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Star formation and stellar mass assembly
in galaxy formation models
Peter Mitchell

Abstract

We use the semi-analytic galaxy formation model, GALFORM, to explore the im-
plications of results from multi-wavelength galaxy surveys within the context of
the hierarchical structure formation paradigm. Specific topics which we investi-
gate include (i): the biases that can be introduced by using spectral energy distri-
bution fitting to infer stellar masses from broad-band photometry, (ii) the reasons
why galaxy formation models struggle to reproduce the exponential drop with
time in star formation rates of star-forming galaxies inferred from a wide range
of observations, (iii) the physical processes that control the evolution in the me-
dian relationship between stellar mass and halo mass predicted by galaxy forma-
tion models. We show that stellar masses of compact dusty star-forming galaxies
could be underestimated by SED fitting as a result of assuming a uniform fore-
ground dust screen geometry. We explain how the standard implementation of
supernova feedback and gas reincorporation within galaxy formation models re-
sults in flat predicted star formation histories for star forming galaxies. We show
that this is inconsistent with observational data which imply that these star forma-
tion histories should instead be peaked at intermediate redshift. We also show how
the supernova feedback and gas reincorporation implementations within standard
galaxy formation models result in a baryon conversion efficiency within haloes that
is roughly independent of cosmic time at fixed halo mass. Consequently, the me-
dian stellar mass versus halo mass relationship is predicted by these models to not

evolve significantly.
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Chapter 1
Introduction

1.1 Cosmic inventory

At present, the Lambda Cold Dark Matter (ACDM) model represents our best guess
for describing both the contents and expansion history of the Universe after infla-
tion (Komatsu et al., 2011; Planck Collaboration et al., 2014a). In this model, the
energy density of the Universe at the present day is dominated by cold dark mat-
ter (CDM) and a cosmological constant (A). According to the most recent analy-
sis of measurements of the cosmic microwave background (CMB) performed by
the Planck collaboration, these components make up 95% of the energy density at
the present day, with CDM contributing (2. = 0.26 and A contributing 2, = 0.69
(Planck Collaboration et al., 2015). This leaves the contribution from baryons at 5%
of the total energy density at the present day. However, unlike the components of
the dark sector (A and CDM), astronomers can directly observe a small fraction of
these baryons by observing light from extragalactic sources across the electromag-
netic spectrum.

Baryons can be subdivided into several categories, each distinct in their contri-
bution to extragalactic light. By far the most important contributors to the energy
density of photons that reach us from local extragalactic sources are stars, gravi-
tationally collapsed structures with mass densities in their cores that are typically
~ 10% times larger than the cosmic mean. In turn, the vast majority of stars are
observed to reside within much larger structures referred to as galaxies, with mean
densities typically ~ 107 greater than the cosmic mean. By integrating the differ-
ential number density of galaxies as a function of luminosity and wavelength, one
finds that stars are the source of ~ 97% of the luminosity density in photons that

are emitted by baryons in the local Universe (Somerville et al., 2012). Of this 97%,

1



1. Introduction 2

~ 53% can be observed as direct starlight, while the remaining 44% is absorbed by
dust that resides within the interstellar medium (ISM) of galaxies (Somerville et al.,
2012). This absorbed starlight can then be observed through thermal emission of
this dust.

While stars dominate as contributors to the luminosity density of photons emit-
ted in the local Universe, they are thought to contribute only ~ 3.5% of the mass
density in baryons today (Li & White, 2009). Galaxies also contain gas and su-
per massive black holes (SMBHSs), contributing ~ 2% and ~ 0.008% respectively
to the mass density of baryons in the local Universe (Keres et al., 2003; Fukugita
& Peebles, 2004; Hopkins et al., 2007; Martin et al., 2010). Photons emitted by gas
accreting onto SMBHs make up the majority of the remaining luminosity density
in photons emitted locally (~ 2.9%, Hopkins et al., 2007). In comparison, gas in the
ISM of galaxies provides only a minimal contribution to this photon luminosity
density (excluding thermal reprocessing of starlight by dust grains). Integrating
the 21 cm luminosity function reveals that neutral atomic gas contributes a mea-
ger ~ 107"% of the energy in photons emitted in the local Universe (Martin et al.,
2010). Integrating carbon monoxide luminosity functions for different transitions
reveals that molecular hydrogen contributes ~ 1073% of the locally emitted lumi-
nosity density (Lagos et al., 2012) '. Integrating emission line luminosity functions
sourced by partially ionised gas in the ISM of local galaxies gives a contribution
of ~ 0.21% (Hogg et al., 1998; Nakamura et al., 2004; Cowie et al., 2010; Swinbank
et al., 2012; Pirzkal et al., 2013).

Adding this together, galaxies are thought contribute ~ 99.96% of the locally
emitted luminosity density in photons while only contributing ~ 5% to the mass
density of baryons. The remaining 95% of the baryonic mass density is thought to
be located in ionised gas both in extended haloes around galaxies (circum galac-
tic medium, CGM) and in the wider intergalactic medium (IGM). For the massive

galaxy groups and clusters, halo gas is heated to temperatures high enough to emit

!Carbon monoxide is used as a tracer for molecular hydrogen because it is easily observed and

forms under similar ISM conditions as molecular hydrogen
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B CDM

B CGM/IGM
[ Stars

B ISM Gas
[ 1 SMBHs

W Starlight

B Dust

B Quasars

B CGM

OISM (atomic)
OISM (molecular)
W ISM (ionised)

Figure 1.1: Top: Mass density of the present day Universe, split into cold dark matter, the circum-
galactic medium, stars, the interstellar medium within galaxies, and supermassive black holes. Bot-
tom: Luminosity density of the present day Universe, split into directly observed starlight, repro-
cessed dust emission, quasars, the circum-galactic medium in galaxy clusters, and the interstellar

medium split into atomic, molecular and partially ionised gas.
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thermal Bremsstrahlung radiation, accounting for the final ~ 0.04% of the lumi-
nosity density in photons emitted locally (Bohringer et al., 2014). The remaining
baryons in ionised gas are, in general, too faint to be detected in emission. To sum-
marise, the mass density and energy density of photons emitted by sources at the
present day are presented in Fig. 1.1.

The dominant role of stars and black holes in emitting photons means that
galaxies and quasars (exceptionally bright accreting SMBHSs) are the two main
cosmological tracers used by cosmologists to study how the observable Universe
evolved after the time of last scattering (when the cosmic microwave background
(CMB) decoupled from baryons at z ~ 1100). However, if the power spectrum
of density fluctuations in the galaxy distribution is compared to the power spec-
trum of the CMB evolved forwards using linear theory, one finds that galaxies and
quasars are biased tracers of the overall mass distribution. Over several decades,
the need to understand the implications of this bias for cosmology measurements
has been one of the major motivations for building a theoretical framework for

understanding the formation and evolution of galaxies and SMBHs.

1.2 Constraining the ACDM cosmological model

Taken at face value, it seems bizarre that cosmologists would arrive at the cosmic
inventory presented in Section 1.1, given how little of it can be directly observed.
However, evidence supporting the ACDM model has built up over several decades
through many independent lines of inquiry.

Perhaps the most important piece of evidence came with the discovery of large
scale fluctuations in the temperature map of the CMB made by the COBE satellite
(Smoot et al., 1992). These primordial fluctuations are consistent with inflation-
ary models and provide sufficient anisotropy to explain the growth of structure
through gravitational instability in a universe that contains dark matter. On smaller
angular scales, where density fluctuations can enter the sound horizon before the

epoch of recombination, gravity and pressure from the baryon-radiation fluid can
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affect these primordial fluctuations, producing a pattern of acoustic peaks in the
CMB temperature power spectrum. These acoustic peaks correspond to modes of
oscillations in the baryon-photon fluid that were at extrema in density at the epoch
of recombination. Measuring the positions and shapes of these peaks give cosmolo-
gists a great deal of information about the contents of the Universe at that time. The
tirst peak at angular wavenumber, | ~ 200 corresponds to the fundamental mode
of sound waves that had precisely the correct amount of time to oscillate to a single
compression or rarefaction between the time of entering the sound horizon and the
epoch of recombination (Hu & Dodelson, 2002). The position of this peak has been
measured to an extremely high level of precision by various experiments over the
last two decades (de Bernardis et al., 2000; Hanany et al., 2000; Planck Collaboration
et al., 2014a). These measurements (combined with information from higher order
peaks to constrain the sound speed) confirm that the Universe is extremely close to
being spatially flat on large scales. The second acoustic peak corresponds to sound
waves that have had just enough time to undergo a single compression/rarefaction
cycle before recombination. Roughly speaking, the ratio between the amplitudes of
the first and second peaks gives information on how much inertia is in the photon-
baryon fluid at recombination, constraining the density of baryons at that time.
Higher order acoustic peaks constrain the extent to which dark matter acts against
the tendency for density fluctuations to decay in a radiation dominated Universe.
Measuring the amplitudes of these peaks therefore directly constrains the amount

of dark matter present in the Universe (Hu & Dodelson, 2002).

Another cornerstone of the ACDM model is that at the present day, 68.5% of the
energy density of the Universe is in the form of a cosmological constant. The CMB
alone can constrain A from the combination of the first and higher order peaks
constraining the geometry, baryonic and dark matter densities. However, the first
observational evidence for A that became widely accepted came instead from su-
pernovae data. Measurements of standard candles that constrain how the luminos-
ity distance varies with redshift give strong constraints on both the cosmological

constant. Type 1a Supernovae (SNe) turn out to be suitably bright standard candles
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for this purpose and give strong evidence that the rate of expansion of the Universe
has been increasing at late times (Riess et al., 1998; Perlmutter et al., 1999; Hicken

et al., 2009).

As well as acoustic peaks in the CMB temperature power spectrum, the after-
math of oscillations in the baryon-radiation fluid before recombination also leave
an observable signature in the matter power spectrum. This signature, referred
to as Baryon Acoustic Oscillations (BAO), has been observed in the clustering of
galaxies (Cole et al., 2005; Eisenstein et al., 2005; Anderson et al., 2014) the Lyman
alpha forest (Slosar et al., 2013) and the cross correlation between quasars and the
Lyman alpha forest (Font-Ribera et al., 2014). The position of the BAO feature,
combined with CMB constraints, provides a precise measurement of the angular
diameter distance and the Hubble parameter at a given redshift. As well as the
BAO peak at a characteristic scale, galaxy clustering can be used to provide ad-
ditional cosmological constraints. The clustering of galaxies has been precisely
measured for large spectroscopic samples using luminous red galaxies as tracers
of the halo population (Reid et al., 2010). Once galaxy bias, non linear evolution of
the matter power spectrum and redshift space distortions are taken into account,
these clustering measurements have been shown to be consistent with the ACDM

parameters inferred from other cosmological probes.

Strong gravitational lensing of variable sources (such as quasars) provides an-
other test of ACDM. By measuring the time delays between variability of multiple
images, the distance to the lens can be determined. This constrains the Hubble pa-
rameter (e.g. Refsdal, 1964; Fadely et al., 2010; Suyu et al., 2010). Weak gravitational
lensing can also be employed to constrain cosmological parameters (e.g. Massey
et al., 2007; Schrabback et al., 2010). In this case, galaxy surveys with high image
quality are used to measure, statistically, the distorted shapes of galaxies caused
by cosmic shear. For a given set of cosmological parameters, theoretical predic-
tions for the matter power spectrum can be used to predict the expected statistical
shear signal. A likelihood analysis can then be employed to constrain cosmological

parameters (e.g. Massey et al., 2007).
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Another method used to constrain cosmological parameters comes from ob-
servations of galaxy clusters. Clusters are spatially associated groups of galaxies
that are thought to reside within the most massive dark matter haloes. The most
massive galaxy clusters at a given epoch correspond to the largest scale fluctua-
tions that undergo non linear evolution and collapse. Therefore, the massive end
of the halo mass function is sensitive to cosmological parameters, particularly Qy
and oy, the rms linear fluctuation amplitude at 8 Mpch ™! (Eke et al., 1996). Clus-
ter masses can be estimated using X-ray data (e.g. Henry et al., 2009) and weak
gravitational lensing (e.g. Mantz et al., 2015). Calibrations between X-ray data and
Sunyaev-Zeldovich effect data have also been used to estimate the cluster mass
function from number counts of Sunyaev-Zeldovich selected clusters (Sehgal et al.,
2011; Benson et al., 2013; Planck Collaboration et al., 2014b). Consistency between
the cluster mass function predicted by the ACDM model constrained by measure-
ments of the Hubble parameter (Freedman et al., 2001) and the CMB normalisation
with this observational data provides powerful evidence for the ACDM cosmolog-

ical model.

While precision tests for ACDM cannot be undertaken on the scale of galax-
ies, ACDM still makes predictions on these scales that are consistent with obser-
vational data. The most obvious of these is that dark matter should dominate
the gravitational potential in and around galaxies. Measurements of galaxy ro-
tation curves, velocity dispersions (both of stars within galaxies and of galaxies in
groups/clusters), peculiar velocities and lensing signals all unanimously indicate
that there is significant amount of the mass around galaxies that is not directly
observable (Zwicky, 1933; Oort, 1940; Kahn & Woltjer, 1959; Rubin & Ford, 1970;
Rubin et al., 1980, 1985). Dark matter is therefore consistent with the observational
evidence for missing mass on small scales. The most powerful evidence of this
type comes from galaxy clusters, where the high gas temperature of intracluster
gas makes it, in principle, possible to account for almost all of the baryons within a
given cluster. Comparing the mass inferred in this way to the mass implied by the

galaxy dynamics, hydrostatic modelling or lensing tests whether or not the baryon
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fraction from ACDM is consistent (White et al., 1993). At present, there is evidence
that this consistency has been achieved, within systematic uncertainties (Gonzalez
et al., 2013). Insights on dark matter using galaxy clusters can be extended further
using lensing measurements of colliding galaxy clusters, which support the theory

that dark matter is collisionless (Clowe et al., 2004; Markevitch et al., 2004).

Putting this all together, the current status is that by combining together differ-
ent observations that are sensitive to cosmological parameters in different ways,
the observational data are perfectly consistent with a ACDM model with little evi-
dence of a need for additional physics (Komatsu et al., 2011; Planck Collaboration
et al., 2014a). However, these are all observations that are made on large scales,
where theoretical predictions can made using a combination of simple linear per-
turbation theory and non linear effects can be accounted for using numerical simu-
lations without baryons. Testing ACDM on smaller scales, where baryonic physics
becomes important, is much more difficult. In this regime, understanding how
radiative cooling, hydrodynamics, star formation and feedback processes shape
the distribution of mass within (and outside of) haloes becomes paramount. At
present, it is not possible to take a given cosmological model and make predictions
for properties of the galaxy population entirely from first principles. Therefore,
while ACDM has not been falsified for failing to predict a realistic galaxy popu-
lation, galaxy formation models and simulations have thus far been of little use
for differentiating between cosmological parameter combinations (e.g. Guo et al.,
2013a) (although they can be used to constrain the dark matter particle mass for

the case of warm dark matter, Kennedy et al., 2014).

On the other hand, the precise observational constraints that exist for ACDM
model parameters mean that from the point of view of trying to understand galaxy
formation, the initial conditions and background expansion of the Universe are
known with a high degree of accuracy. This significantly simplifies the complex
problem of using theoretical modelling to try to understand, and in particular

quantify, how galaxies form and evolve.
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1.3 Structure formation and dark matter haloes

Modern galaxy formation theory is constructed upon a theoretical framework for
the hierarchical growth of structure. Within this framework, linear fluctuations in
the matter density field grow by gravitational instability until they become suf-
ticiently overdense with respect to the background expansion that they collapse
through gravity. These collapsed overdensities in the dark matter, referred to as
haloes, stabilise into virial equilibrium and are supported by velocity dispersion
against further collapse. The shape of the matter power spectrum (which can be
inferred from the CMB and galaxy clustering measurements) is such that the vari-
ance of fluctuations (= P(k)k®) is larger on smaller scales. Consequently, small
scale fluctuations are able to collapse first and larger scale fluctuations collapse
at later times, accreting smaller haloes in the process. In practice, this means that
haloes generally form through merging of smaller haloes and each halo defined ata
given time will have a merger tree of progenitors. Given that galaxies are thought
to form within dark matter haloes, an essential input for any galaxy formation
model is the statistics of both the abundance and merging histories of haloes. Two

distinct methods for predicting these statistics have been developed.

The first is a framework that combines the statistics of smoothed Gaussian
fluctuation fields with linear theory. In this framework, the probability that the
smoothed density field at an arbitrary point space is above some density threshold
is calculated (Press & Schechter, 1974). The threshold is chosen to correspond to
the critical overdensity for gravitational collapse, which has been computed using
the spherical collapse model (and more complex variants, e.g. Sheth et al., 2001).
The probability to be above the threshold can then be associated with the fraction of
mass elements that would have collapsed to form dark matter haloes above a given
scale (Press & Schechter, 1974). An extension of the formalism introduced by Press
& Schechter (1974) exploits the linear and Gaussian properties of the fluctuation
tield to trace how haloes grow by using the variance in the density field smoothed

as a function of scale (Bond et al., 1991; Lacey & Cole, 1993). This process turns
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out to be equivalent to solving a diffusion equation with a barrier to represent the

collapse threshold.

The second method to predict the statistics of haloes is to directly simulate the
evolution of the collisionless dark matter fluid using N-body simulation codes
(Press & Schechter, 1974; White, 1976; Frenk et al., 1983; Springel, 2005). In dark
matter only simulations, the mass density field is discretely sampled with La-
grangian particles. The initial configuration is set so that these particles are first
uniformly distributed uniformly over a box and are then perturbed so that the par-
ticles exhibit the density fluctuations calculated from linear theory. Simple new-
tonian gravity is then used to predict the forces between particles and periodic
boundary conditions are employed to ensure that the box behaves as a homoge-
neous and isotropic region of the Universe. With the advent of powerful parallel
computing resources and sophisticated algorithms to reduce the cost of computing
the gravitational forces, it has been possible for over two decades to use simulations
to produce populations of dark matter haloes that are cosmologically representa-
tive (Springel et al., 2005; Klypin et al., 2011). A key advantage of using numerical
simulations to generate halo populations is that the simulation also contains all
of the positional and velocity information of the haloes, allowing the clustering of
haloes in real or redshift space to be predicted. A powerful piece of evidence to
support the ACDM model comes from the fact that if observed galaxies are statisti-
cally associated with a simulated halo population, the predicted galaxy clustering

is in very good agreement with observed galaxy clustering (Conroy et al., 2006).

Numerical simulations have also been used to learn a great deal about the in-
ternal structure of dark matter haloes. One of the most important numerical results
in this area is that the radial density profiles of dark matter haloes have a charac-
teristic shape which can be described by a single parameter in the fitting function
advocated by (Navarro et al., 1996). To good approximation, the internal structures
of dark matter haloes are therefore completely specified by the halo mass and the
halo concentration of this so-called, Navarro, Frenk and White (NFW) profile. In

turn, halo concentrations have been shown to be closely connected with the halo
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mass and time of formation (Navarro et al., 1997; Bullock et al., 2001; Eke et al.,
2001). Another important result obtained from numerical simulations is that the
central regions of dark matter haloes which are accreted onto a larger halo can
survive as distinct, gravitationally bound structures, referred to as satellite sub-
haloes (Ghigna et al., 1998; Springel et al., 2008). Gravitational tidal forces strip
the least gravitationally bound mass from these satellite subhaloes, leaving only
the dense inner part of the original halo intact. Despite being composed of colli-
sionless dark matter, satellite subhaloes can dissipate their orbital energy through
dynamical friction, the process of dragging a wake behind the satellite as the satel-
lite moves through the smooth halo component of the host.

Although haloes are thought to be supported through velocity dispersion rather
than rotation, they are expected to acquire some amount of angular momentum
through interaction with their larger scale environment in the stages prior to col-
lapse (Hoyle, 1949; Peebles, 1969; Doroshkevich, 1970; White, 1984). This turns out
to be very important for galaxies to exhibit the structure that we observe. The theo-
retical expectation is that the interaction of proto-haloes with the tidal field of their
neighbours leads to torques that are the source of this angular momentum build-
up. In a similar vein to the universal halo densities profiles advocated by Navarro
et al. (1996), numerical simulations show that all haloes share a common probabil-
ity distribution function for their total angular momentum content, approximately

independent of halo mass and cosmology (Cole & Lacey, 1996).

1.4 Galaxy formation within haloes

Galaxies are thought to form at the bottom of the gravitational potential wells asso-
ciated with individual dark matter haloes (White & Rees, 1978). To a good approx-
imation, the first haloes are thought to form by accreting both primordial gas and
dark matter such that the baryon fraction within these haloes is equal to the cos-
mic mean. Subsequent haloes that form from accretion of smaller haloes will also

accrete satellite galaxies and their associated gas haloes. The internal gas struc-



1. Introduction 12

ture within dark matter haloes is expected to be significantly different with respect
to the structure of the dark matter component. On the one hand, gas feels the
same gravitational forces as the dark matter and the dark matter will dominate the
gravitational potential. On the other hand, gas is both collisional and dissipative,
meaning that gas experiences thermal pressure and can dissipate energy through

radiative cooling.

In the traditional galaxy formation framework outlined by White & Rees (1978),
gas accreted onto haloes would shock at the virial radius, upon encountering hotter
gas at the virial temperature of the halo that was already present. In this picture,
dark matter haloes contain quasi-hydrostatic gas haloes that are balanced against
gravitational collapse by pressure support. This gas is expected to have similar
specific angular momentum to the parent dark matter halo. Over time, these hot
gas haloes are expected to cool through radiative process and therefore contract
towards the bottom of the gravitational potential, forming a disk. A simplified ex-
planation for this is the following. While radiative cooling can be efficient at dissi-
pating energy, photons do not carry significant angular momentum. The minimum
energy configuration of gas with a radially aligned angular momentum distribu-
tion is a thin disk. Therefore, disk galaxies are thought to be a natural consequence

of tidally torqued material that can dissipate energy through radiative cooling.

Once a gas disk has formed at the centre of a dark matter halo, it must form
stars to be consistent with the galaxies that are observed. While the formation of
gas disks can be described in terms of simple physics, the physics of star forma-
tion is more complex and is not particularly well understood, partly because of the
immense dynamic range involved. What is well established is that there is an em-
pirical relationship between the integrated star formation rate surface density and
the integrated surface density of gas within galaxies. This empirical relationship is
referred to as the Kennicutt-Schmidt law (Kennicutt, 1998). A more modern take on
the relationship is that the star formation rate surface density is actually better cor-
related with the surface density of molecular hydrogen, rather than that of the total

gas content (Kennicutt et al., 2007; Bigiel et al., 2008). Although a complete theo-
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retical explanation for this relationship has not been agreed upon, the correlation
makes sense given that stars are known to form in dense giant molecular clouds.
While the Kennicutt-Schmidt relationship does not represent a predictive theory of
star formation, it does prove to be very convenient for modelling galaxy formation
and for numerical simulations that do not resolve the detailed small scale structure

of the ISM.

Once populations of stars have formed from the cold ISM in galaxies, their sub-
sequent evolution is fairly well understood thanks to many years of observational
and theoretical work undertaken to study stars in the Milky Way and other nearby
galaxies. Perhaps the most critical aspect of stellar evolution for galaxy formation
is that the most massive stars in a given stellar population are known to inject huge
amounts of energy into the ISM through supernova (SNe) explosions. If this energy
can be efficiently coupled to surrounding gas with low radiative losses, SNe explo-
sions provide, in principle, a mechanism to drive gas out of galaxies in outflowing
winds. Such winds are observed in actively star forming galaxies that are expected
to host recent SNe activity (Heckman et al., 2000; Shapley et al., 2003; Weiner et al.,
2009). Given that higher levels of star formation activity result in more SNe explo-
sions per unit time, star formation is expected to be self-regulating. For example, if
there is a larger than normal gas reservoir in a galaxy of a given size, it is expected
that this will lead to an elevated star formation rate (SFR) because of the Kennicutt-
Schmidtt relation. A larger SFR results in a higher rate of SNe explosions which are
expected to eject gas from the reservoir, driving the system back to an equilibrium
configuration. This process of ejecting gas from galaxies to regulate star formation
is referred to as SNe feedback. It has been known for many years that SNe (or
something that behaves in the same way) must be operating in galaxies to explain
the global inefficiency of star formation implied by the cosmic inventory presented
in Section 1.1 (e.g. White & Rees, 1978; White & Frenk, 1991). A well established
theoretical prediction for how much gas should be driven out of galaxies by SNe
teedback has yet to be achieved, with the dynamic range of the problem effectively

providing an insurmountable obstacle. However, idealised calculations have been
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performed to derive expected scalings (Creasey et al., 2013; Lagos et al., 2013).

The scaling that is generally agreed upon for SNe feedback, both on theoret-
ical grounds and through indirect observational evidence, is that SNe feedback
is probably most effective in smaller galaxies with shallow gravitational potential
wells. For massive galaxies, it has been recognised since the cosmological baryon
fraction was constrained by primordial deuterium measurements (O’'Meara et al.,
2001) that SNe feedback alone would be most likely be insufficient to explain the
lack of efficiency of star formation in massive haloes (Benson et al., 2003). An al-
ternative mechanism that acts as an explanation for inefficient star formation in
massive haloes is feedback from active galactic nuclei (AGN). It is well established
observationally that almost all galaxies are expected to host supermassive black
holes at their centres (Kormendy & Richstone, 1995; Magorrian et al., 1998). To
have reached the black hole masses that are inferred from observations, this SMBH
population must have accreted large amounts of gas, releasing large amounts of
gravitational potential energy in the process. Indeed, while the bolometric lumi-
nosity of sources locally is dominated by starlight, the luminosity per unit mass
of SMBHs is larger than that of starlight by over a factor of ten (Hopkins et al.,
2007). Provided the energy output of SMBHs can be efficiently coupled to gas in-
side galaxy haloes, AGN feedback provides an extremely promising mechanism to
reduce star formation in massive galaxies (Bower et al., 2006; Croton et al., 2006).
Observational evidence for this feedback mechanism comes from X-ray cavities
observed in the hot ionised intracluster gas that are associated with radio jets origi-
nating from SMBHs located in brightest cluster galaxies (Rafferty et al., 2006; Birzan
et al., 2008).

1.5 Results from galaxy surveys

The complexity and dynamic range of the physical processes that govern galaxy
formation precludes the formulation of a galaxy formation theory from first prin-

ciples that makes a complete prediction for the observed properties of the galaxy
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population. Instead, researchers in this area are forced to calibrate models and sim-
ulations against observational constraints (e.g. Cole et al., 2000; Schaye et al., 2015).
Once any model parameters are constrained, the model can then be tested against
other observational constraints that were not included in the calibration process.
Inevitably, as observational constraints change and improve with time, galaxy for-

mation models are often forced to evolve to explain new observational results.

The advent of large spectroscopic and multi-wavelength photometric galaxy
surveys has dramatically increased the range of observational constraints that galaxy
formation models can be tested against (York et al., 2000; Giavalisco et al., 2004;
Scoville et al., 2007). Some examples of important observational results that should
be reproduced by galaxy formation models include the shape and normalisation of
the luminosity function of galaxies, as a function of wavelength environment and
redshift (e.g. Loveday et al., 2012; Marchesini et al., 2012; McNaught-Roberts et al.,
2014), the clustering of galaxies as a function of luminosity, redshift and colour
(Norberg et al., 2001, 2002; Coil et al., 2004; Zehavi et al., 2004) and the colour bi-
modality between red sequence and blue cloud galaxies (Baldry et al., 2006; Strat-
eva et al., 2001).

To extract more information from multi-wavelength galaxy surveys, stellar pop-
ulation synthesis models that provide the spectral energy distributions (SEDs) of
simple stellar populations of a given age, metallicity and stellar initial mass func-
tion (IMF) are used to infer the intrinsic properties of large samples of galaxies (e.g.
Papovich et al., 2001; Ilbert et al., 2010). Using this approach, it is now routine for
observational studies to infer the stellar masses of galaxies using SED fitting. Con-
sequently, stellar mass functions have, arguably, replaced luminosity functions as
the fundamental diagnostic of choice to characterise the galaxy population at a

given epoch.

Alongside the rise in popularity of stellar mass estimation, emission from UV,
mid-infrared (MIR), FIR, radio and nebula lines are now routinely used to esti-
mate the SFRs of star forming galaxies (Kennicutt, 1998). Combining stellar mass

and SFR estimates for common samples, observers infer that there are two distinct
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populations of galaxies in the SFR versus stellar mass plane, analogous to the blue
cloud and red sequence (Brinchmann et al., 2004; Salim et al., 2007). These two
populations are made up of a star forming sequence where star formation rates are
tightly correlated to stellar mass, and a much broader distribution of passive galax-
ies with negligible SFRs compared to their current stellar mass. An important result
that has emerged from these studies is that the characteristic star formation rate of
star forming galaxies at fixed stellar mass is inferred to drop by over an order of
magnitude between a redshift, = = 2, and now (e.g. Rodighiero et al., 2010; Karim
et al., 2011). This result is echoed by observational estimates of the integrated star
formation rate density per unit comoving volume (e.g. Hopkins & Beacom, 2006).

As the size and resolution of dark matter simulations has improved over the
last decade, interest has grown in empirically relating stellar mass functions in-
ferred from observational data with the predicted halo population. Several meth-
ods have been employed that attempt to infer the distribution of stellar mass as a
function of halo mass. Two of the most prominent of these include halo occupa-
tion distribution modelling (Berlind & Weinberg, 2002) and more recently, subhalo
abundance matching (Conroy et al., 2006; Behroozi et al., 2010; Moster et al., 2010).
The popularity of this approach has seen the median stellar mass to halo mass
(SHM) relationship emerge as a key diagnostic of the galaxy population.

This thesis explores several of these key observational results using a theoretical
galaxy formation model. The numerical implementations and underlying physics
of the model are described in Chapter 2. In Chapter 3, the impact of using SED
fitting to infer stellar masses is explored by applying the same observational tech-
niques to simulated galaxies. In Chapter 4, the implications of the observational
result that the SFRs of star forming galaxies have dramatically declined over cos-
mic time are examined. Chapter 5 presents an analysis of the evolution of the me-
dian stellar mass versus halo mass relation predicted by a galaxy formation model.
Chapter 6 presents a summary of the conclusions from this thesis and outlines pos-

sible directions for future work.



Chapter 2
Modelling galaxy

formation

Overview

With the establishment of ACDM as a working cosmological model that predicts
properties for a population of dark matter haloes, a natural question to ask is
“how exactly was the galaxy population that we observe assembled within these
haloes?”. An obvious way to try and answer this question involves direct numer-
ical simulation, including baryons as well as dark matter. Given that the relevant
physics and initial conditions are thought to be known, the only barrier to this ap-
proach is numerical resolution. Unfortunately, it is thought that small scale physi-
cal processes, such as SNe explosions that take place in the cores of stars (with den-
sities &~ 10*! times the cosmic mean), can affect the larger scale properties of gas in
galaxies. This creates a dynamic range problem which cannot be overcome without
implementing models that account for sub-resolution physical effects. The state-of-
the-art in this area is that a galaxy population that gives reasonable agreement with
a variety of observational constraints can be simulated using sub-resolution physi-
cal prescriptions for star formation, SNe explosions and AGN energy injection into
the ISM (Vogelsberger et al., 2014; Schaye et al., 2015). These sub-resolution physi-
cal prescriptions have to be tuned in order to achieve this agreement (Crain et al.,
2015). Higher resolution simulations of smaller samples of haloes have also been
claimed to match observational constraints but without this tuning process (e.g.
Hopkins et al., 2014). However, these zoom simulation suites currently lack the
statistical power to prove whether this is truly the case.

An alternative methodology for trying to understand galaxy formation is to

17
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try to simplify the physical processes that are thought to be relevant in order to
construct a galaxy formation model. A large range of different types of models
exists, each designed to explain a different set of observed galaxy properties within
a simple theoretical framework. These models range in complexity from simple
chemical evolution models that are used to explain observed stellar abundances in
nearby galaxies (e.g. Larson, 1972; Pagel & Patchett, 1975), all the way up to fully
tledged hierarchical galaxy formation models that attempt to predict almost all of
the observable integrated properties of galaxies (e.g. Kauffmann et al., 1993; Cole
et al., 2000). In this thesis, all of the scientific analysis will be performed using a
specific model of the latter type, the Durham semi-analytic model (SAM) referred
to as GALFORM (Cole et al., 2000). In this Chapter, we introduce the semi-analytic
modelling approach, focussing on aspects of the modelling that are relevant to the

following Chapters in this thesis.

2.1 Compartmentalization

The starting point for semi-analytic galaxy formation models is that the mass con-
tent of galaxies and their surroundings can be compartmentalized into a discrete
set of components. This compartmentalization is motivated by observations which
show that galaxies consist of spatially and kinematically distinct components. For
example, the stellar components of galaxies can be decomposed into a rotationally
supported disk and a velocity dispersion supported bulge/spheroid component.

Galaxy stellar disks can be described by a simple exponential density profile, given

by

Px.p(T,2) = papo exp(—r/rs) exp(—z/hs), (2.1)

where ry is the radial scalelength and iy is the vertical scale height. Cold gas in
galaxies is typically observed to follow a similar exponential disk profile, with the
exception of gas associated with nuclear starbursts. Disk galaxy rotation curves are

observed to be fairly flat as a function of radius (e.g. Rubin et al., 1980).
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The projected density profiles of galaxy spheroids can be simply described by

a spherically symmetric 7*/# density profile, which approximately corresponds in

o\ ~0-8%5 O\ /4
PrB(T) = PuBo (r_) exp [— (r_> ] (2.2)

where 1y is the radial scalelength (de Vaucouleurs, 1948; Mellier & Mathez, 1987).

deprojection to

In this scheme, a galaxy spheroid can refer either to an elliptical galaxy (if there is
a negligible disk component) or to a bulge embedded within a galaxy disk.

The remaining stellar, gas and dark matter components of galaxies can be sim-
ply described by spherically symmetric density profiles. These halo components
are thought to be much more spatially extended than galaxy disks and spheroids.
As described in Chapter 1, dark matter halo density profiles can be described by
an NFW profile (Navarro et al., 1996), given by

pom(r) = p 4p; x =r1/rs, (2.3)

z(1+2)
where r is the scale radius.

For halo gas, observations of x-ray emitting gas in groups and clusters, as well
as numerical simulations, indicate that in massive haloes, there is a hot, diffuse
gas component. This hot gas halo is both observed and predicted to be less cen-
trally concentrated than the dark matter, with a density profile that can be simply
described by a 3-model, given by

nl) = /’; —FiE (2.4)

where 7. is a characteristic core radius and 3 = 2/3. The [ profile can be phys-
ically motivated under the assumption that the hot gas halo is isothermal and
that the underlying mass distribution follows a King profile (Cavaliere & Fusco-
Femiano, 1976). The specific value of 3 = 2/3 is motivated by dissipationless hy-
drodynamic simulations (Eke et al., 1998). Observationally, it thought that hot gas

haloes are not, in general, isothermal for the galaxy cluster population, leading to
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more complex parametrisations being proposed in the literature (e.g. Patej & Loeb,
2015). However, the 3 profile broadly captures the differences between the spatial
distributions of hot gas and dark matter in clusters and simplicity of the parametri-

sation makes it an attractive choice for galaxy formation models.

For the purposes of modelling galaxy formation, the 3 profile can be extrapo-
lated down to much smaller galaxies. However, in this regime there is no defini-
tive observational evidence for quasi-hydrostatic hot gas profiles (e.g. Benson et al.,
2000; Bogdan et al., 2013). The original theoretical expectation was that all haloes
(or at least those unaffected by photoionization heating from reionization) would
contain quasi-hydrostatic profiles as a result of shock heating of gas as it was ac-
creted at the virial radius (White & Frenk, 1991). However, high resolution hy-
drodynamical simulations indicate that a substantial fraction of the gas in smaller
haloes does not shock at the virial radius (e.g. Fardal et al., 2001; Keres et al., 2005).
On the other hand, this problem will not necessarily have an adverse effect on
galaxy formation models that continue to assume that a hot gas profile is present
in all haloes (Benson & Bower, 2011). This is because these models limit infall rates

when the radiative cooling timescale is shorter than the freefall timescale (see 2.3.1).

Observations of the Milky Way and nearby galaxies reveal that in addition to
diffuse dark matter and gas components, there is also a stellar halo (see Helmi,
2008, for a review). However, this component is thought to be completely sub-
dominant in mass for most galaxies. For simplicity, this component can therefore
be neglected. It should be noted that this is not a good approximation for galaxy
clusters where the intracluster light can comprise a significant fraction of the total

stellar mass in the system (Burke et al., 2012; Guennou et al., 2012).

Putting this all together, a given galaxy in a semi-analytic model is compart-
mentalized into a dark matter halo, a hot gas halo, a disk and a spheroid. An
illustration of the assumed density profiles for a typical Milky-Way like galaxy in
such a model is shown in Fig. 2.1. This compartmentalization approach greatly
simplifies the numerical implementation of the model. On the other hand, the sim-

plification obviously comes at the expense of having to assume idealised spatial
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Figure 2.1: Radial density profiles of different components for a Milky-Way like galaxy. The
black line shows the dark matter profile, which follows an NFW profile. The red line shows the
hot gas profile, which follows a 3 profile. The blue line shows the disk profile in the mid-plane of
the disk, which follows an exponential profile. A ratio of the radial to vertical disk scalelength of
f« = 7.3 was assumed (Kregel et al., 2002). The green line shows the bulge profile, which follows a

deprojected R'/* profile.
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and kinematic distributions.

2.2 A simple galaxy formation model

With the compartmentalization of galaxies into a dark matter and hot gas halo,
a cold gas and stellar disk, and a cold gas and stellar bulge/spheroid, the next
step in building a semi-analytic galaxy formation model is to consider how mass is
exchanged between these different components. With this compartmentalization
scheme in hand, a fairly general galaxy formation model can be written as a sim-
ple set of coupled differential equations. To illustrate this, we consider a simplified
model where spheroid components are not included. We also neglect the hierarchi-

cal assembly process (no satellite galaxies). This simplified model can be written

as
Mpy 0 0 0 0 0 Mpum (1— f) My
Mo 0 0 0 0 - Mot faMy — Miggan
Mea | =1]0 0 71(1;1%@ 0 0 Meoa | + Mingan . (25)
M, 00 LB 0 0 M, 0
Myes 00 £ 0 — Mies 0

In this system of equations, there are five mass reservoirs. Mpy; represents mass in
the dark matter halo halo, M, represents mass in the hot gas halo, M4 represents
mass in the cold gas disk, M, represents mass in the stellar disk and M, represents
mass in an additional reservoir.

The remaining terms in Eqn 2.5 represent the effects of physical processes on
the mass in each reservoir. My represents cosmological accretion of mass onto the
halo. fp is the cosmological baryon fraction, fg = Qp/Qu. Minfan is the rate of
infall of gas from the hot gas halo onto the cold gas disk. 7, is a characteristic star
formation timescale. Note that throughout the rest of this Chapter, we use ¥ to

represent the instantaneous star formation rate, which for the linear star formation

law adopted in Eqn 2.5, is given by ¥ = M4/ Tstar- R is the fraction of star forming
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Figure 2.2: Schematic of a simple galaxy formation model. Mass enters the system through cos-

mological accretion, is cycled through a halo by feedback until finally reaching the stellar disk.

gas that is recycled back into the ISM as a result of stellar evolution. (3 is the mass
loading factor, which represents the effects of SNe feedback in ejecting gas from the
cold gas disk. The resulting mass ejection rate is given by M,; = 3V. This ejected
gas is placed into a reservoir, M,.s, from which it is reincorporated into the hot gas

halo over a characteristic timescale, 7.

The set of equations listed in Eqn 2.5 is strongly coupled, and no simple analyt-
ical solution exists, even in the limit of a fixed cosmological accretion rate !. How-
ever, the behaviour of the system is fairly intuitive, as illustrated by the schematic
shown in Fig. 2.2. A tracer gas particle that enters the hot gas halo through cosmo-
logical accretion will be statistically cycled a number of times before finally settling
into the stellar disk. This statistical cycling time is controlled by a combination of
the mass loading factor and the timescales for infall, disk depletion and gas rein-
corporation. In the regime where one of these timescales is significantly longer
than than the others, the behaviour of the system for a given cosmological accre-

tion rate will be entirely determined by a combination of that timescale and the

! An analytic solution does exist for the model presented in Cole et al. (2000), where the ejected

gas reservoir was not considered.
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mass loading factor. This is a point which we will return to in Chapter 4.

2.3 Infall, star formation, stellar evolution and feed-

back

Having set set up a simple set of equations that describe how mass is exchanged
between different galaxy components, we now consider how to calculate the vari-

ous terms that appear in Eqn 2.5.

2.3.1 Infall

The first term which we consider is the infall term, M,,:j;, which is the rate with
which mass leaves the hot gas reservoir and enters the cold gas reservoir. Physi-
cally, this can either correspond to gas undergoing radiative cooling to settle at the
centre of a quasi-hydrostatic hot gas halo, or to gas freefalling towards the centre
of the gravitational potential of the halo. Semi-analytic galaxy formation models
typically distinguish between these two regimes by calculating which one provides
the limiting infall timescale. As a rule of thumb, gas infall is limited by the freefall
timescale at early times when the radiative cooling timescale is short 2. This situa-
tion is then reversed at late times as gas densities drop and the virial temperature
rises, such that the radiative loss timescale limits the infall rate.

To calculate the dynamical freefall timescale, consider a test particle placed at
a radius, rg, within a NFW density profile. If the test particle starts at rest, energy

conservation implies that

S+ 90) = 0(r), 6)

where ®(r’) is the potential of a NFW profile at a radius, r/, given by

ZIncidentally, this is the reason that infall rates in semi-analytic galaxy formation models do not
dramatically disagree with modern hydrodynamical simulations, despite assuming all cosmologi-

cal accreted gas is shock heated at the virial radius (Benson & Bower, 2011).
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®(r') = 167G psrZIn(1 + r’/rs)r—f, (2.7)
r

where 7 is the scale radius of a NFW profile (Chapter 2.2 Binney & Tremaine, 2008).
Eqn 2.6 can be rearranged to give
1

dt = E[<I>(n:f) — O]V (2.8)

The freefall time, ¢4, for a test particle to fall from a radius, r¢, to the centre of the

halo is obtained through integration, yielding

— L _1/2 —= T_ﬁ
ty = \/5(167er0) pl(p), p= . (2.9)
where
0 1 1772 r’
I(p) = / [ln(l + pxr)— — In(1 +p)—] dz, xz=—. (2.10)
1 px p T

Eqn 2.9 can be expressed in terms of the halo dynamical time, t4y, = mu4/Va =

GM/V{, as

1 T 1
tg = —=tayn @’ I(p), a=—=~-
ff \/§ dy af(a)p (p) a TH C

B 1 1
, fla)=In (1 + 5) T (2.11)

where ry is the halo virial radius and ¢ is the NFW halo concentration.

To calculate the radiative cooling timescale for gas at a given density, it is typ-
ically assumed that the hot gas halo that surrounds a galaxy is in collisional ion-
ization equilibrium, and is isothermal. In this case, we define the radiative cooling
timescale, 7.1, as the ratio of the thermal energy, U, to the radiative luminosity of

the cooling gas, L...1. The internal energy is given by

3 kgT
U=:-—"—,
2 pmy,

(2.12)

where T is the gas temperature and pm,, is the mean molecular weight of the gas.
The cooling luminosity can be recast in the form of the cooling function, A(7’, Z),

as
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ANT, Z
Lcool = M; (213)
p
where p is the gas density, ny is the number density of hydrogen ions and A(T’, Z)
has been normalised to unit number density of hydrogen nuclei. The cooling time

can therefore be written as

3 kBT 1%

ool = = . 2.14
Teool =5 Ly nZA(T, Z) @14

The temperature of the hot gas is calculated assuming that the gas is shock heated

to the virial temperature, which is given by

_ Lpm,

T =
2 kg

Vi, (2.15)

where Vj is the circular velocity of the halo at the virial radius.

For a given hot gas and halo density profile, Eqns 2.14 and 2.11 can be used
to compare the radiative cooling and freefall timescales at an arbitrary radius, r,
within the halo. In practice, semi-analytic models calculate the infall rate by in-
verting these equations to calculate the radius within which gas would have had
time to cool/freefall after some formation time, ¢f,,. These limiting radii define
the cooling radius, 7.1, and the freefall radius, 7. The distinction for gas infall
being limited by cooling or by freefall is then encapsulated by the limiting infall

radius, ripgan = min(7reool, 7). The infall rate is then simply given by

Minfall = 47T7ai2nfallp(rinfall)7‘ainfa11~ (216)

A more detailed explanation of how Eqn 2.16 is actually calculated in practice
within GALFORM is not included in this thesis. Different cooling models with dif-
ferent methods for implementing Eqn 2.16 are described in Cole et al. (2000), Bower
et al. (2006) and Benson & Bower (2010). The central problem is the question of
how to calculate the hot gas density profile, p(r), as hot gas cools out of the centre

of the profile into the disk while fresh gas is added to the hot gas profile through
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cosmological accretion and gas reincorporation. This has lead to the implementa-
tion of notional profiles that represent the hot gas density profile in the absence of
infall from cooling or freefall. Other complications include the choice of how to
calculate of tgm and 7inpan. The majority of the results in this thesis use the Bower
et al. (2006) scheme. In some cases (which are noted in each relevant Chapter), we
present results using the Benson & Bower (2010) scheme.

To illustrate the difference between the cooling and freefall regimes, Fig. 2.3
shows the two characteristic timescales as a function of halo mass and formation
redshift. Depending on the formation redshift, infall within haloes switches from
being limited by the freefall timescale to being limited by cooling timescale at a

halo mass, log(My /Mg) ~ 12.

2.3.2 Star formation

In the simple galaxy formation model laid out in Eqn 2.5, we assumed a linear star

formation law of the form

: (2.17)

where V is the instantaneous star formation rate, Mqq is the total gas mass of the
galaxy disk, and 7, is a characteristic star formation timescale. As an example of

how 7, can be calculated, Cole et al. (2000) proposed that

 Tdisk Vaisk o
i (200 kms—l) 7 (218)

where 74 is the disk dynamical timescale, Vg4 is the circular velocity of the disk
at the half-mass radius, and both ¢, and o, are considered model parameters. For
the case of o, = 0, this star formation law corresponds to a Kennicutt law, which
has empirical support from observations (e.g. Kennicutt, 1998).

While a linear SF law is very convenient for writing a set of simple of equations
like Eqn 2.5, more recent versions of the GALFORM semi-analytic model instead

use the empirically motivated non-linear star formation law described in Lagos
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Figure 2.3: Cooling (red) and freefall (blue) timescales plotted as a function of halo mass. Dif-
ferent line styles show the timescales for different formation redshifts, as labelled. The formation
redshift determines the halo circular velocity and the halo concentration. Red lines show the cool-
ing timescale for gas at the mean density of the hot gas halo. Here the hot gas halo follows a
profile with core radius, 7core = 0.1r. The mass of the hot gas halo is set to My,o; = fi, Mu, and the
metallicity is set to Zpot = 0.1 Zg. Blue lines show the freefall timescale for a particle placed at the

virial radius of the halo.
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et al. (2011b). Almost all models in subsequent Chapters of this thesis will use this
non-linear SF law. Specifically, the SF law from Lagos et al. (2011b) that we use is
based upon the empirical law introduced by Blitz & Rosolowsky (2006). The Blitz
& Rosolowsky (2006) SF law is linear in the molecular gas surface density, X,

and is given by

YSFR = VSFXmol, (2.19)

where Ygpp is the star formation rate surface density and vgp is a coefficient set to
0.5 Gyr~!, based on observations from Leroy et al. (2008).

To implement this SF law into a semi-analytic galaxy formation model, it is
necessary to first calculate the fraction of gas that is in the molecular phase, as a
function of radius within the galaxy disk. Following Blitz & Rosolowsky (2006)

this is determined using

Zmol Pext “
Rmo = — y 220
: Eatomic < PO > ( )

where Y;omic is the surface density of atomic hydrogen, P, is the hydrostatic pres-
sure of the disk at the mid plane, and F, and « are parameters that, again, can be
constrained by observational data (Blitz & Rosolowsky, 2006; Leroy et al., 2008).
P,y can be calculated following the approach of ElImegreen (1993), as

Pext ~ nggas [Zgas + <%> Z*:| ) (221)

Ox

where Y., is the total gas surface density, ¥, is the surface density of stars, and
o, and o, are the vertical velocity dispersions in gas and stars respectively. This
relationship is implemented into GALFORM assuming that o, = 10kms ™! and o, =
max(og, VTGhsY,). The vertical disk scale height can be approximated as hy ~
rs/7.3, where 7y is the radial scale length of the disk (Kregel et al., 2002).

Putting this all together, the Blitz & Rosolowsky (2006) SF law allows Y, to be
calculated at a given radius within the disk once values for the stellar disk mass,

M,, the total gas mass, M..4, and the radial scale length, r,, are specified. The total
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star formation rate is then determined by integrating over radius in the disk. This
integral has be calculated numerically within the model and the final star formation

rate is not linear in the total gas mass.

2.3.3 Stellar evolution and feedback

Once gas has collapsed to form stars, it is expected that some of the gas will be
returned to the ISM as a result of stellar evolution. Typically, semi-analytic mod-
els deal with this gas recycling using the instantaneous recycling approximation
(IRA). Under the IRA, a constant recycled fraction, R, of gas that forms stars is im-
mediately returned to the ISM. In this case, the stellar mass assembly rate is related
to the star formation rate by M, = (1 — R)¥ (in the absence of feedback).

In addition to this mass recycling, it is also thought that the feedback from mas-
sive stars (the dominant mechanism typically thought to be SNe explosions) can
drive gas in the ISM from galaxies in powerful outflows. This process is repre-
sented in semi-analytic models by assuming that the outflow rate, M,;, is directly
linked to the instantaneous star formation rate, ¥, by the mass loading factor, /3

such that

My =30, (2.22)

Linking the mass ejection rate to the instantaneous star formation rate in this way
is effectively another application of the IRA. This assumption can be justified in
this context because the lifetimes of massive stars are short (= 10 Myr) compared
to other typical timescales in semi-analytic models.

The complexity and dynamic range involved in tracing how energy and mo-
mentum injected into the ISM by SNe drive outflowing winds means that the mass
loading factor represents one of the most uncertain aspects of semi-analytic models.
Historically, these models have resorted to a phenomenological approach where a
simple parametrisation of the mass loading factor is adopted that allows the model

to reproduce the inefficient stellar mass assembly that is implied by the shape of the
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local luminosity function for low mass galaxies. In GALFORM, the parametrisation

adopted is

Vaisk > ot
_ , 2.23
ﬁ < ‘/hot ( )

where Vg is the circular velocity of the disk at the disk half-mass radius, and Vo
and ay,., are model parameters. To explain the global inefficiency of star formation,
Viot and aye are typically set such that the mass loading factor (3, is greater than
unity for galaxies with ongoing star formation. To reproduce the shallow slope
of the luminosity function below the knee, oy is typically set to ~ 3, reflecting
the need for stronger feedback in low mass galaxies. The parametrisation of 5 with
circular velocity is crudely justified because the Vg traces the depth of the gravita-
tional potential close to the galaxy. In practice, the mass loading factor is expected
to be determined in part by the detailed properties of the ISM in the vicinity of SNe
explosions, although it might be reasonably expected that the relevant global ISM
properties would correlate with galaxy circular velocity to some degree (Creasey
et al.,, 2013; Lagos et al., 2013).

Once gas has been ejected from a galaxy by SNe feedback, there is then an open
question as to what the fate of that gas will be as it propagates through the larger
scale halo. There are various considerations that need to be taken into account.
Firstly, the outflowing gas will not be in thermal or dynamical equilibrium with
the surrounding hot gas for some time after being ejected, so it seems inappropri-
ate to place ejected gas directly back into the hot gas reservoir with no delay. A
second consideration is whether the gas will actually leave the halo entirely. Phys-
ically, the fate of the outflowing gas will depend on the interplay between gravity
and hydrodynamical interaction with the larger scale gas halo. In principle, hy-
drodynamical simulations can be used to study this process. In practice, however,
the dynamics of outflowing gas in these simulations will depend sensitively on the
uncertain implementation of sub-grid modelling for the energy injection into the
ISM from SNe feedback.

For the simple galaxy formation model described by Eqn 2.5, a straight forward
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scheme has been adopted in which gas ejected from the disk by feedback is placed
into an additional reservoir, M, 3. This ejected gas is then reincorporated from
M, s into the hot gas halo over a characteristic timescale, ¢,.;. This reincorporation

timescale is parametrised in GALFORM as

et = —m (2.24)

)
Qlreheat

where t4, is the halo dynamical timescale and ;eneat is @ model parameter, typ-
ically set roughly to unity. The assumption that gas ejected by feedback returns
to the hot gas halo over a dynamical timescale effectively corresponds to assum-
ing that the gas is ejected ballistically to the virial radius of the halo, before being
reincorporated into the hot gas halo. There are various reasons why this scenario
is probably overly simplistic. For example, it might be expected that gas would
be ejected with velocities significantly greater than the escape velocity for smaller
haloes. On the other end of the mass spectrum, neglecting the hydrodynamical
interaction between outflowing gas and the hot gas coronae that are known to be

present in galaxy groups and clusters could also be problematic.

2.4 Chemical enrichment & angular momentum

The simple model outlined in Section 2.2 considered only how mass was exchanged
between different components. We now extend this scheme to also consider the
exchange of angular momentum and metals. The primary purpose of tracking
angular momentum in GALFORM is to calculate the sizes and circular velocities of
galaxy disks, a calculation which we describe in Section 2.5.2. The purpose of track-
ing metals is firstly to allow to the radiative cooling timescale, given by Eqn 2.14,
to be computed self consistently. In addition, tracking both the mass assembly
and chemical enrichment histories of galaxies in the model allows predictions for

observable SEDs, a step which we describe in Section 2.9.

31t should be noted that unlike the other mass reservoirs in the model (the disk and the halo),

this reservoir of ejected gas does not have a defined spatial, kinematic or thermal distribution.
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Following the same compartmentalization scheme as Eqn 2.5, an equivalent set

of equations for metals can be written as

Mz ot 0 0 0 Trlet Mz not f3Zp My — M intan
M Zeold [ |0 w 0 O My co1d N M Z,infall + & A{‘f’ld

My | o @R 0 o || My, 0 |
M2 res 0 g 0 — M7, ves 0

(2.25)
where My o, is the mass in metals in the hot gas halo, My .4 corresponds to the
cold gas disk, My, corresponds to metals locked in disk stars and My, corre-
sponds to the ejected gas reservoir. Compared to Eqn 2.5, Eqn 2.25 contains two
additional terms: the metal yield, p, and the metallicity of primordial gas, Zgg. In
practice, the mass in metals accreted from the primordial IGM is negligible rela-
tive to the metals injected by stellar evolution. As for the recycled fraction, R, the
instantaneous recycling approximation can be adopted for chemical enrichment,
such that p is a constant.

As for angular momentum, a final extension to Eqns 2.5 and 2.25 can be written

as

JpM 00 0 0 0 Jom (1— fg)Ju

hot 00 0 0 - Jhot fodu = Jugan

Joa | =0 0 ZEEE 00 | | Ja |+ intall . (2.26)
J. 00 B 0 0 J. 0

Jres 00 2 0 =L res 0

where Jpy is the angular momentum of the dark matter halo, J;,.; corresponds to
the hot gas halo, J.,q corresponds to the cold gas disk, J, corresponds to the stellar
disk and J,s corresponds to the ejected gas reservoir. Additional terms that appear
in Eqn 2.26 compared to Eqn 2.5 include the cosmological angular momentum ac-
cretion rate, JH, and the infall rate of angular momentum from the hot gas halo into

the cold gas disk, Jiean. Here, angular momentum, J;, refers to the total scalar an-
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gular momentum content within a galaxy component (for example, the dark matter
halo) around an axis that crosses the centre of the halo, and is perpendicular to the
disk plane.

Built into Eqn 2.26 is a series of assumptions which we now discuss. The first of
these is that the specific angular momentum? of gas accreted onto haloes is identi-
cal to that of the dark matter. The second is that the angle of the angular momen-
tum vector of accreted gas remains constant over the lifetime of a galaxy (this as-
sumption is implicit in the model because we track angular momentum as a scalar
quantity). The third is that angular momentum exactly traces mass through star
formation, stellar evolution and feedback processes. In other words, it is assumed
that the specific angular momentum of a galaxy disk remains constant through
these processes.

In GALFORM, a final assumption is adopted that the hot gas halo always has

total scalar specific angular momentum content,

Mhot
Mg

Jhot = fBJH, (2.27)

where Mjg is the total baryonic mass of the halo. In effect, this means that the angu-
lar momentum of gas reincorporated from the ejected gas reservoir, J,., is adjusted
such that the hot gas halo always has the same specific angular momentum as the
dark matter halo. Taking this step violates (scalar) angular momentum conserva-
tion but has has the significant upside in that it significantly reduces the scheme of

angular momentum transfer equations to

jDM (1 - fB)jH
jhot = fBjH - jinfall ) (2.28)
jdisk jinfall

where the cold gas and stellar disks have been grouped together into a single an-
gular momentum reservoir, Jy;s.

To compute the cosmological accretion of angular momentum, Ju, GALFORM

*angular momentum per unit mass
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exploits results from numerical simulations which show that the dimensionless
halo spin parameter, Ay, is roughly independent of mass and cosmological param-
eters (Barnes & Efstathiou, 1987; Efstathiou et al., 1988; Warren et al., 1992; Cole &
Lacey, 1996; Kauffmann et al., 1999). \y is given by

B JH|EH’1/2
)\H— 5/2
GM,

where Ly is the total energy content of the halo. A value for Ay is assigned to each

(2.29)

halo by sampling from a log-normal probability distribution function (PDF) (Cole
et al., 2000).

Under the assumption that the rotational velocity, V;., of concentric shells of
dark matter is independent of radius, and that these rotating shells are aligned,
the total scalar angular momentum of a spherically symmetric halo is obtained by

integrating over surface elements as

T 2T TH
Jit = Viar / sin(60)? do / a6 / ("), (2.30)
0 0 0

which reduces to

Ju = 71 Vie /TH p(r)rdr. (2.31)
0

Therefore, calculating the angular momentum of the dark matter halo with a given
density profile only requires the rotation velocity, V.. to be calculated. An expres-
sion for V., was obtained by Cole et al. (2000) assuming that dark matter haloes
obey effective hydrostatic equilibrium with isotropic velocity dispersion. Under
this assumption, the kinetic and potential energies of the system can be calculated
to obtain Ey (see Appendix A of Cole et al., 2000). Combining an expression for Ey
with Eqn 2.29 and Eqn 2.30 yields

Viet = Alanew) A\aVi, anpw = — = (2.32)

Ts 1
TH C

where Vy is the circular velocity at the virial radius and A(anpw) is a dimensionless

coefficient that is a weak function of the NFW halo concentration, ¢ (Cole et al.,
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2000).

To calculate the rate of angular momentum exchange from the hot gas halo onto
the disk, J;, s, the angular momentum of the hot gas halo at the infall radius, riuan
is determined, analogous to the calculation of the mass infall rate. To calculate
the angular momentum of the hot gas halo at a given radius, it is necessary to
calculate a rotation velocity, V5, for the hot gas halo such that the specific angular
momentum of the hot gas halo is equal to that of the dark matter halo. Once V, has
been calculated for the dark matter, V;g{* can be determined by evaluating Eqn 2.31

7 Vrot

for both the hot gas and the dark matter haloes.

2.5 Galaxy sizes

The primary purpose of tracking angular momentum in a model like GALFORM is
for calculating galaxy sizes and circular velocities. These quantities are then fed
back into the parametrisation for the mass loading factor, given by Eqn 2.23, such
that the size calculation is coupled with the rest of the model. Galaxy sizes are also

used to obtain dust extinction corrections when computing observable SEDs.

2.5.1 Halo contraction

Galaxy sizes are computed within GALFORM using a contraction scheme such that
the dark matter halo responds adiabatically to the gravitational potential of the
disk and spheroid. A system of equations is constructed and solved such that the
contracted halo, disk and spheroid are in dynamical equillibrium. In this config-
uration, the disk is assumed to be in centrifugal equilibrium and the spheroid in
virial equilibrium. To compute the contraction of the halo, it is assumed that the
pseudo specific angular momentum, rV,(r), is conserved for each shell of the halo

(Blumenthal et al., 1986). Under this assumption,

rVe(r) = 1oVeo(ro), (2.33)



2. Modelling galaxy formation 37

where V, is the circular velocity of the contracted halo at a radius . V,, is the
circular velocity at a radius r, that the halo would have if no galaxy had formed. We
refer to this latter configuration as the uncontracted halo. Here, the "halo” refers
collectively to the dark matter, hot gas, ejected gas and satellite components which
have been grouped together. When considering this collective halo component in
the scenario where no galaxy had formed, the halo is assumed to follow the same
NFW density profile as the dark matter halo.

The density profiles of the contracted and uncontracted haloes are related by

My(r) = fuMuo(ro), (2.34)

where My(r) is the mass of the contracted halo interior to a radius, r, and My (ro)
is the corresponding mass of the uncontracted halo interior at a radius, 9. 1 — fu
is the fraction of mass that has condensed out of the uncontracted halo component
to form the galactic disk and spheroid.

Under the approximation that the disk density profile is treated as being spher-

ically symmetric, the circular velocity of the contracted halo is given by

V2(r) = G[Mu(r) + Mp(r) + Mg(r)]/r, (2.35)

C

where Mp(r) and Mg(r) are the mass of the disk and bulge respectively within a

radius, r. The corresponding relationship for the uncontracted halo is

‘/20(7’0) = G[MHp(TU)]/To. (236)

Combining Equations 2.33, 2.34, 2.35 and 2.36 together,

’I"()MH70<7"0) = ’l“[fHMHp(’f’o) + MD(T) + MB(’I“)] (237)

This relates the uncontracted halo profile to the disk and spheroid profiles. With
the density profiles of the disk and spheroid defined in 2.1, all that remains is to
solve for the half mass radii of the disk and bulge such that they are in dynamical



2. Modelling galaxy formation 38

equilibrium with the contracted halo. Note that the contracted halo density profile

is not explicitly calculated under this scheme.

2.5.2 Disk and spheroid sizes
Disk

To compute the centrifugal equilibrium configuration of the disk, we need to be
able to relate the circular velocity of the disk at a given radius to the total angular

momentum of the disk. These quantities can be related by

Jp = kprp Vb (rp), (2.38)

where jp, is the specific angular momentum of the disk and Vp(rp) is the circular
velocity of the disk in the disk plane at the half-mass radius, rp °. kp is a constant
which for a flat rotation curve is given by kp = 1.19, a result that is straightfor-
wardly obtained by integrating over the angular momentum profile of the disk.
The circular velocity of the disk at the half mass radius is related to the con-

tracted halo and spheroid density profiles by

VS(T‘D) = G[fuMuo(rpo) + Mp(rp) + Mg(rp)|/rp
(2.39)

= Gl fuMuo(rpo) + %MD + Mg(rp)]/rp,

where My is the total disk mass and 7 is the uncontracted radius of a halo shell
that has contracted to radius, rp. Here, as in Eqn 2.35, the disk profile has been
approximated to be spherically symmetric. To correct for this approximation, a
factor k, = 1.25 can be introduced such that the circular velocity is computed for

an exponential disk in the mid plane, yielding

VS(’T‘D) = G[fHMH,O(TD,O) + %khMD + MB(TD)}/TD, (240)

5For an exponential disk profile, rp is related to the radial scalelength by rp = 1.68r.
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(Cole et al., 2000; Binney & Tremaine, 2008). Combining Eqn 2.40 with Eqn 2.38,
the specific angular momentum of the disk can be related to the spheroid and un-

contracted halo profiles by

) 1
j]% = k’%GTD [fHM}LO(TD’(]) + §k’hMD + MB(T’D)}. (241)

Finally, by combining Eqn 2.40 with Eqn 2.37 evaluated at rp to cancel out the
spheroid profile, the uncontracted halo profile can be related to rp through
i 1
TD,OMH,O(TD,O) = k‘Q_ — 5(1{3}1 — 1)TDMD. (242)
D

In this equation, there are two unknowns: rp and rp .

Spheroid

For the spheroid, a pseudo-angular momentum, jg, can be defined as

jB = TBVB(TB), (243)

where Vi (7p) is the spheroid circular velocity at the deprojected half-mass radius,
rg. At this stage, we have not described the model for spheroid formation that is
implemented within GALFORM. We return to this topic in Section 2.6.3.

By employing exactly the same approach as was used to obtain Eqn 2.42, an
equivalent relationship between the uncontracted halo profile and the spheroid

profile at a radius, 7, can be obtained, yielding

9
B0 M o(rB0) = JEB- (2.44)

In this case, it has been assumed that the disk density profile is spherically sym-
metric, such that &k, = 1.

Finally, to relate rp to rg, we can make use of an intermediate step from ob-
taining Eqn 2.44 which relates jg to the disk and uncontracted halo profiles, which
is given by
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1
]]% = GTB [fHMH,O(TB,O) + MD(T‘B) + EMB] (245)

By solving the coupled system of equations given by Equations 2.42, 2.40 and 2.45
with a root finding algorithm, the disk and spheroid half-mass radii can be com-

puted.

2.6 Hierarchical galaxy formation and spheroid forma-
tion

In the preceding sections of this Chapter, we have described fully how to construct
and compute the various terms within a set of equations that describe the forma-
tion of a galaxy disk within a dark matter halo. The only term that remains to be
described from this set of equations is the cosmological mass accretion term, My,
which is the rate with which mass (both gas and dark matter) is accreted at the
virial radius of the halo. In some simple galaxy formation models, My is obtained
simply by calculating the average accretion rates of haloes for a given halo mass
bin at z = 0 (Dutton et al., 2007; Bouché et al., 2010). For a full semi-analytic model
such as GALFORM, the entire merging histories of dark matter haloes® are tracked
through the hierarchical assembly process. In this case, the scheme of equations
that we have described throughout this Chapter have to be coupled with the re-
sulting dark matter halo merger trees. Furthermore, we now have to also consider

the fate of galaxies that become of satellites of larger galaxies.

2.6.1 Merger trees

There are two methods which are commonly used to generate halo merger trees.
The first is to use an algorithm based on the extended Press-Schecter (EPS) formal-

ism which predicts merger rates as a function of mass and time (e.g. Lacey & Cole,

6down to some resolution limit
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1993; Cole et al., 2000; Parkinson et al., 2008). By sampling from a halo mass func-
tion at the desired output time, these algorithms follow a given halo backwards in
time, using the EPS formalism to predict how the halo splits into multiple progeni-
tor haloes at each time step. The halo mass function can either be predicted using a
Press-Schecter approach or by fitting results from simulations (Jenkins et al., 2001;
Tinker et al., 2008). Given the statistical nature of the EPS formalism, these algo-
rithms use a Monte-Carlo technique to generate random realisations of halo merger

trees.

The alternative method to generate merger trees is to analyse the results of large
dark matter only N-body simulations (e.g. Springel et al., 2005). In this case, algo-
rithms are employed in post-processing to identify bound structures within the
simulation box (e.g. Springel et al., 2001). This defines a population of haloes and
subhaloes at a given output time of the simulation. By tracing particle identifiers
between output times, an algorithm to trace the merging histories of dark mat-
ter haloes can be constructed, forming merger trees (Helly et al., 2003; Jiang et al.,
2014a). Unlike the EPS merger trees generated using a Monte-Carlo approach, trees
extracted from simulations suffer from various complications that arise from cases
where structure finding algorithms give inconsistent results between pairs of out-
put times. Also, cases where satellite subhaloes exit the virial radius of the host

have to be considered, particularly when constructing a semi-analytic model.

Comparing the EPS and simulation methods for generating merger trees, there
are advantages and disadvantages of both techniques. The advantage of EPS algo-
rithms is that they are computationally inexpensive and that they have arbitrary
resolution. The advantage of trees extracted from simulations are that the position
and velocity information of haloes and subhaloes are predicted. The most obvious
disadvantage of the EPS approach is that it is idealised and has to be tuned to agree
with simulation results (which are believed to be more accurate within resolution
limits, Parkinson et al., 2008). On the other hand, simulation trees suffer from finite
resolution, although this problem can be partially overcome by combining results

from simulations of differing sizes and resolutions (Guo et al., 2011). The majority
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of the results presented in later Chapters of this thesis were obtained using merger
trees generated from simulation output from the Millennium simulation (Springel
et al., 2005), although some of the results in Chapter 3 were obtained using EPS
trees and some of the results from Chapter 5 were obtained using an updated ver-
sion of the Millennium simulation. We describe which method was used in each

respective Chapter.

2.6.2 Satellite galaxies

To construct a galaxy formation model of the type described in this Chapter on top
of a halo merger tree, the primary consideration is how to account for the pres-
ence of satellite galaxies embedded within subhaloes. For the dark matter, this is
straightforward as the overall mass distribution is still assumed to follow an NFW
profile. The mass of subhaloes that enter the virial radius of a larger host halo can
simply be added to the mass of the host, along with any mass that is accreted from
unresolved subhaloes or diffuse dark matter. For the density profiles of subhaloes,
the relevant aspect for most galaxy formation calculations is the gravitational po-
tential at the centre of the subhalo, which is not expected to be significantly affected
by tidal stripping. Therefore, semi-analytic models typically assume that the satel-
lite subhalo density profiles are preserved after infall onto a larger host.

As for gas, the baryon accretion rate must adjusted in the model such that the
total baryon fraction within the halo (including ejected gas) is equal to the cos-
mic mean. With this constraint in place, the next consideration is that gas can be
stripped from satellite subhaloes by hydrodynamical ram-pressure forces exerted
by the hot gas halo of the host. Gravitational tidal stripping can also act to remove
gas and stars from satellite haloes, although this effect is ignored within GALFORM.
To represent the effects of ram-pressure stripping, the standard implementation
within GALFORM is simply to assume that all hot gas in satellite subhaloes is in-
stantly stripped at infall and is added to the hot gas profile of the host. Addition-
ally, gas that is ejected from satellite galaxies by SNe feedback will be added to the

ejected gas reservoir of the host. Instantaneous stripping is likely to be extreme
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and is thought to cause problems in reproducing the observed properties of satel-
lite galaxies (Guo et al., 2013a). An alternative implementation featuring delayed
stripped was introduced by Font et al. (2008), although the results of this imple-
mentation still depend sensitively on the very uncertain fate of gas ejected from
satellites by feedback. For the topics addressed in this thesis, the detailed proper-
ties of satellite galaxies are not a primary concern, so all results will be presented
using the standard maximal stripping implementation.

The next theoretical consideration concerning satellite galaxies is that dynami-
cal friction causes subhalo orbits to decay with time, such that the enclosed satel-
lite galaxy will eventually merge with the central galaxy of the host. The merging
timescale, Tyerge, fOr a subhalo’s orbit to fully decay can be expressed, following

Lacey & Cole (1993), as

0.3722 My
1n(ACoulomb> Msat ’

where My is the mass of the host and M., is the mass of the satellite subhalo at

(2.46)

Tmerge — fdf(—)orbit Tdyn

infall. This expression was derived by modelling a point mass orbiting within
an isothermal halo using the standard Chandrasekhar formula. In(Acouiomb) iS
the so-called Coulomb logarithm, which is taken to be given by In(Acouwoem») =
In(My/Msat) (Cole et al., 2000). O is a factor which encapsulates the depen-
dence of Teree ON the orbital parameters of the satellite (energy and angular mo-
mentum). Based on fitting to results from numerical simulations from Tormen
(1997), Cole et al. (2000) found that ©,,;; could be determined for a given satel-
lite at infall by sampling from a log normal PDF. Finally, f4 is a model parameter
introduced to correct the merging timescale, primarily for the effects of subhalo

mass loss through tidal stripping.

2.6.3 Spheroid formation

Thus far, we have only considered a set of equations that describe how disks form

out of gas that condenses at the centres of dark matter haloes. Rather than extend-
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ing this set of equations to include spheroid formation, semi-analytic models typi-
cally implement spheroid formation through discrete merging and disk instability
events.

Within GALFORM, merging events occur when the time since infall for a satel-
lite galaxy exceeds the dynamical friction timescale given by Eqn 2.46. For each
discrete merging event, the resulting behaviour is determined by the baryonic
mass (cold gas plus stars) ratio of the satellite and central galaxy. For the case
that Mt /Meentral >= fenip, all of the stars and cold gas from both the central and
satellite galaxy are added to the spheroid of the central galaxy. Such an event is
referred to as a major merger.

In the opposite case where Mg, / Meentral < fenip, Stars from the satellite are added
to the spheroid of the central galaxy. Such an event is referred to as a minor merger.
The fate of the cold gas in minor mergers is determined by additional criteria. If
Mot /Meentral > fowst and the central galaxy gas fraction, Meoia,c/Mc > faasbursts
then the cold gas from both the central and satellite galaxy is added to the central
spheroid. If M./ Meentral < fourst OF Meoide/Me < faaspurst, the cold gas from both
the central galaxy and the satellite galaxy are combined into the disk of the central
galaxy, conserving specific angular momentum of the central disk. Here, fenip, fourst
and fyas burst are all regarded as model parameters.

The alternative channel for spheroid formation that is implemented within GAL-
FORM is through disk instabilities. Strongly self-gravitating disks are expected to

become unstable under the following criterion:

Vb

\/GMD/TD

where eg4;5 is @ model parameter expected to be ~ 1.1 (Efstathiou et al., 1982; Mo

< €Edisk, (247)

et al., 1998; Cole et al., 2000). If this criterion is met, the stellar and cold gas disk
components are transferred to a galaxy spheroid.

As described in Section 2.5.2, to calculate the size of spheroids we need to cal-
culate the pseudo-angular momentum jp = Vi(rg)rg. This quantity is reset after

each disk instability or merging event. Following a merger, rg is computed using
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M, + My)?> M2 M? orbit M1 M:
( 1+ 2) :_1+ 2+f bit 14V12 (248)

B T To c ri+ry

where M, and M, are the masses of the merging galaxy components. r; and 7,
are the half-mass radii of these components. M; and M, include contributions
from twice the uncontracted dark matter halo enclosed within 7 and 5. Eqn 2.48
follows from energy conservation and virial equilibrium arguments (Cole et al.,
2000). The form factor, ¢, and the constant, f.i, are estimated from the binding
energy and mutual orbital energy respectively. Both can be approximated as being

constant (Cole et al., 2000).

For disk instabilities, rg is again estimated following energy conservation and

virial equilibrium arguments, yielding

CB(MD’(] + MB’0)2 o CBME%,Q X M]%,o 1 @ MB,OMD,O

(2.49)

B TB,0 TD,0 Cc TBo +7TDo

where Mp o and Mg are, respectively, the masses of the disk and spheroid before
the instability. As for the merger calculation, Mp o and Mg include contributions
from twice the uncontracted dark matter halo enclosed within rp o and 75. 7p
and 7 are the half-mass radii of these components. cg and cp are form factors
calculated from the self-gravity of the two components and f;, is a constant calcu-
lated from the gravitational interaction energy between the disk and bulge (Cole

et al., 2000).

Once rg has been computed for the new spheroid, the circular velocity at the
half-mass radius, V(rp), is computed using Vi (rg) = G(M; + Ms)/2rg where M,
and M, are equivalent to M; and M, in Eqn 2.48 for a merger and to Mp and
Mgy for a disk instability. Once Vz(rg) and therefore jp are determined after a
merger/instability the system of adiabatic contraction equations are solved with jg
held constant, as described in 2.5.1. In practice, spheroids do not typically change
significantly in size or circular velocity after the contraction procedure (Cole et al.,

2000).
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2.6.4 Starbursts

For disk instability, major merger or gas rich minor merger events in GALFORM,
the gas that is transferred to the galaxy spheroid undergoes a starburst. Starburst
events are modelled with a star formation parametrisation that is distinct from the
parametrisation for star formation in galaxy disks described in Section 2.3.2. Specif-
ically, the gas in the burst is converted into stars over a timescale, max( fayn 78, 78 min ),
where 73 is the bulge dynamical timescale and f4y, and 73 i, are model parame-
ters. An equivalent SNe feedback parametrisation to that used for disk star forma-
tion is also employed for starbursts, with the spheroid circular velocity Vg substi-

tuted for the disk circular velocity Vp.

2.7 AGN and photoionization feedback

As the first light sources in the Universe after recombination reionize the IGM, the
associated ionizing radiation field injects thermal energy into gas. It is thought
that this heating has a significant effect on galaxy formation that takes place in
small dark matter haloes, preventing gas both from infalling onto, and condens-
ing within smaller haloes. This process is represented within GALFORM following
a simple scheme where hot gas is not allowed to infall onto a disk in haloes with
circular velocity Vg < Vg at redshifts z < z.,, where V., and z.,; are model pa-
rameters, typically set to 30 kms™! and 10 respectively. Photoionization feedback
has minimal impact on the model galaxy populations which are analysed in this
thesis.

A key aspect of modern galaxy formation models and simulations is that they
include the effects of AGN feedback acting against radiative cooling by injecting
thermal energy into the hot gas atmospheres of galaxy groups and clusters. GAL-
FORM adopts a simple scheme, introduced in Bower et al. (2006), where cooling
is suppressed in haloes that are in a quasi-hydrostatic cooling regime and host a
super-massive black hole that is considered sufficiently luminous to balance the

cooling luminosity of the hot gas halo, L..,. Black holes are tracked at the centres
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of galaxies in the model and are assumed to grow by accreting a fraction of the
gas associated with galaxy merger and disk instability events (Bower et al., 2006;
Malbon et al., 2007). Haloes are taken to be in the quasi-hydrostatic cooling regime
if teool(Teool) > i (Teool) / Qeool, Where teoo and tg are the radiative cooling and freefall
timescales evaluated at a radius r.., as described in Section 2.3.1. a1 is consid-

ered a model parameter and is typically set ~ 1.

2.8 Numerical implementation

In this Chapter, we have described the underlying equations and how the various
terms within these equations are calculated within the semi-analytic model, GAL-
FORM. Here, we provide a brief explanation of how these equations are solved

within the GALFORM code.

2.8.1 Numerical integration

The starting point for any numerical scheme is the finite temporal resolution of
halo merger trees, particularly for those extracted from numerical simulations. For
example, there are 64 output snapshots from the Millennium simulation, which is
the source of merger trees for a significant fraction of the results presented in this
thesis. The number of merger tree time steps sets the rate with which cosmological
accretion rates can be updated. In GALFORM, halo masses are updated in discrete
steps (i.e. halo mass is held constant over a timestep). In this scheme, halo masses
are not defined continuously in time. Therefore, large changes in halo mass be-
tween time steps would lead to numerical errors when solving the other physical
equations using a standard numerical integration scheme.

The original version of GALFORM presented in Cole et al. (2000) featured a linear
SF law (given by Eqn 2.17) and did not include the reservoir of gas ejected by
feedback, M,.. In this version of the model, the constant halo mass between time
steps is combined with the assumption that the infall rate onto galaxy disks is also

constant. In this case, the galaxy formation equations for star formation, stellar
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evolution and feedback can be solved analytically over the time step. Gas ejected
by feedback was returned to the hot gas halo only at the start of a time step where
the host halo had doubled in mass.

The model introduced in Bower et al. (2006) was the first version of GALFORM
to implement the ejected gas reservoir, M,s. Including continuous reincorporation
from this reservoir couples the star formation and feedback calculations with the
infall calculation. To retain the analytic solutions for the SF equations from Cole
et al. (2000), Bower et al. (2006) introduced substeps between the main time step
grid defined by the merger trees. In this scheme, halo mass was kept constant
across the full time step but the gas reincorporation and infall rates were updated
at the start of each substep. The infall rate was kept constant between substeps so
that the analytic solutions from (Cole et al., 2000) could still be used.

The most recent change to the numerical scheme in GALFORM was introduced
by Lagos et al. (2011b). Lagos et al. (2011b) introduced the non-linear SF law given
by Eqn 2.19, which is incompatible with the analytic solutions to the SF equations
from Cole et al. (2000). To solve this problem, Lagos et al. (2011b) introduced a 4th
order Runge-Kutta adaptive integration scheme to solve the star formation and
teedback equations. This scheme preserved the constant infall rates over substeps
and discrete gas reincorporation at the start of each substep.

To summarise, the resulting numerical integration scheme used for the majority
of the models presented in this thesis is therefore a hybrid of an effective first order
scheme for cosmological accretion, gas infall and reincorporation, and a 4th order

adaptive scheme for star formation and feedback.

2.8.2 Halo formation events

An important aspect of calculations in GALFORM involving hot gas or dark matter
density profiles is the idea of halo formation events. These are defined as time
steps in the merger tree where a given halo is either identified for the first time or
doubles in mass with respect to the previous formation event. The time elapsed

since the previous formation event is then used to calculate the cooling and freefall
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radii by inverting the cooling and freefall timescale equations.

Halo formation events are also used as markers for deciding when to update
the properties of a given halo. Specifically, the halo circular velocity, V4, and the
halo NFW concentration, ¢, are updated for a given halo at each halo formation

event.

2.9 Calculating observables

While the intrinsic star formation, merging, chemical enrichment and size growth
histories of the galaxy population predicted by a model like GALFORM are interest-
ing in their own right, these properties cannot be compared to direct observables.
However, observables can be computed by coupling the output of galaxy forma-
tion models with stellar population synthesis (SPS) models that predict the SED,
I\(t, Z,) of a simple stellar population of a given age, initial mass function (IMF)
and metallicity, Z,. Assuming a universal IMF, the intrinsic SED, L,(t), of a galaxy

is then given by the following convolution integral

no- [ =, Zu ) () (2.50)

where ) (t) is the star formation rate of the galaxy at time, .

To compare L,(t) with observed SEDS, it is necessary to consider the effects of
intervening gas and dust between a given galaxy and the observer. In general, the
tirst consideration should be absorption and scattering by dust in the Milky Way
galaxy, but in practice this is always corrected for in observational studies.

The next consideration is absorption and scattering of light as it propagates be-
tween the distant galaxy and the observer. Any dust that is present outside the
ISM of galaxies is not thought to have a significant effect on observable galaxy
SEDs. However, neutral hydrogen gas in the IGM gas can significantly affect the
transmission of photons with rest-frame wavelengths shortward of the Lyman al-
pha line. This effect is included in GALFORM using the prescription from Madau
(1995).
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A more complicated problem is the question of how to model the effects of dust
attenuation from within the ISM of an observed galaxy. The dust model adopted
for the GALFORM models presented in this thesis employs a two component dust
model. The first component represents diffuse dust that is thought to be present
in galaxy disks and in spheroids undergoing bursts of star formation. The second
component represents absorption from compact dust clouds that are observed to
surround young stars and star forming regions. The total dust mass in a given
galaxy is computed assuming a dust-to-metals ratio compatible with local ISM
measurements (Savage & Mathis, 1979; Cole et al., 2000). This dust is then split be-
tween diffuse and cloud components, with the fraction in clouds given by a model

parameter, f..

To represent the diffuse dust component, GALFORM makes use of tabulated
radiative transfer calculations from Ferrara et al. (1999). The assumed geometri-
cal configuration is an exponential stellar disk and a Jaffe (1983) spheroid profile
(which is very similar to an r!/* profile Cole et al., 2000). The diffuse dust is as-
sumed to trace the same spatial distribution as the stellar disk. For the case of
starbursts, the starburst is approximated as an exponential disk. The Ferrara et al.
(1999) models are tabulated as a function of inclination, central optical depth and
disk-to-bulge scalelength ratio. The solutions used in GALFORM employ a Milky

Way extinction curve.

To represent the compact dust component, it is assumed that young stars are
surrounded by uniform density dust clouds of a constant mass and radius. Stars
are assumed to escape these clouds over a timescale, t.s., which is set to 1 Myr by
default. Specifically, all of the light from stellar populations younger than t.s are
attenuated by the compact cloud component while none of the light from stellar
populations older than 2¢. is attenuated. Between these ages, a fraction 2 — ¢/t

of stars of age, ¢, are assumed to be affected by the compact cloud component.

GALFORM also includes a model for the thermal reemission of starlight ab-
sorbed by dust. Given that we do not use this model for dust emission for any

of the results presented in this thesis, we do not discuss it here.
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2.10 Model parameters

A consequence of the semi-analytic modelling approach is that models such as
GALFORM contain numerous model parameters. Some of these parameters can be
considered as well constrained on the basis of theoretical expectation or from direct
empirical evidence. For example, dynamical friction timescales can be reasonably
well constrained from direct numerical simulation, while the molecular SF law in-
troduced by Lagos et al. (2011b) is constrained by observational studies correlating

star formation and molecular gas tracers in local galaxies.

On the other hand, parameters describing the effects of SNe feedback (both ejec-
tion efficiency and reincorporation timescale) are much less constrained on theo-
retical or direct empirical grounds. Instead, indirect evidence is used to constrain
these parameters by exploring the model parameter space against observational
constraints such as the local luminosity function. In this way, the model is tuned
to reproduce robust local observational results. With the model parameters then
tixed, the model can then be tested against observational datasets that were not
used in the tuning process. As a general rule of thumb, most of the models pre-
sented in this thesis were originally tuned to reproduce primarily the local lumi-
nosity function in the b; and K photometric bands (Cole et al., 2000; Baugh et al.,
2005; Bower et al., 2006; Lagos et al., 2011b, 2012). We defer more detailed discus-

sion of any tuning to the relevant Chapters for each model considered.

2.11 The life and times of a Milky-Way halo

To summarise this Chapter and the introduction to semi-analytic modelling, we
show in Fig. 2.4 an illustration of the evolution in different properties of a halo
with mass, log(Mp/My) = 12.2 at z = 0. The code used to generate this figure is
very similar to GALFORM but uses a 4th order Runge-Kutta numerical integration
scheme with fixed time steps to solve all of the differential equations in the model

self-consistently. The model shown is simplified with respect to GALFORM in that it
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Figure 2.4: Evolution of a Milky-Way like halo in a simplified semi-analytic model. Top: Mass
evolution. Second: Disk size evolution. Third: Halo virial, cooling and freefall radii evolution.
Fourth: Angular momentum evolution. Bottom: Metallicity evolution. In each panel dashed vertical

black lines indicate the times of halo formation events.

does not include spheroid formation, AGN or photoionization feedback. Also, all
baryons from satellite galaxies are instantly merged onto the central galaxy upon
subhalo infall.

Starting with the mass assembly history shown in the top panel of Fig. 2.4, we
see the expected result that the majority of the baryons in the halo at z = 0 have
not been converted into stars. Instead, the majority of the baryonic mass in the sys-
tem is typically in the ejected reservoir component. This underlines the importance
of the implementation of SNe feedback and gas reincorporation in controlling the
stellar mass assembly history of the central galaxy. For the hot gas component, the
importance of the location of specific halo formation events (dashed vertical lines)
is apparent. In the second panel, we see that the size of the galaxy disk grows
steadily over cosmic time. It is interesting to note that this evolution is not mono-
tonic; the specific angular momentum of the disk can be sensitive to both the infall
rate and the absolute position of the infall radius. In the third panel, the evolution
of the cooling and freefall radii after each halo formation event demonstrates how
radiative cooling is almost always the limiting timescale for gas infall for this halo
mass. The fourth panel shows the angular momentum assembly process. It is ap-
parent that this closely traces the mass assembly process in the model. The final
panel shows the chemical enrichment history. In this case, SNe feedback is very ef-
ticient such that metals are well mixed between the different baryonic components.

To act as a point of comparison, we choose to also show the evolutionary his-
tories of galaxies forming within a smaller and a larger halo. Fig. 2.5 shows the
evolutionary history of a smaller log(My/Mg) = 11.3 halo. Fig. 2.6 shows the
evolutionary history of a larger log(My/Mg) = 13.1. Comparing the smaller halo
with the Milky-Way like halo shown in Fig. 2.4, it is apparent that the smaller halo

spends a slightly larger fraction of time in the freefall limited regime for gas infall.
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Figure 2.5: Evolution of a small (log(Myu/Mg) = 11.3) halo in a simplified semi-analytic model.

Formatting is identical to Fig. 2.4.

At late times, the infall radius has exceeded the halo virial radius so that the mass
in the hot gas halo is negligible. The gas reincorporation timescale is very clearly
the limiting timescale for this halo given that the vast majority of the baryons are
in the ejected component.

For the larger, group mass halo shown in Fig. 2.6, the efficiency of SNe feedback
has dropped significantly such that the majority of the baryons are in hot gas and
stars. We note that the stellar mass of the galaxy is very large because we have not
included the effects of AGN feedback. Again, gas infall is limited by the radiative
cooling timescale. However, in this case, the cooling radius only reaches a small
fraction of the halo virial radius at late times. It is interesting to note that the galaxy
disk is much smaller for the group halo than for the other two haloes considered.
The resulting non-monotonic relationship between mass and galaxy size disagrees
with observational results and so represents a clear problem with either the an-
gular momentum exchange rates or the adiabatic contraction model implemented
within GALFORM. Other distinguishing features of the group mass halo are that the
molecular to atomic cold gas ratio is large and that chemical enrichment is much
more segregated between different galaxy/halo components. The chemical segre-
gation occurs simply because SNe feedback is much less effective at ejecting gas

out of the galaxy disk for the group mass halo.
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Figure 2.6: Evolution of a group sized (log(My/Mg) = 13.1) halo in a simplified semi-analytic

model. Formatting is identical to Fig. 2.4.



Chapter 3
Estimating the stellar

masses of galaxies from

broad-band photometry

3.1 Introduction

A successful theory of galaxy formation is essential for accurately connecting any
underlying cosmological framework with the observable Universe. The vast dy-
namic range and overall complexity involved in the interplay between gas, stars
and dark matter in galaxies strongly restricts what any model of galaxy formation
can predict a priori. To make progress, it is necessary to use observational results to
constrain galaxy formation models. Estimating the stellar masses of galaxies offers,
in principle, a powerful method to characterize the galaxy population that can be
compared directly to theoretical predictions. Unlike directly observable quantities,
stellar mass is a derived quantity that can only be estimated from observational
data through the application of a series of models and assumptions. It is therefore
critical to understand how these assumptions affect the reliability of stellar mass
estimates and how any uncertainties affect global diagnostics of the galaxy popu-
lation, such as the stellar mass function.

The traditional approach for constraining parameters in theoretical galaxy for-
mation models is to use directly observable properties of the galaxy population
such as the luminosity function or the Tully-Fisher relation. This requires that the
intrinsic physical properties of model galaxies calculated using either hydrody-

namical simulations or semi-analytic models (SAMs) can be converted into directly

58
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observable quantities. Stellar population synthesis (SPS) models (e.g. Bruzual &
Charlot, 2003; Maraston, 2005) are combined with predicted star-formation and
chemical enrichment histories of model galaxies to produce spectral energy distri-
butions (SEDs) that can be compared with observational data. Uncertainties in the
form of the initial mass function (IMF) of stars, the accuracy of SPS models and
the manner in which dust attenuates the light emitted by stars make this process
challenging (e.g. Conroy et al., 2009, 2010b). It can be difficult in some cases to be
confident whether the comparison between model predictions and observational
results does in fact show if a given model is successful in describing the underly-

ing physics.

The estimation of the stellar masses of galaxies from observational data is typ-
ically achieved using the technique of broad-band SED fitting, which inverts the
process of generating observables from intrinsic galaxy properties. The popular-
ity of this technique can be attributed to the success of multi-wavelength surveys
such as the Sloan Digital Sky Survey (SDSS; York et al., 2000), the Great Observa-
tories Origins Deep Survey (GOODS; Giavalisco et al., 2004) and the Cosmological
Evolution Survey (COSMOS; Scoville et al., 2007). These surveys quantify how
the galaxy population evolves with look-back time by utilizing broad-band pho-
tometry from the UV to the NIR to obtain accurate photometric redshifts for much
larger galaxy samples than would be possible using spectroscopy. The information
and methods used to obtain accurate photometric redshifts by fitting stellar pop-
ulation models can readily be extended to also estimate stellar masses and other
galaxy properties. Consequently, it has become standard practice to estimate these

quantities whenever multi-wavelength photometry is available.

The same uncertainties associated with converting the intrinsic properties of
model galaxies into observables also affect the accuracy of SED fitting applied to
observational data. However, there are a number of additional assumptions that
must be made to estimate the stellar masses of galaxies from observations. For
example, unlike for the case of model galaxies, the star formation histories (SFHSs)

of real galaxies are not known. Instead, a prior for the SFHs of galaxies must be



3. Estimating the stellar masses of galaxies from broad-band photometry 60

adopted. Various studies have attempted to explore how stellar mass estimates de-
pend on the different assumptions made in SED fitting (e.g. Papovich et al., 2001;
Wuyts et al., 2007; Marchesini et al., 2009; Conroy et al., 2009; Maraston et al., 2010;
Ilbert et al., 2010; Michatowski et al., 2012; Banerji et al., 2013; Moustakas et al.,
2013; Schaerer et al., 2013). There is a general consensus that stellar mass esti-
mates are more reliable compared to other quantities such as star-formation rates
(SFRs) and galaxy ages that can be estimated using the same process. However,
the reported level of uncertainty on stellar mass estimates can vary strongly, de-
pending on the specific galaxy samples considered. Conroy et al. (2009) find that
the stellar mass-to-light (1//L) ratios of star-forming galaxies at z = 0 can only be
constrained to within 0.3 dex at a 95% level of confidence when various uncertain-
ties in SPS modelling are taken into account. This does not include the uncertainty
associated with the choice of the IMFE. Gallazzi & Bell (2009) find that, ignoring the
uncertainties associated with SPS modelling and dust attenuation, it is possible to
constrain M/ L ratios of galaxies with smooth SFHs to within 0.1 dex using spectral
features or a single optical colour (see also Wilkins et al., 2013). Longhetti & Saracco
(2009) consider the accuracy of stellar mass estimates of early-type galaxies, find-
ing that the true stellar masses of mock galaxies can only be recovered to within
a factor of ~ 0.3 — 0.5 dex, given the variations between different SPS models and
metallicities. Marchesini et al. (2009) quantify how uncertainties associated with
the assumptions made in SED fitting contribute to the error budget of the stellar
mass function. They find that potential systematic errors associated with these as-
sumptions can dominate over other error sources, such as photometric redshifts or
galaxy photometry. They also find that the shape of the mass function, particularly
at the low-mass end, is sensitive to, for example, the assumed metallicity and the

adopted dust attenuation law.

We explore this topic from an alternative angle by applying the methods used
in observational studies to estimate stellar masses from SEDs output by the semi-
analytic galaxy formation model GALFORM (Cole et al., 2000). We focus on under-

standing the various random and systematic errors encountered when estimating
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the stellar masses of individual galaxies and also study how these translate into
errors in the stellar mass function. This exercise serves as a useful example of how
the process of converting between observables and intrinsic galaxy properties can
have an impact on global diagnostics of the galaxy population. Several studies
have adopted a similar approach by combining SED fitting with galaxy formation
models, aiming to understand the accuracy of SED fitting in different scenarios
(Lee et al., 2009; Wuyts et al., 2009; Lee et al., 2010; Pforr et al., 2012). This method
is useful because outside of the limited number of cases where additional data are
available, it is difficult to test the accuracy of quantities estimated using SED fit-
ting. Fitting mock galaxy SEDs provides a means to do this and theoretical galaxy
formation models are, in principle, a useful tool for producing samples of mock
galaxies with realistic star-formation and chemical enrichment histories. In the
case of SAMs, model galaxy samples that represent the entire galaxy population
over a range of redshifts can be generated rapidly. This allows us to isolate and

understand different effects by considering variants of the underlying model.

Lee et al. (2009) use model galaxy SEDs from the Somerville & Primack (1999)
SAM to explore the accuracy of SED fitting in recovering the physical properties of
Lyman-break galaxies (LBGs). They find that stellar masses are, on average, well
recovered for LBGs as they are underestimated, on average, by less than 0.1 dex.
They attribute this success to two competing factors. Younger stars can mask the
presence of older stars in LBG SEDs in some cases, leading to an underestimate
of the total stellar mass. However, they also find that there is a tendency for SED
titting to overestimate the age of LBGs. This typically leads to overestimating the

stellar masses of some galaxies.

Pforr et al. (2012) combine SED fitting with the GallCS SAM (Hatton et al., 2003).
They find that, in general, stellar masses are slightly underestimated when using
standard exponentially declining SFHs in the SED fitting process. They demon-
strate that this problem can be resolved by adopting exponentially increasing SFHs
for star-forming galaxies. They conclude that stellar masses are recovered almost

perfectly at redshifts z € 2,3, where the allowed distribution of galaxy ages is
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fairly narrow. At lower redshifts, however, they find that the stellar masses of star-
forming galaxies can be underestimated by up to 0.6 dex as a result of discrepancies
between the estimated and true SFHs. They explain that this is caused by the larger
range of possible ages at low redshift combined with degeneracies between age
and dust. Finally, they also show that this problem can be circumvented by choos-
ing to ignore dust reddening when estimating the stellar masses of star-forming
galaxies at low redshift. This prevents the SED fitting procedure from fitting an

unrealistically young age coupled with a large amount of dust reddening.

A key difference in our methodology compared to that of Pforr et al. and Lee
et al. is that we use a physically motivated model for attenuation by dust. Pforr
et al. and Lee et al. instead adopt empirical dust attenuation laws to calculate
model galaxy SEDs, corresponding physically to a uniform foreground screen of
dust placed between the galaxy and an observer. The difference between a fore-
ground dust screen model and the physically motivated radiative transfer calcu-
lation performed in our analysis turns out to be very significant for our results on
stellar mass estimation. It should also be noted that it is not our intent to follow
Pforr et al. (2012) in attempting to quantify the exact level of random and system-
atic errors on stellar mass estimates for an exhaustive range of possible SED fitting
configurations and filter sets. This is because any quantitative results derived from
the approach of combining SED fitting with theoretical models may be sensitive to
the degree to which a given model can represent the true galaxy population. In-
stead, we attempt to provide a detailed explanation of the different error sources
we encounter when considering the overall galaxy population over a wide range of
redshifts. This is achieved by isolating the different factors responsible for biasing

stellar mass estimates in a specific set of idealized test cases.

The outline of this Chapter is as follows. In Section 3.2, we introduce broad-
band SED fitting, explain some of the underlying assumptions that are involved in
the process and outline the parameter choices we make in this study. Section 3.3
gives a brief overview of GALFORM and the specific models which we use in this

study. We also explain how intrinsic galaxy properties are transformed into ob-
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servables in the context of the assumptions made in SED fitting. In Section 3.4,
we present results of performing SED fitting on model galaxies, focusing on ex-
ploring the systematics that affect the recovery of the stellar masses of individual
galaxies. We present results for the stellar mass function over a range of redshifts
in Section 3.5. Finally, we discuss and summarize our results in Section 3.6 and

Section 3.7.

3.2 Broad-band SED fitting

We seek to understand the relationship between the stellar mass estimated from
observations using SED fitting and the stellar mass predicted by theoretical mod-
els. Instead of using broad-band photometry from observed galaxies, we fit the
broad-band magnitudes of model galaxies predicted by the semi-analytic model
GALFORM. The precise details of the method used to perform SED fitting in differ-
ent observational studies typically vary very little. Detailed descriptions and dis-
cussion of the method can be found in Bolzonella et al. (2000), Salim et al. (2007),
Walcher et al. (2011) and Taylor et al. (2011). In this section we provide an overview
of SED fitting as a method of estimating stellar mass. We also describe our param-

eter choices for the SED fitting procedure used in this study.

3.2.1 Overview

Broad-band SED fitting works by comparing a grid of template galaxy SEDs to ob-
servational data. Typically, a maximum-likelihood method is then used to decide
which template best fits the data (although see Taylor et al., 2011; Salim et al., 2007,
for a discussion of alternative statistical techniques). This is achieved by first mini-
mizing x? for each template SED, then choosing the best-fitting template SED with
the smallest associated x* value. This corresponds to choosing the mode of the
likelihood distribution. x? is calculated by summing over all available photometric

bands using
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where a choice can be made regarding which bands are included in the summa-
tion. We choose to follow standard practice by simply summing over all available
photometric bands, as in Eq. 3.1. The stellar mass of each galaxy is then calculated
by multiplying the stellar mass of the template by the normalization factor, s. This
means that the stellar mass is estimated through normalization over the entirety of
the observed galaxy SED, weighted by the error in each band.

Template galaxies SEDs are generated using publicly available SPS models (e.g.
Bruzual & Charlot, 2003; Maraston, 2005; Conroy et al., 2009). SPS models pre-
dict the spectra of simple stellar populations (SSPs), a group of stars with the same
age and metallicity and a distribution of initial masses given by the stellar ini-
tial mass function (IMF). These SSP spectra are then convolved with an assumed
parametrization for the typical SFH of a galaxy. It is well established that vari-
ous degeneracies make it very difficult to place strong constraints on galaxy SFHs
from photometric data alone, unless strong priors are adopted (e.g. Maraston et al.,
2010). It is therefore standard practice to assume a simple parametrization for the
SFH which can represent a broad range of possible SFHs without creating a pro-
hibitively large parameter space over which to search. By far the most common
choice of parametrization used for the SFH of low and intermediate redshift galax-
ies is an exponentially declining SFH. It should be noted, however, that there are

numerous studies which have advocated alternatives, particularly for high red-
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shift galaxies (e.g. Lee et al., 2010; Michatowski et al., 2012; Pacifici et al., 2013). The
exponentially declining SFH is parametrized by the time since the onset of star-
formation, t,., and the e-folding time scale, 7. SPS models also output the mass
returned from a SSP back into the interstellar medium (ISM) as a function of age,
which in turn is used to predict the M/ L ratio of each template galaxy. To reduce
the size of the parameter space that needs to be searched over, it is typically as-
sumed that all of the stars in each template galaxy have a single stellar metallicity,
Z,. Furthermore, the number of metallicity points in the parameter grid is usually
very small due to the sparse metallicity grid made available for publicly available
SPS models. For example, there are only 5 metallicities available for the Bruzual &
Charlot (2003) (BC03) SPS model. Unlike what is done in theoretical models, it is

not standard practice to interpolate between metallicities in SED fitting.

3.2.2 Dust attenuation

Observed galaxy SEDs are a product of the intrinsic galaxy SED produced by stel-
lar emission which is then attenuated according to radiative transfer through inter-
vening gas and dust. It is standard practice in SED fitting to account for absorption
by neutral hydrogen in the IGM using the prescription from Madau (1995). This
is adopted in both GALFORM and in the SED fitting procedure used in this study.
Attenuation by dust in the ISM of galaxies is a substantially more complex radia-
tive transfer problem. Dust in galaxies can be concentrated around young stars
or distributed diffusely throughout regions of the ISM. Given the lack of informa-
tion available on the relative spatial distribution of stars and dust in distant galax-
ies, attenuation by dust it usually accounted for in SED fitting using the empirical
Calzetti dust attenuation law (Calzetti et al., 1994, 2000). The Calzetti attenuation
law has a fixed shape which is different from the dust extinction curve in the local
ISM. The star-dust geometry that is implicitly assumed when applying the Calzetti
law corresponds physically to a uniform, foreground dust screen placed between
the observer and the stellar populations in a given galaxy. Making this assumption

has the advantage for SED fitting in that the Calzetti is consequently only character-
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ized by only a single parameter, the reddening F(B — V'), defined as the difference
between the observed and intrinsic B — V' colour. The shape of the Calzetti law
was derived from a sample of 30 local starbursts (Calzetti et al., 1994) and the nor-
malization was derived from a sub-sample of only 4 local starbursts (Calzetti et al.,

2000).

A number of studies have attempted to assess how well the Calzetti law can
reproduce the attenuation curves of different galaxy types. At low redshift, Wild
et al. (2011) apply a pair-matching technique to study the shape of the attenua-
tion curves of SDSS spirals. They find evidence that the shape of the optical dust
attenuation curves of local star-forming galaxies is strongly dependent on galaxy
inclination. Specifically, they show that face-on spirals have steeper optical attenu-
ation curves than the Calzetti law, whereas edge-on spirals are consistent with the
Calzetti law. They also find that the slopes of the near-infrared (NIR) attenuation
curves are consistent with Milky-Way extinction or Calzetti law attenuation curves,
independent of inclination. In the UV, they find evidence for a bump in the attenu-
ation curve of spirals at 2175 A (see also Conroy et al., 2010a). This feature is absent
from the Calzetti law and could have a significant impact on the interpretation of

the properties of high redshift galaxies (Gonzalez-Perez et al., 2013).

Another method that is used to investigate the dust attenuation properties of
galaxies involves measuring how the ratio of far-infrared (FIR) to ultraviolet (UV)
flux, IRX, varies as a function of the UV spectral slope, 5 (Bell, 2002; Goldader
et al., 2002; Howell et al., 2010; Murphy et al., 2011; Penner et al., 2012, e.g.). The
position of galaxies on the IRX-3 plane can then be compared with the relationship
derived for local starbursts (Meurer et al., 1999; Overzier et al., 2011). The Meurer
et al. (1999) relation was derived from the same galaxy sample used to derive the
Calzetti law and so this comparison tests whether the Calzetti law is applicable
to objects other than modestly starbursting local galaxies. Bell (2002) was the first
to show that local star-forming galaxies lie below this relation such that there is
less UV attenuation for a given value of 3. Goldader et al. (2002) were the first to

show that local ultraluminous infrared galaxies lie above this relation such that the



3. Estimating the stellar masses of galaxies from broad-band photometry 67

Calzetti law underestimates the total UV attenuation for these objects.

Various studies have also applied this method to high redshift star-forming
galaxy samples (e.g. Murphy et al., 2011; Buat et al., 2012; Reddy et al., 2012; Pen-
ner et al., 2012). This exercise is difficult because FIR SEDs are typically available
only for the most extreme dusty galaxies at higher redshifts, although a stacking
analysis can ameliorate this problem (Reddy et al., 2012). There is evidence for
consistency between the high redshift and local IRX-{ relations (e.g. Reddy et al,,
2010, 2012), although it has also been argued that specific object classes can be off-
set from the local relation (e.g. Murphy et al., 2011; Penner et al., 2012). Buat et al.
(2012) apply a different approach and analyse a sample of 751 UV-selected galaxies
at z € 1,2, fitting the full UV-FIR SEDs using a SED fitting procedure that features
a generalized form of the Calzetti law (Noll et al., 2009). They find evidence for a
steeper attenuation curve in the UV than the canonical Calzetti law for 20% of their

sample, and also a UV bump.

3.2.3 Filter and parameter choices

The final step in producing template SEDs involves convolving with the broad-
band filters used in given observational data set. Deep multi-wavelength surveys
such as GOODS have many photometric bands available, spanning all the way
from the UV through to the radio. Wide-area surveys on the other hand such as
SDSS typically have only optical broad-band photometry available. For simplic-
ity, we use a single filter set across a wide range of redshifts with the exception of
Section 3.5.1 where we consider LBG samples. Filters blueward of the Lyman limit
at 9124 in the rest frame are excluded from the fitting process. We do not include
artificial redshift or flux errors, setting o,, in Eq. 3.1 to 10% of the model galaxy flux
Falaxy n for each band. These error sources become important at high redshift but
can be understood without the need for a theoretical model and are not particularly
relevant for understanding errors in stellar mass estimates associated with the as-
sumptions made in SED fitting. However, ignoring them entirely means that any

quantification of the errors in stellar mass estimates given in this Chapter should
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be considered as lower limits. We do consider the effect of artificially perturbing
model fluxes when exploring LBG samples in Section 3.5.1, where it becomes im-
portant to include detection criteria in order to robustly compare model predictions

with observational data.

In this study we use two filter and SED fitting parameter sets, as outlined in
Table 3.1. A common feature of both sets is that we use Bruzual & Charlot (2003)
SPS models and the Calzetti law for SED fitting. ¢, is always constrained to be less
than the age of the Universe at the given redshift. We refer to the first parameter
set as the standard parameter grid because it is designed to be broadly represen-
tative of the choices made in observational studies of low to intermediate redshift
galaxies where Spitzer IRAC imaging between 3.6um and 8um is often available
(e.g. Ilbert et al., 2010; Santini et al., 2012; Mortlock et al., 2011). It uses the expo-
nentially declining SFH typically used for galaxies at low and intermediate redshift
and is therefore characterized by t.ee, 7, Z, and E(B — V). We use a Salpeter IMF
for this parameter set despite the fact that the GALFORM models we consider typ-
ically use a Kennicutt IMF to demonstrate how the systematic uncertainty on the
IMF compares against other sources of error in stellar mass estimation. We modify
this choice of IMF in the templates to a Chabrier IMF in Section 3.5 where we con-
sider model predictions of the stellar mass function. This choice is made so that the
stellar masses of model galaxies estimated from SED fitting are consistent with the

observational studies with which we compare.

We also use a second parameter set, deliberately constructed to closely resem-
ble the choices made by Lee et al. (2012), who use SED fitting to estimate the stellar
masses of LBGs at = = 4 and z = 5. We refer to this parameter set as the LBG
parameter grid and use it in Section 3.5.1. It uses an exponentially declining SFH,
including the limit of 7 — oo, corresponding to a constant SFH. When considering
LBGs, it is important to consider both the effect of photometric errors and non-
detections where galaxies drop below the sensitivity limit of the survey. Instead of
setting o,, in Eq. 3.1 to 10% of the model galaxy flux Fyujaxy», in this case we use

the 5-sigma limiting magnitudes listed in Table 1 of Lee et al. (2012) to determine
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Standard Parameter Grid
Filters  Byss, Vios, R, i775, 2850, J, H, K, 3.6, 4.5, 5.8, 8.0um
IMF Salpeter
tage/Gyr  0.1,0.11, 0.13, 0.14, 0.16, 0.18, 0.2, 0.23, ...
7/Gyr  0.1,0306,1,2,3,4,57,9,13, 15, 30
Z,]%s  25,1,04,0.2,0.02
E(B-V) 0,0.03,0.06,0.1,0.15,0.2,0.25,0.3, ... 1

Lyman-Break Galaxy Parameter Grid

Filters Buss, Veos, 1775, 2850, J, H, K, 3.6, 4.5, 5.8um
IMF Chabrier
tage/Gyr  0.1,0.11,0.13, 0.14, 0.16, 0.18, 0.2, 0.23, ...
7/Gyr  0.1,0.20.3,04,0.6,0.8,1.0, cc
Z. 7o 1,02
E(B-V) 0,0.025,0.05,0.075 ... 0.95

Table 3.1: Parameter grids for SED fitting. The top section outlines the standard
parameter grid we use for the majority of our results. The bottom section outlines
the parameter grid used in Section 3.5.1 for exploring LBG sample selection. ¢,4.
is the time since the onset of star-formation and 7 is the e-folding time-scale for
an exponentially decreasing SFH. Z, is the stellar metallicity and E(B — V) is the

colour excess which characterizes the Calzetti dust attenuation law.

0,. We also consider the effect of artificially perturbing fluxes using a Gaussian
distribution with o again taken from Table 1 in Lee et al. (2012). To facilitate a self-
consistent comparison, we follow the same procedure for non-detections described
in Lee et al. (2012), where non-detected bands are used as upper limits in Eq. 3.1
if s Fiemp,n €xceeds the upper limit in that band. We use the LBG dropout selec-
tion criteria (both colour and S/N selection) given by Equations 1-13 in Stark et al.
(2009). These criteria select Byss, Vios and i775 dropouts to create samples of LBGs
at z = 4,5 and 6 respectively. We use a Chabrier IMF for this parameter set. The

allowed parameter values for both parameter sets are listed in Table 3.1.
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3.3 Modelling hierarchical galaxy formation

In this section we provide a brief description of the aspects of the GALFORM semi-
analytic model which are relevant to this work. An introduction to the model and
the associated underlying physics can be found in Cole et al. (2000), Baugh (2006)
and Benson (2010). Briefly, GALFORM connects the properties of galaxies to a given
cosmological model by coupling dark matter halo merger trees to a set of conti-
nuity equations that describe the exchange of baryons accreted on to dark matter
haloes between stellar, cold disk gas and hot halo gas components. The physi-
cal processes that determine the form of these continuity equations include shock
heating and subsequent radiative cooling of accreted gas onto galaxy disks, quies-
cent star-formation in galaxy disks, chemical enrichment of the ISM, the ejection
of cold gas and metals by supernova feedback, the suppression of gas cooling by
AGN and photoionization feedback and disk instabilities and galaxy mergers that
can trigger both spheroid formation and bursts of star-formation. It is important to
note that various versions of GALFORM have appeared in the literature which we
refer to as separate models. These models are distinct from each other in that they
all use different choices for model parameters and in some cases actually include

physical processes which do not appear in other models.

3.3.1 The Lagos12 and Lacey13 models

We adopt the recently developed model described in Lagos et al. (2012) (hereafter
Lagos12) as the fiducial model to explore in this study. The Lagos12 model is the
most recent version of the model described in Lagos et al. (2011b), which in turn is
a development of the model originally described in Bower et al. (2006) (hereafter
Bower(06). The Bower(06 model was the first variant of GALFORM to include the ef-
fects of AGN feedback shutting down gas cooling in massive haloes. The Lagos12
model is distinct from the Bower06 model in that it includes an alternative star
formation law for galaxy disks based on an empirical relationship connecting the

star formation rate in a galaxy to the molecular-phase gas density. The molecular
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gas fraction is, in turn, related to the mid-plane pressure in the galaxy disk (Blitz
& Rosolowsky, 2006). This new law is observationally motivated and is charac-
terized by parameters which are constrained by observations, greatly reducing the
available parameter space in the model. Other changes with respect to Bower06
include longer time scales for both the minimum and total duration of starbursts
and different reionization parameters. These changes were made to reconcile the
model predictions with observations of LBGs (Lacey et al., 2011). The model uses
SPS files from a 1999 private release of the Bruzual & Charlot model family (BC99)
and assumes a Kennicutt IMF (Kennicutt, 1983). The BC99 SPS models represent
an intermediate step between the public model releases from Bruzual & Charlot
(1993) and Bruzual & Charlot (2003) and are found to be very similar to the BC03
SPS models. Compared to the z = 1.35 Salpeter IMF used in the SED fitting pro-
cedure, the Kennicutt IMF used in the Lagos12 model has the same mass range
(m, € 0.1,100 M) but has a steeper slope of + = 1.5 and a break in the power law
at m, = 1M, below which the slope is + = 0.4. The IMF slope z is defined by
%(Z) = m~". The lack of a power law break at 0.1 M means that the Salpeter IMF

has an overabundance of low-mass stars compared to the Kennicutt IMF, resulting

in higher M /L ratios.

To help explore if certain aspects of our results are model dependent, we also
consider the model presented in Lacey et al. (in preparation) (hereafter Lacey13).
The Lacey13 model is a hybrid of the Bower06 model family and the model from
Baugh et al. (2005). It includes AGN feedback, starburst events triggered by disk
instabilities and galaxy mergers, the star formation law described in Lagos et al.
(2011b) and a non-universal IME. We choose this model as a comparison to the La-
gos12 model because of several differences between the models which are relevant
for SED fitting. The non-universal IMF used in the Lacey13 model consists of a
Kennicutt IMF for star formation in disks and a top-heavy IMF with slope x = 1
in starbursts. It should be noted that the slope of the top-heavy IMF used in the
Lacey13 model is less extreme than the + = 0 top-heavy IMF required in Baugh

et al. to match the number counts of submillimetre galaxies. The Lacey13 model
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generates SEDs using the Maraston (2005) (hereafter MAO05) SPS model. There has
been a considerable amount of debate in the literature as to whether the luminos-
ity of thermally-pulsating asymptotic giant (TP-AGB) stars featured in the MAO5
model is accurate (e.g. Kriek et al., 2010; Zibetti et al., 2013). This has potentially
important consequences for the stellar mass inferred from SED fitting, potentially
changing the M /L at NIR wavelengths by as much as 50% for a stellar population
of age ~ 1Gyr (Maraston et al., 2006; Michatowski et al., 2012). Although we do
not explore this issue in any detail, the debate surrounding the contribution from

TP-AGB stars makes the Lacey13 model a useful comparison to our fiducial model.

3.3.2 Calculating intrinsic galaxy SEDs

The SED fitting procedure described in Section 3.2 relies on the accuracy of SPS
modelling to provide realistic SEDs for simple stellar populations. The same is
true for GALFORM which uses SPS modelling to predict model galaxy SEDs from
the star formation and chemical enrichment history of each galaxy, as calculated by
the model. Compared to SED fitting, which has to assume a parametric form for
galaxy SFHs and a single metallicity for all of the stars in a given galaxy, GALFORM
self-consistently generates complex assembly histories for galaxies which include
chemical evolution (see Baugh, 2006, for examples). There are only a small num-
ber of metallicities available for publicly released SPS models. Therefore, in order
to actually use the chemical enrichment history of each galaxy in GALFORM, the
model performs linear interpolation in log(Z,) between the tabulated SSPs. This
approach is not applied in standard SED fitting procedures which instead use a dis-
crete metallicity grid. Another difference between GALFORM and SED fitting is that
galaxies in GALFORM are divided into disk and bulge components. The net SED of
each model galaxy predicted by GALFORM is therefore the sum of two composite
stellar populations, each with its separate star formation and chemical enrichment
history. Finally, it should also be noted that GALFORM uses a different choice with
respect to SED fitting regarding the treatment of the recycling of mass and metals.

SPS models typically provide estimates of the amount of mass a SSP recycles back



3. Estimating the stellar masses of galaxies from broad-band photometry 73

to the ISM as a function of age. This information is used in SED fitting to calculate
the best-fitting stellar mass. For reasons of numerical efficiency, theoretical galaxy
formation models, including GALFORM, typically do not use this information and
instead apply the instantaneous recycling approximation where mass and metals
are instantly returned to the ISM. The amount of mass and metals returned per
unit mass of stars formed are both fixed parameters in GALFORM and are therefore
independent of the age of a galaxy. The exact recycled fractions and yields are cal-
culated, for a given IMF, from the output of a SSP with solar metallicity at an age of
10 Gyr. This has a direct impact on how stellar mass is calculated in GALFORM and
it is expected that this will lead to a small, redshift-dependent disagreement with

the non-instantaneous recycling scheme employed in SED fitting.

3.3.3 Dust attenuation

The SED fitting procedure and GALFORM both use the same Madau (1995) pre-
scription for absorption and scattering of UV photons by neutral hydrogen in the
IGM. However, there are important differences in the way attenuation by dust is
treated. The SED fitting procedure uses the Calzetti law which includes the as-
sumption of a star-dust geometry corresponding to a uniform, foreground dust
screen, as discussed in Section 3.2.2. GALFORM performs a more physical calcula-
tion of radiative transfer for a realistic geometry of the stars and dust. It models
dust as a two phase medium separated into diffuse dust in the ISM and compact
dust clouds that enshroud star-forming regions (Silva et al., 1998). For a detailed
description of this dust attenuation model, see Lacey et al. (2011) and references
therein and also Lacey, Baugh & Frenk (in preparation). We provide a qualitative
overview of the model here, focusing on aspects of the modelling that are particu-
larly relevant to our analysis. We use the standard terminology whereby extinction
curves describe the absorption and scattering out of the sightline to a single star
and attenuation curves describe the total absorption and scattering both into and
out of all sightlines to an extended stellar distribution on the sky. We characterize

attenuation curves with the effective optical depth, 7., as a function of wavelength
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A. The effective optical depth, 7.¢ 5, is defined by

Teff X = — ln(Fatten,A/Entrin,A)v (33)

where Flien » and Finyin,\ are, respectively, the attenuated and intrinsic galaxy fluxes
at a given wavelength and F, ey is calculated from a radiative transfer model.
The starting point for the dust model used in GALFORM is to calculate the total
dust mass in each galaxy. This is calculated by assuming that the ratio of mass
in dust to metals in the cold gas is a constant and that this ratio follows the value
inferred for the local ISM (Savage & Mathis, 1979). Dust is then divided into diffuse
and compact birth cloud components. The relative fraction of dust mass in each
component is a model parameter. The fraction in diffuse dust, fuifruse, is set to 0.75
in the Lagos12 model and 0.5 in the Laceyl3 model. Both dust components use
an input Milky-Way extinction curve as a starting point to calculate the resultant
attenuation curves of each galaxy by radiative transfer. It is important to realise
that inclination and geometric effects can lead to total attenuation curves which
are very different from the input extinction curve (e.g. Gonzalez-Perez et al., 2013).
The spatial distribution of diffuse dust is assumed to follow an exponential
disk profile that traces the stellar disk, both in radial and vertical scale-length.
The effective optical depth associated with diffuse dust is calculated by interpo-
lating between the tabulated radiative transfer calculations performed by Ferrara
et al. (1999). Ferrara et al. (1999) calculate the effective optical depth of disk-bulge
systems as a function of wavelength, galaxy inclination, face-on extinction optical
depth in the V-band, 7, and disk-to-bulge scale-length ratio. 7y is calculated di-
rectly from the density of dust at the centre of the disk, using the local ISM dust
to metals ratio, and so scales with the surface density of diffuse dust in the galaxy

disk as

Tyo X fdiffuseMcolecold/rdisk27 (34)

where M4 and Z.,q are the mass and metallicity of cold gas in the galaxy disk

and r4;sx is the radius of the galaxy disk. It should be noted that no allowance is
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made in the modelling of diffuse dust for any differences in the relative spatial dis-
tributions of young and old stars in the galaxy disk, although this is accounted for
with the second, compact dust cloud component. It is normally assumed that there
is no dust in galaxy bulges. An exception is made, however, for diffuse dust associ-
ated with gas forming stars in starbursts triggered by mergers or disk instabilities.
In these starbursting systems, the attenuation by diffuse dust is approximated by
temporarily treating the bulge as a disk when using the results from the Ferrara
et al. (1999) radiative transfer calculations. We discuss some of the advantages and
potential problems associated with the way that diffuse dust is modelled in GAL-

FORM, in the context of our results, in Section 3.6.

The second dust component in GALFORM represents dust in dense molecular
clouds enshrouding star-forming regions. As such, it generally affects the light
emitted only by young stars which in turn are assumed to escape the dense dust
clouds over a fixed time scale, which is a model parameter. The cloud component
is therefore more significant in actively star-forming galaxies and starbursts where
very young stellar populations can dominate large parts of the overall galaxy SED.
The escape time is set to 1 Myr for the Lagos12 model and 1 Myr for the Lacey13
model. The clouds are modelled as being spherically symmetric with uniform den-
sity and a mass of 10°M, and a radius of 16pc. The enshrouded stars are placed
at the centre. Attenuation from this simple geometry can be evaluated analytically.
For a more detailed description of this aspect of the calculation, see Lacey, Baugh

& Frenk (in preparation).

The resultant combination of the diffuse and compact dust components atten-
uating the overall galaxy SED increases the level of physical realism beyond what
is represented by the Calzetti law used in SED fitting. We pay particular atten-
tion to this in Section 3.4.5 but it should be noted that a full exploration of how
the dust modelling used in GALFORM compares to the empirical relations used in
observational studies is beyond the scope of this Chapter. For more information,
see Gonzalez-Perez et al. (2013) for a discussion of how model predictions derived

using this dust modelling approach compare with observations of LBGs.
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3.4 Stellar mass recovery

In this section we first examine how accurately SED fitting can recover the stellar
masses of a volume limited sample of model galaxies predicted by the Lagos12
model at a selection of redshifts. We then attempt to isolate and explain the various
different effects which affect the accuracy of stellar mass estimation. In this section,
we use the standard SED fitting parameter grid and filter set described in the top
half of Table 3.1. The number of model galaxies considered at each redshift is of

the order of 10°, such that the galaxy population is well represented.

3.4.1 Overview

Fig. 3.1 shows the ratio of the stellar mass estimated using SED fitting, M, [fit] to
the true stellar mass in the Lagos12 model, M,[model], plotted as a function of
M, [model] for a selection of redshifts. We choose to show individual galaxies colour
coded by the density of points at a given position on the plane. We also show the
10, 50 and 90 percentile ranges of the distribution. This approach shows the broad
trends in the overall distribution whilst still highlighting the presence of any un-
usual features or outliers. We quantify the distributions in each panel using two
simple statistics in order to facilitate a rough quantitative comparison with other
results presented in this section. We define y as the mean value of the median off-
set in log,, (M, [fit] /M, [model]) calculated for each bin in M, [model]. We define o as
half of the mean value of the 68% range in log,, (M, [fit] /M, [model]) calculated for
each bin in A, [model]. If there is no dependence of the scatter and median offset
on M,[model|, then ; and o quantify exactly the average systematic and random
errors which affect the stellar mass estimation.

At face value, the results shown in Fig. 3.1 indicate that the accuracy of the stel-
lar masses estimated using SED fitting is very poor, particularly at high redshift. It
should be noted, however, that we have deliberately chosen to assume a Salpeter
IMF in our SED fitting procedure despite the fact that the Lagos12 model uses a
Kennicutt IMF. The difference in /L ratio between the Salpeter and Kennicutt
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Figure 3.1: Caption continued on following page.
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Figure 3.1: The log of the ratio of the stellar mass estimated using SED fitting to the true stellar
mass in the Lagos12 model, plotted as a function of the true stellar mass. Each panel corresponds to
a different redshift as labelled. The coloured points represent individual model galaxies. The point
colours are scaled logarithmically with the local point density in the panel, from red at low density
to yellow at high density. The black points and corresponding error bars show the median, 10 and
90 percentiles of the distribution in bins of true stellar mass. p is the mean median offset and o is
half the mean 68% range of the distribution. For reference, the blue dashed line shows the locus of

equality between estimated and true stellar mass.

IMFs can account for the systematic offset in M, [fit] /M, [model| seen for low mass
galaxies. However, the IMF mismatch cannot explain the behaviour displayed for
massive galaxies, particularly at high redshift. These galaxies display a huge scat-
ter in M, [fit]/M,[model]. Specifically, there seems to be a population of massive
galaxies where the stellar mass is significantly underestimated. The medians and
percentiles of the overall distribution show that this is an outlying population at
low redshift. However, at high redshift, it is apparent that the stellar masses of al-
most all of the most massive model galaxies is significantly underestimated. In the
most extreme individual cases, the stellar mass can be underestimated by factors
greater than a hundred. Finally, the distributions display a level of bimodal be-
haviour which can be seen by eye from the point density distribution indicated by
the colour scheme. This is easier to see in the higher redshift panels. The two peaks
of the bimodal feature are typically offset in log,, (M, [fit] /M, [model]) by ~ 0.25 dex.

This is significant and clearly undesirable.

There are a number of different factors in the SED fitting calculation that could
combine to produce the behaviour shown in Fig. 3.1. Therefore, it is useful to mod-
ify the SED fitting procedure and GALFORM in order to isolate how each factor of
the calculation contributes to this overall behaviour. In Fig. 3.2, we show how the
distribution of estimated over true stellar mass changes with the inclusion or exclu-
sion of these factors for the Lagos12 model. We adopt a fiducial redshift of z = 2 for

this exercise. Fig. 3.2a shows the case where GALFORM and the SED fitting proce-
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Figure 3.2: The log of the ratio in the stellar mass estimated using SED fitting to the true stellar
mass in the Lagos12 model at z = 2, plotted as a function of the true stellar mass. Formatting of
points and symbols is the same as in Fig. 3.1. The different panels show the distribution for different
variations of both SED fitting and GALFORM. a) The SFHs of galaxies are the only factor which can
vary in the SED fitting process. No dust extinction is applied to model galaxy SEDs in GALFORM
and E(B — V) = 0 is applied as a constraint in the SED fitting procedure. Z, = Z is applied as
a constraint in both GALFORM and the SED fitting. The SPS model used by GALFORM is changed
to BCO3 with a Salpeter IMF (in order to be consistent with the SED fitting) and the instantaneous
recycling approximation is used in the SED fitting procedure (to be consistent with GALFORM). b)
SFHs, recycling, SPS models and the IMF are the only factors in the SED fitting process. Dust and
metallicity related effects are removed as in Panel ). ¢) SFHs and metallicity are the only factors
in the SED fitting process. Dust, recycling, SPS models and IMF related effects are removed as in
Panel a). d) SFHs and dust are the only factors in the SED fitting process. Metallicity, recycling, SPS

model and IMF related effects are removed as in Panel a).
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dure have been stripped down to the point where effectively only the SFH is being
fit for each model galaxy. This is achieved by removing all of the effects associated
with dust attenuation, chemical enrichment, recycling and the choice of SPS model
and IMFE. SPS model, recycling and IMF related effects are removed simply by mak-
ing the two calculations consistent. Specifically, the SPS model used by GALFORM
is changed to BCO3 with a Salpeter IMF and the instantaneous recycling approxi-
mation is adopted in the SED fitting procedure. We remove chemical enrichment
effects by forcing SED calculations in both GALFORM and the SED fitting proce-
dure to use solar metallicity. Dust effects are removed by setting £(B — V) = 0 as
a constraint in the SED fitting procedure and by using the unattenuated fluxes for
model galaxies from GALFORM. From this simplified case, the other panels show
how the distribution changes with the reintroduction of the various aspects of the
calculation that were removed in Fig. 3.2a. Each aspect is reintroduced in isolation.

The remainder of this section is outlined as follows. In Section 3.4.2, we discuss
the role of SFHs, SPS models, recycling and the choice of IMF on the inferred stel-
lar mass. In Section 3.4.3, we explore how our results are affected by wavelength
coverage. Section 3.4.4 and Section 3.4.5 discuss the impact of metallicity and dust
respectively. In Section 3.4.6, we extend our analysis to the Lacey13 model to ex-

plore the model dependence of our results.

3.4.2 SFHs, recycling, SPS models and the IMF

As discussed earlier, the case presented in Fig. 3.2a is simplified to the extent
where the only difference between SED calculations performed by GALFORM and
the fitting procedure is in the form of the galaxy SFHs. The SED fitting proce-
dure assumes an exponentially declining SFH characterized by the time since the
onset of star-formation, t,.., and the e-folding time scale, 7, whereas GALFORM
self-consistently calculates the SFH of each model galaxy. None of the concerning
features and trends seen in Fig. 3.1 are present in Fig. 3.2a, which instead shows a
smooth distribution with a small scatter almost centered around the locus of equal-

ity between estimated and true stellar mass. The distribution can be completely
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z 0 0.5 1 2 3 4
GALFORM: BCO03 SPS, Salpeter / SED fitting: BC03 SPS, Salpeter, IRA
p/dex -0.01 -0.01 -0.03 -0.02 -0.01 -0.01
o/dex 0.01 0.03 0.04 006 0.05 0.05
GALFORM: BCO03 SPS, Salpeter / SED fitting: BC03 SPS, Salpeter, NIRA
p/dex -0.01 -0.01 -0.01 0.01 0.04 0.05
o/dex 0.01 003 0.04 0.05 0.05 0.05
GALFORM: BC99 SPS, Salpeter / SED fitting: BC03 SPS, Salpeter, NIRA
p/dex -0.03 -0.01 -0.02 0.00 0.03 0.06
o/dex 0.04 0.04 0.05 005 0.05 0.05
GALFORM: BC99 SPS, Kennicutt / SED fitting: BCO3 SPS, Salpeter, NIRA
p/dex 026 026 026 027 030 0.31
o/dex 0.03 005 0.05 0.05 0.05 0.05

Table 3.2: The mean median offset ;1 and half the mean 68% range, o, of distributions in
log (M, [fit] /M, [model]) against M, [model]. All values listed are for the Lagos12 model in the case
where dust effects are ignored, both in the model and in the SED fitting procedure. Metallicity ef-
fects are also removed by forcing both the model and the SED fitting procedure to use Z, = Zg.
Each column corresponds to a different redshift. Each pair of rows corresponds to a different com-
bination of choices made regarding SPS modelling, the IMF and recycling in GALFORM and the SED
fitting procedure. The top pair of rows corresponds to the simplified case where GALFORM and the
SED fitting procedure both use BC03 SPS models, instantaneous recycling (IRA) and a Salpeter IME.
The second pair of rows corresponds to the case where the SED fitting procedure is changed back to
using default non-instantaneous recycling (NIRA). The third pair of rows corresponds to the case
where the Lagos12 model is changed back to using default BC99 SPS models and the SED fitting
procedure uses NIRA. The final pair of rows corresponds to the default case where GALFORM uses
BC99 SPS models, IRA and a Kennicutt IMFE. The corresponding default SED fitting procedure uses

BCO03 SPS models, a Salpeter IMF and NIRA.
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characterized by the mean offset y = —0.02 dex and the mean spread o = 0.06 dex
in this idealized case. It is perhaps surprising that, on average, the SED fitting
works so well given the diversity of SFHs which can be predicted in GALFORM,
and it is interesting then to see whether this result is reproduced at other redshifts.
We list the 12 and o values for this simplified case for other redshifts in the top pair
of rows in Table 3.2. It is interesting to see that, averaged over the entire galaxy
population, the assumption of an exponentially declining SFH has almost no im-
pact on the accuracy of the stellar mass estimation at z = 0 (1 = —0.01dex and
0 = 0.01dex). In addition, the small scatter seen in Fig. 3.2a at z = 2 does not in-
crease for higher redshifts. Comparing this level of scatter with that seen in Fig. 3.1
implies that, for our analysis, the assumption of an exponentially declining SFH

has a negligible impact on stellar mass estimation.

To explore this further, we show the average SFHSs of galaxies from the Lagos12
model as a function of redshift and stellar mass in Fig. 3.3. The average is per-
formed over 100 galaxies in each mass bin. It should be noted that for a large value
of 7, an exponential declining SFH resembles a constant SFH. With this in mind,
it can be seen that, qualitatively, an exponentially decreasing SFH will provide an
adequate fit to all of the average SFHs shown at lower redshifts. Even at z = 4, the
bulk of the stellar mass growth still occurs at a relatively constant star-formation
rate such that an exponentially declining SFH fit to the data could recover the stel-

lar mass if a large value of 7 were chosen.

We strongly emphasize, however, that these findings only apply to the aver-
age over all model galaxies with M, > 1.4 x 108 M. The extremely small scatter
seen in Fig. 3.2a. does not imply that the SFHs of individual galaxies are well re-
covered on an object-by-object basis. We have explored how well the SED fitting
procedure recovers the mass-weighted mean age of model galaxies from the La-
gos12 model and find a larger scatter (typically o ~ 0.2dex) between estimated
and true mass-weighted age than is shown for the mass recovery in Fig. 3.2a. Fur-
thermore, a closer inspection of Fig. 3.2a reveals that there are outliers to the overall

distribution where the stellar mass is underestimated by almost an order of mag-



3. Estimating the stellar masses of galaxies from broad-band photometry 83

T T T T T T
— logM, /M, =9

2 logh, /M, =95
— logM, /M, =10

— logM, /M, =105

—
I 1 logM /M, =
=
)
~
®
=
= 0
x
<
=
=
50
< -1

oyt

log(M, /M

oyt

log(M, /M

|
00 02 04 06 08 10 12 14
tlookback/c'yr

Figure 3.3: Average SFHs of model galaxies in the Lagos12 model, plotted as a function of look-
back time from the redshift labelled. Each curve represents the average SFH of 100 galaxies of a

given stellar mass at the redshift corresponding to each panel, as indicated by the key.
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Figure 3.4: The log of the ratio of the stellar mass estimated using SED fitting to the true stellar
mass in the Lagos12 model at z = 2, plotted as a function of the true stellar mass. As in Fig. 3.2a,
both GALFORM and the SED fitting procedure have been modified such that all dust and metallicity
effects are removed and the IME, SPS model and treatment of recycling are consistent between the
two calculations. The top panel shows the distribution for all galaxies. The bottom panel shows the
distribution for bursting galaxies, selected as model galaxies with a higher SFR in a burst compo-
nent relative to the quiescent SFR in the galaxy disk. Formatting of points and symbols is the same

as in Fig. 3.1.
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nitude. In Fig. 3.4, we demonstrate that if a subset of the overall galaxy population
is considered, the assumption of an exponentially declining SFH can lead to larger
errors in the stellar mass estimation. In this case we compare the average offset
and scatter of the entire galaxy population from the Lagos12 model at z = 2 with
galaxies selected as being dominated by bursts of star-formation. We define bursts
as galaxies with higher SFRs in a burst component relative to the SFR associated
with quiescent star-formation in galaxy disks. We choose this subset because these
galaxies are likely to have SFHs that differ significantly in many cases from an ex-
ponentially declining SFH. Our definition of a burst is a straightforward physical
definition that can be made in a theoretical model, and should not be confused with
the typical observational definition of a starburst as an object with an elevated SFR
compared to the mean of the population. Comparison of the distributions shown
in Fig. 3.4 for all galaxies (top panel) and for bursts (bottom panel) shows that the
stellar masses of bursting galaxies is underestimated on average by Ay = —0.1dex
compared to the average over the total galaxy population. In addition there is sig-

nificantly increased scatter in M, [fit] /M, [model] when only bursts are considered.

Fig. 3.2b shows a similar scenario to Fig. 3.2a but where the SPS model, IMF
and treatment of recycling are changed back to be consistent with the default La-
gosl12 model and default SED fitting procedure. Specifically, the Lagos12 model
uses BC99 SPS models, instantaneous recycling and a Kennicutt IMF in this panel.
The SED fitting procedure instead uses BC03 SPS models, non-instantaneous recy-
cling and a Salpeter IMF. Comparison of Fig. 3.2a and 3.2b shows that the different
choices of SPS model and IMF, as well as the treatment of recycling, that can be
made within SED fitting and GALFORM can cause constant offsets in M, [fit] /M, [model]
but do not create additional scatter in the distribution. It is interesting to explore
the relative contribution from these different factors to these offsets. The remain-
der of Table 3.2 shows i and o over a set of redshifts for different combinations
of choices regarding recycling, the SPS model and the IMF. In all cases, dust and

metallicity effects are removed from both GALFORM and the SED fitting procedure.

By default, the SED fitting procedure uses non-instantaneous recycling whereas
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GALFORM uses instantaneous recycling with a constant recycled fraction. This con-
stant recycled fraction is fixed, for a given IMF, to the recycled fraction of a SSP
with solar metallicity and age 10 Gyr. There are two factors that could lead to sys-
tematic errors in stellar mass estimation caused by differences between instanta-
neous and non-instantaneous recycling. Firstly, the adopted relationship between
initial and remnant mass for stars may be different in GALFORM and the BC03 SPS
model used in the SED fitting procedure. ! We check this by comparing the recy-
cled fraction at 10 Gyr for a solar metallicity BC03 SSP with Salpeter IMF with the
corresponding recycled fraction used by GALFORM for a Salpeter IME. The two re-
cycled fractions at 10 Gyr are R = 0.31 for the BC03 SSP and R = 0.30 for GALFORM
which are almost consistent. We therefore do not expect this factor to significantly
affect the stellar mass estimation. Secondly, for non-instantaneous recycling, the
recycled fraction is a function of galaxy SFHs, whereas for instantaneous recycling
the recycled fraction is independent of galaxy SFHs. Therefore, as the overall age
distribution of the model galaxy population evolves, it is to be expected that part
of any systematic error in stellar mass estimation caused by differences between
instantaneous and non-instantaneous recycling will be redshift dependent. This
is verified by comparing the values of 1 shown in the top and second sections of
Table 3.2. Changing from instantaneous recycling (top) to non-instantaneous recy-
cling (second) in the SED fitting procedure has negligible impact at z = 0 but results
in a 15% offset in stellar mass by z = 4. This is a small effect compared to some
of the other potential sources of error (e.g. the choice of IMF) but should still be
accounted for if an attempt is made to make a precise comparison between stellar
masses derived from observations and theoretical models that use instantaneous

recycling, particularly at high redshift.
It is beyond the scope of this study to attempt to provide a comprehensive in-

vestigation into how stellar mass estimation is affected by uncertainties associated

with SPS modelling and the IMF. Comparing the third and bottom sections of Ta-

'In GALFORM, we use the relations between initial and remnant masses from Marigo et al. (1996)

and Portinari et al. (1998). See Cole et al. (2000) for details.
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ble 3.2 shows that the difference between using a Salpeter and Kennicutt IMF is
givenby Ay ~ 0.25—0.29 dex for z € 0, 4. This simply demonstrates the well known
result that changing from Salpeter to an IMF such as Kennicutt, that features a
low-mass cutoff, results in M /L ratios that are offset by nearly a constant factor,
reflecting the fact that stars at the low-mass end contribute a negligible amount to
the integrated light of a SSP. Comparing the second and third sections of Table 3.2
shows that there is also a small, ~ 7% increase in the scatter of the distribution at
z = 0 when the transition is made from using BC03 SPS in GALFORM (second) back
to the BC99 SPS model (third) used in the default version of the Lagos12 model. We
show this for reasons of completeness only because the BC99 and BC03 SPS models
both belong to the same overall model family and are thought to be very similar.
It should be noted that the difference between these two models almost certainly
underestimates the true impact on stellar mass estimation associated with uncer-

tainties in SPS modelling.

3.4.3 Wavelength coverage

In the top section of Table 3.2, we show the mean offset ;© and mean spread o for
a selection of redshifts in the idealized case where the Lagos12 model and the SED
titting routine are stripped back to the point where only the SFH is different be-
tween the SED calculations. For this idealized case, there is no systematic redshift
dependence in the mean offset ;.. However, there is a gradual increase in the scatter
from o ~ 2% at z = 0 up to 0 = 15% at = = 2. The scatter does not continue to
increase beyond z = 2. The increase in scatter over the redshift range 2z € 0, 1 could
be attributed to two separate effects. Firstly, any changes in the overall distribu-
tion of model galaxy SFHs with redshift could affect the accuracy of SED fitting.
Over this redshift interval, there is a substantial fall with time in the overall SF ac-
tivity, which may correspondingly reflect a change in the underlying distribution
of SFHs. Secondly, the rest-frame wavelength coverage of the filter set changes
with redshift such that the longer wavelengths in the rest-frame galaxy SED are no

longer available in the SED fitting process at high redshift. To separate these two
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z 0 0.5 1 2 3 4

All filters - Observer Frame
p/dex -0.01 -0.01 -0.03 -0.02 -0.01 -0.01
o/dex 0.01 0.03 0.04 006 0.05 0.05
All filters - Rest Frame
p/dex -0.01 -0.01 -0.01 -0.01 0.01 0.0
o/dex 0.01 0.02 0.03 0.02 0.02 0.03
No IRAC filters - Observer Frame
pn/dex -0.01 -0.01 -0.03 -0.04 -0.03 -0.03
o/dex 0.01 0.03 005 011 0.10 0.10
No NIR or IRAC filters - Observer Frame

p/dex -0.01 -0.02 -0.04 -0.05 -0.07 -0.07
o/dex 0.02 0.04 009 019 029 0.23

Table 3.3: The mean median offset 1 and half the mean 68% range o of distributions in

M, [fit] /M, [model] against M, [model]. As in Fig. 3.2a, all values listed are for the Lagos12 model

in the idealized case where dust and metallicity effects are removed and the choice of SPS model,

IMF and treatment of recycling is consistent between GALFORM and the SED fitting procedure. Each

column corresponds to a different redshift. Each pair of rows corresponds to a different configura-

tion of filters used to perform the SED fitting. The top pair of rows corresponds to the default case

where the 12 broad-band, observer-frame filters listed in Table 3.1 are used, spanning from Byss to

the 8.0um Spitzer IRAC band. The second pair of rows corresponds to the same filter set with the

modification that the filters are fixed in the galaxy rest-frame. The third pair of rows corresponds

to a reduced set of observer-frame filters where the Spitzer IRAC filters are removed. The final pair

of rows extends this by removing the J, H and K bands along with the IRAC filters.
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effects, we consider a modification of both the SED fitting procedure and GALFORM
to use a filter set that is fixed in the galaxy rest-frame, independent of redshift. The
top and second sections of Table 3.3 show values of 1 and mean spread o for the
observer frame and rest-frame filter sets respectively. Using the rest-frame filter set
removes most of the dependence of o on redshift, revealing that averaged over the
entire galaxy population, any change in galaxy SFHs with redshift has a negligible
impact on the accuracy of SED fitting when estimating stellar masses, at least when
dust and chemical enrichment effects are not present.

For the sake of completeness, it is also interesting to explore how important the
NIR filters are for accurately estimating stellar mass in this idealized case where
dust, metallicity, SPS model and IMF related effects have all been removed. The
bottom four rows of Table 3.3 show p and o in the case where either the IRAC filters
or all of the NIR filters are removed from the SED fitting process. Comparison
to the full observer-frame filter set shown in the top part of Table 3.3 shows that
having (perfect) photometry for the IRAC bands reduces the scatter in the stellar
mass estimates by Ao ~ 0.05dex for z > 2. In the scenario where only the optical
filters are available, the accuracy of SED fitting degrades dramatically above z = 1,
even for the idealized scenario presented here. There is also an apparent trend
whereby stellar masses are increasingly underestimated with increasing redshift.
The degradation at higher redshifts demonstrates that it is necessary to sample the
rest-frame optical-NIR part of the intrinsic galaxy SED in order to properly account
for the contribution from older stars which typically dominate the stellar masses of

galaxies.

3.4.4 Metallicity

Fig. 3.2c reintroduces metallicity variation back into GALFORM and the SED fitting
procedure. For this panel, metallicity is a free parameter in the SED fitting proce-
dure and the full chemical enrichment histories of model galaxies are used to calcu-
late their SEDs in GALFORM. Fig. 3.2c demonstrates that the bimodal features seen

in Fig. 3.1 are caused by some aspect of the SED fitting calculation associated with
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Figure 3.5: The log of the ratio of the stellar mass estimated using SED fitting to the true stellar
mass in the Lagos12 model at z = 2, plotted as a function of the true stellar mass. As in Fig. 3.2c, both
GALFORM and the SED fitting procedure have been modified such that all dust effects are removed,
and the IMF, SPS model and treatment of recycling are consistent between the two calculations.
Top: Each point represents an individual galaxy from the Lagos12 model and is coloured according
the mean stellar mass-weighted metallicity calculated by GALFORM for that galaxy. Bottom: Each
point represents an individual galaxy from the Lagos12 model and is coloured according to the
best-fitting metallicity solution calculated in the SED fitting procedure. The parameter grid in Z,

available to the SED fitting procedure is shown in Table 3.1.
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metallicity. To better understand this behaviour, we show in the top and bottom
panels of Fig. 3.5 the same distribution with galaxies colour coded by their mean
mass-weighted metallicity in GALFORM or by the best-fitting metallicity calculated
in the SED fitting procedure. This reveals that while the metallicity of galaxies in
GALFORM is continuous across the bimodal feature, the metallicity returned by the
SED fitting procedure clearly traces the bimodality seen in Fig. 3.2c. This suggests
that the SED fitting procedure could be incorrectly associating a metallicity with
a model galaxy because of degeneracies with other parameters such as age (e.g.
Bell & de Jong, 2001). Underestimating the metallicity can lead to a corresponding
overestimate of the age and hence the M/L ratio. Additionally, it is possible that
the parameter grid of metallicities used in SED fitting has insufficient resolution to
reproduce the SEDs of model galaxies with mass-weighted metallicities that lie in

between the values on the parameter grid.

In order to understand what is causing the bimodal behaviour and to see if it
can be removed, we have explored a number of different choices regarding how
metallicity is treated in the SED fitting procedure. In Fig. 3.6, we show how these
choices affect the distribution of estimated to true stellar mass against stellar mass
for the Lagos12 model at z = 2, for the case where dust, recycling, SPS model and
IMF related effects have been removed. The first and most simple option we ex-
plore is simply to fix the metallicity of all galaxies to a constant value in the SED
titting procedure. This choice is often made in observational studies presented in
the literature (e.g. Rodighiero et al., 2010; Marchesini et al., 2009). The distribution
for this case is shown in Fig. 3.6b. Although fixing the metallicity removes the bi-
modal behaviour, it also introduces a mass dependent bias into M, [fit] /M, [model],
whereby the stellar masses of less massive galaxies is underestimated. This be-
haviour is clearly undesirable, although the problem might be alleviated some-
what if a restricted range in stellar mass is considered, as is often the case for high

redshift galaxy samples.

In Fig. 3.6¢c, we force the SED fitting procedure to choose the closest metallicity

on the parameter grid to the true mass-weighted metallicity of each model galaxy.
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Figure 3.6: The log of the ratio of the stellar mass mass estimated using SED fitting to the true
stellar mass in the Lagos12 model at z = 2, plotted as a function of the true stellar mass. As in
Fig. 3.2c, both GALFORM and the SED fitting procedure have been modified such that all dust effects
are removed and the IMF, SPS model and treatment of recycling are consistent between the two
calculations. Formatting of points and symbols is the same as in Fig. 3.1. Each panel corresponds to

a different configuration of the SED fitting procedure. Caption is continued on the following page.
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Figure 3.6: a) The default case as shown in Fig. 3.5 where metallicity is a free parameter in the fit
and the mode (best-fitting template) of the likelihood distribution is used to estimate the M /L ratio
of each model galaxy. b) Metallicity is constrained to Z, = Zg in the fit. c¢) Metallicity is forced in
the fit to use the closest possible value to the true mass-weighted metallicity of each model galaxy.
d) Metallicity is a free parameter in the fit and the mean over the likelihood distribution is used to
estimate the M/ ratio of each model galaxy. The mean is calculated using a likelihood-weighted
summation ), exp(—x;%/2)M over the parameter space. ¢) Metallicity is a free parameter in the
fit and additional template SEDs are added to the template grid by interpolating in metallicity. f)
Metallicity is a free parameter in the fit, additional template SEDs are added to the template grid
by interpolating in metallicity and the mean over the likelihood distribution is used to estimate the

M/ L ratio of each model galaxy.

For each individual model galaxy, this is achieved by calculating the closest metal-
licity point on the template grid to the true mass-weighted metallicity and then ex-
cluding the other metallicity grid points as allowed solutions for that galaxy. This
choice could only be replicated in an observational study if external constraints
were available on the stellar metallicity for each galaxy in the sample. Compar-
ison of the distribution shown in Fig. 3.6c to the default case shown in Fig. 3.6a
shows that constraining the metallicity in this way restricts the bimodal behaviour
to a narrow range in M, [model]. This in turn indicates that there is a degeneracy
between two possible metallicities which is broken when an external constraint
is introduced. However, there is still a strong bimodality in the distribution at

M, [model] ~ 4 x 10°M,.

Another choice that can be made in SED fitting is to change the statistical method
used to obtain the best estimate stellar mass. Instead of picking the point in the
parameter space with the smallest x? (which corresponds to the mode of the likeli-
hood distribution), it is also possible to estimate the stellar mass of each galaxy by
calculating the mean over the likelihood distribution. This is achieved by perform-
ing a likelihood-weighted summation ), exp(—x;*/2) over the parameter space.

Taylor et al. (2011) describe the implementation and advantages of this weighted-
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average method in more detail. In principle, taking the mean rather than the mode
should result in estimated stellar masses that are more robust against discreteness
in the parameter space and could therefore help to remove some of the bimodal
behaviour seen in Fig. 3.6a and Fig. 3.6c. We show the distribution when this
modified approach is used in Fig. 3.6d. Comparison to Fig. 3.6a reveals that the
weighted-average approach does blur the bimodal feature, although the mass esti-

mation is clearly still not perfect.

As a final step, it is also possible to simply interpolate template SEDs between
the metallicity points on the SPS metallicity grid. This will help especially in sit-
uations where the likelihood distribution associated with a single metallicity grid
point is significantly offset in M/ /L ratio from the others. In this case, neither the
mean nor mode of the distribution will return a robust estimate of the true stellar
mass if the outlying metallicity grid point dominates the overall distribution. We
have confirmed that this is indeed the case for individual galaxies that fall on ei-
ther side of the bimodal feature seen in Fig. 3.6a. We add points to the parameter
space at Z, = 0.5,0.3,0.1,0.05 and 0.04 Z¢, using linear interpolation of the tem-
plate SEDs in log(Z,). We show the effect of including this extended parameter
grid in isolation in Fig. 3.6e and combined with the weighted-average method in
Fig. 3.6f. Adding the extra metallicity points in isolation breaks up the main bi-
modal feature into several smaller, less obvious features, improving the accuracy
in the estimated stellar mass. Combining the interpolated metallicity grid with the
weighted-average method almost completely removes any artificial bimodality in
the distribution of the ratio of estimated to true stellar mass against stellar mass.
The overall scatter is also slightly reduced in the process. Comparison with the
scatter in Fig. 3.2a shows that when metallicity is treated in this way, including
metallicity in GALFORM and the fitting process does not adversely affect the stel-
lar mass estimation. This approach could easily be adopted in observational SED

titting. We discuss this further in Section 3.6.2.

As an aside, it should be noted that the improved stellar mass recovery seen

in Fig. 3.6f does not directly imply that metallicity is also successfully recovered
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Figure 3.7: The log of the ratio of the stellar metallicity estimated using SED fitting to the true
mass-weighted stellar metallicity for model galaxies in the Lagos12 model at z = 2, plotted as a
function of the true mass-weighted stellar metallicity. No dust effects are included in GALFORM and
E(B — V) = 0is applied as a constraint in the fitting. The Lagos12 model is modified to use BC03
SPS models with a Salpeter IMF and the SED fitting procedure is modified to use instantaneous
recycling. The SED fitting procedure has also been modified such that the best fit template is formed
by a linear summation over all of the templates, weighted by the likelihood of each template. Also,
additional templates are added through interpolation in Z,. The diagonal dashed line marks the
lowest metallicity point on the SPS metallicity grid used in the SED fitting. Below this line, the SED

fitting is not able to fit a metallicity that matches the metallicity in GALFORM.
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Figure 3.8: The log of the ratio of the stellar mass estimated using SED fitting to the true stellar
mass in the Lagos12 model at z = 2, plotted as a function of the true stellar mass. As in Fig. 3.2d,
both GALFORM and the SED fitting procedure have been modified such that all metallicity effects
are removed and the IMF, SPS model and treatment of recycling are consistent between the two
calculations. Each point represents an individual galaxy and is coloured by the rest-frame V-band
effective optical depth, 7y o, as calculated in the Lagos12 model. The colour scaling is indicated by

the key.

with this modified fitting approach. In Fig. 3.7, we show the metallicity recovery
corresponding to the distribution presented in Fig. 3.6f. Comparing the two distri-
butions shows that SED fitting is more successful at recovering stellar mass than

metallicity (0 = 0.15 dex for metallicity and o = 0.06 dex for stellar mass).

3.4.5 Dust attenuation

In Fig. 3.2d, we reintroduce dust attenuation back into GALFORM and the SED fit-
ting procedure. Fig. 3.2d shows that some aspect related to how dust attenuation
changes galaxy SEDs results in a population of galaxies which are intrinsically mas-
sive but have stellar masses which are significantly underestimated by SED fitting.

For less massive galaxies, reintroducing dust effects has a negligible impact on the
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stellar mass estimation because these galaxies have small dust extinctions in the
model. Furthermore, we find that, averaged over the galaxy population, either
including or excluding reddening in the fit (whilst retaining the dust extinction

calculated by GALFORM) actually has no impact on the recovered stellar mass.

Fig. 3.8 shows the same distribution shown in Fig. 3.2d but with individual
galaxies plotted as points coloured by their rest-frame effective optical depth in the
V-band 7y g, as calculated in the Lagos12 model. This shows a clear trend whereby
the SED fitting procedure systematically underestimates the stellar masses of the
model galaxies with the most dust extinction. Variations between the A/L ra-
tio of template SEDs with sensible combinations of parameters are typically much
smaller than the offset in M, [fit] /M, [model] seen for these highly extincted galax-
ies. This indicates that rather than the problem being caused by parameter de-
generacies between e.g. dust and age, it seems that the SED fitting is simply not
correctly recovering the overall normalization of the intrinsic model galaxy SED.
This implies in turn that the Calzetti law must be a poor match to the net atten-
uation curves calculated for dusty galaxies in GALFORM. We confirm that this is
indeed the case in Fig. 3.9 and Fig. 3.10. Fig. 3.9 shows the intrinsic and observed
SEDs for 9 individual galaxies which are selected to show a range of offsets in
M., [fit]/M,[model]. It is immediately apparent that the SED fitting procedure un-
derestimates the overall normalization of the intrinsic model galaxy SEDs for the
dustiest galaxies. It is also particularly noticeable that the radiative transfer cal-
culation used in the Lagos12 model is applying a significant dust extinction to the
entire SED, including up to the NIR for these galaxies. This behaviour cannot be

reproduced by the Calzetti law.

This can be seen more clearly in Fig. 3.10, which shows the attenuation curves
for the 6 model galaxies shown in the middle and bottom rows of Fig. 3.9. Also
plotted is the Calzetti law for a wide range of values of £(B — V). The red dashed
line corresponds to the Calzetti law with E(B — V) = 1, the maximum value we
include in the parameter space used in the SED fitting procedure. Fig. 3.10 demon-

strates that although the Calzetti law can match the amount of attenuation applied
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to the dustiest galaxies by the GALFORM radiative transfer model in the UV, it can-
not reproduce the levels of attenuation at optical to NIR wavelengths. Further-
more, even if a different dust attenuation law was used in SED fitting that had the
freedom to represent the types of attenuation curve of the model galaxies seen in
Fig. 3.10, there would still be a very obvious degeneracy between the presence of a
grey dust extinction component and simply having fewer stars producing light in
a given galaxy. If such attenuation curves exist in reality, it would be very challeng-
ing to accurately constrain the stellar masses of dusty galaxies without performing

detailed radiative transfer calculations using the entire UV - FIR SED.

In order to help understand why some of the dusty galaxies in the Lagos12
model have such extreme attenuation curves, it is also useful to consider the phys-
ical properties of the model galaxies shown in Fig. 3.9. As discussed in Section 3.3,
galaxies are divided in GALFORM between a disk and bulge component. In normal
situations, dust is assumed only to be present in the disk but this changes during
starbursts, triggered by mergers and disk instabilities. Starbursts are assumed to
take place inside the bulges of galaxies and therefore a bulge dust component is re-
quired to account for diffuse dust in these systems. We find that the dusty galaxies
where the SED fitting procedure fails are typically compact and have high star for-
mation rates. The most extreme examples shown in the bottom row of Fig. 3.9 are
compact starbursts. The intermediate cases shown in the middle row of Fig. 3.9 are
compact, star-forming disks. It is beyond the scope of this Chapter to provide a de-
tailed analysis of the relationship between the physical properties of model galax-
ies from GALFORM and their dust attenuation curves. However, it is straightfor-
ward to see from Equation 3.4 that compact, gas rich galaxies will have the largest
dust attenuations. In Section 3.6.3, we discuss the origin of the shape of the atten-
uation curves shown in Fig. 3.10. We also discuss whether observed galaxies with

high dust content could have similar dust attenuation curves.
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Figure 3.9: SEDs plotted as a function of wavelength in the observer frame for 9 model galaxies
generated by the Lagos12 model at z = 2. The black and blue solid lines show the dust attenuated
and intrinsic SEDs respectively for the best-fitting SED templates calculated by the SED fitting pro-
cedure. The blue and red filled points show the intrinsic and attenuated flux respectively for model
galaxies in each of the 12 photometric bands used in the fitting process. For plotting purposes, the
SEDs are normalized such that the maximum flux of each model galaxy, as calculated by GALFORM,
is unity. The three galaxy SEDs shown in the top row are selected quasi-randomly as examples
where the SED fitting succeeds in recovering the intrinsic stellar mass. The three galaxy SEDs
shown in the bottom row are selected as those with the biggest mass offsets in M, [Fit] /M, [Model].
The remaining three galaxy SEDs shown in the middle row are intermediate cases between these
two extremes. log M, [Fit]/M,[Model] is the log of the ratio of the estimated to true stellar mass.
Tv ef[model] is the effective optical depth in the rest-frame V' band, as calculated in the Lagos12
model. 7y eglfit] is the effective optical depth in the rest-frame V band, as estimated by the SED

fitting procedure.
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Figure 3.10: Effective optical depth 7., plotted as a function of rest-frame wavelength at z = 2.
Solid coloured lines show the attenuation of the Lagos12 model for the 6 galaxies shown in the
middle and bottom rows of Fig. 3.9. The dashed grey lines show the attenuation curve from the
Calzetti law for a range of values of E(B — V). The red dashed line corresponds to the specific case

where E(B — V) = 1.0, which is the maximum reddening considered in the SED fitting procedure.

3.4.6 Alternative galaxy formation models

We explained in Section 3.1 that the focus for this study is not to attempt to provide
an exhaustive, quantitative guide on the accuracy of stellar mass estimates derived
from broad-band SED fitting. Part of the problem with using a SAM for this pur-
pose is that results of this type will depend to some extent on the specific choices
and assumptions made as part of that SAM. Instead, we focus on a specific test case
and try to understand and explain the origin of different systematics that appear in
the distributions shown in Fig. 3.1. As an extension of this analysis, we also explore
whether the behaviour seen in Fig. 3.1 is unique to the Lagos12 model. In Fig. 3.11,
we compare the distribution in estimated to true stellar mass against stellar mass
from the Lagos12 model at z = 2 with that in the Lacey13 model introduced in
Section 3.3. We use the same SED fitting procedure used to fit model galaxies from
the Lagos12 model shown in Fig. 3.1. The two distributions shown in the top and
bottom panels of Fig. 3.11 are quite similar in some respects but notably differ-
ent in others. The general trend whereby the stellar masses of progressively more

massive galaxies is increasingly underestimated is seen for both models. However,
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unlike for the results for Lagos12 model, the trend traced by the medians of the
distribution continues monotonically all the way to the highest mass bins in the
Lacey13 model, implying that, on average, even the very most massive galaxies
in the Lacey13 model are very dusty. This implies in turn that they are forming
stars at an elevated rate. This is an example of how our results can depend on the
underlying physics that, in this case, controls the relative fraction of star-forming

to passive galaxies.

The o values calculated for the two distributions show that there is a slightly
smaller level of random errors when estimating the stellar masses of galaxies from
the Lagos12 model, as compared to the Laceyl3 model. Visually inspecting per-
centiles reveals that this difference can be attributed to the smaller scatter in the
distribution in the low mass bins shown for the Lagos12 model. The Ay ~ 0.3 dex
offset between the two distributions can be understood as a product of two sepa-
rate effects. Firstly, the recycled fraction associated with the Kennicutt IMF used
in the Lagos12 model is set to R = 0.39. The corresponding recycled fraction used
for stars forming in disks in the Lacey13 model is R = 0.44. This can account for
Ay ~ 0.04 dex of the total systematic offset. Secondly, the Lacey13 model uses the
Maraston (2005) (MAO05) SPS model to compute galaxy SEDs whereas both the La-
gos12 model and the SED fitting procedure use versions of the Bruzual & Charlot
SPS model family. As discussed in Section 3.3, it is established that changing from
using MAOQ5 to BC03 SPS models in SED fitting of observed galaxies can change the
estimated stellar masses by ~ 50 — 60% (Maraston et al., 2006; Michalowski et al.,
2012). If the TP-AGB contribution is really as uncertain as the discrepancy between
the BC03 and MAO5 SPS models, the Ap ~ 0.3 dex offset between the two distribu-
tions has to be considered as a lower limit on the systematic uncertainty on stellar

masses contributed by uncertainties from SPS modelling.

Combined with the uncertainty in the IMF, these differences actually result in
a total offset of u = 0.52 for the Lacey13 model, relative to the SED fitting using a
Salpeter IMFE. As discussed in Section 3.3, the Lacey13 model uses a top-heavy IMF

of slope x = 1 in starbursts. We have checked whether this is important for stellar
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Figure 3.11: Caption continued on the following page.

11.0




3. Estimating the stellar masses of galaxies from broad-band photometry 103

Figure 3.11: The log of the ratio of the stellar mass estimated using SED fitting to the true stellar
mass for different GALFORM models at z = 2, plotted as a function of the true stellar mass. The top
panel shows the distribution for model galaxies from the default Lacey13 model. The middle panel
shows the distribution for model galaxies from a version of the Lacey13 model modified to use a
universal Kennicutt IME. As a reference, the bottom panel shows the distribution for model galaxies
from the Lagos12 model, as shown in Fig. 3.1. Formatting of points and symbols is the same as in

Fig. 3.1. In all cases, the SED fitting uses a Salpeter IMFE.

mass estimation by performing SED fitting on a modified version of the Lacey13
model that uses a universal Kennicutt IMF. The distribution for this scenario is
shown in the middle panel of Fig. 3.11. We find that, averaged over the entire
galaxy population, the distributions with and without the top-heavy IMF are very
similar, at least at = = 2. This is not unexpected because the optical-NIR SEDs
(which to first order set the estimated stellar mass) of typical galaxies are unlikely,
on average, to be dominated by light directly emitted by starbursting populations.
However, this will not necessarily be true for UV/FIR selected galaxy samples,
particularly at higher redshifts. There is a small Ay ~ 0.04 dex mean offset be-
tween the two distributions, whereby the estimated stellar mass is slightly higher,
on average, for the universal IMF version of the Laceyl3 model. Visual inspec-
tion of the percentiles of the two distributions shows that the systematic associated
with dust, seen at the high mass end in Fig. 3.2d, is slightly less prominent for this
modified version of the Lacey13 model. The offset could therefore be caused by
the higher rates of metal injection into the ISM that results from a top-heavy IMF
in bursts. This in turn increases the dust content of the ISM in bursting systems,

consequently increasing the impact of the systematics associated with dust.

Finally, the bimodal behaviour seen in M, [fit] /M, [model] for the lower to inter-
mediate mass bins in the Lagos12 model is not apparent for the Lacey13 model. We
have investigated this further by performing SED fitting on the Lacey13 model in
the case where dust effects are ignored. In this case, we find that galaxies which

are fitted with different metallicities are, on average, systematically separated in
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recovered stellar mass. This is in agreement with the results seen in Fig. 3.5 for
the Lagos12 model. However, this effect is not visible in Fig. 3.11 because any un-
derlying bimodality in the distribution is blurred out by the larger overall scatter
at low masses seen for the Laceyl3 model. We have also explored how this sit-
uation changes at lower redshifts. At z = 0.5 the large offset caused by TP-AGB
stars largely disappears. However, at this redshift, a similarly severe bias appears
as a result of metallicity discreteness effects. We find that metallicity grid effects at
low redshifts and TP-AGB effects at higher redshifts mean that stellar masses are
consistently overestimated by fitting model galaxies from the Lacey13 model for

almost the entire redshift range considered in this study.

3.5 The stellar mass function

In Section 3.4, we show that there are various systematics that can prevent the SED
titting procedure, described in Section 3.2, from accurately estimating the stellar
masses of individual model galaxies calculated by different GALFORM models. We
now turn our attention to addressing the question of how these systematics affect
the global statistics of the galaxy population. We explore this issue by comparing
the intrinsic stellar mass functions predicted by different GALFORM models to the
corresponding mass functions recovered from the same models using SED fitting.
Measurements of the stellar mass function are often used to constrain hierarchical
galaxy formation models (e.g. Guo et al., 2011; Henriques et al., 2013). It is there-
fore useful to also make a comparison with different observational estimates of
the stellar mass function. This also helps to put the systematic effects explored in
Section 3.4 into context.

We present stellar mass functions for a selection of redshifts from the Lagos12
model in Fig. 3.12 and from the Lacey13 model in Fig. 3.13. We also present stel-
lar mass functions for the GALFORM model described in Baugh et al. (2005) in Ap-
pendix A. We modify our standard SED fitting configuration (outlined in Table 3.1)
at this point by assuming a Chabrier IMF instead of a Salpeter IMFE. This choice is
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Figure 3.12: Caption continued on the following page.
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Figure 3.12: Stellar mass functions predicted by the Lagos12 model for a selection of redshifts,
as labelled in each panel. The solid blue line shows the intrinsic stellar mass function produced by
the Lagos12 model. The solid red line shows the stellar mass function recovered using SED fitting
when dust effects are included and a Chabrier IMF is assumed in the fitting procedure. As a refer-
ence, the dashed red line shows the corresponding stellar mass function where no dust extinction
is applied to the model galaxy SEDs and E(B — V') = 0 is used as a constraint in the fitting proce-
dure. The grey points and error bars show observational estimates of the stellar mass function from
Li & White (2009), Baldry et al. (2012), Ilbert et al. (2010), Santini et al. (2012) and Mortlock et al.
(2011). Where necessary we convert these observational results from a Salpeter to a Chabrier IMF
using a —0.24 dex correction, calculated by comparing the recovered stellar mass using Salpeter and

Chabrier IMFs with BC03 SPS models.

made in order to be consistent with the bulk of the observational studies shown
in Fig. 3.12 and Fig. 3.13. For simplicity, we do not choose to change our SED fit-
ting procedure between each redshift panel. It should be noted, however, that the
different observational studies all use slightly different variations of SED fitting
parameters and filter sets. In addition, the low redshift observational studies (Li
& White, 2009; Baldry et al., 2012) use alternative SED fitting methods compared
to the standard procedure described in Section 3.2. Baldry et al. (2012) use the
likelihood-weighted summation technique, as explored briefly in Section 3.4.4 and
described in detail in Taylor et al. (2011). Li & White (2009) use stellar masses cal-
culated with the non-negative matrix factorization technique described in Blanton
& Roweis (2007). For consistency with the results shown at other redshifts, we do
not use these alternative methods for the mass functions recovered from the model.

Comparison of the intrinsic model mass function (solid-blue line) with the mass
function recovered using SED fitting (solid-red line) in Fig. 3.12 shows that the sys-
tematics seen in Fig. 3.1 can have an appreciable impact on the inferred global
statistical properties of the galaxy population. The intrinsic and recovered model
mass functions agree best at the low mass end but disagree at the knee of the mass
function and at the high mass end. This becomes increasingly evident in the higher

redshift panels. The dominant factor responsible for this disagreement is dust, as
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Figure 3.13: Stellar mass functions predicted by the Lacey13 model for a selection of redshifts,
as labelled in each panel. The definition and formatting of the lines and points is the same as in

Fig. 3.12.
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discussed in Section 3.4.5. This is demonstrated by comparing the recovered stellar
mass functions when dust effects are (solid red line) and are not (dashed red line)
included in the Lagos12 model and the SED fitting process. The recovered stellar
mass function that includes dust extinction effectively cuts away the knee of the
intrinsic model mass function for z > 0. This is not seen when dust effects are
not included, which can be understood by comparing Fig. 3.2a with Fig. 3.2d. A
common feature of the recovered mass functions, both including and not includ-
ing dust, is that in the highest redshift panels, the abundance of the most massive
galaxies is increased with respect to the intrinsic stellar mass function predicted
by the model. This simply reflects the Eddington bias where the exponential de-
cline of the mass function at the massive end means that any scatter in the stellar
mass estimation shifts more galaxies into higher mass bins than vice versa. This
effect competes with the impact of dust attenuation to give the resultant shape of
the solid red line in Fig. 3.12. Comparison to the observational data shows that, in
some cases, the relative differences between the intrinsic and recovered model stel-
lar mass functions are much smaller than the disagreement with the observational
estimates of the stellar mass function, particularly at the low-mass end and at low
redshift. In such cases, the model clearly does not accurately reproduce the obser-
vational data and the stellar mass function can be used as a meaningful constraint.
However, in the higher redshift panels the uncertainties on the observational data
are larger and the differences between the intrinsic and recovered model stellar
mass functions also become larger. Taking the difference between the recovered
and intrinsic model mass functions as a measure of the level of uncertainty regard-
ing what model curve should actually be compared to the data, it is then apparent
that it becomes difficult to place any meaningful constraints on the model using

the observed stellar mass function at high redshift.

Fig. 3.13 shows the same information as Fig. 3.12 but for the Lacey13 model
instead of the Lagos12 model. The relationship between the intrinsic and recov-
ered stellar mass function is similar to what is seen in Fig. 3.12 but there are also

a number of differences. The most obvious difference is that the overall density
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normalization of the recovered stellar mass function is higher than for the intrinsic
stellar mass function. This occurs predominantly because of differences between
the MAO5 SPS model used in the Lacey13 model compared to the BCO3 SPS model
used in the SED fitting procedure. As discussed in Section 3.4.6, this means that the
stellar masses of individual model galaxies are systematically overestimated for
the Lacey13 model by SED fitting, shifting the overall stellar mass function to the
right. Comparison of the two recovered model stellar mass functions when dust
effects are (solid red line) and are not (dashed red line) included shows behaviour
similar to what is seen in Fig. 3.12, whereby the perceived abundance of massive
galaxies at and above the knee of the mass function is suppressed, with the level
of suppression increasing towards higher redshifts. It is particularly striking that
the entire shape of the mass function can change dramatically, even in the lower to
intermediate redshift panels. At these redshifts, the intrinsic stellar mass function
predicted by the Lacey13 model does not resemble a single Schechter function as
there is an apparent change in the power-law slope before the break. This feature
is washed out in the recovered stellar mass function, which instead resembles a
single Schechter function when dust effects are included. Finally, as an aside, it is
interesting to note that there is a fairly strong level of disagreement between the
shape of all of the model stellar mass functions and the shape of the observed mass
function at z = 0. A disagreement in the overall shape cannot be explained by any
systematic uncertainty such as the A//L associated with the IMF, and is interesting
given that the model is tuned to reproduce the z = 0 K-band luminosity function.
This suggests that the stellar mass function can, at least at low redshift, provide
useful constraints for galaxy-formation models that are complementary to those

provided by luminosity function data.

3.5.1 Lyman-break galaxies

Up until this point we have focused on the relationship between the recovered
and intrinsic stellar mass predicted for galaxies at low to intermediate redshift. At

these redshifts, typically the photometric errors are small and colour selections do
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Figure 3.14: Stellar mass functions predicted by the Lagos12 model at = = 4. The top panel
demonstrates how the intrinsic stellar mass function predicted by the model is reshaped as a re-
sult of LBG selection criteria. The dashed blue line shows the intrinsic stellar mass function of all
galaxies predicted by the Lagos12 model. The dash-dotted blue line shows the intrinsic stellar mass
function of galaxies selected using the B-dropout criterion from Stark et al. (2009) if no flux errors
are included. The solid blue lines, present in both panels, show the corresponding intrinsic stellar
mass functions of LBGs when the selection includes the effects of artificial flux errors. The model
galaxy fluxes are artificially perturbed to mimic the S/N for each band quoted in Table 1 of Lee

et al. (2012). Caption continued on following page.
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Figure 3.14: The bottom panel demonstrates how the stellar mass function of LBGs, as recovered
using SED fitting, is reshaped as a result of errors on the photometry and the statistical method
used to construct the mass function. The red line shows the stellar mass function of LBGs recov-
ered by SED fitting. The green line shows the corresponding recovered mass function when the
model galaxy fluxes are artificially perturbed. This line lies underneath the red and magenta lines
at all but low masses. The magenta line shows the corresponding recovered mass function when
the model galaxy fluxes are artificially perturbed and the full stellar mass PDF of each individual
galaxy is used to construct the mass function. The points and corresponding error bars show the

observationally inferred stellar mass functions from Stark et al. (2009) and Lee et al. (2012).

not need to be used in order to obtain well defined galaxy samples. Given that
we find that the systematics in the distribution of log(M,[fit] /M, [model]) can have
an appreciable impact on the recovered stellar mass function at these redshifts,
it is interesting to explore how these effects translate to high redshift Lyman break
galaxy (LBG) samples, where the photometric and redshift errors can become large,
colour selections exclude parts of the galaxy population and the available optical

to NIR wavelength coverage in the rest frame is reduced.

We modify our SED fitting set-up at this point in order to more closely resem-
ble the choices made by Stark et al. (2009) and Lee et al. (2012), who estimate the
stellar mass function of LBGs. This alternative parameter grid is outlined in the
bottom half of Table 3.1 and is described in Section 3.2. We also consider a number
of effects relevant for LBG samples that were not considered previously. Firstly, we
explore the effect of artificially perturbing the fluxes of model galaxies, following
a Gaussian distribution consistent with the 50 limiting depths listed in Table 1 of
Lee et al. (2012). These limiting depths are also used to calculate o, in Eq. 3.1 when
performing SED fitting. When the flux of a model galaxy falls below the 1o limiting
depth in a given band, we use the method of dealing with non-detections described
in Section 3.1 of Lee et al. (2012). Secondly, we explore the effect of LBG selection,
taking the dropout criteria from Stark et al. (2009) (both S/N and colour selection

criteria), which extends in redshift beyond Lee et al. (2012) to include z ~ 6 i775



3. Estimating the stellar masses of galaxies from broad-band photometry 112

dropouts. When exploring how the SED fitting performs without including the
effects of dust attenuation, we still use attenuated fluxes for the purposes of decid-
ing which galaxies pass the LBG selection criteria and to decide which bands are
counted as detections for individual galaxies. This ensures that the galaxy sam-
ples are consistent when comparing different recovered mass functions. Finally,
Lee et al. (2012) construct their observed stellar mass functions by summing to-
gether the stellar mass probability distribution functions (PDFs) calculated by their
SED fitting procedure for each individual galaxy, hereafter referred to as the PDF
method. This is distinct from standard practice in SED fitting where a single stellar
mass value is assigned to each galaxy by considering only the best-fitting template
to a given galaxy. This difference could potentially become significant at the low
mass end of the mass function where galaxies are sufficiently faint that they are
only detected in filters sampling the rest-frame UV. UV photometry does not pro-
vide strong constraints on the stellar mass associated with older stars in galaxies
and this uncertainty will be accounted for on an object-by-object basis when using
the PDF method to construct the stellar mass function. To provide a fair compari-
son to the mass functions from Lee et al. (2012), we also explore the effect of using

the PDF method on our recovered mass functions.

In Fig. 3.14, we demonstrate how these various choices and optional modifica-
tions affect the stellar mass function predicted by the Lagos12 model at z = 4. The
top panel shows how the intrinsic mass function predicted by the Lagos12 model
is reshaped by LBG selection and artificial flux errors. LBG selection criteria are de-
signed to isolate UV-bright, star-forming galaxies over a given redshift range. For
the Lagos12 model, this has the effect of reducing the normalization of the mass
function in a fairly uniform manner over the range of masses considered here. The
impact of including artificial flux errors has minimal impact on LBG selection. The
bottom panel shows how the stellar mass function of LBGs, as recovered by SED
titting, is affected by artificial flux errors and the PDF method. All of the recovered
mass functions shown are virtually identical apart from at the low mass end. This

simply reflects the fact that more massive galaxies are typically brighter and are
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therefore detected with higher overall S/N and at optical-NIR wavelengths where
the photometry is not as deep.

In Fig. 3.15, we present recovered and intrinsic model stellar mass functions
from the Lagos12 and Lacey13 models for a selection of redshifts. All of the model
mass functions shown are constructed using LBG selection criteria and artificially
perturbed model galaxy fluxes. The PDF method is used to construct the recovered
mass functions, consistent with Lee et al. (2012). We also show measurements of
the mass functions of LBG-selected samples from Stark et al. (2009) and Lee et al.
(2012). It should be noted that Stark et al. (2009) apply an absolute magnitude cut
at My500 = —20, the effect of which can be clearly seen as the abundance of galaxies
starts to fall below M, ~ 2 x 10°M. Stark et al. (2009) also give their results for
a Salpeter IMF which we correct by —0.24 dex. This correction was estimated by
comparing the recovered stellar mass using Salpeter and Chabrier IMFs with BC03
SPS models. When comparing the model mass functions with observational data, it
should be noted that we do not attempt to mimic errors associated with photomet-
ric redshifts for our model galaxies. Including redshift errors is likely to increase
the abundance of galaxies at the high-mass end, in line with observational sam-
ples that do not attempt to account for the Eddington bias associated with redshift

errors.

On first examination, Fig. 3.15 shows a similar picture to that seen in Fig. 3.12
and Fig. 3.13. The inclusion of dust effects in the SED fitting procedure reshapes
the recovered stellar mass function at the intermediate to high mass end (as seen
by comparing the solid and dashed red lines). It is interesting to see that while
the intrinsic model stellar mass functions (blue lines) are quite a good match to the
observed stellar mass functions in many cases, the model mass functions recovered
using SED fitting are in very poor agreement when dust effects are included. This
emphasizes the danger of directly comparing intrinsic mass functions predicted by
theoretical models to observational data at high redshift, without accounting for
the relevant uncertainties. It is also notable that the significant differences between

recovered mass functions that include (solid red lines) and do not include dust
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Figure 3.15: Caption continued on the following page.
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Figure 3.15: Stellar mass functions predicted by the Lagos12 (left side) and Lacey13 (right side)
models for a selection of redshifts, as labelled in each panel. The dashed blue lines show the in-
trinsic mass functions predicted by the models without imposing any selection criteria. In all of the
other cases, model galaxy samples are constructed using the LBG selection criteria from Stark et al.
(2009). The flux of each galaxy is artificially perturbed to mimic the S/N for each band quoted in
Table 1 of Lee et al. (2012). The solid blue lines show the intrinsic stellar mass functions of LBG-
selected galaxies predicted by GALFORM. The solid red lines show the recovered model stellar mass
functions of LBG-selected galaxies when dust effects are included in the SED fitting procedure. The
dashed red lines show the corresponding recovered model stellar mass functions when dust effects
are removed after selection criteria have been applied. All of the recovered mass functions are con-
structed using the full stellar mass PDF of each individual galaxy. The points and corresponding

error bars show the stellar mass functions from Stark et al. (2009) and Lee et al. (2012).

effects (dashed red lines) are present in all of the panels shown. This demonstrates
that for the models considered in our analysis, dust continues to play a role in
reshaping the entire UV-NIR SEDs of massive galaxies all the way out to z = 6.
Overall, similar to the situation seen in Fig. 3.12 and Fig. 3.13, it is striking that
the relationship between the recovered and intrinsic model stellar mass functions
shown in Fig. 3.15 can vary dramatically, dependent on the different SED fitting

choices which are made and the redshift considered.

3.6 Discussion

3.6.1 The role of the SFH in estimating accurate stellar masses

Estimating the physical properties of galaxies from SED fitting requires the adop-
tion of a prior distribution of galaxy SFHs. Large variations exist in the prior dis-
tributions used in different observational studies, reflecting the overall uncertainty
in the optimal choice of SFH distribution. As a consequence, considerable effort
has gone into establishing how these choices can affect the different galaxy prop-

erties that can be estimated from SED fitting (e.g. Lee et al., 2009; Maraston et al.,
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2010; Pforr et al., 2012; Michatowski et al., 2012; Banerji et al., 2013; Schaerer et al.,
2013). Lee et al. (2009) and Schaerer et al. (2013) arrive at similar conclusions in
that they both find that the stellar masses of LBGs are not particularly sensitive to
the choice of SFH prior. At face value, this seems to conflict with the conclusions
from other studies which find that the estimated stellar masses of specific galaxy
classes at high redshift are strongly sensitive to the assumed SFH distribution (e.g.
Maraston et al., 2010; Michatowski et al., 2012; Banerji et al., 2013). It should be
noted, however, that Michatowski et al. (2012) and Banerji et al. (2013) allow for
the possibility of multi-component SFHs. This choice gives the SED fitting proce-
dure more freedom to fit a very young, UV-bright stellar population at the same
time as including a significant population of older stars that contribute to the total
SED primarily at longer wavelengths. This approach is shown to yield systemati-
cally higher stellar masses relative to assuming a smooth exponentially declining

SFH or an instantaneous starburst.

We have demonstrated in the top section of Table 3.2 that, averaged over the
entire galaxy population at a given redshift, the assumption of an exponentially
declining SFH does not lead to a mean systematic offset in stellar mass. This re-
sult can be understood qualitatively by considering the shape of the average SFHs
shown in Fig. 3.3. In addition, we have shown that the scatter associated with
titting the SFH of model galaxies is negligible relative to the random and system-
atic errors caused by other factors in the SED modelling. We note that Lee et al.
(2009) also find that, averaged over a population of model LBGs, stellar masses are
well constrained using an exponentially declining SFH. It should be noted that this
result only applies strictly to the case of fitting the SFHs of model galaxies in isola-
tion, independent of dust and chemical enrichment effects. In practice, assuming
a given prior SFH distribution may play a larger role in creating errors in stellar
mass estimates because of the degeneracies that exist between the effects of age,
metallicity and dust. Comparison of Fig. 3.6f and Fig. 3.2a shows that when dust
effects are ignored and the treatment of metallicity in the fitting is improved, the

result that assuming exponentially declining SFHs does not adversely affect stellar
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mass estimation still holds even when metallicity effects are reintroduced. On the
other hand, as an example of the problems caused by degeneracies associated with
dust, Pforr et al. (2012) show that in some cases it can be necessary to ignore dust
entirely when applying SED fitting to galaxies with SEDs dominated by older stel-
lar populations. This prevents the SED fitting procedure from incorrectly fitting
young and highly reddened galaxy templates to these galaxies.

We have also demonstrated in Fig. 3.4 that if galaxies are selected as being burst
dominated, the errors on the estimated stellar masses associated with assuming an
exponentially declining SFH are greatly increased relative to the average error for
the total galaxy population. This is not a particularly surprising result; we have
simply selected galaxies for which a single component, exponentially declining
SFH is least likely to be appropriate. However, it does serve to reconcile our results
with the findings of Michatowski et al. (2012) in the sense that fitting smoothly
varying SFHs to galaxies that are expected to have undergone recent bursts of star-
formation (e.g. submillimeter galaxies) can lead to systematically underestimating

the stellar masses of these objects.

3.6.2 How should metallicity be included in SED fitting?

It is standard practice to either fix the metallicity or to use a small number of dis-
cretely spaced metallicities when performing broad-band SED fitting to estimate
the physical properties of galaxies. Typically, interpolation between the metallici-
ties is not used. This situation can be attributed to a combination of the inability
of broad-band SED fitting to constrain metallicity (e.g. Pforr et al., 2012), the small
number of SSP metallicities made available for popular SPS models and for rea-
sons of numerical efficiency. Our analysis has shown that using a discrete and
sparsely sampled metallicity grid causes undesirable bimodal features in the dis-
tribution of log (M, [fit]/M,[model]), as seen over a specific range in stellar mass in
Fig. 3.5. We have also shown in Fig. 3.6b that the decision to instead fix the metallic-
ity of all galaxies to Z, = Z, leads to an equally undesirable mass-dependent bias

in log(M,[fit] /M, [model]). This behaviour is straightforward to remove. Fig. 3.6f
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demonstrates that using interpolation to add more metallicities to the parameter
grid as well as taking the mean rather than the mode of the probability distribution
to estimate stellar mass can resolve any biases in stellar mass estimation associated
with metallicity. This works primarily because interpolation acts to fill the gaps
between metallicity grid points that are significantly offset in A//L ratio for a given
age but also because taking the mean helps to blur out discreteness in the distribu-
tion of M /L ratios for a given parameter grid (as discussed in Taylor et al., 2011).
These steps could easily be incorporated into the standard SED fitting procedures

used in observational studies.

The success of the revised fitting procedure shown in Fig. 3.6f suggests that the
standard assumption of a single stellar metallicity for all of the stars in a galaxy is
acceptable, provided that interpolation and the method of performing a likelihood-
weighted average over all templates is used. This is perhaps surprising given that
model galaxies in GALFORM can have complex chemical enrichment histories. In
particular, the metallicity of the individual stellar populations that make up model
galaxies is strongly correlated with age. Conroy et al. (2009) find that there is no sig-
nificant difference between the optical and NIR colours of a single metallicity SSP
and those of a multi metallicity SSP of the same average metallicity. This would im-
ply that SED fitting should correctly infer the A//L ratios of galaxies, provided that
the procedure selects the correct average metallicity for a given galaxy. This is en-
tirely consistent with our results. However, Conroy et al. (2009) note that they do
not account for a correlation between metallicity and age in their analysis which
could feasibly create a significant difference in the colours of single and multi-
metallicity stellar populations. Given that such correlations exist for model galax-
ies in GALFORM, it is therefore reassuring that Fig. 3.6f shows that this effect does
not have a significant impact on the estimated stellar masses of galaxies. Gallazzi &
Bell (2009) do find that fitting single or double colours of mock galaxies with chem-
ical enrichment histories that contain an age-metallicity correlation has an impact
on inferred M /L ratios. However, they find that this effect is small, consistent with

our results. It should be noted that there is still a small level of mass-dependent
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bias evident in Fig. 3.6f. Given the results of Gallazzi & Bell (2009), this could po-
tentially be explained as a result of fitting model galaxies” multi-metallicity stellar
populations with single metallicity templates.

Stellar mass and stellar metallicity are extremely strongly correlated in the La-
gos12 model, as can be seen in Fig. 3.5. This is potentially significant in the context
of our analysis because the strength of this correlation may serve to exaggerate the
strength of the bimodal features seen in Fig. 3.5. In addition, if the stellar metallicity
of real galaxies at a fixed stellar mass differs from that of model galaxies predicted
by the Lagos12 model, then the mass scale where any bimodal behaviour appears
will change, compared to the feature seen in Fig. 3.5. We also note that it is specifi-
cally the lowest sub-solar metallicities which are responsible for the offsets seen in
Fig. 3.5. If the stellar metallicities of real galaxies, at a given stellar mass, are higher
than predicted by the Lagos12 model, then it is possible that these sub-solar metal-
licities will not be relevant for the galaxies probed in most observational samples.
In this case, the size of the discreteness effects seen in Fig. 3.5 will be significantly

reduced.

3.6.3 Can galaxies have significant dust attenuation at optical to

NIR wavelengths?

The most significant source of error we encounter in estimating the stellar masses of
model galaxies is found when SED fitting is applied to very dusty model galaxies.
In Fig. 3.10, we have shown that these galaxies have much larger amounts of at-
tenuation at longer wavelengths than is possible from the Calzetti law. This causes
the stellar masses of dusty model galaxies to be significantly underestimated. In ex-
treme cases, this underestimate can be by factors as large as several hundred. From
Fig. 3.1, it can be seen that this error affects the majority of model galaxies above
10'° Mg, at z > 2. Consequently, for these redshifts, the errors associated with dust
can completely reshape the recovered stellar mass functions shown in Fig. 3.12. Ac-

cordingly, the intrinsic rest-frame optical and NIR luminosity functions predicted
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by GALFORM will also be reshaped by dust. This will have a significant impact
on any attempt to compare this particular model with observational data at higher
redshifts.

In order to understand this overall result, it is useful to consider how there can
be significant dust attenuation at optical to NIR wavelengths for model galaxies in
GALFORM. Firstly, it is important to note that for the assumption of a star-dust ge-
ometry corresponding to a uniform foreground dust screen, and for a specific dust
grain model, the ratio of absolute extinction Ay relative to the reddening £(B — V)
must be constant. Calzetti et al. (2000) assumed this star-dust geometry and ap-
plied energy balance arguments to UV and FIR observations of 4 local starbursts to
fix Ry = Ay/E(B — V') = 4.05. Once Ry has been fixed in this way, the attenuation
curve from Calzetti et al. (1994) can no longer reproduce the attenuation curves
shown in Fig. 3.10.

In reality, the assumption of a uniform dust screen is a very poor approxima-
tion to a realistic star-dust geometry. In GALFORM, disk stars are embedded in a
diffuse dust component with the same spatial distribution as the stars. In this case,
the path length through the diffuse dust to the observer will be different for each
star. Therefore, the light from each star will experience a different amount of atten-
uation, yielding a net attenuation curve for the entire galaxy which can be signifi-
cantly different from the input extinction curve of the dust grains (Gonzalez-Perez
et al., 2013). A simple example that demonstrates this behaviour is to consider a
star-dust geometry corresponding to an infinite uniform slab containing stars and
dust mixed together with the same uniform spatial distribution. The effective op-

tical depth, 7., for this geometrical configuration is given by

rra = —In (1 — exp (—7p,\ sec z))) (3.5)

To,\ SeC i
where i is the inclination angle of the slab relative to the observer and 7, is the
face-on extinction optical depth for a single sightline through the slab. In the limit
that 75 » becomes large, so that the slab is optically thick, this simplifies to 7.s ) =~

In(7pseci). In this scenario, nearly all of the light emitted by stellar populations
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from within the slab is absorbed and only light from a layer of stars at the surface
can reach the observer. The light that escapes the slab only passes through a small
amount of diffuse dust and as a consequence, is only reddened by a small amount.
Therefore, for the optically thick case, this configuration will yield net attenuation
curves which, compared to the Calzetti law, are considerably greyer. This explains
how the attenuation curves of very dusty galaxies in GALFORM can have significant

amounts of attenuation at long wavelengths.

In reality, dust in galaxies is not thought to exactly trace the spatial distribu-
tion of stars in galaxy disks. By comparing the reddening of nebula emission (i.e.
through the H, to Hy line luminosity ratio) with the reddening observed in the
total UV continuum of galaxies, it is apparent that dust in the ISM must be con-
centrated around star-forming regions (e.g. Calzetti et al., 1994). This observation
has motivated the use of two-component dust models (e.g. Silva et al., 1998) that
contain a compact, birth-cloud dust component that attenuates the light emitted by
very young stellar populations. This scheme is applied in GALFORM and as such,
the net attenuation curves of model galaxies shown in this Chapter take this effect
into account. However, the diffuse dust in galaxies is also not thought to exactly
trace the spatial distribution of stars. Specifically, the scale height of diffuse dust is
known to be smaller than the overall scale height of stars in galaxy disks, particu-

larly when considering older stellar populations (e.g. Wild et al., 2011).

Additionally, the presence of a clumpy ISM means that there are likely to be
some sightlines through galaxy disks which are relatively free of dust. This effect
was considered by Conroy et al. (2010b) who explored the effect of a clumpy ISM
with a lognormal column density distribution of dust combined with the empirical
dust model from Charlot & Fall (2000). Although they show that the clumpiness of
the ISM (characterized by the width of the lognormal column density distribution)
can have a large impact upon NUV and optical colours, they state that there is neg-
ligible impact from dust on the K-band luminosity function. It should be noted that
this conclusion depends strongly on how they calculate the total amount of dust in

the diffuse ISM. If there is a sufficiently large mass in diffuse dust, a clumpy ISM
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will produce similar emergent behaviour in terms of the shape of the total attenu-
ation curves to that of the slab geometry considered earlier. That is, the total SED
of a dusty galaxy with a clumpy ISM will be dominated by light emitted by stars
that lie along relatively unobscured sightlines (which experience only minimal red-
dening) while light emitted from behind or within optically thick regions will be
completely absorbed in comparison. However, the effect of having a clumpy ISM
will, for an equal mass in diffuse dust, result in a lower normalization of the total
attenuation curve as compared to an optically thick, uniform slab. This is simply
because a higher fraction of the stars will be unobscured for the case of a clumpy
ISM. At present, the dust modelling in GALFORM does not account for any clumpi-
ness of diffuse dust in the ISM. This may result in a higher normalization for the
attenuation curves of very dusty model galaxies, compared to real dusty galaxies.
Although the inclusion of a birth-cloud dust component does account in part for
clumpiness in the ISM, the impact from birth clouds will be of secondary impor-
tance if the diffuse dust component contains enough mass to absorb all of the light

not emitted from close to the surface of the galaxy disk.

The problem of choosing an appropriate star-dust geometry becomes even more
complex in the case of a galaxy merger. It is well established from numerical simu-
lations that pressure forces experienced by gas in the ISM can decouple the spatial
distributions of gas relative to stars, such that gas is funnelled into a compact re-
gion in the centre of the system, producing a nuclear burst of star-formation. Wuyts
et al. (2009) show that by applying SED fitting to a suite of idealized hydrodynam-
ical simulations of galaxy mergers, the stellar masses of simulated galaxies can be
systematically underestimated. This occurs because as the diffuse dust is concen-
trated into the central region, any light emitted from within or behind that region
will be almost entirely cut out of the observed galaxy SED. In addition, the overall
stellar distribution will be much more spatially extended than the gas during this
phase and consequently will suffer minimal reddening. This is exactly analogous
to the behaviour discussed previously for an embedded star-dust geometry or a

clumpy ISM. However, as noted by Wuyts et al. (2009), the situation is complicated
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in this case by the fact that the stellar populations which are heavily obscured are
younger, on average, compared to the total stellar population. A strong correlation
between stellar population age and the dust column density will serve to dilute the
greying effect discussed for the slab and clumpy ISM examples (see Section 4.3.2 in
Wuyts et al., 2009). At present, GALFORM fails to account for these effects in spe-
cific situations; in the event of a major merger or disk instability, stars of all ages are
mixed evenly with diffuse dust and gas in the galaxy bulge. This geometry is un-
likely to be representative of real merging systems (although the situation is far less
clear at high redshift) and as such, the attenuation curves of systems in GALFORM
that are undergoing major mergers or disk instabilities may be unrealistic. In this
case, the impact of dust on stellar mass estimation could be exaggerated to some
extent for these systems. Changing the radial scale length of the burst compared
to the stellar bulge would represent only a small change to the current implemen-
tation in GALFORM and we plan to investigate the impact of this change in future

work.

Aside from uncertainties associated with the star-dust geometry, it is important
to appreciate the uncertainties associated with calculating the mass and density of
dust in the ISM of galaxies, particularly at high redshift. Generally speaking, theo-
retical galaxy formation models that attempt to model dust use local relations that
give the ratio of dust to metals in the ISM (Cole et al., 2000). These local relations
are then applied universally, which is a large extrapolation in the case of actively
star-forming galaxies at high redshift where the physical conditions in the ISM can
be very different. In addition, other aspects of a given theoretical galaxy formation
model will have a strong impact on the final effect of dust on model galaxy SEDs.
For example, in the case of our analysis, if the calculations of metallicities or galaxy
sizes are incorrect in GALFORM, then the size of the errors associated with dust on

stellar mass estimation will also be incorrect.

In summary, the assumption of a uniform foreground dust screen must be in-
correct in most cases for real galaxies, but the details of the star-dust geometry in

real galaxies may also be more complex than what is assumed in GALFORM. In
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addition, both the mass and density of dust calculated by GALFORM is dependent
on both the overall accuracy of the model and being able to extrapolate the local
dust to metal ratio up to high redshift. We plan to explore how these factors could

affect our results for stellar mass estimation in future work.

Having explained why dusty galaxies in GALFORM can have significant amounts
of attenuation at longer wavelengths relative to the Calzetti law, it is useful to con-
sider if there is any evidence for this behaviour from other observational or the-
oretical studies. Pforr et al. (2012) and Lee et al. (2009) do not find any evidence
that dust can cause the stellar masses of galaxies to be significantly underestimated
when they fit model galaxies from other SAMs. However, we emphasize that the
SAMs considered in these studies do not attempt to model dust attenuation in a
physically motivated way. Instead, they adopt the same Calzetti attenuation curve
in the SAM as in the SED fitting. It is therefore of no surprise that these authors do

not recover the same results shown by our analysis.

Lo Faro et al. (2013) fit the full UV-FIR SEDs (albeit with limited photometry) of
an observed sample of 31 luminous and ultraluminous infrared galaxies at z = 1
and z = 2. From their Figures 2, 5 and 7 it can be seen that their fitting method
estimates significant attenuation of the stellar continuum across the entire UV-NIR
SED for a number of objects in their sample. They also apply a standard UV-NIR
SED fitting procedure to the same galaxy sample and find that, for the most dust
obscured galaxies, the stellar mass obtained in this case is underestimated relative
to what is estimated from the full UV-FIR fitting procedure. In the top-left panel
of their Figure 6, they show a clear trend whereby stellar mass is increasingly un-
derestimated by UV-NIR SED fitting for increasingly dust obscured systems. This
is in qualitative agreement with our results. It should be noted that they use the
radiative transfer code GRASIL (Silva et al., 1998) to generate UV-FIR templates.
GRASIL assumes the same star-dust geometry as is assumed in GALFORM. On the
one hand, this assumed geometry is physically motivated and is clearly superior to
the crude assumption of a uniform foreground dust screen. However, the various

uncertainties discussed earlier associated with choosing this particular star-dust
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geometry are also relevant for their analysis.

Michatowski et al. (2010) also used GRASIL to fit the full UV-FIR SEDs of a
sample of 76 spectroscopically confirmed submillimeter galaxies, estimating stellar
masses for these objects. Michatowski et al. (2012) then revisited the same sample
but instead applied a standard UV-NIR SED fitting procedure to estimate stellar
masses. As discussed in Section 3.6.1, the intention behind their analysis was to
investigate how priors on the SFH distribution of submillimeter galaxies can affect
stellar mass estimation for this class of objects. However, in the context of this dis-
cussion, it is interesting to consider the top-right panel of Figure 2 in Michatowski
et al. (2012), where the stellar masses estimated using standard UV-NIR SED fitting
are compared to the stellar masses calculated using GRASIL modelling of the full
UV-NIR SED from Michatowski et al. (2010). Submillimeter galaxies correspond to
the objects in our analysis where the stellar mass would be most affected by optical-
NIR attenuation. Therefore, it is striking that in contrast to the results from Lo Faro
etal. (2013), there does not appear to be a significant systematic difference between
the stellar masses estimated using the standard UV-NIR and GRASIL-based UV-FIR
methods of fitting submillimeter galaxy SEDs, at least compared to the uncertain-

ties associated with choosing an appropriate SFH.

It is important to note that the SED fitting method applied in Michatowski et al.
(2010) differs from Lo Faro et al. (2013) in that they use set of template SEDs from
Iglesias-Paramo et al. (2007). These templates were constructed for a limited range
of the possible parameter space in GRASIL, chosen to reproduce the SEDs of star-
forming galaxies in the local Universe. In contrast, Lo Faro et al. (2013) do not im-
pose any strong priors on the various free parameters in GRASIL, exploring a large
parameter space. This difference in approach could potentially explain how stellar
mass estimation from standard UV-NIR SED fitting is only found to be strongly
affected by Lo Faro et al. (2013). Clearly, for the complex UV-FIR SED fitting pro-
cedures applied by Michatowski et al. (2010) and Lo Faro et al. (2013), the resul-
tant stellar masses will depend strongly on the priors and assumptions that are

adopted.
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da Cunha et al. (2010) fit the UV-FIR SEDs of 16 local ultraluminous infrared
galaxies using an alternative procedure to GRASIL. Although they do not attempt
to compare the stellar masses of these objects estimated using their UV-FIR SED
titting method with what would be estimated from standard UV-NIR SED fitting,
it can be clearly seen that their fitting procedure favours a significant level of dust
attenuation at optical-NIR wavelengths for all of the objects in their sample. This
is consistent with the behaviour revealed by our analysis and with Lo Faro et al.
(2013).

In the local Universe, the problems associated with assuming a specific star-
dust geometry can be lessened for resolved, low inclination galaxies. Zibetti et al.
(2009) show that when optical-NIR SED fitting is applied locally to derive the stel-
lar mass density at each pixel in the images of resolved galaxies with prominent
dust lanes, the total stellar mass calculated can be higher by up to 40 % relative to
the stellar mass obtained by fitting integrated photometry. This result is consistent
with the trends shown in our analysis and can be understood as the result of the
light emitted by stars that reside either within or behind optically thick dust lanes
being subdominant in the total galaxy SED, compared to the light emitted by stars
on unobscured sightlines. Unfortunately, this method cannot be readily extended

to high redshift where very dusty galaxies are more common.

3.6.4 How should theoretical galaxy formation models be com-

pared to observational data?

Our analysis is intended to demonstrate that aside from the well documented un-
certainties on stellar mass estimation associated with SPS modelling and the form
of the IMF (e.g. Conroy et al., 2009), stellar mass estimation can also be signifi-
cantly affected by the combined effects of dust, metallicity and recycling. However,
viewed from another perspective our method of applying SED fitting to model
galaxy SEDs offers, in principle, a new way to compare predictions that involve

stellar mass to the results from observational studies. This approach is attractive
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because it allows models to be self-consistently compared with different observa-
tional data sets without the need to change various parameters in the model (SPS
model, IMF) in each instance to make a fair comparison. In addition, the scatter be-
tween intrinsic and estimated stellar mass is self-consistently accounted for using
this method. This alleviates the need to invoke an arbitrary level of scatter in order
to create agreement between model predictions and observations (e.g. Guo et al.,
2011; Bower et al., 2012). In the case where predictions from a theoretical model
are compared simultaneously to both observables and inferred quantities such as
stellar mass, it is clear that our methodology should be followed to make the com-
parisons self-consistent with each other. Otherwise, the process of transforming
from observables to intrinsic galaxy properties will become confused. For exam-
ple, assumptions made in theoretical models to predict luminosity functions are
likely to be in conflict with the assumptions made in SED fitting to estimate stellar
mass functions. Unless our methodology is followed, using both of these diagnos-
tics at the same time could therefore adversely affect any attempt to constrain the

underlying physics of galaxy formation.

It is important to realise that our methodology does not avoid the problem of
converting intrinsic galaxy properties into observables. Instead, the burden of ac-
counting for these uncertainties is simply shifted from the observational SED fitting
procedure back to the theoretical modelling process. The natural alternative is to
only consider intrinsic galaxy properties and leave all of the uncertainties in the
observational process of estimating these quantities. This approach is widely used
in both the semi-analytic modelling and hydrodynamical simulation communities
(e.g. Bower et al., 2006; Neistein & Weinmann, 2010; Davé et al., 2011; Guo et al.,,
2011; Khochfar & Silk, 2011; Lagos et al., 2011b; Lamastra et al., 2013; Ciambur
et al.,, 2013). Conroy et al. (2010b) advocate using this latter approach with the
caveat that derived quantities such as stellar mass should only be calculated with
the inclusion of a full marginalisation over all of the relevant uncertainties in SPS
and dust modelling. Such a process would require that these uncertainties can be

tully characterized by a discrete set of parameters and that robust prior distribu-
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tions for the plausible ranges of these parameters can be found. Our study serves to
emphasize that choosing an appropriate distribution of priors would be extremely
difficult. For example, the extinction optical depth of diffuse dust, assumed to be
small in Conroy et al. (2010b), turns out to play a very important role in stellar mass
estimation for our analysis when the optical depth becomes large.

Finally, Fig. 3.12 and Fig. 3.13 show that the systematics and biases that affect
stellar mass estimation in our analysis cannot fully account for the level of dis-
agreement between the stellar mass functions predicted by GALFORM models and
the mass functions estimated from observational data. Given that these models
were tuned to reproduce luminosity function data, this demonstrates that stellar
mass functions contain complementary information to luminosity functions, inde-
pendent of the uncertainties associated with converting intrinsic galaxy properties
into observables. This is encouraging and suggests that provided the comparison
between theoretical models and observations is made self-consistently, existing es-
timates of the stellar mass function can provide significant constraining power for

galaxy formation models.

3.7 Summary

Motivated by the desire to understand whether stellar mass is an appropriate tool
for constraining hierarchical galaxy formation models, we have used the observa-
tional technique of SED fitting to estimate the stellar masses of model galaxies from
the semi-analytic model GALFORM. Following the standard SED fitting procedure
for fitting broad-band photometry, we find that effects associated with metallicity,
recycling and dust can bias stellar mass estimates. In some specific cases, these
effects can create systematic errors in stellar mass that are comparable to or greater
than the potential systematic errors associated with the uncertain form of the IMFE.
Furthermore, we have shown that these error sources are often stellar mass depen-
dent, such that the stellar mass function of model galaxies recovered using SED

titting can differ substantially in shape as well as in normalization from the intrin-
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sic mass function predicted by a given model.
The cause and nature of the individual systematic error sources uncovered by

our analysis are as follows:

e The exponentially declining star-formation histories that are typically assumed
in SED fitting do not, averaged over the entire galaxy population, create any
significant systematic errors in stellar mass. In addition, when averaged over
the entire galaxy population, the random errors in stellar mass caused by fit-
ting with exponentially declining SFHs are small. This is demonstrated in
Fig. 3.2a and Table 3.2. These results are selection dependent. If model galax-
ies are deliberately selected to be undergoing bursts of star formation, the
assumption of an exponentially declining SFH leads to both systematic un-
derestimates and a significantly larger scatter in the estimated stellar masses

of these systems.

e Differing assumptions regarding recycling of mass from stars back into the
ISM can lead to small, redshift dependent systematics in stellar mass. These
are outlined in Table 3.2. Theoretical galaxy formation models typically ap-
ply the instantaneous recycling approximation, whereas standard SED fitting
procedures use the best-fitting template SFH to estimate the recycled mass.
Neither approach will give the correct answer in detail. Furthermore, the
systematic differences between the two approaches should be accounted for
when the stellar masses predicted by theoretical models that assume instan-

taneous recycling are compared to observational data.

e Metallicity has the effect of introducing undesirable bimodal features into
the distribution of recovered stellar mass that can be seen in Fig 3.2c. This
behaviour arises because the standard SED fitting procedure uses discrete,
poorly sampled metallicity grids and a statistical method of choosing only
a single best-fitting template (the mode of the probability distribution). Al-
ternatively, if the equally common choice of fixing metallicity in SED fitting

is implemented, the resultant estimated stellar mass suffers a strong mass-
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dependent bias. These problems can be solved in a straightforward manner
by following two simple steps. Firstly, interpolation can be used to fill in the
gaps of the original metallicity grid provided for publicly available SPS mod-
els. Secondly, the statistical technique advocated by Taylor et al. (2011) can
be implemented where the mean over the probability distribution, calculated
from a likelihood-weighted average over all templates, is used to calculate a

best estimate for the stellar mass of a given galaxy.

e Dust attenuation in massive, dusty galaxies causes standard SED fitting pro-
cedures that assume a Calzetti law to systematically underestimate stellar
mass. This occurs because the radiative transfer calculations performed in
GALFORM predict significant dust attenuation at optical-NIR wavelengths in
some cases. Thus, the light emitted by obscured stellar populations in these
galaxies is not properly accounted for when estimating stellar mass. We also
find that either including or excluding dust attenuation in the SED fitting
process using the Calzetti prescription has only a negligible impact on the
estimated stellar mass. This suggests that, for the purposes of stellar mass es-
timation, it is unimportant whether dust attenuation is included in the fitting

process, if a Calzetti law is being assumed.

We find that the shape of the stellar mass function at z = 0 is robust against
these error sources. However, at higher redshifts the systematic errors associated
with dust significantly reshape the recovered mass functions such that a clear break
in the intrinsic model mass function at these redshifts can be blurred out. Further-
more, the effects of dust can reduce the normalization at the high mass end by up
to 0.6 dex in some cases. We are forced to conclude that any attempt to constrain
theoretical galaxy formation models using stellar mass functions from high red-
shift galaxy samples should only be performed with great care, given the potential

for large mass-dependent systematics in stellar mass estimation from SED fitting.



Chapter 4
The evolution of the star

forming sequence

4.1 Introduction

Understanding the star formation history of the Universe represents an important
goal of contemporary astronomy, both in theoretical modelling and from observa-
tions of the galaxy population. Traditionally, the main diagnostic used to charac-
terise the cosmic star formation history is the volume averaged star formation rate
(SFR) density (e.g. Lilly et al., 1996; Madau et al., 1996; Hopkins & Beacom, 2006).
This quantity encompasses the combined effect of all the physical processes that
are implemented in a given theoretical model of galaxy formation. The lack of a
complete theory of how these processes operate within galaxies means that these
models are typically designed to be flexible, utilising simple parametrisations with
adjustable model parameters. The cosmic star formation rate density, along with
other global diagnostics used to assess the plausibility of a given model, is sensitive
to all of these model parameters. Hence, while simply selecting a set of parame-
ters to define a viable model is already challenging, the problem is compounded
by the possibility of degeneracies between different model parameters. This has
prompted the use of statistical algorithms as tools to explore and identify the al-
lowed parameter space of contemporary galaxy formation models (Bower et al.,
2010; Henriques et al., 2013; Lu et al., 2013a; Mutch et al., 2013; Ruiz et al., 2013).
An alternative to attempting to “solve” the entire galaxy formation problem
from the top down is to try to find observational diagnostics that are sensitive to
some specific physical processes but not to others. A promising area in this re-

gard revolves around the discovery of a correlation between the star formation rate

131



4. The evolution of the star forming sequence 132

(SFR) and the stellar mass of star forming galaxies, forming a sequence of star form-
ing galaxies (e.g. Brinchmann et al., 2004; Noeske et al., 2007a; Daddi et al., 2007;
Elbaz et al., 2007). This is most convincingly demonstrated in the Sloan Digital Sky
Survey (SDSS; York et al., 2000) which exhibits a clear star forming sequence with
relatively small scatter and a power-law slope which is slightly below unity (e.g.

Brinchmann et al., 2004; Salim et al., 2007; Peng et al., 2010; Huang et al., 2012).

The discovery of the star forming sequence in the local Universe has motivated
a series of studies which try to establish whether the sequence is in place at higher
redshifts (e.g. Noeske et al., 2007b). This task is challenging because of the difficul-
ties in reliably measuring the star formation rates of galaxies. Beyond the local Uni-
verse, star formation tracers that do not require the application of uncertain dust
corrections are typically available for only the most actively star forming galaxies.
This makes it difficult to prove whether or not there is a clear bimodality between
star forming and passive galaxies in the SFR-stellar mass plane. On the other hand,
it has been demonstrated that star forming and passive galaxies can be separated
on the basis of their colours over a wide range of redshifts (e.g. Daddi et al., 2004;
Wuyts et al., 2007; Williams et al., 2009; Ilbert et al., 2010; Whitaker et al., 2011;
Muzzin et al., 2013a). This technique can then be combined with stacking in order
to measure the average SFR of star forming galaxies as a function of both stellar
mass and redshift. However, the extent to which these convenient colour selection
techniques can truly separate galaxies that reside on a tight star forming sequence

from the remainder of the population remains uncertain.

The significance of the star forming sequence as a constraint on how galaxies
grow in stellar mass has been discussed in a number of studies (e.g. Noeske et al.,
2007b; Renzini, 2009; Firmani et al., 2010; Peng et al., 2010; Leitner, 2012; Heinis
et al.,, 2014). The small scatter of the sequence implies that the star formation his-
tories of star forming galaxies must, on average, be fairly smooth. This has been
taken as evidence against a dominant contribution to the star formation history of
the Universe from star formation triggered by galaxy mergers (e.g. Feulner et al.,

2005; Noeske et al., 2007b; Drory & Alvarez, 2008). This viewpoint is supported
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by studies that demonstrate that the contribution from heavily star forming objects
that reside above the star forming sequence represents a negligible contribution to
the number density and only a modest contribution to the star formation density

of star forming galaxies (e.g. Rodighiero et al., 2011; Sargent et al., 2012).

Various studies have shown that a star forming sequence is naturally predicted
both by theoretical galaxy formation models (e.g. Somerville et al., 2008; Dutton
et al., 2010; Lagos et al., 2011b; Stringer et al., 2011; Ciambur et al., 2013; Lamas-
tra et al., 2013; Lu et al., 2013b) and by hydrodynamical simulations of a cosmo-
logically representative volume (e.g Davé, 2008; Kannan et al., 2014; Torrey et al.,
2014). These models have reported a slope and scatter that is generally fairly con-
sistent with observational estimates. However, there have been a number of re-
ported cases where it appears that the evolution in the normalisation of the se-
quence predicted by galaxy formation models is inconsistent with observational
estimates (e.g. Daddi et al., 2007; Davé, 2008; Damen et al., 2009; Santini et al.,
2009; Dutton et al., 2010; Lin et al., 2012; Lamastra et al., 2013; Genel et al., 2014;
Gonzdlez et al., 2014; Kannan et al., 2014; Torrey et al., 2014). This disagreement
is often quantified by comparing model predictions with observational estimates
of the specific star formation rates of galaxies of a given stellar mass as a function
of redshift. This comparison can also be made for suites of hydrodynamical zoom
simulations which exchange higher resolution for a loss in statistical information
for the predicted galaxy formation population (Aumer et al., 2013; Hirschmann
et al., 2013; Hopkins et al., 2013b; Obreja et al., 2014). These studies find that it is
possible to roughly reproduce the observed specific star formation rate evolution,
greatly improving over earlier simulations. However, upon closer inspection, it
appears that in detail, they may suffer from a similar problem to larger simula-
tions and semi-analytical models with reproducing the observed evolution of the
star forming sequence, as noted by Aumer et al. (2013), Hopkins et al. (2013b) and
Obreja et al. (2014).

It is important to be aware that below z ~ 2, comparisons of specific star for-

mation rates can yield different constraints on theoretical models depending on
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whether or not star forming galaxies are separated from passive galaxies. In prin-
ciple, if star forming galaxies are successfully separated, any disagreement in the
evolution of their average specific star formation rates between models and ob-
servational data should be independent of “quenching” caused by environmental
processes or AGN feedback. Hence, testing the model using the evolution in the
normalisation of the star forming sequence potentially offers a significant advan-
tage, as compared to more commonly used diagnostics such as the cosmic star
formation rate density, luminosity functions and stellar mass functions. In partic-
ular, the reduced number of relevant physical processes makes the problem more
tractable and offers a way to improve our understanding of galaxy formation with-
out having to resort to exhaustive parameter space searches, where arriving at an
intuitive interpretation of any results can be challenging. This is particularly per-
tinent if the simple parametrisations used in theoretical galaxy formation models
for processes such as feedback are not suitable to capture the behaviour seen in the

observed galaxy population.

Here, we use the GALFORM semi-analytic galaxy formation model along with
an extensive literature compilation of observations of the star forming sequence to
explore the shape of the star formation histories of galaxies within the context of
a full hierarchical galaxy formation model. Our aim is to understand the origin of
any discrepancies between the predicted and observed evolution in the normalisa-
tion of the star forming sequence and to demonstrate potential improvements that
could be made in the modelling of the interplay between star formation, stellar

teedback and the reincorporation of ejected gas.

The layout of the Chapter is as follows. In Section 4.2, we describe the rel-
evant features of the GALFORM galaxy formation model used for this study. In
Section 4.3, we present model predictions for the star forming sequence of galax-
ies and provide a comparison with a compilation of observational data extracted
from the literature. In Section 4.4, we compare the predicted stellar mass assembly
histories of star forming galaxies with the average stellar mass assembly histories

inferred by integrating observations of the star forming sequence. We also explore
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the connection between stellar and halo mass assembly, highlighting the role of
different physical processes included in the model. In Section 4.5, we explore mod-
ifications that can bring the model into better agreement with the data. We discuss
our results and present our conclusions in Section 4.6 and Section 4.7 respectively.
Appendix B provides a detailed introduction and exploration of how the stellar
mass assembly histories of star forming galaxies can be inferred from observations
of the star forming sequence. Appendix C discusses the impact of changing various
parameters in the GALFORM model. Appendix D presents a short analysis of how
well the various models presented in this Chapter can reproduce the evolution in

the stellar mass function inferred from observations.

4.2 The GALFORM galaxy formation model

In this section we describe the GALFORM semi-analytic galaxy formation model,
which we use to simulate the assembly of the galaxy population within the ACDM
model of structure formation. The GALFORM model belongs to a class of galaxy
formation models which connect the hierarchical assembly of dark matter haloes
to galaxies by coupling merger trees generated by cosmological N-body simula-
tions of structure formation to a series of continuity equations which control the
flow of baryonic mass and metals between hot halo gas, cold disk gas and stellar
components. These continuity equations are designed to encapsulate the effects
of physical processes such as the inflow of gas onto galaxy disks by cooling from
shock heated hydrostatic haloes. Other processes include quiescent star formation
in galaxy disks, chemical enrichment of the ISM, the ejection of cold gas and metals
by supernovae, the suppression of gas cooling by AGN and photoionization feed-
back, galaxy merging and disk instabilities which in turn can trigger both spheroid
formation and bursts of star formation. A detailed introduction to the model and
the associated underlying physics can be found in Cole et al. (2000), Baugh (2006)
and Benson (2010).

Rather than attempting to solve the equations of hydrodynamics to self con-
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sistently predict the full spatial distributions of stars, gas and dark matter within
haloes, the equations within GALFORM can instead be solved by assuming idealised
density profiles for the various components of a galaxy-halo system. For example,
the hot gas and dark matter density profiles are assumed to be spherically symmet-
ric and galaxy disks are assumed to follow an exponential surface density profile.
Despite these simplifications, the lack of a complete theory of star formation and
teedback processes means that the continuity equations can only be formulated

and solved using a phenomenological approach.

Several variants of the GALFORM model have appeared in the literature which
feature different parametrisations of the physics of galaxy formation. For this study
we adopt a slightly modified version of the model presented in Lagos et al. (2012)
as our fiducial model. The model used in Lagos et al. (2012) is descended from
that originally presented in Bower et al. (2006) (see also Lagos et al., 2011b,a). For
the fiducial model used in this study, we make a change from an older gas cool-
ing model used in Lagos et al. (2012), which evolves according to discrete halo
mass doubling events, to the continuous gas cooling model presented in Benson
& Bower (2010). In the older cooling model (first presented in Cole et al., 2000),
the hot gas profile is reset and the radius within which hot halo gas is allowed to
cool onto a disk is reset to zero when haloes double in mass. For this analysis,
we found that this simplification could lead to artificial suppression of cooling in-
side haloes hosting massive star forming galaxies at low redshift. Changing to a
continuous cooling model removes this problem but has the side effect of slightly
increasing the amount of gas available to form stars in the central galaxies of mas-
sive haloes. Therefore, in order to recover approximate agreement with the local
stellar mass function of galaxies, we lower the threshold required for radio mode
AGN feedback to be effective at suppressing gas cooling in our fiducial model by
changing the model parameter a.,, from 0.58 (as in Lagos et al., 2012) to 1.0. All
of the models used in this study use merger trees extracted from the Millennium
dark matter N-body simulation (Springel et al., 2005). A description of the merger

tree construction can be found in Jiang et al. (2014a) and Merson et al. (2013).
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4.2.1 Star formation, supernova feedback and gas reincorporation

We now give a more detailed introduction to the treatment of several physical pro-
cesses included in GALFORM that are particularly relevant to this study. Firstly, our
fiducial GALFORM model uses the empirical star formation law presented in Blitz

& Rosolowsky (2006), which has the form

ESFR = VSFfmolEgasa (41)

where Ygpg is the surface density of star formation rate, 3, is the total surface
density of cold gas in the galaxy disk, fy. is the fraction of cold hydrogen gas
contained in the molecular phase and vgr is the inverse of a characteristic star for-
mation timescale. vgp is constrained directly using observations of local galaxies
and is set to 0.5 Gyr~! for our fiducial model (Lagos et al., 2011b). fnq is calculated
using an empirical relationship which depends on the internal hydrostatic pressure
of galaxy disks (Blitz & Rosolowsky, 2006; Lagos et al., 2011b).

Secondly, the effects of supernova feedback are modelled by expelling cold gas
from galaxy disks over each timestep as stars are formed. The outflow rate is
parametrised as a function of the disk circular velocity at the half mass radius,

Vaisk, and is given by

Mej = w (Vdisk/vhot)iaho‘ca (42)

where Vo4 and ayo; are numerical parameters and v is the star formation rate. It
should be noted that these quantities refer to the outflow and star formation rates
integrated over the entire galaxy disk. The outflow rate is, by convention, charac-
terised in turn by the dimensionless mass loading factor, (3, = Mej /1. Unlike the
parameters included in the prescription for star formation, ay.; and V4, are treated
as free numerical parameters and are set in order to reproduce the observed local
galaxy luminosity functions (Bower et al., 2006). For our fiducial model, V},.; is set
to 485km s~ and aye is set to 3.2, as in the Bower et al. (2006) and Lagos et al.
(2012) models.
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All of the gas that is expelled from the galaxy disk is then added to a reservoir
of ejected gas which, in turn, is reincorporated at the virial temperature back into

the hot gas halo at a rate given by

Mhot - areheatMres/tdynu (43)

where eneat is @ Numerical parameter, M, is the mass of gas in the reservoir and
tayn is the dynamical timescale of the halo. For our fiducial model, a;cheat is set to
1.26. Once gas is reincorporated back into the halo, it is free to cool back onto the
galaxy disk. Hence, gas can be recycled many times over the lifetime of a given

halo before finally being converted into stars.

4.2.2 Quenching processes

This cycle of gas accretion, cooling, star formation, gas expulsion and reincorpo-
ration can be disrupted in GALFORM through a number of different physical pro-
cesses which we briefly outline here. The focus in this study is on actively star
forming galaxies which are unaffected by these processes. Quenching mechanisms
are therefore not the primary focus of our analysis as, to first order, they change
which galaxies populate the star forming sequence, not the position of the sequence
in the star formation rate versus stellar mass plane. Nonetheless, it is still impor-
tant to recognise the conditions under which a given model galaxy will drop out of
the samples of star forming galaxies which form the basis of this study.

Firstly, galaxies that form inside dark matter haloes which are accreted onto
larger haloes become satellite galaxies. Satellites are assumed to lose their hot gas
reservoirs to the hot gas halo of the host dark matter halo as a result of ram pressure
stripping. Consequently, once a satellite uses up its cold disk gas to form stars, it
will become permanently quenched. We note that the instantaneous removal of the
hot gas haloes of satellites is, at best, a crude representation of the environmental
processes such as ram pressure stripping. A more detailed stripping model has

been explored in GALFORM (Font et al., 2008) but inclusion of this would have only
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a minimal impact on the model central star forming galaxy population which will
be the focus of this study.

Secondly, as the mean density of the Universe drops towards the present day;,
radiative cooling timescales for hot gas inside haloes grow longer. In the past,
this mechanism was the key for theoretical galaxy formation models to match the
observed break at the bright end of the galaxy luminosity function. However, after
improved cosmological constraints favoured a higher universal baryon fraction, it
was demonstrated that this mechanism could no longer fully explain the break (e.g.
Benson et al., 2003). Instead, feedback associated with active galactic nuclei (AGN)
is invoked as the primary mechanism responsible for quenching massive central
galaxies in the current generation of galaxy formation models (e.g. De Lucia et al.,
2004; Bower et al., 2006; Croton et al., 2006; Somerville et al., 2008). AGN feedback
in GALFORM is implemented by assuming that cooling from the hot gas halo is
completely suppressed if a) the halo is in a quasi-hydrostatic cooling regime and
b) the radiative cooling luminosity of the halo is smaller than the AGN luminosity

multiplied by an efficiency factor. For more details see Bower et al. (2006).

4.3 The star forming sequence of galaxies

In this section we first present the relationship between specific star formation rate
and stellar mass predicted by our fiducial GALFORM model over a range of red-
shifts. We then explain how we separate star forming and passive model galaxies
at different redshifts. We also present a compilation of observational data that de-
scribe how the average specific star formation rate of star forming galaxies depends
on redshift and stellar mass. Finally, we compare our model predictions with the

observational data.

4.3.1 The star forming sequence in GALFORM

Fig. 4.1 shows the distribution of specific star formation rate against stellar mass in

our fiducial GALFORM model for a selection of redshifts. We choose to show indi-
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Figure 4.1: Caption continued on the following page.
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Figure 4.1: Specific star formation rate plotted as a function of stellar mass for all galaxies from our
fiducial GALFORM model. Each panel corresponds to a different redshift as labelled. The coloured
points represent individual model galaxies and the point colours are scaled logarithmically with the
local number density of galaxies in each panel, from red at low density to yellow at high density.
The corresponding number densities are indicated by the colour bar at the bottom of the figure.
The blue lines show our cut between star forming and passive galaxies for each redshift. The black
points and corresponding error bars show the median, 10" and 90'" percentiles of the distribution
in the specific star formation rates of star forming galaxies, binned as a function of stellar mass. (s is
the slope of a power-law fit to the medians of the distribution for star forming galaxies. o quantifies
the average scatter and is defined as half of the mean central 68% range of the distribution for star

forming galaxies.

vidual galaxies as points, coloured by the logarithmic density of points at a given
position in the plane. For reference, the number of galaxies shown in each redshift
panel is of order 10°. The most obvious feature that can be seen in Fig. 4.1 is a
strong sequence of star forming galaxies that extends over several decades in stel-
lar mass. Outliers that reside above this sequence do exist but are rare, becoming
slightly more prevalent towards higher redshifts. Passive galaxies reside below the
sequence, with a broad distribution of specific star formation rates at a given stellar

mass.

For the remainder of this study, we choose to focus on the star forming galax-
ies that reside either on or above the star forming sequence. We separate passive
galaxies by applying a power-law cut that evolves with redshift. The division is
shown as solid blue lines in Fig. 4.1. The exact position and slope of the power-law
cuts are fixed by hand in order to best separate the star forming sequence from the
locus of passive galaxies that can be seen stretching diagonally across the plane for
the most massive passive galaxies at lower redshifts. Although this is a subjective
process, we find that our results are, in general, insensitive to the precise location of
the cut because of the strong bimodality in the distribution. This is demonstrated

by the fact that the 10" percentiles of the distribution of star forming galaxies do
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not reside close to our dividing line between star forming and passive galaxies in
most cases. The exception to this is seen at 2 = 1 where the locus of massive pas-
sive galaxies joins onto the star forming sequence, making it difficult to objectively
separate star forming from passive galaxies at M, ~ 10''M,.

To characterise the slope and normalisation of the star forming sequence seen
in Fig. 4.1, we adopt the convention from Karim et al. (2011) who use a power-law

tit of the following functional form,

M, Bst
/M, =c <1011M@> , (4.4)

where [y is the slope of the sequence and c sets the normalisation. We also define
the scatter in the star forming sequence, o, as half of the mean value over stellar
mass bins of the central 68% range in the distribution of log,,(v/M,/Gyr™!), calcu-
lated for each bin in stellar mass. The scatter, o, and best fitting power-law slope,
B, to the star forming sequence are labelled for each panel shown in Fig. 4.1. We
find that the slope steepens from Gy ~ —0.13 at 2 < lup to B¢ = —0.28 at z = 3.
This range of slopes lies comfortably within the range of slopes that are reported by
observational studies (see Appendix B). The mean scatter, o, does not vary strongly
with redshift below z = 3 and is typically ~ 0.2 dex. The increase to 0.27 dex at z = 3
can be attributed to an increased abundance of outlying galaxies that reside above
the star forming sequence at this redshift. Finally, we note that the normalisation of
the star forming sequence can be seen to increase by roughly an order of magnitude
over 0 < z < 3. We explore this in greater depth in Section 4.3.3.

Compared to the results reported for the model from Dutton et al. (2010), the
star forming sequence predicted by our fiducial model has a larger intrinsic scatter
by Ao ~ 0.1 dex. Dutton et al. (2010) explain that they expect their model to under-
predict the scatter because their model features a simplified treatment of the mass
assembly histories of dark matter haloes, neglecting various aspects of the hierar-
chical galaxy formation process that are included in GALFORM. On the other hand,
we note that the hydrodynamical simulations presented in Torrey et al. (2014) and

Obreja et al. (2014) predict a larger scatter of ~ 0.3 dex. This could reflect a failing of
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the simplified treatment of physical processes used in GALFORM when compared
to a full hydrodynamical simulation. The larger scatter reported by Torrey et al.
(2014) is consistent with the upper limit on the intrinsic scatter typically reported
from observational studies (e.g Noeske et al., 2007b; Whitaker et al., 2012) but it is
difficult to accurately assess the true uncertainty on the star formation tracers used
in these studies. For the purposes of this study, the scatter in our model is small
enough to be consistent with the observational upper limit and from here on, we
focus instead on the slope and normalisation of the star forming sequence.
Compared to our fiducial model, the slope of the star forming sequence de-
creases more slowly with redshift in the Dutton et al. (2010) model, varying from
B¢ = —0.04 at z = 0 to —0.1 at z = 3. This slope is slightly shallower than pre-
dicted by our fiducial model. This could potentially be explained by the lack of
any quenching or starburst processes in the Dutton et al. (2010) model. The slope
of —0.2 < B¢ < —0.1 predicted by the model presented in Lamastra et al. (2013) is
consistent with our fiducial model although this somewhat unsurprising given the
many similarities between the two models. On the other hand, the hydrodynami-
cal simulations presented in Torrey et al. (2014) report a slope of —0.05 < Sy < 0.0
which is more similar to Dutton et al. (2010). Obreja et al. (2014) also find a slope

consistent with G = 0.

4.3.2 The star forming sequence inferred from observations

For this study, we have compiled a set of observational data on the star forming se-
quence for the purposes of providing a comparison with model predictions. Specif-
ically, we have compiled the average specific star formation rate of star forming
galaxies for bins of stellar mass and redshift. Both mean and median star forma-
tion rates have been used to quantify the average in the literature and we include
both quantities in the compilation. The list of sources used in the compilation is
presented in Table 4.1. We include information on the redshift range covered, the
initial selection technique, the technique to separate star forming galaxies and the

star formation rate tracer used. We only include observational data sets that have
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Source Redshift Selection SF cut Tracer
Noeske et al. (2007a) 0.2-1.1 K blue colour/24um detection 24m+UV/Em Lines
SDSS DR7 0.08 r sSFR-M, distribution H,

Pannella et al. (2009) 1.5-2.5 BzK sBzK Radio
Oliver et al. (2010) 0-2 Optical template fitting 70/1604m
Magdis et al. (2010) 3 LBG blue colour UV (corrected)
Peng et al. (2010) 0-1 Optical blue colour SED fitting
Rodighiero et al. (2010) 0-2.5 4.5um  blue colour/24pm detection FIR
Karim et al. (2011) 0.2-3 3.6pum blue colour Radio
Huang et al. (2012) 0 HI/r HI detection /blue colour SED fitting
Lin et al. (2012) 1.8-2.2 BzK sBzK UV (corrected)
Reddy et al. (2012) 1.4-3.7 LBG blue colour 24pm+UV
Whitaker et al. (2012) 0-2.5 K (U-V/V-]) cut 24pum+UV
Bauer et al. (2013) 0.05-0.32 r H, flux/EW H,
Stark et al. (2013) 4-7 LBG blue colour UV (corrected)
Wang et al. (2013) 0.2-2 K SFR-M, distribution SED fitting / FIR
Gonzaélez et al. (2014) 4-6 LBG blue colour SED fitting

Table 4.1: List of the sources of the observed average specific star formation rates of star forming

galaxies, (¢/M,)(M,,z), which we extract from the literature. We list the source, redshift range

or median redshift, galaxy selection technique, the subsequent star forming galaxy selection tech-

nique, and the tracer used to estimate the instantaneous star formation rate. For LBG-selected sam-

ples, it should be noted that the initial galaxy selection technique is strongly biased towards blue

star forming galaxies, so typically no additional cut to separate star forming galaxies is performed.

SDSS DR7 data corresponds to an update of the Brinchmann et al. (2004) analysis. For Karim et al.

(2011), we use both the star forming galaxy sample presented in their Table 3 as well as the “active

population” which is shown in their Figure 13 (which uses a bluer colour cut).
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either made an attempt to separate star forming galaxies from passive galaxies or
have a selection function which intrinsically selects only actively star forming ob-
jects. Where necessary, we convert stellar masses quoted that assume a Salpeter
IMF by Alog(M,/Mg) = —0.24dex in order to be consistent with a Chabrier IMF
(Ilbert et al., 2010), which in turn is very similar to the Kennicutt IMF that is as-
sumed in our model. We do not attempt to correct specific star formation rates for
IMF variations as we expect both the stellar mass and star formation rate correc-

tions to approximately cancel in most cases.

Itis very important to be aware that the average star formation rate, particularly
for large stellar masses at low redshift, will depend strongly on the method used to
separate star forming from passive galaxies. In general, it is not possible in practice
to simply make the separation based on identifying the star forming sequence in
the star formation rate versus stellar mass plane. This is only really possible in
the local Universe with surveys such as the SDSS. Instead, star forming galaxies
are often separated using colour selection criteria (e.g. Daddi et al., 2004; Ilbert
etal., 2010). These issues are particularly pertinent for studies that employ stacking
techniques, where it is impossible to ascertain whether a star forming sequence is
really present in the data (Oliver et al., 2010; Rodighiero et al., 2010; Elbaz et al.,
2011; Karim et al., 2011).

4.3.3 Comparing the star forming sequence from GALFORM with

observational data

Fig. 4.2 shows the average specific star formation rates of star forming galaxies
as a function of stellar mass for a selection of redshifts. Observational data from
the compilation presented in Table 4.1 are shown in grey and can be compared to
the mean and median relations predicted by the our fiducial model. It should be
noted that the error bars on the observational data points show only a lower limit
on the statistical uncertainty on each data point. These error bars are only shown

for the studies where an estimate of this lower limit could be obtained. The error
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Figure 4.2: The average specific star formation rate of star forming galaxies plotted as a function

of stellar mass. Each panel corresponds to a different redshift as labelled. Blue solid and dashed

lines show predictions from our fiducial GALFORM model for the mean and median specific star for-

mation rates respectively. Grey points show observational estimates of either the mean or median

average specific star formation rate of star forming galaxies. A list of the sources of these obser-

vational data points is presented in Table 4.1. When shown, the corresponding error bars show

a lower limit on the statistical uncertainty on the average for each data point. The shaded region

shows the 1o range of power-law fits to the observational data, using a fixed error on the data points

of 0.20 dex. Bst model is the best fitting power-law slope to the medians of the distribution predicted

by our fiducial model. Gt obs is the best fitting power-law slope to the observational data presented

in each panel.
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bars do not represent the dispersion in the underlying distribution. We attempt to
estimate a more realistic uncertainty on the average specific star formation rate by
measuring the average central 68% range for measurements in all stellar mass bins
containing more than two data points. We find that the uncertainty on the spe-
cific star formation rate estimated in this way is 0.20 dex. The pink shaded regions
shown in Fig. 4.2 then enclose the set of best fitting power laws to the data within

a lo range, assuming 0.2 dex errors in each mass bin.

Given the large systematic uncertainties that are thought to affect stellar mass
and SFR estimates and that each data set uses a different method to select star form-
ing galaxies, it is reassuring that the observational data are fairly self consistent in
normalisation within each respective redshift panel. There are some outlying data
sets however. In general, the observations seem consistent with a star forming se-
quence where the average specific star formation rate is modestly anti-correlated
with stellar mass. We note however that there are significant variations in the slope
seen between different redshift panels. The best fitting power-law slopes at each
redshift vary from By ~ —0.4 at = = 0 to By ~ 0.1 at z = 3. Whether or not this
variation is driven by an intrinsic shift in the slope of a star forming sequence of

galaxies is extremely unclear. We explore this issue in more detail in Appendix B.

Comparison of the observed slope with predictions from our fiducial model in-
dicate that the model has a slope which is too shallow at low redshift and too steep
at high redshift. In addition, compared to the data, the slope variation with red-
shift acts in the opposite direction in the model, such that the high redshift slope
is steeper than the local relation. However, it is difficult to be confident whether
this truly reflects a flaw in the model or can be explained as a result of selection
effects. To answer this question satisfactorily would require a self-consistent com-
parison between the model and the data in terms of selection. However, this task is
made challenging because of the difficulty in predicting accurate colour distribu-
tions for galaxies from hierarchical galaxy formation models. Historically, various
GALFORM models have struggled to reproduce the observed colour distributions

of galaxies, making it difficult to reproduce observational colour cuts in detail (e.g.
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Guo et al., 2013a).

Although it is difficult to draw strong conclusions from comparing the slopes
of the observed and predicted distributions, it is apparent that the normalisation
of the star forming sequence evolves more rapidly in the observational data than
in the model. This problem is best viewed by plotting the evolution of the average
specific star formation rate of star forming galaxies as a function of lookback time
for selected stellar mass bins, which we show in Fig. 4.3. In general, we find that
the observational data are consistent with exponential evolution in (/M. ) with
lookback time. The best fit to the observational data in each panel gives (¢/M,)
e where a is found to vary between 0.29 and 0.43. The variation in a is such
that the average specific star formation rate drops more rapidly with time in the
highest mass bins shown. Although there is some scatter at a given redshift, the
data within each mass bin appear to be mostly self consistent in normalisation
at a given redshift. Repeating the same process as for Fig. 4.2, we estimate the
uncertainty on the average specific star formation rates and again find that the
uncertainty is approximately 0.20 dex.

In contrast to the trend that emerges from the observational compilation, our
tiducial model (blue lines) predicts slower evolution than the data (until higher
redshifts, where the evolution in the model becomes steeper than an extrapolation
of the trend seen in the data). This behaviour has been seen for various published
models in the literature (e.g. Davé, 2008; Damen et al., 2009; Dutton et al., 2010;
Gonzélez et al., 2014; Torrey et al., 2014) and the origin of the discrepancy is the
subject of the remainder of this Chapter. Finally, at this stage we note that the
evolution in the fiducial GALFORM model scales very closely with the inverse of

the age of the universe at a given time, ¢,,.. We return to this point in Section 4.4.2.

4.4 The stellar mass assembly of star forming galaxies

It is clear from Fig. 4.3 that the specific star formation rates of galaxies at a fixed

stellar mass evolve more slowly with redshift in our fiducial GALFORM model than
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Figure 4.3: The average specific star formation rate of star forming galaxies plotted as a function

of lookback time. Each panel corresponds to a different stellar mass bin as labelled. Blue solid

and dashed lines show predictions from our fiducial GALFORM model for the mean and median

specific star formation rates respectively. Red lines show the same information but for the modified

reincorporation model. Green lines show the same information but for a model using the virial

mass scaling for the reincorporation timescale proposed by Henriques et al. (2013). Dashed black

lines show the inverse of the age of the universe as a function of lookback time. Caption continued

on the following page.
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Figure 4.3: Grey points show observational estimates of either the mean or median average spe-
cific star formation rate of star forming galaxies. A list of the sources of these observational data
points is presented in Table 4.1. When shown, the corresponding error bars show a lower limit
on the statistical uncertainty on the average for each data point. Grey points taken from a single
observational study are connected by grey lines. The blue shaded region shows the 1o range of
exponential fits to the observational data, assuming a fixed error on the data points of 0.20 dex. This
shaded region is consistent with, but not identical to, the pink shaded region shown in Fig. 4.2. The

best fit to the evolution in the observational data is given in each panel.

is implied by the observational data. However, it should be noted that the galaxy
population which is probed at each redshift for a given stellar mass bin will not
be the same; star forming galaxies grow in stellar mass before becoming quenched
and consequently dropping out of the star forming samples which we consider.
This complicates the interpretation of Fig. 4.3 with regard to understanding the

physical origin of any flaws in the model.

It is therefore worthwhile to search for a another way to characterise the evo-
lution of star forming galaxies which traces only a single population across cosmic
time. One way to achieve this is to try to infer the stellar mass assembly histories of
star forming galaxies by tracing how they grow in stellar mass as they evolve along
a star forming sequence. This technique has already appeared in various guises in
the literature (e.g. Drory & Alvarez, 2008; Renzini, 2009; Leitner & Kravtsov, 2011;
Leitner, 2012; Heinis et al., 2014). From here on in, we adopt the terminology of

Leitner (2012) and refer to this technique as Main Sequence Integration (MSI).

In this section, we explore the origin of the discrepancy between the predicted
and observed evolution in the specific star formation rates of star forming galax-
ies shown in Fig. 4.3 We start by making use of the MSI technique to compare the
predicted and observationally inferred stellar mass assembly histories of galaxies
that are still star forming at z = 0. We then go on to discuss why the predicted stel-
lar mass assembly histories have a particular form, connecting the halo assembly

process with the way stellar feedback is implemented in our model.
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An introduction to the MSI technique is presented in Appendix B.1. An explo-
ration of how well MSI can recover the predicted stellar mass assembly histories
calculated in our model can be found in Appendix B.2. Details of the observational
compilation of measurements of the star forming sequence which we use for this

study can be found in Appendix B.3.

4.4.1 Comparing the inferred stellar mass assembly histories of

star forming galaxies with model predictions

In Fig. 4.4, we compare the predicted average stellar mass assembly histories of
central galaxies that are still star forming at = = 0 from our fiducial GALFORM
model with the results of applying MSI to the observational compilation presented
in Appendix B.3. To facilitate a comparison with the average stellar mass assem-
bly histories obtained using the MSI technique for a given starting mass, model
galaxies are binned by their stellar mass at z = 0. By default in this study, stellar
mass assembly histories are obtained by tracing back the main stellar progenitor
of each z = 0 central star forming galaxy. We define the main stellar progenitor as
the most massive stellar progenitor traced between each consecutive pair of out-
put times. The impact of this choice (as compared to summing over all possible
progenitors) is discussed in Appendix B.2. We have chosen to plot (M, /M, (ty)) in
order to eliminate dispersion associated with the finite width of the stellar mass
bins which we use (Alog(M, /Mg) = 0.5 dex). The remaining dispersion therefore
reflects the intrinsic scatter in our model in the shape of stellar mass assembly his-
tories of galaxies that are central and star forming at z = 0. The choice to include
only galaxies that are central at z = 0 is made in order to minimise the impact of
any environmental effects. When comparing to mass assembly histories inferred
from observations (which include a combination of satellite and central galaxies),
the exclusion of satellite galaxies is justified by observational results that indicate
that the form of the star forming sequence is independent of environment (e.g.

Peng et al., 2010).
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Figure 4.4: The mean mass assembly histories of galaxies that are central and star forming at
z = 0, plotted as a function of lookback time. Blue lines show predictions for the mean stellar mass
assembly histories for the main stellar progenitors of central galaxies, taken directly from our fidu-
cial GALFORM model. Black lines show the corresponding dark matter halo mass assembly histories
of the progenitor haloes that host the main stellar progenitors of central galaxies at = = 0. These
curves are rescaled by fi, = 1, /{\ to show the baryonic accretion rate onto these haloes. Model
galaxies are binned by their stellar mass at z = 0, with each panel corresponding to a different
mass bin. The median z = 0 stellar mass in each bin is labelled in each panel. The corresponding
median z = 0 dark matter halo mass in each stellar mass bin is also labelled. The filled pink region
shows the range of stellar mass assembly histories that are inferred by applying the MSI technique

to observational data from the literature.
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Quantitatively, the model predicts stellar mass assembly rates that are broadly
consistent to within factors of 2 compared to the data. However, despite the weak
constraints provided by MSI in some cases, there is a clear qualitative disagreement
between the model and the data regarding the shape of the stellar mass assembly
histories predicted by GALFORM. In the model, the rate of star formation rises
rapidly at early times before slowing down to a gradual rise or to a constant level of
activity at later times. The observational data instead favours a scenario where star
formation activity builds towards a peak at an intermediate time before dropping
significantly towards z = 0. This disagreement is consistent with the trend seen
in Fig. 4.3 where the specific star formation rates of galaxies in the model are too
low compared to the data at intermediate times before rapidly rising towards high

redshift.

At this stage, it should be noted that our fiducial model is only one specific re-
alisation of GALFORM with regard to the various model parameters that can be
changed. While these parameters are constrained by requiring that the model
matches local global diagnostics of the galaxy population, it is important to un-
derstand whether the disagreement between predictions and data seen in Fig. 4.3
and Fig. 4.4 is specific to the combination of parameters used in our fiducial model.
An analysis of this issue is presented in Appendix C. To summarise, we find that
for a given stellar mass at z = 0, the shapes of the average stellar mass assembly
histories of central star forming galaxies in GALFORM are almost entirely invari-
ant when changing model parameters relating to star formation, feedback and gas
reincorporation. As a consequence, the disagreements seen in Fig. 4.3 and Fig. 4.4
do indeed seem to be generic for any model that uses the same parametrisations to
represent these physical processes. This also helps to explain why similar models

find a similar disagreement in other studies.

As well as stellar mass assembly histories, we also show in Fig. 4.4 the cor-
responding average dark matter halo mass assembly histories of central galaxies
from our fiducial GALFORM model that are star forming at = = 0. We choose to

define the dark matter halo mass assembly rate, My, by tracing backwards the host
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halo of the main stellar progenitor (see Appendix B.2). This definition is useful for
making comparisons with the stellar mass assembly process. However, it should
be noted that in some cases this definition could deviate from the standard defi-
nition of halo mass assembly histories where instead the main halo progenitor is
traced backwards (e.g Fakhouri et al., 2010). To quantify the average halo mass
assembly rate, we take the mean of the distribution at each lookback time. This
choice is made because the individual halo assembly histories are very stochastic
with respect to our temporal resolution (which is determined by the number of
available outputs from the Millenium simulation). As a consequence, we find that
only the mean halo mass assembly history integrates to the correct average halo
mass at z = 0 while the median does not. Incidentally, this stochasticity is why
even the average halo mass assembly histories shown in Fig. 4.4 get visibly noisy

towards late times due to a drop in the average rate of significant accretion events.

From Fig. 4.4, we can begin to understand why there is a disagreement in the
stellar mass assembly process between our fiducial GALFORM model and the trends
implied by the data. In the model, despite the enormous variation in the efficiency
of star formation relative to gas accretion between haloes of different mass at z = 0,
stellar mass assembly broadly tracks the halo assembly process. Stars start to form
as soon as their host haloes accrete an appreciable fraction of their final mass and
this continues all the way to the present day. Differences between the stellar and
halo assembly histories do exist however. For example, the stellar mass assembly
histories do not show the peak at t;, ~ 12 Gyr which is fairly prominent for the
haloes. Also, the halo accretion rates fall slowly towards late times after this peak,
whereas most star forming galaxies form stellar mass at either a constant or slightly
increasing rate over their lifetimes. However, the decline in the halo mass accretion
rates is generally not as steep as the rate of decline in star formation rates inferred
from the observational data. This can be seen more clearly in Fig. 4.5 where we

show the ratio of the rates of mean stellar mass assembly to halo mass assembly.

In order to broadly reproduce the observed z = 0 stellar mass or luminosity

functions, it is necessary that a given galaxy population model, on average, places
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Figure 4.5: The ratio of mean stellar mass assembly rate to mean baryonic halo mass assembly rate
for galaxies that are star forming at z = 0, plotted as a function of lookback time. Blue lines show
predictions from our fiducial GALFORM model for this ratio for galaxies that are central at z = 0.
Model galaxies are binned according to their z = 0 stellar mass with each panel corresponding
to a different mass bin. The median z = 0 stellar mass in each bin is labelled in each panel. The
corresponding median z = 0 dark matter halo mass of each stellar mass bin is also labelled. The
filled pink regions show the range in the ratio of galaxy to halo mass assembly rates inferred from
observational data. This is obtained using a combination of stellar mass assembly histories inferred
from observational data using the MSI technique and average halo mass assembly histories from
GALFORM. This assumes that the true ratio between stellar mass and halo mass at z = 0 is the same

as in our fiducial GALFORM model.
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galaxies of a given stellar mass inside haloes of the mass corresponding approxi-
mately to the correct abundance. Given that our fiducial GALFORM model roughly
reproduces the local stellar mass function, the halo assembly histories shown in
Fig. 4.4 should therefore correspond roughly to the true halo formation histories
of real galaxies, for the case of a ACDM universe. Adopting this as a working as-
sumption, we also show in Fig. 4.5 the efficiency of star formation inferred from
observations using MSI if we use the relationship between stellar mass and halo
mass at z = 0 for star forming galaxies in our model. This extra step allows us to
infer how efficiently haloes that host star forming galaxies at z = 0 convert accreted
baryons into stars. It can be seen that in the model, the efficiency of star formation
relative to halo gas accretion rises monotonically from early times to the present
day, whereas the data, in general, favours a scenario where this efficiency peaks at

some intermediate time for the higher stellar mass bins.

In Appendix B.3, we discuss how, depending on the slope of the observed star
forming sequence, [, the inferred stellar mass assembly of galaxies that are still
star forming at z = 0 can show a downsizing trend, such that the lower mass
star forming galaxies start forming stars later with respect to massive star forming
galaxies. Fig. 4.4 shows that any possible downsizing trend suggested by the data
is, at best, only weakly reproduced by the model. The different stellar mass assem-
bly histories that we infer from the observational data agree best with our model
for the B4 = 0.0 or —0.1 cases shown in Fig. B.5. The assembly histories derived
from these bins show the weakest downsizing trend (no downsizing for 4 = 0.0)
and form a greater fraction of stars at early times. It should be noted that the better
agreement with the model for these curves is not surprising given that the slope of
the star forming sequence in the fiducial GALFORM model is 4 ~ —0.15. For the
opposite extreme case in the data where G ~ —0.5, the model predictions are in

dramatic disagreement with the trends implied by the data for low mass galaxies.

Another consequence of a strong downsizing trend is that the stellar mass as-
sembly process is significantly delayed relative to the halo assembly process for

low mass systems. Fig. 4.4 shows that the shape of the mean halo mass assem-
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bly histories is only a very weak function of the final halo mass. Therefore, any
possible downsizing trend that exists purely in the star forming population would
have to be caused by a physical process which is separate from the growth of the
hosting dark matter haloes. For the case where 34 ~ —0.4, such a process would
result in the existence of a population of dark haloes that have not formed any ap-
preciable amount of stars at intermediate redshifts of 1 < z < 2. We note that the
star formation histories presented in Leitner (2012), derived by applying MSI to
data from Karim et al. (2011) with Sy = —0.35 and from Oliver et al. (2010), would
also have this consequence. Reproducing this behaviour in models or simulations
would require much stronger feedback (or the inclusion of another physical mech-
anism with the same effect) at early times than is typically assumed for galaxies

that reside within the progenitors of haloes of mass 11 < log(Mp(ty)/Mg) < 12.

4.4.2 Explaining the form of stellar mass assembly histories in

GALFORM

In Section 4.4.1, we show that the stellar mass assembly process in our fiducial
GALFORM model broadly traces the halo mass assembly process. The closeness in
this predicted co-evolution appears to be in qualitative disagreement with trends
inferred from the star formation rates of galaxies inferred from observational data.
This leads to the slower evolution in the predicted average specific star formation
rates of star forming galaxies compared to the observational data seen in Fig. 4.3.
Fig. 4.3 also demonstrates that this evolution in the model closely traces the inverse
of the age of the universe, t,4., such that )/M, x 1/t,... We now consider why the
model behaves in this way.

i) Cooling timescale: For the star forming galaxy population which we consider
in this study, we expect the radiative cooling timescales for shock heated halo gas
to cool onto galaxy disks to be short compared to the age of the Universe at a given
epoch. In the top panel of Fig. 4.6, we see that this is indeed the case if we trace

backwards the main stellar progenitors of galaxies that are central and star forming
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Figure 4.6: The ratio of average characteristic timescales of model galaxies which are central and
star forming at z = 0 to the age of the universe, t,4., plotted as a function of lookback time. Model
galaxies are binned according to their z = 0 stellar mass with each solid coloured line showing
the median of the distribution for a different bin. The blue dashed lines show the 10" and 90"

percentiles for the log(M,(to)/Mg) = 10 bin. Caption continued on the following page.
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Figure 4.6: The top three panels each correspond to a different timescale. The bottom panel
instead shows the efficiency with which gas is ejected from galaxy disks. Top: The characteristic gas
cooling timescale, t.,o1, for hot halo gas to cool onto a galaxy disk. Second: The characteristic star
formation timescale, ¢, for disk gas to be converted to stars in the absence of feedback. Third: The
characteristic gas reincorporation timescale, t,e;, for gas ejected by feedback to be reincorporated

back into the hot gas halo. Bottom: The mass loading factor of outflows, B,

at z = 0, following the methodology introduced in Section 4.4.1. We define the
characteristic cooling timescale, ¢..,, as the time for gas with the mean density
within the virial radius to cool. Given that this timescale is short, the only three
remaining physical processes in the model which are relevant for the star forming
galaxy population considered here are star formation, outflows triggered by SNe
feedback and the subsequent reincorporation of ejected gas back into the hot halo

gas component.

ii) Star formation timescale: The efficiency of star formation can be characterised
by the timescale required to consume cold disk gas in the absence of feedback. This
is given by ty = M.qa(t)/1(t). We show the average evolution in this quantity for
the star forming population in the second panel of Fig. 4.6, relative to the age of
the universe at a given epoch. It can be seen that this timescale is typically compa-
rable to the age of the universe, although there is an order of magnitude variation
depending on the time and final stellar mass of the galaxies being considered. The
consequence of the balance between the star formation timescale and the age of the
Universe is that cooling gas can be effectively converted into stars in a quasi-steady
state. In practice, the true gas depletion timescale will be significantly shorter than
tyr in the model when the mass loading factor of outflows, 3,,, rises above unity,

which is typically the case for the galaxies considered here.

iii) Mass loading factor: In our model, the efficiency of SNe feedback in ejecting
cold gas from galaxies is characterised by the mass loading factor, 3,,. The av-
erage evolution in 3., is shown in the bottom panel of Fig. 4.6. As described in

Section 4.2.1, 3, in our fiducial GALFORM model scales Vd;‘ig, where Vg is the
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circular velocity of the galaxy disk at the half mass radius. The evolution in this
quantity over the lifetime of the star forming galaxies which we consider here is
very modest. In general, Vi rises at early times before becoming almost constant
at intermediate to late times. This lack of evolution in Vjg is primarily driven by
the corresponding lack of evolution in the circular velocity of the host haloes at the
virial radius, V,;,. The strong scaling of 3, with Vs means that there is a stronger
evolution in the efficiency of feedback with lookback time, particularly for massive
galaxies at early times where (3, grows significantly above unity. The increased
feedback efficiency at early times explains why the galaxy stellar mass assembly
histories do not share the peak at t;;, ~ 12 Gyr seen for the halo mass assembly
histories shown in Fig. 4.4. At late times, 3, becomes approximately constant in
time for all galaxies, which will result in a fixed modulation of the efficiency in

converting accreted gas into stars.

iv) Reincorporation timescale: 1t is also important to consider how efficiently gas
that is ejected by feedback is able to return back into the hot gas halo. As described
in Section 4.2.1, ejected gas is placed into a reservoir of mass M,.. This gas then
returns to the halo on a characteristic timescale given by t,c;(t) = Mes/ M, (Bower
et al., 2006). In GALFORM, this quantity scales o ¢, where tqy, is the halo dynam-
ical time (see Eqn. 4.3). We characterise the efficiency of gas reincorporation by
tret/tage- The average evolution in this reincorporation timescale for model galaxies
that are central and star forming at z = 0 is shown in the third panel of Fig. 4.6.
This shows that the timescale for reincorporation is close to an order of magni-
tude shorter than the age of the universe at all times. The timescale is also almost
completely independent of the final stellar or halo mass. This is because the halo
dynamical time, to first order, depends only on the current mean density of the
universe. As the mean density of the universe falls with time, so does the timescale

for reincorporation.

By combining the picture that is presented in Fig. 4.6 with simple arguments,
we now proceed to demonstrate analytically the origin of the behaviour seen in

Fig. 4.3 for the predicted evolution of the specific star formation rates of star form-



4. The evolution of the star forming sequence 161

ing galaxies. Firstly, we can relate the mean density of a halo, py to the circular
velocity at the virial radius, Vi;,, and the virial radius, R,;,, through
3 My 3 V8

i = — — = Vit 45
PU= 4r RS, T 4nGB M2 (4.5)

This can be rearranged into

MH x ﬁITIO.SV:%

vir*

(4.6)

The average density of a halo can be related to the mean density of the universe, p,

by

pu = Ayp, (4.7)
where A, is the mean overdensity given by the spherical collapse model (Gunn
& Gott, 1972). For the simplified case of an 2y = 1 universe, A, = 187 and
p o< 1/t2, . In this case, we can write

age*

MH X tage VS

vir- (4.8)
As discussed earlier, evolution in Vi, over the lifetime of a given galaxy is weak,
particularly at intermediate to late times. We can therefore make the approximation
that Vi, is constant with time, yielding

vir*

(4.9)

If we temporarily ignore gas reincorporation and assume that the star forma-
tion, freefall and cooling timescales of a halo are all short, then balancing the rate

of accretion of gas to star formation and gas ejection gives

fbMH = M* + Mej; (410)

where M, is the rate of ejection of gas mass by feedback and f;, is the baryon frac-
tion relative to dark matter. Eqn. 4.10 can be rewritten in terms of the dimensionless

mass loading factor, 5, = Mej /v, yielding
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folMy = M, (1 + Bwm/(1 - R)), (4.11)

where R is the fraction of gas recycled back into the ISM as a result of stellar evo-
lution, which is assumed to be a constant so that M, = (1 — R)i. At this stage
we note that supernova feedback in our fiducial GALFORM model is parametrised
as B x Viii? (see eqn. 4.2). Therefore, in the regime under consideration where
Vaisk does not evolve with time, 3, is constant. In this regime, Eqn. 4.11 can be

integrated to give

oMy = M, (1 + Bu/(1 — R)). (4.12)

If we then substitute the scalings from eqns 4.8 and 4.9 into 4.12 and 4.11 and then
divide 4.11 by 4.12, we find that the specific stellar mass assembly rate is given by
M, My 1

== = ) 4.1
M* MH tage ( 3)

We note that Stringer et al. (2011) obtain the same result, where they argue that
this behaviour is generic in the regime where the halo mass assembly process is
approximately self-similar.

In Fig. 4.3, it can be seen that the evolution of the average specific star forma-
tion rates in our fiducial GALFORM model closely tracks the inverse of the age of
the universe at a given epoch. By following the derivation of Eqn. 4.13, it can be
seen that this behaviour will naturally emerge if V,;, and (3, remain approximately
constant with lookback time. We note that although this is true for the majority
of the lifetimes of star forming galaxies in our fiducial model, Fig. 4.6 shows that
the situation changes for (3., at early times. This explains why the efficiency of
converting accreted gas into stars, as shown in Fig. 4.5, rises rapidly at early times.

The derivation of Eqn. 4.13 ignores the reincorporation of gas after ejection by
feedback. This is actually a very poor approximation given that Fig. 4.6 shows that
Bmi is always > 1 over the lifetime of the galaxies which we consider. In addition,

the bottom panel of Fig. 4.6 shows that the reincorporation timescale is typically
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between a factor of 6 and 20 shorter than the age of the universe. Combined, these
two features of the model mean that gas reincorporation will be highly significant
in shaping the predicted star formation histories of star forming galaxies. There-
fore, it is clear that Eqn. 4.10 needs to be modified in order to account for the fact
that the gas will typically have been recycled between the galaxy disk and the halo
many times before forming into stars. To incorporate this effect, Eqn. 4.10 can be

rewritten as

folMy + Moy = M, + My = M, (14 Bu/(1 — R)), (4.14)

where the rate of return of gas from a reservoir of ejected gas of mass M, is given

by Moot = Moo /tret- For the case where (3, > 1, Eqn. 4.14 simplifies to

ﬁml

fbMH + Mret ~ M*l "R - Mej- (415)
The gas mass in the reservoir is given by
tage , | .
M. = / (Mej — Mret> dt. (4.16)
0

For the case where the halo mass accretion rate is approximately constant over a

time scale, t,4., substituting Eqn. 4.15 into 4.16 yields

tage

Moy ~ foMy dt & fo, My tage. (4.17)
0

Therefore, in this idealised case M,.; can be written as

. . ta e
Mret = Mres/tret ~ fbMH 5 . (418)

tret

Combining Eqns 4.18 and 4.15, we find that

° ta e ) m
fi Mg <1 + tg ) ~ M*lﬁ IR. (4.19)
ret -

In GALFORV, the return timescale is parametrised as

tayn 1 [ 3
tret = = —, 4.20
‘ Qreheat Qlreheat 47TGPH ( )
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where t4y, = Ryir/Viir is the dynamical timescale of the halo and oyeheat is @ dimen-
sionless model parameter set to 1.26 for our fiducial model. As before, we can use

Eqn. 4.7 and adopt the case of an {2; = 1 universe, yielding

ta e
frog = —2B0 (4.21)
27"-Ofreheat

Examination of the bottom panel of Fig. 4.6 shows that this is a reasonable approx-

imation. Finally, combining eqns 4.21 and 4.19 yields

6m1
1-R

fb]\4H(1 + 27T04reheat) ~ M* (422)

Therefore, for the idealised case where (G, > 1, teool < tret, and My remaining
approximately constant over a time scale, t,q, then the effect of including gas re-
cycling is to increase the amount of gas available for star formation roughly by a
factor of 1 + 27eneat- For our fiducial GALFORM model with ayeneat = 1.26, this
factor is ~ 9. We note that this modulation factor is completely independent of
galaxy stellar mass, provided 3,; > 1. Finally, as Equation 4.22 is equivalent to
Equation 4.11 multiplied by a constant factor, repeating the exercise of integrating
Equation 4.22 will give the same result that the specific stellar mass assembly rate

is simply given by M, /M, = 1/t,q, provided that V,; remains constant with time.

4.5 Towards reproducing the inferred stellar mass as-

sembly histories of star-forming galaxies

In Section 4.4 and Appendix C, we have demonstrated that for the standard parametri-
sations of supernova feedback, star formation and gas reincorporation used in
GALFORM, it is not possible to reproduce the stellar mass assembly histories of
star forming galaxies inferred from observations. The next logical step is to con-
sider how these parametrisations would need to be changed in order to better re-
produce the inferred observational trends. Clearly, the ideal scenario is to change

the parametrisations such that they are more physically motivated and/or satisfy
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direct empirical constraints. The opposite and less desirable extreme is to use in-
creasingly flexible parametrisations which have to be constrained statistically to
reproduce global diagnostics of the galaxy population. Currently, the implemen-
tation of star formation in GALFORM can be argued to fall into the former case
while the default implementations of feedback and reincorporation fall into the
latter. We therefore choose to focus on how the implementation of feedback and
gas reincorporation could be modified to change the model predictions relevant to

our analysis.

4.5.1 Modifying the mass loading factor for supernova feedback

From the comparison between the predicted and inferred efficiency of stellar mass
assembly shown in Fig. 4.5, it is clear that the degree of coevolution between stellar
mass and halo mass assembly rates needs to be reduced in GALFORM in order to
reproduce the trends we infer according to the observations. This requirement ap-
pears to be particularly pertinent from intermediate through to late times (roughly
in the redshift range, 0 < z < 1), where the efficiency of converting accreted gas
into stars is inferred from the observations to drop after a peak at intermediate
redshift. In Section 4.4.2, we demonstrated that the efficiency of feedback in our
tiducial model, characterised by the mass loading factor, (3,,, does not vary sig-
nificantly over this redshift range. This is because the disk circular velocity does
not evolve strongly over the lifetime of a typical star forming galaxy in GALFORM.
A different parametrisation for (3, that does not depend only on circular velocity
could potentially change this behaviour.

Lagos et al. (2013) have recently introduced an alternative parametrisation for
the ejection of gas from galaxy disks and bulges as a result of feedback from su-
pernovae (see also Creasey et al., 2013). This offers a natural starting point for our
investigation because their work is motivated on physical grounds. Briefly, their
methodology is to track the evolution of bubbles driven by supernovae as they
expand into the ambient ISM. They calculate the rate at which mass entrained in

these bubbles escapes vertically out of the disk and find that 3., cannot be natu-
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rally parametrised as a function of the disk circular velocity. Instead, they find that
Bmi is better described as a function of the gas fraction in the disk, f,, and either the
total gas surface density, ¥,, of the disk at the half mass radius, r5,, or the gas scale-
height, h,, of the disk at the half mass radius. From this point onwards we refer to
the former as the surface density parametrisation and the latter as the scaleheight

parametrisation. The surface density parametrisation is given by

B Eg(r50) —0.6 fgas 0.8
Bt = [1600M@p02} 012 (#.23)
and the scaleheight parametrisation is given by
- hg(TE,o) 1.1 Fans 0.4
bt = [ 15pc 0.02] - (4.29)

We have used both of these parametrisations as separate modifications to our
fiducial model and find that neither significantly changes the shapes of the stellar
mass assembly histories of star forming galaxies to the extent that the model pre-
dictions are brought into better agreement with the data. The reason for this failure
is illustrated in Fig 4.7, where we compare the average evolution in 3, for galaxies
that are star forming and central at z = 0 between the different models. It can be
seen that although the modifications change the overall normalisation of 3, and
the dependence on M, (t,), the modified models actually result in even less evolu-
tion of (., over the lifetime of a typical star forming galaxy. Further investigation
shows that this outcome arises because the effect on 3., caused by the decline in
the surface densities of star forming galaxies as they evolve is cancelled out by a

corresponding drop in the gas fractions.

4.5.2 Modifying the gas reincorporation timescale

In addition to the mass loading factor, (3,,, the way that ejected gas is reincorpo-
rated back into haloes is also modelled in a phenomenological manner in GAL-
FORM. Therefore, an alternative to modifying the mass loading factor supernova

feedback in our model is to alter the timescale for gas reincorporation for gas that
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Figure 4.7: The average evolution in the mass loading factor of outflows, 8., for model galaxies
which are central and star forming at z = 0. Model galaxies are binned according to their z = 0
stellar mass, with each panel corresponding to a different mass bin. The median z = 0 stellar mass
in each bin is labelled in each panel. Solid black lines show the mean mass loading factor from
our fiducial GALFORM model. Dashed black lines show the corresponding median, 10** and 90}
percentiles. Red lines show the same information but for a version of our fiducial model modified
to use the surface density mass loading parametrisation, given by Eqn. 4.23 (Lagos et al., 2013).
Blue lines show the same information but for a version of our fiducial model modified to use the

scaleheight mass loading parametrisation, given by Eqn. 4.24.
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has been ejected, t..;. At this stage, we choose to revert to the default parametri-
sation of 3, (which depends on circular velocity) at this stage because using the
modified models from Lagos et al. (2013) would require substantial retuning of var-
ious model parameters to recover an agreement with the observed local luminosity

and stellar mass functions.

In the third panel of Fig. 4.6, we show the ratio of the characteristic gas reincor-
poration timescale relative to the age of the universe as a function of lookback time
for our fiducial model. As discussed in Section 4.4.2, this ratio of timescales evolves
very little over the lifetime of a typical star forming galaxy, partly explaining the
close levels of coevolution between stellar and halo mass assembly seen in Fig. 4.5
for our fiducial model. The most desirable step as this stage would be to formulate
a physically motivated model for gas reincorporation timescales in the hope that a
more realistic model could change this behaviour. Such an undertaking is beyond
the scope of this study, but as an intermediate step, we instead introduce an ad hoc
modification to the parametrisation of gas reincorporation timescales used in GAL-
FORM. We note that this step essentially amounts to an empirical fit to the trends
which we infer from the data and is of little scientific value in itself. However, the
resulting evolution in the reincorporation timescale for star forming galaxies can
serve as a guide for the development of a physically motivated model in future

work.

To match the shape of the stellar mass assembly histories inferred from the data
shown in Fig. 4.4, we consider a model where t,4./t.; rises from early times to a
peak at z = 2, before falling to z = 0. A natural way to achieve an early time rise
is to make t,4e /et correlate positively with halo mass. This is the same scaling
that Henriques et al. (2013) adopt in order to allow their model to reproduce the
observed evolution in the stellar mass function. However, a natural scaling that
results in a drop in t,g./t. at late times is less obvious and we instead choose to
simply introduce an arbitrary function of redshift to achieve this. After a process of
experimentation and iteration, we arrive at the following modified parametrisation

for gas reincorporation,



4. The evolution of the star forming sequence 169

: Olreheat MH
N = St (L) 76 (429
where f(z) is given by
log[f(z)] = 6 exp {—%} log[1 + z]. (4.26)

At this stage we note that in Appendix C, we show that the shapes of the stel-
lar mass assembly histories predicted by GALFORM are almost invariant under
changes in the model parameters which control the relationship between stellar
and halo mass. In other words, this means that until now, our results for the shape
of the stellar mass assembly histories of star forming galaxies have been indepen-
dent of whether or not the model provides a good match to the z = 0 stellar mass
function. However, once we change the parametrisation of the gas reincorpora-
tion in GALFORM, this feature of the model may not be preserved. Consequently,
we now have to consider whether our modified GALFORM models can also repro-
duce the z = 0 stellar mass function, particularly because we have introduced a
dependence on halo mass into Eqn. 4.25. We find that we can recover reasonable
agreement with the local stellar mass function simply by fine tuning the various
model parameters that appear in Eqn. 4.25. We also reduce the threshold for AGN
teedback to be effective at suppressing gas cooling in haloes by changing the model
parameter oo, from 1.0 to 1.3 (see Bower et al., 2006). From this point onwards,
we refer to this modified model simply as the modified reincorporation model.

A comparison between our fiducial model and the modified reincorporation
model for the evolution in ¢, /?,4 for star forming galaxies is presented in Fig. 4.8.
In addition, Fig. 4.8 also shows the corresponding timescale proposed by Hen-
riques et al. (2013) which scales only with the virial mass. By construction, t,c;/tage
evolves much more strongly in our modified reincorporation model than in our
fiducial model. Additionally, the dispersion in ¢,e;/tage can be slightly larger in the
modified model for some lookback times. Given that Eqn. 4.25 introduces a depen-
dence on halo mass, the change is presumably caused by scatter in the relationship

between the stellar mass and halo mass of central star forming galaxies. This is
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Figure 4.8: The ratio of the average reincorporation timescale to the age of the universe for model
galaxies which are central and star forming at z = 0, plotted as a function of lookback time. Model
galaxies are binned according to their z = 0 stellar mass and each panel shows a different stellar
mass bin. The median z = 0 stellar mass in each bin is labelled in each panel. Solid blue lines show
the medians of the distribution from our fiducial GALFORM model. Dashed blue lines show the
corresponding 10*" and 90" percentiles. Red lines show the same information but for the modified
reincorporation model. Green solid lines show the median of the distribution for galaxies from our
fiducial model which would be obtained if we were to use the reincorporation timescale from eqn.
8 in Henriques et al. (2013). For reference, black dashed lines show the ratio of the median cooling

timescale, tc01, to the age of the universe for model galaxies from our fiducial model.
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noteworthy because any change in the scatter in ¢, /tage could have an effect on
the scatter of the star forming sequence predicted by our modified reincorporation

model.

The evolution in the cooling timescale is also shown in Fig. 4.8. It can be seen
that for our modified reincorporation model, the cooling timescale can become
significantly longer than the reincorporation timescale for the most star forming
galaxies. In this regime, gas that is rapidly reincorporated back into the halo will
be delayed from returning to the galaxy disk until the gas is able to cool. This is
important because further shortening the reincorporation timescale in this regime
will cease to have a significant impact on the rate at which gas is made available

for star formation.

A comparison between our fiducial model and the modified reincorporation
model for the predicted stellar mass assembly histories of star forming galaxies is
presented in Fig. 4.9. Again, by construction we have tuned the modified rein-
corporation model in order to ensure qualitative agreement with the pink shaded
region inferred from the observations using MSI. Comparison with the stellar mass
assembly histories inferred from observational data shown in Fig. B.5 shows that
this agreement holds with MSI applied to observational data where the slope of the
star forming sequence, 3 ~ 0. As discussed in Section 4.4.1, a lower value of [ in-
troduces a strong downsizing trend into the stellar mass assembly histories of star
forming galaxies which is difficult to reconcile with the approximately self-similar
shape of the halo mass assembly histories predicted by the ACDM cosmological
model. In principle, we could adjust Eqn. 4.25 even further to try to reproduce this
downsizing trend. However, we have already introduced a very strong redshift
scaling into the reincorporation timescale. Therefore, we choose to present a mod-
ified model which is closest to our fiducial model while still showing consistency

with the pink shaded region in Fig. 4.9.

Finally, we show the comparison between our fiducial model and the modified
reincorporation model for the evolution in the specific star formation rates of star

forming galaxies in Fig. 4.3. Our modification to the reincorporation timescale has
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Figure 4.9: The average stellar mass assembly histories of galaxies that are star forming at z = 0,
plotted as a function of lookback time. Blue solid lines show predictions from our fiducial GAL-
FORM model for the mean mass assembly histories of the main stellar progenitors of central galax-
ies. Dashed blue lines show the corresponding medians of the distribution. Red lines show the
same information but for the modified reincorporation model. Green lines show the same infor-
mation but for a model using the virial mass scaling for the reincorporation timescale proposed by
Henriques et al. (2013). Model galaxies are binned according to their z = 0 stellar mass with each
panel corresponding to a different mass bin. The median z = 0 stellar mass in each bin is labelled
in each panel. The filled pink region shows the range of stellar mass assembly histories that are

inferred by applying the MSI technique to observational data from the literature.
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mixed success. For the top two panels, corresponding to the log(M, /Mg) = 9.5, 10
bins, the modified model shows a significantly improved agreement with the ob-
servational trend. Unlike for the fiducial model, the evolution in the mean specific
star formation rates in the modified model does not trace the inverse of the age of
the Universe as a function of lookback time. Instead, specific star formation rates
are elevated at early times before dropping below the fiducial model at z < 0.5. For
the log(M, /M) = 10.5 bin, the modified reincorporation model has a steeper drop
below z ~ 0.5 compared to the fiducial model but the two models are very similar
at higher redshifts, in disagreement with the data. The two models are very similar
for all lookback times in the log(),/My) = 11 bin and are both in disagreement
with the data.

At first glance it is puzzling that modified reincorporation model fails to rec-
oncile the model predictions with the observational data for massive star forming
galaxies while it does qualitatively reproduce the inferred stellar mass assembly
histories shown in Fig. 4.9. However, it must be kept in mind that our modification
to the reincorporation timescale was constructed only to reproduce the shape of
the stellar mass assembly histories of galaxies that are still star forming at z = 0.
Galaxies observed at z > 0 in the most massive stellar mass bins shown in Fig. 4.3
will, typically, have dropped below the star forming sequence by z = 0. There-
fore, the specific star formation rates of the most massive galaxies at high redshift
will not have been constrained by our analysis of stellar mass assembly histories of
galaxies that are still star forming at z = 0. Furthermore, galaxies that are quenched
above z ~ 1 — 2 will be less affected by the rapid evolution in the reincorporation
timescale which we impose in Eqn. 4.26 below z = 2. This highlights the need for
a physical model of gas reincorporation rather than the artificial redshift scaling
which we use here. In addition, for the most massive star forming galaxies, we
show in Fig. 4.8 that the cooling timescales become long relative to the modified
reincorporation timescales. As discussed earlier, this will reduce the impact of any
modification towards shorter reincorporation timescales. Finally, the mass loading

factor, 5y, for the most massive galaxies is smaller than for lower mass galaxies.
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Therefore, a larger fraction of gas accreted onto the haloes of these systems for the
tirst time will be able to form stars without being affected by the reincorporation
timescale.

Fig. 4.9 and Fig. 4.3 also show the stellar mass assembly histories and specific
star formation rate evolution predicted by an alternative GALFORM model that uses
the virial mass scaling for the reincorporation timescale proposed by Henriques
et al. (2013). Details of this model and a discussion of the differences with our
modified reincorporation model are presented in Appendix D. To summarise, we
find that this alternative model with the virial mass scaling is considerably more
successful than either our fiducial model or our modified reincorporation model in
reproducing the observed evolution in the stellar mass function. However, Fig. 4.9
and Fig. 4.3 show that this alternative model fails to reproduce the stellar mass as-
sembly and star formation rate evolution inferred from observations. We strongly
emphasise that this result will not necessarily hold for the Henriques et al. (2013)
model where the treatment of gas that is ejected from galaxy disks differs from the

GALFORM model.

4.6 Discussion

The focus of this study has been on using the observed evolution of the star form-
ing sequence as a constraint on galaxy formation models. The disagreement in this
evolution between models and observational data is undoubtedly related to the
problems with reproducing the correct evolution in the low mass end of the stellar
mass function which has recently received considerable attention in the literature
(e.g. Avila-Reese et al., 2011; Weinmann et al., 2012; Henriques et al., 2013; Lu et al.,
2013a,b). Specifically, there is a general finding that models and simulations over-
predict the ages of low mass galaxies and consequently underpredict evolution in
the low mass end of the stellar mass function at low redshift. Weinmann et al.
(2012) interpret this problem as an indication that the level of coevolution between

halo and stellar mass assembly needs to be reduced, broadly in agreement with our
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results. However, part of the reason why they arrive at this conclusion is because
they identify the prediction of a positive correlation between specific star formation
rate and stellar mass as a key problem with respect to the data. We note that in con-
trast, GALFORM naturally predicts a slightly negative correlation for star forming
galaxies and that this is also true for many other models and simulations presented
in the literature (e.g. Santini et al., 2009; Dutton et al., 2010; Lamastra et al., 2013;
Torrey et al., 2014).

Henriques et al. (2013) show that there is no combination of parameters for their
standard galaxy formation model that can reconcile the model with the observed
evolution in the stellar mass and luminosity functions. This is consistent with the
tindings of Lu et al. (2013a), who use a similar methodology but for a different
model. Lu et al. (2013b) compare three different models of galaxy formation and
tind that they all predict very similar stellar mass assembly histories and suffer
from predicting too much star formation at high redshift in low mass haloes. We
note that the models presented in Lu et al. (2013b) are all very similar to GALFORM
in many respects and that therefore the similarity of the predictions from their three

models makes sense in the context of the discussion we present in Appendix C.

Henriques et al. (2013) go one step further to suggest an empirical modifica-
tion to the reincorporation timescale within their model that reduces the rate of
star formation at early times in low mass haloes. In this respect, their equation 8
uses the same scaling between reincorporation timescale and halo mass which we
introduce in Eqn. 4.25 for the same reason. However, our modification diverges
from their suggestion in that we also require an additional redshift dependence
that lengthens the reincorporation timescale towards low redshift. The modifica-
tion suggested by Henriques et al. (2013) can be compared to our modification in
Fig. 4.8. The difference between the two suggested modifications stems from the
way that our analysis indicates that it is not simply that stars form too early in the
model. Instead, we find that it is the precise shape of the stellar mass assembly his-
tory which is inconsistent with the currently available data which favours a peak

of activity at intermediate times. This highlights how the differences in method-
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ology between different studies can lead to different conclusions. Our analysis is
designed to reduce the number of relevant physical processes by focusing only on
the normalisation of the star forming sequence. In principle, this approach can
provide a more direct insight into how the implementation of different physical
processes within galaxy formation models needs to be changed, provided that the
uncertainty in the relevant observations can be correctly accounted for. On the
other hand, as discussed in Appendix D, our modified reincorporation model does
not reproduce the evolution in the stellar mass function inferred from recent ob-
servations. We again emphasise that the focus of this study is on the evolution of
the normalisation of the star forming sequence and that the stellar mass function
can be affected by the quenching processes which we have not considered in our
analysis. Nonetheless, it may well be the case that our methodology is limited by
the lack of a consensus on the slope of the star forming sequence in observations.
Alternatively, there could be some inconsistency between observations of the star
forming sequence and observations of the evolution in the stellar mass function.
We note that the latter possibility is disfavoured by recent abundance matching

results (e.g. Behroozi et al., 2013b; Moster et al., 2013).

4.6.1 Do the stellar mass assembly histories of star forming galax-

ies rise and then fall?

Our suggestion that the reincorporation timescale needs to be increased at low red-
shift stems from our inference from observations that the stellar mass assembly
histories of star forming galaxies rise to a peak before falling towards the present
day. As discussed in Appendix B.3, this inference is consistent with the findings of
Leitner (2012) who use a similar methodology, albeit with the caveat that we find
that evidence of a strong downsizing trend in the purely star forming population
is not conclusive. Instead, we find that the considerable uncertainty that remains
in the power-law slope of the star forming sequence means that overall, the obser-

vational data are also consistent with no downsizing, such that the shapes of the
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stellar mass assembly histories of star forming galaxies are independent of the final
stellar mass. Clearly, any improvements in measuring the form of the star forming
sequence as a function of lookback time would greatly increase the constraining
power of the MSI technique with respect to galaxy formation models. If the slope
of the sequence, 3, can be conclusively shown to be significantly below zero as
advocated, for example by Karim et al. (2011), then even larger modifications than
those considered here towards separating stellar and halo mass assembly would

be required.

Another methodology that can be used to infer the shape of the stellar mass
assembly histories of galaxies is to employ abundance matching to make an em-
pirical link between the dark matter halo population predicted by theory and the
observed galaxy population (e.g. Behroozi et al., 2013b; Moster et al., 2013; Yang
et al., 2013). Comparison with stellar mass assembly histories of the star forming
galaxies that are discussed in this study is complicated by the fact that abundance
matching has only been used so far to predict the average star formation histories
of all galaxies (including passive galaxies) and as a function of halo mass. On aver-
age, the haloes hosting the galaxies which we consider in this study have median
masses of log(My/Mg) < 12, where the fraction of passive central galaxies rela-
tive to star forming centrals is predicted to be negligible. However, because there
is substantial scatter between stellar mass and halo mass for central galaxies, the
fraction of passive galaxies at a given stellar mass is not negligible for most of the
stellar mass bins which we consider in this study. For example, the fraction of cen-
tral galaxies with log(M, /M) = 10 that are passive is predicted to be 25% at z = 0
in our fiducial GALFORM model. Furthermore, the star forming galaxies considered
in this study and in Leitner (2012) are hosted by haloes that reside within a fairly
narrow range of halo mass. If we ignore these issues, then qualitatively speaking,
it is apparent that the shape of stellar mass assembly histories inferred by Behroozi
etal. (2013b) and Yang et al. (2013) are broadly consistent with what we and Leitner
(2012) infer from the data, in that there is a rise with time towards a peak at some

intermediate redshift before a fall towards the present day. Moster et al. (2013)
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show qualitative agreement with this picture for log(Myu /M) = 12 haloes, but find
a constant rise from early to late times in the stellar mass assembly rates of galaxies
that reside within haloes with log(My/My) = 11.

Finally, we also note that Pacifici et al. (2013) find that the spectral energy distri-
butions of massive star forming galaxies are well described by models that feature
initially rising then declining star formation histories. However, for lower mass
galaxies they find that the SEDs are best reproduced using star formation histo-
ries that monotonically rise towards the present day, in qualitative agreement with
the results from Moster et al. (2013). However, their galaxy sample does not in-
clude any galaxies observed below z = 0.2, corresponding to a lookback time of
tw, ~ 3 Gyr. It is therefore unclear whether their analysis disfavours a drop in the

star formation rates of lower mass galaxies at late times.

4.6.2 Modifications to galaxy formation models

The parametrisations for star formation and feedback that are implemented in most
galaxy formation models can reproduce the shape of the local luminosity and stel-
lar mass functions. However, as observational data that characterises the evolution
of the galaxy population has improved, it has now been demonstrated that either
one or more of these parametrisations is inadequate or alternatively that another
important physical process has been neglected in the models entirely. The assump-
tion that the reincorporation timescale for ejected gas scales with the dynamical
timescale of the host halo is common to various semi-analytic galaxy formation
models (e.g. Bower et al., 2006; Croton et al., 2006; Somerville et al., 2008; Lu et al.,
2011). If the reincorporation timescale is set to exactly the dynamical timescale,
the associated physical assumption is that ejected gas simply behaves in a ballistic
manner, ignoring any possible hydrodynamical interaction between the ejected gas
and the larger scale environment. In practice, these models (including ours) typ-
ically introduce a model parameter such that the reincorporation timescale is not
exactly equal to the dynamical timescale, reflecting the considerable uncertainty

on predicting this timescale. Nonetheless, the assumption that this uncertainty can



4. The evolution of the star forming sequence 179

be represented by a single parameter and that there is no additional scaling with
other galaxy or halo properties is clearly naive. Comparison with hydrodynamical
simulations will clearly be useful in this respect, provided that the reincorporation
rates can be clearly defined and measured from the simulations and that the effect

of the assumptions made in sub-grid feedback models can be understood.

While we and Henriques et al. (2013) show that a modification to the reincorpo-
ration timescale for gas ejected by feedback can be one solution, we could equally
change the parametrisation for the mass loading factor, (3, or the star formation
law introduced in Lagos et al. (2011b). In this analysis, we found that the physi-
cally motivated parametrisation for the mass loading factor of SNe driven winds
presented in Lagos et al. (2013) fails to reconcile the model with the data. How-
ever, it should be noted that unlike the fiducial model we consider for this study,
the supernova feedback model presented in Lagos et al. (2013) relies heavily upon
correctly predicting the evolution in the sizes of galaxies. In principle, if the pre-
dicted sizes evolved differently in our model, it is possible that using the Lagos
et al. (2013) supernova feedback model could help to reconcile model predictions
for the stellar mass assembly histories of galaxies with the observational data. As
for modifying the star formation law, the implementation used in GALFORM is de-
rived from direct empirical constraints. Furthermore, changing the star formation
law will have little impact on the stellar mass assembly histories of star forming
galaxies as long as the characteristic halo accretion timescale is longer than the
disk depletion timescale. Of course, an alternative to the physically motivated La-
gos et al. (2013) model is simply to implement an ad hoc modification to the mass
loading, similar to that given by Eqn. 4.25 for the reincorporation timescale. We
note that by doing this, we find it is possible to produce a model that almost exactly
matches the predictions made by the modified reincorporation model presented in
this Chapter. It therefore suffers from the same problems as the modified reincor-
poration model in reproducing the observed evolution of the stellar mass function
and the decline in the specific star formation rates of the most massive star forming

galaxies at a given redshift.
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Many other suggestions for changing the stellar mass assembly histories pre-
dicted by models and simulations have been made recently in the literature, typ-
ically focusing on reducing the fraction of stars that form at high redshift. For
example, Krumholz & Dekel (2012) argue that early star formation is reduced once
the dependence of star formation on metallicity is properly implemented in hydro-
dynamical simulations. Gabor & Bournaud (2014) suggest that if galaxies at high
redshift accrete directly from cold streams of gas, the accreted gas injects turbu-
lent energy into galaxy disks, increasing the vertical scaleheight and consequently
lowering the star formation efficiency in these systems by factors of up to 3. Lu
et al. (2014a) demonstrate that if the circum-halo medium can be preheated at early
times up to a certain entropy level, the accretion of baryons onto haloes can be de-
layed, reducing the amount of early star formation. Various authors (e.g Aumer
et al., 2013; Stinson et al., 2013; Trujillo-Gomez et al., 2013) find that implement-
ing a coupling between the radiation emitted by young stars and the surrounding
gas into their simulations can significantly reduce the levels of star formation in
high redshift galaxies. Hopkins et al. (2013a) and Hopkins et al. (2013b) echo these
tindings and emphasise the highly non-linear nature of the problem once sufficient
resolution is obtained to start resolving giant molecular cloud structures. They ar-
gue that radiative feedback is essential to disrupt dense star forming gas before
SNe feedback comes into effect to heat and inject momentum into lower density
gas, avoiding the overcooling problem as a result. It remains to be seen at this
stage whether the emergent behaviour from such simulations, once averaged over
an entire galaxy disk or bulge, can be captured in the parametrisations that are

used in semi-analytic galaxy formation models.

4.7 Summary

We have performed a detailed comparison between predictions from the GALFORM
semi-analytic model of galaxy formation with observational data that describe the

average star formation rates of star forming galaxies as a function of stellar mass
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and lookback time. To better understand the origin of discrepancies between the
model and the data, we also use the observational data to infer the shape of the
stellar mass assembly histories of galaxies that are still central and star forming at
the present day. This is achieved by integrating the inferred relationship between
star formation rate and stellar mass for star forming galaxies back in time from the
present day. Crucially, we account for the considerable uncertainty that remains
in the literature regarding the slope of the power-law dependence of star forma-
tion rate on stellar mass. We then attempt to explain our results by analysing the
timescales of the various physical processes in the model which are important for
shaping the stellar mass assembly histories of star forming galaxies.

Our main results are summarised as follows:

e For our fiducial model, there are qualitative differences with the observa-
tional data in the way that the average specific star formation rates of star
forming galaxies evolve with time at a given stellar mass. The model predicts
average specific star formation rates that evolve too slowly with lookback
time, tracing the inverse of the age of the universe at a given epoch. In con-
trast the observational data implies that the average specific star formation
rates of star forming galaxies grow exponentially as a function of lookback
time. Quantitatively, this leads to discrepancies in the predicted average spe-

cific star formation rates of up to 0.5 dex compared to the data.

e We show that the main sequence integration technique, as advocated by Leit-
ner (2012), can qualitatively recover the shape of the stellar mass assembly
histories of galaxies that are still star forming at the present day when it is

applied to our fiducial model.

e After applying this technique to a compilation of observational data, we show
that there is a qualitative difference between the inferred shape of the stellar
mass assembly histories of star forming galaxies and the predictions from our
tiducial model. Specifically, the model predicts stellar mass assembly histo-

ries that are almost flat over most of the lifetime of star forming galaxies. In
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contrast, the trend we infer from the data is that stellar mass assembly histo-
ries rise from early times, peak at an intermediate redshift and subsequently

tall towards the present day.

e The exact position of the peak in these inferred stellar mass assembly histories
depends sensitively on the slope of the star forming sequence of galaxies. We
show that no clear consensus on this slope has emerged yet from observations
presented in the literature. For the case where the specific star formation
rate is independent of stellar mass, the resulting shape of the stellar mass
assembly histories of galaxies that are still star forming at the present day is
also independent of stellar mass. For the case where there is a strong anti-
correlation between specific star formation rate and stellar mass, there is also
a strong downsizing trend that emerges for this population of galaxies. In
this case, less massive galaxies start forming stars at a later time with respect
to more massive star forming galaxies. We emphasise that this should be
completely independent of processes that quench star formation in galaxies.
Such a downsizing trend in the purely star forming population is difficult
to reconcile with the approximately self-similar halo mass assembly histories

predicted by simulations of structure formation.

e The shapes of the stellar mass assembly histories predicted by our fiducial
model are unaffected by changes to the various input parameters to the GAL-
FORM model. This is despite the fact that for the same changes to these model
parameters, it is possible to significantly affect the present day relationship

between stellar mass and halo mass.

e The roughly flat stellar mass assembly histories predicted by our fiducial
model arise because of the standard parametrisations for supernova feed-
back that are implemented in semi-analytic galaxy formation models. The
efficiency with which cold gas is ejected from galaxy disks evolves very little
over the majority of the lifetimes of star forming galaxies. This comes as a

result of the standard scheme used in semi-analytic models where the mass
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loading factor is a parametrised as a function of circular velocity which, in
turn, is almost constant over the lifetime of an individual star forming galaxy.
Similarly, the timescale, relative to the age of the Universe, over which gas
ejected by feedback is reincorporated into galaxy haloes also varies very lit-
tle for individual star forming galaxies. In this case, the typical assumption
that the reincorporation timescale scales with the halo dynamical time results
in this behaviour. We also show using simple arguments that when the effi-
ciency of feedback does not vary with time for a given galaxy, the specific star
formation rates of star forming galaxies will naturally trace the inverse of the

age of the Universe at a given stellar mass.

We demonstrate that a modification to the reincorporation timescale, such
that this timescale is lengthened at early and late times, can produce peaked
stellar mass assembly histories for galaxies that are still star forming at the
present day. This modification significantly improves the agreement with the
data for the evolution in the average specific star formation rates of star form-
ing galaxies with 9.5 < log(M,/Mg) < 10.0. However, the modification is
less effective for more massive star forming galaxies where radiative cooling
timescales become comparable to or longer than the corresponding reincor-
poration timescales. We also show that the modification fails to reproduce
the rapid evolution in the low mass end of the stellar mass function inferred

from observations below z = 2.

We conclude that modifications to the standard implementations of supernova
teedback used in galaxy formation models and cosmological hydrodynamical sim-
ulations are probably required. Rather than altering the efficiency of feedback or
star formation in a global sense over the lifetime of a given galaxy, it appears to be
necessary to introduce a dependency that changes the efficiency of one or both of

these processes with time.



Chapter 5
The evolution of the

relationship between

stellar mass and halo

mass

5.1 Introduction

Over the last decade, interest has steadily grown in using statistical inference to
construct empirical models that describe how galaxies are distributed within a
population of dark matter haloes (e.g. Peacock & Smith, 2000; Berlind & Weinberg,
2002; Yang et al., 2003; Behroozi et al., 2010; Moster et al., 2010; Wake et al., 2011;
Yang et al., 2012; Wang et al., 2013; Durkalec et al., 2014; Lu et al., 2014b; Shankar
et al., 2014; McCracken et al., 2014). By combining observed abundances and clus-
tering of galaxies with theoretical predictions for the abundance and clustering
of dark matter haloes, earlier work in this area used galaxy abundances and/or
clustering as a function of luminosity to constrain parameters in such models (e.g.
Berlind & Weinberg, 2002; Yang et al., 2003). As multi-wavelength galaxy surveys
have become increasingly prevalent, it has become commonplace to replace galaxy
luminosity with stellar mass (which can be estimated from broad-band photom-
etry) as the dependent variable in this type of analysis (e.g. Behroozi et al., 2010;
Moster et al., 2010).

It has been demonstrated that it is possible to provide an acceptable statistical

tit to stellar mass functions inferred from observations by assuming the following.

184
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Figure 5.1: Schematic to demonstrate the relationship at z = 0 between the halo mass function, the
stellar mass function and the median SHM relation. The meanings of the parameters from Eqn 5.1
are also illustrated. Upper left: Main halo mass function (dashed), satellite halo mass function (dot-
ted) and combined main plus satellite halo mass function (solid). The satellite halo mass plotted
is the mass of the host subhalo at infall. Upper right: Stellar mass function of all galaxies (solid),
central galaxies (dashed) and satellite galaxies (dotted). Lower left: Stellar mass versus halo mass
(SHM) relation. Lower right: Median stellar mass assembly efficiency, M, /My, plotted as a function

of halo mass.
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First, that the distribution of stellar mass at fixed halo mass is lognormal with con-
stant width. Second, that the median stellar mass versus halo mass (SHM) relation
can be parametrised by two power laws that connect at a stellar mass correspond-
ing roughly to the knee of the stellar mass function (e.g. Moster et al., 2010; Yang
et al.,, 2012). Although more complex parametrisations have been advocated (e.g.
Behroozi et al., 2010, 2013b), the basic picture is that there are two regimes (the two
power laws) that describe how the efficiency of stellar mass assembly?, M, /My,
drops away from a peak halo mass (which corresponds roughly to the knee of
the stellar mass function). An illustration of the relationship between the halo
mass function, the stellar mass function and the median SHM relation is shown

in Fig. 5.1.

A weaker level of consensus has been achieved regarding the amount of evo-
lution in the median SHM relation that is implied by observational data. For ex-
ample, Behroozi et al. (2013b) report that the SHM relation is marginally consistent
with no evolution over the range 0 < z < 6, although their analysis prefers a
solution where the characteristic halo mass at which stellar mass assembly is max-
imally efficient evolves, peaking at z = 2. In contrast, the analysis of Moster et al.
(2013) finds significant evidence for monotonic evolution in the SHM relation. Dis-
agreements between different studies are not surprising, given that errors on stel-
lar mass estimates can strongly affect the inferred stellar mass function for large
stellar masses beyond the knee of the stellar mass function (e.g. Marchesini et al.,
2009; Behroozi et al., 2010). As such, fairly strong priors on the size and form of er-
ror parametrisations have to be adopted when constraining SHM parameters (e.g.
Behroozi et al., 2013b; Moster et al., 2013). In addition, different studies use differ-
ent observational datasets as inputs. For the case of stellar mass functions, limited
depth in rest frame optical bands, as well as complicated selection functions, can
make measurements of the stellar mass function at low stellar mass below the knee

very challenging at 2 = 2 and beyond, although an encouraging level of consensus

!We use the convention that stellar mass assembly refers to both star formation and galaxy merg-

ers.
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has been achieved in recent years (Ilbert et al., 2013; Muzzin et al., 2013b; Tomczak
et al., 2014).

Another way to connect the predicted halo population to the observed stellar
population is to build a physical model that couples dark matter halo merger trees
with a simple set of ordinary differential equations that govern the exchange of
mass, metals and angular momentum between different discrete galaxy and halo
components. These models are typically referred to as semi-analytic galaxy for-
mation models (e.g. Cole et al., 2000; Bower et al., 2006; Somerville et al., 2008;
Guo et al,, 2011). Alternatively, modern computers make it possible to perform
hydrodynamical simulations at a resolution capable of resolving galaxies on kpc
scales within a volume that samples the halo population up to medium size clus-
ters (Vogelsberger et al., 2014; Schaye et al., 2015). Using either of these two mod-
elling techniques, the stellar mass function hosted by a given halo population is
predicted and can then be compared against observational estimates of the stellar
mass function without having to assume any parametric form for the SHM relation.
In general, these modelling techniques have provided support for the parametric

forms assumed in empirical studies (e.g. Zehavi et al., 2012; Henriques et al., 2013).

In this Chapter, we analyse the predictions made by the semi-analytic model
GALFORM in the context of the SHM relation. Unlike other recent work using
similar models, we do not attempt to find a best-fitting model that has maximal
likelihood with respect to some combination of observational data. Instead, we at-
tempt to address the questions of what type of evolution is predicted for the SHM
relation, how much variation in this evolution results from adjusting model pa-
rameters, and what this evolution tells us about the underlying galaxy formation
physics.

The layout of the Chapter is as follows. In Section 5.2, we give a brief overview
of our reference model. In Section 5.3, we present model predictions for the evo-
lution in the SHM relation. In Section 5.4, we attempt to explain these predictions
in simple terms. In Section 5.5, we assess the impact of changing individual model

parameters. In Section 5.6, we consider the range in SHM evolution that is dis-
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played by a number of models that have been roughly tuned to match the local
stellar mass function. We discuss and summarise our results in Sections 5.7 and 5.8

respectively.

5.2 The GALFORM galaxy formation model

For this Chapter, we use the published model of Gonzélez et al. (2014) as our ref-
erence model. This version of GALFORM represents an update of the Lagos et al.
(2012) GALFORM model, which in turn represents an evolution of the model pub-
lished in Bower et al. (2006). The parameters of the Gonzalez et al. (2014) model
were tuned to reproduce the observed b; and K-band luminosity functions at z = 0,
while also giving reasonable evolution compared to the observed rest-frame UV
and K-band luminosity functions. With respect to Bower et al. (2006), the model
presented in Gonzélez et al. (2014) features the empirical SF law presented in Lagos
et al. (2011b) and is updated to the WMAP-7 cosmological parameters (Komatsu
et al., 2011). The model uses merger trees extracted from the MILLENIUM WMAP-7
simulation (Guo et al., 2013b), an updated version of the MILLENIUM simulation
(Springel et al., 2005) that uses the WMAP-7 cosmological parameters. As such, we
assume the following cosmological parameters for most of the analysis presented
in this Chapter: 2, = 0.28, Q = 0.728, ()}, = 0.045, 03 = 0.81 and h = 0.704.

For all results presented in this Chapter, we use DHalo masses to represent the
masses of dark matter haloes and subhaloes (Jiang et al., 2014b)?. For central galax-
ies, the halo mass quoted is the corresponding DHalo mass for that galaxy. For
satellite galaxies, the halo mass quoted is the DHalo mass of the subhalo associ-
ated with that satellite galaxy at the last snapshot where the subhalo was identified
before it became a satellite (i.e., before infall). DHalo masses are defined as the sum

of the masses of subhaloes associated by the DHalo algorithm with that halo. In-

2We note that that the DHalo masses shown here are taken directly from GALFORM output. As
such, they are distinct from the DHalo masses that are input into GALFORM because we impose

mass conservation to ensure that all haloes most grow monotonically in mass.
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dividual subhaloes are identified and masses assigned by the SUBFIND algorithm
(Springel et al., 2001). SUBFIND first identifies overdense regions that are enclosed
by an isodensity contour that traverses a saddle point. A gravitational unbinding
procedure is then performed on the particles within these regions to define sub-
haloes (and therefore subhalo masses) as collections of gravitationally self-bound
particles. This halo mass definition is not equivalent to the conventions followed
by the abundance matching studies which we include for comparative purposes
later in this Chapter (Behroozi et al., 2013b; Moster et al., 2013). We present a par-
tial analysis of this effect, along with other differences in subhalo statistics between

GALFORM and these abundance matching studies in Appendix E.

5.3 The predicted evolution in the SHM relation

In Fig. 5.2, we show the evolution in the SHM distribution from our reference
model. To quantify the evolution in this distribution, we adopt the parametrisa-
tion of Moster et al. (2013), which relates median stellar mass at a given halo mass

to halo mass by

M, M\ S\
MH:”[(M) *(ﬁ)] ’ o)

where N is a parameter controlling the normalisation, M; controls the position of
the break, 3 sets the power law slope below the break and v sets the slope above
it. The role of each parameter can be seen intuitively in Fig. 5.1. The evolution
in these parameters is shown in Fig. 5.3, along with results obtained using abun-
dance matching from Moster et al. (2013) for comparison. Specifically, we show
the evolution in SHM parameters using the best-fitting parametric evolution from
Table 1 in Moster et al. (2013). These best-fitting SHM parameters were inferred
from observational stellar mass function data from Pérez-Gonzélez et al. (2008), Li
& White (2009) and Santini et al. (2012). Compared to the results from Moster et al.
(2013), our reference model predicts very modest evolution in most of the SHM pa-

rameters. Specifically, the 1 o posterior distributions for 3, M; and NN are consistent
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Figure 5.2: Caption continued on the following page.
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Figure 5.2: Stellar mass plotted as a function of halo mass for our reference model. Each panel
corresponds to a different redshift, as labelled. The coloured points represent individual model
galaxies and the point colours are scaled with the logarithm of the local point density. The corre-
sponding number densities are indicated by the colour bar at the bottom of the figure. The black
points and corresponding error bars show the median, 16" and 84" percentiles of the distribution.
& quantifies the mean scatter in stellar mass within bins of halo mass above log(My/Mg) = 10.5.
The scatter in each bin is defined as half of the central 68% range in stellar mass. Black solid lines
show the parametrisation given in Eqn 5.1, fit to the medians of the distribution. N, M, 5 and v
show the best-fitting parameters from this parametrisation. Black dashed lines show a correspond-

ing fit but with the constraint that the fitting parameters do not evolve with redshift.

with there being no evolution in these parameters for z < 4. This is in contrast
to the observational abundance matching results, which find comparatively strong

evolution in # and M; over the same redshift range.

To try and understand the reasons for the modest amount of evolution in the
SHM relation predicted by our reference model, we split the overall population
into subsamples of star forming, central passive and satellite galaxies. To split star
forming and passive galaxies, we use the same cut in specific star formation rate
against stellar mass as was used in Chapter 4. The evolution in the SHM relations
for these subsamples are shown in Fig. 5.4, Fig. 5.5 and Fig. 5.6. Starting with
star forming galaxies, in Fig. 54 we show how a sample of model galaxies that
are central and star forming at z = 0 have evolved since z = 2. This shows directly
that these model galaxies essentially evolve along an invariant power law in the M,
verses My plane. This power law is consistent with the overall SHM relation below
the break mass (1;), explaining why the overall SHM relation does not evolve

significantly in this halo mass range.

In Fig. 5.5, we show a sample of central model galaxies that are star forming
before z = 2 before becoming passive at z < 2. Specifically, we select galaxies that
are star forming for > 90% of the simulation output times for z > 2 and are passive

for > 90% of the simulation output times for z < 2. These galaxies are displaced
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Figure 5.3: Evolution in fitting parameters for the median relationship between stellar mass and
halo mass from our reference model. Black solid lines show the median of the projected posterior
distribution for each parameter. Blue shaded regions show the 16" to 84" percentile range of the
posterior distributions. Red solid lines show the best-fitting parametric evolution from Moster et al.
(2013). Grey points show the associated best-fitting SHM parameters and 1o errorbars determined
by Moster et al. (2013) using single epoch abundance matching applied to individual stellar mass

functions from the literature.
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Figure 5.4: Evolution of star forming central galaxies in the stellar mass versus halo mass plane
in our reference model. In both panels, the coloured points show the distribution from the entire
galaxy population. Top: The distribution at z = 2. Grey points and corresponding error bars show
medians and percentiles for a sample of model galaxies that are both central and star forming at
z = 0. The sample is split into stellar mass bins (according to galaxy stellar mass at z = 2) and each
point corresponds to a bin. The error bars show the 10*" and 90*" percentiles of each bin. Bottom:
The distribution at z = 0. Grey points and error bars are the same as the grey points and error bars
in the top panel. Black points and error bars show how the stellar mass bins from the top panel

have evolved from z = 2to 2 = 0.
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Figure 5.5: Evolution of passive central galaxies in the stellar mass versus halo mass plane in
our reference model. In both panels, the coloured points show the distribution from the entire
galaxy population. Top: The distribution at z = 2. Grey points and corresponding error bars show
medians and percentiles for a sample of model galaxies that are star forming before z = 2 but are
then passive after z = 2 and are central passive galaxies at z = 0. The sample is split into stellar
mass bins (according to galaxy stellar mass at z = 2) and each point corresponds to a bin. The error
bars show the 10" and 90" percentiles of each bin. Bottom: The distribution at z = 0. Grey points
and error bars are the same as the grey points and error bars in the top panel. Black points and error

bars show how the stellar mass bins from the top panel have evolved from z = 2 to z = 0.



5. The evolution of the relationship between stellar mass and halo mass 195

from the median of the overall SHM distribution, preferentially residing in more
massive haloes at a given stellar mass. It is apparent that these passive galaxies
do not follow the same evolutionary path as the star forming galaxies shown in
Fig. 5.4. Instead, the growth in their host dark matter haloes outpaces any stellar
mass assembly through galaxy mergers. This behaviour creates the break in the
SHM relation above My = M;, where passive central galaxies dominate the overall
population.

Finally, for completeness, in Fig. 5.6 we show a sample of model galaxies that
are central before z = 2 before becoming satellites after z = 2. Specifically, we select
galaxies that are central for > 90% of the simulation output times before z = 2 and
are satellites for > 90% of the simulation output times for z < 2. Fig. 5.6 shows
the expected result that satellite galaxies are predicted by the model to not grow
significantly in stellar mass after infall. This results in this version of GALFORM
because of the implementation of hot gas stripping and SNe feedback . By defini-
tion, the satellite halo masses are set as the mass of the associated subhalo at infall.
Without any significant star formation activity after infall, satellites therefore sim-
ply remain frozen in place within the SHM plane. As the SHM relation below the
break does not evolve significantly in our reference model, satellites do not become

significantly displaced from the total SHM distribution after infall.

5.4 Physical reasons for the lack of evolution in the

predicted SHM relation

5.4.1 Star forming galaxies

The extremely modest evolution in the median SHM relationship below A/; found
for our reference model is interesting given that the value of the low mass SHM

slope, 1 + 3, is ~ 2.3 for z < 4. For clarity, we introduce here variables /' = 1 +

3hot gas is instantaneously stripped and strong SNe feedback typically ejects the majority of the
cold gas
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Figure 5.6: Evolution of satellite galaxies in the stellar mass versus halo mass plane in our ref-
erence model. In both panels, the coloured points show the distribution from the entire galaxy
population. Top: The distribution at z = 2. Grey points and corresponding error bars show medi-
ans and percentiles for a sample of model galaxies that are central before z ~ 2 that then become
satellites after z ~ 2. The sample is split into stellar mass bins (according to galaxy stellar mass at
z = 2) and each point corresponds to a bin. The error bars show the 10" and 90*" percentiles of
each bin. Bottom: The distribution at z = 0. Grey points and error bars are the same as the grey
points and error bars in the top panel. Black points and error bars show how the stellar mass bins

from the top panel have evolved from z = 2 to z = 0.
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and ' = 1 — 7 such that M, Mgl for My << M; and M, Mﬁ/ for My >> M.
For star forming galaxies, it might be expected in the simplest case that the
star formation rate, M,, would simply track the accretion rate onto haloes, M.
However, in this case individual galaxies would evolve along a power law in the
SHM plane with slope, 5" = 1. To evolve along a power law where 3’ ~ 2.3 requires

instead that

M, o< ME3 My, (5.2)

implying that stellar mass assembly increases in efficiency as the hosting haloes
grow in mass. It should be noted that this also requires that at fixed halo mass, the

instantaneous star formation efficiency,

NSk = M*/(fBMH)a (5.3)

is constant across cosmic time (here, fg is the cosmic baryon fraction). In Chapter 4,
we showed that nsr does evolve for populations of star forming galaxies in GAL-
FORM as their haloes grow in mass. This occurs predominantly because of evolu-
tion in the mass loading factor for SNe feedback, 3., (see Eqn 2.22 in Chapter 2.3.3),
although a small amount of evolution in the gas reincorporation efficiency also con-
tributes.

In GALFORM, By o< V™, where Vj, is the disk circular velocity. Roughly
speaking, the disk circular velocity scales with the halo circular velocity, V3, in
smaller haloes where self gravity effects are not important. These are the haloes
that typically host star forming galaxies and also the haloes where SNe feedback
plays the largest role in regulating star formation rates. Again, roughly speaking?,
it is expected that the instantaneous star formation efficiency, nsr, will scale with
(1 + Bm) ' =~ B (see Chapter 4.4.2). Therefore, it is to be expected that in low

mass haloes that host star forming galaxies,

“This is not a precise statement because finite gas reincorporation and freefall /radiative cooling
timescales will cause the full effects of any instantaneous changes in 3y, to take time to propagate

through the system of equations.
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NsF X ;ﬂl o ViStet oc Vgt o Mﬁ““’“/g [[)H]ah"t/ﬁ, (5.4)

where py is the mean halo density, which is related to V4 through

. 3My  _, GMy
pH_47TR%I’ H — RH :

(5.5)

pu is independent of halo mass, but does instead depend on expansion factor

through

pu = Ayir(a)p(a), (5.6)

where A (a) is the overdensity of collapsed haloes and p(a) is the mean density
of the Universe.
If we make the approximation that py is constant across cosmic time, then

straightforward integration of Eqn 5.4 yields

M, oc Momer/3, (5.7)

which, for the value of ay., = 3.2 used by our reference model, yields M, oc MZ"7.
This would imply 5" = 2.07, close to the value, 3’ = 2.3 predicted by our reference
model. Therefore, we see that the slope of the SHM relation primarily reflects the
slope of the exponent in the SNe feedback relation, cu.

We note that the mean halo density, py, is not constant across cosmic time. How-
ever, in Appendix F we explain why this is not a bad approximation when inte-
grating Eqn 5.4. We show that for z > 1, halo mass accretion rates greatly outpace
the rate of change in py. Another very important effect is that, on average, halo
densities evolve more slowly for haloes in GALFORM than would be given by the
spherical collapse model. This is because halo circular velocities (and hence mean
halo densities at fixed halo mass) are only updated to match the spherical collapse
model in our reference model when haloes double in mass (see Chapter 2.8.2). This

effect is particularly important for z < 1 when halo mass doubling events are rare.
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5.4.2 AGN feedback

We now consider the modest evolution in the SHM break mass, M;, predicted by
our reference model. For the AGN feedback model implemented in GALFORM, gas

cooling is suppressed in haloes where

tcool (Tcool) > ()5;0101 tff (Tcool)v (58)

where 1., is the radiative cooling timescale evaluated at a radius rco01, Qcoor i @
model parameter and ¢ is the gravitational freefall timescale in a NFW halo. A
simple scaling for how this AGN feedback threshold depends on halo mass can be

obtained by evaluating t.,. at the mean gas density within the halo, p,, such that

oot (0x = ) = 3 kT 1
coollPe = ) = 2 pmy, pgM(Z, T)

where A(Z,,T) is the cooling function and 7 is the gas temperature at the mean

(5.9)

density (e.g. Cole et al., 2000). Assuming the gas temperature is equal to the virial

temperature of the halo, T,;,, given by

1 pmy,

Tvir =3
2 kg

%3 (5.10)

we obtain the scaling that

% vz M1

ool X SN, Z) & oub(T,Z) ~ 27 NT. 2)

(5.11)

For a fixed NFW halo concentration, the freefall timescale scales with the halo dy-

namical timescale, ¢4y, = GMy/Vj;, such that

tg o tayn X V—I; x g (5.12)
H

We can then evaluate Eqn 5.8 for t.,, = tg, yielding

MR 1/
‘ X py ',
7P AT, z)

(5.13)

which simplifies to
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My oc A(T, 25y * oc M(T, 2)*? [Ac(a)p(a)]* . (5.14)

In other words, we expect AGN feedback to suppress cooling (and therefore star
formation) at a characteristic halo mass which is only weakly dependent on red-
shift (My o< [Ac(a)p(a)]'/*). This simple expectation is consistent with the modest
evolution in the SHM break mass predicted by our reference model. We note that
the temperature dependence of the cooling function will introduce an additional
redshift dependence. However, the cooling function is approximately constant at
low metallicity for temperatures ~ 10° K, which corresponds to virial temperature

of haloes with masses close to the AGN feedback threshold mass (Mg ~ 102 M).

5.4.3 Mergers

Finally, we give brief consideration to the evolution from v ~ 0at z = 4to ' ~ 0.5
at z = 0 that is predicted by our reference model. In this halo mass regime above
the SHM break, stellar mass assembly is dominated by galaxy mergers rather than
star formation. Without galaxy mergers, stellar mass assembly essentially stops
entirely, resulting in passive galaxies evolving along a power law consistent with
7" = 0 as their host haloes continue to grow in mass. In the opposite extreme where
passive galaxies instantly merge after halo mergers, the expectation is instead that
stellar mass assembly will simple trace the hierarchical halo assembly process. In
this case, passive central galaxies evolve along a power law consistent with 7/ =
1. Finite dynamical friction timescales for subhaloes mean that the first passive
central galaxies will evolve along a 7/ = 0 relationship at high redshift, delayed

galaxy mergers will push 7' to higher values with cosmic time.

5.5 Dependence on individual model parameters

Fig. 5.4 shows that in our reference model, the lack of evolution in the predicted

median SHM relation is driven primarily by a characteristic evolutionary path that
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star forming galaxies follow across the SHM plane. For star forming galaxies to
evolve in this way requires a fairly specific evolution in the instantaneous star for-
mation efficiency, ngp. This raises the question of whether this characteristic evolu-
tionary path is a general prediction made by GALFORM, or just a feature specific to

the combination of model parameters used in our reference model.

To answer this question, we now explore the evolution of the SHM relation pre-
dicted by models with alternative sets of model parameters. Changing individual
model parameters in isolation will typically result in models that give a poor match
to the local galaxy luminosity function. Nonetheless, this exercise is still useful for
giving an idea as to the effect that each parameter has on the evolution of the me-
dian SHM relationship. A list of the model parameters which we consider for this

exercise is presented in Table 5.1.

The results for the range in evolution of the SHM relation predicted by this
model suite are shown in Fig. 5.7 and Fig. 5.8. In Fig. 5.7, we show the evolution in
the fitting parameters for the parametric SHM relation given by Eqn 5.1. Compar-
ing each variant model in turn with the reference model, it is clear that the modest
evolution in the SHM relation predicted by the reference model is not a general
prediction of GALFORM. Instead, the reference model appears to occupy a fairly

unique position in the overall parameter space.

Fig. 5.8 shows an alternative view of this range in evolution, this time consid-
ering the evolution in fixed halo mass bins. Here, it becomes apparent that our
reference model is most distinct from the variant models presented in Table 5.1 in
the log(My) = 11.6, 12.6 mass range. We note that these are the bins that approxi-
mately bracket the SHM break mass, M;. For the other two bins at the lowest and
highest halo masses considered (log(My) = 10.6, 13.6), our reference model is more

typical of the variant models we consider here for the predicted evolution.
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Viet  Normalisation of SNe feedback. Set to 425kms™! in
the reference model. Change such that the mass load-

ing factor, 3,1, changes up or down by a factor of three.

anet  Dependence of SNe feedback on galaxy circular ve-
locity. Set to 3.2 in the reference model. Change up or
down by £50%. Also change V},. such that (3, does is

fixed for a circular velocity, Vp = 200 kms™!.

Oreheat  Ejected gas reincorporation rate. Set to 1.26 in the ref-
erence model. Change such that 1 + 2mayehear changes
up or down by a factor of three. This factor corre-
sponds to the approximate reincorporation efficiency,

given by Eqn 4.22 in Chapter 4.

Vgt Disk SF law normalisation. Set to 0.5 Gyr—! in the ref-

erence model. Change up or down by a factor of three.

a0l AGN feedback cooling suppression threshold. Set to
0.6 in the reference model. Change up or down by a

factor of three.

naisk  Disk instability threshold. Set to 0.8 in the reference

model. Change up or down by a factor of three.

fayn  Burst duration factor. Set to 10 in the reference model.

Change up or down by a factor of three.

far  Rescaling factor for the dynamical friction timescale.
Set to 1.5 in the reference model. Change up or down

by a factor of three.

Table 5.1: Description of the model parameters that are varied in Section 5.5 to produce the set of

models shown in Fig. 5.7.
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Figure 5.7: Evolution with respect to z = 0 of fitting parameters for the median SHM relation (see

Eqn 5.1). Each line shows the median of the projected posterior distribution for a given parameter

and model, as labelled. Each model has a single parameter varied with respect to the reference

model, as described in Table 5.1.
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in the median stellar mass for a given model, relative to the median stellar mass at z = 0. Each

model has a single parameter varied with respect to the reference model, as described in Table 5.1.

1.0

0.5

0.0

-0.5

+0.0

0.5

0.0

-0.5

-1.0



5. The evolution of the relationship between stellar mass and halo mass 205

5.6 Alternative models

Fig. 5.7 and Fig. 5.8 show that the small amount of evolution in the SHM relation
seen for our reference model is not a general prediction of all GALFORM models.
However, the set of models considered in Section 5.5 do not, in general, produce
an acceptable match to the local stellar mass function. This then raises the question
of how much variation in the evolution of the SHM relation can be predicted by a
tamily of models that do provide an adequate fit to the local stellar mass function
inferred from observations. Another way to phrase this is to ask the following. To
what extent does the form of the local stellar mass function inferred from observa-
tions constrain galaxy formation models to predict a specific type of evolution in

the SHM relation?

To answer this question properly would require constructing a full posterior
distribution from the model parameter space to find all acceptable models, using
the local stellar mass function as a constraint. Here, we take an intermediate step
by instead considering only a limited number of different models which have been
tuned to roughly match the local stellar mass function. These models encapsulate
some of the variations which, through intuition, we expect to be interesting within
the context of exploring why our reference model predicts very little evolution in

the SHM relation.

Specifically, we consider five additional models, with model parameters which
we outline in Table 5.2. Two of these models represent variations of the reference
model from this Chapter. They use the same physics parametrisations as the refer-
ence model. These two variant models are chosen to highlight that there is a degen-
eracy between the reincorporation rate coefficient, cyepeat, and the normalisation of
the mass loading factor, Vi,.t. By either raising or lowering both of these parame-
ters together, it is possible to preserve roughly the same stellar mass function as the
reference model. This process also requires a slight adjustment to the AGN feed-
back threshold parameter, ..o to keep the break of the stellar mass function at the

correct stellar mass. We refer to these two variant models as the strong feedback
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Model Parameter Reference SFB WFB M14 SFH VM

Qlhot 3.2 32 32 32 32 32
Viot /kms™ 425 700 300 485 485 485
Olreheat 1.26 80 03 126 0.023 0.24
Qleool 0.6 0.65 04 1.0 1.3 1.0

Table 5.2: Model parameters used in the five variant models explored in Section 5.6. anet sets
the mass loading dependence on circular velocity, V1ot sets the mass loading normalisation, oueheat
sets the reincorporation rate and oo controls the AGN feedback threshold. The variant mod-
els considered here include the strong and weak feedback models (SFB and WEFB), which feature
stronger/weaker feedback but with shorter/longer reincorporation timescales to compensate. M14
is the reference model from Chapter 4. The star formation history (SFH) and virial mass (VM)

models feature different modifications to the reincorporation timescale, as described in the text.

(SFB, high mass loading, fast reincorporation) and the weak feedback (WFB, low
mass loading, slow reincorporation) models.

The other three models which we consider here are the three models presented
in Chapter 4. For this Chapter, we are primarily interested in the two models
from Chapter 4 that featured modified parametrisations for the reincorporation
timescale. However, the models presented in Chapter 4 were run on merger trees
extracted from the original Millenium simulation, which assumed a WMAP-1 cos-
mology (Springel et al., 2005). Therefore, to act as a point of comparison for these
two modified reincorporation models, we also include the reference model from
Chapter 4. In this Chapter, we refer to the reference model from Chapter 4 as the
M14 model. In addition to the changes in merger trees and cosmological parame-
ters, the three models taken from Chapter 4 also use the updated cooling scheme
from Benson & Bower (2010). For reference, the default GALFORM reincorporation
timescale parametrisation (as used in the M14, reference, SFB and WFB models) is

given by

Mret = MMresa (515)
tdyn
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where M., is the gas reincorporation rate, (epeat is @ dimensionless model param-
eter, ¢4y, is the halo dynamical timescale and M, is the mass in a reservoir of gas
ejected from the galaxy by SNe feedback.

The first of the two modified reincorporation models from Chapter 4 which
we consider here, referred to here as the star formation history (SFH) model, was
designed to try to reproduce the shapes of star formation histories for star forming
galaxies inferred from observations. For all but the most massive star forming
galaxies, this model reproduces the trend implied by observational data that the
specific star formation rate at fixed stellar mass has declined exponentially from
high redshifts to today. With respect to our reference model, the SFH model uses a

different parametrisation for the reincorporation rate, M., given by

y Qlreheat MH
MI‘G == F Mres, 5.16
YT Tl (1010M@h—1) =) (5.16)

where t4y, is the halo dynamical time and F(2) is a function given by

log[F'(2)] = 6 exp {y} logo[1 + 2]. (5.17)

This parametrisation has no physical motivation and essentially just represents an
empirical fit to the peaked star formation histories inferred for star forming galax-
ies in Chapter 4. This is achieved by making reincorporation rates very slow at
early times when haloes have yet to accrete most of their mass. The exponential
function then dramatically lengthens the reincorporation timescale at late times to
achieve the exponential drop in star formation rates implied by observational data.

The final model from Chapter 4, referred to here as the virial mass (VM) model,
uses the reincorporation parametrisation advocated by Henriques et al. (2013) and

Henriques et al. (2014). This parametrisation is given by

Qreheat ( M, H

Mre == Mres- 518
© T 1Gyr 1010M@h1) (-18)

In Appendix D, we show that this model produces a good fit to the evolution in-

ferred from observations in the stellar mass function below the break.
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Figure 5.9: Stellar mass function at z = 0 for the models described in Table 5.2. Each line cor-
responds to a different model, as labelled. Points and associated errorbars show observational
estimates of the local stellar mass function from Li & White (2009), Baldry et al. (2012), Bernardi

et al. (2013) and Moustakas et al. (2013).

Before proceeding to analyse the predicted evolution in the SHM relation from
the six models presented in Table 5.2, we first show in Fig. 5.9 the stellar mass
function at z = 0 for this family of models. None of the models precisely match
the shape of the stellar mass function inferred from observations. Specifically, all
models underpredict the abundance of galaxies just below the knee. Furthermore,
all but the VM and SFH models predict an overabundance of galaxies at the low
mass end. For this analysis however, we simply require that each model give a
similar level of agreement as the reference model to the observational estimates of
the local stellar mass function. As such, we consider the consistency between the

models and data shown in Fig. 5.9 to be acceptable for our purposes.

Fig. 5.10 shows the median SHM relation from the family of models presented
in Table 5.2 for a range of redshifts. Before proceeding to analyse the results, we
tirst note that when comparing evolution predicted by different models, we ex-
pect the most prominent (and interesting) differences between the models will be
displayed for halo masses both around and below the break in the SHM relation
(log(Mu /M) < 12.5). The reason for this expectation is that this is the halo mass
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Figure 5.10: Median stellar mass as a function of halo mass for the models described in Table 5.2.

Each panel corresponds to a different model, as labelled. The cosmological parameter set used for

each model is also labelled.
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range which contains star forming galaxies. In more massive haloes, stellar mass
assembly takes place primarily through mergers, and the details of the SHM rela-
tion will be primarily determined by AGN feedback and the merging parametri-
sations, which we do not vary outside of adjusting the AGN feedback threshold,
(ool °- The variant models here are instead primarily distinct from each other in
the parametrisations and parameters adopted for feedback and gas reincorpora-
tion. These are processes that affect the actively star forming galaxy population.
By examining Fig. 5.10, it is apparent that for halo masses above the SHM break,
all the models display similar evolution (although not identical) in the SHM rela-
tion. This presumably reflects the fact that we do not change the AGN feedback
model (beyond the threshold) or the galaxy-galaxy merging timescale between the
different models. At and below the break (log(My /M) < 12.5), larger variations
between some of the models become apparent. Specifically, it can be seen that the
trend for the SHM relation below the break to remain approximately constant with
redshift is displayed for all the models (Reference, WFB, SFB, M14) using the stan-
dard reincorporation timescale. This is not an exact statement and the dynamic
range displayed in Fig. 5.10 is large ¢. Comparatively, the SFH and VM models
display much more significant evolution at and below the SHM break. For the SFH
model in this halo mass range, the SHM relation evolves significantly for z > 2
before becoming fixed in place for z < 1. This can be understood given that the
model was designed implicitly to force star formation rates at fixed stellar mass
to drop exponentially with cosmic time. The VM model also displays significant
evolution in the SHM relation but in this case the evolution also occurs for z < 1.
This behaviour can be understood because the VM model is designed implicitly to
increase star formation rates at late times relative to the standard reincorporation
parametrisation used in the Reference, WFB, SFB and M14 models.

Another view of the evolution of the SHM relation is shown in Fig. 5.11, which

>To first order, ool can be considered a parameter which only controls the break mass in the

SHM relation.
6The more subtle variations between the Reference, WFB, SFB and M14 models are better viewed

with lower dynamic range, which we address with subsequent figures.
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Figure 5.11: Evolution in the median stellar mass within a given halo mass bin. Each panel
corresponds to a different halo mass bin, as labelled. Each solid line shows the median stellar mass
for models that use a WMAP-7 cosmology. Coloured dashed lines show the median stellar mass
for models that use a WMAP-1 cosmology. Black dashed and dash-dotted lines show the best-fit

parametric SHM relations from Moster et al. (2013) and Behroozi et al. (2013b) respectively.
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shows the evolution in median stellar mass at fixed halo mass. Here, for com-
parison, we also show the SHM evolution inferred using abundance matching
from Moster et al. (2013) and Behroozi et al. (2013b). As in Fig. 5.10, the VM
and SFH models are clearly distinct in that they predict significant evolution in
the log(Mu/My) = 11.6 bin. This is also the bin where the abundance match-
ing results display the most significant evolution. Again, it is apparent that all
of the models predict very similar evolutionary trends for the most massive haloes
(log(Myu/Mgy) = 13.6 bin). It is interesting to note that this is contrary to abundance

matching results which imply minimal evolution in this mass range.

Fig. 5.11 also shows more subtle differences between the models. For example,
in the log(My /M) = 10.6 bin, the WFB and SFB models both clearly start to di-
verge in opposite directions from the reference model for z > 1. This demonstrates
how the degeneracy between cenear and Vi in the SHM relation at z = 0 in this

halo mass range is broken by considering the evolution.

An alternative view of the evolutionary behaviour in the SHM relation is pre-
sented in Fig. 5.12, which shows the evolution in the fitting parameters from Eqn 5.1.
In this case, it is only possible to make the comparison with the results from Moster
et al. (2013), which share the same parametrisation for the SHM relation. We note
that when considering results using the Moster et al. (2013) SHM parametrisation,
it should be kept in mind that this parametrisation does not provide a good fit to

the SHM relations for the SFH and VM models at lower redshifts (see Fig. 5.10).

Starting with the break mass in the SHM relation, M, Fig. 5.12 shows that the
models we consider predict very little evolution. The exception is the VM model,
which predicts that the break mass drops by ~ 0.7 dex between z = 0 and 4. This is
in contrast to the trend inferred from Moster et al. (2013), who favour an increase in
the break mass towards high redshift. For the normalisation of the SHM relation at
the break, NV, most of the models we consider predict minimal evolution, consistent
with Moster et al. (2013). The exceptions are the VM and SFH models, where N

starts to increase after = 0.5 and z = 1 respectively.

For the low mass SHM slope, (3, the differences between the different models
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Figure 5.12: Evolution in fitting parameters for the median SHM relation. Solid lines show the
median of the projected posterior distribution for models that use a WMAP-7 cosmology. Coloured
dashed lines show the median of the projected posterior distribution for models that use a WMAP-1
cosmology. The black dashed lines show the best-fit parametric evolution in the SHM relation from
Moster et al. (2013). Datapoints show the SHM parameters from Moster et al. (2013), derived from

applying abundance matching to stellar mass functions in single redshift bins.
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become more apparent. The WFB and SFB models again bracket the evolution pre-
dicted by the reference model. The VM and SFH models predict that 5 increases
substantially with lookback time, in contrast to the M14 model and Moster et al.
(2013), demonstrating the importance of the reincorporation timescale parametri-
sation in galaxy formation models. For the high mass SHM slope, , the models we

consider all predict fairly modest evolution, consistent with Moster et al. (2013).

5.7 Discussion

In Chapter 4 we found that it was necessary to modify the parametrisation of one
of the physical processes in our model that is relevant for star forming galaxies. As
one of the most uncertain aspects of our modelling approach, we chose to modify
the reincorporation timescale to illustrate this point. However, we then found that
two contradictory modifications to the reincorporation timescale were required to
explain the evolution of the stellar mass function versus the evolution of star for-
mation rates in star forming galaxies. Specifically, we introduced the SFH model
to reproduce the star formation rate evolution inferred from observations and the
VM to reproduce the evolution of the stellar mass function.

Given that these modifications to the reincorporation timescale have a signifi-
cant impact on predicted stellar mass functions and star formation rates, one nat-
urally expects differences to also appear in the predicted evolution of the SHM
relation. We find that this is indeed the case close to the break in the SHM re-
lation. However, neither of our modified models predict evolution that closely
resembles results from abundance matching studies of Moster et al. (2013) and
Behroozi et al. (2013b), despite claims from those studies that they reproduce both
the star formation rates and the stellar mass assembly inferred from observations.
This is puzzling, particularly given that reproducing the evolution in star forma-
tion rates and/or stellar mass functions inferred from observations is a problem
that appears to be common for a wide range of contemporary models and simula-

tions (e.g. Lamastra et al., 2013; Furlong et al., 2014; Cousin et al., 2015; Sparre et al.,
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2015), although see also Henriques et al. (2014).

While this could reflect a failing of our modelling approach, there are various
factors that need to also be taken into consideration. As discussed in Appendix E,
we have good reason to suspect that the absolute SHM callibration will be differ-
ent between GALFORM and these abundance matching studies as a result of dif-
ferences in halo mass definitions and satellite halo abundances. Another impor-
tant uncertainty is the fact that abundance matching approach does not, at present,
distinguish between star forming and passive galaxy populations at a given halo
mass (although see Hearin & Watson, 2013; Watson et al., 2015). This is likely to
be problematic close to the SHM break mass, where the dominant central galaxy
population gradually transitions between star forming and passive galaxies. We
note that this is precisely the most interesting halo mass range for distinguishing
between the different models considered in our analysis.

Another important consideration is that the recent estimates of the stellar mass
function from deep Ultra-VISTA and ZFOURGE data display significant differ-
ences with respect to older observational estimates, particularly above z = 2 (Ilbert
et al., 2013; Muzzin et al., 2013a; Tomczak et al., 2014). These more recent datasets
are important for distinguishing between different GALFORM models, identifying
the VM model as the preferred model if the inferred stellar mass functions are free
from significant systematics (see Appendix D). It will be interesting to see if esti-
mates of the SHM from abundance matching change significantly once these more

recent datasets are included as constraints.

5.8 Summary

We have explored the evolution of the median SHM relation predicted by different
versions of the semi-analytic galaxy formation model, GALFORM. For our reference
model, where the return timescale for gas ejected from galaxies by SNe feedback
scales with the halo dynamical timescale, we find that the median SHM evolves

only very modestly between z = 0 and z = 4. This implies that the efficiency of
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stellar mass assembly (star formation plus galaxy mergers) within haloes at fixed
halo mass is approximately independent of cosmic time (see Behroozi et al., 2013a,
for a discussion of this point). In our model, this behaviour is primarily driven by
the evolution of the efficiency of SNe feedback in regulating star formation rates of
actively star forming galaxies. This efficiency drops as haloes grow in mass, result-
ing in star forming galaxies evolving along a power law given by M, « M3*. An-
other factor in the predicted lack of evolution in the SHM relation is the AGN feed-
back model implemented within GALFORM. Specifically, the threshold for AGN
feedback to become effective at suppressing gas cooling in haloes in the model cor-
responds to a halo mass which is only weakly dependent on cosmic time. This
causes the break mass in the SHM relation predicted by GALFORM to evolve only
very modestly.

To reproduce the shape of the local stellar mass function inferred from observa-
tions requires a particular form for the median SHM relation at = = 0. We show that
with this single constraint in place, standard 7 semi-analytic galaxy formation mod-
els tend not to predict significant evolution in the SHM relation. This behaviour is
broken close to the SHM break mass (closely connected the knee of the stellar mass
function) for the models introduced in Chapter 4 that feature modified gas rein-
corporation timescales. At present, abundance matching studies (Behroozi et al.,
2013b; Moster et al., 2013) do not strongly support either of these modified GAL-
FORM models. It is unclear to what extent this simply reflects failings of all the GAL-
FORM models considered in this analysis. Alternatively, we find that disagreements
could also simply reflect the differences in the observational constraints, halo mass
definitions and satellite abundances used in GALFORM compared to these abun-

dance matching studies.

"By this we mean models where the efficiency of gas reincorporation after ejection by feedback

evolves only weakly across cosmic time.



Chapter 6
Conclusions

6.1 Summary

Semi-analytic galaxy formation models are now an established tool for understand-
ing galaxy formation and evolution within the context of the hierarchical structure
formation paradigm. For the semi-analytic model, GALFORM, there are several es-
tablished variants of the model which have undergone only fairly minor revisions
over almost a decade (Baugh et al., 2005; Bower et al., 2006). During this time, ob-
servational data from multi-wavelength surveys have dramatically improved our
knowledge of how the galaxy population has evolved over cosmic time. In this
thesis, we have explored how these established GALFORM models hold up when
faced with some of these observational results.

In Chapter 3, we test how well standard observational SED fitting techniques
perform at estimating stellar masses from the photometry of simulated model galax-

ies. From this analysis, we arrived at the following conclusions:

e We find that assumption, commonly adopted in SED fitting, of exponentially
declining star formation histories does not bias stellar mass recovery when
considering the galaxy population as a whole. On the other hand, we find this
parametric form for star formation histories is inappropriate when applied to
model galaxies undergoing bursts of star formation, leading to systematic

stellar mass underestimation with significant scatter.

e We find that the assumption, commonly adopted in SED fitting, of a coarse
grid of metallicities can have an adverse effect on stellar mass estimation.
This problem can be alleviated simply by interpolating between a coarse

metallicity grid.
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e We find that the assumption, commonly adopted in SED fitting, of a dust
law which physically corresponds to a uniform foreground dust screen can
cause significant underestimation of stellar masses in optically thick model
galaxies. The impact of this systematic could be exaggerated in importance
when applied to GALFORM because of the small galaxy sizes for dusty star

forming galaxies predicted by the model.

Chapter 3 also serves as a proof of concept for a methodology where SED fitting
is applied to model galaxies to constrain the role of systematics when comparing
model predictions with intrinsic galaxy properties inferred from observations. As
an example, we use the stellar mass function to illustrate this process.

In Chapter 4, we analyse the implications of the result inferred from a large
number of observational studies which indicate that, at a given stellar mass, the
average star formation rate of the actively star forming galaxy population has
dropped exponentially across cosmic time. We show that this implies that the star
formation histories of galaxies that are still star forming today peaked at z ~ 2.

In contrast, semi-analytic galaxy formation models such as GALFORM tend to
predict corresponding star formation histories which are flat or slowly rising. We
explain how this behaviour predicted by the model is determined by a combina-
tion of halo accretion rates and the implementation of SNe feedback and associated
gas reincorporation rates. We demonstrate, as an example, that a modification to
the gas reincorporation timescale can be designed to empirically fit the shape of
the star formation histories implied by observational data. With this modification,
gas reincorporation rates are artificially suppressed at both early and late times, re-
sulting in peaked star formation histories. Finally, we show that this modification
does not produce a good match the evolution of the stellar mass function inferred
from observations. Another model, with a different modification to the gas rein-
corporation timescale, can reproduce the stellar mass function evolution but is in
very poor agreement with the star formation histories inferred from observational
data.

In Chapter 5, we analyse the evolution predicted by GALFORM for the me-
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dian SHM (stellar mass versus halo mass) relationship. This analysis is performed
within the context of the large amount of attention from the community in recent
years in inferring this evolution by using statistical inference to construct empir-
ical models. We show that within GALFORM, the SHM relation does not evolve
significantly over cosmic time in all but the most massive haloes. This occurs in the
model because star forming galaxies evolve along a power law that is aligned with
the median SHM relation, and because satellite galaxies do not evolve significantly
in stellar mass after infall. Central passive galaxies do evolve off the power law
path traced by star forming galaxies because they grow more strongly in halo mass
compared to stellar mass. This means that the predicted SHM relation steepens

with cosmic time in the most massive haloes.

We show that the predicted evolutionary path traced by star forming galaxies
in GALFORM is caused primarily by the evolving efficiency of SNe feedback, which
decreases as haloes grow in mass. We also show why the break mass in the SHM
relation (caused by the transition between radiative cooling and freefall regimes for
gas infall) evolves weakly with cosmic time because of the implementation of AGN
feedback in the model. We investigate how the predicted evolution in the SHM re-
lation is sensitive to different models parameters, finding that standard GALFORM
models do occupy a somewhat unique position within the overall model parame-
ter space. However, we then go on to show that with the local stellar mass function
inferred from observations applied as a constraint, the lack of evolution in the pre-
dicted SHM relation does appear to emerge as a general property of different GAL-
FORM models. However, this result does not hold for the models with modified
reincorporation timescales from Chapter 4, for which the predicted SHM relation
does evolve significantly over cosmic time. We find that current abundance match-
ing studies do not appear to strongly distinguish between any of these competing

models.
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6.2 Future Work

A recurring issue with the work presented in this thesis is the question of whether
GALFORM predicts realistic galaxy sizes for star forming galaxies. Preliminary
work which does not appear in this thesis suggests that there are significant dif-
ferences between observed and predicted galaxy sizes as a function of both stellar
mass and redshift. This is highly significant for the results from this thesis because
of how galaxy sizes determine the strength of SNe feedback and dust attenuation
corrections in GALFORM. We plan to expand on our preliminary work on compar-
ing model predictions with observational data from HST CANDELS data (van der
Wel et al., 2014).

As a related project, we plan to expand upon work from Lagos et al. (2011b) and
Lagos et al. (2013) who introduced a split between molecular and atomic gas as well
as the new parametrisations for SNe feedback discussed in Chapter 4. Rather than
parametrise the mass loading factor, (3,,, as a global average a galaxy, we plan to
integrate the (3, evaluated locally in annuli. This has the significant advantage in
that it allows a corresponding angular momentum loading factor to be calculated
following an angular momentum weighted integral. Combined with changing the
model to self-consistently track angular momentum as well as the mass that is cy-
cled by SNe feedback, we will assess whether observed galaxy sizes are more suc-

cessfully reproduced.

As well as galaxy sizes, another observational constraint which received very
little attention in this thesis is chemical enrichment. Preliminary work, not pre-
sented in this thesis, shows that standard GALFORM models do not predict the re-
lationship between stellar mass and metallicity inferred from observations. This is
problematic because, within these models, the predicted mass-metallicity relation
is essentially determined by the stellar mass function. In other words, it does not
appear to be possible to reproduce observed chemical abundances without spoil-
ing the agreement of the model with observed luminosity functions. This problem

clearly merits further investigation.
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As an extension of Chapter 5, we plan to continue preliminary work exploring
the scatter in stellar mass at a given halo mass predicted by GALFORM. We find
that the scatter predicted by GALFORM can be significantly different from predic-
tions made by other semi-analytic models and from what is assumed in abundance
matching. This is primarily caused by the implicit coupling between galaxy sizes
and SNe feedback efficiency that is implemented within GALFORM.

As well as comparison with observational data, we plan to test some of the as-
sumptions adopted within GALFORM against the EAGLE hydrodynamical simula-
tions (Schaye et al., 2015). A preliminary study comparing global properties of the
galaxy population has already been completed (Guo et al., in preparation). How-
ever, we plan to compare simulated galaxies on a halo by halo basis, focussing on
gas cycling from feedback (both mass and angular momentum) and on adiabatic
contraction.

To rapidly test possible modifications to the standard implementation of dif-
ferent physics in GALFORM, we plan to continue developing a new semi-analytic
galaxy formation code developed within the python programming language. This
code is much more easily modified than the existing fortran GALFORM code, mak-
ing it an ideal test bench for testing new ideas. That said, the new python imple-

mentation does not compete with GALFORM in terms of performance.



Appendix A
Stellar mass functions

for the Baugh05 model

Throughout Chapter 3 we consider the Lagos12 model from Lagos et al. (2012)
and the Lacey13 model from Lacey et al. (2015, in preparation). In this appendix,
we also consider the model described in Baugh et al. (2005) (hereafter Baugh05).
The Baugh05 model is distinct from the Lagos12 and Lacey13 models in that it does
not include bursts of star formation triggered by disk instabilities or the updated
star-formation law described in Lagos et al. (2011b). The Baugh05 model also uses
different time-scales for star formation, both in galaxy disks and in bursts, and
uses supernova driven superwinds instead of AGN feedback as a mechanism to
suppress the bright end of the luminosity function. Finally, as described in Sec-
tion 3.3.1, the Baugh05 model uses a top-heavy IMF in bursts with a slope of z = 0.
This is more extreme than the x = 1 slope used in the Lacey13 model.

We present stellar mass functions for a selection of redshifts from the Baugh05
model in Fig. A.1. Neither the intrinsic or recovered stellar mass functions agree
with the observational estimates of the stellar mass function at z = 0. The model
overpredicts the abundance of low mass galaxies at z < 1 and overpredicts the
abundance of the most massive galaxies at z = 0, suggesting that the feedback
schemes implemented in this model could be unrealistic. Similar behaviour regard-
ing the effect of dust on the recovered stellar mass functions is seen with respect
to the Lagos12 and Lacey13 models. At z = 0, the recovered stellar mass functions
(both including and excluding dust attenuation effects) are lower in normalization
with respect to the intrinsic model mass function. This could be a result of the SPS
models used in the Baugh05 model. Alternatively, the difference could be caused

by the top-heavy IMF in bursts.

222



A. Stellar mass functions for the Baugh05 model

223

log(dn/dlogM , /Mpc~3 /dex ) log(dn/dlogM, /Mpc~2 /dex )

log(dn/dlogM, /Mpc~2 /dex )

BaughO05: Intrinsic
Baugh05: Recovered, dust
Baugh05: Recovered, no dust
4 Li & White (2009)

¥ Baldry et al. (2012)

Mortlock et al. (2011), 2€1.0,1.5

X
¢ llbert et al. (2010), z€1.0,1.2 ¥ Mortlock et al. (2011), €2.0,p.8
4 Santini et al. (2012), z€1.0,1.4 4 Santini et al. (2012), z€1.8,2. N
I I I I I I | I I I I I I
z=4
A
1 santini et al. (2012), z€2.5,35 4 Santini et al. (2012), 2e3\5,4.5
| | | | | \ | | | | | | |
8.5 9.0 9.5 10.0 10.5 11.0 115 8.5 9.0 95 10.0 105 11.0 115

log(M, /M)

log(M, /M)

Figure A.1: Caption continued on the following page.
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Figure A.1: Stellar mass functions predicted by the Baugh05 model for a selection of redshifts,
as labelled in each panel. The solid blue line shows the intrinsic stellar mass function produced by
the Baugh05 model. The solid red line shows the stellar mass function recovered using SED fitting
when dust effects are included and a Chabrier IMF is assumed in the fitting procedure. As a refer-
ence, the dashed red line shows the corresponding stellar mass function where no dust extinction
is applied to the model galaxy SEDs and E(B — V) = 0 is used as a constraint in the fitting proce-
dure. The grey points and error bars show observational estimates of the stellar mass function from
Li & White (2009), Baldry et al. (2012), Ilbert et al. (2010), Santini et al. (2012) and Mortlock et al.
(2011). Where necessary we convert these observational results from a Salpeter to a Chabrier IMF
using a —0.24 dex correction, calculated by comparing the recovered stellar mass using Salpeter and

Chabrier IMFs with BC03 SPS models.



Appendix B
Inferring star formation

histories

This appendix introduces the main sequence integration (MSI) technique as a
method of inferring the average stellar mass assembly histories of star forming
galaxies. We then present a discussion of testing the technique by attempting to
recover the stellar mass assembly histories predicted by GALFORM. Finally, details
of the observational compilation used to infer the stellar mass assembly histories

of star forming galaxies and a discussion of the results is provided.

B.1 Main sequence integration

The underlying idea of MSI is that an “average” galaxy can be tracked across the
star formation rate versus stellar mass plane by using measurements of the average
star formation rate, at a given stellar mass and lookback time, for galaxies which
belong to a star forming sequence. This evolutionary track is then integrated, either
forwards or backwards in time, from a specified starting mass, M, (¢), and starting
time, t,. For the case of integrating backwards in time, the resulting stellar mass

assembly history is given by

M, (£) = M, (to) / " (WM )
* / * (M) Rty — ) dt

_ /O WML ) R(t— )t (B.1)

where (¢)(M,,t)) is the average star formation rate of star forming galaxies of stellar

mass M, at time t and R(?) is the fraction of mass returned to the ISM by SNe and
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stellar winds for a simple stellar population of age t. For the case of integrating
backwards in time, this equation can only be solved numerically using an itera-
tive method in order to account for the returned fraction (see Leitner & Kravtsov
(2011)). For this study, we instead choose to be consistent with the approach used
in GALFORM by adopting the instantaneous recycling approximation. In this case,
R(t) is replaced by a constant (set to 0.39 to be consistent with our fiducial GAL-

FORM model) and Equation B.1 simplifies to

M.(t) = Mi(ts) — (1 R) / "WML ) (B2)

which can be solved numerically using a simple Runge-Kutta integration scheme.
The effect of assuming instantaneous recycling can be seen by examining Fig. 9
in Leitner (2012). Relative to the other uncertainties on the inferred stellar mass
assembly histories which we discuss later, we expect from their Fig. 9 that the

effect of assuming instantaneous recycling is most likely negligible.

In order to calculate M, (t) using Equation B.2 at each timestep, the average star
formation rate of star forming galaxies, (1)(M,,t)), must be specified using mea-
surements of the star forming sequence. Our parametrisation of (y)(M,,t)) is de-
scribed in Appendix B.2 for our application to GALFORM, and in Appendix B.3 for
our application to a compilation of observational data. Finally, for a more intuitive
link to the dark matter halo mass assembly histories which we consider later, we
choose to work in terms of stellar mass assembly histories rather than star forma-
tion histories. As we assume instantaneous recycling, both in the model and when
analysing the observational data, these are related trivially by linking the stellar

mass assembly rate, M*, to the star formation rate using M, = (1 — R) (M, t).
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Figure B.1: The average stellar mass assembly histories from our fiducial GALFORM model of
central galaxies that are star forming at = = 0, plotted as a function of lookback time. Model
galaxies are binned by their stellar mass at z = 0, with each panel corresponding to a different
mass bin. The median z = 0 stellar mass in each bin is labelled in each panel. Heavy blue solid
lines show the mean stellar mass assembly histories for the main stellar progenitors, as calculated
directly from our fiducial model. Dashed blue lines show the corresponding 10**, median and 90*"
percentiles of the distribution. Cyan and red lines show respectively the contribution to the mass
assembly histories from quiescent star formation and bursts. Black lines show the mean stellar
mass assembly histories but for the case of summing over all of the stellar progenitors of each z = 0
galaxy. These are largely coincident with the heavy blue lines. Green lines show the stellar mass
assembly histories calculated by applying the MSI technique to the star forming sequence predicted

by our fiducial model.
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B.2 Stellar mass assembly histories of GALFORM galax-

ies and validation of MSI

In Fig. B.1 we show the average stellar mass assembly histories of galaxies from
our fiducial GALFORM model that are central and star forming at z = 0. The solid
blue lines in Fig. B.1 show the mean stellar mass assembly histories taken directly
from our fiducial model. It can be seen that, roughly speaking, the overall shape
of the mass assembly histories is nearly independent of the final stellar mass. Each
stellar mass bin shows a sharp rise at early times before flattening out over the
majority of the age of the universe. There is a slight deviation from this behaviour
for galaxies with M, (¢y) ~ 10! M, which instead display a gradual decline in the
stellar mass assembly rate after a peak at t;;, ~ 11 Gyr. The dashed blue lines in
Fig. B.1 show the 10", median and 90 percentiles, indicating the spread in the
distribution around the mean.

As well as using the MSI technique to compare these model predictions with
any trends inferred from observational data, it is useful to test how well the MSI
technique works when applied to the star forming sequence predicted by our fidu-
cial model. To apply MSI to GALFORM, it is necessary to first specify the form of
the star forming sequence in the model by parametrising (¢)(M,,t)). In principle,
we could tabulate this for all of the output times used to generate the assembly
histories shown in Fig. B.1. However, to serve as a fairer comparison to the case
where MSl is applied to observational data, we instead choose a simple parametric

form for ¢ (M,,t) given by

(WM, 1)) c(t) M, O\
MoGyr—t 107 (Gyr—l) <1011 M@) ’ (8.3)

where [ is the power-law slope of the star forming sequence which is assumed to
be constant with time. ¢(t) specifies the evolution in the normalisation of the star
forming sequence. We find that a reasonable parametrisation for the normalisation

is given by fitting a power law of the form
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c(t) = 0.95 (1 + 2)"* Gyr ™. (B.4)

We note that this simple parametrisation of (¢)(),,t)) is clearly an oversimpli-
fication given that the predicted power-law slope, s, of the sequence shown in
Fig. 4.1 and Fig. 4.2 steepens with redshift. However, the slope inferred from the
observational data described in Appendix B.3 is not sufficiently well constrained
with regard to showing a convincing evolution with redshift. Therefore, for the
purposes of making a fair assessment of the MSI technique when applied to obser-
vational data, we choose to keep [, as constant in time.

The result of applying MSI to our fiducial GALFORM model can be seen by com-
paring the blue (intrinsic) and green (inferred from MSI) lines in Fig. B.1. The
agreement is not perfect. However, it can be seen that MSI broadly reproduces the
flat shape of the stellar mass assembly histories predicted by our fiducial model.
The worst agreement is seen for the log(M,(ty)/Mg) = 8.5 bin, where MSI predicts
that the mass assembly rate should steadily rise from early times up to z = 0. In
addition, our application of MSI slightly underpredicts the mass assembly rates of
the most massive galaxies, such that the predicted stellar mass assembly histories
do not drop correctly at early times.

We now consider several potential shortcomings of the MSI technique that could
all contribute to this disagreement. Firstly, MSI assumes that star forming galaxies
at a given point in time have always been on the star forming sequence prior to that
time. We showed in Fig. 4.1 that there is a tight star forming sequence predicted
by our fiducial model. However, in principle it is possible that galaxies could be
quenched (for example by a major merger triggered starburst event using up all the
cold gas) before accreting enough fresh gas onto a disk to rejoin the star forming se-
quence. The impact from such a scenario can be tested in a straightforward manner
by considering the dispersion in the distribution of mass assembly rates around the
mean, as shown in Fig. B.1. We find that the typical dispersion is roughly compati-
ble with the dispersion at a given stellar mass of the star forming sequence shown

in Fig. 4.1. This supports, in a statistical sense, the assumption folded into the MSI
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technique that galaxies which are star forming at z = 0 do not drop below the se-
quence at some earlier stage in their evolution, at least for a significant period of

time.

A second potential shortcoming of the MSI technique is that it ignores the hi-
erarchical assembly of stellar mass through galaxy merging events. It is possible
that a significant fraction of the stellar mass of a star forming galaxy at = = 0 was
formed in multiple progenitors, in which case the MSI method breaks down unless
the sum of these progenitors also conspires to reside on the star forming sequence.
We check for the contribution from merging by comparing the mean stellar mass
assembly histories of the main stellar progenitors (solid blue lines) to the sum of all
stellar progenitors (black lines) in Fig. B.1. Over all of the stellar mass bins consid-
ered, it can be seen from Fig. B.1 that the stellar mass assembly histories of galaxies
that are central and still star forming at z = 0 are dominated by the main stellar
progenitor, providing support for the validity of the MSI technique. This result is
perhaps unsurprising, in that in order for the stellar mass of a secondary progen-
itor to become significant relative to the stellar mass of the main progenitor, the
system must undergo a major merging event which would ultimately quench star

formation in the resulting galaxy as gas is used up in a starburst event.

To emphasise the difference between the star forming galaxy population we
consider here and passive galaxies, we show in Fig. B.2 the average stellar mass as-
sembly histories of model galaxies that are central and passive at z = 0. In contrast
to Fig. B.1, the stellar mass assembly histories of the main progenitors of passive
centrals (blue lines) are significantly different from the stellar mass assembly his-
tories obtained from summing over all progenitors (black lines). This difference
is largest for the most massive galaxies where a significant amount of stellar mass
is assembled in secondary progenitors at early times which merge onto the main
progenitor galaxy later. The blue lines also include the rate of accretion of stellar
mass from secondary progenitors and can therefore exceed the black lines in this

case.

Returning to the star forming galaxy sample, Fig. B.1 also shows that quies-
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Figure B.2: The average stellar mass assembly histories of central galaxies that are passive at
z = 0 from our fiducial GALFORM model, plotted as a function of lookback time. Model galaxies are
binned by their stellar mass at z = 0, with each panel corresponding to a different mass bin. The

median z = 0 stellar mass in each bin is labelled in each panel. The meaning of the lines is the same

as for Fig. B.1.
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cent star formation (cyan lines) mostly dominates the stellar mass assembly rates
of galaxies which are still star forming at z = 0, as compared to star formation in
bursts (red lines). The only exception to this is for the progenitors of massive star
forming galaxies at = = 0, where bursts briefly dominate the stellar mass assem-
bly process at high redshift. Integrated over the lifetime of these galaxies however,
the burst star formation mode is still entirely subdominant. This is important for
the MSI technique because bursts can perturb galaxies above the star forming se-
quence. However, as has also been shown by Lamastra et al. (2013), we find that ac-
tively bursting galaxies in hierarchical galaxy formation models can also reside on
(or in same cases below) the star forming sequence. As an aside, the result that star
formation in the galaxies considered in Fig. B.1 is dominated by quiescent star for-
mation in the main stellar progenitor lends support to the methodology employed
by galaxy formation models which ignore galaxy merging and disk instabilities,
provided that these models are used only to predict the statistical properties of

actively star forming central galaxies (e.g. Dutton et al., 2010).

Finally, it should be noted that the MSI technique which we employ for this
study includes the assumption that the star forming sequence can be described
by a single, unbroken power law over all relevant scales in stellar mass. Fig. 4.2
shows that this is only approximately true for the star forming sequence in our
tiducial GALFORM model. If the true star forming sequence cannot be adequately
described by a single power law then the resulting stellar mass assembly histories
inferred using the MSI technique will be in error. As we start the integration pro-
cess at z = 0, this error would become more severe at early times. In addition,
as noted earlier, Fig. 4.2 shows that the power-law slope of the star forming se-
quence, [, evolves with redshift in our fiducial model. Comparison of the true
(solid blue) and inferred (green) average stellar mass assembly histories in Fig. B.1
shows that MSI does not perfectly agree with the direct model prediction, and that
the disagreement becomes worse at early times. Given that the other potential
sources of error which we have considered until now appear to be insignificant,

we attribute the disagreement between MSI and the direct model output seen in
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Fig. B.1 to the simple power-law parametrisation of (¢/( 1/, t)) which we use to per-
form MSI. Given these problems, any comparison between MSI and direct model
predictions should only be interpreted taking into account that the MSI technique
likely fails to precisely constrain the shape of the stellar mass assembly histories of
galaxies, particularly at early times. Nonetheless, the qualitative trend of almost
flat stellar mass assembly histories seen in Fig. B.1 is broadly reproduced by the
MSI technique for all but the least massive galaxies. We can therefore proceed to
perform a qualitative comparison between the shapes of the stellar mass assembly
histories predicted by our model and those inferred from observational data using

MSIL

B.3 Applying main sequence integration to observa-

tional data

To infer the average stellar mass assembly histories of galaxies from observations
using the MSI technique, it is necessary to specify (¢(M,,t)) for all possible values
of M, and t. Rather than attempt to interpolate directly between the observational
data on the average specific star formation rates presented in Section 4.3.3, we in-
stead choose to first compile a list of power-law fits to the star forming sequence for
different redshifts from the literature. Basic information on this compilation is pre-
sented in Table B.1. Using Equation B.3, we parametrise these power-law fits with
the slope, (s and the normalisation, c¢(¢). We convert the fits taken from studies
that assume a Salpeter IMF to a Chabrier IMF by applying a correction of —0.24 dex
to both ¢ and M, (Ilbert et al., 2010; Mitchell et al., 2013). This typically makes only
a very small difference to the resulting power-law fits.

We show our observational compilation of 3 as a function of lookback time in
Fig. B.3. This shows that currently there is not a strong consensus on the slope of
the star forming sequence in the literature. Given the wide range of selection tech-
niques that are used to separate star forming galaxies, we expect the variation in 3y

seen in Fig. B.3 to be driven primarily by selection effects. For example, Karim et al.
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Source Redshift Selection SF cut Tracer Symbol
Daddi et al. (2007) 1.4-2.5 BzK sBzK UV (corrected) X
Elbaz et al. (2007) 0.8-1.2 z blue colour 24pm+UV X
Salim et al. (2007) 0.05-0.2 r BPT diagram SED fitting
Santini et al. (2009) 0.3-2.5 K SFR-M, distribution 24pm+UV ¢
Labbé et al. (2010) 7 LBG blue colour UV (corrected)
Oliver et al. (2010) 0-2 Optical template fitting 70/160pm ¢
Peng et al. (2010) 0-1 Optical blue colour SED fitting X
Rodighiero et al. (2010) 0-2.5 4.5pum  blue colour/24um detection FIR *
Elbaz et al. (2011) 0-3 24pm 24pm detection FIR >
Karim et al. (2011) 0.2-3 3.6pm blue colour Radio o, 0
Bouwens et al. (2012) 4 LBG blue colour UV (corrected) +
Lin et al. (2012) 1.8-2.2 BzK sBzK UV (corrected) A
Reddy et al. (2012) 1.4-3.7 LBG blue colour 24pm+UV +
Sawicki (2012) 2.3 uv blue colour UV (corrected) |
Whitaker et al. (2012) 0-2.5 K (U-V/V-]) cut 24pm+UV +
Koyama et al. (2013)  0.4,0.8,2.2 H, H, H, (corrected)
Wang et al. (2013) 0.2-2 K SFR-M, distribution SED fitting / FIR |

Table B.1: List of the sources of power-law fits to the observed star forming sequence extracted
from the literature. We list the source, redshift range or median redshift, galaxy selection tech-
nique, the subsequent star forming galaxy selection technique, and the tracer used to estimate the
instantaneous star formation rate. The symbols used for each source in Fig. B.3 and Fig. B.4 are also
shown. For LBG selected samples, it should be noted that the initial galaxy selection technique is
strongly biased towards blue star forming galaxies, so typically no additional cut to separate star
forming galaxies is performed. For Karim et al. (2011), we use both the star forming galaxy sample
presented in their Table 3 as well as the active population which is shown in their Figure 13 (which

uses a bluer colour cut).
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Figure B.3: The slope of power-law fits to the observed star forming sequence from the literature,
plotted as a function of lookback time. Each symbol corresponds to data from a different source.
The list of sources for the compilation is presented in Table B.1, which also references which source

matches a given symbol.

(2011) explore this issue in an appendix and show that increasingly blue rest-frame
(NUV — r) colour cuts result in increased values of [s. Another issue is whether
the star forming sequence can really be described by a single unbroken power law
in M, (see Huang et al., 2012). For example, if the slope of the sequence changes at
the high mass end then the range in stellar mass probed by each individual study
will have an effect on the inferred slopes. Inspection of Fig. 4.2 shows evidence that

this does indeed occur in our fiducial model.

Given this uncertainty in the true slope of the star forming sequence, we first
make the simplest possible assumption, which is that the slope remains constant
with lookback time. We then choose to estimate (¢/(M,,t)) by first binning the
power-law fits from Table B.1 in (3, before performing a fit to c(¢) for each bin as a
function of lookback time. For two of the studies included in our compilation (Lin
et al., 2012; Reddy et al., 2012), a best fitting slope to the star forming sequence is
provided but the corresponding normalisation is not available, and so they do not
appear in Fig. B.4 or feature in the following fits. The resulting data and fits to the

evolution in the normalisation are shown in Fig. B.4.
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Figure B.4: Normalisation of power-law fits to the star forming sequence from the literature, plot-
ted as a function of lookback time. The list of sources for the compilation is presented in Table B.1,
which also references which source matches a given symbol. Each panel shows the normalisation
for different bins of the fitted power-law slope to the star forming sequence, s, as labelled. For
each panel, the evolution of the normalisation is fitted by (¢/Gyr~!) = b exp(a t;,/Gyr) and the best
fitting a and b are labelled. These fits are shown as blue lines and use all of the observational data,
including data from Karim et al. (2011). In addition, we also perform an independent fit (red line)

to just the Karim et al. (2011) star forming sample (red circles) in isolation for the S = —0.4 bin.
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Unlike the slope, there is actually a reasonable consensus in the literature on the
evolution in ¢(t) for a given [ bin. We find that the evolution in the normalisation
seen in Fig. B.4 is best fit as an exponential function of lookback time rather than as
a power law in (1+ z). We therefore parametrise the evolution in the normalisation

using

(t) = b exp <a ti) (B.5)

To account for the oversampling in the number of points at z ~ 2 in some of the G
bins, we weight all the points shown in Fig. B.4 to give equal weight to each bin in
Aty, = 1 Gyr within each panel. In order to facilitate a qualitative comparison with
the method used by Leitner (2012) to estimate the star formation histories of star
forming galaxies, we also perform an independent fit to the star forming galaxy
sample from Karim et al. (2011), fixing 3y = —0.4. This fit to the evolution in the
normalisation, ¢(¢), is shown by the red line in Fig. B.4.

Once (¢(M,,t)) has been parametrised, we can apply MSI to infer the average
stellar mass assembly histories of z = 0 star forming galaxies for different values of
the stellar mass at z = 0, M, (ty). The results of this exercise are shown as coloured
lines in Fig. B.5, with each line corresponding to a different bin in 3. To compare
with the approach used by Leitner (2012), we also apply MSI to only the star form-
ing sample presented in Karim et al. (2011). The results of doing this are shown by
the dashed black curves in Fig. B.5.

It is immediately apparent that the uncertainty on the slope of the star forming
sequence reported in the literature translates to a considerable uncertainty on the
stellar mass assembly histories inferred from the data. The uncertainty is largest for
low mass galaxies where, in particular, the formation time at which a given galaxy
forms a given fraction of its stars is very poorly constrained. This partly reflects
the fact that an increasingly large extrapolation in (¢(M,,t)) has to be made for
smaller galaxies as the stellar mass of their progenitors typically drops below the
completeness limit of the observational surveys used to obtain ()(V,, t)).

Despite the considerable uncertainties, qualitatively the data seems to favour a
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Figure B.5: The stellar mass assembly histories of star forming galaxies inferred by applying
MSI to observational data, plotted as a function of lookback time. Each panel corresponds to a
different z = 0 stellar mass, as labelled. Coloured solid lines show the mass assembly histories
inferred by applying MSI to the observational compilation presented in Table B.1. Each solid line
in a given panel corresponds to a different bin in the power-law slope of the star forming sequence,
Bst, as taken from the compilation. Dashed black curves show the mass assembly histories inferred
by applying MSI to the star forming galaxy sample from Karim et al. (2011). The dashed vertical
lines show the lookback time beyond which the MSI technique, applied to the Karim et al. (2011)
sample, extrapolates below the stellar mass completeness limits of Karim et al. (2011). For the
log(M,(to) /Mg) = 8.5 panel, the entire stellar mass assembly history inferred from Karim et al.

(2011) involves an extrapolation below this mass completeness limit.
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scenario where galaxies that are still star forming at = = 0 undergo a peak phase
of star formation activity at = ~ 1, followed by a drop towards late times. The
actual position of the peak and the rate of late time decline are somewhat poorly
constrained. Furthermore, for 3y < —0.2, the position of this peak clearly depends
on M, (ty), such that a downsizing trend is apparent. Massive star forming galaxies
are inferred to form a greater fraction of their stellar mass at early times compared
to lower mass galaxies in this case. This is the conclusion presented in Leitner
(2012) who use only data from Oliver et al. (2010) and the star forming sample
from Karim et al. (2011) as inputs to their application of MSI. Such a downsizing
trend, provided that star forming galaxies are successfully separated from passive
galaxies, should be completely independent of any physical processes that cause
permanent quenching of star formation. On the other hand, if (3 is larger, then
the shapes of the stellar mass assembly histories of galaxies that are star forming at
z = 0 are almost completely independent of their final stellar mass.

The stellar mass assembly histories inferred from applying MSI to only the star
forming sample presented in Karim et al. (2011) (dashed black lines) are mostly
consistent with the curves obtained by fitting to data taken from the entire obser-
vational compilation. This implies that the approach used by Leitner (2012), which
relies primarily on the Karim et al. (2011) data, should yield results that are consis-
tent with ours. On the other hand, it can be seen from the red line shown in Fig. B.4
that extrapolating the Karim et al. (2011) results down to z = 0 favour a steeper
late time drop in the normalisation of the star forming sequence than is implied
by SDSS data (Salim et al., 2007). This is reflected in the steeper drop in the stellar
mass assembly histories inferred from applying MSI to only the Karim et al. (2011)
data in Fig. B.5. This emphasises the need to consider results from as much of the
literature as possible in order to try to account for the considerable uncertainties

on the slope and normalisation of the star forming sequence.



Appendix C
Invariance in the shape of

predicted star formation

histories

In Section 4.4.1, we demonstrated that, qualitatively, the stellar mass assem-
bly histories predicted by our fiducial GALFORM model do not agree closely with
the trends we infer from observational data. In this appendix, we address the fact
that our fiducial model is only one specific realisation of GALFORM with regard
to the various model parameters that can be changed. These parameters are con-
strained by matching global diagnostics of the galaxy population. We now pro-
ceed to demonstrate that the disagreement between GALFORM and the observa-
tional data holds for a wide range of choices of these model parameters. This re-
sult stems from our finding that the shapes of the average stellar mass assembly
histories of central star forming galaxies in GALFORM are almost entirely invari-
ant when changing model parameters relating to star formation, feedback and gas

reincorporation.

We demonstrate this behaviour in Fig. C.1, which shows the average stellar
mass and halo mass assembly histories of model galaxies which are central and
star forming at = = 0. We show the output of a variety of variants of our fidu-
cial model. These variants are chosen as examples to display the range of mass
assembly histories which arise as a result of changing various model parameters
in GALFORM which are relevant to star forming galaxies. Included are parame-
ters that control the global efficiency of star formation and SNe feedback, the gas
reincorporation timescale and the dependence of the mass loading factor, 3, on the

circular velocity of galaxies. Note that it is possible, in principle, that changing
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Figure C.1: The mean mass assembly histories of model central galaxies that are star forming at
z = 0, plotted as a function of lookback time. Solid lines show predictions for the mean stellar mass
assembly histories of the main stellar progenitors of galaxies. Black lines correspond to our fiducial
GALFORM model. Other colours correspond to variations of our fiducial model, with a single model
parameter changed to the labelled value. Definitions of these model parameters can be found in
Section 4.2.1. Dashed lines show the corresponding dark matter halo mass assembly histories of the
progenitor haloes that host the main stellar progenitors of central star forming galaxies at z = 0.
The halo mass assembly curves are rescaled by Q,/{ to show the baryonic accretion rate onto
these haloes. Model galaxies are binned according to their z = 0 stellar mass with each panel
corresponding to a different mass bin. The median z = 0 stellar mass in each bin is labelled in each
panel. The range (across all of the GALFORM models shown) in the corresponding median z = 0

dark matter halo mass of each stellar mass bin is also labelled.
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these model parameters would affect the position of the star forming sequence in
GALFORM, invalidating our separation between star forming and passive galaxies.
We have verified that this is, in fact, not the case and find that the star forming
galaxy cuts shown as blue lines in Fig. 4.1 continue to be effective at isolating the
star forming sequence for all the models and redshifts considered here.

To first order, the stellar mass assembly histories for all the models shown in
Fig. C.1 are almost identical for a given stellar mass, M, (t,), with significant varia-
tions only occurring at early times. In contrast, the normalisation of the halo mass
assembly histories shifts significantly between different choices of model parame-
ters. Therefore, while these model parameters in GALFORM are capable of changing
the z = 0 stellar mass function by changing the relationship between stellar mass
and halo mass, they do not significantly affect the stellar mass assembly process of
central galaxies of a given stellar mass at z = 0.

This result can be understood by first reviewing the way that the stellar mass
assembly process takes place in GALFORM. As discussed in, for example, Fakhouri
et al. (2010), the specific halo mass assembly rate and consequently the shape of
the corresponding dark matter halo mass assembly histories are nearly indepen-
dent of the final halo mass (see their Equation 2). This can be seen directly in
Fig. C.1. Secondly, as shown in Section 4.4.1, stellar mass assembly broadly tracks
halo mass assembly in our fiducial GALFORM model. As described in Section 4.4.2,
this coevolution arises because the mass loading and reincorporation efficiencies
do not evolve significantly over the majority of the lifetimes of typical star form-
ing galaxies. For the parametrisations currently used to model these physical pro-
cesses in GALFORM, changing the relevant model parameters merely changes their
efficiency in a global sense. Therefore, in order to change the shape of the stellar
mass assembly histories, an alternative parametrisation of one (or both) of these
processes would be required. Such a modification would need to result in signif-
icantly stronger evolution in the mass loading factor, 3, or the reincorporation

timescale, t,t, than is seen for our fiducial model in Fig. 4.6.



Appendix D
Virial mass scaling model

In Section 4.5.2, we demonstrate that by modifying the reincorporation timescale
in the model to the form given by Eqn 4.25, it is possible to reconcile the predicted
and inferred stellar mass assembly histories of galaxies that are still star forming at
z = 0. In Fig. 4.8 we show that this ad hoc model for the reincorporation timescale
is quite different from the modification introduced by Henriques et al. (2013) in
order to reproduce the observed evolution of the stellar mass and luminosity func-
tions. We now consider implementing into our model their suggestion that the

reincorporation timescale should only scale with the halo virial mass as

101°M,,
My

lret = Y (D]')

We start by requiring that this virial mass scaling model should provide an ade-
quate match to the z = 0 stellar mass function. Starting from our fiducial model, we
tind that it is possible to do this simply by implementing Eqn D.1 with v changed
from 18 Gyr, as in Henriques et al. (2013), to 5.6 Gyr.

Comparisons with the other models considered in Chapter 4 for the evolution
in the specific star formation rates and stellar mass assembly histories of star form-
ing galaxies are shown in Fig. 4.3 and Fig. 4.9 respectively. Fig. 4.9 shows that
the virial mass scaling model predicts rapidly rising stellar mass assembly histo-
ries for all but the most massive star forming galaxies at = = 0. For galaxies with
log(M,/Mg) = 10 at z = 0, this results in dramatic disagreement with the stellar
mass assembly histories inferred from observations with too much star formation
at late times compared to early times. For low mass galaxies, the observational con-
straints are very weak, such that any model could be compatible. For the most mas-
sive systems, we note that similar to the modified reincorporation model shown in

red, the cooling timescale in the virial mass scaling model becomes long compared
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the reincorporation timescale for galaxies residing within massive haloes. As dis-
cussed in Section 4.5.2, modifying the reincorporation timescale in this regime will
have a much smaller impact as the gas cycle becomes limited by cooling. Fig. 4.3
shows that the virial mass scaling model predicts specific star formation rate evolu-
tion which is too slow at a fixed stellar mass relative to the rapid evolution inferred
from observations. Again, the specific star formation rates of massive star forming

galaxies are relatively unaffected by modifications to the reincorporation timescale.

While our modified reincorporation model is more successful than the virial
mass scaling model in reproducing the trends inferred from the data in Fig. 4.3 and
Fig. 4.9, it is important to also consider the predicted evolution of the stellar mass
function, given that this is the main constraint used by Henriques et al. (2013). Stel-
lar mass function predictions for the different models considered in Chapter 4 are
compared to a compilation of observational data in Fig. D.1. To first order, the dif-
ferences between the models can be summarised simply by noting that relative to
our fiducial model, the modified reincorporation model suppresses both early and
late star formation. The virial mass scaling model also suppresses early star for-
mation but predicts much stronger star formation at late times for all but the most
massive galaxies. This results in much stronger evolution in number density short
of the break in the mass function below z = 2, in good agreement with the most re-
cent observational data. In contrast, our fiducial model predict an overabundance

of low mass galaxies relative to the observations beyond the local Universe.

Compared to the observations, all three models shown here all strongly un-
derpredict the abundance of galaxies above the break of the stellar mass function
beyond the local Universe. The extreme end of the mass function must always
be interpreted with care because of the potential for Eddington bias to artificially
boost the population residing in the massive tail of the galaxy stellar mass distri-
bution. On the other hand, the disagreement at the massive end could be related
to the problem that all three models suffer from in failing to reproduce the rapid
evolution in the specific star formation rates of massive star forming galaxies with

log(M, /M) = 11 seen in Fig. 4.3.
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Figure D.1: Stellar mass functions predicted by the different GALFORM models for a selection

of redshifts, as labelled in each panel. Blue lines show predictions from our fiducial model. Red

lines correspond to the modified reincorporation model introduced in Section 4.5.2. Green lines

correspond to a model using the virial mass scaling for the reincorporation timescale introduced by

Henriques et al. (2013). Caption is continued on the following page.
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Figure D.1: The grey points and error bars show observational estimates of the stellar mass func-
tion from Li & White (2009), Baldry et al. (2012), Ilbert et al. (2010), Mortlock et al. (2011), Santini
et al. (2012), Bernardi et al. (2013), Ilbert et al. (2013), Moustakas et al. (2013), Muzzin et al. (2013b)
and Tomczak et al. (2014). Where necessary we convert these observational results from a Salpeter

to a Chabrier IMF using a —0.24 dex correction (Ilbert et al., 2010; Mitchell et al., 2013).

At this stage, it is tempting to speculate whether it is possible to produce a
model that can be consistent with the observed stellar mass function and star for-
mation evolution simultaneously. One possibility that we did not fully explore
in this study would be to search for a modified model which introduces a strong
downsizing trend into the purely star forming population, such that low mass
galaxies form very late, and yielding a star forming sequence with a slope of Gsp ~
—0.4, compatible with current observations of the star forming sequence. In this
case, it might be possible to reproduce the observed evolution in the low mass end
of the stellar mass function while also predicting peaked star formation histories
for star forming galaxies with log(M,/My) = 10 at z = 0. We defer any further

exploration of this issue to future work.

Another consideration is that currently it is assumed in our model that all gas
which is removed from galaxies by SNe feedback is added to a reservoir instead
of being added straight back into the hot halo gas profile. In the case where the
reincorporation timescale is of order the halo dynamical time, this is equivalent to
assuming that the ejected gas moves in a ballistic fashion and escapes the halo virial
radius before returning. In contrast, the models presented by Guo et al. (2011) and
Henriques et al. (2013) assume that only a fraction of this gas is actually ejected
from the halo. The remaining fraction is added back into the halo gas profile and
is therefore able to inflow back onto the disk very rapidly when cooling timescales
are short. In these models, the fraction of gas that is able to escape the halo is
parametrised as a function of the halo circular velocity, Vi, such that a larger frac-
tion of gas is ejected from the haloes of low mass systems. Depending on the set of

chosen model parameters, this treatment of the gas affected by SNe feedback could



D. Virial mass scaling model 247

change the z = 0 stellar mass range over which a modification to the reincorpora-
tion timescale would be effective in changing the stellar mass assembly histories of
star forming galaxies. Again, we defer any further exploration in this area to future

work.



Appendix E
Halo masses and satellite

abundances

In this appendix, we attempt to understand the reasons why abundance match-
ing results from (Behroozi et al., 2013b) and (Moster et al., 2013) disagree with the
SHM relation predicted by GALFORM at z = 0. Part of this disagreement simply
reflects the fact that our reference model was not explicitly tuned to reproduce ob-
servational estimates of the local stellar mass function, but rather the local galaxy
luminosity functions (see Gonzélez et al., 2014, for details). However, another fac-
tor is the differing halo mass definitions used in different studies as well as differ-

ing assumptions about satellite halo abundances.

To explore these disagreements further, we have made use of an L-galaxies
model which was run on the same MILLENIUM WMAP-7 simulation that was used
in this chapter for our reference model (Guo et al., in prep). Compared to GAL-
FORM, this Lgalaxies model uses the same SUBFIND subhalo catalogues as inputs
but uses halo mass definitions and assumptions about satellites which are the same
as those adopted by Moster et al. (2013). Specifically, the L-galaxies model uses a
mean halo density of 200 times the critical density (M) to define halo mass and
a dynamical friction timescale is used to decide how long satellite galaxies survive
after their subhalo can no longer be identified in the simulation (Guo et al., 2011;
Moster et al., 2013). From here on, we refer to these orphan satellites as Type 2
satellites. We refer to satellites where the subhalo can still be identified in the sim-
ulation as Type 1 satellites. Combining the L-galaxies halo catalogue (split into
central haloes, Type 1 and Type 2 satellites) with the SHM relationship (includ-
ing scatter) from Moster et al. (2013), we can generate a stellar mass functions for

central and satellite galaxies. To generate the stellar mass of satellite galaxies, we
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use the infall redshift listed in the L-galaxies halo catalogue, consistent with the
method of Moster et al. (2013).

To make a comparison with the results from Behroozi et al. (2013b), we fol-
low the same procedure but rescale the central and satellite halo mass functions
from the L-galaxies catalogue to reproduce the corrected Tinker et al. (2008) halo
mass function and satellite fractions used by Behroozi et al. (2013b)!. Stellar masses
are then assigned to each halo in the rescaled catalogue using the SHM relation-
ship from Behroozi et al. (2013b). Behroozi et al. (2013b) define halo masses using
the virial overdensity criterion predicted by the spherical collapse model (Bryan &
Norman, 1998). Unlike GALFORM and Moster et al. (2013), Behroozi et al. (2013b)
do not consider Type 2 satellites (satellite galaxies are considered to merge with
the central galaxy once the subhalo can no longer be identified in the simulation).
However, Behroozi et al. (2013b) use the Bolshoi simulation to compute satellite
fractions which has a factor seven better mass resolution than the corresponding
simulations used for our reference model and in Moster et al. (2013). As such, the
number of satellite galaxies without identifiable subhaloes within a halo of a given
mass should, in principle, be smaller for the results presented in Behroozi et al.
(2013b).

To prove the validity of this “reverse-engineering” approach used to estimate
the central/satellite halo/galaxy populations from abundance matching studies,
we show in Fig. E.1 the resulting stellar mass functions at z = 0, compared to
the observational datasets originally used as constraints in these studies. In all
cases, it is apparent that our attempt to reverse engineer the abundance matching
results is successful at reproducing the corresponding observational datasets. It
is interesting to note that the corrections made by Behroozi et al. (2013b) to the
observational estimates of the stellar mass function from Baldry et al. (2008) and

Moustakas et al. (2013) have an appreciable impact relative to the original stellar

'We use this rescaling approach simply for convenience so that we can assign stellar masses to
individual haloes in order to compute the stellar mass function. In this way we avoid the need to
perform convolution integrals to include the effects of stellar mass errors and intrinsic scatter in the

SHM relation.
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Figure E.1: Stellar mass functions at z = 0 for our reference model (black) and abundance match-
ing empirical models based on Behroozi et al. (2013b) (red) and Moster et al. (2013) (blue). Points
and associated errorbars show observational estimates of the local stellar mass function, taken from
Baldry et al. (2008), Li & White (2009), Behroozi et al. (2013b) and Moustakas et al. (2013). The data
points from Behroozi et al. (2013b) are based on a combination of results from Baldry et al. (2008)
and Moustakas et al. (2013). Behroozi et al. (2013b) make corrections to these datasets for dust ex-
tinction, sample variance and surface brightness incompleteness effects. Behroozi et al. (2013b) use
this corrected dataset to constrain their abundance matching model. Moster et al. (2013) use the un-
corrected Baldry et al. (2008) and Li & White (2009) datasets to constrain their abundance matching

model.
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mass functions presented in those studies, particularly at the low mass end.

With this consistency check in place, we can now examine the halo mass func-
tion, satellite fractions and stellar mass functions, split into central and satellite
galaxies. These are presented in Fig. E.2. Starting with the halo mass functions, it
is clearly apparent that for the WMAP-7 cosmological parameters assumed here,
there is an offset between the Myy, mass definition used by Moster et al. (2013) com-
pared with the virial overdensity and DHalo? mass definitions used by Behroozi
et al. (2013b) and GALFORM respectively. The offset is ~ 0.16 dex.

For the satellite fractions, much larger differences between the different mod-
els become apparent. The empirical model from Behroozi et al. (2013b) appears to
contain significantly fewer satellite galaxies than GALFORM or Moster et al. (2013)
in all but the highest halo mass bins. At log(My/Mg) = 12, there is a ~ 0.4 dex
offset between the Behroozi et al. (2013b) satellite fractions, compared to Moster
et al. (2013) and GALFORM. Although potentially coincidental, it is interesting to
note that the Behroozi et al. (2013b) satellite fraction agrees fairly well with the
GALFORM Type 1 satellite fraction down to a mass, log(My /M) = 12 (recall that
Behroozi et al., 2013b, do not include Type 2 satellites). While the total (Type 1 +
Type 2) GALFORM and Moster et al. (2013) satellite fractions are similar, the relative
contributions from Type 1 and Type 2 satellites are significantly different. At face
value, this is puzzling given that the same SUBFIND input catalogues were used
in both cases. However, in GALFORM, all satellites are allocated an analytically cal-
culated dynamical friction merging timescale at infall, instead of when the subhalo
is lost from the simulation ® (as is the case for Moster et al., 2013). GALFORM and
Moster et al. (2013) also use different parameters (albeit with effectively the same
parametrisation) for the dynamical friction timescale. The effect of these differ-

ences is that GALFORM has a higher fraction of Type 2 satellites at a given mass

2We note that that the DHalo masses shown here are taken directly from GALFORM output. As
such, they are distinct from the DHalo masses that are input into GALFORM because we impose

mass conservation to ensure that all haloes most grow monotonically in mass.
3Consequently, it is possible in GALFORM for satellite galaxies to merge with the central galaxy

before the associated subhalo actually disappears from the simulation.
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Figure E.2: Mass functions at z = 0 from our reference GALFORM model (black) and from apply-
ing the SHM relationship and satellite fractions from Moster et al. (2013) (blue) and Behroozi et al.
(2013b) (red). Upper left: Halo mass functions, using the halo mass definitions used by each study to
quantify the SHM relationship. Upper right: Satellite halo fractions as a function of halo mass. For
satellite haloes, halo mass is taken as the subhalo mass at infall. Lower left: Central galaxy stellar

mass functions. Lower right: Satellite galaxy stellar mass functions.
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than Moster et al. (2013) who have a higher fraction of Type 1 satellites.

The differences between these satellite fractions are reflected in the stellar mass
functions when split into central and satellite galaxies, shown in the bottom panels
of Fig. E.2. Behroozi et al. (2013b) find fewer satellite galaxies at a given stellar
mass down until the stellar mass range where their corrected Baldry et al. (2008)
dataset significantly steepens the stellar mass function below log(My/Mg) = 12.
The satellite stellar mass functions also disagree between Moster et al. (2013) and
our reference GALFORM model.

In summary, we find that there is an offset in halo mass definition between
Moster et al. (2013) and GALFORM, and that there are significant differences in
satellite fractions between Behroozi et al. (2013b), Moster et al. (2013) and GAL-
FORM. This complicates the comparison of the SHM relation predicted by GAL-
FORM with these abundance matching studies. While it would be straightforward
to correct the Moster et al. (2013) SHM relation for the halo mass definition effect,
the satellite fractions are much more problematic. Consequently, we have decided
to simply present the SHM relations from Behroozi et al. (2013b) and Moster et al.
(2013) in this chapter without applying corrections. We caution that quantitative
disagreements in the SHM relation between GALFORM and abundance matching
studies are therefore not necessarily caused by failings in the physics implemented

within GALFORM.



Appendix F
Criteria for a

non-evolving SHM

relation for star forming

qalaxies

In this appendix, we explore the conditions required for a non-evolving SHM
relation for star forming galaxies, based on the simplified analytical results pre-

sented in Chapter 5.4.1. There, we assumed that the instantaneous star formation

—1
ml 7

efficiency, ngr = M, /( fBMH), scaled as where (3, is the mass loading factor
for SNe feedback. By also assuming that the disk circular velocity scales with the
halo circular velocity for haloes hosting star forming galaxies, we arrived at the

following relation:

s X Mghot/s' [ﬁH(a>]ahot/6_ (Fl)

For a non-evolving SHM relation, ngp should be constant at a fixed halo mass.
Eqn F.1 contradicts this requirement because the mean halo density, pn(a), depends
on expansion factor, independent of halo mass. Integrating Eqn F.1 will therefore
yield a SHM relation which depends on expansion factor at fixed halo mass.

In Chapter 5.4.1, we circumvented this problem by assuming that pn(a) was

constant with expansion factor. In this case, integrating Eqn F.1 yields

M* o MI]_.I+Oé}xot/3 [ﬁH]ahot/G (FZ)

where, if py is regarded as constant, we arrive at the non-evolving SHM relation

given by Eqn 5.7. To test the regimes where this assumption is valid, we can invert
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the process of integrating Eqn F.1 into Eqn E.2, differentiating Eqn F.2 to give

M* o <1 + %) Mg}lOt/:sMH [ﬁH]ahOt/6 + %MI]—.I+O¢}10¢/3PLH [ﬁH]ahot/6fl ) (F3)

In order for this to be equivalent to Eqn F.1, we require that

ot |pu(a)l
2(3+ anet) pula)

In other words, given Eqn E.1, a non-evolving SHM relation requires that haloes are

| M|
My

> F(a) = (F.4)

growing faster in mass than the rate with which they are changing in density. This
equality will not be satisfied in general. However, it will be a satisfied for haloes of
a particular mass over some redshift range.

In Fig. E1, we show, for a range of halo masses, the redshift range for which the
equality given by Eqn F4 is satisfied. Here, we have selected haloes from our refer-
ence model that host star forming galaxies at a given redshift, and then computed
My, averaged over bins in halo mass. To calculate |5y (a)|, we consider both fg(a)
calculated using the spherical collapse model (solid lines) and calculated directly
using halo circular velocities taken from our reference model (dashed lines).

Starting with halo densities computed from the spherical collapse model, Fig. F.1
shows that that the SHM relation should be non-evolving for star forming galaxies
when z > 1. The exact redshift where Eqn F4 is met depends on halo mass, such
that the equality is met over a wider redshift range for more massive haloes.

Conversely, from Fig. F.1, we also expect that the SHM relation should evolve at
lower redshifts (z < 1) if halo densities are computed using the spherical collapse
model. However, significant evolution is not seen in the SHM relation over this
redshift range (in the halo mass range associated with star forming galaxies) for
our reference model in, for example, Fig. 5.10 of Chapter 5. This can partially be
explaining by noting that for z < 1, star formation rates and halo mass accretion
rates at a given halo mass have dropped dramatically relative to higher redshifts.

However, another very important consideration is that in our reference model,

halo circular velocities (and hence the mean densities of haloes at fixed halo mass)
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Figure F.1: Scaled ratio of average halo accretion rates to the rate with which the mean halo

density, py, is changing with time, plotted as a function of lookback time. Average halo formation

rates are taken from our reference model for haloes that host star forming central galaxies at a

given redshift. The scaled rate of change in mean halo density, F'(a), is defined by Eqn F.4. Solid

lines show My /My/F(a) when F(a) is calculated using mean halo densities evaluated from the

spherical collapse model. Dashed lines show My /Mj;/F(a) when F(a) is calculated by averaging

over the mean halo densities taken directly from GALFORM. Each coloured line corresponds to a

different halo mass bin, as labelled. The black dash-dotted horizontal line shows the line of equality,

above which the conditions for a non-evolving SHM relation are met for star forming galaxies.
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of individual haloes are only updated when haloes double in mass (see Chap-
ter 2.8.2). While halo formation events are very frequent at high redshift when halo
mass accretion rates are very large, they become very infrequent at low redshifts,
for which halo mass accretion rates have dropped dramatically. Consequently, the
average halo density for haloes from our reference model will evolve more slowly
with time than if the halo densities followed exactly the spherical collapse model.
This effect can be seen directly by considering the dashed lines in Fig. F.1, which
show F(My,a) evaluated from the average of halo densities taken directly from
our reference model. In this case, it is apparent that the equality given by Eqn F.4
is met for all haloes over all redshifts. This helps to explain why the SHM model

does not evolve significantly in our reference model.
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