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Summary

The formation and evolution of galaxies is an interesting subject to study because it in-
corporates astrophysics from all scales, from the initial perturbations in the early universe
creating the large scale structures that produce galaxies, right down to the evolution of
stellar populations and their manipulation of the host galaxy. Simulations of galaxy form-
ation allow us to test the various physical recipes against that which is observed in order
to build a true and proper picture of what is happening in the real universe.

L-Galaxies is a semi-analytic model of galaxy formation built on top of the merger
trees from the Millennium dark matter simulation, and is constrained to match certain key
observations at low redshift by applying a Monte Carlo Markov Chain (MCMC) method
to constrain the free parameters. In using the model to make high redshift predictions
of the stellar mass function, UV luminosity function and star formation rate distribution
function we found that the model starts to deviate from observational constraints at the
highest redshifts, particularly in high mass galaxies. In the case of the UV luminosity
function, this is because the current dust model is calibrated at low redshift and lacks
sophistication in that it only depends on the cold gas mass and the density of metals.

To improve on this we implement a physically motivated dust model that traces the
formation of dust from stellar sources, such as in the stellar winds of AGB stars and in
the supernovae remnants of massive stars, the growth of dust inside molecular clouds, and
the destruction of dust due to supernovae explosions. The model is fully integrated into
L-Galaxies such that the evolution of dust is included in all the recipes relevant to the
formation and evolution of galaxies, including: star formation; radiative feedback; cooling
and reheating; and both major and minor mergers.

Our results show a good fit to observations of the dust mass in galaxies both in the
local universe and out to high redshift and we note a similar conclusion as in the literature
that dust growth inside molecular clouds is not only necessary but the dominant source
of the dust mass in these galaxies. However, stellar sources of dust can not be neglected
as molecular clouds must first be seeded by dust grains in order for accretion to occur.
This could be important in the very early universe, perhaps for the first galaxies that
will hopefully be observed by JWST in the future, because these galaxies may not have
had sufficient time to seed their molecular clouds and as such the dust produced by these
stellar sources would be important for calculating the galaxies true observed luminosity.

We finish by discussing the limitations of the model and discuss areas for possible
improvement as well as the next steps in using this to better predict the luminosity of
galaxies in future models.
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et al. (2014), Álvarez-Márquez et al. (2016) and Castellano et al. (2014).

Two data points are shown from Smit et al. (2015), the open circle shows the

results from photometrically derived redshift values, and the closed circle

shows galaxy values with spectroscopically confirmed redshifts. We also

compare our results with the Galform SAM (Wilkins et al., 2013a) and

the MassiveBlackII simulation (Wilkins et al., 2013b). . . . . . . . . . . . 50

3.10 The relationship between the intrinsic UV continuum slope and the star

formation rate of galaxies in our model at z ∈ {0.1, 2.0, 6.0}. The solid

black line shows the median value (as a function of star formation rate)

while the dashed lines denote the 16th − 84th centile range. The shaded

region shows a 2D histogram representing the number density of galaxies. . 51

3.11 The relationship between the intrinsic UV continuum slope and the stellar

mass of galaxies in our model at z ∈ {0.1, 2.0, 6.0}. The solid black line

shows the median value (as a function of stellar mass) while the dashed

lines denote the 16th − 84th centile range. The shaded region shows a 2D

histogram representing the number density of galaxies. . . . . . . . . . . . . 52

3.12 Plot to show the evolution of the stellar mass (top left); star formation rate

(top right); UV luminosity function (lower left); and specific star formation

rate (lower right) in the redshift range z = 4−7. The lines show the median

values for each property at each redshift. In each instance we use the closest

snapshot available to use from our L-Galaxies run of z=3.95, 5.03, 5.82

and 6.97 respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53



xvii

5.1 Schematic to show how the production of metals and dust is dealt with

inside the model. This simple schematic shows the stellar disk component

of a galaxy in our model, as well as the cold gas (ISM) component. The ISM

is further split into the metal and dust components that we treat separately

from one another. The red arrows show the enrichment of metals from the

death of stars. The green lines show the enrichment of dust when stars

die, as well as dust growth within molecular clouds (converting metals into

dust), and grain destruction (converting dust into metals). Also shown is

the star formation process, which removes both metals and dust (and cold

gas) from the ISM into newly formed stars. . . . . . . . . . . . . . . . . . . 73

5.2 The mass of dust species (silicates, carbon, silicon carbide and iron) re-

turned for a star based on the star’s initial mass. The left panel shows the

relation for a metallicity of Z = 0.004, and the right panel for Z = 0.02 (∼Z�) 76

5.3 A plot showing how the cold gas, stellar mass, metal mass and dust mass

evolve through time in our simple test model. . . . . . . . . . . . . . . . . . 83

5.4 A simple model testing the implementation of the dust growth equations

with the analytic solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.5 A simple model testing the implementation of the dust destruction equa-

tions with the analytic solution. . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.6 A simple model testing the implementation of both the dust growth and

destruction equations with the analytic solution. . . . . . . . . . . . . . . . 87

5.7 The stellar-dust mass relation at z=0. The black line shows the median

result of our model, with the 2D histogram underneath representing indi-

vidual galaxies. The model was only run on 1/512 of the total Millennium

simulation, though on a tree thought to be representative. The observations

are shown by coloured points. . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.8 The stellar-dust mass relation at z=0. The black line shows the median res-

ult of our model, with the 2D histogram underneath representing individual

galaxies in purple. The model was only run on 1/512 of the Millennium

simulation, though on trees thought to be representative. Each panel rep-

resents a different set of observations, Rémy-Ruyer et al. (2015) in the top
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Chapter 1

Introduction

With the installation of Wide Field Camera 3 (WFC3) on the Hubble Space Telescope

(HST) in 2009 it is now possible to identify statistically useful and robust samples of

star forming galaxies in the early Universe (z > 4, Oesch et al., 2010; Bouwens et al.,

2010a; Bunker et al., 2010; Wilkins et al., 2010; Finkelstein et al., 2010; McLure et al.,

2010; Wilkins et al., 2011a; Lorenzoni et al., 2011; Bouwens et al., 2011; McLure et al.,

2011; Finkelstein et al., 2012a; Lorenzoni et al., 2013; McLure et al., 2013; Duncan et al.,

2014; Finkelstein et al., 2015). In recent years a tremendous effort has been dedicated

to quantifying the photometric and physical properties, such as star formation rates and

stellar masses, of these galaxies. As we continue to dig deeper, with the first sources now

identified at z ≈ 10 (e.g. Oesch et al., 2012; Ellis et al., 2013), and with the launch of

the James Webb Space Telescope (JWST) in the next few years, we will further be able

to constrain the physics of galaxy formation and evolution in this critical epoch of the

Universe’s history.

Although it lasts less than 0.8 Gyr, the period of the Universe between z = 7 and z = 4

is important to study because it defines an epoch of interesting galaxy formation and evol-

ution activity. The start of this period marks the end of the epoch of reionization; galaxies

are starting to ramp up their metal and dust production; and we are finding evidence of

the first quasars. While astronomy is unique in allowing us to observe the Universe at

these early times, theoretical modelling is required to interpret those observations in terms

of an evolving galaxy population. The rapidly advancing observational constraints on the

physical properties of galaxies in the early Universe provide an opportunity to further test

and refine these galaxy formation models.

The most well studied property of the galaxy population at high-redshift (in part due

to its accessibility) is the rest-frame ultraviolet (UV) luminosity function (LF). Because of
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the link between the UV luminosity of galaxies and their star-formation rates, the observed

UV LF provides an important constraint on star-formation activity in the early Universe.

While early observational results were based on only small samples (Bouwens et al., 2008;

Bouwens et al., 2010b,a; Bunker et al., 2010; Oesch et al., 2009; Oesch et al., 2010; Ouchi

et al., 2009; Wilkins et al., 2011b; Robertson et al., 2010; Dunlop et al., 2010; Lorenzoni

et al., 2011), we have slowly begun building larger catalogues, first with 200−500 galaxies

(Finkelstein et al., 2010; Bouwens et al., 2011; McLure et al., 2013), with the most recent

observations having almost 1000 galaxies at z ≥ 7 (Bouwens et al., 2015; Finkelstein et al.,

2015). Consistent with a hierarchical build up of the most massive galaxies, the bright

end of the UV LF is shown to build up substantially with time (Bouwens et al., 2007),

and the faint-end slope is found to be very steep at redshifts z > 3 (Bouwens et al., 2011).

While the intrinsic UV luminosity is known to be a useful diagnostic of star-formation

activity (e.g. Wilkins et al., 2012), it is susceptible to even small amounts of dust (AUV ≈

10×E(B−V )). Direct comparison of the observed UV luminosity function with predictions

from galaxy formation models is then sensitive to the reliability of the dust model (which

has to account for the creation and destruction of dust, and its effect on the intrinsic

spectral energy distribution).

Whilst challenging, it is observationally possible to constrain the dust obscuration and

thus determine the true (or intrinsic) star formation activity, even in distant galaxies.

Starlight that is absorbed by dust is reprocessed and emitted in the rest-frame mid/far-

IR. Combining the star-formation rate inferred from the observed UV with that inferred

from the mid/far-IR emission then provides a robust constraint on the total (or intrinsic)

star-formation activity. Observational constraints on the rest-frame mid/far-IR emission

in high-redshift galaxies are, however, challenging due to the significantly lower flux sens-

itivity and poorer spatial resolution of facilities operating at these wavelengths. With that

said, in recent years the Herschel Space Observatory has made great strides in quantify-

ing the intermediate to high (z=2-5) galaxy population (e.g. Dowell et al. (2014), Shu

et al. (2016)). Thus far there is only a single galaxy individually detected in the far-IR

at z > 6 (Riechers et al., 2013). This is, however, likely to rapidly improve now that the

Atacama Large Millimetre Array (ALMA) is fully operational. The contribution of ALMA

observations to the literature has, so far, varied in size quite dramatically. From the de-

tection of a smaller number of galaxies, such as the six luminous quasars observed at z=5

(Trakhtenbrot et al., 2017) or the 3 intense star bursting galaxies at z=5-6 (Pavesi et al.,

2016), to larger statistical surveys, such as the ∼100 galaxies observed at the high mass
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end of the main sequence at z=4 (Schreiber, 2017) to the probing of the dust enshrouded

star formation of 330 galaxies (Bouwens et al., 2016). ALMA has also detected the most

luminous star bursting system known at z>4 with an observed SFR of ∼ 4300 M� yr−1

(Oteo et al., 2016).

Galaxies have been identified at higher redshifts using photometric methods, but

without a spectroscopic measurement this can lead to large errors in the measurement

of the redshift. To find the redshift of galaxies we require a distinguishing feature in the

spectrum, such as the Lyman-break or Lyman-alpha emission. These techniques were ori-

ginally intended to work at redshifts z=3-4, but with the use of new infrared cameras from

the likes of Herschel and ALMA, this method has been made use of at higher redshifts

too.

One alternative to using far-IR/sub-mm observations is to take advantage of the re-

lationship between the rest-frame UV continuum slope, β, which is easily accessible even

at z ∼ 10 (Wilkins et al., 2016) and the UV attenuation (first applied by Meurer et al.,

1999). This is particularly useful at very high-redshifts, where the far-infrared is generally

inaccessible and the measurement of the UV continuum is needed in order to determine

the amount of dust in these galaxies. The measurement of β in high-redshift galaxies

has, in recent years, been the focus of intense study (e.g. Stanway et al., 2005; Bouwens

et al., 2009; Bunker et al., 2010; Bouwens et al., 2010b; Wilkins et al., 2011b; Dunlop

et al., 2012; Bouwens et al., 2012; Finkelstein et al., 2012b; Rogers et al., 2013; Wilkins

et al., 2013a; Bouwens et al., 2014). Measurements of the UV continuum slope have

been used to effectively correct the observed UV luminosity function and thus determine

the star-formation-rate distribution function (e.g. Smit et al., 2012). It is important to

note, however, that this relation is sensitive to a number of assumptions (Wilkins et al.,

2012, 2013a) which introduce both systematic biases and increase the scatter in individual

observations.

The Hubble Space Telescope and Wide Field Camera 3 have also been vital in our

understanding of the very early universe. The Hubble Ultra-Deep Field, despite being such

a small area on the sky, has been home to a number of very high-redshift detections, and

the combination of Hubble, Spitzer and Chandra observations in the Great Observations

Origins Deep Survey (GOODS) led to the discovery of the highest redshift object ever

detected, with a spectroscopic confirmed redshift of z=11.1, when the universe was only

400,000 years old (Oesch et al., 2016).

By combining space (from Hubble) and ground-based near-IR observations (< 2µm)
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from the Infra-red Array Camera (IRAC) aboard the Spitzer Space Telescope it is possible

to probe the rest-frame UV to optical spectral energy distributions (SEDs) of galaxies at

high redshift. This is critical to deriving robust stellar masses and thus the galaxy stellar

mass function (GSMF). The measurement of stellar masses at high-redshift is, unfortu-

nately, affected by various issues, including: the low sensitivity of the IRAC observations;

assumptions regarding the star formation and metal enrichment history of these galax-

ies; and the effects of strong nebular emission (e.g. Wilkins et al., 2013a). Despite these

obstacles, several groups have now attempted to measure the galaxy SMF in the high-

redshift Universe (e.g. Stark et al., 2009; Labbé et al., 2010; González et al., 2011; Yan

et al., 2012; Duncan et al., 2014) permitting a direct comparison with galaxy formation

models.

To summarise, dust is the key to solving problems in many parts of astronomy. From

an observational stand point, understanding the dust content is vital to understanding

many physical properties derived from both UV and FIR emission. The UV emission of

galaxies in-particular is highly susceptible to even a small amount of dust. Despite the

successes of Herschel and ALMA in probing dust obscured star formation, and the use

of the UV continuum slope at higher redshifts, more work needs to be done. In galaxy

formation models for example, the luminosity function is extremely sensitive to the choice

of dust model. Understanding the dust content of galaxies at all times is vital to reconciling

observations and simulations.

1.1 Simulations of galaxy formation

Observations are a vital piece of the puzzle in figuring out how the stars and galaxies

in our universe evolved, but they are not always sufficient in allowing us to determine

and understand the physical processes involved. Computer simulations help fill in the

missing piece by allowing us to test the underlying physics and processes involved, and

complete the picture by then comparing with observations to see what changes need to

be made. Indeed, some of the most impressive and computationally expensive simulations

ever run have been astrophysical in nature. There are three types of simulation commonly

used in astronomy: N-body dark matter only simulations which follow the dark matter

particles as they form structure on the largest scales; Hydrodynamical simulations which

follow both dark and baryonic matter; and finally semi-analytical modelling which uses

analytical prescriptions for baryonic physics built on top of the large scale structures of

an external dark matter only simulation.
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In a world of finite computing power, the choice of simulation is often determined

by the question we are trying to answer. Hydrodynamical simulations can provide a

‘complete’ picture as they follow both the dark and baryonic matter, but extending this

to large cosmological volumes can be very expensive. Since dark matter is only expected

to interact gravitationally, we can push simulations to larger volumes by considering dark

matter only models, but this of course lacks baryonic physics, vital to understanding the

field of galaxy formation and evolution. Semi-analytical models provide a bridge between

the two, allowing us to have large cosmological volumes including all the relevant physics.

As they are cheap to run, you are also able to test many different physical models. Each

type of model has its advantages and disadvantages but semi-analytic models have had

more success in predicting galaxy populations consistent with observations in the local

universe.

The dark matter only Millennium simulation (Springel et al., 2005) was the largest

cosmological N-body simulation of its kind when it was run in 2005. Millennium used a

box length of 500h−1Mpc and point particle mass of ∼ 109M�, providing a huge cosmo-

logical volume to study the formation of cold dark matter structures.

Two recent highlights in Hydrodynamical simulations are EAGLE (Schaye et al., 2015)

and Illustris (Vogelsberger et al., 2014). There are a number of EAGLE simulations,

but the fiducial model uses a box length of 100h−1Mpc and a baryonic and dark matter

particle size of ∼ 106M� and ∼ 107M� respectively. EAGLE has shown that it is able to

reproduce the local universe galaxy population, particularly the z=0 Galaxy Stellar Mass

Function (GSMF) which is in very good agreement with observations, unprecedented for

hydrodynamical simulations and comparable to semi-analytical models. They also find

fairly good agreement for evolution of galaxy and AGN properties at higher redshifts

(Furlong et al., 2015). Illustris uses a slightly smaller box size of 75h−1Mpc but similar

particle masses of ∼ 106M� and ∼ 107M� for baryonic and dark matter respectively,

and also finds success in reproducing the GSMF.

1.2 Semi-Analytics

Semi-analytic models (SAMs) provide a relatively inexpensive method of self-consistently

evolving the baryonic components associated with dark matter merger trees, derived from

N -body simulations or Press-Schechter (Press and Schechter, 1974) calculations. The term

semi-analytic comes from the use of coupled differential equations (rather than numerical

calculations), to follow the evolution of galaxy formation physics determining the prop-
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erties of gas and stars. Physics commonly found in most SAMs to model the transfer of

mass and energy include descriptions of: (1) primordial infall and the impact of an ionizing

UV background; (2) Radiative cooling of the gas; (3) Star Formation recipes; (4) Metal

enrichment; (5) Super-massive black hole growth; (6) Supernovae and AGN feedback pro-

cesses; (7) The impact of environment and mergers including galaxy morphologies and

quenching. An overview of SAMs including descriptions of all the physics typically used

in them can be found in the review by Baugh (2006).

One of the biggest benefits of using a SAM is that they are cheap to run. As well as

being able to include much more physics than in the standard hydrodynamical models,

making modifications or adding new physics as an experiment can be done relatively

quickly and allows you to test many different physical models, more than you would be

able to by using other forms of galaxy formation modelling. The typical time to run

the EAGLE and Illustris hydrodynamical simulations mentioned above is in the order

∼ 4.5 million CPU hours, where as the default version of the L-Galaxies SAM takes only

∼1000 CPU minutes. For the same reason, it is possible to constrain SAMs using statistical

methods such as MCMC, which requires running the model thousands of times to obtain a

set of free parameters that can reproduce key observables (such as the low redshift GSMF),

an idea that would be impossible to implement in hydrodynamical models.

There are two common criticisms of SAMs. The first is that they are too simplistic as

they include a large number of free parameters that allow the model to fit any conceivable

constraint without teaching us about the physics involved. It is important to remember

that the free parameters represent aspects of a physical process, such as the efficiency of

black hole accretion, and actually highlight the areas of galaxy evolution that are poorly

understand and require further study. The recent adoption of statistical methods such as

MCMC to help constrain these parameters (e.g. Kampakoglou et al. (2008); Henriques

et al. (2009)) reveal places where the model breaks down and alternate ideas are needed.

This is not a problem for SAMs alone either. Hydrodynamical models also contain a large

number of free parameters for the same reasons.

The second common criticism of SAMs is that they offer no predictive power, as they

simply reproduce the known relations that were used to build the model. However, due to

their efficiency at modelling the statistical properties of the galaxy population as a whole,

SAMs have identified several problems in theoretical astrophysics, such as the need for

feedback in massive galaxies (White and Rees, 1978), and the discrepancy between the

number of predicted and expected dwarf galaxies (Kauffmann et al., 1993).
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Perhaps the most noteworthy galaxy formation semi-analytic models are L-Galaxies

(Springel et al., 2001; De Lucia et al., 2004; Springel et al., 2005; Croton et al., 2006; De

Lucia and Blaizot, 2007; Guo et al., 2011, 2013; Henriques et al., 2013, 2015), GALFORM

(Cole et al., 2000; Bower et al., 2006; Font et al., 2008; González et al., 2014; Lacey et al.,

2016), and SantaCruz (Somerville and Primack, 1999; Somerville et al., 2008, 2012). All

three SAMs have evolved in parallel with one another and while they all include models of

all the physical processes described above, they all have slightly different prescriptions and

constraints which lead to varying results. A recent comparison of these models (among

others) can be found in Knebe et al. (2015), which also includes an overview of the physics

of each model.

1.2.1 Thesis outline

We structure the thesis as follows: in Chapter 2 we provide a full overview of the physics

included in the L-Galaxies SAM; in Chapter 3 we extend the model to make predictions

of physical and derived quantities at high-redshift; in Chapter 4 we provide an introduc-

tion to the physics involved in dust modelling; in Chapter 5 we discuss the testing and

implementation involved in building our dust model and integrating it into L-Galaxies;

in Chapter 6 we present our predictions for the properties of dust from galaxies in our

model. Finally, we conclude our work in Chapter 7.

Unless otherwise stated, all work in this thesis has adopted a Chabrier initial mass

function (Chabrier, 2003) and uses a Planck cosmology as defined in Planck Collaboration

et al. (2014). Number densities are presented per co-moving volume, (h−1 Mpc)3.
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Chapter 2

Overview of Physics

The coupling of semi-analytics to model the physics of baryonic matter with a high resolu-

tion N-body dark matter simulation in this work follows the techniques originally proposed

in Springel et al. (2001). The work presented in this thesis was developed using the latest

version of L-Galaxies presented in Henriques et al. (2015), which builds on over two dec-

ades of research into semi-analytic galaxy formation modelling (Kauffmann et al., 1999;

Springel et al., 2001; De Lucia et al., 2004; Springel et al., 2005; Croton et al., 2006; De

Lucia and Blaizot, 2007; Guo et al., 2011, 2013; Henriques et al., 2013).

This chapter presents the physics used in the version of L-Galaxies used in this

thesis, primarily described in Henriques et al. (2015), but built on almost 20 years of

modifications to the original SAM. The only contribution to the physics presented in this

chapter from our work is a modification to redshift dependence of the dust extinction

calculation, as described in Section 2.8.3. We show our motivation for this change in

Chapter 3. Another significant change to the SAM presented in Henriques et al. (2015)

is the implementation of the detailed chemical enrichment model described in Section 2.4

from Yates et al. (2013). The detailed dust model is the last significant difference to the

Henriques et al. (2015) SAM, but we choose to withhold its description until Chapters 4

and 5, as it constitutes a vital part for the latter half of this thesis.

2.1 L-Galaxies

L-Galaxies, also known as the Munich semi-analytical model (Kauffmann et al., 1999;

Springel et al., 2001; De Lucia et al., 2004; Springel et al., 2005; Croton et al., 2006;

De Lucia and Blaizot, 2007; Guo et al., 2011, 2013; Henriques et al., 2013, 2015). is a

semi-analytic model of galaxy formation built to run on top of subhalo trees produced
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by a dark matter only simulation. The predicted properties of any semi-analytic model

built in this way are obviously dependent on the underlying dark matter simulation. Not

only is it used to seed the initial mass of hot gas for a galaxy, that later cools and forms

stars, it is also vital to knowing the interaction history of galaxies such as major mergers.

The evolution of stars and galaxies are both very interesting subjects to study, yet where

you can tell almost everything you need to know about how a star will evolve based

on its initial mass, the same cannot be said for galaxies. This is because stars rarely

interact, where as galaxies are thought to interact much more frequently. Indeed, galaxy

interactions are necessary to explain many areas of astrophysics, including super massive

black hole growth, AGN activity, and the ‘red and dead’ elliptical galaxy population at

recent times. For this reason, it is crucial to use a dark matter simulation with sufficient

volume to sample the most massive clusters of galaxies in the universe, while at the same

time resolving dwarf galaxy populations, such as the Millennium (Springel et al., 2005)

and Millennium II (Boylan-Kolchin et al., 2009) simulations.

L-Galaxies traces the formation and evolution of galaxies according to the physical

laws that govern the transfer of mass and energy among the stars found in the galactic

disk, galactic bulge and in the halo; the hot and cold gas phases; the central supermassive

black hole; and any gas that is lost via ejection and other feedback mechanisms. The

physics used in L-Galaxies has been motivated by a mixture of both observations and

simulations, and over the years, L-Galaxies has found success in reproducing both the

stellar mass function and luminosity function in the local universe and out to redshift

z=3. The model has also reproduced the large-scale clustering of galaxies, the Tully-

Fisher relation, the optical colours of local galaxy populations, and the gas phase mass

metallicity relation that has been observed in the local universe.

Fig 2.1 shows a generalised schematic of the main physical processes that occur inside

our model for each galaxy and at each time step. The model treats galaxies as several

separate components: those that contain information about the gas, Cold Gas (ISM),

Hot Gas (CGM) and Ejected Gas (ICM); those that contain information about the stars,

Stellar Bulge and Stellar Disk; and an additional component that monitors the black hole

mass. Very simply, looking at Fig 2.1 as a guide, we see that gas infalls into the galaxy

from the halo and is placed into the CGM, where it is cooled into the ISM. Gas inside the

ISM is susceptible to star formation processes, which fills the bulge and disk components.

Star formation also enriches the gas phases with metals, and also feedback processes that

can reheat and eject gas into different phases, where it can be later reintegrated into a
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Figure 2.1: A schematic showing the main physical processes that occur inside the model

inside each galaxy at every time step. Solid lines represent the transfer of mass, and

dashed lines the transfer of energy. This schematic was provided by Rob Yates.

galaxy. On top of this we also have accretion processes onto the central black hole. All of

these processes will be described in more detail below.

2.1.1 Millennium simulations

For all the work in this thesis, we use the dark matter structures provided by the Millen-

nium simulations as the foundation of the semi-analytic model. The Millennium simulation

(Springel et al., 2005), was the largest N-body simulation of its time (in 2005), tracing how

the dark matter mass distribution evolved through time in a box with length 500Mpc/h.

Due to the large box size, Millennium is only sensitive to structures at a resolution of 109

M�. To probe less massive galaxies, the simulation was re-run in 2009 with the same num-

ber of particles but in a smaller box, with length ∼100Mpc/h, in order to have higher mass

resolution, and this simulation is known as Millennium-II (Boylan-Kolchin et al., 2009).

Both simulations follow 10 billion dark matter particles from a redshift z=127 down to

z=0 and together they trace five orders of magnitude in stellar mass at z=0 from 107 to

1012M�. The postage stamps in Fig 2.2 shows three images of the Millennium simulation

at z=0, showing the large scale structure of the dark matter on the largest scales (left),

to very high resolution of a massive dark matter halo (right).
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The original Millennium and Millennium II simulations were run assuming a ΛCDM

cosmology with parameters from a combined analysis of 2dFGRS (Colless et al., 2001)

and WMAP1 (Spergel et al., 2003). Using the techniques developed by Angulo and White

(2010) and updated in Angulo et al. (2014), this cosmology has been scaled to the latest

results from the Planck data (Henriques et al., 2015). The cosmology used in this thesis

is thus now defined as: σ8 = 0.826, H0 = 67.3 km s−1 Mpc−1 (h = 0.673), ΩΛ = 0.685,

Ωm = 0.315, Ωb = 0.049, (fb ≈ 0.156) and n = 0.961.

The dark matter particle data for Millennium and Millennium II is stored in 64 and 68

snapshots respectively, with the last 60 snapshots from each simulation being at the same

redshifts. To identify groups of particles bound together at each snapshot, we use the

friends-of-friends algorithm (Geller and Beers, 1982), which identifies halos by calculating

the viral masses and joining together particles into groups defined as having a mean-over-

darkmatter-density ∼200 times the critical value for the universe, which is approximately

what is expected for a virialised group. The next step is to identify sub-haloes within

these friends-of-friends groups, which is done using the SUBFIND routine (Springel et al.,

2001). Sub-haloes represent over-dense sub-structures inside each FOF group and this is

critical to galaxy formation modelling as this is where galaxies are assumed to reside.

After determining what the dark matter structures and sub-structures look like at each

redshift, their evolution is determined by linking halos and sub-haloes to their progenitors

at earlier times (earlier snapshots) and saved as ‘merger trees’. These merger trees are

then used as the input for the SAM, giving information on the size and distribution of dark

matter halos, coupled with their merger history. Since the halos contained within each

merger tree are gravitationally isolated from other structures, the properties of galaxies

within each tree are only determined by the dark matter halos inside it. Thus the SAM

can be run on each tree separately.

2.2 Infall and cooling

Infall

Initially each dark matter halo is seeded a baryonic mass according to the baryonic fraction

set by the cosmology, which in our case is fb = 15.5% for PLANCK, assuming a primordial

composition of 75% hydrogen and 25% helium. This baryonic matter is initially presented

as primordial gas and placed directly into the hot gas (CGM) as it is expected to shock-heat

as it falls into the gravitational potential well of the halo.



13

Figure 2.2: Stamps of 15 Mpc/h thick slices from the Millennium simulation at a res-

olution of 500 Mpc/h (left), 125 Mpc/h (centre) and 31.25 Mpc/h (left). Images taken

from the Millennium Simulation Project website (https://wwwmpa.mpa-garching.mpg.

de/galform/virgo/millennium/).

Information on the masses of dark matter halos are available from the underlying dark

matter only simulation, and as time progresses the dark matter halos grow in size. Any

new mass that is needed as time progresses that is not already part of the galaxy, is added

in the same way, as a primordial gas into the CGM. The baryonic mass available for

infall is susceptible to heating from the photoionizing background, and this is discussed in

Section 2.5.1.

Cooling

Following the formulation of White and Frenk (1991), the cooling of gas from the CGM

into the galactic disk falls into one of two regimes based on the mass of the halo and the

redshift at which the halo formed. By assuming gas cools from a hot atmosphere where

its distribution is isothermal, the cooling time is given by the ratio between the thermal

energy and the cooling rate per unit volume:

tcool(r) =
3µmHkTvir

2ρhot(r)Λ(Thot, Zhot)
(2.1)

where µmH is the mean particle mass, k is the Boltzmann constant, Zhot is the hot gas

metallicity. The temperature of the gas can be obtained from the circular velocity of

the halo using the hydrostatic equilibrium condition: kT = 1
2µmpV

2
c . Thot is then the

temperature of the hot gas which is assumed to be the virial temperature of the halo

given by Thot = 35.9(Vvir/kms
−1)2K (for sub-haloes we use the temperature as estimated

at infall). Λ(Thot, Zhot) is the equilibrium cooling function for collisional processes which

depends both on the metallicity and temperature of the gas but ignores radiative ionization

effects (Sutherland and Dopita, 1993). The hot gas density as a function of radius for a

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/
https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/
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simple isothermal model is given by:

ρgas(r) =
mhot

4πRvirr2
(2.2)

We take the cooling radius to be where the cooling time equals the halo dynamical time:

rcool =

[
tdyn,hMhotΛ(Thot, Zhot)

6πµmHkTvirRvir

] 1
2

(2.3)

where tdyn,h is the dynamical time of the halo. The dynamical time represents the shortest

possible time it can react to an imbalance of pressure and gravity (shocks occur when it

cannot react fast enough), and takes the form tdyn,h = Rvir/Vvir = 0.1H(z)−1 (De Lucia

et al., 2004).

At early times, and in low mass haloes, the cooling radius can be longer than the viral

radius (rcool > Rvir), and so gas is able to cool rapidly in less than the free-fall time. This

cold-flow accretion is modelled as:

Ṁcool =
Macc

tdyn,h
(2.4)

where Macc is the amount of mass to be accreted.

At late times, and in massive halos, the accretion shock radius is large and so a hot

gas atmosphere is formed. In this case,(rcool < Rvir), the accretion rate is reduced to a

cooling flow that takes the form:

Ṁcool =
rcool
Rvir

Mhot

tdyn,h
(2.5)

2.3 Star formation

There are two main modes of star formation used in the model: that of quiescent star

formation that occurs in the traditional sense where cold gas clouds collapse into stars

over long time periods; and that of starbursts that occur during merger driven activity.

2.3.1 Quiescent Star Formation

At each time step, stars form from the amount of cold gas available, and the star formation

rate is taken to be:

Ṁ? = αSF
(Mcoldgas −Mcrit)

tdyn,disk
(2.6)
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where Ṁ? is the mass of stars formed; Mcoldgas is the mass of cold gas; Mcrit is the critical

threshold mass for star formation described below; tdyn,disk is the dynamical time of the

disk and is described by rdisk
Vvir

; and αSF is the star formation efficiency which is constrained

using MCMC (see Section 2.9), and currently takes the value of 0.025 (see Table 2.1).

The critical mass of star formation is based on the work of Kauffmann et al. (1996)

where there is a critical surface density above which gas can collapse into stars and is

based on observations from Kennicutt (1998). It takes the form:

Mcrit = Mcrit,0

(
Vvir

200kms−1

)(
rdisk
10kpc

)
M� (2.7)

where Vvir is the virial velocity and rdisk is the disk radius calculated using the methodology

of Mo et al. (1998). Mcrit,0 is a parameter that has always taken the value of 3.8 x 109M�

in L-Galaxies since Kauffmann et al. (1999) introduced it as it provides a good fit to

local observations. In the version of the model used in this thesis, Mcrit,0 is constrained

using MCMC and currently takes the value 2.4 ×109M� (see Table 2.1).

It is assumed that a fraction of stars formed, Rret, are very massive and thus have very

short life spans, and are returned to the cold gas reservoir immediately. Rret is calculated

from the Chabrier (2003) initial mass function and takes the value Rret = 0.43. Therefore

the actual amount of mass added to the stellar disk component (and removed from the

cold gas) is: (1−Rret)Ṁ?.

2.3.2 Merger Driven Star Formation

For star formation that occurs during merger driven activity we use the collisional starburst

model of Somerville et al. (2001) based on the simulations of Mihos and Hernquist (1996)

where a fraction of the combined cold gas masses of both galaxies is turned into stars:

M?,burst = αSF,burst

(
M1

M2

)βSF,burst
Mcoldgas (2.8)

where M1 < M2 is the total baryonic masses of the two merging galaxies; Mcoldgas is the

total summed cold gas mass of the two merging galaxies; and αSF,burst and βSF,burst are

free parameters originally chosen to reproduce the results of Mihos and Hernquist (1996),

but are now constrained using MCMC. Their values can be found in Table 2.1.

2.3.3 Star formation histories

Several physical processes, including the metal and dust enrichment processes, require

us to keep track of the star formation history of each galaxy. L-Galaxies contains 63
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Figure 2.3: Schematic to show the evolution of the first 5 star formation history bins

(shown as rows), for an isolated galaxy. The numbers represent the time width of a bin in

units of one time step. At every time step in the code (shown as columns), a new bin is

activated. Active bins are coloured in this schematic, with grey representing single-width

bins, red for double width bins and green for quadruple-width bins. When three or more

active bins have the same length, two of the bins are immediately merged, as shown. In the

double merge example, two of the single-width bins (grey) are merged into a double-width

bin, which makes three, merging two of them together produces the quadruple-width bin.

This figure is taken from Yates et al. (2013).

snapshots, which then each contain 20 time steps. To keep the full star formation history

at this resolution would require a tremendous amount of memory for the tens of millions

of galaxies that exist at z=0. Instead, we have adopted a more dynamic approach by

which the star formation history array will only ever contain a maximum of 20 elements

or bins. As time progresses in the simulation, the oldest star formation history bins are

merged together but the newest star formation history bins have a resolution of only one

time step. Thus we are able to keep an entire star formation history of each galaxy,

with higher resolution at the most recent times and decreasing resolution to longer times.

Higher precision at recent times is important because calculating observables such as the

luminosity of a galaxy is often dominated by young stars. This process is explored in

more detail in Shamshiri et al. (2015), and the specifics of bin merging are described in

the schematic in Fig 2.3.

2.4 Chemical enrichment

When stars die, they pollute their surroundings with metals. This thesis includes the

use of two separate chemical enrichment models. The standard one that comes with the
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Henriques et al. (2015) model is more basic, and assumes that for each solar mass of

stars that is formed, there is some yield of metals. This yield is a free parameter that is

constrained using MCMC, and currently takes the value of y = 0.046. These newly formed

metals are integrated into the cold gas phase immediately and can be moved through the

various components of the galaxy due to processes such as feedback. This model is used

for the work done in Chapter 3 of this thesis.

In Chapters 4 and 5, we implement the detailed chemical enrichment model introduced

in Yates et al. (2013). This model includes the delayed enrichment of metals from super-

novae and stellar winds by linking the stellar lifetimes with that of mass and metallicity

dependent yield tables. The specifics of this model are explained below.

2.4.1 Stellar Lifetimes

Many galaxy formation models (including the standard metal model outlined above) in-

clude the use of an instantaneous recycling approximation, which assumes that stars die

the moment they are born and thus enrich their environments with metals immediately.

However, in the real universe, stars enrich their environments towards the end of their

lives and this difference can be an important distinction to make, particularly for low

mass stars which can have main sequence lifetimes of billions of years.

We take the stellar lifetimes from the Portinari et al. (1998) metallicity dependent

lifetime tables for the delated enrichment calculations. These tables provide the lifetimes

of stars in the 0.6 ≤ M/M� ≤ 120 mass range and for five different metallicities ranging

from 0.0004 to 0.05. The stellar lifetime as a function of mass is plotted in Fig 2.4

for different metallicities. The most massive stars (120M�) only live for around 3.3Myr

depending on their metallicity, where as the least massive stars can live for more than

20Gyr.

2.4.2 Stellar Yields

L-Galaxies follows the prescription laid out by Tinsley (1980) for the total rate of mass

ejected by a stellar population at a time t:

ez(t) =

∫ MU

ML

MZ(M,Z0)ψ(t− τM )φ(M)dM (2.9)

where MZ(M,Z0) is the mass of metals released by a star of mass M and metallicity at time

of birth of Z0. ψ(t− τM ) is the star formation rate at the time when the star is born, and

φ(M) is the normalised IMF by number. The amount of mass released for an individual
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Figure 2.4: The relationship between the initial mass of a star, Minit, and its lifetime,τ .

The different colours represent the relation for different metallicities. This plot uses the

metallicity dependent lifetime tables from Portinari et al. (1998).

star of given mass and metallicity is taken from the following yield tables: Marigo (2001)

for low and intermediate mass stars (mainly producing metals via the AGB phase), and

Portinari et al. (1998) complete the set for high mass stars (with metal injection via SNII).

It is approximated that material is shed at the end of the star’s life. Fig 2.5 shows the

mass of various elements ejected from individual stars due to AGB winds and supernovae

type II.

The production of metals by supernovae type Ia is also considered by including the

yield tables of Thielemann et al. (2003). As the star undergoing this type of supernovae

is assumed to always be the same mass, these are now only metallicity dependent yield

tables, and can also be seen in Fig 2.5. The lifetime of a star undergoing a type Ia explosion

is much more complicated than for type II explosions as it depends on what is happening

to the white dwarf star. White dwarfs are stable stars, or at least, have lifetimes longer

than the current age of the universe, held together in a state of electron degeneracy. They

only explode when they accrete enough material to go over the Chandrasekhar mass limit

(≈ 1.39M�) and electron degenerate pressure is no longer sufficient for stabilising the star.

Using a delayed time distribution (DTD) for the mass return of type Ia supernovae is

a way of compensating for this. We use power law fit, with slope -1.12, which was found

to match the derived SNIa rate from 68,000 galaxies (which included 132 detected SNIa)

in the Sloan Digital Sky Survey II (SDSSII) (Brandt et al., 2010):

DTD = a(τ/Gyr)−1.12 (2.10)
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Figure 2.5: Mass released by AGB winds from the Marigo (2001) yield tables (left), type

II supernovae from Portinari et al. (1998) yield tables (centre) and type Ia supernovae

from Thielemann et al. (2003) yield tables (right). Points indicate the values from the

yield tables, and lines the interpolation between those points. Dashed lines show the

extrapolation beyond the masses originally modelled. Plots are taken from Yates et al.

(2013)

where τ is the delay time since the birth of the SNIa producing binary system, and a is

the normalisation constant, coming from the requirement that:

∫ τmax

τmin

DTD(τ)dτ = 1 (2.11)

where τmin = τ(8M�) and τmax = τ(0.85M�) are the minimum and maximum assumed

lifetimes of a SNIa producing binary in the single degenerate scenario respectively. This

choice of DTD means that 45% of supernovae type Ia explode within 400Myr, which is

close to the values predicted from the SDSSII observations of the SNe-Ia rate by Brandt

et al. (2010) and around the lower limit determined from supernovae remnants in the small

and large Magellanic clouds by Maoz et al. (2010).

When comparing this chemical enrichment model to SDSS observations of the oxygen

abundance as a function as stellar mass, as in Fig 2.6, we see that the median values of

the model and the observations have a good agreement and similar scatters, though the

scatter is slightly larger at the high mass end in the model. It provides a much better fit to

the observational data than the more basic model traditionally used in the L-Galaxies

SAM (described at the start of this section), which fails to reproduce the shape of the

relation.



20

Figure 2.6: The M∗ − Zcold relation for L-Galaxies at z=0, showing the new detailed

chemical enrichment model (black lines), the old simple model (red lines), compared

against observations of emission line galaxies from SDSS (Yates et al., 2012). Plot taken

from Yates et al. (2013).

2.5 Feedback

It was first pointed out by semi-analytical models that feedback was necessary in order

to explain the discrepancy between the halo mass and luminosity functions predicted by

galaxy formation models and observations. Fig 2.7 shows this in more detail (Silk and

Mamon, 2012). Galaxy formation models produced a higher number of both low mass

and high mass galaxies than were observed in galaxy surveys, but the two converged

at the knee of the function. It was explained that some feedback mechanism must be

responsible for making star formation less efficient in these systems, and thus quench the

over density of both low and high mass galaxies in models. This eventually manifested itself

as supernovae feedback, which heats up and ejects the cold gas from low mass galaxies,

while AGN feedback can reduce the efficiency of gas cooling in high mass systems.

This section explains all the feedback mechanisms that are considered in the model.

2.5.1 Reionization

One of the most fundamental feedback mechanisms in galaxy formation modelling is reion-

ization. Reionization is important because the photoionizing background is capable of

heating the intergalactic medium to temperatures ∼ 104K, a point where the pressure

effects prevent the baryons from accreting onto halos with the dark matter (Efstathiou,
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Figure 2.7: The role of feedback in modifying the galaxy luminosity function. Figure taken

from Silk and Mamon (2012)

1992). In the model, we follow the results from Gnedin (2000) who defined a filtering halo

mass, MF (z), below which the baryonic fraction is reduced with respect to the universal

value (fcosmicb = 15.5%, see section 2.2). We model this as follows:

fb(z,Mvir) =
f cosmicb(

1 + (2α/3 − 1)
[
MF (z)
Mvir

]α)3/α
(2.12)

where the baryon fraction is now a function of redshift, and the virial mass, Mvir. α is a

free parameter and we adopt α = 2. The filtering mass is also a function of redshift, and

we take the values of Okamoto et al. (2008), where MF (z) varies from 6.5×109M� at z=0

to 107M� at z=8, just before the onset of the epoch of reionization. For large haloes, with

Mvir > MF (z), the suppression of the baryon fraction is negligible, but for haloes with

Mvir << MF (z) the baryon fraction drops to (Mvir/MF (z))3.

2.5.2 Supernovae

Massive stars have relatively short lifespans and explode as supernovae, releasing a huge

amount of energy into the surrounding medium. As a result, some of the cold gas can

be reheated to join the hot atmosphere, and the hot atmosphere itself is also subject to

further heating, compensating for its cooling and even ejecting gas from the galaxy in a

wind. This is one of the most crucial feedback mechanisms and is critical to understanding

galaxy formation (Larson, 1974; White and Rees, 1978; Dekel and Silk, 1986). In order to
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produce realistic galaxy populations, a detailed modelling of supernovae is required.

In L-Galaxies, the energy released by supernovae is calculated according to the mass

of material released by stars at a given time. Thus, the total amount of energy produced

by supernovae feedback is described by:

ESN = εhalo
1

2
eM (t)∆tV 2

SN (2.13)

where eM (t)∆t is the amount of metals released in a given time step; εhalo is the halo-

velocity-dependent supernova energy ejection efficiency; and VSN is the supernova ejecta

speed and is equal to 630km/s.

In the model, stars that die in the disk have their mass and energy released into the

cold gas phase, or ISM, where-as stars in the bulge eject their mass and energy into the

hot phase, or CGM. Energy injected into the ISM is further able to reheat gas into the

CGM, and also eject gas from the galaxy completely (in the model, we refer to this as an

‘ejected gas’ phase). The amount of gas ejected is given by:

∆Mejec =
ESN − 1

2εdiskeM (t)∆tV 2
vir

1
2V

2
vir

(2.14)

where εdiskeM (t)∆t is the amount of gas that gets reheated but does not get ejected, εdisk

is the SN feedback gas reheating efficiency. The ejected gas is assumed to return to the

hot phase (CGM) in a few dynamical times.

Originally, L-Galaxies used an instantaneous recycling approximation and thus the

energy released by supernovae was proportional to the mass of stars formed instead. This

was changed in Yates et al. (2013) with the implementation of the detailed chemical

enrichment model (see section 2.4).

2.5.3 AGN

While supernovae feedback is very efficient at quenching low mass galaxies, it does not

have a dramatic effect on high mass systems. AGN feedback on the other hand is capable

of completely disrupting star formation in high mass galaxies, and is one of the most

important mechanisms in the evolution of galaxies from star forming spirals to the ‘red

and dead’ ellipticals.

In the model, we follow the methodology of Croton et al. (2006) in assuming that

feedback from the central supermassive blackhole is the agent that terminates galaxy

growth in massive haloes. Black holes grow when gas is driven to the centre of galaxies,

and this is enhanced during mergers of massive systems. We use two modes of AGN
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feedback, the quasar mode, which is the result of major mergers and is the main channel

by which we see blackhole growth in the model, and radio mode, by which the blackhole

is constantly accreting gas from the CGM, generating jets and bubbles, and suppressing

cooling onto the galaxy which can eliminate the supply of cold gas and terminate star

formation.

Black hole growth - Quasar mode

When two galaxies merge together, their cold gas components are strongly disturbed and

this can lead to a significant fraction of the cold gas being driven into the central black

hole, or it may form a black hole if one does not already exist. If both merging galaxies

have a pre-existing black hole already, they are assumed to merge at the same time as the

two galaxies. The amount of cold gas accreted onto the black hole during this phase is

taken to be:

∆MBH,Q =
fBH(Msat/Mcen)Mcoldgas

1 + (VBH/Vvir)2
(2.15)

where Msat and Mcen are the total baryonic masses of the satellite and central galaxies

that are merging, Mcoldgas is the cold gas mass, Vvir is the virial velocity of the central

halo, and fBH and VBH are free parameters that control the amount of cold gas that is

available for accretion onto the black hole, and the virial velocity at which the efficiency

saturates. The final black hole mass at the end of the merger is thus:

MBH,final = MBH,1 +MBH,2 + ∆MBH,Q (2.16)

where MBH,1 and MBH,2 are the masses of the two black holes in the two merging galaxies.

The mass accretion that occurs due to merging galaxies is the main channel of blackhole

growth in the model. The fact that bulges (see Section 2.7.1) and blackholes are formed

in related processes results in a tight correlation between the black hole and galaxy bulge

masses, which has also found in observations (e.g. Magorrian et al. (1998)).

Radio mode - feedback

We assume that the central supermassive blackhole continuously accretes hot gas from

their host galaxies, and that this produces radio mode feedback in the form of jets and

bubbles, which inject energy back into the hot atmosphere surrounding a galaxy. This

accretion rate is given by:
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˙MBH = kAGN

(
Mhot

1011M�

)(
MBH

108M�

)
(2.17)

where kAGB is the black hole quiescent hot gas accretion factor.

The relativistic jets and hot bubbles deposit energy at the rate:

Ėradio = ηṀBHc
2 (2.18)

where η = 0.1 is an efficiency parameter and c is the speed of light. This energy further

heats and disrupts the hot gas, which has the effect of suppressing the cooling flow of hot

gas into the cold gas disk, resulting in an effective cooling rate given by:

Ṁcool,eff = Ṁcool − 2Ėradio/V
2

vir (2.19)

In the model, we assume that the elimination of the cooling flow would also cut off the

supply of gas fuelling the black hole, thus terminating further heating of the hot atmo-

sphere. It is further imposed that it is only in the most massive galaxies (> 1010.5M�)

that grow a black hole large enough to produce an amount of heating that is capable of

reducing the cooling flow of hot gas, which has the desired effect of only decreasing the

cooling in massive halos. This, in turn, deceases the number density of massive systems

by suppressing their star formation, and shifting them to the ‘red and dead’ galaxy popu-

lation (see the mass end of Fig 2.7). This reconciles the model with the notion of cosmic

downsizing.

2.6 Reintegration

In the model, gas that is ‘ejected’ from the hot phase by the feedback processes described

in the previous section is placed within an ‘ejected’ phase (in the same way our galaxies

have a cold gas and hot gas phase). The ejected phase is required in order to quench low

mass galaxies from forming too early as the gas is no longer available for cooling, while

pushing growth at later times when it finally becomes available between z=2 and z=0. In

actual fact, gas that is ejected from low mass galaxies will never be reincorporated unless

the gas becomes part of a more massive system, and in massive galaxies the gas will return

almost immediately.

The mass of gas returned to the hot gas halo from the ejecta reservoir is taken to be:

Ṁejected = −
Mejected

treinc
(2.20)
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Figure 2.8: A schematic showing the different ‘types’ of galaxies of galaxy considered

inside the model. The dark matter halos are also shown by black circles. This figure was

provided by Rob Yates.

where the reincorporation time, treinc, scales inversely with the mass of the host halo:

treinc = γ
1010M�
Mvir

(2.21)

where γ is a free parameter constrained using MCMC whose value can be found in

Table 2.1.

2.7 Mergers

Galaxy mergers have been shown to have a very important role in the process of galaxy

evolution. They are responsible for starbursts, AGN and quasar activity, and black hole

growth, so their implementation in the model is vital.

Galaxies inside the model are labelled in one of three ways, determined from inform-

ation from the underlying dark matter simulation, as shown in Fig 2.8: a type 0 if they

reside in the centre of a dark matter halo; a type 1 if they reside inside their own sub-halo,

and a type 2 if they exist without their own halo because it has already been disrupted

by the central halo.

In the model a merger can be seen as a two stage process. First, whenever two galaxies

get within the gravitational potential of each other, we label the most massive galaxy as
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the central galaxy. The satellite becomes a type 1 galaxy, which means that its dark matter

halo is now a sub-halo and has started being stripped to become part of the central galaxy

main halo. The hot gas of the satellite is immediately stripped and added to the hot gas

content of the central galaxy. The satellite is able to continue star formation for as long

as it has cold gas. The second phase occurs when the sub-halo of the type 1 satellite

is stripped below the resolution limit of the dark matter simulation. At this point, the

galaxy loses its halo and becomes a type 2. A merger time scale is then calculated, which

dictates the time left until the galaxy mergers with its central galaxy companion. This

timescale is calculated by assuming that the satellite galaxy is experiencing a force from

the central galaxy halo due to dynamical friction:

tfriction = αfriction
Vvirr

2
sat

GMsatlnΛ
(2.22)

where Msat is the total baryonic and dark matter mass of the satellite galaxy, lnΛ is the

Coulomb logarithm: lnΛ = ln(1 + Mvir/Msat). αfriction is a free parameter constrained

by the MCMC (its value can be found in Table 2.1), whose purpose is to match the bright

end of the luminosity function at z=0.

When the satellite galaxy finally merges with the galaxy at the centre of the main

halo, the outcome depends on the baryonic mass ratio of the two, Rmerge. In a major

merger (Rmerge > 0.1), the discs of the two progenitors are destroyed and all their stars

become part of the bulge component in the descendent galaxy, as well as any stars that

are formed during the merging process. In a minor merger (Rmerge < 0.1), the disc of

the larger progenitor galaxy survives and the cold gas component of the smaller galaxy

is accreted into it; while any stars in the satellite are added to the bulge of the central

galaxy. In both types of merger, cold gas is fed to the central black hole, as described in

Section 2.5.3.

2.7.1 Bulge Formation

Bulges are formed either during galaxy mergers (major and minor) and by instabilities in

the disk. In a major merger, the bulge of the final galaxy contains all the stars from the

two merging galaxies, but in a minor galaxy the new galaxie’s bulge is only populated by

the stars in the satellite galaxy.

We use energy conservation and the virial theorem to compute the change in size of

the bulge in both minor and major mergers (Guo et al., 2011):
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GM2
new,bulge

Rnew,bulge
=
GM2

1

R1
+
GM2

2

R2
+ 2αinter

GM1M2

R1 +R2
(2.23)

The left hand side of the equation represents the binding energy of the final bulge, the

first two terms on the right represent the binding energy of the two progenitors, and the

third term is the binding energy of the relative orbit of the two progenitors at the time of

the merger. αinter quantifies the binding energy invested in this orbit relative to that in

the individual system, and is set to αinter = 0.5 as this has shown results of bulge sizes

that are in agreement with observations in SDSS data. If either of the progenitors already

has a bulge, the half mass radius is calculated assuming as exponential disk and an r1/4

power-law bulge.

Disk Instabilities

Another important channel for bulge growth is through disc instabilities. These occur

through the formation of bars in spiral galaxies which then buckle. The bar acts as a

torque on the gas, funnelling both gas and stars towards the centre and they occur in

galaxies where the self-gravity of the disk is dominant over the gravitational effects of the

bulge and the halo. The criterion we use for disc instability is as follows (Guo et al., 2011):

Vmax <

√
GM?,d

3R?,d
(2.24)

where M?,d and R?,d are the stellar mass and exponential scale-length of the stellar disk.

Vmax is the maximum circular velocity of the host dark matter halo containing the disk

galaxy.

When the instability of this equation is met, we begin to transfer stellar mass from the

disk into the bulge in an attempt to stabilise the disk. If the galaxy already has a bulge,

the new material is assumed to merge with the existing bulge according to Equation 2.23,

where αinter = 2. This higher value of αinter is to account for the fact that the bulge and

disk have no relative motion.

2.8 Calculating Observables

Galaxy formation models have access to a wealth of physical information about galaxies,

such as their star formation rates, stellar masses, gas contents and metallicities, due to the

way they have been built. Observers on the other hand, only have access to electromagnetic

radiation in the form of a flux, or sometimes also a spectrum. Getting this type of
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information from simulations is more difficult, but necessary if you want to make any

worthwhile comparison of your model with the real world. Some of the important processes

we use to get this information from our model are detailed below, including the assumed

initial mass function of your stellar population, stellar population synthesis which links

your stellar masses to predicted photometric properties and a model of dust extinction.

2.8.1 IMF

The Initial Mass Function (IMF) is a probability density function that describes the mass

distribution of stars in a newly formed stellar population. It has taken slightly different

forms over the years but was originally described as a simple power law giving us more low

mass stars, and fewer high mass stars (Salpeter, 1955). More recently the IMF has taken

the form of a broken power law (Kroupa, 2001) or a log-normal distribution (Chabrier,

2003), which has in both cases reduced the number of low mass stars than in Salpeter

(1955). In the L-Galaxies model, we adopt the Chabrier IMF:

φ(M) =


K1M

−1exp
[
−(log(M)−log(Mc)2

2σ2

]
, for M < 1M� .

K2M
−α, for M > 1M�.

(2.25)

where Mc = 0.08M�; σ = 0.69; and K1 and K2 are normalisation constants that can be

derived by assuming that the function is continuous, and that the total mass is normalised

such that:

∫ Mmax

Mmin

Mφ(M)dM = 1M� (2.26)

where Mmin and Mmax are the minimum and maximum mass of star you are considering,

typically 0.1M� and 100 (or 120) M� respectively.

It is assumed in the model that the IMF is universal across space and time, though

that is open to debate.

2.8.2 Stellar Population Synthesis

The photometric and spectroscopic properties of a galaxy are obviously determined by

the constituent stars that make up that galaxy. Stellar population synthesis is a way,

originally used by observers, of matching the observed fluxes or spectroscopic data with

the population of stars that would produce that output. More recently it has been used

by simulations the other way round, to turn the physical properties of a galaxy into
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observable emission at various wavelengths, based on the mass, age and metallicity of the

stellar population, assuming some initial mass function.

This is done by combining information of stellar evolutionary tracks (e.g. the Padova

tracks (Girardi et al., 2000)) with the stellar spectra predicted for individual stars based

on their atmospheres (e.g. Lejeune et al. (1997)), and then using isochrone synthesis to

compute the spectral evolution of stellar populations (e.g. Charlot and Bruzual (1991);

Bruzual A. and Charlot (1993)). This results in being able to calculate the spectral

evolution of a stellar population for any star formation history within the model.

The choice of stellar population synthesis (SPS) model is critical on the final predictions

of the observed galaxy properties. Two of the most commonly used SPS models today

are the BC03 (Bruzual and Charlot, 2003) model, and M05 (Maraston, 2005), and L-

Galaxies has the option of using either as an option when running the model. In our

work, and in the default L-Galaxies options, we use M05 (Maraston, 2005).

2.8.3 Dust Extinction

Actively star-forming galaxies are known to be rich in dust. This can have a dramatic

effect on their emitted spectrum since dust significantly absorbs optical/UV light while

having a much milder effect at longer wavelengths. As a result, dust-dominated galaxies

will generally have redder colours even if they are strongly star-forming. Therefore it is

very important to include a model of dust extinction in the simulation in order to compare

with observations.

We consider dust extinction separately for the diffuse interstellar medium (ISM) and

for the molecular birth clouds (BC) within which stars form. The optical depth of dust as

a function of wavelength is computed separately for each component and then combined

as described below. We do not attempt to compute the detailed properties of the dust

particles or the re-emission of the absorbed light.

Extinction by the ISM

The optical depth of diffuse dust in galactic disks is assumed to vary with wavelength as

τ ISMλ = (1 + z)−1

(
Aλ
AV

)
Z�

(
Zgas

Z�

)s( 〈NH〉
2.1× 1021atoms cm−2

)
, (2.27)

where we take the mean column density of hydrogen, 〈NH〉, to be:

〈NH〉 =
Mcold

1.4mpπ(aRgas,d)2
(2.28)
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Here Rgas,d is the predicted cold gas disk scale-length, the 1.4 accounts for the presence

of helium and a = 1.68 in order for 〈NH〉 to represent the mass-weighted average column

density of an exponential disk. Following the results in Guiderdoni and Rocca-Volmerange

(1987), the extinction curve in Equation (2.27) depends on the gas metallicity and is based

on an interpolation between the Solar Neighbourhood and the Large and Small Magellanic

Clouds: s = 1.35 for λ < 2000 Å and s = 1.6 for λ > 2000 Å. The extinction curve for

solar metallicity, (Aλ/AV)Z� , is taken from Mathis et al. (1983).

The redshift dependence in Equation (2.27) is significantly stronger than in previous

versions of the model ((1 + z)−0.5 in Kitzbichler and White (2007) and (1 + z)−0.4 in Guo

and White (2009)). The dependence implies that for the same amount of cold gas and

the same metal abundance, there is less dust at high redshift. The motivation comes both

from observations (Steidel et al., 2004; Quadri et al., 2008) and from the assumption that

dust is produced by relatively long-lived stars. However, it may also be that this redshift

dependence has to be introduced as a phenomenological compensation for the excessively

early build-up of the metal content in model galaxies (we discuss this in Section 3.5. In

practice it has been included simply to give an approximate match to the low extinctions

of high-redshift galaxies as inferred from their observed UV slopes (Bouwens et al., 2012),

and to the UV luminosity function, as described in the next chapter.

Extinction by molecular birth clouds

This second source of extinction affects only young stars that are still embedded in their

molecular birth clouds, for which we assume a lifetime of 10 Myr. The relevant optical

depth is taken to be

τBCλ = τ ISM
λ

(
1

µ
− 1

)(
λ

5500Å

)−0.7

, (2.29)

where µ defines the fraction of the total effective-absorption optical depth contributed by

the ambient ISM. It takes the value of 1/3 on average but has a substational scatter (Kong

et al., 2004). In our model, we take µ to be given by a random Gaussian deviate with

mean 0.3 and standard deviation 0.2, truncated at 0.1 and 1.

Overall extinction curve

In order to get the final overall extinction, every galaxy is assigned an inclination, θ, given

by the angle between the disk angular momentum and the z-direction of the simulation

box, and a “slab” geometry is assumed for the dust in the diffuse ISM. For sources that
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are uniformly distributed within the disk then the mean absorption coefficient is

AISM
λ = −2.5 log10

(
1− exp−τ

ISM
λ sec θ

τ ISM
λ sec θ

)
, (2.30)

Emission from young stars embedded within birth clouds is subject to an additional ex-

tinction of

ABC
λ = −2.5 log10

(
exp−τ

BC
λ

)
. (2.31)

The standard L-Galaxies output does not attempt to model the attenuation of light

by the intergalactic medium. However, this is done in post-processing for the lightcones

published in the Millennium Run Observatory1(Overzier et al., 2013). In this thesis,

however, we neglect intergalactic attenuation.

2.9 MCMC Parameterisation

In order to sample the full multidimensional parameter space of the model, the free para-

meters are constrained using Markov Chain Monte Carlo (MCMC) sampling techniques.

This enables the exploration of free parameters (within allowed regions) by calibrating

with observations. Observations can be a variety of physical and derived quantities, and

even be at different redshifts. L-Galaxies adopts the Metropolis-Hastings algorithm for

performing the MCMC calculations. A full MCMC chain requires the evaluation of many

tens of thousands of models, which is unfeasible to perform for the full Millennium and

Millennium-II simulations. Instead, the MCMC procedure is only performed on a repres-

entative subset of the merger trees. Once a best fitting model has been identified, it is

implemented on the full volumes of the two simulations.

In the current model, the parameters were constrained using the abundance and passive

fractions of galaxies at z ≤ 3; and the model has successfully reproduced key observables

at these redshifts, such as the luminosity and stellar mass functions. We highlight this

fact in Figure 2.9, which is a reproduction of the SMF at z ∈ {0, 1, 2, 3} from Henriques

et al. (2015). The values of the free parameters constrained by the MCMC in the version

of L-Galaxies used in this thesis, can be found in Table 2.1.

1The Millennium Run Observatory, or MRObs, allows you to observe the semi-analytic galaxy formation

model through the use of ‘virtual telescopes’.
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Table 2.1: The free parameters that are constrained in the model using MCMC.

Parameter Description Value Units

αSF Star formation efficiency 0.025

Mcrit,0 Gas mass threshold 0.24 1010M�

αSF,burst Star formation burst efficiency 0.60

βSF,burst Star formation burst slope 1.9

kAGN Radio feedback efficiency 5.3E-3 M�yr
−1

fBH Blackhole growth efficiency 0.041

VBH Quasar growth scale 750

ε Mass-loading efficiency 2.6

Vreheat Mass-loading scale 480 kms−1

β1 Mass-loading slope 0.72

η Supernovae ejection efficiency 0.62

Veject Supernovae ejection slope 100 kms−1

β2 Supernovae ejection slope 0.80

γ Ejecta reincorporation timescale 3.0E10 yr

Mr.p. Ram-pressure threshold 1.2E4 1010M�

Rmerger Major-merger threshold 0.1

αfriction Dynamical friction 2.5

y Metal yield 0.046
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Figure 2.9: Predicted stellar mass functions at redshift z ≈ 0 (top left); z ≈ 1 (top

right); z ≈ 2 (lower left) and z ≈ 3 (lower right). Solid black lines show the stellar mass

functions predicted by the model. Observations are taken from several surveys; SDSS

(Baldry et al., 2008; Li and White, 2009) and GAMA (Baldry et al., 2012) at z=0; and

Marchesini et al. (2009), Spitzer-COSMOS (Ilbert et al., 2010), NEWFIRM (Marchesini

et al., 2010), COSMOS (Domı́nguez Sánchez et al., 2011), ULTRAVISTA (Muzzin et al.,

2013; Ilbert et al., 2013) and ZFOURGE (Tomczak et al., 2014) at higher redshifts.
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Part II

Exploring the High-Redshift

Universe with the L-Galaxies

Semi-Analytic Model
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Chapter 3

High-redshift predictions

The L-Galaxies SAM has had a lot of success over the past decade in predicting various

properties of galaxies, such as the stellar mass and luminosity functions in both the local

Universe and out to redshift z=3. However, the model has never really been explored at

higher redshifts. In this chapter, we explore the model in the redshift range z=4 to z=7,

but without altering any of the model parameters that are constrained at low redshift

using MCMC. In that sense, results in this section can be considered predictions of the

model.

The version of the L-Galaxies model used in this chapter is the one presented in Hen-

riques et al. (2015), with the standard metal model but with post-processing of magnitudes

switched off in order to get more accurate UV luminosities (Shamshiri et al., 2015). Many

of the graphs and much of the text from this section were published in Clay et al. (2015).

3.1 Millennium vs. Millennium II

When presenting results at lower redshifts, such as those in Henriques et al. (2015), it

is standard practice to make full use of both the Millennium simulations, so that we

have the volume to find rarer objects from Millennium, but also benefit from the higher

mass resolution for lower mass galaxies from Millennium-II. Merging the simulations and

analysing the results together is acceptable so long as the simulations converge, which

happens for Millennium and Millennium-II at a stellar mass of ≈ 109.5M� at z=0.

When we began working on making high redshift predictions, we had to determine

if we could use both simulations in the same way, and if so, where do they converge.

Figure 3.1 shows the stellar mass function (left) and UV luminosity function (right) at

redshift z=4. Unfortunately, the simulations do not converge in either plot, with the
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Figure 3.1: Predicted stellar mass (left) and UV luminosity functions (right) at redshift

z≈4. The black lines show the predictions from the Millennium (MR) simulation, and

the red line shows the predictions from the Millennium-II (MRII) simulation. The y-axis

presents the number density, Φ, in units of h3Mpc−3dex−1 for the stellar mass function,

and units of h3Mpc−3mag−1 for the luminosity function.

Millennium-II simulation being slightly lower in number density across all masses and

luminosities. One possible reason for this is that gas feedback effects have more impact

on the higher resolution simulation, which is having an impact on high-redshift galaxies.

For this reason, all the work presented in this chapter uses the Millennium simulation

only.

3.2 Star formation

In this section we investigate the star formation rate (SFR) at redshifts z ∈ {4, 5, 6, 7}.

Star formation is a property that comes out relatively easily from the model (see Section 2.3

for a description of the star formation process). However observationally, the SFR can be

quite difficult to detect as it requires measurements in both the UV and far infrared or

some measurement of the dust.

Figure 3.2 shows the star-formation-rate distribution function (SFR DF) as predicted

by the model alongside measurements from Smit et al. (2012) (converted to our fiducial

Chabrier IMF) and Duncan et al. (2014).

Comparing with the Smit et al. (2012) measurements at redshifts z ≈ 5 − 7 we find

generally good agreement. At these redshifts, the Duncan et al. (2014) measurements are

generally higher than both the model and the Smit et al. (2012) results. This is partic-
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ularly true for the most massive galaxies, though we note that the quoted observational

uncertainties can be very large.

At z ≈ 4, however, the model under-predicts the number of galaxies for log10(SFR/h−2M�) <

1 when compared to both sets of observations (which are consistent with one another at

this redshift). The cause of the discrepancy is unclear, though may be a consequence of

the model under-estimating the contribution to the SFR from merger-driven activity.

3.3 Stellar mass

The stellar mass is another physical quantity that can be obtained from the model relat-

ively easily but observationally is quite difficult to measure, requiring many observations

at varying wavelengths so you can fit the SEDs to model SEDs with known physical

properties.

We present the Galaxy Stellar Mass Function (GSMF) at z ∈ {4, 5, 6, 7} predicted

by the model in Figure 3.3 alongside recent observational estimates at high-redshift from

González et al. (2011) and Duncan et al. (2014).

It is important to first note that the observationally-derived mass functions presented

in Figure 3.3 are inconsistent with each other at z ∼ 4−5. One possible source (see Duncan

et al. (2014) for a wider discussion) of this discrepancy is the effect of nebular emission

which was included in Duncan et al. (2014) but not in González et al. (2011). Galaxies

in the high-redshift Universe are expected (Wilkins et al., 2013a) and inferred (e.g. Smit

et al., 2014) to exhibit strong nebular emission which can strongly affect the measured

stellar mass-to-light ratios and thus masses (Wilkins et al., 2013a). The accuracy/precision

of stellar mass estimates are also affected by the lower sensitivity and angular resolution

of the Spitzer/IRAC imaging.

Given the above observational uncertainties, it is gratifying that the model predictions

split the two observational measurements at z = 4. There is a hint that the change in slope

at the “knee” of the mass-function (Mknee ≈ 3×109h−2 M�) may be sharper in the model

than the observations, but the observational error bars are growing at this point and so

it is hard to draw firm conclusions. As we move to higher redshifts, however, the model

predictions and the observations gradually diverge as follows: (i) the normalisation at

Mknee declines more rapidly with increasing redshift in the models than in the observations;

(ii) the slope of the mass function above the knee is steeper in the models than in the

observations.

The exact cause of these discrepancies is difficult to assess. One possibility is that it
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Figure 3.2: Predicted star formation rate distribution functions at redshift z ≈ 4 (top

left); z ≈ 5 (top right); z ≈ 6 (lower left) and z ≈ 7 (lower right). In each instance we use

the closest available snapshot from our L-Galaxies run of z=3.95, 5.03, 5.82 and 6.97

respectively. Solid black lines show the star formation rate distribution function predicted

by the model. Our z = 4 star formation rate distribution function is repeated at higher

redshifts as a grey dot-dash line for comparison. Observations are taken from Smit et al.

(2012), converted to a Chabrier IMF, and Duncan et al. (2014).
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Figure 3.3: Predicted stellar mass functions at redshift z ≈ 4 (top left); z ≈ 5 (top right);

z ≈ 6 (lower left) and z ≈ 7 (lower right). In each instance we use the closest snapshot

available to use from our L-Galaxies run of z=3.95, 5.03, 5.82 and 6.97 respectively.

Solid black lines show the stellar mass functions predicted by the model. To indicate

the possible effect of uncertainties in the observational stellar mass determinations, we

also show as a red dot-dash line the stellar mass function convolved with a Gaussian of

standard deviation 0.3 dex. Our z = 4 stellar mass function is repeated at higher redshifts

as a grey dot-dash line for comparison. Observations are taken from González et al. (2011),

converted to a Chabrier IMF, and Duncan et al. (2014).
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reflects a deficiency in the model; on the other hand it may reflect a systematic bias in

the observations. This has been discussed at low redshift (z = 0 − 3) in Appendix C of

Henriques et al. (2013). It seems probable that the uncertainties on the individual stellar

masses could have been underestimated, and that can strongly boost the inferred number

of galaxies in regions where where the mass function is particularly steep. As an example

of the possible magnitude of this effect, we show in Figure 3.3 the result of convolving

with a Gaussian of standard deviation 0.3 dex, similar to that required at low redshift.

This largely reconciles the observed and predicted slopes of the mass function, but the

normalisation remains too low at z = 7.

Recent hydrodynamic simulations, particularly Illustris (Vogelsberger et al., 2014)

and Eagle (Schaye et al., 2015), have begun making predictions of observables at high

redshift (Genel et al., 2014; Furlong et al., 2015). Like L-Galaxies, both Illustris

and Eagle make predictions at high redshift by only using observational constraints at

lower redshift. Both simulations are similar to ours in the prediction of the GSMF at

z = 6 − 7 in that we all underpredict the abundance of high mass galaxies (> 109M�)

at these redshifts, although Eagle better matches the observations at z = 5 across the

entire mass range. Whilst both L-Galaxies and Eagle match a similar shape to the

observations, particularly finding good agreement with the slope and abundance for low

mass galaxies, Illustris predicts a slope that steepens with increasing redshift faster than

what is observed, and over predicts the abundance of low mass galaxies at all redshifts.

3.4 sSFR - SM relation

The specific star formation rate (sSFR) is a measure of how quickly a galaxy is forming

its stars. We present the sSFRs at z ∈ {4, 5, 6, 7} of our galaxy population predicted by

our model in Figure 3.4 alongside recent observational measurements from Salmon et al.

(2015). We represent the sSFR of individual galaxies by a 2D histogram; the solid line

shows the median value predicted by our model, averaged over bins of 100 or more galaxies.

The observations are consistent with our model, particularly for galaxies of mass M ≈

109 M�, across all redshifts. However the observations show a decline in the sSFR with

increasing galactic stellar mass and we do not identify the same trend. Instead, all galaxies

in our model have roughly the same level of activity, regardless of galactic stellar mass.

This discrepancy is not surprising: given that the models match the observed SFR but

under-predict the stellar masses of the largest galaxies, then we would expect this result.

The question remains as to whether the observations or the model is at fault, or a
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Figure 3.4: Predicted specific star formation rates (sSFR = SFR/M∗) at redshift z ≈ 4

(top left); z ≈ 5 (top right); z ≈ 6 (lower left) and z ≈ 7 (lower right). In each instance

we use the closest snapshot available to use from our L-Galaxies run of z=3.95, 5.03,

5.82 and 6.97 respectively. The histogram density plot represents the L-Galaxies galaxy

population, with white representing the highest density, and blue representing the least.

The solid line shows the L-Galaxies median values, and the dashed lines show the 0.16

and 0.84 percentiles. The observations are taken from Salmon et al. (2015), with the points

denoting the median value while the error bars reflect the scatter in the observations, rather

than the uncertainty in the median.
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combination of both. We could boost AGN feedback in the most massive galaxies in the

model, but this would then reduce the bright end of the UV LF. Alternatively, as hinted

in the previous section, the inferred masses of the highest-mass galaxies may have been

boosted by observational scatter. At lower masses, there will be an observational bias

towards the brightest galaxies, and so the median sSFR may be over-estimated.

3.5 Metals

Another important physical quantity to look at is the metallicity, a quantity that finds

its way into many equations governing the physical processes of galaxy formation. It can

be easily measured at low redshifts by taking the spectra of stars or galaxies, though it

becomes more difficult to measure at higher redshifts.

Figure 3.5 shows the metallicity of the cold gas and of the stars, plotted against stellar

mass, for all redshifts in z ∈ {0, 1, 2, 3, 4, 5, 6, 7}. These plots are made with the more

simplistic metal model described at the start of Section 2.4 , and not using the detailed

chemical enrichment model that is used in later chapters of this thesis, as it was not

implemented into the code at the time.

The metallicity of both the stars and cold gas at all redshifts look very similar across

the mass range, particularly so in the case of stellar metallicity. The cold gas metallicity

is less consistent, particularly at the high mass end at redshifts z=0-3, which is perhaps a

consequence of higher feedback processes. A lack of evolution in metallicity with redshift

tells us that creating a galaxy with a certain mass goes hand in hand with a fixed amount

of metal pollution.

3.6 Varying the model of dust extinction

After looking at physical quantities such as the star formation and stellar mass functions,

the next thing to do is to look at some derived properties of galaxy formation such as the

UV luminosity function. This is something that the observers measure relatively easily,

but computationally requires stellar synthesis models to convert the physical properties

into spectral fluxes, based on the age, metallicity and mass of the stellar population (see

Section 2.8.2 for more information on stellar population synthesis models). Furthermore,

any intrinsic luminosity function needs to be converted into one that would be observed

by applying a model of dust extinction (see Section 2.8.3 for more information on the dust

extinction model we use in L-Galaxies). In the current model, the dust extinction applied
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Figure 3.5: Plot to show the median metallicity of the cold gas (top) and the median

metallicity of the stars (bottom), plotted against stellar mass. The coloured lines show

the relation for different redshifts in the range z ∈ {0, 1, 2, 3, 4, 5, 6, 7}.

to each galaxy is proportional to the metallicity and the total cold gas mass, with an

additional redshift dependence (Guo and White, 2009) of (1 + z)−0.4 to better reproduce

observational values at higher redshifts.

When we first plotted the UVLF at high redshifts, we noticed there was a poor relation

between the observed and simulated galaxy populations after applying a model of dust

extinction. We also found that the intrinsic LF was above the observations, suggesting

that the problem is with our model of dust extinction rather than a more fundamental

problem with the physics of the model. Thus we began experimenting with a number of

different dust extinction models.

Figure 3.6 shows the UV LF using a number of different models for dust extinction.

The red solid line shows the dust extinction model as it was in the De Lucia and Blaizot

(2007) version of L-Galaxies. One method of changing the level of dust extinction at

higher redshifts was to alter the redshift dependence, and we experimented with varying

the exponent from −0.4 to −1, and this model is shown by the solid green line. Another

way is to accept that we may not be getting the metallicity correct at high-redshift, as

seen in Figure 3.5 where the gas and stellar metallicities are fairly constant for a given

stellar mass across all redshifts, which may suggest that we have too many metals in high-
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redshift galaxies. So we experimented with changing the galaxy metallicities used in the

calculation of the dust extinction to follow the prescription of Maiolino et al. (2008):

12 + log(O/H) = −0.0864(logM∗ − logM0)2 +K0 (3.1)

where we use the values given in the paper for the highest available redshift (z=3.5) for the

calculation of dust extinction at redshifts z=4-7, with logM0 = 12.87 and K0 = 8.90. We

convert the 12 + log(O/H) values into gas phase metallicities by assuming 12 + log(O/H)

= 8.69 corresponds to Z�. This model is shown by the blue line on the plot. The dashed

black line shows the intrinsic luminosity function, before any model of extinction is applied.

Replacing our metallicities with those of Maiolino et al. (2008) using Equation 3.1 for

the dust extinction calculations had little impact on the intrinsic LF at all, only noticeable

in the brightest galaxies. The change in exponent of the redshift dependence from -0.4 to

-1 provided a slightly better fit to observations, and is the version of the model we chose,

as it had the best fit to the observations at z=4-7 without sacrificing the good fit we find

at lower redshifts. We could have varied the exponent more to try find an ever better

fit but we decided that we would begin working on changing this at a fundamental level

instead, which is discussed in much more detail in the next part of this thesis.

3.7 UV Luminosity

We present the UV luminosity function predicted by our model in Figure 3.7 alongside

recent observational estimations at high-redshift (Bouwens et al., 2015; Duncan et al.,

2014; Finkelstein et al., 2015; Bowler et al., 2015, 2014). The solid black line shows our

prediction for the attenuated UV luminosity function; the attenuated UV LF at z = 4 is

also shown on subsequent plots for comparison. The dashed line shows our intrinsic UV

luminosity function, with no dust model being applied.

We find a good fit to the faint end of the luminosity function: MUV > −20 for z = 4−6

and MUV > −19 for z = 7. At brighter absolute magnitudes, the model counts fall below

the observed ones. Note, however, that the raw counts, before dust attenuation, lie above

the observations. Given that we saw a good fit in Section 3.2 between predicted and

observed SFRs, then this points to a difference in the dust model between the two.

To better understand this, we quantify in Figure 3.8 the attenuation required (as a

function of the intrinsic UV absolute magnitude) to reconcile the raw L-Galaxies data

with observations. We do this by comparing observed, MΦ,obs, and intrinsic, MΦ,int,

absolute magnitudes below which we achieve a particular cumulative number density, Φ



45

Figure 3.6: The UV luminosity function using various different dust extinction models.

The dashed line shows the intrinsic luminosity function. The blue line shows a version of

the model where we have replaced our model metallicities with observed values. The blue

and green lines show variations on the redshift dependence for the dust extinction model

currently used by the model. The black points show observational data from a number

of sources (Bouwens et al. (2015), Duncan et al. (2014), Finkelstein et al. (2015), Bowler

et al. (2015), Bowler et al. (2014)).
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Figure 3.7: Predicted rest–frame (1500 Å) UV luminosity functions at redshift z ≈ 4 (top

left); z ≈ 5 (top right); z ≈ 6 (lower left) and z ≈ 7 (lower right). In each instance we use

the closest snapshot available to use from our L-Galaxies run of z=3.95, 5.03, 5.82 and

6.97 respectively. Solid black lines shows the L-Galaxies prediction for the attenuated

UV luminosity function using the dust extinction model outlined in Section 2.8.3. The

dashed black line is the L-Galaxies prediction of the intrinsic UV luminosity function,

with no dust model applied. Our z = 4 attenuated UV luminosity function is repeated

at higher redshifts as a grey dot-dash line for comparison. Observations are taken from

Bouwens et al. (2015), Duncan et al. (2014) and Finkelstein et al. (2015), and at high

mass from Bowler et al. (2015) (z = 6) and Bowler et al. (2014) (z = 7).
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Figure 3.8: This figure shows the amount of dust attenuation required to move our in-

trinsic UV luminosity function (the dashed, black lines in Figure 3.7) to match different

observational data sets (Bouwens et al., 2015; Duncan et al., 2014; Finkelstein et al., 2015),

as a function of unattenuated absolute UV magnitude. The solid, black line shows the

attenuation built into the L-Galaxies model as described in Section 2.8.3.

of galaxies:

Φ =

∫ MΦ

−∞
φ dM, (3.2)

where φ is the usual differential number density of galaxies. The attenuation is then

AUV = MΦ,obs −MΦ,int.

The dust attenuation required to match the observations (as a function of the intrinsic

absolute magnitude) is shown in Figure 3.8. The black, solid line shows the attenuation

implemented in L-galaxies, as described in Section 2.8.3.

As expected, the built-in attenuation matches that from the Duncan et al. (2014) data

fairly well. The other data sets show a shallower slope: the attenuation is reasonable,

perhaps even under-estimated in the faintest galaxies, but is strongly over-estimated in
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the brightest galaxies and increasingly so at high redshift.

It is important to stress that while we are presenting the results for all the objects

within our simulation, observational samples (such as those employed by Bouwens et al.,

2015; Duncan et al., 2014; Finkelstein et al., 2015), are biased and may not truly capture

the full galaxy population at these redshifts. Indeed, a defining characteristic of the Lyman

break technique, which is regularly used to identify galaxies in the high redshift universe,

is that it preferentially selects blue rest-frame UV bright sources, i.e star forming galaxies

with low UV dust attenuation (AUV < 2). Very dusty galaxies, or those with little to no

star formation would then be missed in typical Lyman break galaxy searches (e.g. HFLS3,

a very dusty intensely star forming galaxy at z ≈ 6.3 Riechers et al., 2013). The degree

to which this is a concern at high-redshift is difficult to assess, largely due to the lack of

sensitive far-IR and sub-mm imaging which is critical to identify heavily obscured systems.

Given the current observational uncertainties, we conclude that the simple, empirical

dust extinction model currently built into L-galaxies does a reasonable job, although it

could be refined to match particular data sets if required. This work inspired the next

part of this thesis (Chapters 4 - 6), where we implement a more physically-motivated

dust model: we also note that the current metals model used in this section has prompt

recycling, and this could be an issue at these early times when the age of the Universe

is just 1.5 Gyr at z = 4 and less than 1 Gyr for z > 6. Thus we implement the delayed

chemical enrichment model from Yates et al. (2013) for the next part of this thesis. We

discuss these changes to the model in Chapter 5.

3.8 Intrinsic UV continuum slope

Another derived quantity useful in observational astronomy is the measurement of the

UV continuum (UVC) slope. This can be used to measure the amount of dust in high-

redshift galaxies where the far-infrared is generally inaccessible. Observationally, the UV

continuum slope is typically measured using two or more bands. It is difficult to measure

and compare the UVC slope at different redshifts. Instead the continuum is categorised by

a power law with slope β. Using our choice of GALEX FUV and NUV wavebands (148nm

and 219nm respectively) from the model, the conversion from the (FUV - NUV)AB colour

to β is:

β = C × (FUV −NUV )AB − 2 (3.3)
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where C is a conversion factor determined by convolving the two filters with a power law

spectrum. For the GALEX filters, this conversion factor takes the value C = 2.25.

3.8.1 Redshift

Figure 3.9 shows the redshift evolution of the median intrinsic UV continuum slope for

galaxies with log10(SFR/M� yr−1) > {0.0, 1.0}. There is initially a steady increase in

the intrinsic UVC slope, with a peculiar bump at z ∼ 4, before increasing at a more

rapid rate towards z = 0. If you only include galaxies with a SFR > 10M�yr−1 then the

redshift evolution changes slightly. While initially following the same evolution, including

the peculiar bump at z ∼ 4, from z = 3 onwards it evolves at a slightly higher rate

towards z = 0. This is because galaxies that satisfy the higher star formation rate criteria

will have younger, still star forming populations, and thus bluer intrinsic UVC colours.

Comparing with observational constraints we find a good fit to the Heinis et al. (2013)

results, particularly for SFR > 1M�yr−1 but also within the error range for SFR >

10M�yr−1. The Casey et al. (2014) results are consistent within their errors, and the

Álvarez-Márquez et al. (2016) results are a few times too high when compared with our

model. Our model does not fit the Meurer et al. (1999) results, though we note the

inconsistency of the observations at this redshift and our model fitting the more recent

observations, as well as a lack of error analysis.

We also compare our models results to the Galform SAM (Wilkins et al., 2013a) and

MassiveBlackII hydrodynamical simulation (Wilkins et al., 2013b). Galform shows a

shallower redshift evolution in the intrinsic UVC than L-Galaxies, though does fit the

Heinis et al. (2013) result at z ∼ 1.5 very well. Comparing with the more reliable results

at z ∼ 0, then Galform has an intrinsic UVC that is far too red. MassiveBlackII can

not currently be constrained by observations as the simulation has ended by z ∼ 5, but

currently lies between both SAMs at z> 5.

3.8.2 Star Formation Rate

Figure 3.10 shows the relationship between the intrinsic UV continuum slope and the star

formation rate of galaxies at z ∈ {0.1, 2.0, 6.0}. The solid black line shows the median

intrinsic UVC slope value in bins of SFR and the dashed line show the 0.16 and 0.84

percentiles. A 2D histogram shows the distribution of galaxies in our model, with a darker

grey representing a higher number density of galaxies. The evolution at z = 6 is a subtle

one, with the intrinsic UVC slope remaining relatively constant until log10(SFR) > 1.4
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Figure 3.9: The redshift evolution of the median intrinsic UV continuum slope for model

galaxies with log10(SFR/M� yr−1) > 0.0 (solid black line) and log10(SFR/M� yr−1) > 1.0

(dashed line). The coloured points with error bars show the observational constraints

from Meurer et al. (1999), Heinis et al. (2013), Casey et al. (2014), Álvarez-Márquez et al.

(2016) and Castellano et al. (2014). Two data points are shown from Smit et al. (2015), the

open circle shows the results from photometrically derived redshift values, and the closed

circle shows galaxy values with spectroscopically confirmed redshifts. We also compare

our results with the Galform SAM (Wilkins et al., 2013a) and the MassiveBlackII

simulation (Wilkins et al., 2013b).
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Figure 3.10: The relationship between the intrinsic UV continuum slope and the star

formation rate of galaxies in our model at z ∈ {0.1, 2.0, 6.0}. The solid black line shows

the median value (as a function of star formation rate) while the dashed lines denote

the 16th − 84th centile range. The shaded region shows a 2D histogram representing the

number density of galaxies.

when it starts to steadily increase for the most active star forming galaxies. At z = 2

we see a gradual shift towards redder colours with increasing SFR, though the spread

of values is much larger than it was previously. We see a similar relation at z=0.1. We

also note the increased normalisation towards bluer colours with time. The differences in

the spread and in the evolution reflections the differences in the star formation histories

and metal enrichment histories. We would expect an increase to bluer UVC colours with

increasing SFR due to the actively star forming galaxies to have more young and hot stars.

The decrease at z = 0.1 for the most star forming galaxies is peculiar, but perhaps an

artefact that the only galaxies capable of achieving a new burst of star formation already

have an older population shifting to redder colours.

3.8.3 Stellar Mass

The relationship of the intrinsic UV continuum slope with stellar mass is shown in Figure

3.11. The solid black line shows the median intrinsic UVC slope value in bins of SFR and

the dashed line show the 0.16 and 0.84 percentiles. A 2D histogram shows the distribution

of galaxies in our model, with a darker grey representing a higher number density of

galaxies. At high redshift (z ≈ 6) the relationship between the stellar mass and the

intrinsic slope is similar to the relationship with star formation rate, with a steady increase
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Figure 3.11: The relationship between the intrinsic UV continuum slope and the stellar

mass of galaxies in our model at z ∈ {0.1, 2.0, 6.0}. The solid black line shows the median

value (as a function of stellar mass) while the dashed lines denote the 16th − 84th centile

range. The shaded region shows a 2D histogram representing the number density of

galaxies.

in intrinsic UVC slope value with increasing stellar mass. This is not surprising as at high-

redshift the star formation and stellar mass are highly correlated. At low-redshift, however

there is strong evolution with stellar mass, such that the most massive galaxies have very

red slopes on average. The distribution of slopes is also strongly asymmetric with a long

tail to extending to very red intrinsic slopes. This is not surprising as these galaxies are

essentially passively evolving.

3.9 Evolution of high-redshift quantities

To make it easier to see how the properties of our model galaxies change with time, we

extract the model predictions from each of the four redshifts shown in Figures 3.2, 3.7,

3.3 & 3.4 and display them in single panels in Figure 3.12.

Concentrating first on the SFR (upper-left panel), we see the knee of the distribution

remains relatively unchanged, at about 20h−2M� yr−1 over this period. However, the

normalisation of the relation grows and the slope decreases, such that the comoving number

density of galaxies with star-formation rates of 0.3h−2M� yr−1 is approximately constant,

while that of higher star-formation rates in excess of 100h−2M� yr−1 grows by several

orders of magnitude. As might be expected, a similar, but less pronounced, trend is seen

in the UV LF, although the knee of the distribution is harder to discern.
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Figure 3.12: Plot to show the evolution of the stellar mass (top left); star formation rate

(top right); UV luminosity function (lower left); and specific star formation rate (lower

right) in the redshift range z = 4− 7. The lines show the median values for each property

at each redshift. In each instance we use the closest snapshot available to use from our

L-Galaxies run of z=3.95, 5.03, 5.82 and 6.97 respectively.
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In contrast to the SFR DF, the galactic SM DF shows only a slight reduction in slope

from z = 7 to z = 4. Consequently, the comoving number density of low-mass galaxies

increases by about 1 dex over this time. This is reflected in the specific star-formation

rate, which reduces by a factor of about 0.5 dex in the same period (as the sSFR is

approximately independent of mass, this conclusion holds for individual galaxies, not just

the population).1

3.10 Conclusions

In this chapter we have used the L-Galaxies semi-analytic model (Henriques et al., 2015)

to explore its predictive power at high-redshift for certain observed properties, such as

the star-formation-rate distribution function (SFR DF); UV luminosity function (UV LF);

galactic stellar mass function (GSMF); and specific star-formation rates (sSFRs) of galax-

ies. Our conclusions are as follows:

(i) We find a good fit to both the shape and normalization of the observed SFR DF at

z = 4 − 7 (Figure 3.2), apart from a slight under-prediction at the low SFR end at

z = 4, possibly caused by a lack of SFR contribution from merger-driven activity in

our model.

(ii) We find a good fit to the faint number counts for the observed UV LF (Figure 3.7).

At brighter magnitudes, our predictions lie below the observations, increasingly so

at higher redshifts.

(iii) We change the redshift dependence of our dust extinction model from (1 + z)−0.4 to

(1 + z)−1 in order to improve our observed luminosity functions at higher redshifts,

particularly for the brightest galaxies.

(iv) At all redshifts and magnitudes, the raw (unattenuated) number counts for the

UV LF lie above the observations, and so we interpret our under-prediction as an

over-estimate of the amount of dust in the model for the brightest galaxies, espe-

cially at high-redshift (Figure 3.8).

(v) While the shape of our SMF matches that of the observations, we lie between the

observations at z = 4 − 5 and under-predict at z = 6 − 7 (Figure 3.3). We note,

1The age of the Universe roughly doubles over this period; thus the sSFR measured in terms of this

age shows much less variation and even at z = 4 is sufficient to double the mass of a galaxy in less than a

quarter of the age at that time.



55

however, that both sets of observations are inconsistent with one another, and have,

at times, large errors attached to them.

(vi) The sSFRs of our model galaxies (Figure 3.4) show the observed trend of increasing

normalisation with redshift, but do not reproduce the observed mass dependence,

indicating instead that galaxies of all masses the same level of activity. It is unclear

as to whether this is caused by observational bias, or by an under-estimate of AGN

feedback in the model.

(vii) Both the stellar and cold gas metallicities are found to have little to no variation

with redshift, instead depending on the stellar mass (Figure 3.5).

(viii) Predictions of the UV continuum slope as a function of redshift(Figure 3.9), stellar

mass (Figure 3.11) and star formation rate (Figure 3.10) are broadly in line with

recent observational efforts at both low and high redshift.

In summary, the L-Galaxies model has mixed success in reproducing observations at

high redshift. It provides a reasonable match to both the SFR DF and the low-mass end

of the SMF, but fails to show the observed mass-dependence of the sSFR. The predicted

UV LF is highly-dependent upon an ad-hoc scaling with redshift of the dust model. The

dust model is also dependent on the metallicity, which is shown to not vary with redshift

in the model, which might not be true for real galaxies. In order to better predict the

observed UV LF we need a better model for the dust extinction. To improve the metals we

will use the detailed chemical enrichment modelling from Yates et al. (2013), which added

delayed enrichment from stellar winds and supernovae, as well as metallicity-dependent

yields and the tracking of eleven heavy elements (such as O, Mg and Fe). This has shown

promising results in reproducing the mass-metallicity relation at z=0 but remains untested

at higher redshifts, but should provide a more realistic prediction of what the metallicity

of galaxies is at early times.

Additionally, we will add a physically motivated model of dust growth and destruction,

which should help in better reproducing predictions of the observed UV LF by knowing

the exact dust content of galaxies. Our work on this dust model is presented in part III

of this thesis.
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Part III

Detailed Dust Modelling with the

L-Galaxies Semi-Analytic Model



57

Chapter 4

The Physics of Detailed Dust

Modelling

The third part of this thesis presents our new physically motivated dust model that has

been implemented into our semi-analytic model, L-Galaxies. In Chapter 4, we discuss

the relevant background to the physics of dust production and destruction. In Chapter 5,

we discuss our implementation and testing of the dust model once fully integrated with

L-Galaxies, and finally in Chapter 6 we show our results once the model has been run

on the full volumes of both Millennium and Millennium-II.

4.1 Introduction

Cosmic dust is by its very nature elusive to us, and thus remains a huge problem in as-

tronomy due to its nature of obscuring the light from objects we wish to observe. As

discussed in the previous chapter, it has been problematic in galaxy formation and evol-

ution modelling for the reproduction of observed luminosity functions, but also plays a

role in almost all areas of astronomy. Observations (and any derived physical quantities)

are also vulnerable to the dust content of galaxies and the intergalactic medium, as dust

reduces the luminosity of the source to an observer. Indeed, it is now thought that 30% of

light in the universe has been reprocessed by dust grains at some point (Bernstein et al.,

2002).

Dust has a long history in astronomy. On a clear night, the dust lanes of the Milky

Way are clearly visible to the naked eye, and it is these same dust lanes that make it

impossible for us to observe our own galactic bulge from here on Earth. Two hundred

years ago, it was Hershel who first described the dark patches in the sky as ‘holes in the
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heavens’. It was then a few years later with the advent of infrared astronomy, when these

dark patches ‘lit up’, that we finally begun to understand just how prominent it really is.

It wasn’t for another 100 years in 1930 when it was finally proven that these dark regions

in our night sky are actually caused by solid dust particles in space (Trumpler, 1930), and

since then the nature of interstellar grains has been the subject of active research, both

in terms of the chemistry of their composition and also its effects in galaxy evolution and

interstellar extinction.

Dust is now thought to consist of small, cold, micrometer sized grains typically com-

posed of carbon or oxygen based compounds and though we do know that it exists, the

true source and production mechanisms, whether it be from stars or something else, has

continued to be debated in the literature. Observations in the far infrared have started to

identify large dust masses in galaxies at very high-redshifts (z=6-7), suggesting that under-

standing the physics of dust production and evolution is critical to understanding galaxy

formation and evolution. If we want a detailed dust model that works self-consistently

across cosmic time, we need to model the various production and destruction processes

and analyse the impact this has on the host galaxy.

In recent years, simulations of galaxy formation have started to implement detailed

chemical enrichment models (e.g. Arrigoni et al., 2010; Yates et al., 2013), and a detailed

modelling of the dust chemistry is the natural next step. However this has been slow on

the uptake, particularly in cosmological models, perhaps due to a lack of observational

constraints, particularly at high-redshift. Additionally, the physics of dust evolution is a

more complicated process. The large number of possible dust molecules from the various

combination of metals requires more consideration, and the weaker chemical bonds in dust

grains than in metals means that dust is susceptible to additional growth and destruction

processes. Arguably, the most important question is where and how dust grains are formed.

Over the years, there have been two competing theories, the formation of dust in evolved

stars, and the growth of new material in the interstellar medium.

Core collapse supernovae were actually thought to be important sites for the forma-

tion of dust long before the existence of any observational evidence supporting the idea

(Cernuschi and Codina, 1967; Hoyle and Wickramasinghe, 1970). This changed with the

explosion of supernova SN1987A which provided a wealth of information, including the

first detection of dust in a supernova ejecta. The formation of dust has been shown to

follow the formation of CO molecules in novae explosions (Gehrz and Ney, 1990) and this

was observed for the first time in the ejecta SN1987A (Danziger et al., 1991). Dust first
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manifested itself in the remnant of SN1987A (via the depletion of key refractory elements

in the gas and an excess in the infrared light curve that occurred simultaneously with a

drop in the UV (Bautista et al., 1995)), at around day 530 after the initial explosion.

It remains unclear to this day what the contribution of type Ia supernovae is to the dust

content in galaxies. From a physical stand point, ejection velocities and the abundance of

radioactive material are much higher in type Ia supernovae compared to type II, and this

may inhibit the formation of dust (Gehrz et al., 1998). Observationally there has been no

direct dust detection in the remnants of type Ia explosions (Borkowski et al., 2006). Other

studies have found that while the formation of dust in SNIA remnants should in principle

be possible via condensation in the iron rich expanding ejecta, most of this dust is likely

to be destroyed as the ejecta reaches temperatures of 104 K (Wang and Mukherjee, 2006).

The other major source of stellar dust production is in the cool atmospheres of evolved

stars, such as AGB and supergiant stars. These stars are shown to have the ideal envir-

onment necessary for the growth of dust grains (Sedlmayr, 1989). The presence of dust

in these systems has been inferred from excess infrared emission, as well as from the ex-

tinction, scattering and polarization effects on the underlying UV photons. In addition to

supernovae and giant stars, dust is thought to also come from Wolf-Rayet stars (Cohen

et al., 1975; Williams et al., 1987) although these are thought to be rare, and Novae (Geisel

et al., 1970) though their contribution is thought to be negligible (Dwek, 1998).

When considering cosmological timescales it is important to consider the role of dif-

ferent production mechanisms at different times. AGB stars are low to intermediate mass

stars and therefore have main sequence lifetimes of the order billions of years, thus you

would not expect them to be contributing heavily to the dust content until the universe

is around 1Gyr old (although this has been shown to be heavily dependent on the as-

sumed IMF, Valiante et al. (2009) for example found that this could actually be as early

as 150Myr when using a Larson IMF). Type II supernovae on the other hand take place

as the final act of a massive stars life, with a main sequence lifetime much shorter (tens

to hundreds of millions of years). In this case, you would expect them to be influen-

cing their environments on much shorter timescales, and thus potentially very important

contributors to the dust content in very early, or the first, galaxies. With that said, it

is currently unknown how efficient the production of dust in supernovae remnants really

is. The shocks (and reverse shocks) produced by supernovae explosions are also one of

the main destructive processes responsible for the removal of dust grains, and so the net

production rate for supernovae, and the efficiency of this process, has long been debated
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in the literature and is obviously vital to the understanding of dust production in galaxies

at early times.

Evidence for grain destruction in the ISM has been found in the depletion of elements

in high velocity clouds, with an observed trend of decreasing depletions with increasing

cloud velocity (Spitzer and Morton, 1976; Cowie, 1978; Shull, 1978), suggesting that shocks

are responsible for destruction of dust grains. Dwek and Arendt (1992) also inferred dust

grain destruction in the general ISM from the infrared spectrum of shock-heated dust

in supernovae remnants. Other processes that may destroy or alter dust grains include

photo-evaporation and chemical explosions (de Boer et al., 1987; Savage and Sembach,

1996).

Another process that destroys dust is star formation, which removes dust grains from

the ISM when they are incorporated into newly formed stars on a time scale of around

2.5 Gyr. This also happens to be the typical timescale for the replenishment of dust from

stellar sources (Zhukovska et al., 2008) which would suggest a steady state in the absence

of any other processes. Theoretical studies of grain destruction induced by supernovae

shocks have found the process to have a typical timescale of the order 0.5 Gyr (Jones

et al., 1996), which is much shorter than the typical timescale for replenishment and

would suggest that galaxies would have a very low abundance of dust. However, we

actually observe the opposite, high depletion rate of refractory elements in the gas phase

of the ISM (e.g. Savage and Sembach, 1996; Jenkins, 2004). This suggests the need for

another production mechanism in the ISM, that removes metals and converts them into

dust, that must be on a very short timescale to counter the destruction of grains. The

only possible site where this could happen would be the accretion of material onto dust

grains inside the cold, dense, molecular clouds (Dwek and Scalo, 1980).

It was first suggested by Dwek and Scalo (1980) that dust grain growth inside molecular

clouds could be a significant source of the dust mass in galaxies. However, molecular clouds

must first be seeded with star dust (Draine, 1990). These dust particles provide the surface

area on which to accrete atoms to grow more dust material inside the ISM. It has now

been suggested that the bulk of ISM dust could be grown inside molecular clouds, even in

high-redshift galaxies (Draine, 1990).

The importance and efficiency of all of these dust production and destruction mechan-

isms has long been argued in the literature and no consensus has been formed even when

using models to try to reproduce observed dust masses in galaxies. Observations of galax-

ies at high redshift may help shed some light on what’s happening, such as A1689z-D1
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at z=7.5 and QSO SDSS J1148+5252 at z=6.42. The large dust masses in these galaxies

at such early times has led some authors to propose that supernovae must be responsible

(i.e. Maiolino et al., 2004; Sugerman et al., 2006; Bianchi and Schneider, 2007) but this

would require around 1M� of dust to be formed in each supernovae remnant to explain

these observations (Dwek et al., 2007), which is around two orders of magnitude higher

than what is observed in local supernovae remnants (Draine and Fraisse, 2009). However,

this is also contested, with some authors claiming that more dust can survive in remnants

then previously thought (Bianchi and Schneider, 2007), such as in the local crab nebula

where we find 0.24M� of dust now, suggesting supernovae dust formation can be efficient

(Gomez et al., 2012). Micha lowski (2015) suggested that supernovae can produce the large

dust masses detected in high redshift galaxies, so long as the dust is not destroyed with

its injection into the ISM, which seems unlikely. Dwek et al. (2014) went further and said

that supernovae are the only source of dust at redshifts z>9 where grain destruction rates

are lower due to the low dust to gas ratios and that this changes towards lower redshifts

as supernovae become net destroyers.

Other work has suggested that stellar sources are relatively insignificant (Mattsson,

2015) and that grain growth inside molecular clouds is by far the most dominant source

of dust (Dwek and Scalo, 1980; Zhukovska et al., 2008; Draine and Fraisse, 2009; Calura

et al., 2010; Valiante et al., 2011; Gall et al., 2011; Zhukovska, 2014; Mattsson et al., 2014;

Micha lowski, 2015). Even at high redshifts, a small amount of dust from supernovae is

sufficient to initiate growth in the ISM that is able to explain the observations (Draine and

Fraisse, 2009). Even if AGB stars dominate dust production at z = 8-10 (Valiante et al.,

2011), high redshift observations could not be reproduced without a substantial contri-

bution from grain growth. Rowlands et al. (2014) suggested you need either inefficient

supernovae destruction, grain growth or a top heavy IMF to match the high-redshift obser-

vations. Mancini et al. (2015) suggested it may actually be a function of mass, with stellar

sources dominating dust production in low mass galaxies, and grain growth dominating

in high mass galaxies (> 109.5M�) due to higher levels of metal enrichment.

Interestingly, two galaxies have been detected at approximately the same redshift

(z∼6.5), one using ALMA and HST observations (Ouchi et al., 2013) named ‘Himiko’

and another using HerMES sub–mm observations (Riechers et al., 2013) named ‘HFLS3’.

Despite being at the same redshift, and both undergoing a starburst, Himiko is observed

to have a surprisingly low dust content and even may consist of mainly primordial gas.

HFLS3 on the other hand is observed to be very dust–rich. Himiko is undergoing a triple
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major event. Thus we are likely witnessing an early massive galaxy during a key period

in its mass assembly close to the end of the reionization era. Whatever the source of

dust, having two galaxies with very different dust content at the same redshift suggests

the evolution from one regime to another must be very fast (Mattsson, 2015).

In the next section we describe in more detail the physics of dust production and

destruction for all the main processes we consider in our model. These include the two

stellar sources of dust, AGB stars and supernovae remnants; dust growth inside molecular

clouds; and dust destruction induced by supernovae shocks.

4.2 Stellar sources of dust production

4.2.1 AGB yields

All low and intermediate mass stars (from 0.8 M� to ∼ 8 M�) undergo an asymptotic

giant branch (AGB) evolutionary stage when they leave the main sequence. During this

phase, the stars pulsate and undergo mass loss due to stellar winds. It is in these stellar

winds where we get the formation of dust grains. Inside the stellar winds, the collision of

different particles causes growth via van der Waals forces or electromagnetic interaction.

If the particle has a high enough bound energy, it is captured and becomes a building

block of the solid (e.g. Gail and Sedlmayr (1987))

The type of dust produced by AGB stars is dependent on the stellar surface C/O

abundance ratio, which can change during the star’s evolution due to repeated third

dredge events, where the surface convection zone extends down closer to the core where

material has undergone nuclear fusion, resulting in fusion products been brought up to

the surface and potentially changing the C/O ratio and the spectroscopic features of the

star, and leading to different stellar wind properties (Ferrarotti and Gail, 2006).

The stars evolution in the C/O ratio depends on the initial mass of the star. In low

mass stars (< 1.5M�), the envelope is lost by stellar winds before the carbon abundance

exceeds that of the oxygen abundance. For the very low mass stars, no third dredge up

stage occurs. Stars in the mass range 1.5 < M� < 4.0 increase their carbon abundance

over oxygen and become carbon stars, which then evolve further and lose their envelope

in a stellar wind.

Intermediate mass stars (stars in a mass range 4.0 < M� < 8.0) convert any dredged

up carbon into nitrogen via the CNO cycle. The oxygen is not affected by this process

and thus the carbon abundance is much less than the oxygen. They do not become carbon
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stars until most of their envelope is lost.

In Ferrarotti and Gail (2006), a model for the dust production rate of AGB stars

was produced by combining simple models of dust formation in stellar winds with AGB

evolutionary models, allowing them to determine the quantity and composition of dust

produced via this process. They presented their results in the form of mass and metal-

licity dependent yield tables which we use in our model. More information on how we

implemented these tables into our model is presented in the next chapter.

4.2.2 Supernovae yields

Massive stars (M∗ > 8M�) can also be factories for dust production. Similar to dust

production in AGB stars, dust can also be formed in the stellar winds of Red Supergiants

which is an evolutionary stage for stars in the mass range 8M� ≤ M∗ ≤ 40M�. However,

it is expected that any dust formed during this process is destroyed by the shock wave

of the subsequent core collapse supernovae explosion (Zhukovska et al., 2008). The most

massive stars (M∗ > 40M�) are able to form dust in the massive shell ejections caused

by giant eruptions during the Luminous-Blue-Variables (LBV) phase (Smith and Owocki,

2006). There is currently not enough information on these objects to include them in

dust chemistry models, and it is unknown how much dust (if any) survives the subsequent

supernovae explosion as with the red supergiants, though there is some evidence that the

expansion velocity from giant eruptions may be much higher than with stellar winds and

the dust may therefore survive.

Another type of dust production is from Wolf-Rayet stars. These are massive stars

undergoing huge mass loss in their last evolutionary stage before they go supernova.

Their contribution to dust production is presumably negligible due to them being rare

(Marchenko et al., 2006), and the supernovae explosion occurring very shortly after this

stage which destroys most of the dust anyway (van der Hucht, 2006).

The last source of dust production from massive stars is in core collapse supernovae

remnants, where dust is assumed to be produced in the same way it is produced in stellar

winds described above. Unfortunately, no modelling has been done on the production rate

of dust in high mass stars, and thus their values are constrained using observations of local

supernovae remnants.
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4.3 Dust destruction

The destruction of dust grains is mainly caused by high velocity supernovae shocks with

velocities exceeding 100 km s−1 (Jones et al., 1996; Seab, 1987). The dust grains are

bombarded with particles (usually He+) energised by the shock which causes destruction

of the dust grains by the ejection of particles due to the bombardment, a process known

as sputtering.

McKee (1989) described the average galactic timescale for destruction of a dust species

j by supernovae as:

τdest =
MISM

Mj,clearedfSNRSN
(4.1)

where MISM is the total mass of the ISM, RSN is the supernovae rate, fSN is the fraction

of supernovae that explode within the galactic plane and destroy dust and Mj,cleared is the

mass of cold gas that is totally void of a particular species of dust that is destroyed by an

average supernovae.

4.4 Dust growth

Dust growth in molecular clouds is an important aspect in dust chemistry models and is

necessary in order to reproduce both high redshift dust mass observations and the high

observed depletions of elements in the ISM (e.g. Jenkins, 2004). Dust growth occurs when

particles are accreted onto existing grains and is thus favoured to happen in denser envir-

onments (in order to have more interactions) and cooler environments (so that collisions

do not destroy or fracture grains). Thus a perfect environment for dust grain growth is

inside the cold dense environment of molecular clouds. As particles must be accreted onto

existing dust grains, molecular clouds must first be seeded by dust grains from stellar

sources in order to start the process.

Derivation of the dust growth equation and accretion timescale

We derive the fractional change of dust and accretion timescale from first principles. We

take the rate of accretion of an atom onto a dust grain to be:

νjσgvnd (4.2)

where νj is the ‘stickability’ of an atom onto a dust grain, σg is the cross section for dust

grain interactions, v is the velocity and nd is the number density of dust grains.
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The mass of an element j, Mj , decreases by the rate at which it accretes onto dust

grains, and can be described by:

1

Mj

dMj

dt
= −νjσgvnd (4.3)

with the number density of dust grains described as:

nd =
Md

mgV
(4.4)

where Md is the dust mass, mg is the typical grain mass and V is the volume. If we

substitute the number density into the above equation we get:

dMj

dt
= −νjσgv

Md

mgV
Mj (4.5)

If we assume that the ‘stickability’ of element j, νj is the same for all elements, then we

can replace νj with ν, and then sum over all different elements to get the total loss of all

elements onto dust grains:

d
∑
Mj

dt
= −νσgv

Md

mgV

∑
Mj (4.6)

We can define Mzd as the total mass in metals both locked up in dust and in the diffuse

gas, so that:

Mzd =
∑
j

Mj +Md (4.7)

and then

− Md

dt
= −νσgv

Md

mgV
(Mzd −Md) (4.8)

Let fd = Md / Mzd, be the fraction of condensible elements locked up in dust. With some

rearranging we find:

dfd
dt

=
νσgv

mg

Mzd

V
fd(1− fd) (4.9)

We can define the first set of terms on the right hand side as a timescale such that:

τacc =
( mg

νσgv

V

M

)( M

Mzd

)
(4.10)

where we add a mass, M, to the top and bottom. The terms in the first set of brackets

represent the properties of the dust grain, whereias the properties on the right represent
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the properties of the growth environment. This now gives us an ordinary differential

equation:

dfd
dt

=
fd(1− fd)

τacc
(4.11)

that can be solved to find:

fd(t) =
Cet/τacc

1 + Cet/τacc
(4.12)

where C is a constant. Using the initial condition that at t = 0 we have some initial dust

mass; fd(0) = fd0, we can rearrange this to find:

fd(t) =
fd0

fd0 + (1− fd0)e−t/τacc
(4.13)

This equation now describes the fraction of condensible material that will be converted

into dust grains at time t. Thinking about this equation we can see that it makes sense.

At time t=0, we see that fd = fd0; while for larger times (t >> τacc) we find that fd tends

towards fd = 1, which would represent the total condensation of metals onto dust grains.

The environment most favourable for grain growth to occur is inside cold and dense

molecular clouds. At the instant a molecular cloud is formed, the cloud will inherit the

dust content of the ISM. If we take the initial condensation value to be fd0, the effective

dust mass return for an individual molecular cloud would be:

Mgrown,MC = (fd − fd0)Mzd,MC (4.14)

where Mzd,MC is the total amount of condensible elements in metals or dust available for

accretion inside that one molecular cloud.

The probability distribution function for the lifetime of a molecular cloud can be

modelled as a Poisson distribution:

p(t) =
1

τexch
e−t/texch (4.15)

Here it is assumed that cloud destruction occurs at random with a mean lifetime τexch.

We take the probability that the cloud has a lifetime less than t to be:

P (t) =

∫ t

0
p(t)dt =

∫ t

0

1

τexch
e−t/texchdt (4.16)

The fractional change of material to the ISM occurs at the end of the molecular cloud

lifetime, and can be taken to be (assuming a constant cloud production rate):
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fd,ret(t) =

∫ t

0
p(x)fd(t− x)dx =

∫ t

0

1

τexch
e−x/texch

fd0(t− x)

fd0(t− x) + (1− fd0(t− x))e−x/texch
dx

(4.17)

This equation describes the fractional change of material returned to the ISM, for a mo-

lecular cloud that was born at time t=0 and which inherited the dust fraction of the ISM,

which occurred at a time (t - x) ago.

Zhukovska et al. (2008) arrived at the same equation, but from a different derivation

(thus a different accretion timescale). They found that the dust production by clouds is

nearly independent of the details of the growth process within the clouds and is almost

exclusively determined by the cycling frequency between the clouds and the ISM. They

found a good analytic fit to integrating Equation 4.17 for a full range of tacc and texch

values to be:

fd,ret =
[ 1

f2
d0(1 + τexch/τacc)2

+ 1
]−0.5

(4.18)

This approximation requires the assumption that t >> than the maximum possible values

for τexch and τacc so that the upper limit on the integral in Equation 4.17 can be replaced

by ∞ and so fd0 is essentially constant over timescales of the order t>>max(τexch ;τacc).

In our tests, we found that this equation further requires that τexch >> τacc or else fd

plateaus at the wrong value.

We can now expand Equation 4.14 to get the total dust mass return from all molecular

clouds:

Ṁd,grown =
1

texch,eff
(fd,ret − fd0)Mzd (4.19)

where we have defined an effective timescale for the cycling of material through molecular

clouds.

τexch,eff = τexch
1− fmol
fmol

(4.20)

where fmol is the molecular gas mass fraction.

Final equations to solve

This leaves us with the following equations to describe the evolution of element j from

metals into dust via accretion:
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Ṁj,d,grown =
1

τexch,eff
(fj,d,ret − fj,d0)(Mj,metals +Mj,dust) (4.21)

fj,d,ret =
[ 1

f2
j,d0(1 + τexch/τacc,j)2

+ 1
]−0.5

(4.22)

τacc,j =
mg

νσgv

V

M

M

(Mj,metals +Mj,dust)
(4.23)

These are the equations that we need to solve in our SAM, and the implementation

of these equations and the subsequent testing and results are described in the next two

chapters.

4.5 Converting observations into physical quantities

In order to compare our model with observational data, it is important to understand how

observers calculate the dust properties of their galaxy populations. Observers only really

have access to the luminosity of a galaxy, and sometimes also its spectrum. In order to

get a dust mass you need observations of a galaxy in several different wavebands in order

to produce a spectral energy distribution across as much as the electromagnetic spectrum

as possible, which can then be compared with theoretical models.

Derivations of physical dust quantities are generally done using SED modelling. This

involves fitting the observed SED to some template library which was built assuming

specific properties of the dust, most importantly a dust temperature which is used to

calculate a modified blackbody (greybody) curve. More complicated models can also take

into account other microscopic dust properties, such as the dust composition and grain size

(Zubko et al., 2004). These models typically assume that dust properties and conditions

are uniform throughout the galaxy (Rémy-Ruyer et al., 2015), or that the dust properties

in all galaxies at all times are similar to those in local models (Santini et al., 2014).

At higher redshifts, far infrared (FIR), millimetre(mm) and submillimetre(sub-mm)

observations are generally only possible in extreme galaxies, such as those undergoing

starbursts or heavy AGN activity. Though mm and sub-mm observations have still been

shown to be powerful tools in determining how the dust and gas is evolving in high-redshift

galaxies, with molecular transitions such as CO and the continuum emission been used to

determine the properties of the gas (e.g. Greve et al. (2005), Tacconi et al. (2006), Scott

et al. (2011)) and dust (e.g. da Cunha et al. (2008)) respectively. Further complications
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arise from the further heating of dust at higher redshifts due to the CMB (da Cunha

et al., 2013), and the lack of many observational data points in the FIR (often only one

point) mean a dust temperature can’t be calculated in the typical way, and one must be

assumed. The assumption of a dust temperature can lead to differing dust masses by up

to an order of magnitude (Schaerer et al., 2015). Still, observations using ALMA and the

Plateau de Bure Interferometer (PdBI) have been used to provide upper limits on the

dust content of high-redshift galaxies (e.g. Kanekar et al., 2013; Ouchi et al., 2013; Ota

et al., 2014; Schaerer et al., 2015; Maiolino et al., 2015). The dust content of the z=7.5

Lyman break galaxy A1689-zD1 (Watson et al., 2015) suggests a dust mass of 4× 107M�

, highlighting the need for efficient dust growth mechanisms when the universe is less than

1Gyr old (Mancini et al., 2015). Though these galaxies may not be representative of the

‘normal’ galaxy population, they help us constrain the dust formation process (Popping

et al., 2016).

An alternate method for calculating dust properties is by using Gamma Ray Bursts

(GRBs). GRBs are massive stellar explosions observed to have synchrotron spectra, thus

any absorption lines must originate from the medium between us and the GRB (Wiseman

et al., 2017). They are also useful tools over a large range of redshifts due to their extreme

luminosities. Unlike the typically ‘extreme’ high-redshift galaxies detected in the FIR or

mm/sub-mm, GRBs can be detected in galaxies of any physical properties (e.g. Fynbo

et al., 2008; Mannucci et al., 2011; Krühler et al., 2015; Cucchiara et al., 2015). Using

UV and optical absorption line spectroscopy, it is possible to measure the dust and metal

column densities, and thus the dust to metal ratio (e.g. De Cia et al., 2013; Wiseman

et al., 2017). It is not possible to calculate dust masses themselves without assuming

a column length. This is not a problem for the dust to metal ratio calculation as any

assumed column length would cancel out. The caveat to using this method for deriving

dust properties is that you don’t always have knowledge of the location of the GRB inside

a galaxy. If the GRB goes off inside a heavy star-forming region full of dust, this will give

more biased results as opposed to going off in a region void of dust, for example.

It should be noted that some observational studies such as Santini et al. (2014) found

that galaxies with the same physical properties (such as stellar mass and star formation

rate) do not show any significant evolution in terms of dust content with redshift. However,

different redshifts are generally populated by galaxies of different star formation and stellar

mass properties, hence different dust masses in general. If anything, their observations

showed a slightly higher dust content in higher redshift galaxies, perhaps as a consequence
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of the higher ISM content in those galaxies.
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Chapter 5

The testing and implementation of

a physically motivated dust model

This chapter of the thesis is dedicated to the implementation, testing and challenges

introduced by implementing a physically motivated dust model into L-Galaxies. It

includes a description of the equations that were used in producing the new dust model,

any alterations to the existing L-Galaxies model, as well as the testing we performed in

order to ensure the model was working as intended.

5.1 General considerations

Some of the more general challenges when implementing the new dust model into L-

Galaxies were how we would keep track of the new information that would be introduced,

and how we would treat the dust on a physical level inside the code. As explained in

Chapter 2, the detailed chemical enrichment model keeps track of individual metal species

separately, but they remain a component of the gas phases at any given time. In order

to conserve mass in the simplest way possible, it would be easiest for us to deal with

dust in exactly the same way, thus any dust is also part of the total gas mass. One

thing we did have to consider though, was whether the dust mass would also be a portion

of the metal mass, or whether we would treat the dust and metals as totally separate

entities. Motivated by observations, we decided to track dust separately from metals,

as we originally thought that the observed gas phase metallicity measurements generally

ignore dust content. We later learnt that observers generally correct for dust by assuming

some depletion factor of metals onto dust, but opted not to change the code at that point.

This means that any dust production or destruction calculations in our model require a
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corresponding calculation to take place on the metals in order to conserve mass (as dust

is created from metals).

In terms of keeping track of the new information introduced by the dust model, any

detailed dust model needs to be compatible with the underlying chemical enrichment

model, which in our case keeps track of 11 individual elements (H, He, C, N, O, Ne, Mg,

Si, S, Ca and Fe). Many dust models in the past have chosen to model dust based on

species, such as silicate or carbonate based dust, rather than by metal abundance (e.g.

Zhukovska et al. (2008)). In our model, AGB dust production comes from mass and

metallicity dependent yield tables (we discuss this in more detail below) and these yield

tables also give their output in the form of a mass of a specific dust species returned,

rather than the individual element make up. When we originally started working on the

model, we decided to treat the dust in the same way, with each galaxy storing the amount

of dust held for silicates, carbonates, silicon carbides and iron dust, with the sum of these

four types representing the total dust mass. However, this ended up causing a number

of problems, such as with the conservation of elements (elements could change type when

converted into dust and later destroyed back into metals). In the end, we decided to track

the dust as a function of its element composition instead, any conversions required between

dust species and element abundance (such as when converting the AGB dust yield tables)

were done assuming the element mass percentages that make up that specific dust species

on average, as described by Table 5.1.

In our model, we assume that the temperature of the hot and ejected gas phases are

sufficient to destroy dust grains immediately, such that the cold gas or ISM phase of the

model is the only one in which dust can survive. If dust in our model is moved out of the

ISM due to a physical process, such as feedback, we assume that the dust is destroyed

and returned to its metal components. In Figure 5.1 we see a schematic outlining the

main processes under consideration in the new dust model within the stellar disk and cold

gas components, with the cold gas additionally split into its metal and dust components.

When stars die in the disk, they enrich the cold gas with both metals (shown by the red

lines) and dust (shown by the green lines). Dust is also grown inside molecular clouds

from the accretion of metals onto pre-existing dust grains, and similarly dust grains can

be destroyed by supernovae shocks and thus returned to it’s metal components. The dust

growth and destruction processes are represented by the green lines showing exchange

between the metal and dust components of the ISM. The blue lines represent the star

formation process, where material from the ISM, including cold gas, metals and dust are



73

Figure 5.1: Schematic to show how the production of metals and dust is dealt with inside

the model. This simple schematic shows the stellar disk component of a galaxy in our

model, as well as the cold gas (ISM) component. The ISM is further split into the metal

and dust components that we treat separately from one another. The red arrows show

the enrichment of metals from the death of stars. The green lines show the enrichment

of dust when stars die, as well as dust growth within molecular clouds (converting metals

into dust), and grain destruction (converting dust into metals). Also shown is the star

formation process, which removes both metals and dust (and cold gas) from the ISM into

newly formed stars.

incorporated into newly formed stars. For simplicity, only processes directly relevant to

the dust model are shown.

5.2 Other changes to the model

For the most part, the version of L-Galaxies used for the rest of this thesis is the same

one as in previous chapters. However, in order to model the dust more effectively, we

required the implementation of the detailed chemical enrchment modelling of Yates et al.

(2013), as this adds the delayed enrichment of 11 elements to the model. The switch

from an instantaneous recycling approximation to delayed enrichment is very important,

particularly when considering the growth of dust at very early times. The addition of the

11 elements to the model, which includes several refractory elements known to exist inside

dust grains, such as silicon, carbon and iron, allows us to calculate the dust return from

supernovae, which essentially converts some portion of the metals produced in supernovae

into dust based on a condensation parameter derived from observations of local supernovae
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Table 5.1: This table describes the different dust species considered in this work, and the

average mass by element of each dust species. Where we have a dust species mass, such

as from the low mass dust return tables, we then convert this to its individual elements

based on the mass breakdown listed here.

Dust Species Chemistry Mass Breakdown

Forsterite Mg2SiO4 Si (20%) O (45%) Mg (35%)

Fayalite Fe2SiO4 Si (14%) O (31%) Fe (55%)

Enstatite MgSiO3 Si (28%) O (48%) Mg (24%)

Ferrosilite Fe2Si2O6 Si (21%) O (36%) Fe (42%)

Quartz SiO4 Si (31%) O (69%)

SiC SiC Si (70%) C (30%)

Iron Fe Fe (100%)

Carbon C C (100%)

remnants. This is described in more detail in Section 5.4.1 below.

5.3 Main Equation

The dust production rate of a galaxy can be simply given by the following equation:

Ṁd(t) = Ẏd(t) + Ṁd,grown − Ṁd,dest + f(Md) (5.1)

where Ṁd(t) is the rate of dust production, Ṁd,grown is rate of dust grown in molecular

clouds, Ṁd,dest is the rate of dust removed due to destruction. f(Md) describes other pro-

cesses that are not included in the equation in order to keep it simple, but have an impact

on the dust content of galaxies, such as star formation or feedback. We describe these

processes in detail in Section 5.7 below. Ẏd(t) is the stellar yield rate of dust production

and is described by:

Ẏd(t) =

∫ mup

m(t)
md(m,Z)Φ(m)SFR(t− τ(m))dm (5.2)

where md(m,Z) is the mass of dust produced by a star of mass m and metallicity Z,

τ(m) is the lifetime of a star with mass m, Φ(m) is the normalised IMF by number, and

SFR(t− τ) is the star formation rate at the time when the star was born.

SFR(t − τ).Φ(m) gives the birthrate of stars of mass m at time (t - τ). We then

multiply this value by md(m,Z), which is the mass of dust produced by a single star of
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mass m and metallicity Z, giving us the total dust yield from stars of mass m at time t.

We can then integrate over a suitable choice of mass limits to obtain the total yield rate,

in the case above we use a lower limit of m(t) to be the mass of star with a lifetime t,

which would be the lowest mass of star that could have died by this time, and an upper

limit of mup, the highest mass of star considered in this work, which is 120M�.

5.4 Stellar Yields

In order to obtain the dust mass returned from stellar sources, such as AGB stars and

supernovae, we must solve Equation 5.2 which gives us the total mass of dust returned

from all stars that have died by a time, t. The mass of dust produced by a low mass star

of given mass and metallicity is taken from the tables given in the literature (Ferrarotti

and Gail, 2006). Unfortunately, there does not exist any table giving dust release from

more massive stars, and we discuss what we do for the dust return from massive stars (via

supernovae remnants) below in Section 5.4.1.

Solving the integral for each galaxy at each time step proved too time consuming and

expensive, and in the end, unnecessary. Instead, much of the integral can be calculated

before the main semi-analytic model is run, and the data stored in a set of look-up-tables

that can be assessed during the main program. This is possible, in part, because the time

structures of the star formation history arrays are the same for every galaxy at any given

time step inside the code, allowing the determination of which stars can die (based on

their initial mass) in each star formation history bin.

We can therefore rewrite Equation 5.2 as:

Ẏd(t) = SFR(t− τ)
[ ∫ mup

m(t)
md(m,Z)Φ(m)dm

]
(5.3)

where we now calculate the integral (assuming 1M� stellar populations) before the main

semi-analytic model is run and then multiply these pre-determined values by the stellar

birthrate, which is now outside the integral. This requires an assumption that all stars

in the range m(t) ≤ m ≤ mup are born at the same time, such that τm(t) = τmup = τ .

The integral is then solved numerically for a range of metallicities, in every star formation

history bin at every time step. The stellar lifetimes are taken from the mass and metallicity

dependent tables from Portinari et al. (1998). Inside the model, the true metallicity value

of a galaxy is used to interpolate between the pre-calculated integrals at each time step, and

multiplied by the stellar birthrate. The total stellar dust yield is then given by Ẏd(t).∆t,

where ∆t is the width of the time step. Any dust that is produced is then removed from
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Figure 5.2: The mass of dust species (silicates, carbon, silicon carbide and iron) returned

for a star based on the star’s initial mass. The left panel shows the relation for a metallicity

of Z = 0.004, and the right panel for Z = 0.02 (∼Z�)

.

the metal component of the ISM and added to the dust component, in order to preserve

the conservation of mass.

The Ferrarotti and Gail (2006) dust tables we use provide the mass of dust returned

for a given low mass star as a function of key dust species, such as silicates or iron based

dust grains, as shown in Figure 5.2. As discussed earlier, we store our dust grains as a

structure of elements rather than as species, and so we convert between the two using the

mass fraction of composite elements that build each dust species on average, as shown in

Table 5.1.

During testing of the dust yields from low mass stars it became apparent that, very

early in a galaxy’s life, we could end up with negative metal masses, and thus negative

metallicities. This is the result of having produced more dust than we have metals avail-

able. On investigation it was discovered that the dust yield tables for low mass stars had

a larger range of metallicities (0.0002 < Z < 0.4) than the partner tables that calculate

metal return from low mass stars (0.0004 < Z < 0.05), in particular the dust yield tables

went to higher metallicities. Thus for galaxies with very high metallicity, we could end up

in a situation where we were producing more dust than we had metals. As dust is formed

from metals, this should not be physically possible, and so we decided to limit the metalli-

city range of the dust yield tables to be the same for both dust and metal production. If a
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galaxy has a metallicity greater than the highest metallicity available to us from the metal

yield table, we return the maximum metal yield from the highest metallicity available to

us, rather than attempt to extrapolate our metal and dust yields.

5.4.1 Supernovae

Unfortunately, there does not currently exist any dust yield tables for high mass stars that

we can use in order to implement this production process in the same way as for AGB

stars. Therefore, we follow the implementation defined in Zhukovska et al. (2008) where it

is assumed that the amount of dust that is formed in supernovae remnants is proportional

to the total mass return of the key element required to form that particular type of dust.

The four types of dust modelled in Zhukovska et al. (2008) are silicates (main element Si),

Silicon Carbides (main element Si), Carbon based dust (main element C) and Iron based

dust (main element Fe). We then convert these dust species into their composite elements

as described above and outlined in Table 5.1. We also choose to implement SNIa dust

production, despite conflicting reports in the literature (this was described in more detail

in the previous chapter).

We use the following production rates for dust formed in core collapse supernovae:

Rsil,dust = ηsil,SNIIRSi,SNII
Asil
ASi

(5.4)

Rcar,dust = ηcar,SNIIRC,SNII
Acar
AC

(5.5)

Rsic,dust = ηsic,SNIIRSi,SNII
Asic
ASi

(5.6)

Riro,dust = ηiro,SNIIRFe,SNII
Airo
AFe

(5.7)

where Ax is the atomic weight of the given element or dust species; Rx is the mass return

of a given element and ηx are the efficiency parameters for converting a specific species

into dust and are based on observations of condensation in local supernovae remnants.

These efficiency parameters are defined considering the effects of the reverse shock and

are therefore smaller than they would be for initial dust condensation.

Similarly, for dust produced in the remnants of SNIa explosions:

Riro,dust = ηiro,SNIaRFe,SNIa
Airo
AFe

(5.8)

The efficiencies and atomic weights can be found in Table 5.2 and are taken from Zhukovska

et al. (2008).
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Table 5.2: The conversion efficiencies used for the production of dust grains in supernovae

remnants based on the mass return of key metals.

silicates carbon iron SiC

ηSNII 0.001 0.15 0.001 0.0003

ηSNIa 0.0 0.0 0.005 0.0

key element Si C Fe Si

Atomic weight A 172.0 12.01 55.85 40.10

The only thing remaining for the calculation is now the mass return of specific elements

from supernovae, which we get from our detailed chemical enrichment model, as described

in Chapter 2. This enrichment model obtains the stellar yields of stars in the mass range

6M� < M∗ < 120M�, and for 5 different metallicities in the range 0.0004 to 0.05 from

the yield tables by Portinari et al. (1998). Their work was based on the Padova stellar

evolutionary tracks (Girardi et al., 2000).

5.5 Dust growth

The implementation of dust growth inside molecular clouds proved challenging. To model

this properly, we would need to consider how accretion of metals onto dust grains varies

for different grain surfaces and compositions and for different metals as these processes

depend on the chemistry of the compounds involved. We instead go for a simpler model

which requires far fewer assumptions. To start with we assume that any element in our

model (except hydrogen and helium) can grow onto dust grains inside molecular clouds

in a manner that is proportional to the current abundance of that particular metal, as

described by the following equations.

The amount of dust grown inside molecular clouds is calculated following the pre-

scription of Zhukovska (2014) (and the derivation in the previous chapter) and is given

by:

Ṁd,grown =
∑
j

[ 1

τexch,eff

(
fj − fj,0

)(
Mj,metal +Mj,dust

)]
(5.9)

where Ṁd,grown is the total rate of dust grain growth when summed over all metals. Mj,metal

and Mj,dust are the mass of element j currently in metals and in dust, respectively. fj is

the condensation fraction of element j onto dust grains, and is taken from our derivation

in the previous chapter, using the analytic approximation from Zhukovska et al. (2008),
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we define this to be:

fj =
[(
fj,0(1 +

τexch

τacc
)
)−2

+ 1
]− 1

2
(5.10)

where fj,0 is the initial condensation fraction of element j in dust. We define this as the

initial condensation at the start of each time step and it takes the form:

fj,0 =
Mj,dust

Mj,metal +Mj,dust
(5.11)

The above equations consider two separate timescales, τacc and τexch. As we assume that

dust can only accrete onto dust grains inside cold, dense environments, such as molecular

clouds, we assume an effective exchange time, τexch,eff , which describes the cycling of the

cold gas (and thus metals) through molecular clouds and is taken from Zhukovska (2014),

and is given by:

τexch,eff = τexch
1− fmol

fmol
(5.12)

where fmol is the molecular gas fraction, and we explain how we obtain that from our

model below. τexch is the time scale for exchange from molecular clouds to the ISM, and

also the average lifetime of molecular clouds and is equal to 20Myr (Murray and Rahman,

2010).

A second timescale describes the accretion of material onto dust grains, and was also

derived in the previous chapter:

tacc =
[ mg

νσgv

V

Mmc

] M
Mzd

= tacc,0.
M

Mzd
(5.13)

The bracketed quantities represent the physical quantities of the grains. mg is the mass of

an individual dust grain, ν is the ”stickability” factor of elements onto dust grain surfaces

and takes a value between 0 and 1, σg is the grain cross section and v is the velocity of

interactions of elements with the grain surface. V and Mmc are the volume and mass of an

average molecular cloud respectively. M is the mass of metals inside all molecular clouds

in our model available to grow onto dust grains and Mzd is the total amount of material

available to form dust or currently inside dust.

If we assume typical values, for radius a = 0.1µm grains, we expect a typical grain

density of 2 to 3 g/cm3. We can then calculate the grain mass, mg, if we assume grains

have spherical symmetry. The cross section, σg, can be approximated as πa2. We can find

the thermal velocity easily if we assume a molecular cloud temperature of 50K, and an
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average atom mass, for which we use carbon-12. This leaves us with the volume and mass

of an average molecular cloud, which we take to be 105 pc3 and 2 × 105 M� respectively.

Combining these together gives us a timescale of tacc,0 = 0.2Myr.

We considered several other ways of dealing with dust growth inside molecular clouds.

One way was to ignore the considerations of individual elements and instead do these

calculations once, for just the total dust mass. That way, we can ignore the individual

chemistry of specific elements in dust growth accretion, and it may even be more repres-

entative for element abundances as we make fewer assumptions about what happens in

this phase. However we would lose information of the elemental make up of dust content

in our galaxies by only tracking the total dust mass, and in testing, elements were able to

convert from one species to another via the dust growth and destruction processes, thus

metal abundances were no longer conserved.

Molecular gas fraction

The standard L-Galaxies model does not differentiate between atomic and molecular

hydrogen in the gas phase. We instead implement the model of Blitz and Rosolowsky

(2006), first implemented into L-Galaxies in Martindale et al. (2016), to split the cold

gas components into atomic and molecular fractions. In this model, the ratio of Hi to H2

gas in a galaxy is determined by the mid-plane hydrostatic pressure in the galactic disk.

We use the approximation to this model from Obreschkow et al. (2009):

Rmol = [Kr−4
diskMgas(Mgas + 〈fσ〉M stars

disk )]α (5.14)

MH2

MHI
=

∫
ΣH2(r)∫
ΣHI(r)

≈ (3.44R−0.506
mol + 4.82R−1.054

mol )−1 (5.15)

where rdisk is the is the scale length of the gas disk, Mgas is the told cold gas mass, M stars
disk

is the mass of the stellar disk and K = G/(8πP0). We adopt the same values for the

constants as in Obreschkow et al. (2009): P0 = 2.34 x 10−13Pa, α = 0.8, 〈 fσ 〉 = 0.4.

5.6 Dust destruction

There are a number of processes that can destroy dust in the ISM. Here we only consider

the destruction of dust due to supernovae blast waves, following the prescription of McKee

(1989):
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Ṁd,dest =
∑
j

[Mj,dust

τdest

]
(5.16)

where Md,dest is the total amount of dust destroyed when summed over all elements ,

Mj,dust, is the mass of a particular element locked in in dust, and τdest is the timescale for

destruction of dust:

τdest =
MISM

MclearedfSNRSN
(5.17)

where MISM is the mass of the ISM which we take to be the cold gas mass in our galaxies.

Mcleared is the amount of cold gas that is totally cleared of dust by an average supernovae.

This can take a different value depending on the type of dust considered, in the range

600 - 1000 M�. Rather than have a different value for each element locked up in dust,

we choose to set this as a constant of 1000 M�. fSN accounts for the effects of correlated

supernovae and supernovae out of the plane of the galaxy, and takes the value of 0.3. We

calculate the rate of supernovae, RSN, as the rate of supernovae type II and we derive it

from the IMF.

We neglect dust destruction by SNIa shocks since RSNIa < RSNII for the whole of galaxy

evolution. We do not consider dust destruction due to UV radiation and cosmic rays.

5.7 Changes to existing functions in L-Galaxies

There are other pre-existing functions that act on the cold gas phase in general, and they

need to be modified to consider the dust that also now resides within the ISM.

Star formation

When parts of the ISM collapse to form stars, anything that resides within the ISM can also

make its way inside stars, including both metals and dust. Due to the high temperatures

involved, we make the assumption that any dust is almost certainly destroyed by the star

formation process, and we add any dust to the stellar metal component (as opposed to

the cold gas metal component). We remove dust from the ISM in proportion to the mass

of stars that are formed.

∆Md = −
(Mformed

Mcg

)
.Md (5.18)
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Mergers

We follow the same methodology for merging galaxies as described in Chapter 2. In a

minor merger, we assume the dust components of the merging galaxies survive and are

placed into the disk component of the most massive galaxy. In a major merger, the disk

component is transferred to the bulge of the descendant galaxy. It is assumed the dust

can not survive at these higher temperatures and so it is destroyed into metals and added

to the hot gas metal component of the new descendent galaxy.

Transfer functions

There are several other mechanisms, such as feedback, reheating or cooling, that call upon

transfer functions in the code to move material between different phases in the galaxy,

such as from the ISM to the CGM. We assume in our model that dust can only exist in

the cold gas phase, and that anywhere else, the temperature is sufficient to destroy dust

grains back to its metal components. Thus, any transfer of dust to gas phases outside the

ISM, is put into the metal component instead.

5.8 A simple test model

In order to test the implementation of our code for the dust growth and destruction

mechanisms, we can use a simple test model environment where we control everything,

and then compare the answer from this simple model with the analytic solution of the

equations that govern these mechanisms. Therefore we created a very simple model that

starts with some basic initial conditions for the mass in cold gas and the mass in metals,

and then apply the equations we are attempting to test at each time step. In all the

three test scenarios below, there is no replenishment mechanism for the cold gas or for

the metals. Figure 5.3 shows how the simple model works, at each time step, some cold

gas is converted into stars, which can then produce some metals and dust. Over time,

the cold gas depletes while the other components increase, as you’d expect for a simple

model with no replenishment mechanisms for the cold gas. We now use this model to test

three different scenarios: (1) dust growth only, (2) dust destruction only and (3) both dust

growth and destruction.
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Figure 5.3: A plot showing how the cold gas, stellar mass, metal mass and dust mass

evolve through time in our simple test model.

5.8.1 Dust growth

In the first test scenario, we will test the implementation of the dust growth equations.

For this test, we seed our code with some initial cold gas mass, metal mass and dust mass.

We need to start with some dust in order to grow more dust, as all other sources of dust

production are disabled for this test. The evolution of the cold gas, metal mass and dust

mass is shown in the left panel of Figure 5.4. In order to verify the code is working as

intended, we must solve the dust growth equations analytically, and then compare with

the model.

Analytic Solution

We start with the equation we are trying to solve, the dust growth equation:

Ṁd,grown =
∑
j

[ 1

τexch,eff

(
fj − fj,0

)(
Mj,zd

)]
=
∑
j

[ 1

τexch,eff

(
fjMj,zd −Mj,dust

)]
(5.19)

If we assume that for any specific element, j, that all interactions are the same, we can

take care of the summation:

Ṁd,grown =
[ 1

τexch,eff

(
fMzd −Mdust

)]
(5.20)
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Figure 5.4: A simple model testing the implementation of the dust growth equations with

the analytic solution.

In order to make the equation easier to solve, we can rename some of the variables. Let B

= τexch,eff , A = f and Mdust = D. In the case of our simple model, with no replenishment

mechanisms for cold gas or metals, and with known initial conditions, we are able to

rewrite Mzd(t) = Mmetals(t) + Mdust(t) = Mmetals(0) - Mdust(t) + Mdust(t) = Mmetals(0)

= C. In order to make the equation easier to solve, we also treat f as a constant. If we

then substitute this into the above equation, we get:

Ḋ =
[ 1

B

(
AC −D

)]
(5.21)

Grouping similar terms:

Ḋ
( 1

AC −D

)
=

1

B
(5.22)

∫ D(t)

D(t=0)

( 1

AC −D

)
dD =

∫ t

t=0

1

B
dt (5.23)

which can be solved using integration by substitution:

[
− ln[AC −D]

]D(t)

D(t=0)
=
[ t
B

]t
t=0

(5.24)

t

B
=
[
− ln[AC −D]

]
−
[
− ln[AC −D0]

]
(5.25)

t = Bln
[AC −D0

AC −D

]
(5.26)
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Figure 5.5: A simple model testing the implementation of the dust destruction equations

with the analytic solution.

Physically, D, or Mdust can take any value Md,0 ≤ Md ≤ fMm,0, and given the above

analytic solution, we are now able to calculate a time, t, for a givenMdust value. Comparing

this with the output of the simple model should give the same distribution of answers if

the code is implemented correctly. This can be seen in the right hand panel of Figure 5.4,

where you can see they are the same.

5.9 Dust destruction

The second implementation test we considered was the equations for the dust destruction

process. In this case, our simple model was seeded with an initial mass of cold gas, metals

and dust but this time there were no dust production mechanisms at all. The left panel

of Figure 5.5 shows the evolution of the cold gas, metals and dust mass and we can see

that it evolves as expected, with the dust mass getting depleted over time due to no

replenishment mechanisms. Once again, we can solve the equations analytically in order

to compare with this simple model.

Analytic Solution

We start with the initial equation for the dust destruction mechanism:

Ṁd(t) =
1

τdes
Md (5.27)
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For simplicity let the destruction timescale be a constant such that, 1
τdes

= A, thus making

the equation trivial to solve:

dMd

dt
= A.Md (5.28)

∫ Md(t)

Md(0)

1

Md
=

∫ t

t0

Adt (5.29)

[ln(Md)]
Md(t)
Md(0) = A.t (5.30)

− ln
( Md,0

Md(t)

)
= A.t (5.31)

t = − 1

τdes
ln
( Md,0

Md(t)

)
(5.32)

We can solve this for a range of values 0 ≤ Md ≤ Md,0, and then compare with the output

from the simple model, as shown in the right hand panel of Figure 5.5 and as you can see,

the results are the same.

5.9.1 Additional test: Dust growth and destruction in a steady state

The third and final test we tried was the implementation of both the dust growth and

destruction processes together. Combining the equations for dust growth and destruction,

we get a function that looks like this:

Ṁdust(t) =
[ 1

τexch,eff

(
fMzd(t)−Mdust(t)

)]
− 1

τdes
Mdust(t) (5.33)

This is less trivial to solve than the previous two tests. Instead, we can consider a steady

state, where Ṁd(t) = 0, this allows us to solve this equation to find a value of Mdust where

the dust growth and destruction processes will stagnate. With a little rearranging we end

up with:

1

τexch,eff

(
fMmetals(0)−Mdust(t)

)
=

1

τdes
Mdust(t) (5.34)

Mdust(t) =
fMmetals(0)

τexch,eff
.

1
1

τexch,eff
+ 1

τacc

(5.35)

Substituting the values for these constants and initial conditions from our simple model,

we find a value where the growth and destruction processes stagnate to be Md ∼ 75758M�.
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Figure 5.6: A simple model testing the implementation of both the dust growth and

destruction equations with the analytic solution.

If we compare this to how our simple model evolves, as shown in Figure 5.6, you can see

that the model tends towards the value calculated as predicted.

5.10 Testing the model

For the remainder of this chapter we will discuss the testing of the model once fully

implemented into the L-Galaxies SAM, including some of the variations of the model

we ran in order to finalise the model and its parameters. Rather than do this on the full

Millennium and Millennium-II simulations, we run on only one tree file of Millennium,

representing 1/512 of the full Millennium box, but chosen to be representative of the full

simulation.

If we put all the components described above together, we now have a physically

motivated dust model built into L-Galaxies which includes production from AGB stars,

supernova remnants and grain growth inside molecular clouds, and also a model of dust

destruction due to supernovae shocks. One of the first plots we can look at is the stellar

mass to dust mass relation at z=0, shown in Figure 5.7. This was a function we had been

watching during the development of the model, and something we had wanted to match,

in part due to the large number of observational constraints available for this at z=0 and

beyond. This plot shows the L-Galaxies model described above, with no additional or
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Figure 5.7: The stellar-dust mass relation at z=0. The black line shows the median result

of our model, with the 2D histogram underneath representing individual galaxies. The

model was only run on 1/512 of the total Millennium simulation, though on a tree thought

to be representative. The observations are shown by coloured points.

fine tuning of any parameters. A selection criteria is applied to select star forming galaxies

only, in order to match the same selection bias of observations. For the median model

value to match as well as it does is impressive, though we are obviously over estimating

the amount of dust in the most massive galaxies at this redshift when compared with the

observations. With that said however, there is a discrepancy in the shape of the relation

between the four different observational datasets, and we investigate this further in the

next subsection.

5.10.1 Variation in observations

There is a large discrepancy in the observations available at z=0 for the stellar-dust mass

relation, particularly in the shape of the relation at the high mass end. This is highlighted

in Figure 5.8 which shows our model compared with each individual dataset in a separate

panel. The observations from Rémy-Ruyer et al. (2015), Bourne et al. (2012) and Ciesla

et al. (2014) show individual galaxies, where as Santini et al. (2014) shows binned data.

All these observed dust and stellar mass quantities were derived from model fitting to the

spectral energy distributions (SEDs) of the observed galaxies.
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Our model shows the best fit to the Ciesla et al. (2014) observations, matching both the

shape and normalisation well. The Rémy-Ruyer et al. (2015) observations show a much

larger scatter and larger errors than the other observational datasets, but when compared

with our model shows a fairly good agreement to the shape, though the observations have

a slightly lower normalisation across all stellar masses. Bourne et al. (2012) shows a much

shallower relation than the model does, with the largest discrepancy at the high mass end

where the difference between the observations and the model is quite large. As for the

Santini et al. (2014) data, if we ignore the last data point, the model matches the shape

of the function, but doesn’t quite match the normalisation, though it is within the scatter

shown by the underlying histogram.

The observations themselves contradict one another, particularly at the high mass

end, and this just highlights how difficult it is to obtain dust masses from observational

data. The SED fitting process requires a number of assumptions. The fact that the model

matches the shape of almost all the observations, and does a fairly good job at matching the

normalisation, particularly for low to intemediate mass galaxies, is encouraging. Though

we do appear to over predict the dust content of the most massive galaxies.

5.10.2 Convergence of MR and MRII

It is standard practice in Henriques et al. (2015) to make full use of both the Millennium

and Millennium-II simulations at low redshifts, so that we benefit from both the larger

volume of Millennium, but also benefit from the higher mass resolution of Millennium-II.

This however, requires that the simulations converge at some point in the plane you are

considering.

We plot the stellar-dust mass relation for a range of redshifts z=0-9 in Figure 5.9

using both Millennium and Millennium-II separately, and we can see that the simulations

converge in this space for z=0-4 at ∼ 109M�, but fail to do so at higher redshifts. This

test was only conducted on one (representative) tree file, so we may have more success at

z=5 and z=6 when running the full simulations.

We plot the stellar-dust mass relation for a range of redshifts z=0-9 in Figure 5.9

using both Millennium and Millennium-II separately, and we can see that the simulations

converge in this space at around 109M� for z=0-6. At higher redshifts, Millennium-II

doesn’t have galaxies with sufficient mass to converge with Millennium. This test was

only conducted on one (representative) tree file, so more tree files may show convergence

at the higher redshifts too.
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Figure 5.8: The stellar-dust mass relation at z=0. The black line shows the median result

of our model, with the 2D histogram underneath representing individual galaxies in purple.

The model was only run on 1/512 of the Millennium simulation, though on trees thought

to be representative. Each panel represents a different set of observations, Rémy-Ruyer

et al. (2015) in the top left, Bourne et al. (2012) top right, Ciesla et al. (2014) bottom left

and Santini et al. (2014) bottom right.
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Figure 5.9 shows that we can combine our analysis of the two simulations for z=0-6

and so we will do this in the next chapter of this thesis when we run the model on the full

Millennium simulations.

5.11 Different production mechanisms

Our dust model is comprised of several different production mechanisms, and it could be

interesting to know how important each one is to the dust production in galaxies. The

contribution of each type, such as whether AGB stars dominate in the local universe but

supernovae are much more important at earlier times, or if we need efficient grain growth

in the early universe to explain high redshift observations has long been debated in the

literature, and we provide a summary of this in the previous chapter. Having modelled

these processes over a cosmological time we can provide some insight to what works best

in our model by switching off specific components.

In this section, we run our model for a number of different scenarios: (1) dust pro-

duction by AGB stars only; (2) dust production by supernovae type-II only; (3) dust

production by supernovae type-Ia only; (4) dust production by grain growth in molecular

clouds only; (5) all the dust production mechanisms in scenarios 1,2,3,4 but with no dust

destruction mechanisms and (6), the intended model, with all production and destruction

mechanisms. In the case of scenario 4, you will never get any dust growth in molecular

clouds if you have no initial seeding of dust from stellar sources, so we seed these galaxies

with an initial dust mass. The seeded dust mass is chosen to be very small, but dust

growth is expected to begin in these galaxies before it usually would and thus we expect

slightly higher dust masses for this test. All the model variants are shown for redshift z=0

in the stellar-dust mass relation in Figure 5.10 and then compared against observational

constraints.

Its clear from Figure 5.10 that none of the stellar sources of dust (AGB, SNII, SNIa)

are capable of matching this relation at z=0 on their own. Its important to remember

that L-Galaxies is a self-consistent galaxy formation model across cosmic time, so what

happens in the past affects the future. Thus, AGB stars may not be the sole contributor

to the dust mass across all times, but they may still be very important at low-redshifts.

We will discuss the evolution of the dust rate for these production mechanisms in the

next chapter. For now though it is clear that, not only is dust growth in molecular clouds

necessary, it totally dominates by z=0, almost identically matching the plot representing

the ideal case with everything switched on. What is perhaps more surprising is how little
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Figure 5.9: The stellar-dust mass relation for redshifts z=0-8. The black line shows the

results from the Millennium simulation, where as the red line shows the results from the

Millennium-II simulation. A line is drawn at 109M� (roughly the convergence point) to

guide the eye.



93

Figure 5.10: The stellar-dust mass relation at z=0 when running different variations of

the dust model. These include: AGB dust production only (top left); supernovae type II

production only (top right); supernovae type Ia production only (centre left); grain growth

production only (centre right); no dust destruction (bottom left); and the idealised model

with all production and destruction mechanisms (bottom right). The purple points show

individual galaxies in our model and the black line shows the median. Red, green, orange

and blue points show the observational constraints.
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the model changes when we switch off dust destruction. This led to an investigation at

higher redshifts to see if this was always the case.

Figure 5.11 shows the stellar-dust relation, using the model variations outlined above

but for redshifts z=0-7. While the dust growth, no destruction and ideal models are all

practically identical at z=0, this is not always the case. Surprisingly, the model with no

destruction only shows a noticeable difference to the fiducial model at very high redshifts

and in the most massive galaxies. Stellar sources of dust on their own struggle to reproduce

the observations at all redshifts. For the model with only dust growth, it does not match

the observations at z=5-7, but starts to reach the required normalisation in high mass

galaxies between z=3 and z=4. By z=2, it can achieve the required dust masses in all but

the lowest mass galaxies, and finally matches the full shape and normalisation for z=0-1.

Our model highlights the need for a fast efficient dust growth mechanism that occurs very

early on in galaxy formation to explain the observed dust masses in high redshift galaxies,

though those galaxies must first be seeded with a source of dust from stellar sources.

Without a combined stellar and grain growth production model, we fail to achieve the

observed results at z=5-7.

There are times in Figure 5.11 when it seems that the dust growth only model lies

above the no destruction model. This is due to the initial seeding of the galaxies with

dust in the growth only model.

5.12 Varying model parameters

In this section we vary some of the model parameters introduced in the dust model to see

how this impacts the results. Two of the quantities we will experiment with are the dust

accretion timescale (described by Equation 5.13) and the total amount of dust destroyed.

Both of these parameters are derived using physical quantities, though its been common

practice to set these as free parameters in other work, particularly the dust accretion

timescale (e.g. Dwek (1998), Zhukovska et al. (2008), Popping et al. (2016)).

5.12.1 Varying the rate of grain growth in molecular clouds

In Section 5.5, we calculated a value for the dust accretion timescale from physical quant-

ities, and arrived at a value of 0.2Myr. However, for the work in this section, we set this

as a free parameter to see how this impacts the results.

Figure 5.12 shows the stellar-dust mass relation at redshift z=0 for three different

accretion timescales, 0.2Myr, 2.0Myr and 20Myr. As expected, longer timescales result in
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Figure 5.11: The stellar-dust mass relation at z=0-7 when running different variations of

the dust model. These include: AGB only; SNII only; SNIa only; grain growth in molecular

clouds only; no destruction; and a fiducial model with all production mechanisms switched

on with destruction. The black points show observations from a number of different sources

as described in the text.
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less dust growth, though the difference between 0.2Myr and 2Myr is minor by z=0. We

see slightly less dust mass for the same stellar mass for the 2Myr timescale, and a larger

scatter in the model galaxies, particularly at the low mass end. This suggests that the

time scale here is not the defining characteristic, and that it’s a lack of metal material

preventing further growth for the 0.2Myr timescale, or that the growth rate has reached a

steady state with the dust destruction. For timescales of 20Myr, we see that we no longer

produce enough dust to match the observational constraints by approximately one order

of magnitude. This highlights how important the production of dust via a grain growth

mechanism is to the total galactic dust mass, but also how sensitive it is to the choice of

accretion timescale.

5.12.2 Varying the mass of dust destroyed

In this section we choose to vary the destruction rate by changing the mass of dust des-

troyed by a factor of 0.1, 1.0 or 10.0 and the results for this are shown in Figure 5.13. The

fact that there is negligible difference between the models for ‘normal’ dust destruction

and when it is reduced by a factor of 10, suggests that its effect is minor at z=0, and

corresponds with what we noticed above when varying the accretion timescale between

0.2Myr and 2.0Myr, that dust growth is limited more by the amount of available metals

for accretion at redshift z=0 than anything else. By reducing the dust destruction by a

factor of 10 we see that our galaxies only gain a small amount of dust, suggesting that

grain growth is already close to peak efficiency at a destruction rate of 1.0. We do see

a reduction when we increase the amount of dust destroyed by a factor of 10, though

it mainly manifests itself as a change in the shape of the relation, particularly for high

mass galaxies. We also see a population of galaxies below the main relation when using

this increased destruction factor that suggests a number of galaxies have had their dust

masses quenched significantly. This occurs across the full range of stellar masses and is

not limited to just high mass galaxies. The fact that the mass in dust destroyed does

not seem to be important is an effect of showing this graph at z=0. The mass in dust

destroyed is proportional to the supernovae rate and thus the star formation rate, which

is decreasing at z=0. We explore the effects of dust destruction at higher redshifts, where

it has more of an impact, in the next subsection.
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Figure 5.12: Stellar-dust mass relation at z=0 with the dust accretion timescale set as a

free parameter. It takes a value of 0.2Myr in the top panel, 2.0Myr in the central panel

and 20Myr in the bottom panel.
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Figure 5.13: Stellar-dust mass relation at z=0 while varying the amount of dust destroyed

in the model. The top panel shows a model where we have reduced dust destruction by a

factor of 10, the central panel shows the ‘normal’ destruction, and the bottom panel shows

increased destruction by a factor of 10.
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5.12.3 Varying dust growth and destruction at higher redshift

We are attempting to produce a dust model that reproduces observed dust properties at

all redshifts, not just z=0, so we need to see how varying the growth and destruction rates

effects results at higher redshifts. Figure 5.14 shows the stellar-dust relation at redshifts

z=0-7, for the ‘normal’ parameter model, as well as the varied models outlined in the two

sections above for varied growth and destruction rates.

Varying the growth accretion timescale from 0.2Myr to 2.0Myr or 20Myr shows sup-

pressed dust growth in both models until relatively low redshift. The two only start to

diverge in high mass galaxies at z=3, and in all galaxies by z=0. A timescale of 20Myr

fails to reproduce observed dust masses at all redshifts, but a timescale of 2.0Myr begins

to match observations at the high mass end around z=1, and at all masses at z=0.

Models run with less destruction are the only models capable of achieving the norm-

alisation required to match the dust properties of galaxies at z=7, with the full model

catching up by z=4. Increasing the amount of dust destroyed significantly suppresses the

growth of dust in galaxies, failing to match observed dust masses by orders of magnitude

until z=0.

These results highlight the need for an efficient dust growth mechanism at high-redshift,

as only models with a growth timescale of 0.2Myr able to match the observed normalisa-

tions. Variations in these timescales are possible if you’re only interested in matching the

results at z=0, such as increased destruction, or a longer growth timescale.

5.13 Conclusion

In this chapter we have introduced a physically motivated dust model into the L-Galaxies

semi-analytical model and performed some initial testing on only a few tree files of the

Millennium simulation (which represents 1/512 the total volume). Our conclusions are as

follows:

(i) L-Galaxies now includes a physically motivated dust model that tracks the produc-

tion of dust from supernovae remnants, AGB winds and grain growth inside molecular

clouds. The model also includes a model for dust destruction by supernovae shocks.

(ii) The dust model is fully integrated into L-Galaxies such that the evolution of dust

is included in all the recipes relevant to the formation and evolution of galaxies, in-

cluding: metal enrichment; star formation; radiative feedback; cooling and reheating;

and both major and minor mergers.
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Figure 5.14: Variations of the stellar-dust relation at different redshifts (z=0-7) for vari-

ations of the dust growth and dust destruction efficiencies in the model.
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(iii) A simple modified model was run to test the implementation of the grain growth

and destruction processes which were then compared with the analytic solution; this

confirmed they were working as intended (Figures 5.4, 5.5 and 5.6).

(iv) We find a good fit to the shape and normalisation of the stellar-dust mass relation at

z=0, particularly at the low to intermediate masses, though we over predict the dust

mass in the most massive galaxies (Figure 5.7). However we note a large discrepancy

in the observations, particularly at the high mass end (Figure 5.8), though we find a

good fit to the Ciesla et al. (2014) observations at all masses.

(v) We found that running variations of the model to only include stellar sources of dust

could not reproduce the stellar-dust mass relation, even at early times (z=7); the pre-

dicted dust masses from supernovae are almost two orders of magnitude lower than

required to match the observations. This suggests the need for efficient dust produc-

tion in the early universe, which can only be explained by grain growth in molecular

clouds. When we include grain growth in our model, we match the observations at

all redshifts where we have observations (z=0-7) (Figure 5.11).

(vi) When experimenting with the dust accretion timescale as a free parameter, we found

that increasing it by an order of magnitude provided a slightly better fit to obser-

vations at z=0, at the expense of matching observations at all other redshifts. This

once again suggests the need for very efficient grain growth in the early universe.

(Figure 5.14)

(vii) Reducing the amount of dust destroyed in the model surprisingly had very little

difference on the stellar-dust mass relation, with only a noticeable difference to the

relation at z > 3, suggesting that the grain growth is running at almost peak ef-

ficiency in the fiducial model and that reducing the destruction had little impact.

Increasing the amount of dust destroyed had a more significant impact, delaying the

growth of dust inside galaxies to match observations all the way until z=0. This

actually provided a slightly better fit at z=0 than our normal model, by flattening

the relation at the high mass end, though at the expense of matching observations

at all other redshifts.

In summary, the new dust model manages to find success in reproducing the normalisa-

tion of observations in the stellar-dust mass plane for a wide range of redshifts. Tests have

shown that grain growth is the most efficient dust production mechanism in our model
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by far, and that a relatively short dust accretion timescale is required in order to match

observations at the highest redshifts. In the next chapter we will extend the predictions

of the model to look at a wider range of dust properties, as well as running the model on

the full Millennium and Millennium-II simulations.
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Chapter 6

The dust properties of galaxies in

the L-Galaxies SAM

This chapter of the thesis presents the final predictions of the dust properties of galaxies

using our detailed dust model and the L-Galaxies SAM. This includes the modelling of

the formation and destruction of dust through physical processes, such as the contribution

of AGB stars, supernovae and grain growth inside molecular clouds. Now that the dust

model is fully integrated into L-Galaxies, the model is run using both the Millennium

and Millennium-II simulations in order to make use of both the high mass resolution of

Millennium-II, and the large volume of Millennium. The majority of the results presented

in this section show results from both simulations, assuming that the simulations converge

at ∼ 109 M�. For redshifts z ≤ 5 we use both simulations, but at higher redshifts we

restrict ourselves to using Millennium-II only. Unless otherwise stated, we restrict our

samples to central star forming galaxies in order to select galaxies most comparable to

those identified in observational surveys.

6.1 Stellar-Dust Mass relation

The relationship between the stellar mass and the dust mass of galaxies is the relation

we focused on during the development of the model, in part due to the large number of

observational constraints available over a large redshift range. In the previous chapter

we discussed this relation in great detail, particularly at z=0. In this chapter, we extend

that discussion to a larger number of redshifts (0 < z < 8) and a much larger number

of galaxies by using the full Millennium and Millennium-II simulations, rather than just

one tree file representing 1/512 of the total volume. Figure 6.1 shows the new stellar-dust
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mass relation. The 2D histogram represents individual galaxies from the simulation, while

the black line shows the median result. The coloured points show observational data.

At z=0, we find a good fit to the normalisation and shape of the observations, par-

ticularly for low and intermediate masses. Despite a very good fit to the Ciesla et al.

(2014) observations, on the whole, we over predict the amount of dust in the most massive

galaxies. The observations tend to show a flattening in the relation after 1010M� which

we don’t see in the simulation. At higher redshifts, observations are typically only avail-

able for more massive galaxies, but we generally see that the model provides a good fit

to the normalisation until z=6. At very high redshift (z=6-7), our median result is under

the observations, but they are within the scatter of the histogram. We should note that

the majority of high-redshift observations often come from a single measurement in the

FIR. The dustiest galaxies will provide the strongest FIR flux, and so we may have an

observational bias towards the dustiest galaxies at high redshift. This may explain why

our median result is too low but the observations lay within the scatter of our histogram

and this is likely to improve as we observe more galaxies at high redshifts. Indeed, the

histogram reveals that the scatter in our model and the observations matches particularly

well at all redshifts.

The 2D histogram also reveals information about the evolution of the dust masses in

our model galaxies, with the transition from low to high dust masses clearly visible when

galaxies begin to be dominated by the grain growth in molecular clouds process. At z=0,

we see that the scatter in our model across this transition matches the observations from

Rémy-Ruyer et al. (2015) relatively well.

6.2 Dust to gas and dust to metal ratios

While the stellar-dust mass relation is an important and interesting test of our model,

perhaps a better one is how well the model compares with observations of the dust-to-

gas and dust-to-metal ratio. These quantities not only test our dust model but also the

underlying SAM. In this section, we explore how these ratios vary with stellar mass and

with metallicity.

6.2.1 Dust to gas ratios

The dust to gas mass ratio (hereafter DTG) describes the ratio between the total dust

content of a galaxy and the total cold gas mass. We compare this to two different proper-

ties, first, to see how the DTG ratio varies with stellar mass in Figure 6.2, and secondly
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Figure 6.1: The stellar-dust mass relation for redshifts z=0-8. The purple points show a 2D

histogram of individual galaxies in our model and the black line shows the median. Red,

green, orange and blue points show the observational constraints from Ciesla et al. (2014),

Rémy-Ruyer et al. (2015), Bourne et al. (2012) and Santini et al. (2014) respectively.
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how the DTG ratio varies with oxygen abundance, as seen in Figure 6.3.

Unfortunately, there are not many observational constraints available to compare our

model with, especially at z>0, in part due to the difficulty in measuring hydrogen at high

redshift. In Figure 6.2, we compare the DTG ratio of our model with observations from

Rémy-Ruyer et al. (2015). We find that the median value of our model fits the observations

relatively well, particularly above 108M�, though we appear to have less scatter in our

model than we see in the observations at z=0. At the low mass end, the scatter in the

observations is huge, but may be suggesting a much steeper increase in normalisation than

we see in the model as stellar mass increases. We do however see an increased scatter at

the low mass end at higher redshifts, but this has gone by z=0.

The relationship between the DTG ratio and the oxygen abundance in Figure 6.3 shows

the first time we have compared the gas, metals and dust in one plot. Once again, only

the Rémy-Ruyer et al. (2015) observations are available to us at z=0, with no constraints

available at higher redshifts. We find that the model can match the shape and normalisa-

tion for 6<12+log(O/H)<8.5, but that for very high oxygen abundance, we see that we

have too much dust. This agrees with the stellar-dust relation showing that we have too

much dust in massive galaxies at z=0. We also see much less scatter in the model than

the observations at z=0.

At higher redshifts we see the bimodal relation we first saw in Figure 6.1, where we see

galaxies transitioning to higher normalisations once the grain growth mechanism begins.

As time progresses, we see the median value switch from favouring the lower relation to

the higher one, as more galaxies begin growing more dust. By z=0, grain growth totally

dominates the relationship.

6.2.2 Dust to metal ratios

The dust-to-metal ratio (hereafter DTM) describes the ratio of the total dust mass and the

total metal mass. The DTM ratio is an important test of our model, as metals are required

in order to create dust. Though we keep our metals and dust as distinct quantities in our

model, we include dust in the calculation of the metal mass in the DTM ratio, as this is

what observers measure.

Figure 6.4 shows how the DTM ratio varies with stellar mass. The DTM ratio observa-

tions from Rémy-Ruyer et al. (2015) are converted from the oxygen abundances, assuming

that 12+log(O/H) = 8.69 corresponds to Z�. This gas-phase metallicity is then converted

into a metal mass by multiplying by the cold gas mass.
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Figure 6.2: The dust-to-gas ratio as a function of stellar mass. The purple points show

a 2D histogram of individual galaxies in our model and the black line shows the median.

Green points show the observational constraints from Rémy-Ruyer et al. (2015).
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Figure 6.3: The dust-to-gas ratio as a function of oxygen abundance. The purple points

show a 2D histogram of individual galaxies in our model and the black line shows the

median. Green points show the observational constraints from Rémy-Ruyer et al. (2015).
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Figure 6.4: The dust-to-metal ratio as a function of stellar mass. The purple points show

a 2D histogram of individual galaxies in our model and the black line shows the median.

Green points show the observational constraints from Rémy-Ruyer et al. (2015).
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The first thing to note is that the median model DTM ratio is very flat at z=0, showing

no stellar mass dependence. This is also true for all but the lowest mass galaxies until

z=4. At higher redshifts, we do see a stellar mass dependence in the relation, and what

we are seeing is the switch on of the grain growth process in massive galaxies. We also

see a slight increase in the normalisation with time. The underlying histogram also shows

increased scatter at the low mass end, increasingly so as we go to higher redshifts up to

z=5.

Interestingly, the observations show a scatter in the DTM ratio that covers over three

orders of magnitudes, which is not something we see in the model at z=0. Instead we see

a very flat relation with a very small scatter, though our model runs pretty much through

the middle of the observations, which also show no stellar mass dependence.

Figure 6.5 shows the DTM ratio as a function of oxygen abundance. We compare

with observations from Rémy-Ruyer et al. (2015) once again, but now also include meas-

urements of the DTM ratio from gamma ray bursts (GRBs) at higher redshift (Wiseman

et al., 2017). At z=0 we match the normalization of the observations in the range 7.5

< 12+log(O/H) < 8.5 but fail to match the shape. The observations show a very steep

relation, where as the model shows a much flatter relation. At higher redshifts, we match

the GRB observations well at z=2 and z=4, though at z=3 we find that our median values

miss the observed galaxies but they are within the scatter shown by the underlying 2D

histogram.

6.3 Dust formation rates

The detailed dust model we have built includes the modelling of several different dust

production and destruction mechanisms that all contribute to the final dust properties of

the galaxies in our model. As discussed previously in Chapter 4, in the literature it has

long been argued how important each of the individual processes are in the production of

dust in the Universe. One of the benefits of modelling these processes across all of time is

that we can look at each one individually and see how they much they contribute to the

final dust mass, and also look at how they evolve with time.

Figure 6.6 shows the dust production (or destruction) rate density in the ISM for

galaxies in our model across a large redshift range. This plot only includes galaxies in the

Millennium simulation, and so we impose a selection for galaxies to have a stellar mass

>109M� in order to remove galaxies below the mass resolution. We also plot the star

formation rate density for comparison, and we can see that overall, the dust production
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Figure 6.5: The dust-to-metal ratio as a function of oxygen abundance. The purple points

show a 2D histogram of individual galaxies in our model and the black line shows the

median. Green points show the observational constraints from Rémy-Ruyer et al. (2015).
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Figure 6.6: The production rate of dust through different mechanisms as a function of

redshift. Red, blue and yellow lines show the contribution from stellar sources of dust

production, type II supernovae, AGB stars and typeIa supernovae respectively. The green

line shows the contribution from grain growth inside molecular clouds. The black line

shows the dust destruction rate. The orange line shows the sum of all production processes

and takes into account the destruction, and is thus the total dust production rate. We

also plot the star formation rate density as a dashed cyan line for comparison.
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rate follows the star formation rate in that it rises up to a peak at around z ∼ 2, and

then decreases down to z=0. Dust production following the star formation makes sense,

as stars are needed to enrich their environments with the metals needed to produce dust.

We can see that grain growth in molecular clouds dominates the production of dust for

almost all of time, over taking type II supernovae at z=8 and rapidly increasing towards

its peak at z=2. We also find that we have a higher overall production rate of dust between

z=0 and z=1 than we do for star formation. The destruction rate closely follows the net

production rate, suggesting that any dust produced is recycled quickly. It is only at late

times that the destruction rate starts to deviate from the net production rate, and thats

due to a decrease in supernovae activity which are responsible for dust destruction.

If we look at the stellar contributions to the dust content, we see that they have

production rates at least two orders of magnitude lower than that from grain growth at

intermediate redshifts. Type II supernovae are found to dominate the stellar production

at early times, but peaks at z ∼ 2, closely following the shape of the star formation rate

as you would expect. AGB stars rapidly ramp up their production from z=8 up to their

peak at z=2 as more of the lower mass stars leave their main sequence hydrogen burning

phase and begin contributing to the dust content. We find that they begin to dominate

type II supernovae after z=3. Type Ia supernovae never have a significant impact on the

dust production rate, though this may be hindered in our model by the majority of type

Ia supernovae going off in the bulge, where we assume dust is immediately destroyed due

to higher gas phase temperatures.

We can also look at how the dust production rates vary with stellar mass as well as

redshift, and this is shown in Figure 6.7. In this plot, we see that the production of dust

in low mass galaxies is always dominated by stellar production mechanisms, in particular

type II supernovae, though the difference between type II supernovae and AGB stars

decreases over time. In high mass galaxies, we find that the dust production rate is always

dominated by grain growth, and increasingly down to intermediate mass galaxies as time

progresses. Interestingly, both types of supernovae dominate the AGB dust production

rate at M∗ < 107M�, apart from at z=0, but AGB production is equal to, or surpasses,

the supernovae rate for high mass galaxies after z=3.

6.4 Evolution

The evolution of these relations with time is another interesting thing we can look at.

Figure 6.8 shows the evolution of the stellar-dust relation, DTG-stellar relation and the
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Figure 6.7: The production rate of different dust mechanisms as a function of stellar mass,

shown at different redshifts z=0-8. Red, blue and yellow lines show the contribution from

stellar sources of dust production, type II supernovae, AGB stars and typeIa supernovae

respectively. The green line shows the contribution from grain growth inside molecular

clouds. The black line shows the dust destruction rate.
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DTM-stellar relation for redshifts z=0-8, as shown previously in Figures 6.1, 6.2 and 6.4

respectively.

Interestingly, the DTG-stellar relation and the stellar-dust mass relation (above 1010M�)

show no real evolution with time after z=6, with the median result from the stellar-dust

relation is almost identical above 109M�. Below this mass we see the ramp up in dust pro-

duction once the grain growth mechanism starts to dominate, and this step in the relation

shifts to lower masses as time goes on. We find much more evolution at low to intermediate

masses for the DTG ratio with both relations showing a stellar mass dependence, with

increasing dust mass, or increasing DTG ratio with increasing stellar mass.

We do see more evolution in the DTM-stellar mass relation, with a tend toward higher

DTM ratios as time progresses, suggesting that more and more metals are converted into

dust as time progresses. Interestingly, this relation is almost flat for high mass galaxies

after z=5, suggesting little to no stellar mass dependence on the DTM ratio above ∼

109M�.

Some observers have suggested (Santini et al., 2014) that the dust mass in galaxies

could be a function of the physical properties of a galaxy alone, such as the stellar mass and

star formation rate, and completely independent of time, which is something our model

would agree with for the highest mass galaxies giving the evolution shown in Figure 6.8,

once grain growth is well established in a galaxy. At lower masses, when stellar sources

of dust production dominate, we tend to see much more evolution with time. It is also

standard practice in the literature to make assumptions that the dust mass of a galaxy is

a percentage of its total cold gas mass or total metal mass. We find that this is only a

good approximation in galaxies with stellar masses greater than 1010M�.

6.5 Dust mass function

The dust mass function compares how the number density of galaxies varies as a function

of the galaxies dust mass, and you’d expect it to follow a similar relation to the stellar

mass function, with galaxies with less dust more common than massive galaxies with a

higher dust mass.

Figure 6.9 shows the dust mass function for redshifts z=0-8. The red line shows the

results of the Millennium-II simulation, and the black line the Millennium simulation. We

compare with observations from Vlahakis et al. (2005) and Clemens et al. (2013) at z=0.

We find that the model provides a good fit to the Clemens et al. (2013) observations, but

over predicts the number density when compared with Vlahakis et al. (2005). We see a
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Figure 6.8: The evolution of the stellar-dust relation (top), DTG ratio (central) and DTM

ratio (bottom) over a redshift range of z=0-8. This plot combines the different redshift

results from Figures 6.1, 6.2 and 6.4 for comparison.



117

strong evolution in the number density as time goes on, as you’d expect as more galaxies

build up their dust content.

6.6 Comparison with other work

The only other comparable study that has implemented a detailed dust model to galaxy

formation models on cosmological volumes is the work done by Popping et al. (2016)

(hereafter: PS16) using the SantaCruz SAM Somerville and Primack (1999). In the

same way that our supernovae dust production is based on the mass in metals of key

elements returned by supernovae, the PS16 model does this for all stellar sources, including

AGB stars rather than use the dust yield tables from Ferrarotti and Gail (2006) as we

do. Both models use the Zhukovska et al. (2008) approach for grain growth, though we

have a different derivation of the dust accretion timescale, leading to different values.

Both models use the same dust destruction timescale from McKee (1989). One of the key

differences is that in PS16 they assume that dust can survive outside of the ISM, and

model the dust in other gas phases, including its ejection and accretion onto the galaxy

from the hot halo. However, their model was run on a grid of haloes for a range of viral

masses, where as our model uses the Millennium simulations and thus has a cosmological

distribution of haloes with self-consistent histories.

PS16 found success in matching observations of the stellar-dust mass relation in both

local and high-redshift galaxies, as well as the DTG ratio as a function of stellar mass,

similar to our model. They did find that their stellar-dust mass relation does slowly

decrease with time from z=3 to z=0 but remains constant at higher redshifts.

Where we don’t consider the dust content in the CGM or ejected phases of galaxies,

PS16 find that a significant reservoir of dust may exist in the CGM, which can be as large,

or larger than the amount of dust in the ISM. Their models predict an even larger amount

of dust can be ejected from galaxies.

6.7 The first galaxies

So far we have seen that, for the range of redshifts considered (z=0-8), that we require a

very efficient dust production mechanism in order to match the observed dust properties

of galaxies using our model, but also that the dust-to-gas ratio and the stellar-dust mass

relation do not vary with redshift for most galaxies (Figure 6.8). In the previous chapter,

we saw that stellar sources could not produce enough dust to match observed quantities
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Figure 6.9: The Dust Mass Function (DMF) for redshifts z=0-8. The black line shows

the prediction of our model using the underlying dark matter Millennium simulation, and

the red line for Millennium-II. Observations are taken from Vlahakis et al. (2005) and

Clemens et al. (2013) at z=0.
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at any redshift. These statements all beg the question of what happens at even higher

redshifts? Is there a time when stellar sources of dust production are the dominate pro-

duction source? The first galaxies, which will hopefully be detected by the James Webb

Space Telescope (JWST) in the next few years, could potentially have very different dust

properties to the observations we have compared the model to so far.

Figure 6.10 shows the stellar-dust mass relation and the dust production rate from

AGB stars, supernovae remnants and grain growth for galaxies in the model between z=8

and z=15. Here we see a slightly different relationship to what we saw in Figure 6.8. We

see that type II supernovae dominates the production of dust at these very early times,

with the rate of dust production by grain growth closing the difference by z=8. As stellar

sources of dust dominate the production, we see a linear relationship between the stellar

and dust masses for all galaxies, missing the ‘step’ up we saw in Figure 6.8 when the

grain growth starts to dominate. This suggests that while the dust properties may vary

depending on the stellar mass of a galaxy at later times, with stellar sources dominating

low mass galaxies and grain growth dominating more massive galaxies, at these very early

times we see that all galaxies are dominated by stellar sources.

As grain dominates the dust production at later times, we considered whether it was

worthwhile simulating the stellar sources of dust production at all. While molecular clouds

must first be seeded with stellar sources of dust to begin accretion processes, we could

approximate this process to produce a simpler model. However, figure 6.10 suggests that

modelling the stellar sources of dust is important when considered the very first galaxies.

6.8 Conclusions

In this chapter we have run a modified version of the L-Galaxies semi-analytic model

which includes a prescription of detailed dust modelling on the full Millennium and

Millennium-II trees, and provided analysis on a variety of properties relevant to the dust

production of galaxies. By combining both of the Millennium simulations we are able to

make use of both the higher volume in order to find rarer objects, but also the higher mass

resolution of Millennium-II to probe lower mass galaxies. Our conclusions are as follows:

(i) We find a good fit to the shape and normalisation of the observations in the stellar-

dust mass plot over a wide range of redshifts z=0-7. A minor inconsistency is the

over prediction of dust masses in the highest mass galaxies at z=0. Our scatter at

z=0 is less than that found in the observations (Figure 6.1).
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Figure 6.10: The stellar-dust relation (top panel) and the dust production rates (lower

panel) for z=15 to z=8, the redshift range where we may potentially find the first galaxies

using JWST.
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(ii) Despite a lack of observational constraints when analysing the dust-to-gas mass ratio,

especially at higher redshift, we find a good fit to the shape and normalisation of

the DTG ratio vs. stellar mass. The scatter in the observations is found to be larger

than the scatter in our model at z=0, though the scatter in the model increases

dramatically for low mass galaxies, increasingly so at higher redshifts (Figure 6.2).

(iii) We match the normalisation of the dust-to-metal ratio at z=0 where we have observa-

tional constraints, though note that there’s a much larger scatter in the observations

than we have in the model. We also find that the DTM ratio is very flat, with seem-

ingly little to no stellar mass dependence found in the median result. Though we do

find increasing scatter in the low mass end, especially at higher redshifts (Figure 6.4).

(iv) We find a poor fit to the shape of the dust-to-metal and dust-to-gas ratios when plot

against the oxygen abundance. Though we tend to match the normalisation around

12+log(O/H) = 8.0, we see a much steeper relation in the observations than we do

in the model (Figures 6.3 and 6.5).

(v) We need a very efficient dust production mechanism in order to match the observed

dust properties of observed high-redshift galaxies, and we get this from dust grain

growth in molecular clouds. We also find that the dust destruction rate closely follows

the grain growth production rate, suggesting prompt recycling of any dust content,

which may explain the observed ‘red and dead’ dustless elliptical galaxy population

at late times (Figure 6.6).

(vi) We find that in high mass galaxies, there is little evolution in the stellar-dust mass

relation, dust-to-gas and dust-to-metal mass ratios. However we do see a stellar

mass dependence in the stellar-dust and dust-to-gas ratios, where as the dust-to-

metal ratio is increasingly flat with time, and with stellar mass (Figure 6.8).

(vii) At very early times (z=8 to z=15), where JWST will hopefully soon observe the first

galaxies to form, we find that type II supernovae dominate the production of dust in

these galaxies, and find a much stronger evolution in the stellar-dust mass relation

with time, as opposed to being independent of redshift at later times (Figure 6.10).
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Part IV

Conclusions
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Chapter 7

Conclusions

The formation and evolution of galaxies is an interesting subject to study because it in-

corporates astrophysics from all scales, from the initial perturbations in the early universe

creating the large scale structures that produce galaxies, right down to the evolution of

stellar populations and their manipulation of the host galaxy. Simulations of galaxy form-

ation allow us to test the various physical recipes against that which is observed in order

to build a true and proper picture of what is happening in the real universe. The work

presented in this thesis was done using L-Galaxies, which is a semi-analytic model of

galaxy formation built on top of the merger trees from the Millennium dark matter sim-

ulation, and is constrained to match certain key observations at low redshift by applying

a Monte Carlo Markov Chain (MCMC) method to constrain the free parameters.

Although it lasts less than 0.8 Gyr, the period of the Universe between z = 7 and z = 4

is important to study because it defines an epoch of interesting galaxy formation and evol-

ution activity. The start of this period marks the end of the epoch of reionization; galaxies

are starting to ramp up their metal and dust production; and we are finding evidence of

the first quasars. While astronomy is unique in allowing us to observe the Universe at

these early times, theoretical modelling is required to interpret those observations in terms

of an evolving galaxy population. The rapidly advancing observational constraints on the

physical properties of galaxies in the early Universe provide an opportunity to further test

and refine these galaxy formation model.

In the second part of this thesis, we used the L-Galaxies semi-analytic model to make

high-redshift predictions, something that was previously unexplored with this model. In

Chapter 3, we presented the results of this analysis, showing key observables such as

the stellar mass function, UV luminosity function, and star formation rate distribution

function. We found that the model starts to deviate from observational constraints at the
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highest redshifts, particularly in high mass galaxies. In the case of the UV luminosity

function, this is because the current dust model is calibrated at low redshift and lacks

sophistication in that it only depends on the cold gas mass and the density of metals.

Despite attempts to modify this model, including altering the redshift dependence and

replacing the metallicities of model galaxies to observed values, we struggled to find a

dust extinction model that agreed with observations at all redshifts.

Motivated by this, we built and implemented a physically motivated dust model into

the L-Galaxies semi-analytic model, and this is explored in the latter parts of this

thesis. Dust remains a problem in almost all areas of astronomy due to its obscuration

of light throughout the Universe. Thus, understanding the physical properties of dust in

galaxies is an important problem to solve. The new model includes prescriptions for the

production of dust from all the sources thought to be significant contributors to the dust

content in galaxies. These include implementing the mass and metallicity dependent dust

yield tables for low mass stars, approximating the dust production in supernovae based on

observations of local supernovae remnants, and an efficient grain growth mechanism that

accretes metals onto dust grains inside molecular clouds. A model for dust destruction by

shocks proportional to the supernovae rate was also implemented.

Our results show that we require a very efficient dust production mechanism on a

relatively short timescale in order to match the observed dust properties of galaxies across

cosmic time. Longer timescales for grain growth were able to reproduce observations at

z=0 at the expense of matching the high-redshift observations. Surprisingly, reducing the

mass of dust destroyed in the model had little effect on the results at lower redshifts,

suggesting that any dust destroyed is rapidly converted back to dust via the grain growth

mechanism. Increasing the mass of dust destroyed in the model was able to suppress the

growth of dust grains. Models run with only stellar sources of dust production were unable

to reproduce the dust content of galaxies at any redshift, often falling short of reproducing

the observed dust masses by over two orders of magnitude.

We saw how the dust-to-gas mass ratio and stellar-dust relation did not evolve signi-

ficantly with time, suggesting that the dust properties of a galaxy are more dependent on

the stellar mass or star formation rate of a galaxy, and not a function of time, which agrees

with what has been proposed in the literature. The dust-to-metal mass ratio is found to

evolve with time, as more metals are accreted onto dust grains the ratio decreases as is

expected, though we saw no stellar mass dependence on the dust-to-metal ratio.

We also discussed the dust production rate density as a function of redshift that showed
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that the growth of dust grains in molecular clouds is by far the dominant production mech-

anism across almost all of time. Type II supernovae are shown to be only the dominant

production mechanism at very high redshifts (z>8), and closely follows the star formation

rate density. AGB stars steadily ramp up their dust production over time, and become the

dominant stellar production source at z>3. Type Ia supernovae never have a significant

impact on the dust content. Interestingly, we saw how stellar sources of dust production

are always dominant in low mass galaxies, even at z=0, but that grain growth is the

dominant source of dust in intermediate and high mass galaxies.

7.1 Future Work

Spatial information

In a version of L-Galaxies currently in development, galaxies are split into rings which

each have their own stellar mass, star formation and gas content. It would be interesting to

see if the dust model would provide any interesting information on the spatial distribution

of dust in galaxies, whether specific production processes favour specific parts of a galaxy,

or whether specific areas have different element abundances to elsewhere.

Tuning of the model with MCMC

Several of the free parameters in the dust model, such as the efficiency factor in converting

supernovae metals into dust, or the dust accretion timescale, could be constrained with

observations using MCMC. This could also include the chemical enrichment model, which

was implemented before we considered the effects of dust, and as such, any free parameters

could be constrained now considering the effects of the dust model.

Dust extinction

The original intention of the dust model was to use it to reconcile the high redshift lumin-

osity function with observations. Extending the model described in this thesis to convert

dust masses into dust extinction values is no easy task, and requires precise information

on the distribution of dust inside (and indeed outside) galaxies, as well as assumptions

made on the geometry of the dust grains.

A first instance approximation could be made by calculating a V-band attenuation in

the same way that observers of gamma ray bursts do, with it being proportional to the

dust-to-gas ratio and metallicity, and scaled with milky way values. This could then be
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scaled to other wavelengths using a simple reddening law, such as the Calzetti dust law,

and applied to the luminosity function.

Similarly, we could also use the new dust properties to produce far infra-red luminosity

functions.
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Ilbert, O., McCracken, H. J., Le Fèvre, O., Capak, P., Dunlop, J., Karim, A., Renzini,

M. A., Caputi, K., Boissier, S., Arnouts, S., Aussel, H., Comparat, J., Guo, Q., Hudelot,

P., Kartaltepe, J., Kneib, J. P., Krogager, J. K., Le Floc’h, E., Lilly, S., Mellier, Y.,

Milvang-Jensen, B., Moutard, T., Onodera, M., Richard, J., Salvato, M., Sanders, D. B.,

Scoville, N., Silverman, J. D., Taniguchi, Y., Tasca, L., Thomas, R., Toft, S., Tresse,

L., Vergani, D., Wolk, M., and Zirm, A. (2013). Mass assembly in quiescent and star-

forming galaxies since z ∼ 4 from UltraVISTA. AAP, 556:A55. xiii, 33



139

Ilbert, O., Salvato, M., Le Floc’h, E., Aussel, H., Capak, P., McCracken, H. J., Mobasher,

B., Kartaltepe, J., Scoville, N., Sanders, D. B., Arnouts, S., Bundy, K., Cassata, P.,
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and Wuyts, S. (2009). The Evolution of the Stellar Mass Function of Galaxies from z

= 4.0 and the First Comprehensive Analysis of its Uncertainties: Evidence for Mass-

Dependent Evolution. ApJ, 701:1765–1796. xiii, 33

Marchesini, D., Whitaker, K. E., Brammer, G., van Dokkum, P. G., Labbé, I., Muzzin, A.,
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C., Glazebrook, K., Allen, R., Brammer, G. B., Kacprzak, G. G., Kawinwanichakij, L.,

Kelson, D. D., McCarthy, P. J., Mehrtens, N., Monson, A. J., Persson, S. E., Spitler,

L. R., Tilvi, V., and van Dokkum, P. (2014). Galaxy Stellar Mass Functions from

ZFOURGE/CANDELS: An Excess of Low-mass Galaxies since z = 2 and the Rapid

Buildup of Quiescent Galaxies. ApJ, 783:85. xiii, 33

Trakhtenbrot, B., Lira, P., Netzer, H., Cicone, C., Maiolino, R., and Shemmer, O. (2017).

ALMA Observations Show Major Mergers Among the Host Galaxies of Fast-growing,

High-redshift#8203 Supermassive#8203 Black Holes. ApJ, 836:8. 3

Trumpler, R. J. (1930). Absorption of Light in the Galactic System. PASP, 42:214. 58

Valiante, R., Schneider, R., Bianchi, S., and Andersen, A. C. (2009). Stellar sources of

dust in the high-redshift Universe. MNRAS, 397:1661–1671. 59



151

Valiante, R., Schneider, R., Salvadori, S., and Bianchi, S. (2011). The origin of the dust

in high-redshift quasars: the case of SDSS J1148+5251. MNRAS, 416:1916–1935. 61

van der Hucht, K. A. (2006). New Galactic Wolf-Rayet stars, and candidates. An annex

to The VIIth Catalogue of Galactic Wolf-Rayet Stars. AAP, 458:453–459. 63

Vlahakis, C., Dunne, L., and Eales, S. (2005). The SCUBA Local Universe Galaxy Survey

- III. Dust along the Hubble sequence. MNRAS, 364:1253–1285. xx, 115, 118

Vogelsberger, M., Genel, S., Springel, V., Torrey, P., Sijacki, D., Xu, D., Snyder, G.,

Bird, S., Nelson, D., and Hernquist, L. (2014). Properties of galaxies reproduced by a

hydrodynamic simulation. Nature, 509:177–182. 6, 40

Wang, Y. and Mukherjee, P. (2006). Robust Dark Energy Constraints from Supernovae,

Galaxy Clustering, and 3 yr Wilkinson Microwave Anisotropy Probe Observations. APJ,

650:1–6. 59

Watson, D., Christensen, L., Knudsen, K. K., Richard, J., Gallazzi, A., and Micha lowski,

M. J. (2015). A dusty, normal galaxy in the epoch of reionization. NATURE, 519:327–

330. 69

White, S. D. M. and Frenk, C. S. (1991). Galaxy formation through hierarchical clustering.

APJ, 379:52–79. 13

White, S. D. M. and Rees, M. J. (1978). Core condensation in heavy halos - A two-stage

theory for galaxy formation and clustering. MNRAS, 183:341–358. 7, 21

Wilkins, S. M., Bouwens, R. J., Oesch, P. A., Labbé, I., Sargent, M., Caruana, J., Wardlow,
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