in light blue, the merger history or branch for each of these merging

haloes is shown in green.

• Flyby Haloes: Some haloes may pass through another halo and may lose mass but

are not captured. These haloes are known as flyby halos and must be accounted

for when constructing mass functions to not inflate the number count of subhaloes.

• Re-Accreted/backsplash Haloes: Haloes on particularly eccentric orbits or haloes

with initially high velocity may enter a halo but subsequently leave the halo group.

These haloes, whilst still bound to the grou,p may not be associated with the group

by a halo finder appearing to be flyby haloes. However, they at a later time these

haloes may reenter the group: Firstly, one must ensure these halos are not double-

counted. Secondly, caution must be taken that the mass they are accreted at is fit

for purpose (i.e., mass at last accretion, mass at first accretion, or peak mass).

Whilst there is clearly a wealth of information available from dark matter simulations,

they require a large amount of computational power both to run and analyse. For many
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Figure 1.4: From left to right: An example of: 1st order substructure, a flyby halo
and, a re-accreted halo.

models of galaxy evolution the information provided is far in excess of what is required.

Press-Schechter Formalism [48] provides an alternative way to generate simple analytic

dark matter distributions at a greatly reduced computational cost by sacrificing spatial

information. For a simple visualisation, one can consider the dark matter distribution

at high redshift as a random Gaussian probability distribution.

Peaks in this distribution represent dark matter overdensities which will collapse over

time where higher peaks collapse earlier due to greater gravitational influence. This can

be visualised as a time-evolving threshold above which the dark matter density would

qualify as a collapsed halo. If the summation of two Gaussian distributions are above

this threshold then they become a single over-density or halo. A simplified cartoon is

shown to visualise this in Figure 1.5.

Following Figure 1.5 considering the top dashed line as the earliest epoch we look for

collapsed haloes by examining the dashed line; two peaks in the density field can be

found above the threshold denoting two collapsed halo structures. The area above the

threshold is analogous to the mass of the halo and the spread of the peak analogous to

the size. At the second threshold, there is another collapsed peak mostly contributed

by the brown Gaussian. Furthermore, the two peaks from the first collapse have grown

in mass as can be seen by an increased area and spatial extent. Finally, looking at the

last collapse threshold: On the left, there is a new isolated peak; on the right, the peaks

created by the yellow and brown Gaussian distributions now create one continuous area

above the threshold, this is an indication of two merged haloes. Within this merged halo,

there are two distinct peaks that can indicate the nature of the halo substructure. It is
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Figure 1.5: A visualisation of the core theory of Press-Schechter Formalism. The
solid coloured lines are random Gaussian distributions representing fluctuations in the
initial mass density field, the grey dotted line is the total mass distribution. The three
black dashed lines are for visualising the threshold of collapse at different epochs. The

x-axis is an arbitrary spatial dimension, and the y-axis an arbitrary density unit.

evident that at later epochs the merged substructures will also include the purple peak.

This picture is an oversimplification of the Press-Schechter Formalism. For example,

instead of simple collapse thresholds, a window function is used to smooth the density

field. Finally, here the peaks are represented as static, however, their size and location

will evolve with time. The shift in the location of the peaks can be used to build dynamic

halo histories without the need for full N-body simulations [49].

The Press-Schechter Formalism can be used to analytically create a merger tree by util-

ising the probability of any two overdensities merging. An algorithm that starting at

a given redshift with a given halo mass can then construct a theoretically valid merger

history. We summarise here the galform [50] algorithm for making merger trees from

Press-Schechter Formalism6.

• Pick a starting Mass, Mh and redshift z. This will be the final mass/redshift for

the main progenitor halo in the tree.

• Step backwards in redshift in steps, dz, where dz is chosen that the probability, P ,

of a halo having a merger in dz is P � 1.
6In Parkinson et al. [51] improvements to this method are proposed to better align the generated

merger trees with the millennium simulation by using a perturbing function to remove systematic dif-
ferences between N-Body simulations and the algorithm.
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• Generate a uniform random number, N , if N < P the halo splits, else the mass

is reduced to account for unresolved haloes or smooth accretion and the process

repeats.

• If the halo has split a random number is generated from the probability distribution

that defines the possible progenitor halo masses from Press-Schechter Formalism

this is the mass of the split halo, Msplit. The central halo mass is then updated

to be decreased equal to the split haloes’ mass and a smooth/unresolved accretion

component and the process repeated.

The merger trees generated using this algorithm are simpler and less computationally

expensive than those extracted from N-body simulations, and if calibrated properly they

are fully consistent with ΛCDM cosmology. They, therefore, are an ideal choice for

simulations that need to generate halo merger trees on demand.

1.3 Hydrodynamic and N-body Simulations

Hydrodynamical simulations are the most physical galaxy models simultaneously sim-

ulating baryons and dark matter. Within a volume dark matter, gas, and stars are

assigned to particles and/or grid cells. Forces between particles are then applied to each

element with respect to other elements. The volume is then advanced by repeated nu-

merical solving and time stepping. At set intervals, snapshots are produced to be used

for analysis. Processes that take place below the resolution limit of the simulation, such

as star formation, are simulated using sub-grid analytic routines based on the properties

of the given volume element.

1.3.1 State of the art: Illustris TNG

The Illustris TNG simulations are a suite of 18 simulations, which use three different

volumes, ∼ 50, 100, 300 Mpc3, and include a range of physical processes and resolutions.

TNG at its core uses the code arepo [52], a mesh-based code, which solves coupled ideal

magneto-hydrodynamics and self-gravity using periodic boundary conditions. Even for

TNG50, where exceptionally high resolution is achieved, much of the baryonic physics

falls below the resolution limit, thus relying on ‘sub-grid’ models. Sub-Grid models are

used for star formation, feeding of supermassive black holes, galaxy feedback process (star

formation and AGN), and more. A simple specific example of one such sub-grid model is

star formation: Gas above a threshold density of nH ' 0.1cm−3 is allowed to form stars

following the numerical results of Springel and Hernquist [53]. Sub-grid models attempt

to replicate results of smaller higher resolution simulations or from observations.
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1.3.2 Pros and Cons

The drawbacks of using a hydrodynamic model are foremost limitations of resources.

They require vast amounts of computational resource to run and take a lot of developer

time and skill to create. Furthermore, they create huge amounts of output data that

can be difficult to process and interpret. Last but not least all simulations are subject

to volume and resolution constraints. For example, the TNG simulations run three box

sizes; the larger boxes can simulate rare/low abundance objects, whereas, the smaller

boxes can simulate galaxies in high detail. The computational time to run a simulation

that produces both high detail and rare objects would make the computational cost

impractical and the data products unmanageable with current tools and technologies.

The advantages of explicitly modelling galaxies using hydrodynamics is that one can

study the dynamics and interactions of the particles pertaining to each galaxy or dark

matter halo directly. Furthermore, by carefully choosing the size and resolution of the

simulation, it is possible to probe the connection between large and small scale struc-

tures over many orders of magnitude. For example, in TNG it is possible to explore how

the cosmological environment affects galaxy formation, the gas flow along dark matter

filaments and, the statistics of galaxy mergers. Alternately in FIRE [54], an advanced

smooth particle hydrodynamic simulation, one high resolution ‘zoom in’ region is simu-

lated with high fidelity. The particle resolution in FIRE is such that feedback from star

formation winds, AGN, and even individual supernovae are resolved. Hydrodynamics

represent the state of the art in our ability to simulate a universe or an individual galaxy

holistically. However, the high computational and human cost associated with their run-

ning and development means they are not the ideal tool for rapid testing of new theories

or ideas.

Progress has been made in each aspect that limits hydrodynamics. Firstly, the speed,

memory and architecture of computing resources continue to improve with recent ad-

vances in GPU technology contributing to the overall power available to simulators. In

addition to this, novel techniques have been developed such as “genetic modification”,

whereby the initial conditions of a simulation are subtly altered to test how perturbations

and modelling assumptions affect self-similar galaxies [55]. Building on these advances

in speed and flexibility it may well become possible to use hydrodynamic simulations as

comprehensive tools. At present we must still utilise diverse sets of complementary tools

available to deal with the highly non-linear and complex processes regulating galaxy

formation and evolution.
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1.4 Semi-Analytic Modelling

1.4.1 History of Semi-Analytic Models

Building off the hierarchical collapse models from ΛCDM cosmology and the power of

generating merger trees from extended Press Schechter (EPS) routines [48], a new form

of galaxy model was conceived named semi-analytic models. In a dark matter-dominated

universe, galaxies must be influenced by the structure formation of the dark matter haloes

predicted by ΛCDM cosmology. The earliest models successfully recreated the galaxy

luminosity function by assigning the baryonic matter to EPS haloes and solving analytic

gas collapse equations [56].

Semi-analytic models were then developed and extended to include more advanced galaxy

physics, such as the formation of galaxy disks [29]. Increasing in complexity by both fold-

ing in more advanced physics such as AGN feedback and using merger trees from N-body

dark matter simulations, the models were able to increase the scope of predictions by tun-

ing parameters over several simulation runs to best fit the observations [57]. Continuing

improvements in cosmological (dark matter) simulations have allowed for semi-analytic

models to improve both in resolution and size. In addition, as computing power has be-

come more accessible and improved Monte Carlo methods have been developed, this has

allowed for the development of a variety of multi-parameter semi-analytic models tuned

over hundreds of thousands of runs [1, 18, 31, 58, 59]. In this section we will discuss the

state of the art in semi-analytic modelling by summarising a review by Somerville et al.

[1], followed by deconstructing a subset of the latest models, and finally, present a con-

sideration of the drawbacks of semi-analytic models compared to other galaxy modelling

techniques.

1.4.1.1 Somerville (2015) Review [1]

The semi-analytic models used here have been described in detail in Somerville & Primack

(1999), Somerville et al. (2001) and most recently in Somerville et al. (2008a, hereafter

S08) and Somerville et al. (2012, S12). The Santa Cruz modelling framework has also

recently been described in Porter et al. (2014). We refer the reader to those papers for

details.

This review explores three models published in Somerville et al. [22] (hereafter S08),

Somerville et al. [60] (hereafter S12), Porter et al. [61] (hereafter Santa Cruz). Each of

these models is run using EPS merger trees as a backbone. Using analytic merger trees

allows for high-resolution simulation reducing the minimum halo size. Reducing the halo

size, in turn, allows the simulation of smaller galaxies. Galaxies grow via the cooling of

gas from re-ionisation. Before this point haloes are seeded with gas at the cosmic baryon
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fraction. After this gas cools as given in [62], it condenses and forms stars at the centre

of dark matter haloes.

The prescriptions made to handle the hierarchical assembly predicted by ΛCDM cos-

mology concern firstly the halo structures. At the point of halo merger, the larger halo

and associated galaxy are assigned as the central, the smaller halo(es) and associated

galaxies become subhaloes and satellite galaxies. Satellite galaxies then merge with the

central galaxies on timescales given by the Chandrasekhar formula [63], as given in, for

example, Boylan-Kolchin et al. [e.g. 64]. The mergers of satellites are one of the methods

that transform the morphologies of central galaxies, mergers gradually reduce the central

galaxies angular momentum eventually creating a spheroid [65].

In addition to changing the morphologies of central galaxies, mergers are also thought

to drive one of the two pathways of star formation. During a merger the gas of the two

merging galaxies is destabilised triggering fragmentation and a galaxy-wide “starburst”,

a short period where star formation is enhanced by up to an order of magnitude [65, 66].

The second mode of star formation is referred to as “disk mode” and is usually modelled

in three ways: The Kennicutt-Schmitt law [67] assumes that the surface density of star

formation, ΣSFR, is related to the surface density of cold neutral gas, Σgas,

ΣSFR = ASFΣNSF
gas . (1.1)

It is here and in the following star formation rate recipes that the first tuning parameters

are found; ASF and NSF control respectively the normalisation and slope of the star for-

mation rate law. In addition, there are two critical gas densities Σcrit and ΣH2,crit, below

which neutral gas or molecular gas will not form stars. Similar to the Kennicutt-Schmitt

recipe, molecular gas star formation follows empirical results that link the molecular gas

surface density to the star formation rate as empirically determined by Bigiel et al. [68],

ΣSFR =

(
ASF

10M�PC−2

)
ΣH2NSF. (1.2)

It’s observed that above a critical H2 density the SFR steepens [69], inspired by this the

SFR may also be modelled using a two part scaling law,

ΣSFR = ASF

(
ΣH2

10M�pc−2

)(
1 +

ΣH2

ΣH2,crit

)NSP

. (1.3)

Semi-analytic models rely on several feedback prescriptions to regulate their star for-

mation. The energy released during supernovae, created as a result of star formation is

deposited in the inter stellar medium consequently driving outflows of cold gas at the

rate,

ṁout = εSN

(
V0

Vc

)αrh

ṁ∗, (1.4)
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where εSN is a parameter that scales the efficiency of the supernovae’s ability to drive

outflows, and the remaining parameters control the binding properties of the gas. In

addition to supernova feedback, most SAMs include AGN feedback caused by energy/-

momentum release from the supermassive black hole at the centre of the galaxy. AGN

feedback is believed to act in two distinct modes: The first mode, “quasar mode”, is

initiated after a galaxy merger, as the black hole grows in mass, more energy is released

to the ISM until the gas accretion is halted by outflows from the black hole. In this

mode, AGN feedback gradually reduces the SFR by heating the cold gas reservoir. The

second AGN feedback mode, “radio mode”, is commonly assumed to be in the form of a

jet and triggered when accretion drops below a few per cent Eddington. This feedback

can also prevent late cooling gas in the central regions of galaxies [70].

The takeaway of this brief introduction to semi-analytic modelling is that they can be

characterised by heavy parametrisation of each singular observable which results in a

very highly parameterised model. This is due to the large uncertainties in the choice

(and strength thereof) of the physical processes to include. The interested reader can

find additional semi-analytic methods that control the properties of the gas described in

Appendix A. The following subsections will describe two state of the art semi-analytic

models.

1.4.2 State of the art

Many of the modern semi-analytic models were conceived in the mid-two-thousands and

have been iterated on for over a decade, due to increasing complexity without signif-

icantly improving convergence in results thus they are arguably reaching a plateau in

usefulness. During this time the amount, quality and availability of comparison data

have significantly increased. As the models have matured they have been continually

added to with many physical prescriptions to match a wide variety of observations. De-

spite this, several models still struggle to reproduce the basics of galaxy evolution such as

the evolution of the stellar mass function [71], or it can be found that different flavours

of model can produce disparate results [72]. Here we briefly discuss two models that

represent state-of-the-art in semi-analytic galaxy modelling.

1.4.2.1 GAEA

The GAEA model is a good example of a mature semi-analytic model, originating from

the seminal work modelling assembly of BCGs by De Lucia and Blaizot [73]. It has

subsequently been updated many times in 2008 (De Lucia & Helmi) 2010 (Li et al.)

2014 (De Lucia et al.) and Hirschmann et al. [74] (see references within). One of the

latest renditions of this model based on that of [75] and updated in [76], this version
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of the model includes a description of quasar driven winds in an effort to reproduce the

size-mass relation for both early and late-type galaxies.

1.4.2.2 SHARK

The SHARK semi-analytic model represents an attempt to keep the field of semi-analytic

models in line with current software engineering best practice. The release paper [77]

carefully details the physical prescriptions and modularity that defines the code. SHARK

is designed to be flexible and modular and takes pride in being the most accessible open-

source code available. In Lagos et al. [77] the authors show the baseline performance

of SHARK to be as good as or exceeding other semi-analytic models in the mass-size,

gas-stellar mass and stellar mass-metallicity relations. The flexibility of SHARK is then

demonstrated in Lagos et al. [78], where SHARK is modified to use different dust mass

models to match spectral energy distribution observations of galaxy emission from the

far-UV to the far-IR.

1.4.3 Drawbacks of Semi-Analytic Modelling

A major feature of Semi-Analytic modelling is the number of parameters that can be

tuned to reproduce observations. For example, the default SHARK configuration has

over 50 input parameters included7. Whilst the breadth of these parameters allows for

semi-analytic models to produce fits to a wide range of observational properties, they

also inevitably present serious degeneracies, thus obscuring the actual significance of the

specific physical processes assumed in input [79, 80].

1.5 Semi-Empirical Modelling

Semi-empirical models similarly to semi-analytic models are often built on numerical or

analytical dark matter merger trees [33]. A semi-empirical model uses a set of observa-

tions as inputs to build the model upon and another set of observations to constrain the

output. For example, many semi-empirical models us the stellar mass function to cali-

brate the mass and mass growth of galaxies. In brief, this is achieved by comparing the

relative abundances of dark matter haloes and observed galaxies. Under the assumption

that galaxies reside in parent haloes that share a similar number density, an analytic cor-

relation between halo mass and stellar mass is determined [81, 82]. This process is called

“abundance matching” and is explained in greater depth in Section 2.4.2. When used

correctly, abundance matching ensures that semi-empirical models recreate the observed

distributions of galaxies over many redshift epochs. By using the growth of dark matter

haloes, merger trees, and abundance matching the need for modelling of galaxy mass and
7Many of there parameters can be highly constrained by priors and the following applies to where

non orthogonal parameters are not well constrained
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growth is removed via empirical constraints. Constraining galaxy masses and/or other

properties via observations significantly reduces the modelling parameter space compared

to hydro-dynamical or semi-analytic models. A reduced parameter space increases the

transparency of the model by making the effects of the other parameters more clear. By

empirically fixing properties that may not yet have clear constraint or physical mecha-

nism, or those properties that are not of interest to the current simulation, semi-empirical

models are able to focus on the reproduction of a singular or small subset of properties.

Since their inception, semi-empirical models have grown in complexity and in doing so

have naturally increased the number of modelling parameters. As the complexity of the

models is controlled by observational priors and the model should be internally consistent,

and thus it is possible to accurately probe very specific aspects of galaxy formation. It

is, however, possible to create SEM where the observational priors, and by extension

the model, are internally inconsistent, i.e. one or more of the observational inputs do

not agree. An example of such inconsistency can be found in the observed stellar mass

function and the observed star formation rate. The time integral of the star formation

rate predicts far more stellar mass growth than is predicted by the observed growth of

the stellar mass function [83, 84]. If these two empirical properties were included in a

semi-empirical model then the model would be internally inconsistent. However, the

semi-empirical model could use the stellar mass function as an input to show the implied

star formation rate without needing the conflicting measurement to form a physical part

of the model. Similar yet unappreciated effects involving systematics in galaxy assembly

make up a significant part of Chapters 4 & 5.

1.5.1 State of the art

Here we describe three state-of-the-art semi-empirical models. Each of the models de-

scribed here has a radically different approach to semi-empirical modelling. They are

each constrained by observational priors and make predictions about the buildup of mass

in galaxies through mergers and star formation rate. The range of approaches show the

flexibility and the agreement between models show the power of the empirical approach.

1.5.1.1 Rodríguez-Puebla et al. [2]

In the model presented in Rodríguez-Puebla et al. [2], the SMHM is constrained using

the 2-point correlation function and the evolution of the SMF. Using these constraints to

predict the growth of galaxies instead of using SFR the inconsistency between observed

SFR and SMF evolution is avoided. The main result of this paper is valuable constraints

on the SFR and quenched fraction of galaxies in multi-parameter space, in both halo

mass - redshift and stellar mass - redshift as shown in Figure 1.6.
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Figure 1.6: In this figure, the relationship between mass redshift and the star forma-
tion rate is shown. The black lines show the ‘galaxy mass tracks’, the average path of
the galaxies through M∗-z space. The colour shows the star formation rate associated
with an average galaxy at that point in M∗-z space. The dotted and dashed lines show
the location where a percentage of galaxies (as labelled) have been quenched. Image is

used with permission from: Aldo Rodriguez Puebla [2]

The key message from Figure 1.6 is that most stellar mass is built up in place at high

redshift as the mass growth below redshift z < 1 is a few per cent. In Rodríguez-Puebla

et al. [2] it is also shown that massive galaxies then quench at the point where the sSFR

is equal to the specific halo mass accretion rate which happens at Mvir ∼ 2 × 1011M�,

this point is shown on the figure as the dotted/dashed lines where it can be seen that

the SFR rapidly decreases.

1.5.1.2 Emerge

Emerge, presented in Moster et al. [17], builds upon N-body dark matter simulations.

From the dark matter simulation each halo is tracked with its growth history and relation

to other haloes. Emerge works under the core assumption that galaxies grow in con-

junction with the dark matter haloes they reside in. This is achieved through coupling

the star formation rate of each galaxy to the accretion rate of the host dark matter halo

parameterised in the following way,
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log10M1(z) = M0 +Mz(1− a) = M0 +Mz
z

z + 1
,

εN(z) = ε0 + εz(1− a) = ε0 + εz
z

z + 1
,

β(z) = β0 + βz(1− a) = β0 + βz
z

z + 1
,

γ(z) = γ0,

(1.5)

where M , εN, β and γ are respectively the characteristic mass, efficiency normalisation,

low mass slope and high mass slope. Each parameter has a value at redshift zero given by,

e.g. M0, and, with the exception of γ, a redshift evolution coefficient given by, e.g. M0.

Additional parameters are included controlling for example; the point at which satellite

galaxies are disrupted returning all mass to the ICM, the fraction of mass ejected to

the ICM during a merger, and quenching parameters from Wetzel et al. [9], e.t.c. The

fractions of ‘in-situ’ vs ‘ex-situ’ mass build up are computed and fit by,

facc(z) = f2 exp [−f1(z + 1)] (1.6)

as well as the star formation histories that are fit by,

log Ψ(z) = − log
[
Ψ1(z + 1)−Ψ2 + eΨ3(z+1)−Ψ4

]
(1.7)

.

Similarly to Rodríguez-Puebla et al. [2] it is found that stellar mass is built up in-situ

until a breakpoint at 1.1 × 1012M�. Above this point, larger galaxies may then accrete

a significant proportion of their mass.

1.5.1.3 UniverseMachine

UniverseMachine [6] is built on a background of halo merger trees extracted from the

Bolshoi simulation [41, 85], using the rockstar halo finder and the Consistent Trees

codes [44, 86]. There are 21 modelled outputs with 44 tuning parameters and 6 priors.

Using a Markov Chain Monte Carlo the parameters are fit to a large set of observations

though the algorithm depicted in Figure 1.7.

UniverseMachine works by iterating over three key steps:

• Parameter selection and probability distribution generation. This step phase sam-

ples a subsection of the parameter space and computes the associated star formation

probabilities that exist within it. (Fig. 1.7: 1 & 2)

• Mapping into and integration along halo merger trees. The SFR distributions are

mapped into haloes and integrated forward in time along the halo merger trees to

estimate central galaxy masses. (Fig. 1.7: 3 & 4)



Chapter 1. Introduction 22

Figure 1.7: This figure shows the iterative process used by the Markov Chain Monte
Carlo in UniverseMachine. As described by the labels in the figure relations from
the empirical parameter space are chosen (1), giving a SFR distribution (2). The
distribution is mapped into haloes (3), the SFR is integrated along the merger histories
to infer the galaxy growth (4). Observable features are produced (5), and observational
bias corrections applied (6). Finally, this is compared to the data and the likely-hood
of the parameters produced and new parameters picked accordingly. Image used with

permission from: Peter Behroozi [6]

• Observable simulation. A set of observables are then extracted from the galaxy

population and given simulated observational errors. These are then compared to

data and the likelihood of the parameters chosen in the first step calculated. (Fig.

1.7: 5, 6, & 7)

This model is massively parallel allowing for over 105 cores involved in any given pa-

rameter estimation. The model has parametrisation levels approaching that of a Semi-

Analytic model however produces numerous predictions included in which are ‘in-situ’
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vs ‘ex-situ’ growth ratios which are in broad agreement with other models.

1.5.2 Limitations of the empirical technique

Semi-empirical models, as demonstrated above, come in many different flavours. Whilst

data is what empowers semi-empirical models, it also presents one of semi-empirical mod-

els major limitations. Having wide and deep data sets which give statistically represen-

tative samples via large volumes to high redshift is difficult and costly. Most techniques

involve correcting data sets and surveys to be consistent with one another creating a

patchwork connecting the local and distant Universe. Semi-empirical models will con-

tinue to improve along with the available data. However, when built upon traditional

dark matter simulations they will share the volume constraints found in semi-analytic

and hydro-dynamical models.

1.6 Direct Model Comparison

In this chapter we compare several different modelling techniques and discuss specific

examples in terms of volume, resolution and number of modelling parameters. In Table

1.1 we quantitatively show the differences between steel [19–21], Rodríguez-Puebla

et al. [2], Universe Machine [6], Somerville et al. [22]8, and TNG [23]. As described in

the prior sections of this Chapter each ‘flavour’ of galaxy model uses/interprets volume,

resolution, and modelling parameters differently. So in many cases the direct comparisons

between quantitative descriptors must be caveated by considering the models in question.

1.7 Galaxy Surveys Present and Future

Galaxy surveys are the cornerstone of semi-empirical galaxy modelling. Combined with

dark matter simulations they form the basis of abundance matching. Other properties

such as star formation, colour, shape, size, position, e.t.c., can all form constraints for,

either inputs or outputs, of semi-empirical models. It therefore stands that improving

the quality of models is predicated on improving the quality of the data.

1.7.1 Past and Ongoing Surveys

The galaxy surveys essential to semi-empirical models come in two forms ‘wide’ and

‘deep’. Wide surveys look to cover a large area of the sky to get a statistically significant

sample of the galaxy population. Deep surveys cover a much smaller area but use longer
8 To determine the ‘true’ number of prameters it is required to communicate directly with the

researchers who built or worked on the model. Many parameters may not be reported as they are ‘hard
coded’, thus to determine these numbers the authors of each model were contacted but unfortunately
not all were able to respond.
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Model Method Volume Mpc3 DM Halo
Resolution
M�

Parameters
(free) (con-
strained)

steel Statistical
SEM

N/A (Statis-
tical)

Arbitrary 15-30 (1-5)
(14-29)

R-P+2017 SEM 250 - 1000
h−1

9.6 × 107 -
8.7× 109

18 (18) (0)

UniM SEM 250 h−1 1.6× 108h−1 46 (44) (2)
Somerville+08 SAM N/A (Press

Shecter e.g.
Parkinson
et al. [51])

1010 (1011

smallest root)
No response
see Footnote
8

TNG (50, 100, 300) Numerical 51.7, 110.7,
302.6

4.5 × 105,
7.5 × 106,
5.9× 107

135 (102) (33)

Table 1.1: A summary of different codes [2, 6, 19–23] in terms of method, volume,
resolution and modelling parameters.

exposures to observe much fainter objects. The trade-off between width and depth is

visualised by a simple example in Figure 1.8. Tight surveys collect more photons per

unit area and can, therefore, see to a greater depth.

Figure 1.8: A simplified visualisation of how a trade-off is made between width and
depth in surveys. Given two observation areas, the telescope is able to pick up galaxies
to a much greater depth in narrow observation. By spending more time on one area
of the sky the telescope can pick up more photons and therefore observe to a greater

depth.

In addition, larger galaxies are significantly brighter (the example in Figure 1.9 uses two
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galaxy size examples). The smaller galaxies can be observed to the solid line and the

larger galaxies to the dashed line. The telescope observes 6 small galaxies and 5 large

galaxies, however as the larger galaxies are brighter and can be seen to a greater depth.

Corrections are therefore made to the number density of galaxies based on the depth that

the galaxy can be observed to. In the 2D example from Figure 1.9 the small galaxies can

be seen in an area given by the solid area which we can call 1 unit2 the larger galaxies

can be seen in an area given by the dashed area that is 4 unit2. In this example, the

smaller galaxies have a number density of 6 galaxies p.u. area, the larger galaxies 1.25

galaxies p.u. area.

Figure 1.9: A simplified visualisation of how the brightness of galaxies affects the
observation depth. The smaller, dimmer galaxies can be seen in the solid cone, larger

and brighter galaxies can be seen up to the limits of the dashed cone.

For each galaxy luminosity observed in a survey, a correction must be made for the

total depth it could have been observed to and the associated volume. In this way, the

volumetric density correction can be calculated for each galaxy in a given survey.

1.7.1.1 Sloan Digital Sky Survey (SDSS)

The Sloan Digital Sky Survey (SDSS) is arguably the premier wide survey for galaxies.

SDSS started in 1998 with the mission to catalogue and map as much of the universe as

possible. The latest release of the fourth phase is SDSS-DR19 [87] now includes one-third

of the night sky, it covers (u,g,r,i,z) wavelengths, has over 1.2 billion objects including

over 200 million galaxies.
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1.7.1.2 CANDELS

CANDELS (The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey)

observed galaxies in the redshift range z = 8 to 1.5. CANDELS uses three Hubble

Space Telescope (HST) cameras to capture emission from mid-UV to near-IR for 250,000

galaxies. The primary goals of this survey of interest to this thesis is the observation of

the peak of star formation and AGN activity at z ' 2 [88].

1.7.1.3 COSMOS

COSMOS: The Cosmic Evolution Survey is a 2 square degree survey covering many

wavelengths using a combination of observation from many space-based and ground-

based telescopes (Space: Hubble, Spitzer, GALEX, XMM, Chandra, Herschel, NuStar)

(Ground: Keck, Subaru, VLA, ESO-VLT, UKIRT, NOAO, Badde and Blanco, CFHT).

Combining the data allows COSMOS to create a rich view of the observed objects across

a huge range of wavelengths. COSMOS was designed to observe galaxy evolution across

cosmic time and understand the environmental effects of galaxies growing in groups and

clusters [89].

1.7.1.4 3D-HST

Using 248 orbits and 124 pointings the 3D-HST is a highly complementary survey ob-

serving 625 arcminutes of previously observed extra-galactic fields [90]. 3D-HST provides

spectroscopic redshifts for over 10,000 galaxies in the range 1 < z < 3.5. The survey

provides 22 bands of rest-frame colours used for the redshift catalogues, the UV-IR star

formation rates and, stellar masses. The primary science goal is to investigate the evo-

lution of galaxies at high redshifts and in combination with CANDELS be the primary

spectroscopic data set until the launch of JWST.

1.7.2 Future Surveys

Due to the pace of technological advancements and the difficult and expensive nature

of building (and launching in the case of space-based missions) telescopes, our current

survey telescopes are far behind what is theoretically possible. In this subsection two

of the next generation survey telescopes are described. Both are space-based missions

being launched into orbit at the second Lagrange9 point 4 times the distance between

the moon and the earth. The second Lagrange point is unique in its position as it sits

behind the earth and is therefore permanently in the earth’s shadow. This positioning is

ideal for satellites as it is also within the earth’s magnetotail and therefore experiences
9The Lagrange points are 5 distinct points in a gravitational two-body system at which an object can

remain at rest relative to the two major bodies. In these points, the forces of gravitational acceleration,
centripetal acceleration and for some points the Coriolis effect are all in balance.
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lower solar wind irradiation. The drawback of this point is that from here any faults that

are present at launch or develop during the operation of the missions will be permanent

as it is not possible to retrieve and/or fix objects sent to these points.

1.7.2.1 JWST [3]

The James Webb Space Telescope is a cold infrared telescope with a planned launch in

202110. Using multi-object near-infrared spectroscopy JWST will be able to take spectra

for 100 galaxies simultaneously. Galaxies will be observed in the redshift range 1 < z < 7

covering the peak of cosmic star formation and much of their early formation. JWST

is an infrared survey is particularly suited to probe the star formation of galaxies, the

buildup of the Hubble sequence, the formation of metals, or the effects of starbursts [91].

1.7.2.2 EUCLID

The EUCLID satellite will carry two instruments VIS & NISP. Between them they will

cover from 500nm to 2000nm wavelengths down to the 24th magnitude, providing images

of galaxies up to redshift z = 2. Euclid will survey 15,000 deg2 of the sky and then per-

form a deep survey covering 40 deg2 to 2 magnitudes deeper. The primary mission goals

of Euclid are to address open questions on dark matter, dark energy, cosmic expansion

and the formation of large scale structures [92]. To address these questions galaxies will

be used as tracers of dark matter that providing tests of cosmological models. To achieve

this goal the EUCLID pipeline will contain advanced galaxy cluster detection algorithms

[93].

1.8 steel

There are several outstanding issues in galactic astrophysics that the models and tech-

niques described in this section are not able to comprehensively address. In this thesis,

we will describe the development of steel as a tool to be able to directly address these

issues by introducing a new modelling paradigm.

Firstly, we address the reproduction and evolution of the full stellar mass function history,

including satellite and central galaxies over a wide range of masses. This has proven

problematic for semi-analytic models [71] and is essential to understand how galaxies

have grown over cosmic time. The importance of the full SMF reproduction is highlighted

in Chapter 2 where we show how steel as an empirical model reproduces this by design.

The generation of full satellite galaxy distributions is shown in Chapter 3 and compared

to the distributions of satellites locally and at high redshift.
10Correct at time of writing, JWST has some notoriety for pushing this date back
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Secondly, in-situ (internal mass growth) vs ex-situ (mass growth from cannibalisation of

other galaxies) invites several open questions: The total amount from each source, the

characteristic mass at which galaxies switch from one mode to the other, e.t.c. [6, 17, 94–

96, e.g.]. We use the empirically generated/constrained environments from Chapter 3 to

add constraints to these questions in Chapter 4.

Additionally, the selection of galaxy pair fractions and their evolution with redshift is in

contention (Mundy et al. [4], Man et al. [97]). It is unclear if the pair fraction increases or

decreases with redshift, which has implications for our ability to observationally estimate

the galaxy merger rate. In Chapter 5 we show a systematic analysis of how the choice

of stellar-mass estimation propagates into observed pair fractions.

Finally, the rate and significance of galaxy-galaxy mergers as predicted by ΛCDM hierar-

chical assembly is a source of debate [e.g. 32, 65, 98–100]. A core prediction of mergers is

that they drive the morphological change seen in galaxies between high and low redshift

[e.g. 101–103]. To conclude, in Chapter 5 we use the statistical merger rate obtained

from steel alongside a statistical representation of several morphological change mod-

els that are driven by mergers. The results of these models are then compared to the

morphological fractions in the local universe.

1.9 Original Sources

A large fraction of this thesis is a restructuring of three papers published during PhD

studies by PJG. The papers are:

• ‘A Statistical Semi-Empirical Model: Satellite galaxies in Groups and Clusters’

Grylls et al. [19], hereafter Paper I

• ‘Predicting fully self-consistent satellite richness, galaxy growth and starformation

rates from the STastical sEmi-Empirical modeL steel.’ Grylls et al. [20], hereafter

Paper II

• ‘The significant effects of stellar mass estimation on galaxy pair fractions.’ Grylls

et al. [21], hereafter Paper III

Each chapter, including the introduction and conclusion, may contain work from all three

sources however the major sources for each are as follows: Chapter 2 reports primarily

from Paper I where the method was originally published, updates to the method from

Paper II & Paper III are also included. Chapter 3 restructures the discussion of galaxy

distributions from Paper I & Paper II. Chapter 4 presents the critical finding published

in Paper II and contextualises the main result in greater detail. Finally, Chapter 5 details

the results from Paper III and a work in preparation by SP for which PJG has acted as

a supervisor in conjunction with FS. Where possible text and figures are reproduced in
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original form, however substantial reordering, alongside edits and additions have been

selectively made to show how the work produced over PJG’s candidature relate to one

another and the wider field as well as to improve the ‘narrative’. The papers are produced

in full in Appendix D.





Chapter 2

Method

“Now, I return to this young fellow. And the communication I have got to make is, that

he has great expectations.” Charles Dickens 1861 - ‘Great Expectations’

2.1 Why do we need a new modelling technique in galactic

astrophysics.

In this thesis, we propose a new modelling technique further diversifying the range of

semi-empirical models already used in the field. With the breadth of simulations and

techniques already used, any additional models must justify their existence by showing

they can succeed where others cannot. Whilst the heavy parameterisation in hydrody-

namical simulation’s sub-grid processes and in semi-analytic models presents a challenge

to the clarity of such models, a major limitation of all the galaxy modelling techniques is

the trade-off between volume and resolution. So far this limitation has severely limited

the ability of models to constrain against the massive galaxy population. The reliance

on discrete haloes from merger trees or N-body simulations limits the number of massive

galaxies simulated in more traditional models, limiting the ability of models to compare

with observations of massive galaxies found in comprehensive surveys.

steel has been designed as a complementary tool to the other galaxy models. In this

chapter we describe the gaps in the current modelling space and the design choices in

steel designed to address these gaps.

2.2 Designing to specification.

2.2.1 Volume vs. Resolution

The trade-off between volume (or the number of galaxies) and resolution (the smallest

element explicitly realised in the simulation) stems directly from computational limita-

tions. High-resolution simulations resolve orders of magnitude more small haloes than

31
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large, below 1013.5 the halo number density increases by about one order of magnitude

per decreasing decade in halo mass (left panel Figure 1.2). Due to the limited compu-

tational resources available to a simulation, there is an upper limit to the total number

of haloes/galaxies that can be simulated. Either increasing the volume or lowering the

resolution will increase the total number of galaxies simulated, and therefore one must

come at the expense of the other. In Figure 2.1 this is visualised showing the Baryon

Mass Resolution against the Number of Galaxies for many hydrodynamical simulations.

The parallel diagonal lines running from top left to bottom right are lines of constant

particle number which, when all other factors are constant, will correspond to compu-

tational power. The two shaded boxes show the simulations that explore two modelling

regimes:

• The “zoom in”, where resolution is favoured allowing for the analysis of small galax-

ies/haloes and the structures of larger galaxies/haloes.

• The “box”, where a box of a given volume is simulated to probe the large scale

structure of the Universe at the expense of resolving smaller galaxies and haloes.

Semi-Analytic and Semi-Empirical models are also similarly constrained by volume and

resolution. Traditionally each uses merger trees which can either be generated analyti-

cally or extracted from an N-body simulation. Models using N-body simulations directly

inherit the volume vs. resolution trade-off shown in Figure 2.1, and models using ana-

lytically generated merger trees must choose a minimum ‘resolved’ halo mass which will

dictate the number of haloes in each tree and thus set limits on the total number of trees.

However, models using merger trees have one additional level of flexibility: they can have

a minimum subhalo mass and a minimum central halo mass. This provides flexibility

in what can be simulated, by flexibly ‘pruning’ the tree and removing (sub)haloes we

can adapt the halo background we are using to focus computational power on important

features.

steel has been specifically designed to overcome the limitations of volume and mass

resolutions using a “Statistical Dark Matter Accretion history” described in full in Section

2.3.1. In brief, the statistical accretion histories follow the average growth of a given mass

of halo backwards in time from z = 0. At each time-step t, the average number of infalling

subhaloes to a given halo growth history is calculated by comparing the USHMF at t

and t +∆t. The lifetime of subhaloes controlled by the input dynamical timescales. The

advantage of calculating the subhalo accretion in this way is that the prerequisites are

only the average halo mass growth and the USHMF, each of which has been analytically

defined [104, 105]. steel, therefore, simulates massive haloes and small haloes on equal

footing and is able to produce massive rare galaxies in the same run as smaller galaxies

with the same precision.
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Figure 2.1: In this figure, the positions of several simulation is volume-resolution
space is shown. The vertical axis is baryon mass resolution or the size of the elements
in the simulation. The horizontal axis is the simulation volume (shown on the top)
which correlates with the number of galaxies (shown on the bottom). The faint grey
lines running from top left to bottom right are lines of constant particle number. The
two shaded boxes in the top left and bottom right show respectively the zoom and box
simulation regimes. Coloured shapes are galaxy simulations as labelled. Image used

with permission from: Illustris-TNG Project, Nelson et al. [7]

2.2.2 Flexibility through stability

Hydrodynamical and Semi-Analytic models are tuned for two reasons. The first is for

stability, these models have tens of parameters acting in the sub-grid for hydrodynamical

or as the primary modelling tool for semi-analytic models. The issue stems from multiple

parameters each contributing to one galaxy variable, changing one parameter ripples

throughout the model. In abstract consider a model with two parameters, α that controls

a galaxy mass with a secondary effect on the size, and β that controls galaxy colour with

a secondary effect on galaxy mass. Changing β with the intent of modifying the colour

of galaxies will force a reaction in α to compensate for the change in mass and then

propagate into the size of galaxies. Secondly, the tuning allows fits to observations,
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the models are given freedom in their parameter sets to fit many galaxy properties at

the same time but due to the overlap in what each physical assumption can control

this leads to degeneracy in parameter space. To complicate comparison further, some

models have more physical routines than others resulting in models and parameters in

the less complex model compensating for this missing physics. The diversity in models

and the diversity introduced by different tuning data has been extensively discussed in

the literature [106–108].

This degeneracy has in some part been addressed by semi-empirical models. Fundamental

variables, such as galaxy stellar mass, are set using observationally-based techniques such

as abundance matching (Section 2.4.2), which remove the reliance on the physical models

and parameters that are required to generate this quantity in more comprehensive/ab-

initio models. It is of note that an empirical model sets this observation and often locks

the non orthogonal parameter. The degeneracy may not be physically gone simply its

ability to obscure other physics in the model.

‘Bottom-up’ modelling like this gives semi-empirical models the ability to use dramat-

ically reduced parameter spaces and also reproduce essential observables, such as the

central stellar mass function, by design. Additional physical models are added only

where necessary, creating tight constraints for the core of the model and severely limit-

ing possible degeneracies. In the semi-empirical framework, additional physical processes

and associated parameters can be added in a modular fashion. For example, Shankar

et al. [34] added an analytic recipe for the size evolution of galaxies onto a network of

dark matter merger trees in which central and satellite galaxies were assigned via abun-

dance matching techniques. In the Shankar et al. [34] SEM, the addition of the “size

evolution” block, is completely independent of the core features of the model, namely

the mass evolution of galaxies, which is fully controlled by the dark matter assembly

and the input SMHM relation. This modularity of SEMs prevents degeneracies which

often affect more complex, multi-parameter models. Semi-empirical models can use this

to great advantage testing, for example, multiple size evolution models on one assembly

background without the need for re-tuning or fear of disrupting the essential results. In

this thesis, we extend this idea of empirical stability and flexibility further. In STEEL

the backbone is of statistical nature, in which the different additional physical processes

are expressed in the form of probabilistic models. These models are entirely modular

and their impact on the final outputs can be individually analysed.

It is noteworthy that some hydrodynamical cluster simulations are beginning to use a

technique where haloes/galaxies are “genetically modified”. These methods run a simu-

lation multiple times and make slight adjustments to the initial conditions such that the

models are nearly identical. For example, a change may be made to the distribution of

dark matter to preference a larger merger mass ratio without changing the total simula-

tion mass. This is a highly complementary and powerful technique that is yet to be fully
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realised [109].

2.2.3 Consistency

It is well documented that reproduction of the stellar mass function at multiple epochs

has been a challenge for semi-analytic models [71, 108] and hydrodynamical models (al-

though major improvements have been seen recently, for example, Illustris vs Illustris

TNG [23, 110]). This has not, however, prevented the authors of such models, partic-

ularly SAM, from making bold claims about the successes of their models in terms of

morphology and mass assembly without providing a rigorously constrained stellar mass

function history [e.g. 22, 32]1.

A simple analogy that highlights the issue determining galaxy assembly physics without

a properly constrained stellar mass function history is as follows: A kettle modelled at

temperature A is cooled under an arbitrary physical model γ, to temperature B in time

T. If A is observed to be false compared to the data, and B is observed to be consistent

with the data, then the inference that γ is a correct physical model is baseless. Galaxy

models that fail to reproduce the stellar mass function at high redshift repeatedly invoke

this kind of logic when the z = 0 stellar mass function is reproduced. An overabundant

stellar mass function at high redshift that evolves to the observed stellar mass function at

low redshift, implies either lack of growth in the galaxy population to allow the observed

stellar mass function to catch up or over-merging of galaxies to reduce the total number

density. A semi-empirical model designed to faithfully reproduce the time-dependent

stellar mass function and the distribution of satellite galaxies as the foremost modelling

priority has a major advantage.

2.2.4 Speed

Speed is a critical ingredient in any model. Hydrodynamic models have run-times of

months using millions of CPU hours, and semi-analytic models constrain highly-multi

dimensional parameter space for thousands of merger histories. In each case, high speed

is critical to the models reaching conclusions in reasonable time frames. Semi-empirical

models are faster by design. Characterised by smaller parameter spaces, they can lever-

age more computational time to explore physical models or take advantage of larger

simulation boxes.

By using a “Statistical Dark Matter Accretion history” and forgoing discrete haloes/merger

trees steel’s run time is dependent on different factors to other models, notably the

width of the mass bins used for the halo and subhalo mass functions (which corresponds

to the resolution of haloes), and the computational complexity of any physical modelling
1A merger history matched to an observational merger history as provided by Hopkins et al. [32] is

insufficient as we show in Chapter 5 the methods involving pair fractions used to estimate these rates
have a large degree of systematic error.



Chapter 2. steel 36

routines. As steel is not tuning parameters in high dimensional space or applying

physical models one by one to thousands of discrete merger trees, it can instead leverage

computational power to test combinations of internal physical models or be run on more

modest, cheaper, and widely accessible hardware.

2.3 Modules and Methods

2.3.1 Statistical Dark Matter Accretion History

Fundamentally, the single most important element of steel and a large part of what

makes it unique, enabling an alternative view of galaxy formation problems, is the sta-

tistical dark matter accretion history . As described above, a large part of the power

of steel comes from the removal of discrete merger trees or haloes. We provide here a

discussion of N-body and processed merger trees building upon Section 1.2 followed by

a detailed description of how the statistical dark matter accretion history is constructed.

2.3.1.1 Traditional methods and merger trees

The state of the art in dark matter modelling is N-body simulations. N-body models

simulate billions of individual particles, computing the acceleration and updating the

position for each particle over thousands of time-steps. They calculate the evolution of

dark matter from the distributions that mirror that of the cosmic microwave background,

to the cosmic web of haloes and filaments inferred from observations of galaxies today.

The non-interacting nature of cold dark matter allows for only gravitational force to

be considered; therefore, modern dark matter simulations are able to leverage the mas-

sive power gains made recently in GPU computing allowing for ever larger and higher

resolution dark matter only simulations to be run.

The outputs of even the previous generation N-body dark matter simulations, such as

the Bolshoi simulation a snapshot of which is shown in Figure 2.2, total tens of giga-

bytes for individual 50 Mpc3 sections and terabytes to capture the whole 250 Mpc3

simulation. To use all of this information would be impractical for any galactic modeller

without access to high-performance computing hardware and a good understanding of

memory management. Furthermore, despite the excellence provided by halo-finders and

merger tree extractors such as rockstar [44] and the ‘consistent trees’ algorithm [86],

the merger trees are frequently not fit for use in models unless specifically built to handle

these inputs. Finally, as discussed by van den Bosch [104, 111, 112], the interpretation

of dark matter simulations is of vital importance: both the analysis tools and the funda-

mental design decisions taken when building the simulation, have systematic effects on

the outputs all which complicate comparison between simulation outputs, e.g. subhalo

statistics, velocity fields, etc.
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Figure 2.2: Snapshot of the 250 Mpc3 box of the Bolshoi Simulation. Brighter regions
indicate a higher density of dark matter. Note the clustered bright points connected
by large filaments. This structure is known as the cosmic web. Image credit: Bolshoi

Simulation http://hipacc.ucsc.edu/Bolshoi/Images.html

The choice of many analytic and empirical models to instead opt for analytically derived

Press Schecter trees that can be generated ‘on-the-fly’ or pre-processed comes from the

simplicity and flexibility afforded by this technique. However, trees generated in this

way are still affected by volume (i.e. number simulated) and resolution (i.e. size of the

smallest halo accounted for in any split) limiting there effectiveness.

2.3.1.2 State-of-the-art statistical method

The core principle of the statistical methodology is to treat parent haloes and satellites

galaxies/haloes as “average” populations, avoiding the issues with volume and resolution

as described previously. Furthermore, by relying on the capabilities of the halo finders
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Figure 2.3: We show the main steps in building the statistical dark matter accretion
history for STEEL. Each panel shows a feature from a traditional merger tree and the
statistical function used to replace it. A: The HMF is used to calculate the number
densities of central haloes. B: Average mass growth histories are used to calculate
the size of each mass bin at previous epochs. C: The (unevolved) SHMF is used to
populate each central at each redshift with subhaloes. D: The average number densities
of accreted subhaloes at each epoch are calculated by taking the difference between each

mass bin of the (unevolved) SHMF at consecutive redshift steps.

to account for the often complex histories as discussed in Section 1.2, we avoid the

issues caused by such re-accreted or backsplash haloes. Here we detail the step-by-step
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construction of the statistical dark matter accretion history complemented with a graphic

representation in Figure 2.3.

Central Haloes

We start by considering a fine grid of central dark matter haloes ranging from Mh =

1011M� to Mh = 1015M� at redshift z = 0. Their number densities are given by the

halo mass function (HMF) of Despali et al. [113], which is obtained using the COLOS-

SUS Python package [114]. COLOSSUS also contains spherical over-density conversions

required throughout this work, as well as many other halo mass functions which may be

switched to or from to test different cosmologies as the statistical dark matter accretion

history is theoretically independent of may of the choices.

The halo mass function provides the number densities of haloes in a given mass bin

(Figure 2.3, Panel A). The average mass growth histories of all main progenitors in the

bin of halo mass [Mh,Mh + dMh] are then calculated using the analytic model from

van den Bosch et al. [104]2. This provides the average “main progenitor” branch of a

traditional merger tree for each mass bin at z = 0 (Figure 2.3, Panel B.)

Assigning Subhaloes to Parent Haloes

In order to predict the number of satellite galaxies, we must associate to each parent/-

central halo the number and mass of subhaloes they are expected to contain. To achieve

this we use the subhalo mass function (SHMF). The SHMF describes the expected distri-

bution of subhaloes of mass Mh,sat in a given parent halo of mass Mh,cent, as a function

of Mh,sat/Mh,cent. An average treatment of subhaloes is supported as it has been found

that over a range of host masses [115] and cosmologies [105] the subhalo pospulations

are simmilar. Multiple definitions for the SHMF exist depending on the way a subhalo

is defined. In this work, we use two definitions of the SHMF. The first is the unevolved

SHMF (USHMF), which describes the total subhaloes accreted over a parent halo’s life-

time. In the unevolved SHMF any merging or stripping in the subhaloes occurring after

infall is ignored. Several groups have been able to constrain the unevolved SHMF using

the infall masses of subhaloes in N-body simulations [105]. In what follows, we use a

recent rendition of the unevolved SHMF by Jiang and van den Bosch [105], which is

calibrated against the Bolshoi simulation3.

The second definition we use in this work is the unevolved “surviving” SHMF (USSHMF).

Subhalo masses are assumed “frozen” at infall but the subhalo number densities can re-

duce compared to the unevolved SHMF as the unevolved surviving SHMF accounts

for subhalo disappearance due to merging with the parent halo. Subhalo merging
2This model further improves on the seminal work by Parkinson et al. [51], which was aimed at

reproducing numerical merger trees, optimised with small redshift steps minimising the development of
systematic errors at late cosmic epochs.

3We direct the interested reader to Jiang and van den Bosch [105] for further discussion of the
unevolved SHMF as well as of other SHMFs, such as the evolved SHMF where the number densities are
affected by both subhalo stripping and mergers.
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is due to loss of angular momentum to the parent halo via ‘Dynamical Friction’ de-

scribed in Section 2.3.1.3, and the analytic details of subhalo dynamical friction are

given in Section 3.2.1. We show in Figure 2.4 for a representative parent halo of mass

logMh,cent/M� = 12.80, the unevolved SHMF and three unevolved surviving SHMF

characterised by different dynamical friction timescales τdyn. Larger τdyn lead to a milder

reduction in subhalo number densities as subhaloes take longer to merge with the parent

halo. Lower τdyn are less effective in reducing the number densities of smaller subhaloes

which are more likely to have dynamical friction timescales comparable to or larger than

the Hubble time at z = 0.

Figure 2.4: Comparison between the unevolved SHMF (solid line) and three unevolved
surviving SHMF (dotted lines) for a parent halo of mass log Mh,parent [M�] = 12.80.
The factor ftdyn

is applied to the merging timescales of the haloes. Lower factors
correspond to lower unevolved surviving SHMF where more subhaloes have merged.

Average Subhalo Accretion

At each redshift step along with the mass growth histories, we calculate the unevolved

SHMF associated to the parent halo mass. This is equivalent to the substructure found

in traditional merger trees (Figure 2.3, Panel C). However, unlike traditional methods,

our statistical approach is able to probe “rare” subhaloes without running prohibitively

large volumes of merger trees.

For each time step we can now calculate a mass function describing the number density of

subhaloes accreted onto the population of central haloes in the halo mass bin [Mh,cent(z),
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Mh,cent(z) + dMh,cent(z)], which is computed by differentiating the unevolved SHMF

across two neighbouring redshift steps z and z + dz. In practice we can calculate the

average number density of subhaloes of any given mass Mh,sat that are accreted in the

redshift interval dz onto the main progenitor haloes with mass in the bin [Mh,cent(z),

Mh,cent(z) + dMh,cent(z)] as,

δUSHMF [z,Mh,cent,Mh,sat] =

USHMF
( Mh,sat

Mh,cent(z)

)
− USHMF

( Mh,sat

Mh,cent(z + δz)

)
.

(2.1)

In this way the unevolved subhalo accretion history (δUSHMF ) is retrieved for all main

progenitor haloes at all redshifts.

2.3.1.3 Dynamical Friction

Dynamical Friction is the process by which an object (particle) moving through a mass

‘field’ (or distribution of particles) loses velocity and increases the velocity of the field via

gravitational interactions. A simplified example is shown in Figure 2.5; the red particle

is initially moving to the left between two rows of particles of an infinite extent that

interact only through gravity (and only with the red particle). The particle in Panel A

receives an equal pull from all particles and therefore experiences no acceleration. The

black particles directly above and below the red are the most strongly attracted and

therefore move the greatest distance toward the red, with particles that are further away

moving less proportionally to their distance. By Panel B the red particle has moved to

the left and due to the previous effects now has more mass clustered it along the path.

The break in the symmetry exerts a net force on the red particle in the opposite direction

to its motion. In Panel C, where more black particles have been drawn behind the red

particle the effect is magnified and the resultant force strongly opposes the motion.

The thought experiment described above captures a number of the key features charac-

terising the dynamical friction process:

• The red particle experiences a ‘drag’ force induced by the particles it draws in

behind it, eventually losing most of its momentum.

• The particles are non-interacting aside from gravity, in line with the leading dark

matter theories.

• The energy of the red particle is dissipated into the velocities of the black particles:

The motion of a galaxy through a dark matter field increases the random motion

of the dark matter.

The main features missing from the thought experiment are:
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Figure 2.5: In this handmade cartoon, we depict a thought experiment to demonstrate
the process of dynamical friction. We show a red test particle moving through two rows
of black particles that are infinite in extent. The particles interact only through an
attractive force that reduces with distance akin to gravity. The black particles interact
only with the red particle and not with each other. The black particles start at rest and
the red particle starts with some arbitrary velocity to the left. Panel A shows the start-
ing configuration of the particles, the panels B and C show two theorised later states
of the system. For an animation of a simulation designed around this thought exper-
iment see: https://twitter.com/RSEGrylls/status/1229104848643198979 (made

and shared by PJG)

• The dark matter field is not uniform. It is a potential well with more mass in the

centre.

• The red ‘test’ particle is in-fact a distribution of masses that are gradually lost to

the field.

• The red particle moves in an orbit around the centre of the potential well and is

stripped of mass, velocity, and momentum.

2.4 Utilised Data

In this thesis we use the stellar mass functions defined below, along with the halo mass

functions, to constrain the SMHM relationship. In addition to the SMF, at high redshifts,

we use measurements of massive clusters to constrain the performance of the model to

reproduce the satellite galaxy distributions.

https://twitter.com/RSEGrylls/status/1229104848643198979
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2.4.1 Stellar Mass Functions

2.4.1.1 Low Redshift, z = 0.1

At low redshift we use the Sloan Digital Sky Survey Data Release 7 (SDSS-DR7) from

Meert et al. [116]. The data from the SDSS-DR7 spectroscopic sample [117] contain ∼
670, 000 galaxies fitted with a Sérsic + exponential model [PyMorph; 116] with associated

halo masses and central satellite classifications from [118]. The improved photometric

analysis by Meert et al. [116] provides more reliable estimates of the stellar mass function

at the high mass end which are more abundant than previous estimates [119, 120]. In this

thesis, the effect of the enhanced high mass end on galaxy assembly is investigated. We

compare to previous determinations of the stellar mass function using as an example the

de Vaucoulers [121] based cmodel fits from SDSS [117]. The latter definition of galaxy

stellar mass has been extensively discussed not to be accurate, partially due to incorrect

sky subtraction and adoption of non-ideal light profiles [122]. Bernardi et al. [120] have

clearly shown that the choice of light profile is not a simple matter of “semantics”. The

single or double Sèrsic models perform better in fitting the surface brightness of galaxies

independently of the galactic environment [116]. The performance is thus not related to

the inclusion of the intra-group or intra-cluster light in the fit [120].

2.4.1.2 High Redshift, z > 0.1

At higher redshift (0.3 <z <3.3) we use stellar mass functions from the COSMOS2015

catalogue [123]. Here masses are defined using spectral energy distribution fitting, in-

cluding ultra-deep infrared photometry. Davidzon et al. [123] use Bruzual and Charlot

[124] stellar population synthesis models to estimate stellar masses. As SED fitting is

notably different from light profile fitting, one cannot apply the same corrections as in

Mendel et al. [125]. Nevertheless, to match the mass-to-light ratios adopted by Mendel

et al. [125], based on the Bell et al. [126] mass-to-light ratios, we follow Bernardi et al.

[122] and increase the Davidzon et al. [123] stellar masses, based on Bruzual and Charlot

[124], by +0.15 dex. We note that the resulting z = 0.37 stellar mass function after this

correction is in remarkably good agreement with the z = 0.1 stellar mass function by

[122]. Our result also matches the findings by Bernardi et al. [119], who showed that,

by making use of the BOSS sample, the stellar mass function shows negligible number

density evolution up to z ∼ 0.5.

2.4.1.3 Cluster at z = 2.5, Wang+ 2016

The highest redshift cluster we compare to is a M200c = 1013.7M� halo containing 15

galaxies with M∗ > 1010M� at a redshift of z = 2.5. This cluster is reported in Wang

et al. [12], and we provide a brief description of the observation and data here. The
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cluster is observed using IRAM-NOEMA, VLT-KMOS, VLA, XMM-Newton and Chan-

dra for the spectroscopic observation and redshift determination. The galaxy masses are

determined assuming a Salpeter [127] IMF, which we correct to a Chabrier [128] IMF,

by decreasing the stellar masses by 0.24 dex. The halo mass (Mvir ∼ 1013.93M�) of the

cluster is estimated in three different ways, using the total X-ray luminosity, the velocity

dispersion of its member galaxies above M∗ = 1010.76M�, and the stellar richness of

the cluster 4. Given this object was a targeted cluster, we cannot estimate the cosmic

abundance (i.e, the number per cubic megaparsec). For analysis and comparison later in

this work, we assign this cluster an abundance of N(> M∗ = 1013.93) = 10−7.15 [Mpc−3]

which is estimated by integrating the halo mass function in the limits [1013.93, ∞], thus

providing an upper limit to the number densities associated to clusters of this mass.

2.4.1.4 1959 Clusters at z = 0.7 - 1.0, Wen & Han 2018

We compare to the cluster sample from Wen and Han [13], which contains 1959 clusters

from SDSS-DR14 [129] and the WISE survey [130]. The clusters are identified in the

W1 band, and foreground objects are removed using the SDSS photometric data. The

cluster mass and richness are estimated using the total W1 band luminosity within 1

Mpc of the central galaxy. As performed above, to each cluster we assign an upper limit

to their abundances from the cumulative integration of the halo mass function.

2.4.2 Abundance matching

In this work, we populate dark matter haloes with galaxies using the abundance matching

technique where galaxies are assigned to haloes by comparing the relative abundances

of galaxies and haloes. For example in Figure 2.6 the horizontal lines connect points of

constant number density between the HMF (red, top left) and the SMF (green, bottom

right). Halo/stellar masses with corresponding number densities are then used to define

a mapping between the masses. This connection is called the stellar-mass-halo-mass

(SMHM) relationship (black, bottom left).

The abundance matching used in steel extracts central haloes from the halo mass func-

tion from Despali et al. [113] obtained using colossus[114], and a subhalo mass function

subdivided by the redshift of infall generated from the statistical dark matter accretion

history used by steel. Subhaloes are assumed to follow the central SMHM relation at

infall. We simplify our abundance matching by using a frozen model such that baryonic

evolution after infall (stripping, star formation, etc.) is not included. The latter assump-

tion provides a good approximation as after infall the dominant factor determining the
4We note the velocity dispersions and X-ray luminosity estimations give the cluster mass as Mvir =

1013.73M� and the estimate given by mass richness is significantly higher Mvir = 1014.6M�. Whilst we
used the published average the lower cluster mass is in as-good or better agreement with model results.
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Figure 2.6: A cartoon to show matching the HMF (top left) and the SMF (bottom
right) via abundance; the mapping between stellar mass and halo mass, referred to as

SMHM relation, (bottom left) is created.

abundances of satellite galaxies is the dynamical time and not evolutionary processes

(Paper I).
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To fit stellar mass functions over multiple epochs we convolve our halo mass functions

with a parametric SMHM relation similar to that proposed by Moster et al. [131],

M∗(Mh, z) = 2MhN(z)
[( Mh

Mn(z)

)−β(z)
+
( Mh

Mn(z)

)γ(z)]−1

N(z) = N0.1 +Nz

(z − 0.1

z + 1

)
Mn(z) = Mn,0.1 +Mn,z

(z − 0.1

z + 1

)
β(z) = β0.1 + βz

(z − 0.1

z + 1

)
γ(z) = γ0.1 + γz

(z − 0.1

z + 1

)
.

(2.2)

In what follows we create SMHM relations using both the cmodel and PyMorph SMF

described in Section 2.4.1 at redshift z = 0 to constrain the parameters N, M, β, and

γ (normalization, knee, low mass slope, and high mass slope). We use only the central

stellar mass function, using the [118] central/satellite identification, and central halo

mass function. The fit is performed using a Markov Chain Monte Carlo (MCMC)5,

implemented using the python package emcee [132], over a large parameter space

(PM,N,β,γ) covering all four parameters. Given a point in parameter space PMi,Ni,βi,γi , the

stellar mass function is constructed using the halo mass function and the SMHM relation.

Each bin of the central halo mass function is associated with a Gaussian distribution of

stellar mass via the SMHM relation with scatter 0.15 dex. This distribution is multiplied

by the halo mass number density to convert to galaxy number density which is added to

the relevant stellar mass bins of the stellar mass function in construction. This operation

is then repeated overall mass bins of the halo mass function to produce the complete

central stellar mass function. For each point, PMi,Ni,βi,γi in the parameter space, the

stellar mass function associated to that point is compared via a likelihood function to

the observed stellar mass function to provide the MCMC with the probability that the

given point is the ‘true’ SMHM relationship.

In Figure 2.7 the above process is visualised. Stripes in halo mass function are selected as

shown in the left-hand plot and then again in the middle as red bands. By propagating

these bins of halo mass through the SMHM relation and associated scatter they each

create a Gaussian of stellar mass as shown by overlapping green shading in the middle

panel. Once weighted by the median halo number density they are added as green solid
5In actuality, the fit is first done by hand correcting parameters one at a time and visualised at each

step. In doing so an appreciation of the connection between parameter value, SMHM shape, and SMF
is built that promotes an in-depth understanding of the system and its caveats. Around the minimum
value, a brute force search is performed with various ranges and resolutions. This provides a test of the
fit estimator that will be included in the MCMC. Once the limitations of the method are known, building
the MCMC is more robust as sensible checks and balances are included. The MCMC will often provide
a solution close to the one found by the previous methods but we also include the robustness/errors
associated with the result.
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lines in the rightmost panel. Summing up each of the Gaussians an estimation of the

stellar mass is achieved. This animated figure is available at https://twitter.com/

RSEGrylls/status/1231279549704474624. From this figure we see several features of

the SMHM relation:

• From the visualisation, it can be seen that the scatter in the SMHM relation has two

major effects: Firstly, it can smooth out jaggedness introduced by the binning. One

should, therefore, ensure that the scatter parameter is not influenced by the size of

the binning to confirm results are physical and not numerical artefacts. Secondly,

the scatter dictates the size of the stellar mass Gaussian elements, it thus ultimately

controls the range of stellar masses within a given halo mass bin. The width of the

scatter has a second effect whereby lower mass halo bins can contribute to higher

mass stellar mass bins, a process routinely known as ‘upscatter’. Due to the greater

number densities of lower mass haloes, the upscatter effect can greatly impact the

number densities of massive galaxies. This can be seen at high stellar masses where

the peak of the stellar mass distribution sits below the previous distribution. This

is the reason the scatter and the high mass slope are degenerate parameters when

creating massive galaxies [133].

• It can be seen from the animated figure, or by tracing haloes of mass 1012M�

through the middle panel, that the knee of the SMHM relation is closely related

to the high mass cutoff in the SMF.

• Due to the fact that the high-mass slope of the SMHM relation is much shallower

than the low-mass slope, stellar mass distributions created are far more clustered,

and thus the high mass slope controls a much smaller range of galaxies than the

low mass slope.

We then fit to the Davidzon et al. [123] data both uncorrected and corrected for the

cmodel and PyMorph fits respectively (see Section 2.4.1 for details). At high redshift

we use the central and subhalo mass functions initialising satellites at infall as described

above6. For central haloes, the method is the same as detailed above. However, as we

use the total stellar mass functions at high redshift, we also include the total unevolved

surviving subhalo mass function in the abundance matching to account for the satellite

galaxies present in the observed SMF. We assume that a halo before infall hosts a cen-

tral galaxy; under this assumption we use the central SMHM relation to assign satellite

galaxy stellar mass at the point of accretion. For the latter, we must have information

about the redshift of infall for subhaloes. We obtain from steel the unevolved surviving

subhalo mass function as contributed by each redshift of infall. Each contributing part
6Ideally, as for low redshift, we would use the centrals only as we are primarily concerned with the

central SMHM relation. However, lacking a well-defined central stellar mass function at high redshift,
this method represents a reliable way to extend the model to higher redshifts.

https://twitter.com/RSEGrylls/status/1231279549704474624
https://twitter.com/RSEGrylls/status/1231279549704474624
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Figure 2.7: A cartoon to show how the ‘statistical’ approach can be taken to transform
a HMF to a SMF via number density propagation. From left to right: Halo mass
function with selected binning shown by shaded bands; The SMHM relation with the
halo mass bins shown as red bands and the associated stellar mass distributions shown
as green bands; The SMF with the Gaussian distributions from each halo mass bin
shown as solid green curves that are then summed to create the total stellar mass
function. An animated version of this plot made public by PJG can be found at

https://twitter.com/RSEGrylls/status/1231279549704474624.

Mn N β γ

cmodelz=0.1 11.91+0.40
−0.34 0.029+0.018

−0.013 2.09+1.21
−1.02 0.64+0.11

−0.10

cmodelzevo 0.52+0.24
−0.19 −0.018+0.005

−0.004 −1.03+0.049
−0.34 0.084+0.20

−0.14

PyMorphz=0.1 11.92+0.39
−0.36 0.032+0.016

−0.012 1.64+0.85
−0.73 0.53+0.11

−0.11

PyMorphzevo 0.58+0.15
0.19 −0.014+0.007

−0.006 −0.69+0.29
−0.36 0.03+0.154

−0.147

Table 2.1: The abundance matching results for the cmodel and PyMorph data. The
errors are the 16th and 86th percentile from the MCMC fiting.

is calculated using the SMHM relation at the redshift of infall and added to the central

stellar mass function using the same method as with the centrals. The total stellar mass

function is compared, at each redshift step available, to the data via the likelihood func-

tion to give the probability that the given point is the ‘true’ evolution parameters. The

abundance matching best-fit parameters and associated errors for both the cmodel and

PyMorph are given in Table 2.1, and plots showing the cross-sections of the parameter

space are shown in Appendix C.

In Figure 2.8 we show the results of our abundance matching to the PyMorph and cmodel

central stellar mass functions. The PyMorph fit is steeper above the knee compared

to either the cmodel or the Moster et al. [8] model fits, as expected given the larger

number density of massive galaxies found applying the Sérsic-Exponential model [eg.,

34, 134]. The low mass slope for both PyMorph and cmodel are almost identical as the

galaxies in this range are not affected by the photometric choice. Differences between

the fits from this work and Moster et al. [8] are due to our selection of using only central

https://twitter.com/RSEGrylls/status/1231279549704474624
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Figure 2.8: Left: The SMHM relation at redshift z = 0.1. The PyMorph (blue solid
line) and cmodel (orange dashed line) fits from this work are both for central haloes/-
galaxies, the fit from Moster et al. [8] (M13, red dotted line) is for all haloes/galaxies.
The grey band is the relation from Illustris TNG100. Right: Stellar mass functions
created using the central halo mass function and the three SMHM relations compared
to PyMorph (blue circles) and cmodel (orange triangles) central stellar mass functions.

The black squares are the stellar mass function from Illustris TNG100.

haloes/galaxies as opposed to the total population, and their stellar mass functions shown

in the right-hand panel, are therefore missing massive galaxies.

2.4.3 Continuity star formation rate

A substantial modelling problem arises from the continuity between the evolution of the

SMF and the observed SFR. The integral of the SFR over time, after correcting for stellar

mass loss, should be equal to the growth in the stellar mass function. However, if the

observed UV SFR is used to evolve high redshift SMF to lower redshift the result is a

local SMF which far exceeds what is independently observed. This discrepancy between

integrated SFR and observed SMF naturally implies that any model tuned to fit one of

the two observables will necessarily fail to match the other one.

The continuity star formation rate is a theoretical quantity calculated such that the

observed growth of the stellar mass function is conserved. As illustrated in Figure 2.9

by connecting two SMF at equal number densities at times ‘t’ and ‘t + ∆t’, the growth

in mass ∆M over the time ∆t is obtained. In the simplest approximation, the SFR is

equal to ∆M/∆t. However, the observed star formation rate is higher than this value.

As new stars are created a proportion of the mass is recycled through supernova ‘quickly’

in terms of cosmological time. This mass recycling given in Moster et al. [17] is used

to amend the star formation rate, the rate of stellar mass loss is calculate from FSPS

package from Conroy et al. [135, 136]. To account for the mass loss based on the entire

star formation history of the galaxy. The fraction of mass lost by a population of stars

over time τml is given by,
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Figure 2.9: The continuity approach connects at constant number density galaxy
populations across cosmic time. Between two epochs ‘t’ and ‘t + ∆t’ the SMF grows
differently at different number density. The mass difference, ∆M , indicated at three
number densities by black arrows is the expected mass growth for each population.

f(τml) = 0.05 ln
( τml

1.4Myr
+ 1
)
. (2.3)

Summing the difference in fraction lost in a time step δt for every star formation epoch

in the galaxies history (SFH) gives the mass loss rate (MLR),

MLR(t) =

∑t
t′=tinf

SFH(t′)(f [t′ − (t− δt)]− f [t′ − t])
δt

. (2.4)

The continuity SFR is therefore calculated to be ∆M/∆t + MLR. The final correction

made to this star-formation rate is that galaxies also accrete mass via mergers. This ac-

creted mass term (Macc) is prominent for massive galaxiesM∗ > 1011M�. The continuity

SFR at time t′ is then finally given by,

SFRcontinuity(t
′) =

∆M(t′)

∆t
+MLR(t′)−Macc(t

′). (2.5)

2.4.4 Empirical central galaxy growth

Using the stellar-mass-halo-mass (SMHM) relation and halo mass growth histories (HMGH)

we make an empirical (observationally-driven) prediction of the average central galaxy

growth. In Figure 2.10 we show in the top left the HMGH for two haloes Mz=0 =
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1014, 1012.5M�, the middle panel shows the SMHM, where the shading shows the extent

of the evolution of the median of the relation over the redshift range. Finally, the bottom

left shows the stellar mass growth history (SMGH) predicted by the latter two inputs.

Figure 2.10: The Halo Mass Growth Histories (HMGH, top-left) are propagated
through the redshift dependent stellar-mass-halo-mass relation (SMHM, middle) to
produce corresponding Stellar Mass Growth Histories (SMGH, bottom-right). The lines
illustrate matching points in redshift and the intersection with the SMHM relationship.

The width of the SMHM relationship shows the extent of evolution with time.

At several redshift epochs, the HMGH are connected to the SMGH following the colour-

coded lines. It is found the shape of the SMHM relationship is the primary factor that

dictates the shape of the SMGH.

By identifying for each growth history the redshift at which the central galaxy stellar

mass growth rapidly slows, z = 3 for orange and z = 1 for blue. We can trace the stellar

mass at this point to where they are in their HMGH and to their location on the SMHM.

For bothe the mass histories shown here, the HMGH is still increasing and the reduction
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of stellar mass growth occurs just before the ‘knee’ of the SMHM relation. This change

in the growth behaviour is thought to be an effect of active galactic nuclei suppressing

the formation of stars in a galaxy [e.g. 137, 138]. However, as the knee is a function of

halo mass, one could also attribute this to the halo mass at which infalling gas is shock

heated and can no longer efficiently accrete to the central galaxy [e.g. 137, 139].

2.5 Summary and Future

This chapter has outlined the core methodology of steel. For exact details of the

development of the methods, we refer the reader to the full papers in Appendix D. For

example, the continuity star formation rate in Paper I was derived by generating SMF

at subsequent time-steps and then following populations at consistent number density.

In Paper II the method was updated to instead follow the central dark matter growth

histories.

At its inception steel was a short test script used to test what the maximum number

of satellites in a halo could be using given a SMHM relation. The 75 line code in Section

2.6 is a recreation of the original script with additional formatting and commenting7.

2.5.1 Future Scientific Applications

steel, as it stands, has made exceptional contributions to galaxy assembly. Properly

developed as detailed in Section 2.5.2 it could unlock additional capabilities that would

open more scientific applications. For example:

• steel accurately captures the number densities of satellite galaxies in groups and

clusters, as shown in Chapter 3; a natural extension to this is assigning probabilistic

spatial information to these mock distributions to create estimations of traditional

clustering estimators such as the two-point correlation function.

• Including additional empirical routines, e.g. the MBH − σ relation, is both simple

thanks to the flexible design and would quickly produce further scientific results.

• Fitting new SMF will create different stellar-mass-halo-mass relationships that can

substantially alter results as can be seen in Chapters 4 & 5.

2.5.2 Future Development

As will be seen in the following Chapters (3, 4, & 5), the novelty of steel provides a

view on galaxy formation physics that can refresh and re-frame some ideas in the field.
7Note this script will not run as the SMHM relation called from SEM is not present neither are the

parameters to be sent to that script. The naming conventions are as originally used being a patchwork of
other scripts. trapz is a simple trapezium integrator that would also need to be replaced. This script is
unlicensed and only intended as a guide to the original thoughts that went into building the foundation
of steel
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However, as steel grew naturally from the proof of concept, it has now reached a stage

common to many large pieces of code where it requires a critical tear-down and refactor.

Developing steel efficiently is possible only for PJG and those trained by PJG without

a significant time investment, therefore a refactor to provide the following usability and

science benefits should be considered a priority.

• Development ease: A redesign of the software architecture will make the addition

of new modules easier important for retaining flexibility.

• Method: Many of the routines in steel involve weighted statistical distributions

(mostly narrow Gaussians) it would, therefore, be in the interests of the model

to redesign the methodology around an object-orientated approach that handles

many probability distribution convolutions by design.

• Speed: steel is much faster than most models, however, the choice of python

as the language has had certain drawbacks. Iterative processes are slow, for this

reason, the entire star formation module was written in cython a type defined

version of python that is pre-compiled into c. This process is both slow and

difficult. With a full refactor the choice of language and acceleration tools could

be more carefully considered with the end goals better defined.

• Science: Many requests have been made of steel by others recognising it as a

potentially revolutionary tool. Some are possible but hard, for example adding gas

fractions requires a 4th dimension to be added to the running/output data. Others

are (near)impossible under the current logic of the code such as creating partitions

in the central population and treating each population differently. These again

could be designed into a full refactor.

• Output: The data output from steel and the ‘post-processing’ modules require

significant refactoring. The simple initial models could save files by name with only

9(/18) parameter combinations that were of interest. This will not scale well and a

full rethink of the data handling, model launching, and output plotting is required

for significant future extensions.

• Integration: Relying on all the above steel has been proposed by PJG as a neces-

sary analysis tool for ensuring the self-consistency of future extra-galactic surveys.

Further details will be given in Chapter 6 and a technical outline can be found in

Appendix E where a 4-year fellowship outline of work can be found.
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2.6 Proof of concept

"""This is the original proof of concept for unevolved

SHMF creating the theoritical upper limit"""

import numpy as np

import matplotlib.pyplot as plt

import SEM # Module containing semi-empirical routines

#Subhalomass function parameters macc/M0

Unevolved = {

'gamma' : 0.22,

'alpha' : -0.91,

'beta' : 6,

'omega' : 3,

'a' : 1}

#Returns the Unevolved SHMF from Jiang, van den Bosch.

#Units are Mvir h-1

def dn_dlnX(Parameters, X):

"""

Caculates subahlo mass funtions

Args:

Parameters: Dictonary containg 'gamma', 'alpha', 'beta', 'omega', 'a'

X: m/M arrays desired subhalo/parenthalo

Returns:

dn_dlogX_arr: Numberdensitys per dex #N dex-1

"""

Part1 = Parameters['gamma'] * np.power(Parameters['a'] * X,

Parameters['alpha'])

Part2 = np.exp(-Parameters['beta'] *

np.power(Parameters['a']*X, Parameters['omega']))

dn_dlnX_arr = Part1*Part2

dn_dlogX_arr = dn_dlnX_arr*2.30

return dn_dlogX_arr # N dex-1

Binwidth_SDSS = 0.01

# Range of host halo massed to investigate linear will require weighting later
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CentralHaloMass = np.arange(12+ np.log10(h),

15+ np.log10(h),

Binwidth_SDSS) #Mvir h-1

# Range of satilite masses to investigate

# starting at 10^11 as we are looking for satilites above 10^10

SatBin = 0.1

SatHaloMass = np.arange(11+ np.log10(h), 15+ np.log10(h), SatBin)

# Makes m/M as required by our Jing et al

m_M = np.array([SatHaloMass - i for i in CentralHaloMass])

# Unevolved SHMF

# Runs the model from Jing

Out = dn_dlnX(Unevolved, np.power(10, m_M))

# Weight the output to the HMF(central)

Out_Weighted = np.array([thing*HMF_fun(CentralHaloMass[i]- np.log10(h))

for i, thing in enumerate(Out)])

# Abundance matching

StellarX = SEM.DarkMatterToStellarMass(SatHaloMass- np.log10(h),

0, Paramaters, ScatterOn = False)

# Masscuts

StellarX_10 = StellarX[StellarX > SatiliteMassCut]

# Integrates

Integrals = np.array([trapz(thing[StellarX > SatiliteMassCut], StellarX_10)

for thing in Out_Weighted])

# f=sum(Bin)/(sum(population)*binwidth)

AnalyticModel = Integrals/(np.sum(Integrals)*Binwidth_SDSS)

# Plotting

plt.plot(CentralHaloMass, AnalyticModel)

plt.savefig("./Figures/AnalyticMax.png")

plt.clf()

"""Proof of concept over"""





Chapter 3

Probing the origins of the satellite

galaxy distribution in central haloes.

With more purpose than the course your life was on

But if you haven’t seen the places you have come from

Then you haven’t seen how far you have come

In the bigger picture, there’s a star sixteen times fainter

In the bigger picture, there’s a course seventeen times straighter

In the bigger picture, there’s a dream eighteen times greater

And it’ll steer you like no other, in the bigger picture...

Stornoway - ‘The Bigger Picture’

3.1 Background

In the ΛCDM model of the universe growth of haloes is hierarchical. Haloes over time

acquire a substructure of accreted haloes. Given each halo is thought to contain a galaxy

at its centre the halo substructure implies that galaxies should be similarly arranged. The

potential application of this is that satellite galaxies situated can, therefore, be used as

tracers of dark matter and used to constrain the cosmological parameters within a given

ΛCDM cosmology. However, to be a reliable method of predicting the distribution of

dark matter and a good test of ΛCDM cosmology a robust model of the connection

between dark matter assembly and satellite galaxies is required.

In this chapter, we explore the ability of steel to reproduce satellite distributions over

multiple epochs. By exploiting the transparent nature of semi-empirical modelling and

the flexibility of steel we probe the impact on satellite galaxy distributions of changing:

the dynamical friction timescale, stripping of satellite stellar mass, and star formation

rate. In turn, probing the strength of these effects which are crucial to understanding

the nature of satellites and their mergers with central galaxies.

57
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3.2 Halo Structure and Dynamical Friction

To constrain the evolution of the subhalo/galaxy population we need to isolate which

subhalo mass bins from the unevolved subhalo accretion history have yet to finish their

dynamical friction timescale and thus have survived to following epochs. The sum of

all the surviving subhaloes (at each epoch) then yields the unevolved surviving subhalo

mass function (USSHMF).

3.2.1 Sub-halo Merging Timescale

A key parameter used to calculate the unevolved surviving SHMF is the “observability

timescale” (or survival time) of each subhalo mass bin [Mh,sat(z), Mh,sat(z)+dMh,cent(z)]

associated to a parent halo mass bin [Mh,cent(z), Mh,cent(z)+dMh,cent(z)]. This timescale

is equivalent to the merger timescale τmerge of a subhalo of mass Mh,sat in a parent halo

massMh,cent, which is extracted from numerical simulations and represents the (average)

time a subhalo “survives” orbiting within the parent halo. To calculate τmerge we use the

routines in Equation 3.1 derived from N-body simulations [64],

τmerge = (ftdynτdyn)
A(Mh,cent/Mh,sat)

B

ln(1 +Mh,cent/Mh,sat)
exp

(
C

J

Jc(E)

)(rc(E)

rvir

)D
, (3.1)

where A=0.9, B=1.0, C=0.6, D=0.1 [140]. The factor τdyn is given by [105],

τdyn = 1.628h−1Gyr
(∆vir(z)

178

)− 1
2
(H(z)

H0

)−1
. (3.2)

Our method of considering average halo mass and accretion histories does not permit

tracking single orbits and associated orbital energies. We assume instead an average orbit

circularity of 0.5 [141], thus reducing the dependence on the angular momentum and

radial components, J
Jc(E) and rc(E)

rvir
, to a constant. In other words, this approximation

is consistent with the approach of taking the average expected orbits of subhaloes at

fixed parent halo mass. The key parameter of our analysis is the factor ftdyn included

in Equation 3.1. The fudge factor ftdyn takes into account the systematic uncertainties

induced by numerical resolution effects in N-body simulations which are unable to resolve

the full merging timescales of subhaloes and/or the satellite galaxies they host [112].

The parameter ftdyn increases or decreases the dynamical times of “merging” satellites

enabling an exploration of the effect of dynamical time on the final number density

distributions of satellite galaxies at any given epoch.

3.2.2 Surviving Subhalo Population

At each redshift we use the unevolved subhalo accretion history and the observability

timescale τmerge to calculate the total ‘observable’ subhalo population associated with
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Figure 3.1: Example of the ‘total’ unevolved SHMF (solid line) and three ‘total’
unevolved surviving SHMF (dotted lines) corresponding to three different ftdyn

factors.

any given parent halo mass bin [Mh,cent(z), Mh,cent(z) + dMh,cent(z)], i.e. the unevolved

surviving SHMF (shown by the dashed lines in Figure 2.4). To compute the implied total

number densities of unmerged subhaloes with mass [Mh,sat(z), Mh,sat(z) + dMh,sat(z)]

at any redshift of interest we convolve the unevolved surviving SHMF with the HMF,

N(Mh,sat, z) =

∫
USSHMF

(
Mh,sat

Mh,cent

)
HMF (Mh,cent, z)dMh,cent. (3.3)

Figure 3.1 shows the total observable subhalo population for different ftdyn similar to

the SHMF in Figure 2.4. Furthermore, via appropriate abundance matching algorithms,

we can assign corresponding satellite galaxies to the unevolved subhalo accretion history

and obtain the distribution of satellites in a given parent halo mass bin [Mh,cent(z),

Mh,cent(z) + dMh,cent(z)] by assuming the satellites follow the same merging timescales

as their host subhaloes.

3.3 Observed Satellite Distributions

As shown in Equations 3.1 and 3.2 the dynamical friction/observability timescale is

dependent on the ratio of halo to subhalo mass. In Figure 3.2 in the left-hand panel the
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merging timescales for subhaloes falling into three different central masses at redshift

z = 3 are shown. In each case, smaller subhaloes, with lower mass ratios, have longer

merging times. To probe the effect of using an average orbital circularity of 0.5 the

analysis is repeated with the orbital circularity set to 0.9 and 0.1 the shading in Figure

3.2 shows the magnitude of these changes.

For subhaloes that are significantly under an order of magnitude of the mass of the central

halo, the merging timescales are longer then the age of the Universe and such objects

would still be present in halo structures today. Through the association of galaxies to

subhaloes, via the SMHM relationship at infall, we can repeat the exercise with satellite

galaxies. It is similarly found that small galaxies in massive haloes are the only galaxies

accreted at redshift z = 1.5 that are still orbiting local galaxies.

Figure 3.2: The range of merging timescales for a range of subhalo (left) and satellite
(right) masses when accreted at z = 1.5 onto three different host masses: log Mh,cen

[M�] = 12 (blue solid), 13 (orange dashed) and 14 (green dot-dashed). The shading
shows the effects of changing the assumed mean orbital circularity between extreme
values of 0.1 and 0.9. The dotted black line shows the time to redshift z = 0, i.e. the
minimum amount of time a satellite would need to survive to be observable in the local

universe.

In Figure 3.3 the practical effect of increasing the dynamical time is shown. Increasing

the dynamical time factor ftdyn to infinity, satellites will never merge with the central

and thus the left-hand panel shows the total buildup of satellites over cosmic time. In the

right-hand panel, with ftdyn = 1, we see how the population of satellites still observable at

z = 0.1 is built up over time. As expected from Figure 3.2, only recently accreted massive

satellite galaxies contribute to the observable population whereas smaller galaxies will

have a wider distribution of accretion times. Notably, there are no galaxies, within our

mass ranges, accreted before redshift z = 2 that remain observable at redshift z = 0.1.

3.3.1 Effects of Dynamical Friction

In this Section, we show the prediction of steel with different merging timescales, ftdyn
= 0.5, 1.0, 2.5, to probe the effects of dynamical time on the satellite population. In

Figure 3.4 we find, as expected, that longer dynamical times tend to increase satellite
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Figure 3.3: We show the percentage of satellites observed at a z = 0.1 as a function
of their redshift of accretion z > 0. It can be seen that massive satellites observed at
z = 0.1 are accreted more recently than smaller satellites. At z = 0.5 less that 50% of
the total satellites observed at z = 0.1 have been accreted, and at z = 0.1 this falls to

less than 20%.

number densities especially towards lower stellar masses. The number densities of higher-

mass satellites are more resilient to increase with dynamical time. In fact, when ftdyn & 1

the number densities of massive satellites become already very close to the theoretical

maximum number density when ftdyn = ∞. This trend is also seen in Figure 3.3, the

difference between the buildup of high mass satellites between ftdyn = ∞ and ftdyn = 1

is much less significant than between that of low mass satellites. It follows that massive

satellites are on average a recently accreted population. In other words, there are only a

few high mass satellites that had not enough time to merge when ftdyn & 1. In contrast,

lower mass satellites have not yet reached their theoretical limit, and thus they can still

increase their number densities with increasing dynamical time.

When computing the distribution of satellites as a function of parent halo mass we show

both full number densities, as well as fractional distributions to better highlight the

“skewness” of the predicted distributions with respect to the data. The latter will be

simply computed as

F (dMh) =
N(> 10x)|dMh

N(x)
, (3.4)

where N(> 10x) is the total number (density) of satellites above a threshold stellar mass

x = logM∗, and the N(> 10x)|dMh
is the number of these that reside within the halo

mass bin [Mh,Mh + dMh].

Figure 3.5 shows how as a function of parent halo mass the distribution of satellites, above

three stellar-mass cuts, is affected by ftdyn. The number density distribution (top row)

shows results similar to the satellite SMF where increasing dynamical time increases the

number densities. However, there is also an apparent steepening effect for which lower

mass host haloes end up containing relatively fewer satellites with respect to models with



Chapter 3. Satellite Distributions 62

longer dynamical times. The fractional plot (bottom row) accentuates this change in the

number density distributions shown in the top row: shorter dynamical times shift the

peak of the distribution to the right as relatively more satellites are observed in high

mass host haloes.

This steepening of the satellite distribution as a function of halo mass, as well as the shift

of the peak in the lower row, where infinite dynamical times move satellites preferentially

to lower halo masses, are both caused by the amount of time satellites survive in their

hosts. Massive satellites are far more common in massive hosts, as can be inferred from

the SHMF. Therefore, irrespective of the chosen merging timescale, there will always

be a high number density of surviving massive satellites in higher mass parent haloes.

However, when merging timescales are increased, the lower number densities of massive

satellites in moderately-sized haloes are also increased. Given that lower mass parent

haloes are more abundant, the reduction of merging timescales tends to shift the peak of

the fractional distribution of galaxies to lower mass parents. Otherwise put, the merging

timescales in clusters (log10Mh,cent [M�] > 13.75) are so long that even a factor five

reduction in merger timescale still does not give the satellite galaxies sufficient time to

merge with the central galaxy. This effect can be inferred from Figure 3.2, where we see

steeper gradients for a given subhalo/satellite mass with increasing parent halo mass.

Merging is more efficient for the lower mass satellites as can be seen by the steepness of

the ftdyn = 0.5 model (dashed lines) in the top row of Figure 3.5.

The least-square residuals to the SMF, number density distribution and fractional distri-

butions are given in Table 3.1. There is no model that simultaneously fully matches all

the observations in all mass ranges. The trend in both the number density distribution

and the fractional distribution is that slightly longer dynamical times (ftdyn = 1.2) are

favoured by the less massive satellites. Longer dynamical timescales better match the

halo mass distributions (number density distribution/fractional distributions) for lower

mass satellites, and vice versa for higher mass satellites with logM∗/M� > 11. Neverthe-

less, the simple combination of abundance matching and dynamical merging timescales

as suggested by pure N-body simulations (ftdyn = 1.0) tends to provide overall good

agreement to both the satellite SMF and the satellite distributions, without the need to

invoke additional physics in the (late) evolution of satellite galaxies after infall.

3.3.2 Evolutionary models

The prior section makes an implicit assumption that satellites do not evolve after infall.

In this Section, we apply several evolutionary effects to the satellites assuming they have

the same properties as centrals at infall but then evolve due to in-situ processes and in

response to their environment.
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Figure 3.4: Satellite stellar mass functions generated by the model compared to SDSS
data (open squares). The solid, dot dashed, and dashed lines show ftdyn = 0.5, 1.0, and

2.5 respectively.

Table 3.1: We show the sum of the squared residuals between the SDSS and our
model. The satellite SMF is calculated between 9.1 and 12.0 M∗. The SDF fit is
calculated between 12 and 14.9 Mh for the >10 and>10.5 plots, and between 12.5 and

14.9 Mh for >11. The Fractional plot fit is calculated between 11.6 and 14.9 Mh.

ftdyn SSMF (Fig 3.4) SDF Fractional Distribution
(Fig 3.4) (Top Row Fig 3.5) (Bottom Row Fig 3.5)

>10 >10.5 >11 >10 >10.5 >11
0.5 0.022 0.19 0.55 0.073 0.0042 0.0047 0.0078
0.8 0.025 0.13 0.51 0.089 0.0020 0.0017 0.0054
1.0 0.034 0.12 0.56 0.10 0.0015 0.0011 0.0050
1.2 0.043 0.12 0.53 0.11 0.0015 0.00094 0.0046
1.5 0.054 0.12 0.52 0.13 0.0017 0.0010 0.0045

3.3.2.1 Stripping

The stellar stripping is implemented following the empirically-based formalism suggested

by Cattaneo et al. [94]. Satellite galaxies strip stellar mass proportionally to the ratio of

the host subhalo and the parent halo

M∗,sat = M∗,sat(1− ηstrip)τstrip , (3.5)
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Figure 3.5: Satellite distributions in parent haloes generated from steel are com-
pared to those observed in SDSS (grey band). Columns from left to right show increas-
ing satellite stellar mass cuts as labelled. The top row shows the number density of
satellites expected to be found in each parent halo mass. The bottom row shows the
fractional distribution described by Equation 3.4. The dashed, dot dashed, and solid

lines show ftdyn = 0.5, 1.0, and 2.5 respectively.

where τstrip is the dynamical friction timescale in orbital time. For our model, where

the orbital circularity is assumed to take the average value, this becomes the dynamical

friction time [63] times a constant given by [142] using the average orbital circularity.

Following Cattaneo et al. [94] the latter can be written,

τstrip =
1.428

2π

Mh,cent/Mh,sat

ln(1 +Mh,cent/Mh,sat)
. (3.6)

We set as a reference ηstrip = 0.4 as suggested by Cattaneo et al. [94] who showed

that larger values would be inconsistent with the observational constraints in the local

universe. If at the time of observation, say z = 0, a galaxy’s full dynamical time is not

yet passed, a time-dependent reduction factor is applied to the amount of total stellar

stripping given by Equation 3.6.

3.3.2.2 Star Formation Rates

We use the star formation rate (SFR) parameterization from Lee et al. [143] with parame-

ters1 from Tomczak et al. [11] where s0 andM0 have units log(M�) andM� respectively,
1These parameters are derived by fitting data from ZFORGE in combination with far-IR imaging

from Spitzer and Herschel in the range 0.5 < z < 4. In this work we extrapolate their fits down to
z = 0, as this is consistent with the SFR measured by [144] at lower redshifts.
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log[ψ(z,M∗)] = s0(z)− log
[
1 +

( M∗
M0(z)

)−α(z)]
s0(z) = 0.195 + 1.157z − 0.143(z2)

log[M0(z)] = 9.244 + 0.753z − 0.090(z2)

α(z) = 1.118.

(3.7)

As discussed, continuity-equation approaches are more realistic and physically-based

techniques to model galaxy growth, as, by design, they avoid the observed discrepancies

between the time-integrated SFR and the independently measured stellar mass function

at any given epoch. The novelty in our continuity model with respect to previous work

is that we do not tune the resulting star formation rate on the total stellar mass function

but rather only on the stellar mass function of central galaxies 2. We use as input for our

continuity equation the central SMF generated by the SMHM relation and the central

HMF from [145]. When considering the mass growth we must consider the mass loss,

else the SFR is massively under-predicted. We use an instantaneous loss fraction of 40%.

We also neglect the mass gained from mergers3. However, as mergers would decrease the

SFR calculated, this method should be considered an upper limit to the real SFR. The

fit to the resulting SFRs is given by

log(ψ(z,M∗)) = s0(z)− log
[
1 +

( M∗
M0(z)

)−α(z)]
s0(z) = 0.6 + 1.22z − 0.2(z2)

log(M0(z)) = 10.3 + 0.753z − 0.15(z2)

α(z) = 1.3− 0.1z.

(3.8)

In all cases, the SFR is included in our models with a log-normal scatter of 0.3 dex [83].

We also include the ability to quench star formation in satellite galaxies after infall. It

has been suggested that satellites undergo a “delayed-then-rapid” quenching [9]. The

latter model envisions that satellites continue to form stars at the same rate as central

galaxies of comparable stellar mass for a time τq after infall, and then quench rapidly

over a timescale τf . This quenching is proposed for satellites with stellar mass above

M∗ & 109M�, with a minimum τq ∼ 1 Gyr. For galaxies belowM∗ . 109M�, we however

adopt the more recent results by Fillingham et al. [10], who put forward a parent halo
2Which is in turn iteratively constrained by matching the local stellar mass function of SDSS centrals.
3This mass loss and neglecting mergers is used for Equation 3.8, the integrated mass loss and mergers

as described in Chapter 2 are used in the starformation rate used in Chapter 4.
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Figure 3.6: The solid line shows the Wetzel et al. [9, W13] model for quenching. The
dashed lines show the host halo dependent reduction in quenching time from Fillingham
et al. [10, F16] for three example host masses log 10 Mh,cent = 10, 12.5, 15 as labelled.

Larger hosts are able to reduce the quenching time of larger satellites
.

mass dependent cutoff,

log(Mcutoff ) = 9log(M�)− (15log(M�)− log(Mh,host))/5log(M�), (3.9)

below which satellite galaxies all share the same quenching time τq = 2 Gyr. The rapid

quenching timescale τf can be expressed as [9],

τf = −0.5log(M∗,sat) + 5.7Gyr. (3.10)

We set a minimum τf of 0.2 Gyr for all galaxies. This rapid quenching begins at times

t > τq after infall, and it is approximated by an exponential decay which is longer for

larger satellites, as can be inferred from Equation 3.11. The look-back time at which a

galaxy begins fast quenching is then tq = tinfall − τq. After this time the satellite no

longer follows the SFR of a typical central galaxy. Figure 3.6 illustrates the quenching

model where the dashed/coloured lines mark the halo mass dependence in cutoff mass.

The SFR during the satellite infall is then given by,
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Figure 3.7: Satellite stellar mass functions generated from the model using both the
Tomczak et al. [11] (dashed) and continuity (dot dashed) star formation rates compared

to the SDSS satellite stellar mass function (open squares).

SFR(t,M∗) = SFR(t,M∗)

ψ(z(t),M∗), t > tq

ψ(z(tq),M∗)e
[− tq−tτf

]
. t < tq

(3.11)

If at any point a satellite galaxy has a SSFR below 10−12 M� yr
−1, it is assumed to be

fully quenched and assigned a SSFR of 10−12 M� yr
−1, plus a log-normal scatter of 0.3

dex.

The first, purely observationally-based, star formation rate model strictly follows the SFR

parametrization by Tomczak et al. [11, T16 hereafter], given in Equation 3.7. The second

star formation rate model (which we label as “CE”) is instead based on the continuity

equation approach.

We compare the satellite SMFs produced by the two star formation+quenching models

addressed above to our SDSS stellar mass function of satellites in Figure 3.7. It is

apparent that using the observed SFR by T16 (dashed line), even inclusive of the best

recipes for quenching, still substantially overproduces the number density of galaxies

below M∗ . 3 × 1010M�. This is a well-known problem affecting the full (dominated

by central) galaxy population [e.g., 83]: the integrated (observed) SFR is not consistent

with the moderate growth over time of the SMF causing an overproduction of galaxies
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Figure 3.8: Satellite stellar mass functions generated from the model compared to
SDSS satellites (open squares). The models shown all have ftdyn = 1.0 and are the
reference ‘frozen model’ (dashed line), starformation (CE model) only (dot dashed

line) and starformation and stripping (solid line).

becoming gradually more severe at lower stellar masses. Our results show a similar

problem affecting the satellite population, on the assumption that the latter at infall

share the same SFR distribution as a typical central galaxy of the same stellar mass.

We now show the relative impact of the star formation rate and stellar stripping on the

satellite stellar mass function. Figure 3.8 and Figure 3.9 show stellar mass function and

host halo mass distributions for the ftdyn = 1.0 reference model with no stripping nor

star-formation, the CE star formation model, and the CE star formation model with

stripping (long-dashed, dot-dashed, and solid lines, respectively). We see from both

Figures that the reference and star-formation model are almost indistinguishable. The

stripping, at least at the level implemented in this work, also has a rather minor effect,

at the most reducing the number densities of the most massive satellites (> 1011M�) by

. 0.2 dex.

Table 3.2 shows the sum of the square residuals to the SMF, SDF and fractional distri-

butions for the same models discussed above, our reference frozen one, and the one with

evolution of satellites after infall (stellar stripping and continuity equation-based star
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Figure 3.9: Satellite distributions in parent haloes generated from the model are
compared to those observed in SDSS (grey bands). Columns from left to right show
increasing satellite stellar mass cuts as labelled. The top row shows the number density
of satellites expected to be found in each parent halo mass. The bottom row shows
the fractional distribution described by Equation 3.4. The models shown all have
ftdyn = 1.0 and are the reference ’frozen model’ (dashed line), star formation only (dot
dashed line) and star formation and stripping (solid line). The width of the grey band

corresponds to a 10% uncertainty in satellite stellar masses.

Table 3.2: We show the sum of the squared residuals between the SDSS and our model
as in 3.1 with the same mass ranges for the fitting. All models have ftdyn

= 1.0 from
top to bottom we then have the reference frozen model, the model with starformation,

and the model with stripping and starformation.

ftdyn SSMF SDF Fractional Distribution
(Fig 3.8) (Top Row Fig 3.9) (Bottom Row Fig 3.9)

>10 >10.5 >11 >10 >10.5 >11
1.0 0.034 0.12 0.53 0.10 0.0015 0.0011 0.0049
1.0

With Star Formation 0.049 0.077 0.43 0.14 0.0018 0.0012 0.0059

1.0
With Stripping and Star Formation 0.021 0.087 0.47 0.088 0.0016 0.0015 0.0056

formation). Table 3.2 shows that the satellite late evolution has little effect on the frac-

tional distribution. In the number density distribution we see an improved fit for galaxies

in the M∗ > 1011M� range, mainly induced by the stripping which slightly reduces the

number density of massive galaxies. Table 3.2 shows the sum of square residuals for the

dynamical time with ftdyn = 1, for the frozen and evolved models.

3.4 Multi-Epoch Distributions of Satellite Galaxies

We here extend the group and cluster satellite richness analysis to high redshift. In Sec-

tion 3.3 it is found that dynamical friction and, to a second-order, abundance matching,
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are the dominant factors in the distribution of satellite galaxies in groups and clusters

above M∗,sat > 1010M�. Here we display the results for the full steel model which in-

cludes star formation, dynamical quenching and stripping to evolve satellites after infall.

The latter effects, despite being of lower order than dynamical friction or abundance

matching, are included to be able to compare to data other than cluster richness, such

as the satellite specific star formation rate distribution.

Figure 3.10: The number-density distribution of satellites per parent halo mass pre-
dicted from steel, using the PyMorph SMHM relation, at multiple redshift epochs
(solid lines). The grey band is the data from SDSS at redshift z = 0.1. Also included
are the high redshift cluster data from Wang et al. [12] (circles) and Wen and Han [13]
(triangles). For completeness, the Figure also includes the outputs from the Illustris
simulation using the TNG100 data (crosses). Each data point and line are given a
colour associated to their redshift (the bar on the right provides the color coding key).

Figure 3.10 shows the satellite number density per halo mass bin. For each central

halo mass the cosmic number density, similar to the number density presented in the

cumulative stellar mass functions, is calculated for satellites above a mass threshold for

each halo mass bin. The predicted halo richness from steel, using the PyMorph SMHM

relation, is shown in this plot as solid lines. The predictions from the Illustris TNG100

simulation [146, 147] are shown with crosses. Low redshift SDSS data are shown as a

grey band, cluster data detailed in Section 2.4.1.2 are open symbols. The markers and

lines in the figure are colour coded based on redshift, as indicated by the colour bar on

the right.

3.5 Discussion

There is a vast literature on the modelling of satellite galaxies. Here we recall examples of

semi-empirical and semi-analytic models to highlight some of the key similarities and key

differences. Neistein et al. [148], with an approach similar to ours, separated the central
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and satellite populations in an attempt to better define the galaxy halo connection. By

allowing in an N-body simulation the stellar mass of satellite galaxies to depend on

both the host subhalo mass and the parent halo mass, Neistein et al. [148] find that the

local satellite stellar mass-halo mass is substantially less well defined than the one for

central galaxies. In our model satellites instead, strictly follow the stellar-mass-halo-mass

relation of centrals at infall. In this way we find the resulting satellite distributions to

be well reproduced. Our semi-empirical statistical model was able to reproduce multiple

observables such as the stellar and parent halo mass distributions, with essentially only

one parameter, ftdyn . By working with minimal assumptions and related free parameters,

our approach is thus less prone to possible degeneracies affecting more traditional, multi-

parameter techniques.

Another key difference with respect to previous models concerns “orphan galaxies”. In N-

body or merger tree-based simulations, when a subhalo drops below the resolution limit,

an orphan galaxy is created [e.g., 31, 58]. It is then necessary to make an assumption on

how much longer that subhalo (and hosted satellite galaxy) will survive. In our model, we

avoid this complication by self-consistently assigning to all satellites a (full) observability

timescale at infall.

We found in Figure 3.10 that steel is able to predict the existence of extreme objects. It

is able to use rich cluster environments that are observable up to high redshift and contain

some of the most massive galaxies as comparative data. This gives steel an edge as

exploring the richness of the environments around massive galaxies provides an excellent

constraint to hierarchical assembly predicted by ΛCDM cosmology at the most extreme

masses [96]. For example, we successfully compare with the cluster reported in Wang

et al. [12], which other models [e.g. 149] have been unable to reproduce within a ΛCDM

framework. However we concur with Wang et al. [12] that these objects are rare (i.e. low

number density) and their absence in traditional simulations could be simply attributed

to poor statistics (i.e. small volumes) and not necessarily to the implied physical model.

With large-scale surveys such as EUCLID coming online, a well-tuned statistical model

could more easily place robust constraints on high-redshift cluster formation.

In the following chapters we will use these tight constraints on the satellite distributions,

and by extension satellite accretion rates, in conjunction with the statistical halo growth

histories to test the total mass assembly statistics of galaxy populations. This is a de-

parture from classical models which collect the assembly statistics for individual galaxies

then take a population average. Additionally, we are able to use the flexible nature of a

semi-empirical model to begin to look at how the SMHM relation can be used to under-

stand systematic differences introduced by assumptions behind data analysis algorithms

(such as M/L, IMF, etc...). The methodology presented in Chapter 2 and the results in

this chapter open the gates to novel analysis providing a unique view of the assembly of

galaxies.
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3.5.1 Future work

The quality of data presented in Figure 3.10, SDSS and targeted cluster observations is

a limitation to our ability to constrain the environments of galaxies over many epochs.

The data limits the technique due to the lack of halo mass estimations and satellite/cen-

tral identification in the high redshift data sets. To obtain the required data products

accurate clustering analysis similar to that of Yang et al. [118] must be applied to com-

prehensive high redshift surveys such as EUCLID.

When comprehensive high redshift data sets with satellite/central identification are avail-

able, steel will be well-positioned to place constraints on several aspects of hierarchical

galaxy formation. Firstly, with good central SMF, the quality of abundance matching

will improve significantly with the uncertainties regarding the contributions from satel-

lite galaxies removed (Section 2.4.2). The analysis of the impact of dynamical friction

timescales on the exact shape of the satellite distributions such as that shown in Figure

3.5 can be extended to high redshift. Constraints on the dynamical friction timescales

will improve estimations of the central galaxy accretion and merger rates that are further

discussed in Chapters 4 & 5.



Chapter 4

How do Galaxies Acquire Mass?

Assembly vs. Star Formation

"All models are wrong, but some are useful." George Box

4.1 Background

Galaxies acquire stellar mass in two ways, star formation and satellite accretion (merg-

ers). Star formation is the process of gas collapse to form stars. Galaxies at high redshift

are thought to produce most of their mass through star formation. Star formation then

reaches a peak at redshift z = 2. The cessation (quenching) of star formation remains an

open question. The leading theories involve several internal and external processes, from

stellar and active galactic nuclei feedback to host halo and/or morphological quenching

[150–153].

In contrast to star formation, the assembly of mass though mergers is thought to increase

at lower redshifts. In particular, in very massive galaxies, growth via satellite accretion

has been claimed to become progressively more relevant [30, 96, 154–158]. The charac-

teristic mass at which galaxies transition from being in-situ to ex-situ growth dominated

has previously been found at M∗ ∼ 1011M� [94, 155, 159]. Central galaxies that reside

at the centre of massive haloes thus provide a window into the different pathways that

have contributed to the mass growth history of galaxies in the local universe. Exploring

the way these galaxies build their mass can give insights into the stellar-mass-halo-mass

(SMHM hereafter) relation, the efficiency of the satellite transport from the edge of the

cluster to the centre, the balance of the major processes taking place on these satellites,

the galaxy merger rate, and the star formation rate.

73
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4.1.1 Previous techniques

Models of galaxy formation traditionally use the hierarchical growth of dark matter

structure as the backbone for galaxy assembly. Hydrodynamical simulations co-evolve

the dark matter and baryonic matter allowing for a simultaneous look at the assembly of

both components [27, 160]. The latter technique, however, requires large computational

resources. Less computationally intensive models such as traditional Semi-analytic and

Semi-empirical models, use dark matter merger trees from post-processing of dark mat-

ter simulations [31, 161]. Dark matter merger trees visualise dark matter assembly as

a central trunk and halo mergers happen where branches join. Semi-analytic models

initialise gas at high redshift and use several physical assumptions and free parameters

to tune to observations [30, 31]. Semi-empirical models use a more direct approach ini-

tializing galaxy stellar mass in dark matter haloes most commonly through abundance

matching, the association of galaxies to dark matter host haloes via relative abundances

[8, 17, 32–34]. Both Semi-Empirical and Semi-Analytic models follow the merging histo-

ries of the underlying dark matter merger trees to track the in-situ and ex-situ buildup of

galaxy mass. The work of Moster et al. [17], for example, uses a semi-empirical model to

associate the growth of the dark matter halo to the star formation rate of the host galaxy

alongside the build-up of stellar mass from satellites accretion, further strengthening the

connection between the dark matter host environment and the build-up of galactic stellar

mass.

It is of relevance to the calculation of in-situ vs ex-situ mass buildup that the observed

star formation rate is significantly higher than continuity estimates of the star formation

rate [e.g. 83, 84]. It is consequently found that if observed star formation rates are

used in models, they cannot be reconciled with the stellar mass functions. This is a

particular problem for semi-empirical models where one would ideally use the observed

star formation rate as an input. To overcome the inconsistencies between observed star

formation rates and model predictions it is possible to include continuity star formation

rates.

4.2 Constraining the In-Situ vs. Ex-Situ growth in steel

To properly constrain the formation of a galaxy one must reproduce the galaxy environ-

ment, i.e. the distribution of satellites around the central galaxy at all previous redshifts.

Discrepancies with observations of the high redshift environment will result in a deviation

from the true satellite stellar mass accretion rate, to account for the satellite excess or

deficit. For example, a high redshift environment with too many satellites will then have

an overabundance of mergers resulting in a satellite accretion rate that is too high. To
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account for the deficit/excess in stellar mass accretion the modelled in-situ growth will at-

tempt to compensate. The compensation will be found in other modelling routines which

will attempt to maintain a good match with the observed evolution of the stellar mass

density. Such compensation could, for example, be of the form of suppressed/enhanced

star formation rate or any number of other physical modelling parameters. Reproducing

the number density and distribution of galaxies has however proven to be a challenge for

many semi-analytic models [e.g. 71]. Furthermore, semi-analytic models usually charac-

terised by a large number of modelling parameters can suffer from degeneracies severely

limits our understanding of the essential physical processes governing galaxy formation

[e.g. 80, 162].

4.3 Incompatible ΛCDM and Stellar Mass Functions

The cartoon in Figure 4.1 shows a simple visualisation of the process we use to determine

the effect of different stellar mass functions/SMHM relations on the accretion histories

and thus ex-situ growth of galaxy populations. Starting from the left panel we show two

stellar mass functions, the primary difference is the blue (dotted) stellar mass function

has a substantially enhanced high mass end. In the middle panel, we show how this high

mass slope propagates to the SMHM relation, produces an enhanced high mass slope.

The galaxy growth histories, shown as solid lines, are generated using the SMHM relation

and a halo mass growth history from the statistical dark matter accretion history. Galaxy

growth history calculated using the steeper SMHM relation induces more galaxy growth.

Whereas, the flatter SMHM relation induces less galaxy growth. In summary, a flatter

SMHM relation induces less central galaxy growth with increasing halo mass.

In Figure 4.2 we report the satellite accretion generated using the ‘cmodel’ SMHM rela-

tion/SMF given in Section 2.4.2. The top row shows the total mass of the galaxy and the

total satellite accretion. The middle row shows the fractional contribution from satellite

accretion from z = 3. The bottom row shows the instantaneous mass growth from satel-

lite accretion. In Figure 4.2 we obtain a lower limit for the accretion rate by including

stripping but not star-formation in the satellites, thus minimising their mass through

environmental processes. We find for the high mass galaxies, which are above the knee

of the SMHM relation, even the lower limit for the accretion has an instantaneous rate

greater than the growth rate of the galaxy as seen in the bottom row. This makes the

cmodel SMHM relation used within our dark matter accretion model non-physical.

Similarly, the relative contributions to the average stellar mass growth of central galaxies

from satellites and star formation history are calculated from steel, using the PyMorph

SMHM relation/SMF given in Section 2.4.2. This is shown in Figure 4.3 for three galaxy

mass bins (1011,1011.5,1012 M�) selected at z = 0.1. The average growth history (total,

solid lines) is derived by following the host halo-mass track, and the stellar-mass track
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Figure 4.1: A cartoon showing the steps we follow to connect the differences found
in the stellar mass function (left) and the changes in the SMHM relation (SMHM,
middle), propagate into changes in the accretion histories (right). In the right-hand
panel, dashed lines are mass from satellite accretion and solid lines are total galaxy
mass growth. Flatter SMHM relations imply a weaker growth of stellar mass in the
central which can be easily overcome by the substantial cumulative growth of merging

satellites, rendering the model internally inconsistent.

is implied by imposing abundance matching at all redshifts. The stellar mass history

assigned by abundance matching is naturally independent of any galaxy merger modelling

assumptions from steel. The total accretion from satellites (accretion, dashed lines) is

computed from the expected satellite accretion along halo mass tracks. For each galaxy,

a star formation history (SFH, dotted lines) may then be calculated. The star formation

rate is tuned such that it provides the correct star formation history to account for

the difference between the mass growth expected from abundance matching and the

cumulative satellite stellar mass accretion, as explained in detail in Section 4.4.

In Figure 4.3 we identify the epoch after which a galaxy transitions into a merger-

dominated state under two definitions. Firstly, we define the “cumulative transition”

epoch the time at which the galaxy has accreted more mass than it has created from star-

formation processes (Points A & B). Secondly, we define the “instantaneous transition”

as the epoch when the growth rate from mergers overtakes the growth rate from star-

formation (Points C & D). More massive galaxies transition earlier to merger dominated

growth under both definitions. However, all galaxies transition earlier under the second

(instantaneous) definition. The masses shown in Figure 4.3 display three relevant galaxy

accretion tracks. The M z=0
∗ = 1012M� galaxy growth curve at low redshift is always

dominated by satellite accretion. In the top and middle rows, we see that more mass

has been accreted than produced by star formation, and in the bottom row we see the

accretion rate overtook the star formation rate at redshift z = 2. The M z=0
∗ = 1011.5M�

galaxy growth curve has more mass created from star formation than satellite accretion.
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Figure 4.2: Three ‘mass tracks’ are shown that have central galaxy masses at redshift
z = 0.1 ofM∗,cen = 1012, 1011.5, and 1011 [M�] in blue orange and green respectively. It
is clear that this model is internally nonphysical as the accretion via satellites (dashed
lines) rapidly overshoots the total growth in stellar mass (solid lines) implied by the

underlying growth host halo growth, as evident in the middle and bottom rows.

However, the galaxy population has a higher rate of accretion rate than star formation

rate since redshift z = 1. The final population shown at M z=0
∗ = 1011M� is star

formation dominated under both cumulative and instantaneous definitions. At redshift

z = 0 we find the transition masses for the total mass ratio and the instantaneous ratio

to be at M∗ = 1011.7M� and M∗ = 1011.1M� respectively.

4.4 Deriving the Star Formation Rate

The cartoon in Figure 4.4 shows the processes we adopt to derive the star formation

rate by following galaxy populations along their halo mass histories.1 The plot labelled

1 (green) is the input stellar mass function. The box in red is the statistical dark matter

accretion history described in Section 2.3.1, including the halo mass function (2a), the

central growth histories (2b), and the halo substructure (2c) shown here as a discrete

merger tree for visualization purposes. Using the abundance matching routines described

in Section 2.4.2, the stellar mass function (1) and the halo mass function (2a) are used

to create the SMHM relationship (3, black).

In Chapter 3 we showed how the dark matter accretion histories (2) and abundance

matching (3) can be used to generate distributions of satellites for any central halo at
1The coloured text is matched to the colours in Figure 4.4 intended to guide the reader through the

multi-step process.
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Figure 4.3: Three ‘mass tracks’ are shown that have central galaxy masses at redshift
z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 [M�] in blue orange and green respectively.
The satellite galaxy accretion is shown for evolved satellites with a dashed line and
the mass from star formation shown with a dotted line. The top panels show the
total mass of the central (solid lines) and the total mass gained from accretion or star
formation. The middle panels show the fraction of the total galaxy mass formed from
satellite accretion or star formation since redshift z = 3. The bottom panels show the
ratio of the mass accretion rate from satellite galaxies, the star formation rate, and the
mass growth rate of the central galaxy predicted by abundance matching. The black
horizontal lines in the second and third rows are at unity. The solid lines showing the
sum of the other two factors should be close to or on the unity lines. The labels A & B
point to where the cumulative mass from accretion overtakes the cumulative mass from
star formation. The labels C & D point to where the instantaneous accretion overtakes

the star formation rate.

multiple redshifts (4). For each central halo mass track (2b) we calculate the average

number density of satellites that reach the centre of the halo and merge with the central

galaxy thus generating the average satellite accretion history (dashed line, 5). Using

the central halo growth histories (2b) and the SMHM relation (3), we can generate

the average central galaxy growth history (solid line, 5). These two quantities can be

compared to check for self-consistency, as described above and shown in Figure 4.1.

Where a self-consistent central growth and accretion history is found, any deficit between

the accreted mass and the growth history is attributed to star formation rate (delta,

5). The derived star formation rate for central galaxies (solid line, 6) is compared to

observational data (points, 6).

The star formation rate prediction generated in this way is independent of star formation

observations. It relies on the (statistical) dark matter accretion history and the SMHM

relationship, it is, therefore, most similar to a continuity star formation rate. The ad-

vantages of this approach compared to the continuity approach are twofold. Firstly, by
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following the halo growth histories we capture the ‘natural’ growth of the galaxy which

is an improvement to tracking galaxies by abundance between SMF epochs. Secondly,

each galaxy growth history has an associated satellite accretion that is a core part of

the model, whereas continuity approaches traditionally need to post process the result

to include mass from accretion which is less accurate.

Figure 4.4: A cartoon showing the constituent steps of the method to generate star
formation rates. In brief, the three columns from left to right are raw inputs, derived
inputs/modelling, and output/post-processing. The subplots are: 1. The stellar mass
function, 2a. The halo mass function, 2b. Halo mass growth histories, 2c. Accretion
histories/Merger tree, 3. The SMHM relation, 4. Group/Cluster satellite richness, 5.
Central growth histories/satellite accretion histories, 6. Star formation rate. The star
formation rates are derived from the difference between the total growth in stellar mass

and that from satellite accretion (panel 5).

The method described above directly links the star formation rate to the accreted mass

from satellites. However, in our model satellites grow in mass after infall, we therefore

must recalculate the full satellite accretion onto the central galaxies updating their mass

using the new star formation rate. Using the updated accretion the star formation rate is

recalculated through an iterative process converges very quickly as the updated accretion

is found to be nearly identical, as expected from the results of Chapter 3 in which we

find the starformation rate to be a second order effect on the masses of satellites. When

calculating this difference we also take into account the stellar mass loss rate (MLR)

due to stellar recycling using Equations 2.3 & 2.4. The star formation rate - stellar
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mass relation derived from this method is fit with a double power law that evolves with

redshift given by the following Equation 4.1,

SFR(M∗, z) = 2N(z)
[( M∗
Mn(z)

)−α(z)
+
( M∗
Mn(z)

)β(z)]−1

log10N(z) = 10.65 + 0.33z − 0.08z2

log10Mn(z) = 0.69 + 0.71 ∗ z − 0.088z2

α(z) = 1.0− 0.022z + 0.009z2

β(z) = 1.8− 1.0 ∗ z − 0.1z2.

(4.1)

Figure 4.5: The star formation rate - stellar mass relation derived from following
central galaxy populations along halo mass histories at redshifts z = 0.1, 1, 2, 3, 5. The
data extracted from the post-processing of steel are shown by coloured squares and
the double power-law fits are shown as lines in corresponding colours. The three black
lines are the evolution on the SFR-M∗ plane of the galaxy populations selected at

redshift z = 0.1 with masses M∗ = 1011, 1011.5, 1012[M�] presented in Figure 4.3.

This fit (solid lines) to the computed SFR (open squares) is shown in Figure 4.5. With

time (lower redshifts): the normalisation in the mean SFR decreases, the peak of the

distribution shifts to lower masses, and the turnover after the peak is steeper. We also

show the same three galaxy population tracks from Figure 4.3 as black lines. These

tracks show how the galaxy population evolves in SFR with redshift. The population

tracks show a gradual increase in SFR and then a turnover before dropping sharply,

as they transition to an ex-situ satellite accretion-dominated regime. It is found that
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smaller galaxies grow for longer timescales with increasing star formation, whilst larger

galaxies start with higher star formation rate and transition to an accretion-dominated

phase much earlier in time.

Figure 4.6: The Star Formation Rate - stellar mass relationship from Figure 4.5 at
redshifts z = 0.5, 1, 2 (blue orange and green respectively, steel data are crosses and
fits are solid lines) compared with the observed 3D-HST star formation rate from Leja
et al. [14] filled circles with corresponding colours denoting corresponding redshifts.

Recent work, where the star formation histories are properly accounted for when mea-

suring star formation rates, has suggested that the previous determinations of star for-

mation rates using UV+IR are 0.1 to 1 dex too high [14] and cannot be reconciled with

the growth of the stellar mass function [83, 84]. Our star formation rate is consistent

with the results of Leja et al. [14], as reported in Figure 4.6. The excellent match to Leja

et. al.’s independent estimates further supports the idea that a more robust method to

derive more reliable star formation rates is to follow galaxy assembly along host halo

growth histories [see e.g., 17].

In Figure 4.7 we show the cosmic star formation rate evolution predicted by steel. The

peak at redshift two z = 2 is expect as this is widely accepted as the location of the peak

of starformation in the Universe. steel is a good match to [16] at low redshift and a

match to [15] at the high redshift.
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Figure 4.7: The cosmic starformation rate density prediction from steel (orange
line). We include the fit given in Madau and Dickinson [15] (green line) and the data

from Leja et al. [16] (blue crosses) for comparison.

4.4.1 Specific Star Formation Rate Distribution

Figure 4.8 shows the specific star formation rate distribution of satellites in three mass

ranges, as labelled, chosen to probe transitions found in observational data [159, 163, 164].

The solid blue line and the dashed black lines show the satellite and central sSFR from

steel, respectively, while the grey histogram shows the satellites from SDSS and the

unfilled histogram shows the centrals in SDSS.

steel accurately captures the key trends in the distributions, such as bimodality, which

is seen in both the central and satellite populations. The central population below

M∗ = 1010.5 [M�] is mostly star-forming whereas the satellites show signs of quenching.

In the intermediate-mass range, a fraction of the centrals become quenched and the

satellites show a strong quenching effect. In the highest mass range, all galaxies show

strong quenching features with little star-formation. Whilst still not an exact match to

the SDSS distribution, we find that including a redshift dependence in the dynamical

quenching provides a better fit than the model used in Paper I. The central sSFR is

calculated using the star formation rate presented in Figure 4.5, which uses the PyMorph

SMHM relation. Each central mass is assigned a star formation rate with a scatter of 0.2

dex. To account for the fraction of galaxies that are quenched via mergers at each stellar

mass we modify the assigned star formation rates by setting a fraction of galaxies equal

to the elliptical fraction to have a sSFR of 10−12 [yr−1] with a scatter of 0.2 dex and

in turn, increase the star formation rate of the remaining galaxies to maintain the same

average star formation rate for the population. This approach tests if mergers alone can

account for the bimodality found in the central sSFR, the high mass centrals > 1011.3
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[M�], but produces an inadequate fit to the SDSS centrals at masses lower than 1010.5

[M�]. The discrepancies in the location of the star-forming population are likely caused

by the imperfect fit to observed SFR as seen in 4.6 and the deficit of quenched galaxies

in the lower mass cuts are likely due to causes of quenching that are not merger-related

(e.g., AGN feedback).

Figure 4.8: We show the sSFR of satellites and centrals compared to SDSS in three
mass bins selected to mirror proposed breaks in the galaxy main sequence. The SDSS
data for satellites and centrals are filled and unfilled histograms respectively. The steel
result for the satellites is the solid blue line and the post-processed central result is the

dashed black line.

4.5 Discussion

In this chapter we found one of the major factors in regulating the in-situ and ex-situ

accretion pathways to be the shape of the SMHM relation. A shallower low-mass slope

causes larger amounts of satellite accretion as smaller haloes, with much higher number

density, are initialised with larger satellite galaxies. Similarly to Shankar et al. [82]

& Moster et al. [17], we find the high mass slope to undergo only a small amount of

evolution with increasing redshift, this implies the growth of central galaxies is directly

linked to the steepness of the high mass slope and the growth of the host halo. The flatter

the high mass slope of the SMHM relation, the less growth is expected in stellar mass

following the assembly of the host dark matter halo. In turn, a weak evolution in the

stellar mass content of the central galaxy can be in tension with what is expected from

satellite accretion, especially for the most massive galaxies. We discussed that the slope

of the high-mass end of the stellar mass function and implied slope of the SMHM relation

strongly depend on the choice of light profile, background subtraction, and mass-to-light

ratios. However, not all resulting stellar mass functions provide physically self-consistent

results in a ΛCDM Universe. Steeper SMHM relations, such as those predicted by

PyMorph-based stellar mass functions [122], produce more consistent central and satellite
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accretion stellar-mass growths. In addition to models with different SMHM slopes, we

also tested models with the dynamical time varied by ±20%, within the range of possible

dynamical times predicted in Chapter 3 constrained by satellite richness. This relatively

modest alteration has a minor effect on the satellite accretion rate and mass contribution

to the central. In this work we find the transitional stellar mass, above which dry mergers

progressively become the major contributor to galaxy growth, to be M∗ = 1011.1, see

Figure 4.3. The latter is consistent with previous findings [e.g., 155, 159, 165].

By following the statistical dark matter accretion histories we were able to use the central

mass tracks and abundance matching to obtain a growth history for central galaxies.

Subtracting from the latter at each time step the cumulative stellar mass from satellite

accretion, we created a ‘star formation rate’ interpreted as the remaining mass required

to build the central mass. Our methodology is similar to the continuity approach based

on Leja et al. [83] used in Paper I, but with the key difference that here we follow halo

growth instead of galaxy number density. The resulting star formation rate for galaxies

is notably different to that of Tomczak et al. [166], used in Grylls et al. [167]. At all

redshifts, the turnover is notably different, with SFR for masses above the turnover

decreasing sharply at low redshift. For masses below the turnover, at z < 1 the SFR

is lower by 0.3 dex, and at z > 1 the SFR is higher by 0.1-0.2 dex. Additionally, the

SFR found from this method when combined with morphological quenching arguments

reproduces well the bi-modality trends found in sSFR.

4.5.1 Relation to other models

In this Chapter, we show that commonly used stellar mass functions that have been

accepted by the community and modellers are inconsistent with ΛCDM cosmological

models. The implications of this statement are of interest to wide-reaching areas of

galaxy modelling.

• Distribution of satellites in semi-analytic models. It has been shown that

semi-analytic models struggle to reproduce the galaxy mass function at higher

redshifts [e.g. 71]. The results in this chapter present an explanation for this

shortcoming of semi-analytic models. A model which attempts to fit a SMF at low

redshift, e.g. cmodel, that is not consistent with ΛCDM assembly will experience

difficulties in its stellar mass assembly. It is to be expected that the model will

attempt to ‘fix’ these difficulties during the parameter optimisation. High redshift

SMF are less well constrained than low redshift SMF it is feasible that a parameter

optimisation routine will favour the better constrained SMF. A consistency check

between LCDM and the SMFs to be fit or an appreciation of the ‘true’ systematic

error introduced by stellar mass estimation is essential to any holistic model of

galaxy formation.
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• Feedback, feedback, feedback. Galaxy formation models (semi-analytic and

hydro-dynamical) rely on a large amount of feedback, i.e. the processes that grow

galaxies also lead to suppression of galaxy growth. The two feedback mechanisms

that dominate the discussion of stellar-mass growth are super-nova (SN) and active

galactic nuclei (AGN), each of these have a large potential energy budget and

therefore are excellent ways to reduce the efficiency of star formation. Largely

these feedback routines are invoked over two different mass ranges as can be seen

on the SMHM relation. SN decrease the efficiency of forming stars in the low

mass regime by heating and ejecting gas in/from star-forming regions. In the high

mass regime, AGN are thought to eject energy over galaxy/halo scales suppressing

starformation globally and quenching galaxies. The knee of the SMHM relation

is then the point at which star formation has been most efficient as the sum of

these process has least effect [82]. However, the efficiency and coupling strengths

with the ISM of the AGN feedback processes are still largely debated [168, e.g.]. If

AGN were to be less efficient at quenching, then the result would be an increase

in the SMHM relation high mass slope, as we find in our best fit model. It follows

that the aggressive feedback found to be required in galaxy modelling is actually

a result of trying to suppress star formation to reduce the mass budget from star

formation to allow for a better fit to the SMF that are in contention with ΛCDM .

• Illustris TNG high mass slope. In Figure 2.8 we show the SMHM relation

from the Illustris TNG [23]. It can be seen that the high mass slope is significantly

higher than even that produced using the PyMorph SMF. TNG focuses on the

reproduction of galaxy structures, galaxy formation, and galaxy clustering, above

reproduction of the SMF. The steeper SMHM relation produced by TNG can be

expected given that the hierarchical models naturally favour a steep relation.

4.6 Conclusions

In this chapter we build on the success of steel in reproducing satellite richness at

different cosmic epochs and environments shown in Chapter 3 Figure 3.10. With well

constrained high redshift environments we are able to predict reliable galaxy merger

rates, using central growth rates calculated using the central mass track of our statistical

dark matter accretion histories and abundance matching.

Performing a comparison of the satellite accretion rates and central growth histories.

We found that SMHM relations with shallow high-mass slopes create central growth

histories that are physically inconsistent with the expected satellite merger rate. We

found that steeper SMHM relations at the high mass end, as induced by the latest

determinations of the stellar mass functions based on Sersic-Exponential photometry,
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are favoured against shallower SMHM relations, based on outdated determinations of

the stellar mass function. The total stellar mass growth of a galaxy is mostly due to

satellite mergers and/or star formation. A flatter SMHM relation, however, naturally

implies, for a given increase in host halo mass, a much weaker growth in the stellar

mass of the central galaxy than in the case of a steep SMHM relation. The accretion

via satellites could then be substantial enough to overshoot the moderate growth in the

central galaxy rendering the model internally physically inconsistent.

By assuming the difference in central growth rate (Ṁ) and satellite accretion rate is

attributable to the star formation in the central galaxy, we predict star formation histories

and a star formation rate-stellar mass relations. The latter approach is qualitatively

similar to a continuity equation [14, 84, e.g.,], but more accurate as it is developed

along the accretion tracks of host haloes so better follows galaxy populations. We find

our resulting star formation rates to be in excellent agreement with the latest cutting-

edge observational measurements by Leja et al. [14], based on multi-parameter Bayesian

analysis.

4.6.0.1 Future work

The work presented in this chapter, checking self-consistency between ΛCDM halo as-

semblies and stellar mass functions, is of the utmost importance to predict robust and

self-consistent SMHM relations and to generate reliable mock catalogues for the next

generation of extra-galactic surveys such as Euclid and LSST. Furthermore, by refining

consistency checking it may be integrated into data analysis pipelines of future extra-

galactic surveys, that use for example stellar mass estimation models to create data

products such as the SMF. Stellar mass estimation models and cosmological models that

do not provide self-consistent growth histories for galaxies can be identified much earlier.

To further improve the abilities of an integrated method, additional empirical modelling

can be performed such as the star formation presented in this Chapter, the satellite

distributions and pair-fractions presented in Chapters 3 & 5, or the morphologies from

Chapter 5. Following this method when estimating galaxy features from a survey many

assumptions made such as initial mass function, light profile, star-formation rate e.t.c

can be checked at point of derivation to avoid the inconsistency issues that have thus far

been systemic2 in galaxy observations.

2As discussed:

• SMF and SFR continuity.

• Stellar-mass estimation and ΛCDM assembly

• Stellar-mass estimation and pair fractions



Chapter 5

Galaxy Pairs, Mergers, and

Morphologies

“One of the basic rules of the universe is that nothing is perfect. Perfection simply

doesn’t exist.....Without imperfection, neither you nor I would exist” Stephen Hawking

5.1 Background

ΛCDM cosmology predicts the hierarchical assembly of dark matter haloes. Throughout

the history of the Universe, haloes have grown in mass and size via two pathways. Firstly,

haloes grow via smooth accretion gradually accreting dark matter from the surround-

ing environment. The secondary growth mechanism is via the accretion and gradual

absorption of smaller haloes, known as subhaloes. After accretion subhaloes survive

as the substructure of the central/host halo, gradually losing mass and sinking to the

centre of the potential well though dynamical friction. As discussed in previous Chap-

ters, these subhaloes contain satellite galaxies that follow the halo structure resulting in

galaxy-galaxy mergers.

Frequent or massive mergers are thought to induce morphological changes in galaxies.

Galaxies, after experiencing a massive merger, where the minor galaxy is at least a quar-

ter of the mass1 of the central galaxy, are thought to lose their disk-like morphology

and transform into elliptical galaxies [30, 169]. For this reason, it is important to un-

derstand the frequency and nature of mergers between galaxies to achieve a complete

and coherent picture of galaxy formation and evolution. Unfortunately, galaxy mergers

occur on gigayear timescales and therefore it is not possible to directly observe the rate or

consequence of galaxy mergers. The traditional approach to estimate the rate of galaxy
1Galaxy merger timescales far eclipse the human lifespan so the merger mass ratio is not an empirical

constraint instead inferred from hydrodynamical merger simulations. This has led to the use of the
merger mass ratio as a ‘free’ parameter in simulations which can be used to tune to morphological
fractions.

87
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mergers is to count galaxy pairs, and then assign a merging timescale to infer the rate

[4, 170–172]. A galaxy pair is usually defined by a mass ratio and a separation. For

example, typical choices employed by observers are selecting galaxies that are within 5

to 30 kpc and fit the major merger criteria (1/3 mass ratio). However, the approach

of counting pairs is complicated by systematic differences when selecting galaxies. For

example, the evolution of the pair fraction appears to change if a selection is made by

flux ratio or made by stellar mass ratio [97].

5.2 The systematic effects of stellar mass estimation on

galaxy pair fractions

In this Chapter, we show how different SMHM relations generate distinct pair fractions

and by association different merger rates. Stellar-mass functions with greater number

densities of high-mass galaxies map larger galaxies into smaller haloes, resulting in steeper

high-mass slopes for the SMHM relations. In Figure 5.1 we show an illustrative cartoon

of how different SMHM relations affect the galaxy mass ratios. For two identical halo

pairs, we see that a SMHM relation with a steeper slope causes a substantial difference

in the implied stellar mass ratio, when compared to a shallower SMHM relation.

Figure 5.1: A cartoon showing how the SMHM relation impacts the stellar mass
ratio of galaxies mapped into identical haloes. The steeper SMHM relation creates a
smaller stellar mass ratio as the change in halo mass maps to a much larger stellar mass

difference.

It follows that given two identical distributions of haloes seeded with galaxies via different

SMHM relations the shallower one will seed more galaxy pairs2.

In Figure 5.2 we show an example of systematic difference expected in the pair fraction

when changing the SMHM relation. The left-hand column shows the SMHM relations
2The pair fraction is defined here, in relation to major mergers, as the fraction of galaxies of a given

mass that have a companion with a mass equal to or greater than a quarter of the primaries mass within
5-30 kpc.
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and the right column the pair fractions and their evolution with redshift. In the top row,

we compare two high mass slopes, one steep and one shallow, where the slope has been

changed at redshift z = 0.1. In the bottom row, the slope at redshift z = 0.1 is fixed and

we compare an evolving and non-evolving high-mass slope.

Figure 5.2: A cartoon showing how the SMHM relation can impact the pair fraction
of galaxies with a mass ratio > 1/4. The top row shows how reducing the high mass
slope of the SMHM relation increases the number of pairs at all redshifts. The bottom
row shows the redshift z = 0.1 relation as a grey dotted line alongside two evolving
relations at redshift z = 2 where one relation is evolved to be shallower (orange lines)
compared a relation in remains steeper (blue lines). For the SMHM relation that evolves
to be shallower, the pair fractions are found to increase. In each case, the reason for the
increase can be explained via Figure 5.1, which shows that shallower SMHM relations

produce a greater number of massive pairs.

The suppression of the high-mass slope increases the number of pairs created and the

normalisation of the pair fraction increases. In the bottom row, we show the effects of

having a slope that flattens at higher redshift. We show the redshift z = 0.1 relation

in grey and the relations with the unchanged and changed slopes in blue and orange,

respectively. The main effect of varying the evolution of the high-mass slope in the
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SMHM relation is to change the behaviour of the pair fraction with redshift. A steeper

slope leads to a decreasing pair fraction, whereas a slope that gets shallower with time

results in an increasing pair fraction.

The behaviours reported in Figure 5.2 are a direct consequence of the trends sketched

in Figure 5.1, where shallower slopes give higher fractions. Furthermore, from Figure

5.2 (and from Figure 5.3), it can be concluded that almost any pair fraction difference

could be produced by appropriately altering the input SMHM relation. It is relevant to

stress here that relatively minor changes in the stellar mass function can cause qualitative

differences in the SMHM relation and, by extension, in the shape and normalisation of

pair fractions at any cosmic epoch.

The ability to systematically change the pair fraction due to stellar mass derivation

calls to question the discrepancies found in pair fraction results [e.g. 97]. Systematic

differences in the stellar mass measurements from different groups, will naturally yield

different SMFs and thus, by extension, different SMHMs and pair fractions. steel as

a flexible and lightweight model can shed light on the extent of the systematics in the

predicted pair fractions implied by different stellar mass estimates and SMFs, by running

the same underlying cosmological model with the input SMHM relations corresponding

to each distinct SMF.

Calculation of the pair fraction in steel requires an estimate of the distance between the

central galaxy and the satellite galaxy. In our analytic statistical DM accretion histories,

we lack ‘physical’ separations, we instead assign each subhalo bin an average distance

to the central galaxy. The subhaloes start at the viral radius of the central halo, the

distance to the centre then reduces directly proportionally to the amount of dynamical

time elapsed [31], e.g. once half the dynamical time has elapsed the distance will be

equal to half the starting distance.

In this Chapter, we investigate the impact on the distribution of satellites around central

galaxies when using different SMHM relations. As this distribution is primarily dom-

inated by the halo substructure, it is essential to make sure our selection criteria for

galaxies always returns the same halo population. In a simulation with known haloes

they can be directly selected. However, to better match observations, where haloes are

not known, the selection must be performed on an observable property. In steel, the

stellar masses are a function halo mass and therefore cannot be used. Instead, a constant

number density selection can be made, selecting objects by abundance which theoreti-

cally will return the same halo population as we assume the halo structure to be a fixed

quantity. A similar technique was employed by, van Dokkum et al. [e.g. 173], Huertas-

Company et al. [e.g. 174], Leja et al. [e.g. 175], Mundy et al. [e.g. 176] to trace the

evolution of galaxy populations. Galaxies at high redshift with a given comoving num-

ber density are assumed to be the progenitors of galaxy populations observed at later

epochs with the same abundance. In this work we use a central stellar mass selection from
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Table 5.1: The adjustments to the SMHM relation used in Figure 5.3.

PyMorph X0.1,alt Xz,+ Xz,−
M 11.92 -0.25 - -
Mz 0.58 - +0.1 -0.1
N 0.032 +0.04 - -
Nz -0.014 - +0.007 -0.007
β 1.64 -0.3 - -
βz -0.69 - +0.3 -0.3
γ 0.53 +0.06 - -
γz -0.03 - +0.2 -0.2

the PyMorph stellar-mass estimation ofM∗ = 1011−1011.6M� (or 109.5−1010.1M� when

considering the low-mass slope controlled by β). For any given input SMHM relation we

then select the galaxies that have a number density equal to the one corresponding to

the aforementioned mass cut in the reference stellar mass function. An example of this

selection can be seen in Figure 5.3. The shaded horizontal band shows the stellar masses

for each SMHM relation with equal number density.

The SMHM relation is defined by 4(+4) parameters. We build a toy model where each

of the parameters (M, N, β, γ), and their evolutionary factors (Mz, Nz, βz, γz), are

adjusted in turn to explore the effect on the galaxy pair fractions. Table 5.1 details the

change made to the SMHM relation for each parameter.

Figure 5.3 shows each of the SMHM relations in the outer four panels. The reference

SMHM relation derived from the PyMorph photometry is depicted in blue at redshifts

z = 0.1 (dotted line) and z = 2 (dashed line) in each panel. The modified redshift

z = 0.1 relation is then shown in orange, and the increased and decreased (dashed red

and green) evolution relations are plotted at redshift z = 2. The inner four panels show

the results on the pair fraction and follow the same colour convention.



C
hapter

5.
P
airs,

M
ergers,

and
M
orphologies

92

Figure 5.3: Each of the panel pairs (M, N, β, γ) shows the input SMHM relation in the outer plot and the modelled pair fraction evolution in the
centre plot. Each pair investigates adjustments to the given parameter of the SMHM relation (M, N, β, γ). Each pair shows the reference SMHM
relation ‘G18’ in blue, the relation adjusted at redshift z = 0.1 keeping the same SMHM relation evolution parameters in yellow. The red and green
lines respectively have the evolution parameter altered such that the evolution parameter is increased or decreased with respect to PyMorph. In the
outer (SMHM relation) plots, dotted lines are z = 0.1 relations and dashed lines are z = 2 relations. The PyMorph relation is shown at both epochs

for comparison. Finally, the shaded bands in the outer plots show the consistent number density selections used in the centre plots.
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When changing M, the knee parameter, a large increase in the pair fraction is found from

a lower knee: The shallower high mass slope is extended, therefore more haloes are seeded

in the mass range for pair selection. We see the same effect at high redshift, the lower

value of M creates a higher pair fraction. The normalisation parameter, N, creates little

change in the pair fraction as expected because the mass ratios are largely unaffected.

The low mass slope parameter, β, affects the seeding of smaller galaxies hence a lower

mass range is used for the consistent number density cut. Due to the steepness of the

low-mass slope, the fraction of pairs found is lower in this mass cut. Finally, when the

high-mass slope parameter, γ, is altered, more pairs are found at high and low redshift

when the slope is shallower. This is again attributed to more galaxies seeded within the

mass ratio range.

5.2.1 Comparison to simulation and observational results

The observed pair fraction is known to have discrepancies based on the galaxy property

used to calculate the ratio. In Man et al. [97] it is shown that selecting pairs by flux

ratio or stellar mass creates differences in the pair fraction evolution. In Figures 5.1

& 5.2 we show the predicted effect of the determination of stellar mass on the SMHM

relation and the systematic propagation of these changes into the pair fraction. Through

the use of a toy model, in Figure 5.3 we show how isolated perturbations to the eight

SMHM relation parameters propagate into the galaxy pair fraction. From this analysis,

we conclude that any measurement of the pair fraction is strictly related to the underlying

assumptions made during the processing of observations, that affect the measurement of

stellar mass. Our findings thus imply that meaningful comparisons between different pair

fraction measurements can only be undertaken under identical stellar-mass derivation

assumptions, or where this is not the case the influence of any differences are accounted

for. In this section we fit, by making use of steel, observed pair fractions using small

changes to the SMHM relation. We anticipate this modelling can be used to provide

corrections to pair fraction results to allow for more meaningful comparisons.

5.2.1.1 Simulation: Illiustris TNG

In Figure 5.4 we show the simulated galaxy pair fractions for galaxies in the mass range

M∗ = 1010M� to 1010.6M�. The pair fraction is shown for two different SMHM relations

used as inputs to steel. In blue we show the PyMorph (Sèrsic-Exponential) input used

as the reference in Figure 5.3, in orange the input SMHM relation is calibrated to match

outputs of the Illustris TNG simulation. In the right-hand panel, we see that pair fraction

predicted by STEEL using in input the SMHM relation calibrated on TNG is in good

agreement with the pair fraction extracted directly from the Illustris TNG simulation.

This is a valid test that lends further support on the ability of STEEL to generate robust
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Figure 5.4: Left: Two SMHM relations are shown from steel using parameters de-
signed to reproduce the SMHM relation found in the Illustris TNG simulation (Orange
line) and the PyMorph (Sèrsic-Exponential) fit parameters (Blue line). The shaded
region is the output from the Illustris TNG simulation. Right: The pair fractions pre-
dicted by STEEL for galaxies in the mass range M∗ = 1010M� to 1010.6M� from the
two input SMHM relations plotted in the left panel (same colour coding). The black
crosses indicate pair fractions directly extracted from the Illustris TNG simulation.

pair fractions for a given input SMHM relation. The pair fraction predicted using the

PyMorph input is 0.5 dex lower. This is expected as in the mass range we are considering

the Illustris TNG simulation SMHM relation is shallower and more pairs are therefore

created in a greater mass range of halo mergers.

5.2.1.2 Observation: Mundy et al. [4]

To further investigate the variations of pair fraction when varying the input stellar mass

estimates and therefore the SMF, we compare the predicted pair fraction evolution using

two SMHM relations. Specifically we use the SMF presented in Section 2.4.2, PyMorph

and cmodel. PyMorph has a substantially greater number of high mass galaxies and

thereby produces a steeper SMHM relation. In Figure 5.5 the left-hand panel shows each

SMHM relation at redshift z = 0.1 and z = 2.5. Following the systematic investigation

in Figure 5.3, we attribute the 0.1 dex difference in pair fraction to the difference in

high mass slope between PyMorph and cmodel. The best-fit relation from Mundy et al.

[4], shown as black crosses, rises at earlier cosmic epochs rather than falling; as seen

from PyMorph and cmodel. We saw in Figure 5.3 that a SMHM relation with a high-

mass slope decreasing with redshift will generate a pair fraction evolving similarly with

redshift.

In an attempt to reproduce the Mundy et al. [4] pair fraction evolution with redshift we

begin using the cmodel SMHM relation which gives the closest match to Mundy et al.

[4] in pair fraction at low redshift. Following the analysis of Figure 5.3, where higher

γz increases the pair fraction at high redshift, we alter the parameter from 0.0 to 0.5 in

steps of 0.1. In Figure 5.6 the left panel shows the SMHM relation at redshift z = 0.1
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Figure 5.5: Left: Stellar-mass-halo-mass relations derived from PyMorph (blue) and
cmodel (orange) at redshifts z = 0.1 (solid lines) and z = 2.0 (dotted lines). Right:
The pair fraction evolution for galaxies using both SMHM relations. The black crosses
show the corresponding best fit for the > 1011M� mass cut from Mundy et al. [4].

Figure 5.6: Left: Stellar-mass-halo-mass relations derived from cmodel (black) at
redshift z = 0.1 (dotted lines) and at z = 2.0 with altered high mass-slope evolution
parameter (coloured lines). Right: pair fractions corresponding to the SMHM relations
plotted in the left panel (same colour coding). The black crosses show the best fits for

the > 1011M� mass cut from Mundy et al. [4].

as a black dotted line, while the coloured lines show the relation at redshift z = 2 with

different γz parameters. The right panel shows the impact of this evolution on the pair

fraction. As predicted higher γz increases the pair fraction with redshift and a value of

above 0.1 removes the turnover. Comparing to Mundy et al. [4] we see a value of γz
between 0.1 and 0.2 best reproduces the rise in pair fraction.

5.3 Galaxy Morphologies Resulting from Galaxy Mergers

Mergers are thought to be one of the drivers for morphological transformation, size

growth and other structural and dynamical changes in galaxies [98, 177–180]. A number

of analytically-based cosmological models have generally assumed that major mergers
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in particular, with a mass ratio of at least Msat/Mcen > 0.25 (to 0.3), are effective in

destroying disks and in forming ellipticals [181–183]. However, galaxy mergers occur

on megayear or even gigayear timescales, therefore, observations of galaxy mergers are

essentially static snapshots of the processes. Most of our knowledge of galaxy mergers

comes from analysis of simulations of merging systems [e..g. 32, 65, 99, 178, 184–188].

Despite the wealth of simulations of galaxy mergers, the fulcrum of our understanding

of how mergers affect the galaxy population lies with the estimation of the merger rate

and significance of mergers [32, 185]. Using the merger rates derived in Chapter 4 we

implement a post-processing method to ascertain the effects of traditional mergers models

when applied to true, statistical, populations in steel.

5.3.1 Implementing discrete processes in a statistical model.

One of the primary challenges in the development of steel is trying to implement

discrete processes in a statistical fashion. Mergers between two galaxies are implemented

stochastically using the following method.

• At each time-step, for each central halo mass track, the mass bins of previously

accreted subhalo/satellite galaxy mass functions that have reached the end of their

dynamical time, are summed to produce the merging satellite stellar mass function.

• Each central halo mass track is assigned a central stellar mass at each epoch

M∗,cent(Mh, z) (Figure 2.10). By integrating the merging satellite stellar mass

function in the range [M∗,cent(Mh, z) · µ, M∗,cent(Mh, z)] the probability that a

given central has undergone a major merger at each epoch is retrieved, where µ is

the major merger mass ratio.

• In Figure 5.7 an illustration of the way galaxy morphologies are updated is given.

– In the leftmost panel, all galaxies are spirals or a disk-like morphology (blue

bar). The probability of a galaxy having a major merger is shown as a black

line.

– Following the arrow to the middle panel the fraction of galaxies that had a

major merger are assigned as ellipticals. The mass track at this epoch now

has this spiral to elliptical ratio.

– At the next time step, the fraction of galaxies undergoing a major merger is

calculated. However, this fraction is split between galaxies that have previ-

ously had a major merger and those that have not.

– Only the galaxies that were in the spiral group in this time step contribute to

the increasing elliptical fraction.
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– Repeating this procedure at each time-step eventually all galaxies may have

the potential become elliptical but the rate at which this happens progressively

slows in time due to the decreasing spiral population.

Figure 5.7: A cartoon to show the way we assign morphologies statistically in steel.
Each step has the same fraction of major mergers but the number of ellipticals created
reduces as some major mergers occur on the elliptical fraction. The fraction of galaxies
in each population experiencing a major merger is displayed as a horizontal black line.

Applying the above process to galaxies in steel from redshift z = 3, we build the

morphological fraction of galaxies at different masses using a major mass ratio of µ =

0.25, at redshifts z = 0.1, 0.65, 1.75. Figure 5.8 shows the probability/fraction of central

galaxies that have elliptical morphologies, while the black triangles show the T-Type-

selected elliptical fraction from the SDSS catalogue at redshift z = 0.1. We find that

applying this simple recipe to the merging number densities from steel creates a good

match to the elliptical fraction in the local universe.

5.4 Lenticular Galaxy Formation

Lenticular galaxies are categorised by their unusual appearance. In the famous ‘tuning

fork’ diagram derived by Hubble [25], the lenticular galaxies are found where the two

spiral ‘forks’ meet the elliptical ‘handle’. Lenticulars similarly to spirals have an extended

disk but do not boast the ‘bars’ or ‘arms’ that decorate the disks of spiral galaxies nor

the reservoirs of cold gas suitable for star formation [189]; similar to ellipticals lenticulars

have a velocity dispersion-dominated bulge at their centre.

Given that are morphologically and dynamically positioned in between spirals and mas-

sive ellipticals, it is reasonable to assume that they may have arisen on the transformation

pathway between the two populations. The latter hypothesis is further corroborated by

the observational evidence that lenticulars [190], and the fraction of lenticulars increases

with decreasing redshift similarly to that of ellipticals [191].
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Figure 5.8: Fraction of ellipticals as a function of stellar mass predicted by STEEL
at three different redshifts, as labelled. The triangles are the T-Type selected elliptical

fraction from SDSS at redshift z = 0.1.

5.4.1 Lenticular formation in empirically constrained environments.

The work presented in this subsection was carried out by SP under the supervision of

PJG and FS. The direction of the project was heavily influenced by PJG and builds upon

the successes found in predicting morphologies in steel .

Given the successes in ratifying the simple merger model of elliptical formation within

steel, we extend the predictions of STEEL to lenticular galaxies. We employ an addi-

tional assumption (and related parameter) in the model, and compare with SDSS data.

5.4.1.1 Cook et al. [5] Model

We started our investigation by implementing the lenticular formation model by Cook

et al. [5]. This model divides halo growth into two distinct phases:

• A fast collapse and intense merging phase at high redshift.

• A slow accretion phase at low redshift after a transition epoch zt.

Following this two-phase halo growth, the central galaxy first forms a bulge during the

fast collapse phase, and then gradually forms a stellar disk around it in the second
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Figure 5.9: The solid line marks the lenticular galaxy fractions generated using a sim-
plified version of the lenticular formation method described in [5]. The model assumes
lenticular galaxies are those that have formed a significant fraction of their stellar mass
during a particular epoch. However, even after significant optimisation of the mass
threshold and epoch definitions, it is never possible to reproduce the SDSS data (open

triangles) within steel using this model.

phase. The model for building spheroids in this semi-analytic model is the same as that

implemented in Granato et al. [150].

Translating semi-analytical techniques into a statistical-semi-empirical model by the na-

ture of the two models results in a loss of complexity. In order to maintain the core

prediction of the Cook et al. [5] model, we focus on the two-phase formation aspect as

follows.

Galaxies that have grown a significant fraction of their mass (e.g. 70%) between two

epochs are assigned as lenticulars. These galaxies can then undergo further evolution by

being transformed into ellipticals as described by the merger model from the previous

section. Despite exploring a large parameter space in the mass fraction and redshift

thresholds, we still find that within the framework given by steel, the Cook et al. [5]

model can not reproduce the SDSS measured lenticular fractions, as illustrated in Figure

5.9.
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5.4.1.2 Minimal assumption model

Given the unsuccessful implementation of the Cook et al. [5] model, we revisit other

proposed models to find out which (or a set of) have the potential to generate the

observed lenticular fraction. Considering the nature of lenticulars in observations, which

increase their fraction with decreasing redshift in a similar fashion to ellipticals [174, 192]

the first model we implement extends that of the elliptical merger model. An additional

merger mass threshold (µ) is implemented at µ = M∗,sat/M∗,cen = 0.05. Central galaxies

that experience a merger between this mass threshold and the major merger threshold

are assigned to be lenticulars, while the central galaxies with mu>0.25 are still converted

into ellipticals. Lenticular galaxies that subsequently experience mergers above the major

mass ratio are then reassigned as ellipticals. This essentially adds a central 3rd column

to Figure 5.7. As can be seen in the first panel of Figure 5.10 this simplistic model over

produces lenticulars in the high mass end.

To reduce the lenticular production at high masses, following similar ideas to the gas

dissipation models utilised in Hopkins et al. [193], we test a hard gas threshold. Physically

this gas threshold can be interpreted as a damping force, the gas dissipates the energy of

the merger into heating the gas reservoir limiting the disruption to the galaxy structures.

Initially, only galaxies with a gas fraction above the threshold can be converted into

lenticulars. As shown in the middle panel this removes all lenticulars from the high

mass end where galaxies tend to be gas-poor. Finally, to improve the fit to the data we

implement a ‘soft’ gas fraction, according to which galaxies below a given mass fraction

become statistically less likely to become lenticulars after experiencing a major merger.

We include the soft gas threshold to reflect the varying efficiency of gas at different

fractions dissipating the energy. This combination of models well fits the high-mass

lenticulars as can be seen in the rightmost panel of Figure 5.10.

Lower mass galaxies reside in less rich environments and grow more via secular (in-situ)

processes. It is therefore expected that the merger/dissipation model will not significantly

contribute to the formation of lenticulars at these masses. To build lenticulars at these

masses we implement a disk instability model following the baryonic inflow rates given

by Bournaud et al. [194]. During their continuous growth in stellar mass along cosmic

time, we allow galaxies to build their central bulges through gas transport from the disk

using Equation 5.1 the analytic approximation of Bournaud et al. [194] extracted from

high-resolution hydrodynamic simulations,

Ṁinflow = 25log10

[ M∗,disk
1011M�

](1 + z

3

)1.5
. (5.1)

The mass of the bulge is then given by
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Figure 5.10: Three plots from left to right show lenticular fractions generated using
the merger model with different parameters and variants. The first (leftmost) panel
shows the fraction generated by summing the number densities of merging galaxies
with mass ratio in the range 0.05 < µ < 0.25. The middle panel shows the effect
of adding a hard gas ratio cutoff to the merger model, galaxies that are below a gas
fraction threshold (GFT) do not form lenticulars. Finally, changing the model to a ‘soft’
gas fraction threshold where the efficiency of lenticular formation is reduced above the

GFT.

Mbulge =
∑
z

Ṁinflow × δt(z). (5.2)

In each mass bin a fraction of galaxies proportional to the mass ratio of the bulge to

the total stellar mass, A×Mbulge/M∗,total, are added to the lenticular population. The

resulting fit to the population is shown in Figure 5.11.

We find the combination of a merger and inflow model is able to adequately recreate the

lenticular fractions. This two-channel model is potentially consistent with the distinct

morphological types, barred and un-barred, found within the lenticular population [195,

196].

In summary, to recreate the lenticular population we find it necessary to add three

assumptions/parameters in addition to the major merger mass ratio used to create the

ellipticals. The first is the ‘minor’ mass ratio limit that defines the minimum mass ratio

at which lenticulars are formed via mergers, the second is the ‘soft’ gas mass threshold

that damps the creation of lenticulars, and finally, we need to allow for an additional

channel of bulge growth via secular evolution, which, at variance with the merger channel,

is particularly effective at lower stellar masses.

5.5 Discussion

In this chapter, we have shown two applications of steel. Firstly, we proved the ability

of steel to unravel the effects of systematics in stellar mass estimates in varying the

implied galactic pair fractions. Secondly, we show an example of how constrained merger

histories can be used to test the efficiency of morphological evolution models reproduce

the observed morphological fractions.
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Figure 5.11: Fractions of different galactic morphological classes as a function of
stellar mass. Ellipticals are generated using a major merger model, lenticulars using
the combined merger (with soft gas fraction) and baryonic inflow models and, spirals
are the remaining population. Models are compared to data from SDSS (symbols, as

labelled).

5.5.1 Pair Fractions

The primary goal of the pair fraction analysis is to show the propagation of systematics in

galaxy modelling. Specifically, we used the SMHM relationship to connect assumptions

used when estimating observed stellar masses to systematics in galaxy pair fractions

in the context of a ΛCDM Universe. In this chapter, we adopted as a reference two

observed stellar mass functions from SDSS-DR7 observations that use a de Vaucoulers

and a Sèrsic + Exponential fit to determine stellar masses, which in turn create stellar

mass functions with notably different number densities at the high mass end. Each

stellar mass function then generates, through abundance matching, a different SMHM

relationship. The Sèrsic + Exponential mass function generates a steeper high-mass

slope in the SMHM relationship at any epoch. In addition to the SMHM relationships

from the observed data, we used a relationship fitted to match the outputs of the Illistris

simulation. Furthermore, we also considered a toy model SMHM relation individually

perturbing each input parameter to transparently probe the impact of the input SMHM

relation on the pair fractions. In each case we find that small changes introduced into the
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SMHM relationship can have significant effects on the expected pair fractions, as shown

in Figures 5.1,5.2, & 5.3. This suggests that in the context of a ΛCDM Universe tensions

in previous observational studies could, in large part, be traced back to systematics in

stellar mass estimates.

In Mundy et al. [4] the M∗,cen > 1010M� pair fraction is not significantly different from

the M∗,cen > 1011M� pair fraction shown in Figure 5.5. In Figure 5.3 we find the pair

fraction drops significantly when a mass selection is taken below the SMHM relation

knee. As this drop is not found by Mundy et al. [4] we interpret that their pair fraction

measurement is not consistent with a break in the SMHM relation between 1010M∗,cen

and 1011M∗,cen.

Man et al. [97] noticed that the choice between luminosity-selected and stellar-mass

selected pairs affected the pair fraction evolution. In this work, we provided a clear

framework to properly interpret how to input choices create systematic effects in the

observed pair fraction and its evolution. Furthermore, it is a common approach to infer

the assembly history of galaxies by converting the pair fractions into merger rates by

assigning timescales to galaxy pairs [4, 170, 171].

In this Chapter, we connected the shape and evolution of the SMHM relationship to

the evolution of the pair fractions. We proposed it is therefore possible to use the

pair fraction as an additional constraint to the SMHM relationship. This is a natural

extension of conditional abundance matching or extended SHAM (subhalo abundance

matching) models [197]. Using steel, one can test simultaneously the accretion ratio

and the pair fraction generated from a given stellar mass function and cosmology.

Any changes to the stellar mass estimates such as photometry, background subtraction,

IMF, e.t.c. that affect the stellar mass function in a given cosmology will create a change

in the SMHM relationship. Therefore, by the systematic propagation demonstrated

in this work, any stellar mass estimation will create systematic differences in the pair

fractions. With the techniques presented throughout this thesis, one could retrieve the

systematic differences created in pair fraction under multiple ΛCDM cosmologies and

for any given set of stellar mass functions. As a further test of the effectiveness of our

methodology, we show showed that when inputting into STEEL the SMHM relation from

the Illustris simulations, we are able to retrieve the pair fractions independently inferred

from the same simulations.

In the era of wide and deep surveys, such as EUCLID, constraining a model using a single

multi-epoch data set with consistent photometry will become a reality. The advantages

of this are twofold: By tuning the SMHM relation to a given survey over a large range

of redshifts, the growth of the stellar mass function over time can be tested against the

implied satellite accretion and star formation rate as in Chapter 4. This can be seen

as a consistency test of the cosmological model or the consistency of the stellar mass

and/or star formation rate estimations. Secondly, as in Chapter 3, one can test if the
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high redshift SMHM relation is consistent with the low redshift satellite distributions.

Although the constraints on a given photometry, cosmological model, satellite evolution,

star formation rate, e.t.c... are still not complete, steel will allow for non-physical

results to be identified. Furthermore, steel can be used to compare current and future

data sets that may use different stellar mass estimations.

5.5.2 Morphologies

Given the very promising results of steel in predicting satellite number densities in

different environments and epochs, we here took a step further and explored whether

steel’s cumulative number of major mergers is able to account for the local fraction of

elliptical galaxies, and also explored the viability of several lenticular formation models.

A firm understanding of how mergers affect the galaxy population is desirable to allow the

use of sophisticated measures observed galaxies such as the concentration, asymmetry,

and clumpiness to become tracers of galaxy formation history [198].

Despite the noticeably good agreement between model predictions and data in Figure

5.11, we stress that different input SMHM relations can, as shown in Chapter 4, sub-

stantially affect the accretion rate which in turn will modify the number of galaxies

experiencing major mergers. It follows that any cosmological galaxy evolution model

that uses mergers as a physical driver for galaxy transformation should first simultane-

ously and self-consistently closely reproduce stellar mass functions, the SMHM relation,

satellite distributions, and pair fractions at previous redshifts.

5.6 Conclusions

In the first part of this Chapter, we showed that the input SMHM relations, based on

different stellar mass estimations, have a significant impact on the predicted galaxy pair

fractions. In short, the steeper the relation, the lower the predicted pair fraction. Specif-

ically, we compare stellar mass functions created and a de Vaucoulers-based photometry

(cmodel) to a Sérsic-Exponential photometry (PyMorph), the latter leading to an en-

hancement in the number density of high mass galaxies. The effect of these stellar mass

functions is a different input SMHM relation to steel, the primary difference consisting

of a steeper high-mass slope when adopting the Sérsic-Exponential profile. As expected,

the Sérsic-Exponential results in a lower pair-fraction. To attempt to explain the dif-

ference in pair-fraction evolution with redshift, we create a suite of toy models testing

different alterations to the SMHM relation. We find that this evolution is linked to the

evolution of the high-mass slope.

The purpose of this work is to show how subtle changes in the derivation of stellar mass

could lead to large differences in the observationally-calibrated pair fractions. It is there-

fore crucial when comparing two different samples, to account for the systematic biases
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introduced by the different assumptions implicit in stellar mass estimation. Observa-

tions or models that do not accurately match the stellar mass function measured in the

observational samples they compare to, will not be able to self-consistently reproduce

results.

The second part of this Chapter focuses on the implementation and validation of popular

morphological models into steel. steel then calculates the models expected outcome

on the statistically complete galaxy population. We found that the major merger model,

according to which elliptical galaxies are foremost formed via mergers of nearly equal

mass progenitors, well reproduces the observed local distribution in SDSS. Whereas,

the Cook et al. [5] model for lenticular formation does not well reproduce the observed

morphological fractions. This ability to flexibly incorporate models without the need to

substantially alter the core of the simulation is what enables the transparency of semi-

empirical models. Our minimal approach allows to gradually include in SEMs different

galaxy physics and complexity, with the least possible assumptions and parameters,

allowing for extreme transparency, control, and scrutiny of the outputs.

In conclusion, future surveys should look to use fast and flexible modelling such as steel,

alongside data to be able to properly probe the systematic effects of assumptions that

have been made to derive data products. For example, a hierarchical galaxy model

must simultaneously reproduce: traditional abundance matching such as the SMHM

relation, self-consistency between satellite accretion and central galaxy growth, and the

normalisation and evolution of the galaxy pair fraction. This multi-product fitting will

ensure relations such as the SMHM relation are not only better constrained but can also

be co-constrained with other observables. In addition to this, steel provides a platform

that combines fast development and running and testing of a variety of theoretical models

of galaxy evolution. It is in developments such as these that we see how the design

principles as laid out in Chapter 2 fundamental to steel such as speed, flexibility, and

transparency, begin to pay dividends.





Chapter 6

Conclusion

“We gaze continually at the world and it grows dull in our perceptions. Yet seen from

another’s vantage point, as if new, it may still take the breath away.” Alan Moore -

Watchmen

This thesis describes steel, the STastical sEmi-Empirical modeL, a model designed to

use the empirical technique in a new fashion. The design of steel allows for extremely

fast, flexible and transparent testing of a variety of galaxy formation theories. The nov-

elty introduced by the statistical dark matter accretion histories allows steel to make

predictions that would be limited with other traditional (discrete/non-statistical) nu-

merical or analytic tools of galaxy formation. The foremost problem concerning galactic

modelling on a cosmological scale is represented by the large number of physical pro-

cesses at play at different scales and the limited knowledge in how to describe them.

Complexity and uncertainty are built into models from all contributing aspects, from

the dark matter simulations [e.g. 112], to observations [e.g. 14, 84, 120]. Techniques have

been developed to try to reduce the impact of these complexities, for example:

• To reduce the need to build stellar mass from first principles following the gas

collapse. Abundance matching is used to create a mapping between galaxy stellar

mass at the centre of a halo and the mass of the host halo itself at any redshift

accessible by observations. In doing so it provides a robust framework to model

the evolutionary tracks of galaxies following the growth of their host dark matter

haloes.

• To remove tensions between conflicting observations such as the cosmic stellar mass

density and cosmic star formation rate. Continuity modelling is used to predict

the star formation rate using the evolution of the stellar mass function from high

to low redshift.

The impact of publication bias, the preferential publishing of positive and novel results,

is a known problem in academic disciplines [e.g. 199]. It is unsurprising then that the

107
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number of papers that report new techniques or fits to data far outweighs those models

which deconstruct the techniques to understand how our models work and document their

limitations [e.g. 71, 111, 112]. Additionally, it can be expected that, for example, tuning

of high parameter systems to create high fidelity matches to data, will generate a higher

publication impact than equally important analysis tools. The design of steel has been

influenced by this culture. We prioritise the understanding of systematics and internal

self-consistency above that of fitting new features. Where new features are introduced

they use modular and flexible modelling techniques that can be analysed independently.

steel is a statistical model and not a physical model, in this way is the antithesis of

high-resolution single galaxy or cluster simulations such as FIRE [54]. Galaxy modelling

is currently based on a large spectrum of techniques from hydrodynamical simulations,

through semi-analytic and semi-empirical models, to mock catalogues produced via HOD.

In this regime, steel can be thought of as occupying a space between traditional semi-

empirical and HOD modelling. We retain the ability to track galaxy populations in

redshift but forgo the tracking of discrete objects from step to step. Despite the an-

tithetical nature of steel to the hydrodynamical and non-statistical models, it is not

adversarial, used in conjunction with other techniques it will prove to be a valuable tool

for the galaxy modelling community.

6.1 Pros and Cons of steel as a Galaxy Model

steel has had the following major successes:

• Reproduction of the statistical distribution of satellite galaxies in dark matter halos

over a broad range of redshifts and halo masses, a challenge for traditional ΛCDM

models. (Chapter 3)

• Identification of the inconsistencies between certain stellar mass functions and dark

matter accretion histories produced by ΛCDM cosmologies. (Chapter 4)

• Derivation of the star formation rate from a new halo centric approach, consistent

with cutting-edge observations.(Chapter 4)

• Analysis of the systematic effects the estimation of stellar-masses has on the ob-

served galaxy pair fraction. (Chapter 5)

Each of the points listed above directly stems from the statistical approach of steel to

dark matter accretion histories. However, this technique loses individual galaxies that

could be tracked through hydrodynamical, semi-analytic, and traditional semi-empirical

models.

steel is an exceptional tool for systematic modelling, by applying predictions to sta-

tistically significant volumes we are able to draw transparent conclusions about the way
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assumptions and models propagate into observed populations. Furthermore, Chapter 5

shows the potential of this systematic technique to track how changes to input propagate

to output in a complex system, as shown with the pair fractions. Additionally, STEEL

allows for fast, effective, and precise testing of a variety of recipes for galaxy evolution,

such as the formation of bulges via mergers and disc instabilities.

6.2 Impact of steel

6.2.1 Modelling

Creating another cosmological model acting on a discrete dark matter background has

little value to add to the large number of competitive models already existing in empirical,

[e.g. 2, 6, 17, 33], analytic [e.g. 1, 31, 76, 200], and hydrodynamical [e.g. 27, 54, 147]

regimes. The systematic statistical approach of steel can be used to complement these

models in two ways:

• Pre-Processing:

– steel can be used to test the validity of the combinations of input data. For

example as in Chapter 4 we combine the dark matter assembly histories with

two different stellar mass functions to test if the satellite galaxy accretion is

consistent with the central galaxy growth. We find only one of the two tested

SMF to produce an internally self-consistent satellite accretion - central mass

growth. By validating the input data before running the simulation we ensure

the output validity in advance of resource/time commitment.

– steel can rapidly test the ability of different theoretical models to reproduce

key observables such as the morphological mix of galaxies in the local Universe

or the star formation rate distributions.

• Cosmological extrapolation:

– STEEL can generate accurate predictions for a given galaxy model over scales

covering many orders of magnitude, unfeasible for current hydrodynamic simu-

lations. For example, steel can produce the distributions of massive satellites

over a large scale range from groups to very massive clusters, to high redshifts

in good agreement with data. Whilst the predictions for the group-scale are

in good agreement with the Illustris TNG simulation, the cluster-scale is a

new achievement of STEEL, not present in the Illustris TNG simulation.

6.2.1.1 Data

We have shown how steel can be used to combine data with a given cosmology to:

predict stellar-mass - dark matter assembly consistency, satellite distributions, and star
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formation rates. This has been used to add weight to the claims made about light profiles

from Bernardi et al. [120] and the star formation rates from Leja et al. [14]. In each of

the aforementioned works, problems are identified in current data analysis and more ad-

vanced data fitting routines are used. Specifically, Bernardi et al. [120] introduced their

PyMorph photometry algorithm which provides more robust fitting to the light distri-

butions of especially the more massive galaxies and more careful subtraction of the sky

background. Leja et al. [14] put forward a state-of-the-art Bayesian SED fitting model,

Prospector-alpha, that better accounts for the emission from old stars, thus lowering the

amount of younger stellar population and overall SFRs. The previous examples show

that steel has a valuable contribution to make to the validation of data fits, fully re-

alised it could become an integral part of data fitting routines bringing theory closer to

observations.

6.3 Future of steel in Galactic Astrophysics

The future of steel and potentially the future of statistical semi-empirical modelling

now relies on communication of the advantages (and disadvantages) of the technique.

We have begun to build collaboration around the model with several other empirical

modellers, dark matter physicists, observers (both survey designers and data analysts),

as well modellers that use semi-analytic and hydrodynamic models. The reception to

steel has been widely positive with many intrigued by its unique capabilities. The

most notable group involved is the EUCLID consortium. Working with EUCLID, steel

has the potential to provide firm constraints on the expected number of pair fractions,

mergers, and ellipticals at different redshifts (one of the main aims of Work Package 5,

for example). To provide the best performance, steel will need to input the same stellar

mass reference system as adopted in the survey.

PJG outlined the methodology to create steel alongside a 4-year development plan

for a fellowship proposal1. In this plan the future of steel was separated into two

complementary pathways, a data fitting tool and a galaxy modelling tool, presented

below:

6.3.0.1 Data fitting tool

HOD modelling is a popular analytic tool used to create galaxy mocks in terms of the

average number of central and satellite galaxies above a certain luminosity/stellar mass

threshold as a function of host halo mass. Using relationships such as HOD number

counts, or a simple SMHM relation from abundance matching, can produce galaxy mocks

onto a dark matter simulated light cone, which in turn can be used for predictions on
1Unfortunately unsuccessful, the proposal and related documents are included in full in Appendix E.
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observed number counts above the flux limit of a survey. This kind of modelling is

done prior to first light and far separated from the actual photons to be received. With

steel we can outperform traditional mock modelling. steel can not only predict galaxy

number counts for any given SMHM relation derived from measured SMFs, but it can

also check for self-consistency in the measured SMFs and thus guide the overall initial

fitting procedure. More specifically, steel can check if the total galaxy growths implied

by the assumed SMF/SMHM relations are larger than the total stellar mass assembled

via satellite accretion, a condition that, as we discussed in Chapter 4, can be violated in

a ΛCDM Universe.

Using Figure 6.1 we show how steel can be positioned to become a key element of

observational fitting bringing theory and observation much closer than ever before. The

observational inputs (green) are twofold, the survey, i.e., the flux received on the tele-

scope which is the only constant in the system, and the observational fits, which are used

to derive physical attributes from the collected photons. In this example the survey and

fits generate the stellar mass function (SMF). Secondly, the dark matter cosmology is

input in steel2. As described throughout this thesis, steel uses halo mass functions

(HMF), halo substructures, and halo growth histories which are then combined to gen-

erate a statistical dark matter accretion history. Most of the baryonic (SMF) and DM

(accretion histories) inputs described above are flexible and fast to model. However, the

final modelling usually adopted to interpret the data is traditionally computationally

intensive, time-consuming, and often degenerate. The empirical approach, especially as

used within steel, offers solutions to these problems being computationally light, fast,

and transparent. As described in Chapter 4, using Figure 4.4 we can derived the star

formation rate and bimodality using a combination of observation, cosmology, and mod-

elling. Through comparison of modelled properties to observations, we can test that all

elements of theory and data used are self-consistent and evolve appropriately together

within a given cosmology e.g.

• Satellite galaxy distribution

• Pair fraction

• Star formation rate / cosmological star formation density

• Star formation - stellar mass function continuity

• Galaxy bimodality

• Galaxy morphology

Items closer to the top of the list are less affected by the modelling and therefore likely to

be more robust within this method. Given empirical techniques use observation as inputs
2it is worthy of note that the exact cosmological parameters may also influence the fits used.



Chapter 6. Conclusion 112

Figure 6.1: Schematic cartoon related to Figure 4.4 of how steel can be used to check
for self-consistency between fitting models used on observed data and the theoretical

assumptions that underpin the fitting models.

to modelling, having an empirical model as part of a data fitting pipeline the model will

have the potential to reject/modify its own inputs by influencing the parametrisation

of the observational data reduction routines. This fitting, checking, refitting, cycles will

ensure that any mismatch between the observational fit and the modelled property can be

addressed from multiple distinct angles appreciating the uncertainties inherent in fitting,

modelling, and cosmology together.

6.3.1 Galaxy modelling tool

steel, built around the concept of a statistical dark matter accretion history, can be

regarded as a new competitive tool in the modelling of galaxies. This is due to two factors:

firstly, the ability to simulate without limits on volume or resolution, thus allowing to

model even the rarest objects in the Universe, a feature that is not realistically achievable

by other modelling techniques; secondly, the removal of discrete objects allows for a new

type of continuity check where the consistency of populations is modelled as a priority

instead of the consistency of individual haloes/galaxies.

steel is an excellent start to statistical semi-empirical modelling. With any future

revision, the model should be updated in the following ways:
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• The statistical dark matter accretion history should be a separate library, contain-

ing flexible cosmology, halo definitions (e.g. virial, splash-back, m200c, e.t.c...),

and should be built in an object-oriented fashion such that it is easily extendable.

• The galaxy modelling should be redesigned such that each dark matter accretion

history is built upon using explicit probability distribution convolutions.

• The outputs should be shaped by the statistical dark matter accretion history and

contain structured probability distributions to be able to post-process a hierarchical

complexity of results.

• The post-processing suit should contain any and all integrators required to process

the outputs into galaxy populations for cosmological volumes, single mass tracks,

or given mass ranges.

• The post-processing suit should offer ‘views’ on the data structure using flexible

plotting routines for ease of query and graph creation by a non-expert user similar

to the API provided to IllustrisTNG [23, https://www.tng-project.org/data/vis/]

as well as a more complex return structure to extract the full data products.

As detailed in the PERT chart in Appendix E, this would take six months to one year

of full-time development depending on the programming and empirical modelling skills

of the developer. Once developed, documented, and deployed such a tool would be of

enormous value to the galactic astrophysics community.

6.4 In closing

The applications of steel detailed in Section 6.3 each independently represent a tool

that, if correctly developed and made publicly available, would be at the cutting edge

of galactic astrophysics. The work done in this thesis represents the foundations upon

which these tools can be built.

In brief, the findings from this thesis can be summarised as follows:

• The dark matter structure and dynamics is the first-order driver for prediction

of galaxy properties including, satellite distributions, star formation rate, galaxy

morphologies.

• Assumptions made during stellar-mass estimation produce significant non-trivial

systematics in the pair fraction of galaxies and likely further properties, and without

proper appreciation of such systematics, we are likely to fundamentally misinterpret

the nature of galaxy assembly.
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• Stellar mass functions with an enhanced number densities of high mass galaxies

are in much better agreement with ΛCDM cosmology than those with lower num-

ber densities of high mass galaxies. Furthermore, some traditional stellar mass

functions are fundamentally incompatible with ΛCDM hierarchical cosmology.

To our knowledge, the complexities of the systematics behind galaxy pair fractions has

never been addressed before in terms of the input SMHM relation. Finally, the lack of

self-consistency between hierarchical ΛCDM assembly and some stellar mass functions is

a result of fundamental importance to galactic astrophysics that it was possible to achieve

thanks to the statistical power of steel. This result in particular hints at a potentially

devastating departure between observation and theory that, if left unaddressed, will

hinder our understanding of the evolution of galaxies for the foreseeable future.



Appendix A

Additional Semi-Analytic Methods

In this Appendix, we detail a further common consideration taken in semi-analytic mod-

elling, the state of the gas. The state can be calculated in several different ways, an

empirical pressure based relationship is given by Blitz and Rosolowsky [201], the pres-

sure in the disk is related to the ratio of molecular and atomic hydrogen.

RH2 =

(
ΣH2

ΣHI

)
=

(
Pm
P0

)α
(A.1)

The H1 & H2 surface densities are given by ΣHI & ΣH2 , Pm is the mid disk pressure, and

P0 & α are additional free parameters. The gas partitioning can be calculated though

an analytic model based on the connection between the interstellar radiation filed and

the molecular self shielding [202–204],

fH2 = 1−
[

1 +

(
3

4

s

1 + δ

)−5
]−1/5

(A.2)

.

This is by no means a complete record of the various analytic recipes used in semi-analytic

modelling. However here we have shown a subset of the multitude of free parameters

that enable tuning of such models to achieve results consistent with observations.

s = ln(1 + 0.6χ)/
(
0.04Σcomp,0Z

′) , (A.3)

δ = 0.0712
(
0.1s−1 + 0.675

)−2.8
, (A.4)

χ = 0.77
(
1 + 3.1Z ′0.365

)
, (A.5)

where Σcomp is the surface density for a given 100pc atomic-molecular cloud.

The final mechanism we discuss here is the enrichment of the galaxy and halo gas with

metals. During the process of star formation and stellar mass, recycling metals are

created. This is modelled as a batch process where dMZ = ydm∗ where a mass dMZ of
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metals is produced in each batch of star formation dm∗, y is a free parameter. The metal-

enriched gas formed in this process is ejected by supernovae and assume instantaneously

mixed with the cold disk gas. As supernovae are thought to be one of the main drivers of

galactic wind the metals are thought to be preferentially ejected with the wind parameter

ζ controls the ejected metal fraction, and the equation for the metal mass in the galaxy

is updated as such,

ζ = ζlo exp (−Mh/Mret) , (A.6)

ṀZ = y(1−R)(1− ζ)ṁ∗ + Zhot ṁinf − Zcold ṁout , (A.7)

ζ10 and Mret are free parameters, R is the recycled fraction and Zcold is the metallicity

of the cold gas.



Appendix B

Stellar Mass Assembly: Comparison

to other models.

In Figure B.1 we show the in-situ vs ex-situ growth with the same model as shown in

Figure 4.3, we add to this plot data extracted from the Illustris TNG100 simulation. In

Figure 5.4 we see Illustris has a shallower slow mass slope and a steeper high mass slope

such that more stellar mass is mapped into haloes of all sizes. We see the change in both

of these slopes reflected in the accretion histories, firstly, for the lower mass galaxies (see

log10M∗,cen = 1011) closer to the SMHM knee we find enhanced accretion due to the

larger masses from more minor mergers. Secondly, the high mass slope is a direct result

of the accretion, to support the same merger assembly with the higher mass galaxies in

the satellite haloes above the knee where galaxy growth is dominated by the accretion

the galaxy growth with halo size must be enhanced.

In Figure B.2 we show the in-situ vs ex-situ growth with the same model as shown in

Figure 4.3, we add to this plot data from the emerge model from Moster et al. [17]

shown as black lines. The solid lines show the total galaxy mass followed back selecting

populations by mass at redshift z = 0.1. The dotted and dashed lines show the amount

of galaxy mass formed in-situ and ex-situ respectively. In all cases emerge predicts

satellite accretion becomes the dominant mass growth pathway at higher redshifts then

steel. In the third column we see that emerge and steel also disagree about the

mass growth history of log10M∗,cen = 11 galaxies, however, both models agree that the

dominant mass growth path of galaxies at this mass are in-situ processes.

In Figure B.3 we show for the log10M∗,cen = 11.5, and 11 galaxies the central growth

and star formation rate ratio from Behroozi et al. [6]. The central growth is close to that

found from steel and the star formation rate transition for log10M∗,cen = 11.5 is an

excellent match.

In Figure B.4 we show a comparison with the Semi-Analytic model described in Menci

et al. [18]. At all masses the stellar growth is substantially different from steel and
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Figure B.1: As in Figure 4.3 three ‘mass tracks’ are shown that have central galaxy
masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 [M�] in blue orange
and green respectively. The satellite galaxy accretion is shown for evolved satellites
with a dashed line and the mass from star formation shown with a dotted line. The
top panel shows the total mass of the central (solid line) and the total mass gained
from accretion or star formation. The middle panel shows the fraction of the total
galaxy mass formed from satellite accretion or star formation since redshift z = 3. The
bottom panel shows the ratio of the mass accretion rate from satellite galaxies the star
formation rate and the mass growth rate of the central galaxy predicted by abundance
matching. In the top panel, the shaded regions are galaxies selected from the Illustris
simulation the hashed region is then the satellite accretion from Illustris, in the middle
panel the shaded region is the ratio of satellite accretion from Illustris. The grey lines
in the second and third panel are at unity, the solid lines showing the sum of the other

two factors should, therefore, be close to or on these lines.

the other models shown in this appendix. Furthermore, the Semi-Analytic model shows

little change in the accreted mass ratio over cosmic time, again this is inconsistent with

the findings from steel and the other models presented in this section. We attribute

most of the differences seen here to the substantial difference in the SMHM relationship

between the two models.
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Figure B.2: As in Figure 4.3 three ‘mass tracks’ are shown that have central galaxy
masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 [M�] in blue orange and
green respectively. The satellite galaxy accretion is shown for evolved satellites with a
dashed line and the mass from star formation shown with a dotted line. The top panel
shows the total mass of the central (solid line) and the total mass gained from accretion
or star formation. The middle panel shows the fraction of the total galaxy mass formed
from satellite accretion or star formation since redshift z = 3. The bottom panel shows
the ratio of the mass accretion rate from satellite galaxies the star formation rate and
the mass growth rate of the central galaxy predicted by abundance matching. In the
top and middle rows we add black lines to show the in-situ and ex-situ growth from
emerge Moster et al. [17]. The grey lines in the second and third panel are at unity,
the solid lines showing the sum of the other two factors should, therefore, be close to

or on these lines.
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Figure B.3: As in Figure 4.3 three ‘mass tracks’ are shown that have central galaxy
masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 [M�] in blue orange and
green respectively. The satellite galaxy accretion is shown for evolved satellites with a
dashed line and the mass from star formation shown with a dotted line. The top panel
shows the total mass of the central (solid line) and the total mass gained from accretion
or star formation. The middle panel shows the fraction of the total galaxy mass formed
from satellite accretion or star formation since redshift z = 3. The bottom panel shows
the ratio of the mass accretion rate from satellite galaxies the star formation rate and
the mass growth rate of the central galaxy predicted by abundance matching. In the
top and bottom rows, for the log10M∗,cen = 11.5, and 11, we add black lines to show
the central galaxy growth and the star formation rate ratio from Behroozi et al. [6].
The grey lines in the second and third panel are at unity, the solid lines showing the

sum of the other two factors should, therefore, be close to or on these lines.
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Figure B.4: As in Figure 4.3 three ‘mass tracks’ are shown that have central galaxy
masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 [M�] in blue orange and
green respectively. The satellite galaxy accretion is shown for evolved satellites with a
dashed line and the mass from star formation shown with a dotted line. The top panel
shows the total mass of the central (solid line) and the total mass gained from accretion
or star formation. The middle panel shows the fraction of the total galaxy mass formed
from satellite accretion or star formation since redshift z = 3. The bottom panel shows
the ratio of the mass accretion rate from satellite galaxies the star formation rate and
the mass growth rate of the central galaxy predicted by abundance matching. In the
top and middle rows, we add black lines to show the ex-situ growth and central growth
from the Semi-Analytic model described in Menci et al. [18]. The grey lines in the
second and third panel are at unity, the solid lines showing the sum of the other two

factors should, therefore, be close to or on these lines.





Appendix C

Parameter cross-sections from

abundance matching MCMC.

Figure C.1 shows the redshift z = 0.1 output from the MCMC abundance matching

fits. It becomes immediately obvious that the low mass slope (β) is poorly constrained

however the impact on the SMF is limited within the margin of error. The position of

the knee (M) is well constrained against both the normalisation (N) and the high mass

slope (γ). The shape of the constraint between the normalisation and gamma emanates

from the need to produce high mass galaxies, if the normalisation is decreased the slope

must increase to ensure enough haloes produce massive galaxies.

Figure C.2 shows the redshift z > 0.1 output from the MCMC abundance matching

fits. All parameters have low evolution and the SMHM relation evolves only weakly with

redshift. For M, β, and γ where the distributions are wide or close to the prior we have

tested wider priors and insignificant change is found.
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Figure C.1: We show the MCMC parameter space for the redshift z = 0.1 fit. The
position of the knee (M), the normalisation (N) the low mass slope (β) and the high
mass slope (γ) are shown from left to right. Columns are titled with the best fit values
and 16th/84th percentile errors. The black lines show the best fit value with a black
square at intersections, the 16th/84th percentiles are shown with blue dashed lines on

the histograms.
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Figure C.2: We show the MCMC parameter space for the high redshift z > 0.1 fit.
The evolution of: the position of the knee (Mz), the normalisation (Nz) the low mass
slope (βz) and the high mass slope (γz) are shown from left to right. Columns are titled
with the best fit values and 16th/84th percentile errors. The black lines show the best
fit value with a black square at intersections, the 16th/84th percentiles are shown with

blue dashed lines on the histograms.





Appendix D

Full publication texts

The PDFs of the three published papers are provided in full in order of publication.

Papers one [19] and two [20] are the prints from MNRAS Paper 3 [21] is the preprint

from arXiv.
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4Universitäts-Sternwarte, Ludwig-Maximilians-Universität München, Scheinerstr 1, D-81679 Müchen, Germany
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ABSTRACT
Observational systematics complicate comparisons with theoretical models limiting under-
standing of galaxy evolution. In particular, different empirical determinations of the stellar
mass function imply distinct mappings between the galaxy and halo masses, leading to diverse
galaxy evolutionary tracks. Using our state-of-the-art STatistical sEmi-Empirical modeL,
STEEL, we show fully self-consistent models capable of generating galaxy growth histories that
simultaneously and closely agree with the latest data on satellite richness and star formation
rates at multiple redshifts and environments. Central galaxy histories are generated using the
central halo mass tracks from state-of-the-art statistical dark matter accretion histories coupled
to abundance matching routines. We show that too flat high-mass slopes in the input stellar
mass–halo mass relations as predicted by previous works, imply non-physical stellar mass
growth histories weaker than those implied by satellite accretion alone. Our best-fitting models
reproduce the satellite distributions at the largest masses and highest redshifts probed, the latest
data on star formation rates and its bimodality in the local Universe, and the correct fraction
of ellipticals. Our results are important to predict robust and self-consistent stellar mass–halo
mass relations and to generate reliable galaxy mock catalogues for the next generations of
extragalactic surveys such as Euclid and LSST.

Key words: Galaxy: halo – galaxies: abundances – galaxies: clusters: general – galaxies: evo-
lution – galaxies: high-redshift – galaxies: star formation.

1 IN T RO D U C T I O N

Galaxies are thought to grow and evolve through a combination
of ‘in situ’ and ‘ex situ’ processes. In situ processes such as star
formation, are thought to be driven by the availability of cold gas
in the galaxy. The reserve of cold gas ready to fuel star formation
could be regulated by a number of internal and external processes,
from stellar and active galactic nuclei feedback to host halo and/or
morphological quenching (e.g. Granato et al. 2004; Dekel et al.
2009; Lilly et al. 2013; Schawinski et al. 2014). One important
ex situ channel affecting galaxy growth is satellite accretion. In
particular, in very massive galaxies growth via satellite accretion has
been claimed to become progressively more relevant (De Lucia et al.
2006; van Dokkum et al. 2010; Shankar et al. 2013, 2015; Buchan &
Shankar 2016; Groenewald et al. 2017; Matharu et al. 2019). Central

� E-mail: p.grylls@soton.ac.uk

galaxies that reside at the centre of massive haloes thus provide a
window into the different pathways that have contributed to the
mass growth history of galaxies in the local universe. Exploring
the way these galaxies build their mass can give insights into the
stellar mass–halo mass (SMHM hereafter) relation, the efficiency
of the satellite transport from the edge of the cluster to the centre,
the balance of the major processes taking place on these satellites,
the galaxy merger rate, and the star formation rate (SFR). The
characteristic mass at which galaxies transition from being in situ
to ex situ growth dominated has previously been found at M∗ ∼
1011 M� (Bernardi et al. 2011; Cattaneo et al. 2011; Shankar et al.
2013).

Models of galaxy formation traditionally use the hierarchical
growth of dark matter structure as the backbone for galaxy assem-
bly. Hydrodynamical simulations co-evolve the dark matter and
baryonic matter allowing for a simultaneous look at the assembly
of both components (Vogelsberger et al. 2014; McAlpine et al.
2015). The latter technique, however, requires large computational

C© 2019 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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resources. Less computationally intensive models such as traditional
semi-analytic and semi-empirical models use dark matter merger
trees from post-processing of dark matter simulations (Guo et al.
2011; Shankar 2013). Dark matter merger trees visualize dark
matter assembly as a central trunk and halo mergers happen where
branches join. Semi-analytic models initialize gas at high redshift
and use a number of physical assumptions and free parameters
to tune to observations (De Lucia et al. 2006; Guo et al. 2011).
Semi-empirical models use a more direct approach initializing
galaxy stellar mass in dark matter haloes most commonly through
abundance matching, the association of galaxies to dark matter
host haloes via relative abundances (Hopkins et al. 2010b; Zavala
et al. 2012; Moster, Naab & White 2013; Shankar et al. 2014;
Moster, Naab & White 2018). Both semi-empirical and semi-
analytic models follow the merging histories of the underling dark
matter merger trees to track the in situ and ex situ build-up of galaxy
mass. The work of Moster et al. (2018), for example, uses a semi-
empirical model to associate the growth of the dark matter halo to the
SFR of the host galaxy alongside the build-up of stellar mass from
satellites accretion, further strengthening the connection between
the dark matter host environment and the build-up of galactic stellar
mass.

An average measure of the growth of galaxies can be obtained
by comparing stellar mass functions (SMFs), the number densities
of galaxies as a function of mass, over multiple epochs. Selecting
galaxy populations with the same number density at each epoch,
assuming that galaxies maintain rank ordering over cosmic time,
allows an estimation of the average growth of galaxies to be made.
An estimation of the SFR for each galaxy population can then be
computed by taking the time derivative of the stellar mass growth.
However, the star formation generated in this way is significantly
lower than observational estimates of the SFR (e.g. Leja et al. 2015;
Lapi et al. 2017). It is consequently found that if observed SFRs
are used in models, they cannot be reconciled with the SMF. In
Grylls et al. (2019) it is shown this is also in effect in satellite galaxy
distributions, where the predicted number of massive satellites is far
too high if satellites evolve using observed SFRs. This is a particular
problem for semi-empirical models where one would ideally use the
observed SFR as an input. To overcome the inconsistencies between
observed SFRs and model predictions it is possible to include SFRs
generated by the method above commonly referred to as a continuity
SFR. Attributing the stellar mass growth to star formation in this
way yields an upper limit to SFR that is consistent with the SMF
evolution by design.

To properly constrain the formation of a galaxy one must repro-
duce the galaxy environment, the distribution of satellites around
the central galaxy, at all previous redshifts. Discrepancies with
observations of the high-redshift environment will cause modelled
satellite stellar mass accretion rates that are either too high or too
low. To account for such deficit/surplus modelled in situ growth
must compensate through other modelling parameters to maintain
the evolution of the stellar mass density. Such compensation could,
for example, be of the form of suppressed/enhanced SFR or
alternatively any number of other physical modelling parameters.
Reproducing the number density and distribution of galaxies has,
however, proven a challenge for many semi-analytic models (e.g.
Asquith et al. 2018). Furthermore, where semi-analytic models
have included more physics via an increased number of modelling
parameters, this has led to degeneracies that obscure which are
the essential physical processes governing galaxy formation (e.g.
González et al. 2011; Lapi et al. 2011). Semi-empirical models,
due to the direct initialization of galaxies to haloes and smaller

parameter spaces, fare better as they can by design provide more
clarity as to which modelling assumptions and related parameters
are necessary to fit observations.

In our previous work we presented STEEL (Grylls et al. 2019,
hereafter referred to as Paper I), a STatistical sEmi-Empirical
modeL. The basis of STEEL was the shift from discrete merger trees
in favour of statistical halo growths and merging histories, which
enables to probe galaxy environment unbiased by volume and mass
resolution. In Paper I we presented a detailed study of the richness
of the galaxy group and cluster environments in the local Universe.
In this work we extend the analysis of satellite richness from STEEL

to high redshifts comparing with a large galaxy cluster survey, and
state-of-the-art hydrodynamical simulations. Having a clear and
well-constrained picture of the building up of satellite population
then allows STEEL to create more reliable merger histories for
central galaxies across cosmic time. Using STEEL’s improved merger
histories we are then able to constrain the ex situ growth and, by
extension, derive more reliable estimates of the in situ growth and
the implied SFRs of central galaxies.

The paper is laid out as follows: In Section 2 we present the halo
and stellar mass functions we use for our abundance matching as
well as the high-redshift clusters we adopt to constrain the model
performance. In Section 3 we discuss STEEL, most importantly we
provide an overview of the statistical merging history in Section 3.1,
the abundance matching in Section 3.3, as well as updates made to
the model described in Paper I. We begin the results by testing the
high-redshift halo merger rate in Section 4.1, in Section 4.2 we then
present the high-redshift satellite galaxy distribution results, and in
Section 4.3 the growth of our galaxy population via in situ and ex
situ processes. We then discuss our results in a wider context in
Section 5 and summarize in Section 6.

2 DATA

In this section we first describe the simulations used for the halo
mass functions (HMFs), then the data used to create the SMFs.
Together, the HMF and SMF are used to create an SMHM relation,
described in Section 3.3, which defines the galaxy–halo connection,
essential to STEEL. We then provide details of the cluster data we
compare to at high redshifts. All the data presented in this section are
converted, wherever necessary, to a Chabrier (2003) stellar initial
mass function (IMF). In this work we adopt the Planck cosmology
with (�m, ��, �b, h, n, σ 8) = (0.31, 0.69, 0.05, 0.68, 0.97, 0.82)1

(Planck Collaboration 2015). Halo masses are defined as virial
masses in this cosmology, unless stated otherwise.

2.1 Halo mass functions

In this work we use the HMF from the simulations of Despali et al.
(2016), generated and converted to appropriate units and cosmology
using COLOSSUS (Diemer 2017). The HMF provides the number
density of haloes in a given mass bin at a given redshift. We generate
the substructure of subhaloes using the subhalo mass functions
found in Jiang & van den Bosch (2016). The subhalo mass function
provides the number density of subhaloes expected for a parent halo

1We note that Planck’s best-fitting cosmology has slightly different param-
eters than those adopted in some of the observations used in this work,
such as the SMFs ((�m, h = (0.30, 0.70)). Correcting the SMF volumes
and luminosities to the same cosmology yields essentially indistinguishable
results.
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of a given mass. The (sub) halo mass functions used in this work are
all calibrated against the Bolshoi Simulation (Klypin et al. 2016).

2.2 Stellar mass functions

In this work we use the SMFs defined below, along with the HMF
given above, to constrain the SMHM relationship. The latter in
STEEL is constrained first at low redshift z = 0.1, using SMFs from
the Sloan Digital Sky Survey (2.2.1). The evolution of the SMHM
relation is then constrained to match the SMF at higher redshifts (z
> 0.1).

2.2.1 Low redshift, z = 0.1

At low redshift we use the Sloan Digital Sky Survey Data Release
7 (SDSS-DR7) from Meert, Vikram & Bernardi (2015). The data
from the SDSS-DR7 spectroscopic sample (Abazajian et al. 2009)
contain ∼ 670 000 galaxies fitted with a Sérsic + exponential
model (PYMORPH; Meert et al. 2015) with associated halo masses
and central satellite classifications from Yang et al. (2012). The
improved photometric analysis by Meert et al. (2015) provides more
reliable estimates of the SMF at the high-mass end, which appear
more abundant than previous estimates (Bernardi et al. 2016, 2017).
In this work we investigate the effect of this enhanced high-mass end
on galaxy assembly. We compare to previous determinations of the
SMF using as an example the de Vaucoulers (de Vaucouleurs 1948)
based cmodel fits from SDSS (Abazajian et al. 2009). The latter
definition of galaxy stellar mass has been extensively discussed
not to be accurate, partially due to incorrect sky subtraction and
adoption of non-ideal light profiles (Bernardi et al. 2013). Bernardi
et al. (2017) have clearly shown that the choice of light profile is
not a simple matter of ‘semantics’. The single or double Sèrsic
models perform better in fitting the surface brightness of galaxies
independently of the galactic environment (Meert et al. 2015). The
performance is thus not related to the inclusion of the intragroup or
intracluster light in the fit (Bernardi et al. 2017).

2.2.2 High redshift, z > 0.1

At higher redshift (0.3 < z < 3.3) we use SMFs from the COS-
MOS2015 catalogue (Davidzon et al. 2017). Here masses are de-
fined using spectral energy distribution fitting, including ultradeep
infrared photometry. Davidzon et al. (2017) use Bruzual & Char-
lot (2003) stellar population synthesis models to estimate stellar
masses. As SED fitting is notably different from light profile fitting,
one cannot apply the same corrections as in Mendel et al. (2014).
Nevertheless, to match the mass-to-light ratios adopted by Mendel
et al. (2014), based on the Bell et al. (2003) mass-to-light ratios, we
follow Bernardi et al. (2013) and increase the Davidzon et al. (2017)
stellar masses, based on Bruzual & Charlot (2003), by +0.15 dex.
We note that the resulting z = 0.37 SMF after this correction is
in remarkable good agreement with the z = 0.1 SMF by Bernardi
et al. (2013). Our result also matches the findings by Bernardi et al.
(2016), who showed that, by making use of the BOSS sample, the
SMF shows negligible number density evolution up to z ∼ 0.5.

2.3 Clusters

2.3.1 Cluster at z = 2.5, Wang et al. 2016

The highest redshift cluster we compare to is an Mvir = 1013.7 M�
halo containing 15 galaxies with M∗ > 1010 M� at a redshift of

z = 2.5. This cluster is reported in Wang et al. (2016), and
we provide a brief description of the observation and data here.
The cluster is observed using IRAM-NOEMA, VLT-KMOS, VLA,
XMM–Newton, and Chandra for the spectroscopic observation and
redshift determination. The galaxy masses are determined assuming
a Salpeter (1955) IMF, which we correct to a Chabrier (2003)
IMF, by decreasing the stellar masses by 0.24 dex. The halo mass
(Mvir ∼ 1013.93 M�) of the cluster is estimated in three different
ways, using the total X-ray luminosity, the velocity dispersion
of its member galaxies above M∗ = 1010.76 M�, and the stellar
richness of the cluster.2 Given this object was a targeted cluster, we
cannot estimate the cosmic abundance (i.e. the number per cubic
megaparsec). For analysis and comparison later in this work we
assign this cluster an abundance of N(>M∗ = 1013.93) = 10−7.15

(Mpc−3) which is estimated by integrating the HMF in the limits
[1013.93, ∞], thus providing an upper limit to the number densities
associated with clusters of this mass.

2.3.2 1959 clusters at z = 0.7–1.0, Wen & Han 2018

We compare to the cluster sample from Wen & Han (2018), which
contains 1959 clusters from SDSS-DR14 (Abolfathi et al. 2017) and
the WISE survey (Wright et al. 2010). The clusters are identified in
the W1 band, and foreground objects are removed using the SDSS
photometric data. The cluster mass and richness are estimated using
the total W1 band luminosity within 1 Mpc of the central galaxy. As
performed above, to each cluster we assign an upper limit to their
abundances from the cumulative integration of the HMF.

3 ME T H O D : STEEL

Our model STEEL is a STatistical sEmi-Empirical modeL designed
to investigate the satellites and subhaloes in groups and clusters. In
brief, STEEL removes reliance on discrete dark matter simulations
or halo merger trees, commonly used in galaxy simulations, in
favour of using mass functions to create a ‘statistical dark matter
accretion history’ described in more detail in Section 3.1. This
statistical history is then combined with semi-empirical techniques,
such as abundance matching (Section 3.3), to create average galaxy
population statistics. Whilst a comprehensive description of STEEL

can be found in Paper I, we provide in this section highlights of
STEEL, including any relevant updates. In this paper we have two
objectives. First, we investigate the impact of different SMHM
relations on the accretion histories of galaxies. The second aim
is to use our semi-empirical accretion histories and galaxy growth
histories to derive the SFR/star formation histories of galaxies.

The image in Fig. 1 shows a simple visualization of the process
we use to determine the effect of photometry on the accretion
histories of galaxy populations. Starting on the left we show two
SMFs, the primary difference is the blue (dotted) SMF has a
substantially enhanced high-mass end. In the middle panel we show
how this high-mass slope changes the SMHM relation, an enhanced
high-mass end SMF results in an enhanced high-mass slope. The
galaxy growth histories, shown as solid lines, are generated using
the SMHM relation used to calculate the average satellite stellar

2We note the velocity dispersions and X-ray luminosity estimations give the
cluster mass as Mvir = 1013.73 M� and the estimate given by mass richness is
significantly higher Mvir = 1014.6 M�, whilst we used the published average
the lower cluster mass excluding the richness estimate is in as-good or better
agreement with model results.
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STEELIIa 637

Figure 1. An image showing the steps we follow to connect the differences found in the stellar mass function (left) and the changes in the SMHM relation
(SMHM, middle) that propagate into changes in the accretion histories (right). In the right-hand panel dashed lines are mass from satellite accretion and solid
lines are total galaxy mass growth. Flatter SMHM relations imply a weaker growth of stellar mass in the central which can be easily overcome by the substantial
cumulative growth of merging satellites, rendering the model internally inconsistent.

mass accretion associated with a given central halo mass history. It
follows that the galaxy grown using the steeper relation from the
enhanced SMF induces more galaxy growth. A flatter high-mass
slope induces less growth in the limit where the high-mass slope is
flat the central galaxy would not grow with increasing halo mass.

The dashed lines in the rightmost panels are created by calculating
the average accretion on to a central galaxy. The majority of accre-
tion is from galaxy mergers that have a low-mass ratio between the
central and satellite galaxy. Note, the SMFs show little difference in
number density for smaller galaxies (below M∗ = 1011 M�) and thus
the low-mass slope of the SMHM relation is unchanged. It follows
that the smaller galaxies in a given dark matter assembly history
are unchanged and the accretion is similar for both centrals. For the
bottom right hand panel showing the accretion history and growth
history for a galaxy using the lower SMF it is found that the accretion
exceeds the galaxy growth (in this image this is accentuated for
clarity). Whereas, for the enhanced SMHM relation the accretion
is below that of the galaxy growth. The satellite galaxy accretion
history and the central galaxy growth history in a given cosmology
are determined by the SMHM relationship and the dark matter
halo assembly. In this paper we describe a method that, in a given
cosmology, can exclude a set of SMFs over multiple redshift epochs.
The evolution of these SMFs is analogous with the growth of the
total stellar mass in the Universe over cosmic time. The consistency
of the galaxy growth histories and the satellite accretion histories is
checked by generating and comparing the ratio of satellite accretion
and total mass growth. If the total accretion or rate of accretion is
greater than that of the central galaxy mass or galaxy growth rate the
set of SMFs is incompatible with the specific �CDM cosmology.

The image in Fig. 2 shows a simplification of the processes we
follow to derive the SFR by following galaxy populations along
their halo mass histories. The plot labelled 1 (green) is the input
SMF. The box in red is the statistical dark matter accretion history
described in Section 3.1, including the HMF (2a), the central growth

histories (2b), and the halo substructure (2c) shown here as a
discrete merger tree for visualization purposes. Using the abundance
matching routines described in Section 3.3, the SMF (1) and the
HMF (2a) are used to create the SMHM relationship (3, black).
In Paper I we showed how the dark matter accretion histories (2)
and abundance matching (3) can be used to generate distributions
of satellites for any central halo. In this work we generate satellite
distributions for central haloes at multiple redshifts (4) then test
them against simulations and observations in Section 4.2. For each
central halo mass track (2b) the average number density of satellites
that reach the centre of the halo and merge with the central galaxy,
is calculated thus generating the average satellite accretion history
(dashed line, 5). Using the central halo growth histories (2b) and
the SMHM relation (3), we can generate the average central galaxy
growth history (solid line, 5). These two quantities can be compared
to check for self-consistency, as described above and shown in
Fig. 1. Where a self-consistent central growth and accretion history
is found, any deficit between the accreted mass and the growth
history is attributed to SFR (delta, 5). The derived SFR for central
galaxies (solid line, 6) is compared to observational data (points, 6).
Where the SFR prediction generated from the model is found to be
consistent with the observed SFR this is a good indication that the
model is correct. Additional observational constraints not shown in
Fig. 2 can be added to improve the analysis, such as the specific
SFR (sSFR) distribution which is discussed in Section 4.4. In future
work other constraints such as the pair fraction of galaxies and the
intracluster light generated from dynamical process during satellite
accretion will also be considered.

3.1 Statistical merging history

Common modelling techniques, such as hydrodynamical, semi-
analytic, and traditional semi-empirical models rely on a discrete set
of haloes within a simulation ‘volume’. These discrete haloes come
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638 P. J. Grylls et al.

Figure 2. An image showing the constituent steps of the method to generate SFRs in this paper. In brief, the three columns from left to right are raw
inputs, derived inputs/modelling, and output/post-processing. The subplots are: (1) The SMF, (2a) The HMF, (2b) Halo mass growth histories, (2c) Accretion
histories/Merger tree, (3) The SMHM relation, (4) Group/Cluster satellite richness, (5) Central growth histories/satellite accretion histories, (6) SFR. The SFRs
are derived from the difference between the total growth in stellar mass and that from satellite accretion (panel 5).

in three forms: an N-body cosmological box, post-processed merger
trees, or catalogue of haloes.3 Due to the inevitably restrained
simulated cosmic volumes, all the aforementioned models are
biased towards smaller haloes and galaxies, largely missing a
statistically comprehensive description of the most massive central
and satellite galaxies.

STEEL is instead designed to model all haloes (and subhaloes)
within the simulation range without volume or resolution con-
straints. We remove the dependence on discrete halo sets through
the use of a statistical dark matter backbone, and simulate all haloes
and all mass-ratio mergers4 with equal weights regardless of their
number density. The following steps represent the core method for
creating the statistical dark matter accretion histories.

3We note that in many cases merger trees and halo catalogues are extracted
from the cosmological box of a dark matter only N-body simulation. The
alternatives being Press–Schecter analytically derived merger trees (e.g.
Press & Schechter 1974; Parkinson, Cole & Helly 2008) and halo catalogues
obtained by sampling the HMF.
4Within the simulation mass range, however, this can be set arbitrarily wide
as long as the choice of HMF and empirical techniques are valid in the
proposed mass range.

(i) At the redshift of interest z̄ we start from the HMF to compute
the abundances of (parent/central) haloes for any given central halo
bin [Mh,cent(z), Mh,cent(z) + dMh,cent(z)].

(ii) Each parent/central halo mass is then followed backwards
in time following its average mass growth history, < Mhalo(z̄) >,
calculated using the routines from van den Bosch et al. (2014).

(iii) An unevolved subhalo mass function5 (Jiang & van den
Bosch 2016) is then assigned to each central halo mass bin
[Mh,cent(z), Mh,cent(z) + dMh,cent(z)] at each redshift epoch.

(iv) At each time-step we then calculate the difference in subhalo
population between z and z + dz to estimate the average number
density and masses of subhaloes accreted on to the main progenitor
in the redshift interval dz, which we call the ‘accreted’ subhalo mass
function.

(v) Each bin [Mh,sub, Mh,sub + dMh,sub] of the accreted subhalo
mass function is then assigned a dynamical time given the central
halo mass bin [Mh,cent(z), Mh,cent(z) + dMh,cent(z)] it corresponds to.

(vi) At each redshift epoch we then sum the number densities of
subhalo bins [Mh,sub, Mh,sub + dMh,sub] on each central halo mass

5The unevolved subhalo mass function gives the total number density of
subhaloes of each mass accreted on to a given central halo over its entire
growth history.
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STEELIIa 639

track that have not exceeded their dynamical time to create the
surviving subhalo mass function.

(vii) Given the infall redshift, mass, and number densities of
each subhalo mass bin [Mh,sub, Mh,sub + dMh,sub] we can convolve
the resulting satellite halo distribution with the SMHM relation to
create the observed distribution of satellites at any epoch. In some
model variants we also include additional physical processes to
account for the late evolution of satellites after infall (see Paper I).

In this work we also track the number densities of subhaloes that
have reached the end of their dynamical time at each epoch. At the
time a subhalo reaches its dynamical time the associated satellite
galaxy ‘merges’6 with the central galaxy, during these mergers we
inject a fraction (40 per cent) of the satellite mass to the intracluster
medium (Moster et al. 2018).

3.2 Satellite quenching

The satellite quenching model in STEEL, presented in Paper I, has
two components:

(i) A delayed-then-rapid quenching model (Wetzel et al. 2013),
according to which satellite galaxies upon entering a halo continue
to form stars as if they were on the star formation main sequence
until their quenching time-scale, τ q, has elapsed. After a time τ q the
SFR of the satellites is rapidly quenched over the fading time-scale
τ f.7

(ii) The second component used is the halo mass-dependant cut-
off (Fillingham et al. 2018), which envisions that satellite galaxies
below a given stellar mass (dependant on host halo mass) are
immediately quenched.

The delayed-then-rapid quenching model is improved using the
latest dynamical quenching results from Cowley et al. (2019)
updating the model presented in Paper I to include a redshift
dependence in all quenching time-scales

τq,z = τq ∗ (1 + zinfall)
−3/2,

τf,z = τf ∗ (1 + zinfall)
−3/2. (1)

Additionally, we include a pre-processed fraction, inspired by
the results of Wetzel et al. (2015), implementing a mass-dependent
fraction such that a minimum of 30 per cent and a maximum of
60 per cent of galaxies are pre-possessed with a transitional mass
range between 106 and 108 M�. The SFR of a satellite galaxy after
infall is then given by

SFR(t, tinfall, M∗,infall) = SFRtinfall ∗
{

1, t > tq

e
[
− tq−t

τf

]
, t < tq.

(2)

3.3 Abundance matching

In this work we populate dark matter haloes with galaxies using
the abundance matching technique where galaxies are assigned to
haloes by comparing the relative abundances of galaxies and haloes.
For the abundance matching we use the central haloes from the HMF

6In a statistical model satellite galaxies are not strictly merging as there is
no central galaxy to merge with, instead we collect statistics of merging
satellites at each epoch. Using post-processing techniques we use these
statistics obtain information on the average merging history of central
galaxies.
7The absolute quenching time is given by tq(= tinfall − τ q).

described in Section 2.1, and a subhalo mass function subdivided
by redshift of infall generated from STEEL. Subhaloes are assumed
to follow the central SMHM relation at infall. We simplify our
abundance matching by using a frozen model such that baryonic
evolution after infall (stripping, star formation, etc.) is not included.
The latter assumption provides a good approximation as after infall
the dominant factor determining the abundances of satellite galaxies
is the dynamical time and not evolutionary processes (Paper I).

To fit SMFs over multiple epochs we convolve our HMFs with a
parametric SMHM relation similar to that proposed by Moster et al.
(2010),

M∗(Mh, z) = 2MhN (z)

[(
Mh

Mn(z)

)−β(z)

+
(

Mh

Mn(z)

)γ (z)
]−1

N (z) = N0.1 + Nz

(
z − 0.1

z + 1

)

Mn(z) = Mn,0.1 + Mn,z

(
z − 0.1

z + 1

)

β(z) = β0.1 + βz

(
z − 0.1

z + 1

)

γ (z) = γ0.1 + γz

(
z − 0.1

z + 1

)
. (3)

In what follows we adopt both the cmodel and PYMORPH SMF
described in Section 2.2 at redshift z = 0 to constrain the parameters
N, M, β, and γ (normalization, knee, low-mass slope, and high-mass
slope). We use only the central SMF, using the Yang et al. (2012)
central/satellite identification, and central HMF. The fit is performed
using a Markov Chain Monte Carlo (MCMC), implemented using
the PYTHON package EMCEE (Foreman-Mackey et al. 2013), over
a large parameter space (PM,N,β,γ ) covering all four parameters.
Given a point in parameter space PMi,Ni ,βi ,γi

, the SMF is constructed
using the HMF and the SMHM relation. Each bin of parent halo
mass is associated with a Gaussian distribution of stellar mass with
scatter 0.15 dex. This distribution is multiplied by the halo mass
number density to convert to galaxy number density which are
added to the relevant stellar mass bins of the SMF in construction.
This operation is then repeated over all mass bins of the HMF
to produce the complete central SMF. For each point PMi,Ni ,βi ,γi

in the parameter space, the SMF associated with that point is
compared via a likelihood function to the observed SMF to provide
the MCMC with the probability that the given point is the ‘true’
SMHM relationship.

We then fit to the Davidzon et al. (2017) data both uncorrected
and corrected for the cmodel and PYMORPH fits, respectively (see
Section 2.2 for details). At high redshift we use the central and
subhalo mass functions initializing satellites at infall as described
above.8 For central haloes the method is the same as detailed
above, however, as we use the total SMFs at high redshift we
also include the total unevolved surviving subhalo mass function
in the abundance matching. We assume that a halo before infall
hosts a central galaxy; under this assumption we use the central
SMHM relation to assign satellite galaxy stellar mass at the point
of accretion. For the latter we must have information about the
redshift of infall for subhaloes. We obtain from STEEL the unevolved

8Ideally, as for low redshift, we would use the centrals only as we are
primarily concerned with the central SMHM relation. However, lacking a
well-defined central SMF at high redshift, this method represents a reliable
way to extend the model to higher redshifts.
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640 P. J. Grylls et al.

Table 1. The abundance matching results for the cmodel and PYMORPH data. The errors are the 16th and 86th percentile
from the MCMC fitting.

Mn N β γ Mn,z Nz βz γ z

cmodel 11.91+0.40
−0.34 0.029+0.018

−0.013 2.09+1.21
−1.02 0.64+0.11

−0.10 0.52+0.24
−0.19 −0.018+0.005

−0.004 −1.03+0.049
−0.34 0.084+0.20

−0.14

PYMORPH 11.92+0.39
−0.36 0.032+0.016

−0.012 1.64+0.85
−0.73 0.53+0.11

−0.11 0.58+0.15
0.19 −0.014+0.007

−0.006 −0.69+0.29
−0.36 0.03+0.154

−0.147

surviving subhalo mass function as contributed by each redshift of
infall. Each contributing part is calculated using the SMHM relation
at the redshift of infall and added to the central SMF using the
same method as with the centrals. The total SMF is compared, at
each redshift step available, to the data via the likelihood function
to give the probability that the given point is the ‘true’ evolution
parameters. The abundance matching best-fitting parameters and
associated errors for both the cmodel and PYMORPH are given in
Table 1, and plots showing the cross-sections of the parameter space
are shown in Appendix A.

In Fig. 3 we show the results of our abundance matching to the
PYMORPH and cmodel central SMFs. The PYMORPH fit is steeper
above the knee compared to either the cmodel or the Moster et al.
(2013) model fits, as expected given the larger number density
of massive galaxies found applying the Sérsic–exponential model
(e.g. Shankar et al. 2014; Kravtsov, Vikhlinin & Meshcheryakov
2018). The low-mass slope for both PYMORPH and cmodel are
almost identical as the galaxies in this range are not affected by
the photometric choice. Differences between the fits from this work
and Moster et al. (2013) are due to our selection of using only
central haloes/galaxies as opposed to the total population, and the
SMFs shown in the right-hand panel are lower than even cmodel
are therefore missing massive galaxies.

4 R ESULTS

4.1 Halo merger rates

STEEL implements a statistical dark matter merging history, thus as
a very first step we check STEEL’s performance on reproducing halo
merger rates as extracted from N-body dark matter-only simulations.
We explore the evolution of the merger rate of haloes with a mass
ratio greater than f = Mh,sat/Mh,cen. The merger rate is calculated
from STEEL by integrating the ‘unevolved subhalo mass function
accretion’ (δUSHMF) above the mass ratio limit

dN

dz

(
Mh,cen

)

=
∫ ∞

Mh,cen∗f

δ USHMF([z, z + δz], Mh,cen, Mh,sat)dMh,sat.

(4)

In Fig. 4 the merger rate from STEEL, shown by lines, is in good
agreement with the best-fitting merger rate relations from the
Millennium simulation given by Fakhouri, Ma & Boylan-Kolchin
(2010), shown as shaded regions.9 The slight deviation at low
redshift derives from the predicted growth history of our input
potential wells given by van den Bosch et al. (2014), a lower mass
growth rate leads to a lower accretion rate. This deviation is due to

9It should be taken into consideration that the results from STEEL presented
here and the fits from Fakhouri et al. (2010) are in different cosmologies.
We show STEEL halo accretion using the Millennium cosmology used in the
aforementioned work in Appendix D.

differences in the algorithms used to link haloes between simulation
outputs and build merger trees used by Fakhouri et al. (2010) and
van den Bosch et al. (2014)

4.2 High-redshift clusters

We here extend the group and cluster satellite richness analysis
from Paper I to high redshift. In Paper I it was found that
dynamical friction and, to a second order, abundance matching,
are the dominant factors in the distribution of satellite galaxies
in groups and clusters above M∗,sat > 1010 M�. In this section,
for a more rounded view of the satellite galaxy population, we
display the results for the full STEEL model which includes star
formation, dynamical quenching, and stripping to evolve satellites
after infall. The latter effects, despite being of lower order than
dynamical friction or abundance matching, are included to be able
to compare to data other than cluster richness, such as the satellite
sSFR distribution.

Fig. 5 shows the satellite number density per halo mass bin. For
each central halo mass the cosmic number density, similarly to the
number density presented in the cumulative SMFs, is calculated
for satellites above a mass threshold for each halo mass bin. The
predicted halo richness from STEEL, using the PYMORPH SMHM
relation, is shown in this plot as solid lines. Low-redshift SDSS
data are shown as a grey band, cluster data detailed in Section 2.3
are open symbols. The predictions from the Illustris TNG100
simulation (Nelson et al. 2018; Springel et al. 2018) are shown
with crosses. The markers and lines in the figure are colour coded
based on redshift, as indicated by the colour bar on the right.

In Fig. 5 we see that at higher redshift there are fewer massive
satellites overall. This reduction is caused by several contributing
effects. First, at high redshift there is an absence of high-mass
haloes, which have not had time to form. Due to the lack of hosts
at higher masses, the right hand side of the distribution tightens.
Secondly, at high redshift the HMF is lower at any given mass,
causing a shift of the satellite host halo distributions towards lower
masses. Finally, as the process of formation and merging takes
several gigayears to complete massive satellites are found less
frequently at high redshift, and thus the number densities of the
most massive satellites reduce faster than the lower mass ones.

We show STEEL is a good match to the Wang et al. (2016) cluster
at redshift z = 2.5. We also achieve an adequate match to the
cluster survey from Wen & Han (2018), especially in the mass
range above Msun > 1010.5 M�. We also achieve similar results to
the Illustris TNG100 simulation, though the TNG100 output is
marginally higher at all redshifts. STEEL improves upon TNG100
in terms of the shape and breadth of this distribution. For example,
at high mass and redshift STEEL resolves the turnover for satellites
above Msun > 1011 M�, whereas TNG100 is too limited in volume
to cover the high-mass ranges. The limitations in volume prevent
TNG100 from simulating clusters such as those presented in Fig. 5
(Wang et al. 2016; Wen & Han 2018). In this respect STEEL becomes
an excellent bridge between the capabilities of a high-resolution
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STEELIIa 641

Figure 3. Left: The SMHM relation at redshift z = 0.1. The PYMORPH (blue solid line) and cmodel (orange dashed line) fits from this work are both for central
haloes/galaxies, the fit from Moster et al. (2013) (hereafter M13, red dotted line) is for all haloes/galaxies. The grey band is the relation from Illustris TNG100.
Right: SMFs created using the central HMF and the three SMHM relations compared to PYMORPH (blue circles) and cmodel (orange triangles) central SMFs.
The black squares are the SMF from Illustris TNG100.

Figure 4. The evolution of merger rate per Gyr at fixed halo mass. Lines are
from STEEL, shaded bands are the analytic fits from Fakhouri et al. (2010).
Halo masses shown are Mh,cen : 1011, 1012, 1013, 1014 M� h−1 as labelled.

hydrodynamical simulation and the massive cluster observations at
high redshift.

4.3 Connecting central mass accretion to star formation rate

We calculate from STEEL, using the PYMORPH SMHM relation, the
relative contributions to the average stellar mass growth of central
galaxies from satellites and star formation history (SFH), as shown
in Fig. 6 . For three galaxy mass bins (1011, 1011.5, 1012 M�)
selected at z = 0.1, the average growth history (total, solid lines) is
derived by following the host halo mass track, and the stellar mass
track is implied by imposing abundance matching at all redshifts.
The stellar mass history assigned by abundance matching, is
naturally independent of any galaxy merger modelling assumptions
from STEEL. The total accretion from satellites (accretion, dashed
lines) is computed from the expected satellite accretion along halo
mass tracks. For each galaxy an SFH (dotted lines) may then be
calculated. The SFR is tuned such that it provides the correct SFH
to account for the difference between the mass growth expected
from abundance matching and the cumulative satellite stellar mass

accretion.10 When calculating this difference we also take into
account the stellar mass-loss rate (MLR) due to stellar recycling
using the relations from Moster et al. (2018),

f (τml) = 0.05 ln
( τml

1.4 Myr
+ 1

)
, (5)

MLR(t) =
∑t

t ′=tinfall
SFH(t ′)(f [t ′ − (t − δt)] − f [t ′ − t])

δt
. (6)

The SFR–stellar mass relation derived from this method is fitted
with a double power law that evolves with redshift (for more details
on the fit see Appendix B), as shown in Fig. 7. At lower redshift the
normalization decreases, the peak of the distribution shifts to lower
masses, and the turnover after the peak is steeper. In Fig. 7 we also
show the same three galaxy population tracks from Fig. 6, discussed
below, as black lines. These tracks show how the galaxy population
evolves in SFR with redshift. The population tracks show a gradual
increase in SFR and then a turnover before dropping sharply, as
they transition to a satellite accretion-dominated regime. It is found
that smaller galaxies grow for longer time-scales with increasing
star formation, whilst larger galaxies start with higher SFR and
transition to an accretion-dominated phase much earlier in time.

The top row of Fig. 6 shows the total mass of the galaxy and the
total contributed by both accretion and the SFH. The middle row
shows the fractional contributions from star formation and satellite
accretion from z = 3. The bottom row shows the instantaneous
mass growth from star formation and satellite accretion. There are
two definitions we can use to determine the epoch after which a
galaxy transitions into a merger-dominated state. First, we could
define the ‘cumulative transition’ as when the galaxy has accreted
more mass than it has created from star formation processes

10This method directly links the SFR to the accreted mass from satellites.
However, in our model satellites to grow in mass after infall (i.e. ‘non-
frozen’ to follow the terminology of Paper I), we therefore recalculate the
full satellite accretion on to the central galaxies updating their mass using the
new SFR. Using the updated accretion the SFR is recalculated beginning
an iterative process. However, this iterative process of recalculation ends
after one loop as the rederived accretion is found to be nearly identical, as
expected from the results of Paper I.
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642 P. J. Grylls et al.

Figure 5. The number density distribution of satellites per parent halo mass predicted from STEEL, using the PYMORPH SMHM relation, at multiple redshift
epochs (solid lines). The grey band is the data from SDSS at redshift z = 0.1. Also included are the high-redshift cluster data from Wang et al. (2016) (circles)
and Wen & Han (2018) (triangles). We also compare to the outputs from the Illustris simulation using the TNG100 data (crosses). Each data point and line are
given a colour associated with their redshift (the bar on the right provides the colour coding key).

Figure 6. Three ‘mass tracks’ are shown that have central galaxy masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 [ M�] in blue, orange, and
green, respectively. The satellite galaxy accretion is shown for evolved satellites with a dashed line, and the mass from star formation shown with a dotted line.
The top panels show the total mass of the central (solid lines) and the total mass gained from accretion or star formation. The middle panels show the fraction
of the total galaxy mass formed from satellite accretion or star formation since redshift z = 3. The bottom panels show the ratio of the mass accretion rate
from satellite galaxies, the SFR, and the mass growth rate of the central galaxy predicted by abundance matching. The black horizontal lines in the second and
third rows are at unity. The solid lines showing the sum of the other two factors should be close to or on the unity lines. The labels A and B point to where the
cumulative mass from accretion overtakes the cumulative mass from star formation. The labels C and D point to where the instantaneous accretion overtakes
the SFR.
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STEELIIa 643

Figure 7. The SFR–stellar mass relation derived from following central
galaxy populations along halo mass histories at redshifts z = 0.1, 1, 2, 3, 5.
The data extracted from the post-processing of STEEL are shown by coloured
crosses and the double power-law fits are shown as lines in corresponding
colours. The three black lines are the evolution of the galaxy populations
selected at redshift z = 0.1 with masses M∗ = 1011, 1011.5, 1012( M�)
presented in Fig. 6.

(Points A and B). Secondly, we define the ‘instantaneous transition’
as the epoch when the growth rate from mergers overtakes the
growth rate from star formation (Points C and D). More massive
galaxies transition earlier to merger dominated growth under both
definitions. However, all galaxies transition earlier under the second
(instantaneous) definition. The masses shown in Fig. 6 show three
cases of relevant galaxy accretion tracks. The Mz=0

∗ = 1012 M�
galaxy growth curve at low redshift is always dominated by satellite
accretion. In the top and middle rows we see that more mass has
been accreted than produced by star formation, and in the bottom
row we see the accretion rate overtook the SFR at redshift z =
2. The Mz=0

∗ = 1011.5 M� galaxy growth curve has more mass
created from star formation than satellite accretion. However, the
galaxy population has a higher rate of accretion rate than SFR since
redshift z = 1. The final population shown at Mz=0

∗ = 1011 M� is
star formation dominated under both cumulative and instantaneous
definitions. At redshift z = 0 we find the transition masses for the
total mass ratio and the instantaneous ratio to be at M∗ = 1011.7 M�
and M∗ = 1011.1 M�, respectively.

We show in Fig. 8 the satellite accretion for the cmodel abundance
matching using the same template as Fig. 6. In Fig. 8 we obtain a
lower limit for the accretion rate by including stripping but not
star formation in the satellites thus minimizing their mass through
environmental processes. We find for the high-mass galaxies, which
are above the knee of the SMHM relation, even the lower limit for
the accretion has an instantaneous rate greater than the growth rate
of the galaxy as seen in the bottom row. This makes the cmodel
SMHM relation used within our dark matter accretion model non-
physical: steeper SMHM relations, such as the one found with
the PYMORPH photometry, are favoured by hierarchical assembly.
We recall, as explained in Fig. 1, that too flat SMHM relations
introduce global stellar mass growth histories that are even lower
than what is expected from total satellite accretion rendering the
models internally inconsistent. For completeness we also tested a
range of dynamical time options. In all cases, even when the merging

time is increased by a factor of two,11 the accretion rate exceeds
the growth rate and cmodel photometries can be excluded. Further
to this we also tested variations on the mass-loss in mergers and
the amount of mass lost to tidal stripping of the satellites; in the
case where the tidal is doubled with respect to the reference model
and the mass-loss during a merger is set to 60 per cent up from
40 per cent, the cmodel photometries remain internally inconsistent.
We are confident that under all circumstances cmodel photometries
can be considered internally inconsistent.

4.4 Specific star formation rate distribution

Fig. 9 shows the sSFR distribution of satellites in three mass ranges,
as labelled, chosen to probe transitions found in observational data
(Bernardi et al. 2011, 2014; Cappellari et al. 2013). The solid
blue line and the dashed black lines show the satellite and central
sSFR from STEEL, respectively, while the grey histogram shows the
satellites from SDSS and the unfilled histogram shows the centrals
in SDSS.

STEEL accurately captures the key trends in the distributions,
such as bimodality, which is seen in both the central and satellite
populations. The central population below M∗ = 1010.5 (M�) is
mostly star forming whereas the satellites show signs of quenching.
In the intermediate-mass range a fraction of the centrals become
quenched and the satellites show a strong quenching effect. In the
highest mass range all galaxies show strong quenching features
with little star formation. Whilst still not an exact match to the
SDSS distribution, we find that including a redshift dependence in
the dynamical quenching provides a better fit than the model used in
Paper I. The central sSFR is calculated using the SFR presented in
Section 4.3, which use the PYMORPH SMHM relation. Each central
mass is assigned an SFR with a scatter of 0.2 dex. To account for
the fraction of galaxies that are quenched via mergers at each stellar
mass we modify the assigned SFRs by setting a fraction of galaxies
equal to the elliptical fraction from Section 5.3 to have an sSFR of
10−12 (yr−1) with a scatter of 0.2 dex and in turn increase the SFR
of the remaining galaxies to maintain the same average SFR for the
population. This approach tests if mergers alone can account for
the bimodality found in the central sSFR, the high-mass centrals
>1011.3 (M�), but produces an inadequate fit to the SDSS centrals
at masses lower than 1010.5 (M�). The discrepancies in the location
of the star-forming population are likely caused by the imperfect
fit to observed SFR as seen in Fig. 10 and the deficit of quenched
galaxies in the lower mass cuts is likely due to causes of quenching
that are not merger related (e.g. AGN feedback).

5 D ISCUSSION

Using STEEL we have presented a consistent picture of group and
cluster richness across several orders of magnitude in mass, and
satellite accretion histories over 11 Gyr of the Universe’s history.
It is essential for a model that aims to predict the hierarchical
growth of galaxies, that both the central and satellite SMFs are well
reproduced at all redshifts. STEEL uses state-of-the-art statistical
accretion histories and powerful abundance matching techniques
to ensure we have the essential consistency with observed galaxy
number densities by design.

11Dynamical time factors higher than 2 are shown to not reproduce the
satellite distributions in Paper I
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644 P. J. Grylls et al.

Figure 8. Same format as Fig. 6 but for the cmodel photometry. It is clear that this model is internally non-physical as the accretion via satellites (dashed lines)
rapidly overshoots the total growth in stellar mass (solid lines) implied by the underlying growth host halo growth, as evident in the middle and bottom rows.

Figure 9. We show the sSFR of satellites and centrals compared to SDSS in three mass bins selected to mirror proposed breaks in the galaxy main sequence.
The SDSS data for satellites and centrals are filled and unfilled histograms, respectively. The STEEL result for the satellites is the solid blue line and the
post-processed central result is the dashed black line.

5.1 High-redshift clusters

Galaxy groups and clusters represent an excellent laboratory to
test theories on galaxy evolution. The rich cluster environments
are observable up to high redshift and contain some of the most
massive galaxies. Exploring the richness of the environments around
massive galaxies provides an excellent constraint to hierarchical
assembly predicted by �CDM cosmology at the most extreme

masses (Shankar et al. 2015). In this work we show a singular
cluster reported in Wang et al. (2016). Other models (e.g. Henriques
et al. 2015) have been unable to reconcile this cluster within a
�CDM framework. We found in Fig. 5 that STEEL is able to predict
the existence of such massive objects. However we concur with
Wang et al. (2016) that these objects are rare and their absence in
traditional simulations could be simply attributed to poor statistics
and not necessarily to the implied physical model. With large-scale
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surveys such as EUCLID coming online, a well-tuned statistical
model could more easily place robust constraints on high-redshift
cluster formation.

5.2 Central assembly

In Section 4.3 we found one of the major factors in regulating
the in situ and ex situ accretion pathways to be the shape of the
SMHM relation. A shallower low-mass slope causes larger amounts
of satellite accretion as smaller haloes, with much higher number
density, are initialized with larger satellite galaxies. Similarly to
Shankar et al. (2006) and Moster et al. (2018), we find the high-mass
slope to undergo only a small amount of evolution with increasing
redshift, this implies the growth of central galaxies is directly linked
to the steepness of the high-mass slope and the growth of the host
halo. The flatter the high-mass slope of the SMHM relation, the less
growth is expected in stellar mass following the assembly of the
host dark matter halo. In turn, a weak evolution in the stellar mass
content of the central galaxy can be in tension with what is expected
from satellite accretion, especially for the most massive galaxies. We
discussed that the slope of the high-mass end of the SMF and implied
slope of the SMHM relation strongly depend on the choice of light
profile, background subtraction, and mass-to-light ratios. However,
not all resulting SMFs provide physically self-consistent results
in a �CDM Universe. Steeper SMHM relations, such as those
predicted by PYMORPH-based SMFs (Bernardi et al. 2013), produce
more consistent central and satellite accretion stellar mass growths.
In addition to models with different SMHM slopes, we also tested
models with the dynamical time varied by ±20 per cent, within the
range of possible dynamical times predicted in Paper I constrained
by satellite richness. This relatively modest alteration has a minor
effect on the satellite accretion rate and mass contribution to the
central. In this work we find the transitional stellar mass, above
which dry mergers progressively become the major contributor to
galaxy growth, to be M∗ = 1011.1, see Fig. 6. The latter is consistent
with previous findings (e.g. Bernardi et al. 2011; Cappellari 2013;
Shankar et al. 2013).

By following the statistical dark matter accretion histories we
were able to use the central mass tracks and abundance matching
to obtain a growth history for central galaxies. Subtracting from the
latter at each time-step the cumulative stellar mass from satellite
accretion, we created a ‘SFR’ interpreted as the remaining mass
required to build the central mass. Our methodology is similar to
the continuity approach based on Leja et al. (2015) used in Paper I,
but with the key difference that here we follow halo growth instead
of galaxy number density. The resulting SFR for galaxies is notably
different to that of Tomczak et al. (2014), used in Paper I. At all
redshifts the turnover is notably different, with SFR for masses
above the turnover decreasing sharply at low redshift. For masses
below the turnover, at z < 1 the SFR is lower by 0.3 dex, and at z >

1 the SFR is higher by 0.1–0.2 dex. Recent work, where the SFHs
are properly accounted for when measuring SFRs, has suggested
that the previous determinations of SFRs using UV+IR are 0.1–
1 dex too high (Leja et al. 2019) and cannot be reconciled with the
growth of the SMF (Leja et al. 2015; Lapi et al. 2017). Our SFR
is consistent with the results of Leja et al. (2019), as reported in
Fig. 10. The excellent match to Leja et. al.’s independent estimates
further supports the idea that a more robust method to derive more
reliable SFRs is to follow galaxy assembly along host halo growth
histories (see e.g. Moster et al. 2018).

Figure 10. We show the SFR–stellar mass relationship from Fig. 7 at
redshifts z = 0.5, 1, 2 (blue, orange, and green, respectively, STEEL data are
crosses and fits are solid lines). In this plot we compare with the observed
SFR from Leja et al. (2019) shown as filled circles with corresponding
colours denoting corresponding redshift.

5.3 Central morphologies

Mergers are thought to be one of the drivers for morphological
transformation, size growth, and other galaxy changes (Bournaud,
Jog & Combes 2007; Hopkins et al. 2009, 2010a; Shankar et al.
2011; Fontanot et al. 2015). Broadly inspired by the results of
hydrodynamic simulations, a number of analytically based cos-
mological models have generally assumed that major mergers,
in particular, with a mass ratio of at least Msat/Mcen > 0.25, are
effective in destroying discs and in forming ellipticals (Baugh 2006;
Malbon et al. 2007; Bower et al. 2010). Given the very promising
results of STEEL in predicting satellite number densities in different
environments and epochs, we here take a step further and explore
whether STEEL’s cumulative number of major mergers is able to
account for the local fraction of elliptical galaxies. For each central
mass track we evolve the fraction of galaxies that have had a
merger with stellar mass ratio greater than 0.25 since redshift z = 3.
Fig. 11 shows the probability/fraction of central galaxies that have
experienced a merger above the mass threshold of 0.3 at redshifts z

= 0.1, 0.65, 1.75, while the black triangles show the T-Type-selected
elliptical fraction from the SDSS catalogue. We find that applying
this simple recipe to the merging number densities from STEEL

creates a good match to the elliptical fraction in the local universe.
Despite the noticeably good agreement between model predic-

tions and data in Fig. 11, we stress that different input SMHM
relations can, as proven in this work, substantially affect the
accretion rate which in turn will modify the number of galaxies
experiencing major mergers. It follows that any cosmological
galaxy evolution model that uses mergers as a physical driver
for galaxy transformation should first simultaneously and self-
consistently closely reproduce SMFs, the SMHM relation, and
satellite distributions at high redshift.

6 C O N C L U S I O N S

In this second paper on our STatistical sEmi-Empirical modeL,
STEEL, we proved that STEEL can successfully reproduce galaxy
satellite richness also at high redshifts. Its innovative design,
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646 P. J. Grylls et al.

Figure 11. We show at three redshift steps the predicted fraction of
ellipticals as a function of stellar mass. The lines are the predictions from
STEEL and the tringles are the T-Type selected elliptical fraction from SDSS
at redshift z = 0.1.

unconstrained by volume or mass resolution, allows STEEL to predict
the number densities of even the rarest objects in the Universe at
the highest redshifts, a fundamental test for dark matter and galaxy
evolution theories though currently inaccessible by cosmological
hydrodynamic simulations.

Given the success of STEEL in reproducing satellite richness at
different cosmic epochs and environments, we can in turn predict
more reliable galaxy merger rates, using central growth rates implied
by the central mass track of our statistical dark matter accretion
histories and abundance matching. We found that SMHM relations
with shallow high-mass slopes create central growth histories that
are physically inconsistent with the expected satellite merger rate.
We found that steeper SMHM relations at the high-mass end, as
induced by the latest determinations of the SMFs based on Sersic–
exponential photometry, are favoured against shallower SMHM
relations, based on outdated determinations of the SMF. The total
stellar mass growth of a galaxy is mostly due to satellite mergers
and/or star formation. A flatter SMHM relation, however, naturally
implies, for a given increase in host halo mass, a much weaker
growth in the stellar mass of the central galaxy than in the case of
a steep SMHM relation. The accretion via satellites could then be
substantial enough to overshoot the moderate growth in the central
galaxy rendering the model internally physically inconsistent.

By safely assuming the difference in central growth rate (Ṁ) and
satellite accretion rate is attributable to the star formation in the
central galaxy, we predict SFHs and an SFR–stellar mass relations.
The latter approach is qualitatively similar to a continuity equation
(e.g. Leja et al. 2019, and Paper I), but more accurate as it is
developed along the accretion tracks of host haloes so better follows
galaxy populations. We find our resulting SFRs to be in excellent
agreement with the latest cutting-edge observational measurements
by Leja et al. (2019), based on multiparameter Bayesian analysis.

Finally, following traditional models of galaxy evolution, we use
our improved galaxy merger rate to predict the fraction of central
galaxies as a function of mass that have been transformed into
ellipticals via major mergers, (where the stellar mass ratio of the
central to satellite is greater than 1/3). We find this fraction to be
in excellent agreement with centrals selected as ellipticals via T-
Type in SDSS. We use this elliptical fraction and our derived SFR
to create a distribution of sSFRs. We find this basic and common
assumption to form ellipticals in analytic cosmological models to

be sufficient to also reproduce the bimodality in SFRs of massive
galaxies above M∗ > 1011.3 M�. Below this stellar mass threshold,
we find a too high fraction of star-forming galaxies, which implies
additional quenching mechanisms, beside major mergers, must be
included in the models.

Our results are of the utmost importance to predict robust and
self-consistent SMHM relations and to generate reliable mock
catalogues for the next generation of extragalactic surveys such
as Euclid and LSST.
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A P P E N D I X A : A BU N DA N C E M AT C H I N G
M C M C

Fig. A1 shows the redshift z = 0.1 output from the MCMC
abundance matching fits. It becomes immediately obvious that the
low-mass slope (β) is poorly constrained however the impact on
the SMF is limited within the margin of error. The position of the
knee (M) is well constrained against both the normalization (N)
and the high-mass slope (γ ). The shape of the constraint between
the normalization and gamma emanates from the need to produce
high-mass galaxies, if the normalization is decreased the slope must
increase to ensure enough haloes produce massive galaxies.

Fig. A2 shows the redshift z > 0.1 output from the MCMC
abundance matching fits. All parameters have low evolution and the
SMHM relation evolves only weakly with redshift. For M, β, and γ

where the distributions are wide or close to the prior we have tested
wider priors and insignificant change is found.
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648 P. J. Grylls et al.

Figure A1. We show the MCMC parameter space for the redshift z = 0.1 fit. The position of the knee (M), the normalization (N), the low-mass slope (β), and
the high-mass slope (γ ) are shown from left to right. Columns are titled with the best-fitting values and 16th/84th percentile errors. The black lines show the
best-fitting value with a black square at intersections, the 16th/84th percentiles are shown with blue dashed lines on the histograms.
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STEELIIa 649

Figure A2. We show the MCMC parameter space for the high redshift z > 0.1 fit. The evolution of: the position of the knee (Mz), the normalization (Nz), the
low-mass slope (βz), and the high-mass slope (γ z) are shown from left to right. Columns are titled with the best-fitting values and 16th/84th percentile errors.
The black lines show the best-fitting value with a black square at intersections, the 16th/84th percentiles are shown with blue dashed lines on the histograms.
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APP END IX B: FIT T I N G TH E STAR
F O RM ATION R ATE S

The fit to the SFR we derive in Section 4.3 is given by the following,
equation B1,

SFR(M∗, z) = 2N (z)

[(
M∗

Mn(z)

)−α(z)

+
(

M∗
Mn(z)

)β(z)
]−1

log10 N (z) = 10.65 + 0.33z − 0.08z2

log10 Mn(z) = 0.69 + 0.71 ∗ z − 0.088z2

α(z) = 1.0 − 0.022z + 0.009z2

β(z) = 1.8 − 1.0 ∗ z − 0.1z2. (B1)

APPENDIX C : C OMPARISON O F IN SITU/EX
SI TU GROW TH TO OTHER MODELS

In Fig. C1 we show the in situ versus ex situ growth with the same
model as shown in Fig. 6, we add to this plot data extracted from
the Illustris TNG100 simulation. In Fig. 3 we see Illustris has a
shallower slow mass slope and a steeper high mass slope such that
more stellar mass is mapped into haloes of all sizes. We see the
change in both of these slopes reflected in the accretion histories,
first, for the lower mass galaxies (see log10M∗,cen = 1011) closer to
the SMHM knee we find enhanced accretion due to the larger masses
from more minor mergers. Secondly the high-mass slope is a direct
result of the accretion, to support the same merger assembly with
the higher mass galaxies in the satellite haloes above the knee where
galaxy growth is dominated by the accretion the galaxy growth with
halo size must be enhanced.

Figure C1. As in Fig. 6 three ‘mass tracks’ are shown that have central galaxy masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 ( M�) in blue,
orange, and green, respectively. The satellite galaxy accretion is shown for evolved satellites with a dashed line and the mass from star formation shown with a
dotted line. The top panel shows the total mass of the central (solid line) and the total mass gained from accretion or star formation. The middle panel shows the
fraction of the total galaxy mass formed from satellite accretion or star formation since redshift z = 3. The bottom panel shows the ratio of the mass accretion
rate from satellite galaxies, the SFR, and the mass growth rate of the central galaxy predicted by abundance matching. In the top panel the shaded regions are
galaxies selected from the Illustris simulation; the hashed region is then the satellite accretion from Illustris, in the middle panel the shaded region is the ratio
of satellite accretion from Illustris. The grey lines in the second and third panel are at unity, the solid lines showing the sum of the other two factors should
therefore be close to or on these lines.
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STEELIIa 651

In Fig. C2 we show the in situ versus ex situ growth with the same
model as shown in Fig. 6, we add to this plot data from the EMERGE

model from Moster et al. (2018) shown as black lines. The solid lines
show the total galaxy mass followed back selecting populations by
mass at redshift z = 0.1. The dotted and dashed lines show the
amount of galaxy mass formed in situ and ex situ, respectively. In
all cases EMERGE predicts satellite accretion becomes the dominant
mass growth pathway at higher redshifts than STEEL. In the third
column we see that EMERGE and STEEL also disagree about the mass
growth history of log10M∗,cen = 11 galaxies, however, both models
agree that the dominant mass growth path of galaxies at this mass
are in situ processes.

In Fig. C3 we show for the log10M∗,cen = 11.5, and 11 galaxies
the central growth and SFR ratio from Behroozi et al. (2019). The
central growth is close to that found from STEEL and the SFR
transition for log10M∗,cen = 11.5 is an excellent match.

In Fig. C4 we show a comparison with the semi-analytic model
described in Menci et al. (2014). At all masses the stellar growth
is substantially different to STEEL and the other models shown in
this appendix. Furthermore the semi-analytic model shows little
change in the accreted mass ratio over cosmic time, again this is
inconsistent with the findings from STEEL and the other models
presented in this section. We attribute most of the differences seen
here to the substantial difference in the SMHM relationship shown
in Fig. C5.

Figure C2. As in Fig. 6 three ‘mass tracks’ are shown that have central galaxy masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 ( M�) in blue,
orange, and green, respectively. The satellite galaxy accretion is shown for evolved satellites with a dashed line and the mass from star formation shown with a
dotted line. The top panel shows the total mass of the central (solid line) and the total mass gained from accretion or star formation. The middle panel shows the
fraction of the total galaxy mass formed from satellite accretion or star formation since redshift z = 3. The bottom panel shows the ratio of the mass accretion
rate from satellite galaxies, the SFR, and the mass growth rate of the central galaxy predicted by abundance matching. In the top and middle rows we add black
lines to show the in situ and ex situ growth from EMERGE Moster et al. (2018). The grey lines in the second and third panel are at unity, the solid lines showing
the sum of the other two factors should therefore be close to or on these lines.
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652 P. J. Grylls et al.

Figure C3. As in Fig. 6 three ‘mass tracks’ are shown that have central galaxy masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 ( M�) in blue,
orange, and green, respectively. The satellite galaxy accretion is shown for evolved satellites with a dashed line and the mass from star formation shown with a
dotted line. The top panel shows the total mass of the central (solid line) and the total mass gained from accretion or star formation. The middle panel shows the
fraction of the total galaxy mass formed from satellite accretion or star formation since redshift z = 3. The bottom panel shows the ratio of the mass accretion
rate from satellite galaxies, the SFR, and the mass growth rate of the central galaxy predicted by abundance matching. In the top and bottom rows, for the
log10M∗,cen = 11.5, and 11, we add black lines to show the central galaxy growth and the SFR ratio from Behroozi et al. (2019). The grey lines in the second
and third panel are at unity, the solid lines showing the sum of the other two factors should therefore be close to or on these lines.
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STEELIIa 653

Figure C4. As in Fig. 6 three ‘mass tracks’ are shown that have central galaxy masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 ( M�) in blue,
orange, and green, respectively. The satellite galaxy accretion is shown for evolved satellites with a dashed line and the mass from star formation shown with a
dotted line. The top panel shows the total mass of the central (solid line) and the total mass gained from accretion or star formation. The middle panel shows the
fraction of the total galaxy mass formed from satellite accretion or star formation since redshift z = 3. The bottom panel shows the ratio of the mass accretion
rate from satellite galaxies, the SFR, and the mass growth rate of the central galaxy predicted by abundance matching. In the top and middle rows we add black
lines to show the ex situ growth and central growth from the semi-analytic model described in Menci et al. (2014). The grey lines in the second and third panel
are at unity, the solid lines showing the sum of the other two factors should therefore be close to or on these lines.

Figure C5. We show the SMHM relationship for PYMORPH (blue line, used
in this work) and for the semi-analytic model from Menci et al. (2014) (black
line).

A P P E N D I X D : H A L O ME R G E R R ATE IN TH E
M I L L E N N I U M C O S M O L O G Y.

The statistical dark matter accretion history used in STEEL is
cosmologically flexible.12 The current prescriptions for the halo
growth histories and dark matter substructure (van den Bosch et al.
2014; Jiang & van den Bosch 2016) can be used for �CDM
models that are within a factor two of current constraints. Using
COLLOSUS (Diemer 2017) we set the cosmology used in STEEL to
that of the Millennium simulation (�m = 0.25, �b = 0.045, �� =
0.75, h = 0.73). The statistical dark matter accretion history is then
recalculated. Fig. D1 shows the halo merger rate from STEEL from
this alternative accretion history. The halo merger rate tracks from
Fakhouri & Ma (2010) shown in Figs 4 and D1 are calculated using
the Millennium simulation cosmology. The deviation between the
merger rate of STEEL and that of Fakhouri & Ma (2010) still remains
despite the change of cosmology, as discussed in Section 3.1 this is
an effect of the algorithms used to build halo merger trees.

12The eventual goal of STEEL is to be cosmologically independent such that
any cosmology can be used.
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654 P. J. Grylls et al.

Figure D1. The evolution of merger rate per Gyr at fixed halo mass. Lines
are from STEEL with cosmology altered to that of the analytic fits from
Fakhouri et al. (2010) (shaded bands). Halo masses shown are Mh,cen :
1011, 1012, 1013, 1014 M� h−1 as labelled.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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ABSTRACT
We present STEEL, a STatistical sEmi-Empirical modeL, designed to probe the distribution
of satellite galaxies in groups and clusters. Our fast statistical methodology relies on tracing
the abundances of central and satellite haloes via their mass functions at all cosmic epochs
with virtually no limitation on cosmic volume and mass resolution. From mean halo accretion
histories and subhalo mass functions, the satellite mass function is progressively built in time
via abundance matching techniques constrained by number densities of centrals in the local
Universe. By enforcing dynamical merging time-scales as predicted by high-resolution N-
body simulations, we obtain satellite distributions as a function of stellar mass and halo mass
consistent with current data. We show that stellar stripping, star formation, and quenching
play all a secondary role in setting the number densities of massive satellites above M∗ � 3 ×
1010 M�. We further show that observed star formation rates used in our empirical model over
predict low-mass satellites below M∗ � 3 × 1010 M�, whereas star formation rates derived
from a continuity equation approach yield the correct abundances similar to previous results
for centrals.

Key words: galaxies: clusters: general – galaxies: formation – galaxies: groups: general –
galaxies: haloes.

1 IN T RO D U C T I O N

Cold dark matter (CDM) predicts a hierarchical assembly of dark
matter haloes, which grow in mass through accretion from smaller
units to increasingly larger systems. The complex mass assembly of
haloes is recorded in the dark matter merger trees. After infall into
larger systems, accreted satellite haloes will eventually merge with
the parent halo through stripping and orbital decay from dynamical
friction. Dark matter structure formation has been studied in numer-
ous numerical works with (e.g. Lemson & Consortium 2006; Klypin
et al. 2016) and without (e.g. Vogelsberger et al. 2014; Fattahi et al.
2016) the baryonic component. Dark matter-only simulations have
been performed on very large scales, with cosmological volumes up
to several Gpc3 (Potter, Stadel & Teyssier 2017). In comparison, due
to the computational complexities introduced by hydrodynamics,
simulations with baryons have been limited to orders of magnitude
smaller volumes, around a hundred Mpc3. The discrepancy in simu-
lated volumes inevitably leads to structures with intrinsically lower
number densities limiting their usefulness in studying less com-
mon but important galaxy populations, such as massive satellite
galaxies residing in relatively small parent haloes. Hydrodynamical
simulations have resolution and time constraints imposed by the
computational power they can leverage, ultimately being forced to

� E-mail: p.grylls@soton.ac.uk

turn to sub-grid analytic physical recipes below the particle or mesh
resolution.

Semi-analytic models (e.g. Granato et al. 2004; Baugh 2006;
Monaco, Fontanot & Taffoni 2007; Hirschmann et al. 2012; Shankar
et al. 2013) make comprehensive predictions on the evolutionary
patterns of galaxies by following the growth and assembly along
dark matter merger trees. Semi-analytic models are necessarily char-
acterized by a number of input assumptions and free parameters as-
sociated with different formation mechanisms. Semi-analytic mod-
els make the admirable effort towards a holistic view of galaxy
formation, but they are known to suffer from degeneracies in as-
sumptions and related parameters (e.g. González et al. 2011; Lapi &
Cavaliere 2011), and could still be limited by volume effects.

In the past decades, much attention has been devoted to prob-
ing the connection between dark matter and galaxies in a more
empirical fashion, attempting to build a self-consistent picture of
dark matter/galaxy assembly and distribution making use of more
observationally driven methods. Halo occupation distribution mod-
els were introduced as a first step in this direction (e.g. Berlind &
Weinberg 2002; Cooray & Sheth 2002). These models are designed
to predict the average number of central and satellite galaxies in
haloes by simultaneously matching observed number densities and
clustering at a given epoch. Halo occupation models by construc-
tion do not account for the full assembly history of the galaxies and
may be susceptible to assembly bias effects (e.g. Dalal et al. 2008;
Zentner, Hearin & van den Bosch 2014).

C© 2018 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/483/2/2506/5228747 by H
artley Library user on 10 M

arch 2020

Full papers 149



A statistical semi-empirical model 2507

Abundance matching between the galaxy luminosity/stellar mass
function (SMF) and the halo mass function (HMF) is a semi-
empirical technique that has been widely adopted in the last two
decades to constrain, on a statistical basis, the mean relation be-
tween stellar mass and host halo1 mass (e.g. Kravtsov et al. 2004;
Vale & Ostriker 2004; Yang et al. 2004; Shankar et al. 2006). In
its simplest form, abundance matching relies on the basic idea that
larger galaxies reside in larger dark matter haloes, and relative abun-
dances are used to create a (mean) stellar mass–halo mass (SMHM)
mapping M∗ = SMHM(Mh, z) at any relevant epoch (Yang, Mo &
Van den Bosch 2003; Behroozi, Conroy & Wechsler 2010; Moster
et al. 2010). This technique has been used as a flexible tool to predict
the full mass and structural assembly history of galaxies along dark
matter merger trees in a full cosmological context.

Semi-empirical models (e.g. Hopkins et al. 2009b; Cattaneo et
al. 2011; Zavala et al. 2012; Shankar et al. 2014a) were conceived
as models where galaxies are assigned to haloes at any epoch along
dark matter merger trees via abundance matching relations, thus
allowing to track the full stellar mass evolution in, for example, the
main progenitor branch of the merger tree. Semi-empirical mod-
els, although unavoidably more restrained in scope, avoid the of-
ten heavy parametrizations incorporated in semi-analytic models,
as galaxy stellar masses and other properties (e.g. disc sizes) are
empirically assigned to dark matter haloes. In a semi-empirical ap-
proach, a minimum number of free parameters are included in the
models allowing exploration of specific aspects of galaxy formation
minimizing the danger of degeneracies. Despite their flexibility, tra-
ditional semi-empirical models can be subject to volume limitation
effects due to the finite number of merger trees and/or dark matter
haloes. Both semi-analytic and semi-empirical models can therefore
suffer from low number statistics especially at high stellar masses
when built on top of dark matter simulations.

In this work, we present STEEL, a STastical sEmi-Empirical
modeL, built using a novel, fast and flexible methodology to probe
the number densities and average properties of galaxies at any given
stellar mass, epoch and environment, with negligible computational
limitation on volume or mass resolution. This is particularly useful
when aiming at simultaneously probing, as in this work, the dis-
tribution of massive centrals as well as massive satellites in lower
mass haloes. The method employed in this paper starts from track-
ing backwards in time the mean accretion histories of small bins in
halo mass, weighted by the HMF. At each time-step, satellite galaxy
number densities are associated with the main halo mass bin via the
corresponding time growth in subhalo mass function (SHMF). The
main aim of this work is to predict satellite number densities as a
function of stellar mass and halo mass. We will show that the domi-
nant parameter controlling the abundance of massive satellites is the
dynamical friction time-scale. Nevertheless, the evolution of satel-
lite galaxies, as central ones, is of course a result of a combination
of star formation, quenching, and stellar stripping. We will probe
the (limited) impact on our results of each one of these processes.

In what follows, we adopt the Planck cosmology with (�m, ��,
�b, h, n, σ 8) = (0.31, 0.69, 0.05, 0.68, 0.97, 0.82).2 We use Mh and

1Here and throughout this work, ‘host halo’ refers to the dark matter
(sub)halo associated with a given galaxy residing at the (sub)halo’s cen-
tre.
2We note that Planck’s best-fitting cosmology has slightly different parame-
ters than those adopted in some of the observational probes included in this
work, such as the SMFs (�m, h = (0.30, 0.70)]. However, we have checked
that correcting the SMF volumes and luminosities to the same Planck’s cos-
mology yields essentially indistinguishable results in the implied SMHM

M∗ to differentiate between halo and stellar mass, respectively; we
name Mh,cent and Mh,sat central and satellite, respectively (we direct
readers to Appendix C for a complete glossary of the acronyms used
throughout this work). Halo masses are defined as virial masses,
unless stated otherwise. Wherever relevant, we always assume a
Chabrier (2003) stellar initial mass function.

2 DATA

In this work, we take as a reference the Sloan Digital Sky Sur-
vey Data Release 7 (SDSS-DR7) from Meert, Vikram & Bernardi
(2015, 2016), with improved galaxy photometry. In brief, the
data are originally from the SDSS-DR7 spectroscopic sample
(Abazajian et al. 2009) containing ∼670 000 galaxies fitted with
a Sérsic+exponential model (PyMorph; Meert et al. 2015, and ref-
erences therein), with associated halo masses (Yang et al. 2012)
updated to the new photometry. The improved photometry provides
a number of advantages. For instance, the two-dimensional fit more
accurately captures the high-mass end of the SMF (Bernardi et al.
2013, 2017a,b) and uses the mass-to-light ratio from Mendel et al.
(2014).

At higher redshifts (0.3 < z < 3.3), SMFs are from the COS-
MOS2015 catalogue (Davidzon et al. 2017). In this survey, masses
are derived from multiwavelength spectral energy distribution fit-
ting, including ultra-deep and infrared photometry. We note David-
zon et al. (2017) use Bruzual & Charlot (2003) stellar population
synthesis models that are consistent within �0.15 dex with the
mass-to-light ratios adopted in the SDSS catalogue. Both data sets
assume a Chabrier (2003) stellar initial mass function.

3 METHODS: A N EW ‘STATISTICAL’
APPROACH TO SEMI-EMPIRICAL
M O D E L L I N G

Semi-analytic models continue to provide invaluable constraints on
the formation and evolution of galaxies. They admirably attempt
to analytically model from zero order the full evolution of galaxies
since the Big Bang to the local Universe (e.g. Menci et al. 2006).
This inevitably requires specific input assumptions and related pa-
rameters on, for example, the rate of star formation at different
epochs and/or environments.

Semi-empirical models are instead characterized by a ‘bottom-
up’ approach, where the least possible assumptions and associ-
ated parameters are initially included in the models. Gradually,
additional degrees of complexities can be included in the model,
wherever needed. Semi-empirical models in this respect are a very
powerful complementary tool to semi-analytic models or even cos-
mological hydrodynamic simulations. Their goal is in fact to provide
unique constraints to only specific aspects of galaxy evolution, such
as predicting, as in this work, the distribution of satellites in a given
dark matter parent halo.3

Semi-empirical models (Hopkins et al. 2009b; Cattaneo et al.
2011; Zavala et al. 2012; Shankar et al. 2014a) are broadly charac-
terized by the following steps:

relation. We will thus ignore such tiny differences in cosmological parame-
ters in what follows. We choose to retain the halo cosmology as the full dark
matter backbone of the model presented in this work is built and calibrated
against the Planck Cosmology (Planck Collaboration et al. 2016).
3Here and throughout this work, ‘parent halo’ refers to the central halo
containing subhaloes/satellite galaxies.
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2508 P. J. Grylls et al.

(i) Central galaxies, associated with the main progenitor branch4

of the host dark merger tree, are initially defined as gas-rich with disc
like profiles at early epochs, as supported by deep HST observations
in CANDELS (e.g. Huertas-Company et al. (2015, 2016)). All their
stellar mass and structural properties are assigned via empirical,
time-dependent relations, more significantly the SMHM relation
(e.g. Moster, Naab & White 2013).

(ii) Central galaxies are then re-initialized at each time-step dur-
ing the evolution and can gradually transform their morphology via
‘in situ’ processes, such as (more or less) violent disc instabilities,
and/or ‘ex situ’ processes, such as mergers.

(iii) Satellite galaxies are those associated with each dark matter
branch merging to the main progenitor. They are assigned all the
mass and structural properties of a central galaxy in a typical central
halo of the same mass at the time of infall. Satellites may further
evolve in stellar mass, given their specific star formation rate (SFR)
at infall, possibly accompanied by some stellar stripping.

The typical semi-empirical model described above is a powerful
and very competitive tool to explore trends in the expected mass
and/or structural evolution of galaxies in a given interval of stellar
mass for a given set of parameters in, e.g., amount of stripping
and/or orbital energy (Shankar et al. 2015). Based on, by design,
closely following the evolution of each dark matter merger tree,
the basic semi-empirical approach discussed above is still limited
by the resolution and volume of the background dark matter sim-
ulation. This could be particularly restraining and computationally
expensive especially when modelling very massive galaxies and
their accompanying large volumes.

In this paper, we propose a statistically based semi-empirical
approach. We explore a large range of stellar masses, with virtually
no limitation in sample size, and still retain the high degree of
flexibility characteristic of a semi-empirical model. The core steps
in building the dark matter backbone of STEEL are summarized as
follows (see diagram in Fig. 1):

(i) At the redshift of interest z̄, we start from the HMF to compute
the abundances of (parent/central) haloes (panel A).

(ii) Each parent/central halo mass is then followed backwards in
time following its average mass growth history, < Mhalo(z̄) >, as
expected from extended Press–Schechter (Press & Schechter 1974)
and/or numerical simulations (panel B).

(iii) At each time-step, we then calculate the difference in subhalo
population between z and z + dz to estimate the expected average
number density and masses of subhaloes accreted on to the main
progenitor in the redshift interval dz (panel D).

We will show how using analytic HMFs and a ‘statistical accre-
tion history’, in place of halo catalogues and merger trees, we are
able to simultaneously examine massive central haloes, and massive
satellites in lower mass parents. The latter are usually characterized
by low number densities and can be omitted in more traditional
approaches that rely on cosmological volumes. For example, mas-
sive satellite galaxies with stellar mass M∗ > 1011M� residing
in relatively smaller parent haloes of mass Mh ∼ 1012.75 M� have
predicted number densities of ∼10−6 Mpc−3 (see Fig. 11, panel
3), which would correspond to ∼1 galaxy in a volume of ∼100

4The main progenitor is defined in traditional merger trees as the largest
progenitor halo from any given halo merger, usually the largest halo at any
time-step. In this work shown in panel B of Fig. 1, we simply have the
average growth of this halo but it is convenient to visualize in the traditional
sense.

(Mpc/h)3, a typical volume adopted in state-of-the-art cosmologi-
cal hydrodynamical simulations. On the other hand, even in larger
dark matter-only simulations such as the Bolshoi [250 (Mpc/h)3]
(Klypin et al. 2016), one would expect at the most ∼16 of these
galaxies. As massive satellite are so rare in other simulations, a
robust statistical determination of abundances is therefore vital to
fully constrain the connection between galaxy formation and hier-
archal assembly predicted by �CDM cosmology at all mass ranges
(Neistein et al. 2013).

In this section, we detail each step of this statistically based
semi-empirical approach. We start by outlining in Section 3.1 the
analytic model of dark matter accretion histories characterizing the
mean growth of the main progenitor halo and accreted subhaloes
including subhalo merging times. We then discuss in Section 3.2
how we populate dark matter haloes with galaxies, using the SMHM
relation for central galaxies and its evolution with redshift. Finally,
in Section 3.3, we discuss the evolutionary processes that affect
the satellite galaxies whilst they reside in their dark matter parent
haloes. The parameters used in this section and their origins are
given in Table 1.

3.1 Statistical dark matter accretion history

The core principle of our methodology is to treat parent haloes, and
satellites galaxies/haloes, as ‘average’ populations avoiding issues
with volume and resolution as described previously. Specifically,
the goal of this paper is to reproduce the observed distribution of
z = 0.1 satellite galaxies with mass M∗ > 109M�. In this subsec-
tion, we detail step-by-step construction of the backbone of STEEL
complemented with a graphic representation in Fig. 1.

3.1.1 Central haloes

We start by considering a fine grid of central dark matter haloes
ranging from Mh = 1011 M� to Mh = 1015 M� at redshift z = 0.
Their number densities are given by the HMF, which is obtained
using HMFcalc (Murray, Power & Robotham 2013). HMFcalc in-
cludes a number of different mass functions. For this work, we use
the HMF from Tinker et al. (2010).5 The HMF provides the number
densities of haloes in a given mass bin (Fig. 1, panel A). The average
mass growth histories of all main progenitors with mass in the bin
of halo mass (Mh, Mh + dMh) are then calculated using the analytic
model from Bosch et al. (2014).6 This provides the average ‘main
progenitor’ branch of a traditional merger tree for each mass bin at
z = 0 (Fig. 1, panel B).

3.1.2 Assigning subhaloes to parent haloes

In order to predict the number of satellite galaxies, we must as-
sociate to each parent/central halo the number and mass of sub-
haloes they are expected to contain. To achieve this, we use the
SHMF. The SHMF describes the expected distribution of subhaloes
of mass Mh,sat, in a given parent halo of mass Mh,cent, as a function
of Mh,sat/Mh,cent. Multiple definitions for the SHMF exist depending

5We adopt the COLOSSUS PYTHON package (Diemer 2017) for all halo mass
conversions required.
6This model further improves on the seminal work by Parkinson, Cole &
Helly (2008), which was aimed at reproducing numerical merger trees, op-
timized with small redshift steps minimizing the development of systematic
errors at late cosmic epochs.
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A statistical semi-empirical model 2509

Figure 1. We show the main steps in building the statistical dark matter backbone of STEEL described in Section 3.1. Each panel shows the feature from a
traditional merger tree and the statistical function used to replace it. (A) The HMF is used to calculate the number densities of central haloes. (B) Average mass
growth histories calculate the size of each mass bin at previous epochs. (C) The SHMF is used to populate each central at each redshift with subhaloes. (D)
The average number densities of accreted subhaloes at each epoch are calculated by comparing the SHMF over consecutive redshift steps.
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2510 P. J. Grylls et al.

Figure 2. Comparison between the USHMF (solid line) and three USSHMF
(dotted lines) for a parent halo of mass log Mh,parent [M�] = 12.80. The
factor ftdyn is applied to the merging time-scales of the haloes. Lower factors
correspond to lower USSHMF, where more sub-haloes have merged.

on the way a subhalo is defined. In this work, we use two definitions
of the SHMF. The first is the unevolved SHMF (USHMF), which
describes the total subhaloes accreted over a parent halo’s lifetime.
In the USHMF, any merging or stripping in the subhaloes occur-
ring after infall are ignored. A number of groups have been able
to constrain the USHMF (Giocoli, Pieri & Tormen 2008; Jiang &
van den Bosch 2016). In what follows, we use the latest rendition of
the USHMF by Jiang & van den Bosch (2016), which is calibrated
against the Bolshoi simulation.7

The second definition we use in this work is the unevolved ‘sur-
viving’ SHMF (USSHMF). Subhalo masses are assumed frozen at
infall, but the subhalo number densities can reduce compared to
the USHMF as the USSHMF accounts for subhalo disappearance
due to tidal disruption in the parent halo. We show in Fig. 2 for
a representative parent halo of mass log Mh,centM� = 12.80, the
USHMF and three USSHMF characterized by different dynamical
friction time-scales τ dyn, as described in Section 3.1.4. Larger τ dyn

lead to a milder reduction in subhalo number densities as subhaloes
take longer to merge with the parent halo. Lower τ dyn are less ef-
fective in reducing the number densities of smaller subhaloes that
are more likely to have dynamical friction time-scales comparable
to or larger than the Hubble time at z = 0.

3.1.3 Average subhalo accretion

At each redshift step along the mass growth histories, we calculate
the USHMF associated with the parent halo mass. What we create
is equivalent to the substructure found in traditional merger trees
(Fig. 1, panel C). However, unlike traditional methods, our statis-
tical approach is able to probe ‘rare’ subhaloes without running
prohibitively large volumes of merger trees.

For each time-step, we can now calculate a mass function de-
scribing the number density of subhaloes accreted on to the pop-
ulation of central haloes in the halo mass bin [Mh,cent(z), Mh,cent(z)
+ dMh,cent(z)]. The latter is achieved by differentiating the USHMF

7We direct the interested reader to Jiang & van den Bosch (2016) for further
discussion of the USHMF as well as of other SHMFs, such as the evolved
SHMF where the number densities are effected by both subhalo stripping
and mergers.

across two neighbouring redshift steps z and z + dz, we can calculate
the average number density of subhaloes of any given mass Mh,sat

that are accreted in the redshift interval dz on to the main progenitor
haloes with mass in the bin [Mh,cent(z), Mh,cent(z) + dMh,cent(z)],

δUSHMF[z, Mh,cent, Mh,sat]

= USHMF
( Mh,sat

Mh,cent(z)

)
− USHMF

( Mh,sat

Mh,cent(z + δz)

)
. (1)

In this way, the unevolved subhalo accretion history (δUSHMF) is
retrieved for all main progenitor haloes at all redshifts.

3.1.4 Subhalo merging time-scale

From the unevolved subhalo accretion history, we need to isolate
which subhalo mass bins survive at each epoch. The sum of all the
surviving subhaloes (at each epoch) then yields the USSHMF. A key
parameter used to calculate the USSHMF is the ‘observability time-
scale’ (or survival time) of each subhalo mass bin [Mh,sat(z), Mh,sat(z)
+ dMh,cent(z)] associated with a parent halo mass bin [Mh,cent(z),
Mh,cent(z) + dMh,cent(z)]. This time-scale is equivalent to the merger
time-scale τmerge of a subhalo of mass Mh,sat in a parent halo mass
Mh,cent. To calculate τmerge, we use the routines in equation (2),
derived from N-body simulations (Boylan-Kolchin, Ma & Quataert
2008)

τmerge = (ftdyn τdyn)
A(Mh,cent/Mh,sat)B

ln(1 + Mh,cent/Mh,sat)
exp

(
C

J

Jc(E)

)( rc(E)

rvir

)D

,

(2)

where A = 0.9, B = 1.0, C = 0.6, D = 0.1 (McCavana et al. 2012).
The factor τ dyn is given by (Jiang & van den Bosch 2016)

τdyn = 1.628h−1Gyr
(�vir(z)

178

)− 1
2
(H (z)

H0

)−1
. (3)

Our method of considering average halo mass and accretion his-
tories does not allow tracking single orbits and associated orbital
energies. We assume instead an average orbit circularity of 0.5
(Khochfar & Burkert 2006), thus reducing the dependence on the
angular momentum and radial components, J

Jc(E) and rc(E)
rvir

, to a
constant. In other words, this approximation is consistent with the
approach of taking the average expected orbits of subhaloes at fixed
parent halo mass. The key parameter of our analysis is the factor
ftdyn included in equation (2). The fudge factor ftdyn takes into ac-
count the systematic uncertainties induced by numerical resolution
effects in N-body simulations that are unable to resolve the full
merging time-scales of subhaloes and/or the satellite galaxies they
host (Bosch et al. 2018). The parameter ftdyn increases or decreases
the dynamical times of ‘merging’ satellites enabling an exploration
of the effect of dynamical time on the final number density distri-
butions of satellite galaxies at any given epoch.

3.1.5 Surviving subhalo population

At each redshift, we can now use the unevolved subhalo accretion
history and the observability time-scale τmerge to calculate the total
observable subhalo population associated with any given parent
halo mass bin [Mh,cent(z), Mh,cent(z) + dMh,cent(z)], i.e. the USSHMF
(shown by the dashed lines in Fig. 2). To compute the implied
total number densities of unmerged subhaloes with mass [Mh,sat(z),
Mh,sat(z) + dMh,sat(z)] at any redshift of interest, we convolve the
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A statistical semi-empirical model 2511

Figure 3. Example of the ‘total’ USHMF (solid line) and three ‘total’
USSHMF (dotted lines) corresponding to three different ftdyn factors.

USSHMF with the HMF,

N(Mh,sat, z) =
∫

USSHMF

(
Mh,sat

Mh,cent

)
HMF(Mh,cent, z)dMh,cent.

(4)

Fig. 3 shows the total observable subhalo population for different
ftdyn similar to the SHMF in Fig. 2. Furthermore, via appropri-
ate abundance matching algorithms detailed below, we can assign
corresponding satellite galaxies to the unevolved subhalo accretion
history and obtain the distribution of satellites in a given parent halo
mass bin [Mh,cent(z), Mh,cent(z) + dMh,cent(z)] by assuming the satel-
lites follow the same merging time-scales as their host subhaloes.
Finally, we convolve the latter distributions of satellite galaxies with
the HMF to create the total observed satellite stellar mass function
(SSMF). Both the distribution of satellite galaxies and the satel-
lite SMF can then be used to constrain ftdyn as demonstrated in
Section 4.

3.2 Abundance matching: Building the local populations of
central and satellite galaxies

We now describe how we populate dark matter haloes with galaxies
using the abundance matching technique. To compute the distribu-
tion of satellites in parent haloes, we populate subhaloes at infall,
following the central SMHM relation. For the latter, we adopt a
parametric form similar to that proposed by Moster et al. (2010),

M∗(Mh, z) = 2MhN (z)
[( Mh

Mn(z)

)−β(z)
+

( Mh

Mn(z)

)γ (z)]−1
,

N (z) = N0.1 + Nz

(z − 0.1

z + 1

)
,

Mn(z) = Mn,0.1 + Mn,z

(z − 0.1

z + 1

)
,

β(z) = β0.1 + βz

( z − 0.1

z + 1

)
,

γ (z) = γ0.1 + γz

(z − 0.1

z + 1

)
. (5)

3.2.1 Local Universe z = 0.1

To constrain the z = 0.1 parameters (Mn, N, β, γ , σ ), we construct a
SMF from the HMF and the SMHM relation with initial parameters
close to previous results (Moster et al. 2013; Shankar et al. 2014a;
Buchan & Shankar 2016). The HMF provides the number density
for each bin of parent halo mass in the range [Mh,cent(z), Mh,cent(z)
+ dMh,cent(z)]. Using the SMHM relation, each bin of parent halo
mass is associated with a Gaussian distribution of stellar masses
with width controlled by the scatter parameter (σ ). Multiplying
by the halo mass number density, we convert this distribution into
galaxy number densities, which are then added to the relevant stellar
mass bins of the SMF in construction. This operation is repeated
over each bin of the HMF. The resulting SMF is then compared
to the SDSS central SMF. We vary the parameters on a grid and
minimize root mean square between the constructed SMF and the
data. In our abundance matching framework, we specifically distin-
guish between central and SSMFs by taking advantage of the SDSS
galaxy-halo catalogue described in Section 2.

For comparison with previous works, we apply the same method
as described above to the total galaxy/halo population using the
USSHMF (ftdyn = 1.0), the HMF, and the total SMF. Our total result
uses single-epoch 8 abundance matching: we apply the SMHM
relation to the total HMF at z = 0.1 with no consideration of the
infall time of subhaloes.

Table 2 reports the best-fitting parameters using the method
above, for central galaxies and total galaxy population. In the left-
hand panel of Fig. 4, we show with a solid blue line the z = 0.1
SMF for SDSS central galaxies only, abundance-matched with the
central HMF (no subhaloes). For comparison we also include the
abundance matching fits by Moster et al. (2013), Shankar et al.
(2017b), and Behroozi et al. (2018, using the ‘true’ stellar masses,
in table J1). The total SMF is reproduced by Moster et al. (2013)
and Shankar et al. (2017b) without distinguishing between centrals
and satellites galaxies in the SMF. We find our final results for the
high mass slope to be steeper than the Moster et al. (2013) but
very similar to the ones by Shankar et al. (2017b), as expected
given that the latter have tuned their fitting routines to the same
galaxy SMF as the one adopted in this paper. At the low mass
end our SMHM relation tends to appear slightly steeper than pre-
vious works. At least with respect to Shankar et al. (2017b), this
is mainly caused by the fact that our results are based on the up-
dated surviving SHMF by Jiang & van den Bosch (2016) that is
somewhat steeper than the subhalo mass correction suggested by
Behroozi, Wechsler & Conroy (2013) and adopted by Shankar et al.
(2017b). Our low-mass slope is, as expected, fully consistent with
Behroozi et al. (2018) as their subhaloes have been extracted from
the Bolshoi–Planck simulation (Klypin et al. 2016). The right-hand
panel of Fig. 4 shows the total, central, and SSMFs as extracted
from our SDSS catalogues (black circles, blue triangles, and red
squares, respectively) compared with the central SMF generated
using the central HMF and the relations from Moster et al. (2013),
Behroozi et al. (2018), and our best-fitting relations. The solid black
line shows our ‘total’ relationship where the full population of cen-
tral and satellite galaxies are retrieved with single-epoch abundance
matching.

From this comparison, we conclude that for the SMF and HMF
used in this work single-epoch abundance matching is acceptable,

8A multiepoch approach considers the infall time of subhaloes, and routines
are used for stripping, star formation, and quenching of satellite galaxies.
The full set of parameters are fit simultaneously (e.g. Moster et al. 2013).
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2512 P. J. Grylls et al.

Table 1. Parameters used in the model and how they are constrained.

Parameter Description Equation

Free parameters
ftdyn A factor we include to test the impact of shortening or lengthening dynamical times of all satellites. This is a free

parameter we use to find the best fit to satellite distributions.
3

Constrained parameters
A,B,C,D Dynamical friction fitting parameters given by McCavana et al. (2012) 2
Mn, N, β, γ Abundance matching parameters, constrained by the central SMF and HMF at z = 0 5
Mn, z, Nz, βz, γ z Abundance matching evolution parameters, constrained using SMF and the HMF at z >0. 5
s, M, α Star formation parameters, constrained by observation given in Tomczak et al. (2016). We also give values to fit our

continuity derived SFR in Section 3.3.1
6

τ q, τ f, Mcutoff Parameters describing the quenching time of satellites. These parameters are all adapted from models in the
literature (Wetzel et al. 2013; Fillingham et al. 2016)

8–10

ηstrip Stripping fraction from Cattaneo et al. (2011) 15

Table 2. Parameters for equation (5). The z = 0.1 parameters are con-
strained to 2 d.p. or 2 s.f., whichever is smaller. The z > 0.1 parameters are
constrained to 1 d.p. or 1 s.f., whichever is smaller.

Mn N β γ σ

Central
z = 0.1 11.95 0.032 1.61 0.54 0.11
Total
z = 0.1 11.89 0.031 1.77 0.52 0.10

Evolution
z > 0.1 0.4 − 0.02 − 0.6 − 0.1 N/A

as there is little evolution at late times. However, if the HMF or SMF
were to be strongly evolving at low redshift, this approach would
yield a result inconsistent with matching the central population. We
further argue firmer constraints are set using the central SMHM
relation, where there is higher confidence in the populations being
matched.

3.2.2 Redshift evolution z > 0.1

We assume that at any redshift satellite galaxies at infall follow
the same scaling relations as centrals of equal parent halo mass but
then may evolve independently afterwards. Therefore, we require
an SMHM relation calibrated at all redshifts to initialize satellites
in subhaloes at infall.

Keeping fixed the z = 0.1 parameters, the redshift-dependent
parameters in equation (5) are fit with a similar iterative method.
A complication arises as the high redshift data do not distinguish
central and satellite SMF. We therefore use a multiepoch8 approach
without satellite evolution to fit the evolution parameters. We con-
tinue to generate central SMF as above then add a satellite SMF
and compare to the total SMF from the data minimizing the sum
of the root mean squares over eight redshift steps. We generate the
satellite SMF9 from the model for each set of parameters in our
parameter space. In Appendix A, we show the result of our iterative
method applied to the Davidzon et al. (2017) and SDSS SMFs.

It is important to realize at this stage that, as demonstrated in
Fig. 5, the vast majority (>60–80 per cent) of z = 0.1 satellites are
accreted below z < 1.0 irrespective of the exact dynamical time-

9Under the assumption that satellites are ‘frozen’ in stellar mass after infall.
We will discuss the impact of relaxing this assumption in Section 3.3.

scale adopted.10 In this redshift range, the evolution of the SMHM
relation has been demonstrated to be rather weak (e.g. Moster et al.
2013; Behroozi et al. 2013; Shankar et al. 2014a; Bernardi et al.
2016, and references thereof). Thus, we expect that our results are
robust against possible variations in the redshift dependence of the
SMHM relation used to initialize infalling satellites, as demon-
strated below.

We will now focus on specifically reproducing the local SSMF
(red squares in the right-hand panel of Fig. 4).

3.3 Satellite evolution after infall

After infall, satellites are expected to evolve their stellar mass and
structure through several processes such as star formation, stellar
stripping, and quenching. In this section, we briefly describe each
of these processes and the way we have modelled them in this work.
We will then discuss in Section 4.2 how these processes may impact,
if at all, the predicted local abundances of satellite galaxies.

3.3.1 Star formation rates

We use the SFR parametrization from Lee et al. (2015) with
parameters11 from Tomczak et al. (2016), where s0 and M0 have
units log(M�) and M�, respectively,

log[ψ(z,M∗)] = s0(z) − log
[
1 +

( M∗
M0(z)

)−α(z)]
,

s0(z) = 0.195 + 1.157z − 0.143(z2),

log[M0(z)] = 9.244 + 0.753z − 0.090(z2),

α(z) = Y1.118. (6)

As discussed below, we will also need to explore different recipes
for SFRs. To this purpose, following a continuity-equation approach
(Leja et al. 2015), we have refitted the parameters in equation (6) to
match the SFR distributions expected from self-consistently grow-
ing the SSMF in our models (for further details on this, see Ap-

10We note this does not imply an absence of satellite galaxies at higher
redshift, only that these satellites at higher redshift mostly do not survive to
be observed at z = 0.1.
11These parameters are derived by fitting data from ZFORGE in combination
with far-IR imaging from Spitzer and Herschel in the range of 0.5 < z <

4. In this work, we extrapolate their fits down to z = 0, as this is consistent
with the SFR measured by Salim et al. (2007) at lower redshifts.
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A statistical semi-empirical model 2513

Figure 4. Left-hand panel: The SMHM relation generated from this work (G18, black circles), Behroozi et al. (2018, B18), Shankar et al. (2017a, S17) and
Moster et al. (2013, M13). Relations derived from the total SMF/HMF are shown with open symbols, whilst relations derived with the central SMF/HMF are
shown as solid lines. Right-hand panel: Central SMF generated from the models using a central only fit, we also show the total SMF from this work (solid
black line) from a single-epoch fit. Open symbols show the SDSS central (squares), satellite (triangles), and Total (hexagons) SMFs.

Figure 5. We here show the percentage of satellites observed at a z = 0.1 as a function of their redshift of accretion z > 0. It can be seen that massive satellites
observed at z = 0.1 are accreted more recently than smaller satellites. At z = 0.5 less that 50 per cent of the total satellites observed at z = 0.1 have been
accreted, and at z = 0.1 this falls to less than 20 per cent.

pendix B). The fit to the resulting SFRs is given by

log(ψ(z, M∗)) = s0(z) − log
[
1 +

( M∗
M0(z)

)−α(z)]
,

s0(z) = 0.6 + 1.22z − 0.2(z2),

log(M0(z)) = 10.3 + 0.753z − 0.15(z2),

α(z) = 1.3 − 0.1z. (7)

In all cases, the SFR is included in our models with a lognormal
scatter of 0.3 dex (Leja et al. 2015).

3.3.2 Quenching

We also include the ability to quench star formation in satellite
galaxies after infall. It has been suggested that satellites undergo
a ‘delayed-then-rapid’ quenching (Wetzel et al. 2013). The latter
model envisions that satellites continue to form stars at the same
rate as central galaxies of comparable stellar mass for a time τ q after

infall, and then quench rapidly over a time-scale τ f. This quenching
is proposed for satellites with stellar mass above M∗ � 109M�,
with a minimum τ q ∼ 1 Gyr. For galaxies below M∗ � 109M�, we
however adopt the more recent results by Fillingham et al. (2016),
who put forwards a parent halo mass dependent cut-off,

log(Mcutoff ) = 9log(M�) − (15log(M�) − log(Mh,host))/5log(M�),

(8)

below which satellite galaxies all share the same quenching time
τ q = 2Gyr. The rapid quenching time-scale τ f can be expressed as
(Wetzel et al. 2013)

τf = −0.5log(M∗,sat) + 5.7 Gyr. (9)

We set a minimum τ f of 0.2 Gyr for all galaxies. This rapid quench-
ing begins at times t > τ q after infall, and it is approximated by
an exponential decay that is longer for larger satellites, as can be
inferred from equation (10). The lookback time at which a galaxy
begins fast quenching is then tq = tinfall − τ q. After this time the
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2514 P. J. Grylls et al.

Figure 6. The solid line shows the Wetzel et al. (2013, W13) model for
quenching. The dashed lines show the host halo-dependent reduction in
quenching time from Fillingham et al. (2016, F16) for three example host
masses log 10 Mh,cent = 10, 12.5, 15 as labelled. Larger hosts are able to
reduce the quenching time of larger satellites.

satellite no longer follows the SFR of a typical central galaxy.
Fig. 6 illustrates the quenching model, where the dashed/coloured
lines demonstrate the halo mass dependence in cut-off mass.

The SFR during the satellite infall is then given by

SFR(t,M∗) = SFR(t,M∗)

{
ψ(z(t),M∗), t > tq

ψ(z(tq ), M∗)e

[
− tq −t

τf

]
. t < tq

(10)

If at any point a satellite galaxy has an SSFR below 10−12 M� yr−1,
it is assumed to be fully quenched and assigned an SSFR of 10−12

M� yr−1, plus a lognormal scatter of 0.3 dex.

3.3.3 Mass recycling

During infall some of the new stellar mass formed may be returned to
the interstellar medium after stellar death. To incorporate this mass
recycling process, we use the fractional mass-loss as parametrized
in Moster, Naab & White (2018)

f (τml) = 0.05 ln
( τml

1.4Myr
+ 1

)
. (11)

It follows that the mass-loss rate (MLR) at a given time is dependent
on the star formation history (SFH), and it is calculated as

MLR(t) =
∑t

t ′=tinfall
SFH(t ′)(f [t ′ − (t − δt)] − f [t ′ − t])

δt
. (12)

In equation (12), the SFH is the mass of stars formed in each
previous time-step. The actual stellar mass growth Ṁ∗,sat is then
given by the difference between the SFR and the MLR

Ṁ∗,sat(t) = SFR(M∗,sat, t) − MLR(t). (13)

3.3.4 Stripping

The stellar stripping is implemented following the empirically based
formalism suggested by Cattaneo et al. (2011). Satellite galaxies
strip stellar mass proportionally to the ratio of the host subhalo and
the parent halo

M∗,sat = M∗,sat(1 − ηstrip)τstrip , (14)

where τ strip is the dynamical friction time-scale in orbital time. For
our model, where the orbital circularity is assumed to take the aver-
age value, this becomes the dynamical friction time (Chandrasekhar
1943) times a constant given by Jiang et al. (2008) using the average
orbital circularity. Following Cattaneo et al. (2011), the latter can
be written

τstrip = 1.428

2π

Mh,cent/Mh,sat

ln(1 + Mh,cent/Mh,sat)
. (15)

We set as a reference ηstrip = 0.4 as suggested by Cattaneo et al.
(2011) who showed that larger values would be inconsistent with
the observational constraints in the local Universe. If at the time of
observation, say z = 0, a galaxy’s full dynamical time is not yet
passed, a time-dependent reduction factor is applied to the amount
of total stellar stripping given by equation (15).

4 NUMBER DENSITIES AND DISTRIBU TIO NS
OF MASSIVE SATELLITES

Section 3 has laid out our methodology, which is essentially based
on progressively building up the (surviving) satellite number den-
sities over cosmic time based on the input dynamical merger time-
scales. Our first goal is now to predict the local (z = 0.1) satellite
SMF and the distribution of massive satellites as a function of
parent halo mass, which we will compare with our refined SDSS
galaxy-halo catalogue introduced in Section 2. When computing the
distribution of satellites as a function of parent halo mass we will
show both full number densities, as well as fractional distributions
to better highlight the ‘skewness’ of the predicted distributions with
respect to the data. The latter will be simply computed as

F (dMh) = N (> 10x)|dMh

N (x)
, (16)

where N(> 10x) is the total number (density) of satellites above
a threshold stellar mass x = log M∗, and the N (> 10x)|dMh is the
number of these that reside within the halo mass bin [Mh, Mh +
dMh].

The results discussed in the next sections rely heavily on the
concept of mass ratio affecting the merging time-scales of subhaloes
and/or satellite galaxies. To ease the discussion of our findings, we
provide Fig. 7 as visual guide to how merging times depend on
subhalo/satellite masses in three different parent halo masses. In
the left-hand panel, we plot dynamical time against subhalo mass
for a subhalo accreted at z = 1.5. The black dotted line is the time
(in Gyr) to z = 0. If a subhalo’s τmerge is below this value, it will not
be observed at redshift z = 0. Similarly, for the right-hand panel,
we plot the same relation converting the subhalo masses to satellite
galaxy masses using the SMHM relation at z = 1.5. In both panels,
the merging time is increased when the ratio of mass between the
subhalo/satellite and the central (parent) halo is smaller.

In Section 4.1, we will first focus on the frozen model. In Sec-
tion 4.1.1, we will motivate the need for a finite dynamical time
and an evolving SMHM relation, and then in Section 4.1.2 set con-
straints on the dynamical times that well reproduce the number and
distribution of SDSS satellites as a function of parent host halo
mass. In Section 4.2, we will probe the impact of SFR, stripping
and quenching in the predicted satellite distribution in the local
Universe.
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A statistical semi-empirical model 2515

Figure 7. Range of merging time-scales for a range of subhalo (left) and satellite (right) masses when accreted on to three different host masses: log Mh,cen

[M�] = 12 (blue solid), 13 (orange dashed), and 14 (green dot–dashed). The dotted black line shows the time to redshift z = 0, i.e. the minimum amount of
time a satellite would need to survive to be observable in the local Universe.

Figure 8. SSMFs generated by the model compared to SDSS data (open
squares). The dashed and solid lines refer to models with a reference ftdyn =
1.0 (as suggested by N-body simulations), respectively, with and without
redshift evolution in the input SMHM relation. The dot–dashed and dotted
lines have infinite ftdyn (i.e. no mergers) with and without redshift evolution
in the input SMHM relation.

4.1 Frozen model

We begin by showing the model predictions of satellite number
densities and distributions in parent halo mass in a frozen model,
where satellites do not evolve in stellar mass after infall.

4.1.1 Redshift evolution and mergers

We start by exploring a basic model where τ dyn is infinitely long
(no satellite mergers) and the SMHM relation does not evolve in
cosmic time, i.e. keeping the same z = 0 parameters at all redshifts.
We choose to start with the simplest assumption of an unevolving
SMHM, as also suggested by some empirical evidence at least up
to z ∼ 1 (e.g. Shankar et al. 2006, 2014b; Moster et al. 2013;
Buchan & Shankar 2016; Tinker et al. 2017; Guo et al. 2018). We
then compare the outputs of this model with those from models in
which we either allow for galaxy–satellite mergers (ftdyn is finite),
and/or the SMHM relation evolves with redshift. Fig. 8 shows how
the four combinations of these assumptions affect the satellite SMF.
For both the models characterized by an infinite dynamical time
(ftdyn = ∞, dot–dashed and dotted lines), the number densities

of satellites are too high compared to the observed satellite SMF
(red squares). When setting ftdyn = 1.0, i.e. the merger time-scales
are exactly those parametrized by McCavana et al. (2012), both
the evolving and unevolving SMHM models produce very similar
number densities and well consistent with the observed satellite
SMF. The model with an evolving SMHM relation is particularly
successful.

We now test in Fig. 9 the four models against the SDSS distri-
butions of the satellites in groups and clusters. The top row shows
the comoving number density per halo mass bin. The bottom row
shows the fractional distributions (equation 16) that better highlights
the differences induced by varying model inputs. In both rows, the
SDSS data are shown as grey bands. As expected, the largest dif-
ference is seen between the models with ftdyn = ∞ and ftdyn =
1.0. When τ dyn is infinite,12 the distribution of satellites skews such
that high-mass satellites are found more frequently in relatively
lower mass parent haloes. We explain the origin of this effect when
discussing dynamical time in more detail in Section 4.1.2. The
evolution13 of the SMHM relation has a low impact on the num-
ber densities. This is in part due to the evolution of the SMHM
relation being weak especially in the high-mass end, and in part
due to most (>60–80 per cent z = 0.1) satellites being accreted at
relatively low redshift (z < 1.0). We thus support the view that local
satellite distributions are largely independent of the specific input
of the evolution parameters of the SMHM relation.

4.1.2 Dynamical time

In this section, we show the predictions of models with different
merging time-scales, ftdyn = 0.5, 1.0, 2.5, to probe the effects of
dynamical time on the satellite population. In Fig. 10, we find,
as expected, that longer dynamical times tend to increase satellite
number densities especially towards lower stellar masses. The num-
ber densities of higher-mass satellites are more resilient to increase
with dynamical time. In fact, when ftdyn � 1 the number densities
of massive satellites become already very close to the theoretical
maximum number density (Fig. 8) set by ftdyn = ∞. It follows that
massive satellites are on average a recently accreted population. In

12In PYTHON in this case, we set this variable using ‘numpy.inf’.
13We direct readers to Appendix A for further discussion and motivation for
the redshift evolution parameters used in this work.
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2516 P. J. Grylls et al.

Figure 9. Satellite distributions in parent haloes generated from the model are compared to those observed in SDSS (grey band). Columns from left to right
show increasing satellite stellar mass cuts as labelled. The top row shows the number density of satellites expected to be found in each parent halo mass. The
bottom row shows the fractional distribution described by equation (16). The solid and dashed lines show a reference ftdyn = 1.0 with and without evolution
in the SMHM relation, respectively. The dot–dashed and dotted lines show ftdyn = ∞ (i.e. no mergers) with and without evolution in the SMHM relation,
respectively. The width of the grey band corresponds to a 10 per cent uncertainty in satellite stellar masses.

Figure 10. SSMFs generated by the model compared to SDSS data (open
squares). The solid, dot–dashed, and dashed lines show ftdyn = 0.5, 1.0, and
2.5, respectively.

other words, there are only a few high mass satellites that had enough
time to merge when ftdyn � 1. In contrast, lower mass satellites have
not yet reached their theoretical limit, and thus they still have room
to increase their number densities with increasing dynamical time.

Similarly to Fig. 9, Fig. 11 shows how the distribution of satellites
as a function of parent halo mass is affected by ftdyn. The number
density distribution (top row) shows results similar to the satellite
SMF where increasing dynamical time increases the number densi-
ties. However, there is also an apparent steepening effect for which
lower mass host haloes end up containing relatively less satellites
with respect to models with longer dynamical times. The fractional
plot (bottom row) accentuates this change in the number density
distributions shown in the top row: shorter dynamical times shift

the peak of the distribution to the right as relatively more satellites
are observed in high-mass host haloes.

This steepening of the satellite distribution as a function of halo
mass, as well as the shift mentioned in Section 4.1.1 where infi-
nite dynamical times move satellites preferentially to lower halo
masses, are both caused by the amount of time satellites survive
in their hosts. Massive satellites are far more common in massive
hosts, as can be inferred from the SHMF. Therefore, irrespective of
the chosen merging time-scale, there will always be a high number
density of surviving massive satellites in higher mass parent haloes.
However, when merging time-scales are increased, the lower num-
ber densities of massive satellites in moderately-sized haloes are
also increased. Given that lower mass parent haloes are more abun-
dant, the reduction of merging time-scales tends to shift the peak of
the fractional distribution of galaxies to lower mass parents. Oth-
erwise put, the merging time-scales in clusters (log10Mh,cent [M�]
>13.75) are so long that even a factor of 5 reduction in merger
time-scale still does not give the satellite galaxies sufficient time
to merge with the central galaxy. This effect can be inferred from
Fig. 7, where we see steeper gradients for a given subhalo/satellite
mass with increasing parent halo mass. Merging is more efficient
for the lower mass satellites, as can be seen by the steepness of the
ftdyn = 0.5 model (dashed lines) in the top row of Fig. 11.

The least-square residuals to the SMF, number density distribu-
tion and fractional distributions are given in Table 3. There is no
model that simultaneously fully matches all the observations in all
mass ranges. The trend in both the number density distribution and
the fractional distribution is that slightly longer dynamical times
(ftdyn = 1.2) are favoured by the less massive satellites. Longer
dynamical time-scales better match the halo mass distributions
(number density distribution/fractional distributions) for lower mass
satellites, and vice versa for higher mass satellites with log M∗/M�
> 11. Nevertheless, the simple combination of abundance matching
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A statistical semi-empirical model 2517

Figure 11. Satellite distributions in parent haloes generated from the model are compared to those observed in SDSS (grey band). Columns from left to right
show increasing satellite stellar mass cuts as labelled. The top row shows the number density of satellites expected to be found in each parent halo mass. The
bottom row shows the fractional distribution described by equation (16). The dashed, dot–dashed, and solid lines show ftdyn = 0.5, 1.0, and 2.5, respectively.
The width of the grey band corresponds to a 10 per cent uncertainty in satellite stellar masses.

Table 3. We show the sum of the squared residuals between the SDSS and our model. The satellite SMF is calculated
between 9.1 and 12.0 M∗. The SDF fit is calculated between 12 and 14.9 Mh for the >10 and >10.5 plots, and between
12.5 and 14.9 Mh for >11. The fractional plot fit is calculated between 11.6 and 14.9 Mh.

ftdyn SSMF (Fig. 10) SDF Fractional distribution
(Fig. 10) (Top row Fig. 11) (Bottom row Fig. 11)

>10 >10.5 >11 >10 >10.5 >11

0.5 0.022 0.19 0.55 0.073 0.0042 0.0047 0.0078
0.8 0.025 0.13 0.51 0.089 0.0020 0.0017 0.0054
1.0 0.034 0.12 0.56 0.10 0.0015 0.0011 0.0050
1.2 0.043 0.12 0.53 0.11 0.0015 0.00094 0.0046
1.5 0.054 0.12 0.52 0.13 0.0017 0.0010 0.0045

and dynamical merging time-scales as suggested by pure N-body
simulations (ftdyn

= 1.0) tends to provide overall good agreement
to both the satellite SMF and the satellite distributions, without the
need to invoke additional physics in the (late) evolution of satellite
galaxies after infall.

4.2 ‘Non-frozen’ evolutionary models

We showed in the Section 4.1 that the number and distribution
of satellite galaxies are primarily driven by the accretion history
and dynamical friction time-scale, and depend weakly on the exact
redshift evolution in the input SMHM relation.

However, as discussed in Section 3.3, satellites may not be a
strictly frozen population. After infall a number of processes such
as star formation, quenching and/or stellar stripping may all well
affect the final stellar masses of satellite galaxies. In this section, we
explore the impact that each one of these processes could have on
the predicted local population of satellite galaxies. We will prove, in
particular, that additional, late stellar stripping, star-formation, and
quenching, whilst not necessarily playing a major role in varying
integrated number densities, are still all necessary ingredients to

fully reproduce SDSS data in terms of, for example, specific SFR
distributions.

In what follows, we explore the two SFR models with the
quenching model described in Sections 3.3.1 and 3.3.2. The first,
purely observationally-based, SFR model strictly follows the SFR
parametrization by Tomczak et al. (2016, T16 hereafter), given in
equation (6). The second SFR model (which we label as ‘CE”)
is instead based on a continuity equation approach similar to Leja
et al. (2015). In essence, the latter is based on first assuming number
conservation of galaxies, and then deriving the implied SFRs as a
function of stellar mass from the time growth in any stellar mass
bin implied by the redshift evolution of the SMF (corrected for gas
loss from dying stars assumed to be an average of 40 per cent). The
novelty in the latter model with respect to previous work is that we
do not tune the resulting SFR on the total but rather only on the
SMF of central galaxies, which is in turn iteratively constrained by
matching the local SMF of SDSS centrals. This has the main effect
of lowering the implied average SFR at fixed stellar mass at any
given epoch (see equations 6 and 7).

We compare the satellite SMFs produced by the two star
formation+quenching models addressed above to our SDSS SMF
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2518 P. J. Grylls et al.

Figure 12. SSMFs generated from the model using both the Tomczak et al.
(2016) (dashed) and continuity (dot–dashed) SFRs compared to the SDSS
SSMF (open squares).

of satellites in Fig. 12. It is apparent that using the observed SFR
by T16 (dashed line), even inclusive of the best recipes for quench-
ing, still substantially overproduces the number density of galaxies
below M∗ � 3 × 1010 M�. This is a well-known problem affect-
ing the full (dominated by central) galaxy population (e.g. Leja
et al. 2015): the integrated (observed) SFR is not consistent with
the moderate growth over time of the SMF causing an overproduc-
tion of galaxies becoming gradually more severe at lower stellar
masses. Our results point to a similar problem affecting the satel-
lite population, on the assumption that the latter at infall share the
same SFR distribution as a typical central galaxy of the same stellar
mass.

To further constrain our adopted continuity equation-based SFR
distributions, we compare our best models with the bimodality
in (satellite) SSFR measured in the SDSS data (grey shading in
Fig. 13). The data show a clear bimodality in SSFR at least for
galaxies below M∗ � 1011 M�, at variance with the SSFR distri-
bution of centrals (black thick long dashed lines), which point to
a much larger population of star-forming galaxies. This difference
in SSFR distributions has been often ascribed to environmental
quenching (e.g. Peng et al. 2010), either in the form of stripping or
strangulation. Both the SFR reference models predict very similar
distributions in SSFR for galaxies above M∗ � 3 × 1010 M�, as ex-
pected from the invariance in the predicted number densities above
this stellar mass. When using the continuity equation-based method
(CE, dot–dashed line) the overproduction is greatly reduced and the
SSMF is very close to the SSMF with no evolution in the satellite
population.

We now move on showing the relative impact of SFR and stellar
stripping on the SSMF. Figs 14 and 15 show SMF and host halo
mass distributions for the ftdyn = 1.0 reference model with neither
stripping nor star formation, the CE star formation model, and the
CE star formation model with stripping (long-dashed, dot–dashed,
and solid lines, respectively). We see from both figures that the
reference and star formation model are almost indistinguishable.
The stripping, at least at the level implemented in this work, also
has a rather minor effect, at the most reducing the number densities
of the most massive satellites (>1011M�) by � 0.2 dex. Note that
that the cumulative effect of stripping on the stellar mass growth of
central galaxies could be much more prominent, as emphasized by
a number of groups (e.g. Cattaneo et al. 2017).

Table 4 shows the sum of the square residuals to the SMF, SDF,

and fractional distributions for the same models discussed above,
our reference frozen one, and the one with evolution of satellites
after infall (stellar stripping and continuity equation-based star for-
mation). Table 4 shows that the satellite late evolution has little effect
on the fractional distribution. In the number density distribution, we
see an improved fit for galaxies in the M∗ > 10.11 M� range, mainly
induced by the stripping which slightly reduces the number density
of massive galaxies. Table 4 shows the sum of square residuals
for the dynamical time with ftdyn = 1, for the frozen and evolved
models.

In summary, our results point to the fact that direct abundance
matching between centrals and satellite galaxies and the halo plus
SHMFs in the local Universe (and at higher redshifts) is a good
approximation to the mean SMHM relation for central galaxies,
irrespective of the precise late evolution of satellites after infall.

5 D ISCUSSION

5.1 Strengths of the statistical approach with respect to the
state of the art

The statistical semi-empirical model introduced in this work
presents a highly complementary approach to the existing suit of
cosmological galaxy evolution models. The latter models, either be-
ing fully analytic or fully numerical, inevitably rely on large boxes to
simulate both low- and high-mass galaxies with sufficient statistics.
Even traditional semi-empirical models, based on applying abun-
dance matching techniques to vast catalogues of dark matter merger
trees (e.g. Behroozi et al. 2018, and references therein), still require
large computational resources. Our approach, based on statistical
mean dark matter accretion histories, allows to explore the full range
of galaxy stellar and halo masses without the need to simulate large
volumes or even weight dark matter merger trees. Whilst we lose
the ability to track an individual galaxy through cosmic time, we are
able to rapidly predict the statistics of any subpopulation of chosen
galaxies at any redshift and environment.

There is vast literature on the modelling of satellite galaxies.
Here, we recall just a couple of examples of semi-empirical and
semi-analytic models to highlight some of the key similarities and
key differences. Neistein et al. (2013), with an approach similar to
ours, separated the central and satellite populations in an attempt
to better define the galaxy halo connection. By allowing in an N-
body simulation the stellar mass of satellite halaxies to depend on
both the host subhalo mass and on the parent halo mass, Neistein
et al. (2013) find that the local satellite SMHM is substantially
less well defined than the one for central galaxies. In our model,
satellites instead strictly follow the SMHM relation of centrals at
infall. In this way, we find the resulting satellite distributions to
be well reproduced. Our semi-empirical statistical model was able
to reproduce multiple observables such as the stellar and parent
halo mass distributions, with essentially only one parameter, ftdyn .
By working with minimal assumptions and related free parameters,
our approach is thus less prone to possible degeneracies affecting
more traditional, multiparameter techniques.

Another key difference with respect to previous models con-
cerns ‘orphan galaxies’. In N-body or merger tree-based simula-
tions, when a subhalo goes below the resolution limit, an orphan
galaxy is created (e.g. De Lucia et al. 2011; Guo et al. 2011). It
is then necessary to make an assumption on how much longer that
subhalo (and hosted satellite galaxy) will survive. In our model, we
avoid this complication by self-consistently assigning to all satel-
lites a (full) observability time-scale at infall.
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A statistical semi-empirical model 2519

Figure 13. Specific SFR distributions in three mass ranges (as labelled) generated from the model using both the Tomczak et al. (2016) (dashed) and continuity
(dot–dashed) SFRs. Data shown are the distribution of specific SFR in SDSS satellites (shaded bars) and SDSS centrals (unfilled bars).

Figure 14. SSMFs generated from the model compared to SDSS satellites
(open squares). The models shown all have ftdyn = 1.0 and are the reference
‘frozen model’ (dashed line), starformation (CE model) only (dot–dashed
line) and star formation and stripping (solid line).

5.2 Future applications of the statistical semi-empirical model

We have shown here the ability of the statistical semi-empirical
model to reproduce the observed group and cluster richness at z =
0.1 using simply the dynamical friction time-scale from N-body
simulations. In future work, we will also compare our model out-
puts with the richness of groups and clusters at high redshift thus
providing additional important constraints to models of structure
formation. For example, we will use our statistical modelling to fit
extreme objects such as the high redshift (z = 2.5) massive clus-
ter reported in Wang et al. (2016), which has been claimed to be
challenging in other �CDM cosmology-based models. By predict-
ing the (correct) distributions of satellite galaxies predicted over
many epochs, more accurate merger rates and pair fractions can be
calculated and compared to observations found in surveys such as
those reported in Mundy et al. (2017). Via more robust estimates of
galaxy merger rate, we will be able to set upper limits on the impact
of mergers in shaping galaxy morphology (Hopkins et al. 2009a),
build galactic bulges (Cole et al. 2000; Hopkins et al. 2010; Shankar
et al. 2013), and trigger AGN activity (Villforth et al. 2017).

Our technique being fast and flexible is an extremely valuable
resource in view of the next large and deep extra-galactic surveys
for example Euclid (Refregier et al. 2010). Our model can be both
predictive, working out specific expectations for such surveys, and
then reactive, using the model outputs as constraints on existing
formation models.

6 C O N C L U S I O N S

In this paper, we have presented ‘STEEL’ a STatistical sEmi-
Empirical modeL that replaces the traditional merger tree dark mat-
ter backbone with a ‘statistical accretion history’. In essence, we first
trace backwards the mean accretion history of dark matter haloes
in a given bin of halo mass at the redshift of interest z. We then
gradually build in time their satellite population by integration of
the SHMF, and at each time-step assign stellar masses to subhaloes
via abundance matching techniques. Our approach is extremely fast
and accurate, allowing to probe the galaxy number densities and
average properties within the full range of stellar masses probed by
large extragalactic surveys, with virtually no limitation on volume
size or mass resolution.

We use the statistical semi-empirical model to predict the satel-
lite galaxy population at stellar masses above M∗ � 109 M�. We
find that irrespective of the exact input SMHM relation, the main
driver shaping the local SMF of satellite galaxies is by far the in-
put dynamical friction time-scale. In particular, adopting a merging
time-scale very close to the one calibrated from high-resolution N-
body dark matter simulations provides an excellent match to the
satellites SMF as inferred from SDSS. Shorter dynamical fric-
tion time-scales not only reduce the number densities of satel-
lites (as more satellites disappear merging with central galaxies)
but also shift the abundances of satellites into higher mass parent
haloes than actually observed. Conversely, longer dynamical fric-
tion time-scales create an overproduction in the SSMF and induce
too many satellites in lower mass parents. Thus, a traditional hier-
archical dark matter cosmology naturally provides the right abun-
dances of satellites in the local Universe without any additional
fine-tuning.

We then incorporate popular recipes for star formation, stellar
stripping, and quenching in satellite galaxies after infall. We find
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2520 P. J. Grylls et al.

Figure 15. Satellite distributions in parent haloes generated from the model are compared to those observed in SDSS (grey band). Columns from left to right
show increasing satellite stellar mass cuts as labelled. The top row shows the number density of satellites expected to be found in each parent halo mass. The
bottom row shows the fractional distribution described by equation (16). The models shown all have ftdyn = 1.0 and are the reference ‘frozen model’ (dashed
line), starformation only (dot–dashed line) and star formation and stripping (solid line). The width of the grey band corresponds to a 10 per cent uncertainty in
satellite stellar masses.

Table 4. We show the sum of the squared residuals between the SDSS and our model as in Table 3 with the same mass ranges for the fitting. All models have
ftdyn = 1.0 from top to bottom, we then have the reference frozen model, the model with starformation, and the model with stripping and star formation.

ftdyn SSMF SDF Fractional distribution
(Fig. 14) (Top row Fig. 15) (Bottom row Fig. 15)

>10 >10.5 >11 >10 >10.5 >11

1.0 0.034 0.12 0.53 0.10 0.0015 0.0011 0.0049
1.0
With star formation 0.049 0.077 0.43 0.14 0.0018 0.0012 0.0059
1.0
With stripping and star formation 0.021 0.087 0.47 0.088 0.0016 0.0015 0.0056

that, within reasonable variations of the input parameters, all these
processes play a secondary role. At fixed merging time-scale the
resulting SMF and halo mass distribution of local satellites end up
being very similar. All in all, our results highly suggest that at any
given epoch, a direct abundance matching between the total galaxy
SMF and halo plus SHMFs provides a very good approximation
to the mean SMHM relation of central galaxies, irrespective of
the exact (late) evolution of satellites after infall. In other words,
our results confirm the common assumption that at any given epoch
satellites can be abundance matched as centrals at infall, irrespective
of their redshift of infall.

We find that, similarly to what previously noticed for centrals,
adopting the latest empirical determinations of the SFR as a function
of stellar mass and redshift significantly overproduces the abun-
dance of galaxies below M∗ � 3 × 1010 M�, irrespective of the
quenching, stripping, or merger time-scales adopted. An SFR as
predicted by a continuity equation approach well matches both the
local abundances of satellites and the bimodality in specific SFRs
for all galaxies above M∗ � 1011 M� as measured in the SDSS.

STEEL is an ideal tool to rapidly compute accurate galaxy merger
rates as a function of stellar mass, time, and environment. It can

reveal the impact of mergers in shaping the structural and dynamical
evolution of galaxies, and eventually their central supermassive
black holes. We will look into some of these topics in more detail
in future work.
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A P P E N D I X A : A BU N DA N C E M AT C H I N G

In Fig. A1, we show the central and SSMFs from the evolving
abundance matching relation described in Section 3.2. We show
nine different redshifts, as labelled, using the frozen model with a
dynamical-time factor ftdyn = 1.0, which best matches the local data
from SDSS. The z > 0.3 data are from Davidzon et al. (2017).

A limitation of the present methodology is that it lacks, at
present, robust observational estimates of the high-redshift central
and SSMFs to better anchor our fitting procedure. Nevertheless, we
see in Figs 9 and 8, the satellite SMF, the number density distribution
or the fractional distribution do not necessarily require any redshift
evolution in the input parameters of the SMHM relation to fit the
local data. This is mainly due to the fact that most (> 60 per cent) of
the accretion of the satellites observed at z = 0 occurs at relatively
recent times, z < 0.5 − 1. Redshift evolution is however required
for a good fit to the data when z > 1, as demonstrated by the grey
lines in Fig. A1.
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Figure A1. We show the results of the redshift dependent abundance matching at eight different epochs above redshift z = 0. The SDSS data are shown in the
redshift z = 0.1 panel with crosses, higher redshift panels show COSMOS2015 (D17) data as green dots. The final result is shown in each panel as green blue
and red lines for total, central, and satellite galaxies, respectively. The no-evolution is shown in grey in all panels. In this plot, G18 refers to the central SMHM
fit from this work.

APP END IX B: SF R F ROM A C ONTIN UI T Y
EQUATION A PP ROAC H

A general SFR continuity equation model considers the change in
the SMF over time step δt. Assuming galaxies maintain rank or-
der the model calculates the average SFR a galaxy would have to
maintain the implied growth in stellar mass. In this work, using a
continuity method, as described above, we generate a SFR that is
self-consistent with the HMF and abundance matching used in this
work. Usually, the input SMF used is an observed quantity. How-
ever, we use as input for our continuity equation the central SMF
generated by the SMHM relation from Section 3.2 and the cen-
tral HMF from Tinker et al. (2010).14 When considering the mass

14We also note that given the release of resolved centrals at high redshift,
improved abundance matching, and/or improved local SMF the SFR (as

growth we must consider mass-loss, else the SFR is massively un-
derpredicted. We use an instantaneous loss fraction of 40 per cent.
We also neglect the mass gained from mergers. Mergers would de-
crease the SFR calculated (and therefore provide a better fit though
out this work) so SFR from this method should be considered as an
upper limit. We show in Section 3.3 our SFR has limited effect on
the results of this work. We alter the parameters in equation (6) to
fit our continuity equation-driven M∗−SFR relations and the new fit
is given in equation (7). During this fit, we ignore the SFR inferred
from galaxies that sit above the knee of the SMHM relation where
the growth becomes merger dominated (Tomczak et al. 2016). We
show the difference between the continuity equation approach and
the Tomczak SFR in Fig. B1.

well as the rest of the model) is simply adjusted self-consistently as is the
power of a semi-empirical model.
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Figure B1. The Tomczak (red dashed) and continuity equation approach
(black solid) SFR–stellar mass relations as given in Section 3.3.1 at redshift
z = 1.

A P P E N D I X C : G L O S S A RY O F T E C H N I C A L
AC RO N Y MS

Throughout this work, we use several technical acronyms. We pro-
vide the reader with a glossary of these in Table C1 to aid reading
of the paper and equations therein.

Table C1. A list of technical acronyms used throughout this paper.

Acronym Definition

STEEL The name of our model: STatistical sEmi-Empirical modeL
HMF Halo mass function
SHMF Subhalo mass function
USHMF Unevolved subhalo mass function
USSHMF Unevolved surviving subhalo mass function
δUSHMF Unevolved subhalo mass function accretion
SMF Stellar mass function
SSMF Satellite stellar mass function
SFR Star formation rate
SFH Star formation history
MLR Mass-loss rate

This paper has been typeset from a TEX/LATEX file prepared by the author.
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ABSTRACT
There exist discrepancies in measurements of the number and evolution of galaxy
pairs. The pair fraction appears to be sensitive to both the criteria used to select
pair fraction and the methods used to analyze survey data. This paper explores the
connection between stellar mass estimation and the pair fraction of galaxies making use
of steel, the Statistical sEmi-Emprical modeL. Previous results have found the pair
fraction is sensitive to choices made when selecting what qualifies as a pair, for example
luminosity or stellar mass selections. We find that different estimations of stellar mass
such as photometric choice mass-to-light ratio or IMF that effect the stellar mass
function also significantly affect the derived galaxy pair fraction. By making use of
the galaxy halo connection we investigate these systematic affects on the pair fraction.
We constrain the galaxy halo connection using the stellar-mass-halo-mass relationship
for two observed stellar mass functions, and the Illustris TNG stellar mass function.
Furthermore, we also create a suite of toy models where the stellar-mass-halo-mass
relationship is manually changed. For each stellar-mass-halo-mass relation the pair
fraction, and its evolution, are generated. We find that enhancements to the number
density of high mass galaxies cause steepening of the stellar-mass-halo mass relation,
resulting in a reduction of the pair fraction. We argue this is a considerable cause of
bias that must be accounted for when comparing pair fractions.

Key words: Galaxy: halo – galaxies: abundances – galaxies: interactions – galaxies:
luminosity function, mass function – galaxies: photometry

1 INTRODUCTION

ΛCDM cosmology predicts the hierarchical assembly of
dark matter haloes. Throughout the history of the Universe
haloes have grown in mass and size via two pathways. Firstly
haloes grow via smooth accretion gradually accreting dark
matter from the surrounding environment. The secondary
growth mechanism is via the accretion and gradual absorp-
tion of smaller haloes, known as subhaloes. After accretion
subhaloes survive as substructure of the central/host halo
gradually losing mass and sinking to the center of the poten-
tial well though dynamical friction. At early epochs the gas
directly follows the collapse of the dark matter sinking to the
bottom of the potential wells cooling and forming stars (Mo
et al. 1998). Larger dark matter haloes had a stronger gravi-
tational influence creating a deeper potential well capturing
more gas, and are thus expected to be associated, on aver-

? E-mail: P.Grylls@soton.ac.uk
† E-mail: F.Shankar@soton.ac.uk
‡ E-mail: conselice@gmail.com

age, with larger galaxies. The efficiency with which baryons
form galaxies in haloes has been shown to depend on the
halo mass, with smaller galaxies growing more with increas-
ing halo mass than larger galaxies. The latter effect is seen in
the shape of the stellar-mass-halo-mass (hereafter, SMHM)
relation, where at a particular stellar/halo mass the slope
of the relationship changes (e.g. Shankar et al. 2006; Moster
et al. 2010; Behroozi et al. 2013; Moster et al. 2018; Shankar
et al. 2014a; Conselice et al. 2018; Grylls et al. 2019b,a).

Frequent or massive mergers are thought to induce mor-
phological changes in galaxies. Galaxies, after experiencing a
massive merger, where the minor galaxy is at least a quarter
of the mass of the central galaxy, are thought to lose their
disk-like morphology and transform into elliptical galaxies
(Negroponte & White 1983; De Lucia et al. 2006). For this
reason it is important to understand the frequency and na-
ture of mergers between galaxies to achieve a complete and
coherent picture of galaxy formation and evolution. How-
ever, galaxy mergers occur on gigayear timescales and there-
fore it is not possible to directly observe the rate or conse-
quence of galaxy mergers. However, by inferring the merger

© 2018 The Authors
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rate over longer timescales it can be used as a powerful con-
straint on cosmological parameters (Conselice et al. 2014)
The traditional approach to estimate a measure of galaxy
mergers is to instead count galaxy pairs at a given sep-
aration, and then assign a merging timescale to infer the
rate of galaxy merging (Conselice et al. 2003, 2008; Mundy
et al. 2017; Duncan et al. 2019). However, the approach of
counting pairs is complicated by systematic differences when
selecting galaxies, for example the evolution of the pair frac-
tion appears to change if a selection is made by flux ratio or
made by stellar mass ratio (Man et al. 2016).

In Grylls et al. (2019b) (Hereafter Paper I) we intro-
duced a the Statistical sEmi-Empirical modeL steel. steel
and other transparent semi-empirical approaches, have had
multiple successes:

• Mapping galaxies into dark matter haloes using the
SMHM relation, derived from the relative abundance of dark
matter haloes and galaxies.
• Following the mergers of the underlying host dark mat-

ter halos.
• Computing the implied rate of galaxy mergers.

Uniquely in steel these properties do not follow discrete
dark matter merger histories, ‘merger trees’, instead they
are calculated using a statistical dark matter accretion his-
tory giving access to unbiased population averages. In Paper
I we use this to calculate the distributions of satellite galax-
ies in massive haloes and in Grylls et al. (2019a) (Hereafter
Paper II) this is extended to high redshift. In Paper II a com-
parison is made with observations of satellite distributions
and stellar mass functions over multiple epochs, such we are
able to confirm that the satellite distributions generated by
steel are consistent with observations over a large range of
redshifts. As steel is consistent with satellite distributions
over multiple epochs by extension the satellite accretion his-
tories are a reliable estimate of the true accretion.

The ability to reliably predict the galaxy merger rate is
particularly powerful as it provides an additional tool to test
the ΛCDM cosmological model. The galaxy merger rate is
intrinsically connected to the dark matter assembly so that
galaxies can be used as a proxy for the dark matter structure.
However, there are notable systemics that could affect the
reliability of using the galaxy merger rate from models. The
primary tool in this analysis is the SMHM relation which
is heavily dependent on the shape of the input stellar mass
function, the comoving number density of galaxies of a given
stellar mass. The stellar mass function is affected by several
observational systematics, notably, choice of mass-to-light
ratios, stellar initial mass functions, light profiles e.t.c... In
the last decade it has been shown that the stellar mass func-
tion is significantly higher in the high mass end than pre-
viously thought, this is due to a number of improvements
in stellar mass calculation including, complete fitting of the
extended light profile(Bernardi et al. 2016, 2017a)), Sèrsic
+ exponential fitting models (Meert et al. 2015) and im-
proved sky subtractions. Using better stellar mass estimates
the number density of high mass galaxies is increased, this in
turn steepens the high mass slope of the SMHM relationship
(Shankar et al. 2014b; Kravtsov et al. 2018).

The effect of the stellar mass functions and the system-
atics introduced into the SMHM relation were investigated
in Paper II. It was shown that shallow SMHM relations, as-

sociated with the previous stellar mass estimations, coupled
to hierarchical ΛCDM cosmology create satellite accretion
histories that are incompatible with central galaxy growth.
In contrast stellar mass functions with enhanced high mass
number density predict central galaxies grow more rapidly
with cosmic time, such higher growth rates were found to
be consistent with the total satellite accretion predicted by
ΛCDM cosmology. Given the pair fraction is used as an
observational estimate of satellite accretion through galaxy
mergers, one would expect that where stellar mass estima-
tions impact the accretion rates they should also produce a
difference in modeled pair fractions.

In this work we investigate how the observed pair frac-
tion changes systematically with varying SMHM relation-
ship. We use steel which is capable of producing state-
of-the-art satellite abundance mocks using a statistical dark
matter accretion history and the galaxy-halo connection. We
show that a well designed and flexible Semi-Empirical model
should be used as an essential analytic tool for understand-
ing how observational modelling assumptions, such as the
estimation of stellar mass, may propagate in unpredictable
ways.

This paper is laid out as follows. In Section 2 we de-
scribe the comparative simulation data used. In Section 3
we summarize steel the STastical sEmi-Empirical modeL
and the extensions added for the analysis in this work. In
Section 4 we show a systematic analysis of how the SMHM
relation effects the pair fraction then compare the output of
steel using altered SMHM relations to match simulation
and observational results to show the magnitude of the dif-
ferences. In Sections 5 & 6 we situate our results in a wider
context and conclude.

2 DATA

2.1 Stellar Mass Functions

The input SMHM relations used in steel are constrained
using observed stellar mass functions. steel uses two stel-
lar mass functions at redshift z = 0.1, each using the Sloan
Digital Sky Survey Data Release 7 (Abazajian et al. 2009;
Meert et al. 2015), these are made using a Sèrsic-Exponential
fit ‘PyMorph’ (Meert et al. 2015; Bernardi et al. 2016) and
a de Vaucoulers fit ‘cmodel’ (de Vaucouleurs 1948). These
stellar mass functions are representative of the previous pho-
tomotries (cmodel) and the enhanced high mass end (Py-
Morph) described in Section 1. To constrain the SMHM re-
lations at higher redshift (0.3 < z < 3.3) we use the stel-
lar mass functions from COSMOS2015 catalogue (Davidzon
et al. 2017). These stellar mass functions are created using
Bruzual & Charlot (2003) stellar population synthesis mod-
els. These stellar mass functions can be used directly with
the cmodel fits, however a +0.15 dex correction is required to
compare to the PyMorph light profile fitting (Mendel et al.
2014; Bernardi et al. 2013). This correction brings the red-
shift z = 0.37 stellar mass function in agreement with the
PyMorph z = 0.1 stellar mass function matching the finding
that the stellar mass function does not evolve significantly
up to redshift z = 0.5 (Bernardi et al. 2016). The differences
in the SMHM relations from these fits are discussed in Sec-
tion 3.1 and fitting the parameters given in Section 3.2.
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2.2 Illustris

We use data extracted from the Illustrius TNG simulation
JupyterLab public data mirror (Springel et al. 2018; Nelson
et al. 2018). Illustrius TNG is a state of the art, large volume,
cosmological, gravo-magnetohydrodynamical simulation. To
make comparisons to the results from steel we utilize the
group and subhalo galaxy/dark matter catalogues to explore
the distributions of galaxy pairs in group and cluster envi-
ronments from Illustrius TNG.

3 METHOD

In this paper we highlight difficulties present when compar-
ing models to observations, specifically pair fractions. Fore-
most, the difficulties stem from the assumptions inherent in
a given stellar mass estimation. For example, using the Sloan
Digital Sky Survey Data Release 7 (SDSS-DR7), two notably
different stellar mass functions have been derived. Using the
cmodel fit (Abazajian et al. 2009) produces a stellar mass
function with a sharp high mass cutoff, whereas, using a Sér-
sic + exponential model (Meert et al. 2015; Bernardi et al.
2016, 2017b) produces a less sharp cutoff and more high
mass galaxies. The propagation of these differences into the
SMHM relation, in conjunction with hierarchical assembly
predicted by ΛCDM cosmology, creates different galaxy as-
sembly histories within the same cosmology. An empirical
model, such as steel, is ideally suited to understand these
effects.

By design, an empirical model recreates the stellar mass
function at all redshifts, something other modeling tech-
niques have historically struggled with (Asquith et al. 2018).
The reproduction of the stellar mass function at all redshifts
is essential to derive reliable assembly histories. For exam-
ple, a stellar mass function at high redshift with an excess of
low mass galaxies must undergo a prolonged phase of over-
merging to match the stellar mass function at low redshift.
Additionally, steel has an advantage over more traditional
models. Using a statistical dark matter accretion history,
we replace discrete dark matter volumes to simulate with-
out volume or resolution constraints. In Paper I and Paper
II we showed that using the Sérsic + exponential fits, steel
recreates the distributions of satellite galaxies over a large
range of cosmic epochs. In Paper II we showed the in-situ
vs ex-situ growth ratios for central galaxies for both stellar
mass functions. We found that flatter SMHM relations cre-
ate a satellite galaxy accretion history that is too fast with
respect to the predicted growth of the central galaxy. As ob-
servations of galaxy pair fractions are often used to create
an estimation of the galaxy merger rate (Mundy et al. 2017;
Mantha et al. 2018). It follows that the discrepancies found
in the satellite mass accretion introduced by the SMHM re-
lation should also alter the galaxy pair fraction.

In this Paper we discuss the updates to steel that en-
able the extraction of a galaxy pair fraction given a choice
of underlying stellar mass function. Using a toy model we
perturb in isolation each parameter of the SMHM relation
described in Section 3.2. We show that shape of the SMHM
relationship directly affects the normalisation and evolution
of the expected galaxy pair fraction.

In this section we begin by describing how the SMHM

relation propagates into the pair fraction with the aid of
two cartoons in Section 3.1. We provide the quantitative fits
for the SMHM relations used in this work in Section 3.2.
We then describe the statistical accretion history essential
to steel in Section 3.3. Finally, we describe the method
used to apply a spacial distribution to the statistical satellite
population in Section 3.4.

3.1 Influence of the SMHM relation

The photometric choice, or other systematics such as mass-
to-light ratio, the initial mass function, or background sub-
traction, used to calculate galaxy stellar mass, all have a di-
rect impact on the resulting shape of the stellar mass func-
tion. For a fixed cosmological model, i.e. the number and
distribution of haloes are invariant, changes in the stellar
mass function directly correlate to changes in the SMHM
relation. The SMHM relation can therefore be used as an
effective proxy for the shape of the underlying stellar mass
function.

In this work we show that different SMHM relations
generate distinct pair fractions and merger rates. Stellar
mass functions with greater number densities of high-mass
galaxies, naturally map larger galaxies into smaller haloes
due to their higher relative abundances, resulting in steeper
high-mass slopes for the SMHM relations. In Figure 1 we
show an illustrative cartoon of how different SMHM rela-
tions affect the galaxy mass ratios. For two identical mass
halo pairs we see that a SMHM relation with a steeper
slope causes a substantial difference in the stellar mass ratio
mapped into the halo pairs. In general, a shallower relation
causes many more massive pairs than a steeper relation.

In Figure 2 a cartoon is shown to give an example of the
expected difference in the pair fraction when changing the
SMHM relation. We define pair fraction as the fraction of
galaxies of a given mass that have a companion with a mass
equal to or greater than a quarter of the primaries mass
within 5-30 kpc. The left hand column shows the SMHM
relations and the right column the implied pair fractions and
their evolution with redshift. In the top row we compare a
steep high-mass slope to a flatter slope, where the slope has
been changed at redshift z = 0.1. In the bottom row we
compare an evolving and non-evolving high-mass slope.

The steepening of the high-mass slope increases the
number of pairs created and the normalisation of the pair
fraction increases. In the bottom row we show the effects
of having a slope that flattens at higher redshift. We show
the redshift z = 0.1 relation in grey and the relations with
the unchanged and changed slopes in blue and orange re-
spectively. The main effect of varying the evolution of the
high-mass slope in the SMHM relation is to change the be-
haviour of pair fraction with redshift. A steeper slope tends
to turn over the pair fraction and vice-versa. The behaviours
reported in Figure 2 are what one would expect given Figure
1, where shallower slopes give higher fractions. Furthermore,
from Figure 2 (and from Figure 3, shown in Section 4), it
can be concluded that almost any pair fraction time depen-
dence could be produced by appropriately altering the input
SMHM relation. It is relevant to stress here that relatively
minor changes in the stellar mass function can cause qualita-
tive differences in the SMHM relation and, by extension, in
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Figure 1. A diagram showing the how the SMHM relation can impact the stellar mass ratio of galaxies mapped into identical halos.
The black vertical lines represent the (fixed) halo masses that are seeded with stellar mass. Coloured horizontal lines are drawn at the

intersection of the halo masses and the SMHM relation these show the stellar mass seeded by each relation also shown by the numbers

in matching colour on either side of the plot. The steeper SMHM relation (blue) creates a smaller stellar mass ratio as the change in
halo mass maps to a much larger stellar mass difference.

the shape and normalization of pair fractions at any cosmic
epoch.

3.2 SMHM relation

A double power-law relation similar to Moster et al. (2010)
is used to parameterise the SMHM relation. The parameters
M, N, β, and γ control, respectively, the position of the knee,
the normalization, the low-mass, and the high-mass slope at
redshift z = 0.1. Each parameter has an associated redshift
evolution factor given by:

M∗(Mh, z) = 2MhN(z)
[( Mh

Mn(z)
)−β(z)

+
( Mh

Mn(z)
)γ(z)]−1

N(z) = N0.1 + Nz

( z − 0.1
z + 1

)

Mn(z) = Mn,0.1 + Mn,z

( z − 0.1
z + 1

)

β(z) = β0.1 + βz
( z − 0.1

z + 1

)

γ(z) = γ0.1 + γz
( z − 0.1

z + 1

)
.

(1)

We use the abundace matching fits from Paper II, shown
in Table 1. The parameters for Equation 1 are given for a
Sérsic-Exponential fit stellar mass function (PyMorph) and
a de Vaucoulers fit stellar mass function (cmodel). The dif-
ferences between these two fits are given in Section 2.1. In
brief, PyMorph gives more high mass galaxies and results in
a steeper high mass slope of the SMHM relation. Conversely
cmodel has a lower number of high mass galaxies and creates
a flatter high mass slope. For completeness, we also include
a SMHM relation that well fits the outputs of the Illustris
TNG which is steeper than PyMorph.

3.3 Statistical Accretion Histories

Traditional simulations such as Hydrodynamical, Semi-
Analytic, or Semi-Empirical models, simulate the dark mat-
ter background of the universe using a cosmological box or
a discrete set of merger trees. Both cosmological boxes and
merger trees simulate a discrete cosmological volume, and in
any given volume there will be a limited number of massive
haloes. Due to the significant decrease in number density
with increasing halo mass, haloes of even a couple of orders
of magnitude smaller than the most massive halo in the sim-
ulation are found significantly more frequently. Due to the
large difference in number density mergers between haloes of
similar mass are extremely rare, especially compared to halo
mergers with haloes with a low mass ratio. steel removes
the dependence on discrete halo sets by using a ‘statistical
accretion history’: haloes and mergers of any mass and mass
ratio are simulated equally regardless of number density.

The full method for creating the ‘statistical accretion
history’ is given in Paper I and a summary of the method
is provided in Paper II. In brief, we start from the average
growth history of central haloes and at each epoch compute
the unevolved subhalo mass function1. At each time step the
growth of the unevolved subhalo mass function is attributed
to accretion of new subhaloes to create the accreted subhalo
mass function (simply the number density of a given subhalo
mass accreted at a given epoch for a given central mass
history). Each bin of the accreted subhalo mass function is
assigned a dynamical time, in essence the time to merge with

1 This is the total number density of subhaloes accreted by a
central halo over its growth history as a function of the mass

ratio Msat /Mcen where the satellite masses are frozen at infall.
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Figure 2. A diagram showing the how the SMHM relation can impact the pair fraction. The top row shows how reducing the high

mass slope of the SMHM relation increases the number of pairs at all redshifts. The bottom row shows the redshift z = 0 relation as
a grey dotted line, two relations at redshift where the relation is not evolved or evolved to be shallower are shown in blue and orange

respectively. For this evolving SMHM relation the pair fractions are found to increase. In each case the reason for the increase can be

explained by referencing Figure 1 where making the relation shallower seeds more massive pairs.

M n N β γ Mn,z N z βz γz

cmodel 11.91+0.40
−0.34 0.029+0.018

−0.013 2.09+1.21
−1.02 0.64+0.11

−0.10 0.52+0.24
−0.19 −0.018+0.005

−0.004 −1.03+0.049
−0.34 0.084+0.20

−0.14

PyMorph 11.92+0.39
−0.36 0.032+0.016

−0.012 1.64+0.85
−0.73 0.53+0.11

−0.11 0.58+0.15
0.19 −0.014+0.007

−0.006 −0.69+0.29
−0.36 0.03+0.154

−0.147

TNG 11.8 0.018 1.5 0.31 0.0 −0.01 0 −0.12

Table 1. The SMHM relation fits for cmodel, PyMorph, and TNG. For the cmodel and PyMorph data, the errors are the 16th and 86th
percentile from the MCMC fiting.
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the central galaxies. The surviving subhalo mass function2 is
created by summing each mass of accreted subhaloes at each
time step that have not yet merged with their centrals by
the redshift of observation. In this work we use the PyMorph
abundance matching fits from Paper II to associate each bin
of the accreted subhalo mass function with a distribution of
galaxies at infall. The satellite galaxies associated to subhalo
bins that have reached the end of their dynamical times
are summed to contribute to the average galaxy accretion
history for a given dark matter halo.

3.4 Galaxy Separations

Calculation of the pair fraction requires an estimate of the
distance between the central galaxy and the satellite galaxy,
as we rely on our statistical accretion history, and do not
have discrete halos, we assign each subhalo bin an average
distance to the central galaxy. The subhaloes start at the
viral radius of the central halo. The distance to the cen-
tre then reduces proportionally to the amount of dynamical
time remaining (Guo et al. 2011). Throughout this work un-
less otherwise stated the pair fraction is calculated as the
number density of satellites with a mass ratio of above 1/4
within 5 to 30 kpc of the central galaxy divided by the total
number of central galaxies within the mass selection.

4 RESULTS

In this section we test the impact of two different photo-
metric choices, PyMorph (Meert et al. 2015) and cmodel
(Abazajian et al. 2009), on the pair fractions. Fixing the
dark matter halo assembly and cosmology, the two photome-
tries generate two distinct SMHM relations where the main
difference lies in the high mass slope. To gain deeper in-
sight into how the input SMHM relation propagates into
the pair fractions, in Section 4.1 we show a toy model where
each parameter of the SMHM relation is perturbed indepen-
dently. Analysis of this toy model will inform which SMHM
relation parameters affect aspects of the pair fraction, ap-
plying this in Section 4.2 we then attempt to recreate pair
fractions found in the Illustris TNG simulation and in data
from Mundy et al. (2017) by manipulating the SMHM rela-
tionship. Finally, using the SMHM relation that best fits the
observed pair fraction we compute satellite accretion histo-
ries following the methods in Paper II. In brief, the amount
of stellar mass growth expected from satellite accretion is
compared to the central stellar mass growth predicted by
abundance matching. If the satellite accretion is greater than
the central growth the SMHM relation is non-physical and
the stellar mass estimation used for the pair fraction must
be questioned.

In this section we investigate the distribution of satel-
lites around central galaxies when using different SMHM re-
lations. This distribution is primarily dominated by the halo
substructure, for this reason it is essential to make sure our
selection criteria for galaxies always returns the same halo
population. As we actively change the stellar masses mapped

2 The total number density of subhaloes that one would expect

to still be present in the parent halo at a given epoch.

into any given halo mass one cannot use a stellar mass cut
to achieve this result. From a simulation where the haloes
are known, one could simply select by halo mass, however,
to better match observation where haloes are not known we
make a constant number density selection. A constant num-
ber density selection will always return objects that share
a given number density and are therefore associated to the
same haloes as we are taking the halo structure as a fixed
quantity. A similar technique was employed by, Leja et al.
(e.g. 2013); Mundy et al. (e.g. 2015) to trace the evolution of
galaxy populations; galaxies at high redshift with a given co-
moving number density are assumed to be the progenitors of
later populations with the same abundance. In this work we
use a central stellar mass selection from the PyMorph stellar
mass estimation of M∗ = 1011−1011.6M� (or 109.5−1010.1M�
when considering the low-mass slope controlled by β). The
number-density range of the aforementioned mass cut is then
computed and galaxies are selected from the other SMHM
relations which share this number density. An example of
this selection can be seen in Figure 3, the shaded horizontal
band shows the stellar masses for each SMHM relation that
share number density.

4.1 Systematic Analysis

We use the flexible nature of steel to create a toy model
where each of the main parameters (M, N, β, γ), and their
evolutionary factors (Mz , Nz , βz , γz), governing the SMHM
relation are adjusted in turn to explore the affect on the
galaxy pair fractions. Table 2 details the change made to
the SMHM relation for each parameter.

Figure 3 shows each of the SMHM relations in the outer
four panels, the reference SMHM relation PyMorph is shown
in blue at redshifts z = 0.1 (dotted line) and z = 2 (dashed
line) in each panel, the modified redshift z = 0.1 relation
is then shown in orange, and the increased and decreased
(dashed red and green) evolution are shown at redshift z = 2.
The inner four panels follow the same colour convention.
When changing M, the knee parameter, a large increase
in the pair fraction is found from a lower knee: The shal-
lower high mass slope is extended therefore more haloes are
seeded in the mass range for pairs. We see the same effect at
high redshift, the lower value of M at high redshift creates
a higher pair fraction.

The normalization parameter, N, creates little change
in the pair fraction as expected because the mass ratios are
largely unaffected. The low mass slope parameter, β, affects
the seeding of smaller galaxies hence a lower mass range is
used for the consistent number density cut. Due to the steep-
ness of the low mass slope the fraction of pairs is lower in
this mass cut. Finally, when the high mass slope parameter,
γ, is altered more pairs are found at high and low redshift
when the slope is shallow. This is again attributed to more
galaxies seeded within the mass ratio range.
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Table 2. The adjustments to the SMHM relation used in Figure
3.

PyMorph X0.1,alt Xz,+ Xz,−

M 11.92 -0.25 - -

Mz 0.58 - +0.1 -0.1

N 0.032 +0.04 - -

Nz -0.014 - +0.007 -0.007

β 1.64 -0.3 - -

βz -0.69 - +0.3 -0.3

γ 0.53 +0.06 - -

γz -0.03 - +0.2 -0.2
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4.2 Simulation and Observational Results

The observed pair fraction is known to have discrepancies
based on the galaxy property used to calculate the ratio. In
Man et al. (2016) it is shown that selecting pairs by flux
ratio or stellar mass creates differences in the pair fraction
evolution. In Figures 1 & 2 we show the predicted effect
of the determination of stellar mass on the SMHM relation
and the propagation of these changes into the pair fraction.
Through the use of a toy model in Figure 3 we show how iso-
lated perturbations to the eight SMHM relation parameters
propagate into the galaxy pair fraction. Given this analy-
sis we find that any observation of the pair fraction must
be understood in terms of its implicit observational assump-
tions. Furthermore, direct comparison of pair fraction re-
sults should only be undertaken under identical stellar mass
derivation assumptions, where this is not the case the influ-
ence of any differences must be accounted for. In this section
we fit, by making use of steel, observed pair fractions us-
ing small changes to the SMHM relation. We anticipate this
modelling can be used to provide corrections to pair fraction
results to allow for fair comparisons.

In Figure 4 we show the simulated galaxy pair fractions
for galaxies in the mass range M∗ = 1010 to 1010.6. The pair
fraction is shown for two different SMHM relation inputs to
steel. In blue we show the PyMorph (Sèrsic Exponential)
input used as the baseline in Figure 3, in orange the input
calibrated to match the Illustris TNG simulation. In the
right hand panel we see that the the prediction from steel
with the TNG-calibrated input is in good agreement to the
pair fraction extracted directly from the Illustris TNG simu-
lation. The pair fraction predicted using the PyMorph input
is 0.5 dex lower, this is to be expected as in the mass range
we are considering the Illustris TNG simulation SMHM re-
lation is shallower and more pairs are therefore created in a
greater mass range of halo mergers.

Figure 5 shows the predicted pair fraction evolution us-
ing the two SMHM relations from PyMorph and cmodel
presented in Section 3.2. The left panel shows each SMHM
relation at redshift z = 0.1 and z = 2.5. Following the system-
atic investigation in Figure 3 we attribute the 0.1 dex dif-
ference in pair fraction to the difference in high mass slope
between PyMorph and cmodel. The best-fit relation from
Mundy et al. (2017), shown as black crosses, rises rather
than falling as seen from PyMorph and cmodel. We see in
Figure 3 a SMHM relation with a high mass slope that de-
creases with redshift creating a pair fraction evolution of this
nature.

To attempt to match the Mundy et al. (2017) pair frac-
tions we begin using the cmodel SMHM relation which gives
the closest match in pair fraction at low redshift. Following
the analysis of Figure 3 where higher γz increases the pair
fraction at high redshift we alter the parameter from 0.0
to 0.5 in steps of 0.1. In Figure 6 the left panel shows the
SMHM relation at redshift 0.1 as a black dotted line then
coloured lines show the relation at redshift z = 2 given the
different γz parameters. The right panel shows the impact
of this evolution on the pair fraction, as predicted higher γz
increases the pair fraction with redshift and a value of above
0.1 removes the turnover. Comparing to Mundy et al. (2017)
we see a value of γz between 0.1 and 0.2 best reproduces the
rise in pair fraction.

In Paper II we show not all SMHM relationships are
internally self-consistent within a given ΛCDM assembly.
Following the average growth of a halo mass bin one can
use the SMHM relationship to predict the average galaxy
growth for this population of haloes. The average satellite
accretion should then be less than, or at most equal to, the
central stellar mass growth both in total accretion and in-
stantaneous rate. In Figure 7 we show the self-consistency
in terms of stellar mass for four fits. We select galaxy pop-
ulations at three stellar masses as indicated by the column
labels. The galaxies are chosen at redshift z = 0.1 and by are
followed along the average halo growth histories. Each halo
growth history is mapped to an average stellar mass history
using abundance matching. For each evolution history steel
calculates the satellite accretion over the galaxy/haloes’ his-
tory.

The four fits shown are, the cmodel fit, then the two γz
models that are closest to the Mundy et al. (2017) pair frac-
tion, and the maximum slope evolution tested γz = 0.5. The
top row shows the total mass predicted by abundance match-
ing (solid lines) and from satellite accretion (dashed lines),
the middle row shows the ratio of mass accreted to total
mass gained since redshift z = 3, the bottom row shows the
ratio of instantaneous satellite accretion to instantaneous
growth rate. In the middle and bottom rows the solid black
lines are at unity and a model that goes above this line is
nonphysical as more matter would have been accreted than
the galaxy growth history can account for. From Paper II we
know cmodel to be internally inconsistent, for γz = 0.5 the
slow growth at redshift z = 2 means satellite accretion is far
more rapid than galaxy growth, the γz = 0.1 and 0.2 mod-
els are fairly simmilar with the 0.1 model slightly favoured,
the total accretion and ratio are good (top and middle rows,
green line) the instantaneous rate is slightly high but could
be accounted for via a greater loss of mass to the intra cluster
medium during a merger3. The models with γz that give the
closest fit to Mundy et al. (2017) are also closest to internal
consistency. This has two implications: Firstly, an evolving
high mass slope can create the central galaxy growth re-
quired for consistency with the satellite accretion predicted
by ΛCDM cosmology. Secondly, it suggests that the pair
fraction can provide an additional constraint on the SMHM
relation, in particular we see here the evolution of the pair
fraction can constrain the evolution of the high mass slope.

5 DISCUSSION

The primary goal of this paper is to show the propagation
of systematics in galaxy modelling. Specifically, we use the
SMHM relationship to connect assumptions used when es-
timating stellar masses from observations to systematics in
galaxy pair fractions in the context of a ΛCDM Universe.
In this work we have used two observed stellar mass func-
tions from SDSS-DR7 observations that use a de Vaucoulers
and a Sèrsic + Exponential fit to determine stellar masses,
which generate stellar mass functions with notably different
number densities at the high mass end. Each stellar mass

3 The models presented here use floss = 0.5 similar to Moster

et al. (2018).
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Figure 4. Left: Two SMHM relations are shown from steel using parameters designed to reproduce the SMHM relation found in the

Illustrius TNG simulation (Orange line) and the PyMorph(Sèrsic Exponential) fit parameters (Blue line). The shaded region is the output
from the Illustris TNG simulation. Right: The pair fraction, for galaxies in the mass range M∗ = 1010M� to 1010.6M� generated from

steel is shown for runs using both the SMHM relations, lines follow the same colours as the left hand panel. The pair fraction extracted
directly from the Illustris TNG simulation is shown using black crosses.

Figure 5. Left: The stellar mass halo mass relations derived from PyMorph (blue) and cmodel (orange) at redshifts 0.1 (solid lines) and

2.0 (dotted lines). Right: The pair fraction evolution for galaxies using both SMHM relations. We make mass cuts, > 1010M� (dashed

line) and > 1010M� (solid line), in PyMorph and cmodel. The black crosses show the corresponding best fits for the > 1011M� mass cut
from Mundy et al. (2017).

function generates, through abundance matching, a different
SMHM relationship. The Sèrsic + Exponential mass func-
tion generates a steeper high-mass slope in the SMHM re-
lationship at any epoch. In addition to the SMHM relation-
ships from the observed data we use a relationship fitted to
match the outputs of the Illistris simulation. Furthermore,
we also consider a toy model SMHM relation individually
perturbing each input parameter to transparently probe the
impact of the input SMHM relation on the pair fractions.
In each case we find that small changes introduced into the

SMHM relationship can have significant effects on the ex-
pected pair fractions, as shown in Figures 1,2, & 3. This
suggests that in the contxet of a ΛCDM Universe tensions in
previous observational studies could, in large part, be traced
back to systematics in stellar mass estimates.

In Mundy et al. (2017) the M∗,cen > 1010 pair fraction
is given, however, this is not significantly different from the
M∗,cen > 1011 pair fraction shown in Figure 5. In Figure 3
we find the pair fraction drops significantly when mass a se-
lection is taken below the SMHM relation knee. As this drop
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Figure 6. Left: The stellar mass halo mass relations derived from cmodel (black) at redshift z = 0.1 (dotted lines) and at z = 2.0 (coloured

lines) with altered high mass slope evolution parameter. Right: The pair fraction evolution for galaxies each altered SMHM relation. The
black crosses show the corresponding best fits for the > 1011M� mass cut from Mundy et al. (2017).

Figure 7. Average ‘mass tracks’ are shown which have central galaxy masses at redshift z = 0.1 of M∗,cen = 1012, 1011.5, and 1011 [M�]
from left to right. The satellite galaxy accretion is shown for evolved satellites with a dashed line. The top panels show the total mass of
the central (solid lines) and the total mass gained from accretion. The middle panels show the fraction of the total galaxy mass formed

from satellite accretion since redshift z = 3. The bottom panels show the ratio of the mass accretion rate from satellite galaxies to the

mass growth rate of the central galaxy predicted by abundance matching. The black horizontal lines in the second and third rows are at
unity. The colours are coded to the high mass slope evolution parameter as shown in the legend.
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is not found by Mundy et al. (2017) we interpret that their
pair fraction measurement is not consistent with a break in
the SMHM relation between 1010M∗,cen and 1011M∗,cen.

Man et al. (2016) noticed that the choice between
luminosity-selected and stellar-mass selected pairs affected
the pair fraction evolution. In this work we have provided
a clear framework to properly interpret how input choices
create systematic effects in the observed pair fraction and
its evolution. Furthermore, it is a common approach to in-
fer the assembly history of galaxies by converting the pair
fractions into merger rates by assigning timescales to galaxy
pairs (Conselice et al. 2003, 2008; Mundy et al. 2017). In Pa-
per II we developed a model that calculates the stellar mass
growth rates of central galaxies and the stellar mass accre-
tion rate from satellite galaxies. It is found that, for some
SMHM relationships, the accretion rate can be greater than
the total growth rate implying the model is internally incon-
sistent and the SMHM relationship is not compatible with
this ΛCDM cosmology. The stellar mass accretion rate is
connected to the merger frequency and therefore the galaxy
pair fraction. In this work we connect the shape and evolu-
tion of the SMHM relationship to the evolution of the pair
fractions. We propose it is therefore possible to use the pair
fraction as an additional constraint to the SMHM relation-
ship, this is a natural extension of conditional abundance
matching or extended SHAM (subhalo abundance match-
ing) models (Hearin et al. 2013). Using steel one can test
simultaneously the accretion ratio and the pair fraction gen-
erated from a given stellar mass function and cosmology.

Any changes to the stellar mass estimates such as pho-
tometry, background subtraction, IMF, e.t.c. that affect the
stellar mass function will in a given cosmology create a
change in the SMHM relationship. Therefore by the sys-
tematic propagation demonstrated in this work any stellar
mass estimation will create systematic differences in the pair
fractions. With the techniques presented in this work and
in Paper I & Paper II, one could retrieve the systematic
differences created in pair fraction under multiple ΛCDM
cosmologies and for any given set of stellar mass functions.
As a further test of our results we show the pair fractions
found in Illustris, together with the pair fractions predicted
by steel, using a SMHM relationship designed to match
that of Illustris are fully consistent. Using steel the pair
fractions produced from different ΛCDM cosmologies can be
tested to determine which best fits the observed pair frac-
tion when ensuring self consistency in stellar mass estimates
is maintained throughout.

In the era of wide and deep surveys, such as EUCLID,
constraining a model using a single multi-epoch data set
with consistent photometry will become a reality. The ad-
vantages of this are twofold: By tuning the SMHM relation
to a given survey over a large range of redshifts the growth
of the stellar mass function over time can be tested against
the implied satellite accretion and star formation rate as in
Paper II this can be seen as a test of the consistency of the
cosmological model or of the consistency of the stellar mass
and/or starformation rate estimation. Secondly, as in Paper
I one can test if the high redshift SMHM relation produces
the low redshift satellite distributions. The constraints on
a given photometry, cosmological model, satellite evolution,
starformation rate, e.t.c... are still not complete however it
will allow nonphysical results to be identified. Furthermore,

by making the model accessible it can then be used in the
manner described above to make systematic adjustments to
compare between current and future data sets that may use
different stellar mass estimations.

6 CONCLUSIONS

In this paper, we show that the input SMHM relations,
based on different stellar mass estimations, have a sig-
nificant impact on the predicted galaxy pair fraction. In
short, the steeper the relation, the lower the pair fraction.
Specifically we compare stellar mass functions created with
a de Vaucoulers-based photometry (cmodel) to a Sérsic-
Exponential photometry (PyMorph), the latter leading to
an enhancement in the number density of high mass galax-
ies. The resulting effect of these stellar mass functions is a
different input SMHM relation to steel, the primary dif-
ference consisting of a steeper high mass slope when adopt-
ing the Sérsic-Exponential profile. As expected, the Sérsic-
Exponential results in a lower pair-fraction. To attempt to
explain the difference in pair-fraction evolution with redshift
we create a suite of toy models testing different alterations
to the SMHM relation. We find that this evolution is linked
to the evolution of the high mass slope.

The purpose of this paper is to show how subtle changes
in derivation of stellar mass could lead to large differences
in the pair fraction observed. This work is particularly im-
portant in the context of understanding galaxy mergers, the
rate of which is commonly inferred from pair fractions, and
the effects thereof. Merger rates are used to: predict rates of
mass accretion, invoke variations in morphological type in
many galaxy models, and are thought to relate to the trig-
gering of AGN. It is therefore crucial when comparing two
different samples to account for the systematic biases intro-
duced by the assumptions implicit in stellar mass estimation
as shown in this work. Future surveys should look to use fast
and flexible modelling alongside data products to be able to
properly understand the systematic effects of assumptions
made on derived data products. For example the SMHM re-
lation must simultaneously fit: traditional abundance match-
ing, self-consistency between satellite accretion and central
galaxy growth, and as shown in this paper the normalisation
and evolution of the galaxy pair fraction. This multi-product
fitting will ensure relations such as the SMHM relation are
better constrained. The methods described in this work and
Paper II will also provide more stringent theoretical limits
to the stellar mass estimations and photometerys used for
future surveys.
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Appendix E

Fellowship application and future of

steel

This is PJG’s unsuccessful but well reviewed (4/6, 4/6, 6/6) fellowship application.

Included are original submission documents. These documents represent PJG’s technical

vision for the future of steel.
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Hawking Fellowship: Case for support
1 Track Record

I have achieved exceptional results at all stages of my education. At my highly competitive school I
received the award for the best student, for achievement and engagement, in every subject I took at
A-Level. I gained entry to the University of Bath where I studied Physics with a strong computational
component gaining 1st Class Honours. I went on to do a Post Graduate Certificate of Education gaining
valuable teaching and communication experience.

I began my PhD in Astrophysics in 2016 under the supervision of Dr Francesco Shankar. I began by
working on a preliminary cosmological semi-empirical model, after gaining understanding of the field and
modelling techniques I began to design and experiment with my own methodology. Current techniques
have consistently struggled to faithfully reproduce the distributions and number densities of galaxies over
multiple redshifts (Asquith et al., 2018). There are two major issues facing current models; firstly, over
parameterization of models introducing moderate to severe degeneracies in the solutions (e.g. Lapi &
Cavaliere, 2011). Secondly, these models work by simulating a discrete number of dark matter haloes
which introduce a volume and resolution bias. The volume bias is due to the relative abundance of small
to large haloes, for example to simulate ten massive haloes several thousand or even millions of smaller
haloes must also be simulated. The resolution bias is due to the necessary cutoff in the smallest halo
size due to the aforementioned high number density, in a large simulation the resolution must be limited
to not exceed computational resource. These trade-offs mean it has been hard to simulate with good
statistics of massive haloes without a low resolution cutoff to prevent simulating excessive numbers
of small haloes. STEEL is a beyond the state-of-the-art technique, which I designed to better model
satellite galaxies in groups and clusters by overcoming the issues suffered by traditional techniques. I list
the innovations I have made with STEEL that are presented in Grylls et al. (2019) and my two upcoming
papers (submitted and in prep).

• Developed a novel ‘Statistical Dark Matter Accretion History’ to remove volume and resolution bias
from my simulations. Unconstrained by volume STEEL is able to model massive clusters missed
by traditional models such as the remarkable high redshift cluster presented in Wang et al. (2016).

• Used the accretion histories and abundance matching to show to first order that dynamical time
and not environmental processes effect distributions of satellite galaxies.

• Used the unique ability of a statistical semi-empirical model simulating the population averages to
show that galaxy stellar mass estimates are inconstant with galaxy assembly models.

During my PhD I given talks in a variety of contexts, from a Lorentz centre workshop to the non-
cosmology Euclid session at NAM 2017, I have also given an invited seminar to discuss STEEL at the
University of Nottingham. I have co-supervised two summer students working on lenticular galaxies to
create and implement empirical routines to model these elusive galaxies.

2 Research Proposal

Dark matter is ˜85% of the matter in the universe (Planck Collaboration et al., 2015); Leading theory
states that the structure formation of dark matter is directly connected to the formation of galaxies. How-
ever, dark matter cannot be directly observed therefore understanding of the dark matter cosmological
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paradigm is limited by the quality of observations that can be used as indirect measurements. It is
expected that each dark matter halo forms a galaxy at its core. It is therefore possible to reveal the
evolution of dark matter structure by tracing the formation and distribution galaxies across cosmic time.
It is however unfortunate that major systematic errors in the analysis of galaxy observations undermine
confidence in using galaxies as a tracer. The foremost systematic is in the estimation of galaxy stellar
mass, I have shown using STEEL that current mass estimates are not consistent with dark matter as-
sembly history. In this application I describe how I have highlighted and constrained this effect as well as
the successes I have had in using STEEL to make self consistent predictions. This proposal shows how
I can extend STEEL to ensure the self consistency of stellar mass estimates and dark matter assembly
in future surveys. This work will be able to put constraints simultaneously on dark matter cosmological
models, fitting models for data, and theories of galaxy assembly.

2.1 State of the art and current limitations

The leading cosmological theory that describes the formation and distribution of galaxies is the ΛCDM
cosmological model (see Bull et al., 2016, for a review). Notable successful predictions of ΛCDM cos-
mology include the Lyman-α forest, galaxy clustering and weak gravitational lensing. The traditional
problems such as the ‘cusp-core’, missing satellites and ’too big to fail’ have been mostly addressed by
better simulations (coupling baryonic feedback at high resolution), better observations (observing faint
satellites) or alternative theories (self interacting dark matter).

There are no current techniques to directly measure dark matter, observational tracers such as the
distribution of galaxies are therefore key to our current understanding of dark matter structure. The
current state-of-the-art method is to model the co-evolution of dark matter and baryonic matter (gas and
stars that make up galaxies) to create galaxy mocks. The two leading techniques are Hydrodynamic sim-
ulations and Semi-Analytic models each uses a different method to include the dark matter component.
In numerical simulations it is found that dark matter has a hierarchical evolution, from small perturbations
in the initial density field large haloes grow under the influence of gravity smoothly accreting more dark
matter as well as accreting other haloes in merger events. Hydrodynamical galaxy simulations co-evolve
baryons directly with a dark matter simulation such that the gravitational influence of the baryons, as
well as other feedback effects, can influence the dark matter. Semi-Analytic models use either the dark
matter component from hydrodynamical simulations or an N-body dark matter only simulation to create
merger trees1, a simplification of the complex merging structure of dark matter.

In hydrodynamic simulations using a large number of cells the system is evolved by solving the
equations of hydrodynamics, any process that would fall below the resolution of a given cell is then solved
using sub-grid methods which are analytic routines that can be tuned to produce results that agree with
observations. Hydrodynamical simulations are powerful tools and are able to give many physical insights
into galaxy formation as they directly resolve structure formation and the output galaxies. However,
the foremost limitation of such modelling is computational resource, each simulation can take many
months to run, it is therefore required to make compromises in either the volume or resolution of the
simulation. Furthermore, the sub-grid tuning can introduce degeneracies into the model obscuring the
actual physical processes.

Semi-Analytic models initialise dark matter haloes with gas at high redshift then follow analytic rou-
tines to evolve the baryonic matter. The mergers of the galaxies are predominately dictated by the
dark matter histories from dark matter merger trees. A major component of a Semi-Analytic model is
the number of parameters that can be tuned to reproduce observations, less computationally expensive
than Hydrodynamic simulations, Semi-Analytic models can be run many times to gain the best fit. How-
ever, as with hydrodynamical simulations such tuning can lead to degeneracies that obscure the actual
physics.

1Alternatively analytic routines have been created to ‘grow’ merger trees that mimic simulations that grant flexibility in volume
and/or cosmological parameters without the need to run multiple large volume simulations Parkinson et al. (2008)
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Semi-Empirical models are a potential solution to the degeneracy introduced by the multi-parameter
tuning inherent to the aforementioned techniques. Semi-Empirical models closely link observations to
theory, in this instance ΛCDM dark matter merger trees, to create a model that by design reproduces
specific observations. Commonly abundance matching, a technique used to predict the amount of stel-
lar mass expected for a given halo mass, is used to populate dark matter haloes to reproduce the
observed stellar mass function over multiple epochs. Additional physical assumptions are then gradu-
ally introduced adding the least assumptions/tuning parameters required to obtain a model consistent
with observations. Building a model cautiously introducing additional assumptions/parameters limits the
degeneracy from over parameterization improving the transparency of the model with regard to the im-
portant physics. Volume and resolution remain limitations of traditional Semi-Empirical models as they
are built on the same dark matter merger trees as Semi-Analytic models.

My model STEEL is the first STastical sEmi-Empirical modeL. It builds on the low parameter modelling
that make Semi-Empirical models powerful and further introduces a statistical dark matter accretion
history removing the limitations inherent in traditional dark matter merger trees. STEEL has proven
its potential with successes including accurate reproduction of the distribution of satellites in central
haloes and the prediction of galaxy star formation rate. In addition to this the unique statistical nature
of STEEL has allowed for the investigation of the self consistency of galaxy accretion in a hierarchical
cosmological model. Removing discrete galaxies I explore the average satellite galaxy accretion histories
and average central galaxy growth histories over the entire population. I find that many traditional galaxy
mass estimates produce accretion rates that are inconsistent with central galaxy growth, I am therefore
able to conclude that the hierarchical evolution of the dark matter and/or the galaxy mass estimates are
flawed.

I propose STEEL be updated to become part of data processing pipelines to check derived products
from observations in a given cosmology to ensure fitting model and cosmological model consistency.
Once implemented this will be a fundamental redesign to the connection between theoretical mod-
els and observational fitting in extra-galactic astrophysics. Given the multitude of missions set to
begin in the near future it is essential that models we use to fit data and theoretical models of galaxy
formation are in agreement. Disagreement in these models is either a failure in the theory, observational
fitting methods, and/or, an indication that ΛCDM assembly is incorrect. Results from STEEL will confirm
or reject cosmology/fitting for surveys such as Euclid, an extra galactic mission with the main goal of
providing precise cosmological constraints.

2.2 Motivation

The outcomes of this project are twofold: Firstly, STEEL will continue to be developed as a galaxy evo-
lution model that will make testable predictions about galaxy populations derived from the dark matter
accretion histories. Secondly, STEEL will be expanded in capability to be able to actively test the con-
sistency of observational fitting models and ΛCDM cosmology. Through each of these pathways I will be
able to place constraints on the ΛCDM cosmological model. Using STEEL I will also be able to test and
develop theories of galactic formation and satellite evolution, with particular emphasis on the connection
between mergers, active galactic nuclei, and quenching (the reduction of star formation rate). Finally, by
using STEEL to investigate the systematics introduced by different cosmologies and observational fitting
models I will be able to re-normalise data products from different surveys to correct for these effects.

2.2.1 Methodology of STEEL

STEEL can be broadly divided into four distinct aspects: Observational Data, Cosmology/Dark Matter,
Galaxy Modelling, and, Outputs/Predictions. Figure 1 shows a cartoon of how steel works subdivided
in these four categories. STEEL has successfully investigated satellite distributions, pair fractions and,
star formation rates, however, for this cartoon we focus on the star formation rate as it best shows the
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Figure 1: Schematic cartoon of how STEEL empirically models star formation rates. Described in full in
Section 2.2.1.

interconnections of the empirical model. (In the following text colour directly corresponds to sections of
the Figure 1.) By fitting and counting galaxies from surveys one can create the stellar mass function
(SMF), the number density of galaxies as a function of mass. Using a halo finder to identify dark matter
haloes a halo mass function (HMF), the number density of dark matter haloes as a function of mass, is
extracted from dark matter simulations. Galaxies are assumed to reside in haloes with the same number
density implying a mapping between galaxy stellar mass and host halo mass, this relation named the
stellar-mass-halo-mass relation (SMHM) is the key empirical input used in STEEL . Using the stellar-
mass-halo-mass relation and the dark matter substructure it is possible to derive the satellite distribution
over multiple epochs. Using theoretical dynamical time arguments the satellite accretion history can
be calculated, in addition the the central galaxy growth history is calculated using the stellar-mass-halo-
mass relation and the halo growth histories. The difference between the the central galaxy growth history
and the satellite accretion history can be attributed to galaxy growth via the star formation rate (SFR)
which can in turn be compared to the observed star formation rate providing an additional and indepen-
dent validation test to the model. Using an empirical quenching model derived from observations the
full distributions of specific star formation rate (sSFR) can be modelled and compared to observations.
This highly constrained and deliberate modelling is ideal for understanding the effects of individual the-
ories in galactic astrophysics which would be very difficult to constrain via alternative, more traditional,
approaches.
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2.2.2 Using STEEL to check the self consistency of fitting models and cosmological models.

STEEL can be used to check self consistency of fitting models and observations. The follow steps
provide an illustrative example for a consistency check using examples that I have had success with in
my PhD:

• Observations are taken by a given mission e.g. Euclid, and a cosmology e.g. Planck is chosen to
analyse the results in.

• Fitting models are used to derive galaxy properties over multiple epochs e.g. Stellar masses, Star
formation rate, pair fractions...

• STEEL is run using a statistical dark matter accretion history calibrated on the chosen cosmology
and the derived galaxy properties which are used to generate a SMHM relation and thus to assign
galaxies of a given stellar mass/SFR to host dark matter haloes.

• STEEL then tests whether the evolution implied by the derived galaxy properties are consistent
with the evolution expected from ΛCDM hierarchical assembly.

• There are multiple ‘tiers’ of results from STEEL: For example at its most basic the rate of satellite
accretion can be compared to the rate of galaxy growth if this is not consistent (i.e there is more
accretion than growth) it is reasonable to reject either the fits or ΛCDM cosmology. More complex
modelling can predict star formation rates that would be required to maintain the galaxy growth
and these compared to the observed star formation rate, should these disagree it is likely that our
understanding of star formation processes or the fitting of star formation is incorrect.

Figure 2: Schematic cartoon of how observational differences propagate into modelled inconsistencies.

Figure 2 is a simplification of the derivation of the satellite accretion vs. growth rate described in
Section 2.2.1. In this example I show how a change in the observations caused by a photometric (fitting)
choice propagates into an nonphysical satellite accretion that exceeds the central galaxy growth rate.
This is an example of the lowest ‘tier’ analysis that can be used to check for consistency in data fitting
models and ΛCDM assembly models, but it already rejects with good certainty traditional stellar mass
fitting models (Grylls2019b, submitted). Advancing this technique to include more ‘tiers’ and tailoring it
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to additional galaxy properties of interest STEEL will bring theoretical understanding closer to the data
we use to validate theory. This will simultaneously: increase the reliability of observations, constrain
cosmological models, and advance understanding of galaxy assembly theory.

2.2.3 Galaxy modelling with STEEL

One of the major questions in the field of galactic astrophysics is how galaxies become quenched,
i.e. what causes a galaxy to cease converting gas into stars. Several possible solutions have been
discussed including AGN feedback, galaxy mergers, and/or, quenching due to inefficiency of gas supply
though dark matter haloes above a given mass. Semi-Analytic and Hydrodynamical simulations obscure
physics such as this due to the degeneracy of tuning parameters.

For example, if one were to attempt to test the connection between AGN feedback and star formation
rate in a stable model without AGN it is likely that introduction of AGN will result in far more than just the
re-tuning of starformation associated parameters. Due to the change in tuning it then renders the AGN
and non-AGN models hard to compare fairly obscuring the connection between AGN and starformation.
A Semi-Empirical model is better suited to solving these problems as they are capable of running with
only the essential physics simply re-initialising essential galaxy properties to be consistent with obser-
vations at each time-step. In this way only the physical processes under investigation contribute to the
results of the simulation making it extremely flexible, fast, and transparent.

An illustrative example of this technique is a simple model of galaxy growth in a central dark matter
halo. At each time-step the central halo is assigned stellar mass using the stellar-mass-halo-mass rela-
tion. Introducing galaxy mergers by following the merging dark matter substructures the mass available
to the central galaxy from accretion is calculated. If the accreted mass is sufficient to grow the galaxy
to the size predicted by the stellar-mass-halo-mass-relation at later times then it is reasonable to argue
that this galaxy grows mainly though mass accretion. If the accretion is too high then there must be
more physics involved in the satellites i.e. stripping, or the merging model is wrong. If the accretion is
too low to explain the growth of the galaxy then there is some additional mass growth mechanism i.e.
star formation, or the merging model is wrong. With an empirical model understanding the physics and
testing theories is much clearer.

Considering the above semi-empirical modelling example it becomes evident that higher-quality data
will allow for more constraining power. For example, good star formation rate data could be used as a
further input in the model to aid the growth of the galaxy, thus removing a degree of freedom. For an
empirical model more data simply adds power, for a semi-analytic or hydrodynamical model it adds a
constraint that if in disagreement with the model requires significant remodelling.

Open galaxy modelling questions that I will constrain during this fellowship are:

• Compare and contrast the effectiveness of proposed mechanisms for satellite galaxy quenching.

– Central AGN feedback causing ram pressure stripping on satellites.

– Stripping of the satellite gas reservoir by the halo environment.

• Understand the relative contributions of different processes to central galaxy quenching.

– Mergers causing morphological change associated with the end of starformation.

– AGN feedback suppressing star formation directly or coupling with the halo environment.

• Distinguish which populations of galaxies are transformed into lenticulars and by which mecha-
nism(s).

With each of these investigations the modelling process is to take theoretical models, often interpreted
from observations or small high resolution hydrodynamic simulations, and apply it to a statistical model
to understand how these effects would manifest in the full galaxy population.
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2.3 Impact of Research

In addition to being a novel approach, STEEL has also been devolved with several upcoming large
surveys in mind. EUCLID, LSST, eROSITA, Athena, and JWST each have the capability to greatly
impact our theoretical understanding of galaxy formation and cosmology. However, as shown with my
previous results without accurate theoretical modelling to inform the data fitting models, these surveys
risk the same inconsistencies as previous missions, sacrificing potential impact at great fiscal cost to the
scientific community. In addition, fitting/cosmologies have previously been corrected with overly simplistic
factors. For example to convert from a Chabrier (Chabrier, 2003) initial mass function to a Salpeter
(Salpeter, 1955) inital mass function multiplicative factor of 0.63 is used and cosmological corrections
use only a factor called ‘little h’ (Croton, 2013). I have shown how the propagation of inputs create
a requirement for more subtle corrections in shape and normalisation. STEEL can be used to create
cosmology/fit corrections that capture these subtleties and allow years of old data to be used with the
high comparative quality that STEEL will provide to new surveys. Current models struggle to produce
the volumes currently observed so are unlikely to keep up with the larger volumes soon to be observed
where as for a statistical model this is a non-issue. STEEL is ideally and uniquely suited for the future of
galactic modelling and the advancement of understanding the formation and nature of our Universe.

2.4 Research Plan

For this project to have maximum impact it will require strong early collaboration with groups such as
the Euclid consortium. STEEL is already known by several influential empirical modellers. My research
group in Southampton is heavily involved in the Euclid collaboration for which STEEL will represent an
invaluable tool to produce reliable ”mock” test galaxy catalogues and to properly interpret the data. This
is an imminent vital task given that Euclid is currently scheduled for 2022.

The first goal is to use STEEL to make a tool that checks fitting model and cosmological model
consistency. Working with contacts from the Euclid collaboration this can be prepared with the flagship
mocks such that the tool is ready for launch. Following launch we will have access to consistency checked
surveys which will greatly increase the empirical power of the model. With this highly constrained tests
of galaxy formation theories can be carried out with STEEL to place constraints on the quenching of
galaxies and other open questions.

To ensure maximum impact via collaboration and awareness during the first year I will organise a
workshop including modellers and observers. The aims of this workshop will be:

• Publicise the ‘fitting model’-‘cosmological model’ inconsistencies. Make observers aware of how
this should influence the way they approach fitting. Make modellers aware of how the data should
be considered when comparing to models.

• Gain support from those people working on large surveys to adopt STEEL as a method to help
develop consistent fits.

• Build discourse between observers and theorists about the open problems and the systematics
present in both observation and modelling that are barriers to making clear theoretical progress.

3 Professional Development

The University of Southampton provides many courses to ensure the continued professional develop-
ment of their staff. Attending the following courses during the first half of the fellowship will enhance my
ability to produce and communicate my science.

• Optimising your time: With an ambitious project such as this it will be important to me to improve
my already strong self-management skills to ensure timely progress.
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• Successful communication: I will continue to improve my communication skills to ensure an efficient
transfer of knowledge of the core modelling concepts behind STEEL create maximum impact.

• Peer Review: The process of peer review is essential to develop outstanding skills in reading and
writing high-quality papers.

• Quality Papers: Papers are the foundation of a good career and are the core material by which
work is judged and recognised. With continual development I will further improve my papers to
ensure my techniques are visible and accessible to the community.

• Writing Science for the public: The scientific community are funded by the public and have a duty to
report their findings in a timely and engaging way. This course will allow me to ensure my research
is well received. To provide continual relatable content I will make a monthly blog on what I am
working on pitched toward general public.

In addition to these courses I also have strong links to the Research Software Engineering commu-
nity keeping me up to date with the latest in best computational practice. My models and codes will
be efficient as possible but also well documented, this means my work is accessible to the modelling
community.

4 Public Engagement

4.1 Track Record

I have a wealth of experience in public engagement. Since starting University I have provided over 100
hours of engagement activities which include:

• Bath TAP: General science focusing on forces. Age range 5-12 years.

• BRLSI: The ‘Bright Spark’ workshops focusing on electromagnetism. Age range 7-14 years.

• Planetrella: Talk and a live demo of how plasma is contained by magnetic fields used to explain the
relevance of the Aurora to our daily lives and the history of their discovery. Age range 4-90 years.

In addition to this I have a teaching qualification in Mathematics for the 11-18 age range so I am com-
fortable disseminating ideas to young audiences. In addition to my outreach work I have also spent over
50 hours volunteering in a school for autistic children so have familiarity working with less able people.

4.2 Plans and experience engaging audiences

4.3 Activities

STEEL is a lightweight model that can be configured to run very quickly. We can use this to create demos
where people interact with the actual scientific code. The following are examples of demos that I expect
to develop to be able to to engage the general public with the beauty of galaxy modelling.

• Use STEEL combined with the outreach tool ASTERA, an interactive cosmological 3D galaxy visu-
alisation program, to create image mocks of galaxies in the Universe at any epoch given different
stellar-mass-halo-mass relations. Asking the public to change the stellar-mass-halo-mass param-
eter they can try and match the look of real clusters or create ’extreme universes’.

• One of the joys of empirical modelling is that some of the key results can be approximated very
simply. With the rise in schools teaching basic programming this should make GCSE and A-Level
students be able to code and access the results with minimal extra intervention. By providing
simplified halo and galaxy catalogues it will be possible to create a workshop to teach the basic
principles of empirical modelling.
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4.4 Training

In addition to the professional development the University of Southampton offer outreach specific courses.
Before beginning the public engagement activities I will take these three courses to ensure I am up to
date with effective engagement strategies.

• Introduction to Public Engagement with Research

• Engagement with schools

• Introduction to one to many engagement.
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Hawking Fellowship: Pathways to Impact

1 Research Impacts

My research project is expected to have two major impacts in the scientific/research community. Firstly,
using STEEL I intend to add constraints to long standing questions in galaxy formation such as:

• The connection between galaxy mergers, AGN, and, star formation in central galaxies.

• Constrain the contributions of effects such as ram pressure stripping, strangulation, and harass-
ment on the quenching of satellite galaxies in the group/cluster environment.

Secondly, using STEEL as a tool alongside galaxy fitting routines I will add reliability and consistency to
the outcomes of upcoming major surveys such as Euclid. The methods though which I will ensure the
academic impact of this project are as follows:

• Use contacts within the Euclid collaboration to ensure STEEL is used as part of the mock catalogue
creation and used within the data pipeline concerning fitting models.

• Organise a workshop to publicise the motivation behind the fellowship. Inviting key figures in the
modelling community as well as key researchers from upcoming major surveys will ensure the
project has support and visibility.

• The results of this fellowship will create numerous peer-reviewed manuscripts and presentations at
conferences both nationally and internationally.

2 Outreach Impacts

The aims of outreach with STEEL will be twofold:

• Promote interest in galactic cosmology in the general public and what it can teach us about the
universe we live in.

• Give A-Level students hands-on experience with empirical modelling and real galaxy data to make
them enthusiastic about pursuing Physics at University and a career in research.

I have two planned public engagement projects for use with STEEL:

• Create an engaging demonstration by combing Astera, a cosmological galaxy visualisation code
developed in the group at Southampton, with the outputs of STEEL. By use of careful prepossess-
ing and accelerations of these codes it will be possible to make an ‘interactive’ Universe where it is
possible to directly see the effects of changing cosmological parameters or assumptions.

• Create a empirical modelling workshop using a reduced data set and a simplified version of STEEL.
The workshop will be aimed to engage the 16-18 age range, and show young students what actual
research looks like.
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3 Economic Impacts

The cost of any observational mission is huge. For example, Euclid has a budget of ¤500 million, and
JWST is reported to cost of order $10 billion. The types of flaws in observational fitting found in my work
substantially reduce the abilities of missions such as these to achieve their science goals of precision
cosmology and limit our theoretical understanding of the universe. The work I will undertake during this
fellowship will ensure these surveys are self consistent in observational fitting models and cosmological
models. In addition to this STEEL will provide corrections to previous missions to unbias the data they
provided allowing it to also be used for precision cosmology. Left unaddressed, the issues I present will
reduce the impact of the UK’s (and worldwide scientific community’s) current scientific investment and
could potentially lead to misplaced future investments.

We are entering the era of ‘big data’. however without suitable analysis techniques we seriously risk
not to take proper advantage of incoming massive data sets. STEEL is the ideal model to coexist with
astronomical ‘big data’ and will ensure the value of the UK’s investment in theoretical astronomy.
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