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ABSTRACT
We present the McMaster Unbiased Galaxy Simulations (MUGS), the first nine galaxies of an
unbiased selection ranging in total mass from 5 × 1011 M� to 2 × 1012 M� simulated using
N-body smoothed particle hydrodynamics at high resolution. The simulations include a treat-
ment of low-temperature metal cooling, UV background radiation, star formation and phys-
ically motivated stellar feedback. Mock images of the simulations show that the simulations
lie within the observed range of relations such as that between colour and magnitude and that
between brightness and circular velocity (Tully–Fisher). The greatest discrepancy between the
simulated galaxies and observed galaxies is the high concentration of material at the centre
of the galaxies as represented by the centrally peaked rotation curves and the high bulge-to-
total ratios of the simulations determined both kinematically and photometrically. This central
concentration represents the excess of low angular momentum material that long has plagued
morphological studies of simulated galaxies and suggests that higher resolutions and a more
accurate description of feedback will be required to simulate more realistic galaxies. Even
with the excess central mass concentrations, the simulations suggest the important role merger
history and halo spin play in the formation of discs.
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1 I N T RO D U C T I O N

Forming a galaxy like our own Milky Way remains a challenge for
the currently accepted � cold dark matter (�CDM) cosmogony.
The Milky Way is comprised of three distinct, stellar components: a
flattened, rotating disc; a compact, central and spheroidal bulge and
a diffuse, spherical halo of stars. Any consistent cosmogony needs
to explain the origin and evolution of each of these components.
�CDM posits that the energy budget of the Universe is currently
dominated by vacuum energy (�), and the majority of the mass is
invisible (dark) and only interacts with baryons via gravity. Thus,
in the early Universe, thermal baryonic pressure did not support
the dark matter, and because it is non-relativistic (cold) the dark
matter first collapsed into small structures. Subsequently, the small
structures merged hierarchically to form larger structures like the
Milky Way.

The �CDM paradigm provides a simple explanation for the for-
mation of the stellar halo: stars formed early in small satellite galax-

�E-mail: gsstinson ‘at’ uclan.ac.uk

ies, which got tidally stripped as their orbits brought them inside
the tidal radius of the main galaxy. While early observations in-
dicated that stars in the Milky Way’s halo might have condensed
out of a monolithically collapsing gas cloud (Eggen, Lynden-Bell
& Sandage 1962), later observations found instead that formation
through mergers like those proposed in the CDM paradigm are more
likely (Searle & Zinn 1978). Today, digital surveys of the sky reveal
structures in the Milky Way’s stellar halo such as streams and the
remnant cores of dwarf galaxies (Majewski 1993; Belokurov et al.
2006). These are the exact signatures left by tidally disrupted satel-
lites in simulations (Bullock & Johnston 2005; Abadi, Navarro &
Steinmetz 2006).

Unlike haloes, discs are not so neatly explained by �CDM.
Although conservation of angular momentum naturally creates ro-
tating discs, the hierarchical build-up of structure impairs their for-
mation, since discs form most efficiently in a quiet environment
where gas cools and collapses smoothly. In �CDM-inspired simu-
lations of substructure mergers, satellites orbiting discs tidally heat
stars turning thin discs into thick discs (Toth & Ostriker 1992;
Quinn, Hernquist & Fullagar 1993; Velazquez & White 1999;
Kazantzidis et al. 2008). Simulations of larger galactic mergers
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transform discs into centrally concentrated, spheroidal systems as
the discs experience significant angular momentum loss (Barnes
& Hernquist 1996; Cox et al. 2006). However, the observed dis-
tribution of galaxy morphologies can be reproduced with simple,
analytic models. In these models, uniformly rotating spheres col-
lapse into centrifugally supported discs (Fall & Efstathiou 1980;
Dalcanton, Spergel & Summers 1997; Mo, Mao & White 1998; van
den Bosch 2001). The spheres start with angular momentum and
mass profiles predicted using simulations of CDM structure forma-
tion. The contradiction between mergers and disc formation may
indicate that halo spin, not merger history, plays the dominant role
in determining the morphology of galaxies.

The bulge is a spheroid of stars at the centre of a galaxy. The
spheroidal shape indicates that they formed as the result of mergers.
However, other evidence reveals that some bulges may have a secu-
lar origin. Kormendy (1993) suggested that observations of rapidly
rotating bulges indicates the existence of ‘pseudo-bulges’, and re-
cent simulations show that the central regions of isolated discs can
buckle and cause stars to evolve through ‘peanut’ shaped orbits into
spheroidal distributions (Debattista et al. 2004).

Whether discs or spheroids form affects many galactic properties
like their kinematics, colour, light distribution, star formation his-
tory (SFH) and metallicity in addition to morphology. Disc kinemat-
ics are dominated by ordered circular velocity, while in spheroidal
components random velocity dominates over circular velocities.
Because star formation usually happens in galaxy discs where gas
densities are sufficiently high, galaxies with more prominent discs
have more recent star formation and display bluer colours, while
spheroids tend to be more metal-rich and red. The prominence
of morphological components also has an impact on the radial
distribution of galactic light profiles. Galaxies with more promi-
nent spherical components exhibit more centrally concentrated light
profiles.

Models of galaxy formation require high-resolution, hydrody-
namic numerical simulations. Analytic modelling can evolve a
�CDM-motivated Gaussian density field into a spectrum of mass
structures and populate those structures with stars such that they
match the observed luminosity function of galaxies (Cole et al.
2000; Benson et al. 2003; Somerville et al. 2008). However, be-
cause of the non-linear interactions of processes such as gas cool-
ing, merging, tidal stripping, star formation, stellar feedback and
active galactic nuclei (AGNs), it is difficult for these models to pre-
dict galaxy morphologies, though Benson & Devereux (2010) and
Dutton (2009) represent recent attempts.

As an alternative, numerical simulations allow us to study how
haloes, discs and bulges were created and evolve. Simulations that
include gas are able to follow more physical processes than sim-
ulations that only track the gravitational interaction of dark mat-
ter. Gas can be modelled using smoothed particle hydrodynamics
(SPH), which partitions the gas in the Universe into particles and
with a Lagrangian approach follows the motions of those parti-
cles. SPH is effective because it concentrates computational re-
sources on the high-density regions of a simulation, where galaxies
form.

Several studies of galaxies in a cosmological context have gener-
ated individual objects that are similar to the observed local galaxies
(Governato et al. 2004; Robertson et al. 2004; Okamoto et al. 2005;
Brook et al. 2006; Governato et al. 2007; Scannapieco et al. 2008,
2009; Ceverino & Klypin 2009; Governato et al. 2009; Martı́nez-
Serrano et al. 2009; Piontek & Steinmetz 2009; Sánchez-Blázquez
et al. 2009). These require high resolution and large computational
resources in order for several important properties of the simula-

tions to converge, such as the galactic structure, motions and SFH.
As a consequence of the high computational cost, the initial condi-
tions have been carefully chosen to maximize the chance that the
simulation will produce the desired type of object (usually a disc
galaxy).

The previous cosmological simulations have shown that the col-
lapse of gas is more complicated than smooth collapse into centrifu-
gally supported discs. They show that a significant fraction of gas
flows into galaxies along cold filaments (Kereš et al. 2005; Brooks
et al. 2009). This raises the question: are centrifugal forces all that
should support discs? Observations suggest that discs derive their
vertical support from an equipartition of energy between thermal,
magnetic and cosmic ray pressure support (Cox 2005). It is as yet
unknown how much support these forms of energy provide radially.

1.1 Stellar feedback

One way to introduce pressure support into simulations is by har-
nessing the energy massive stars release in stellar winds and su-
pernovae (SNe) explosions. Recent simulations continue to suffer
from the overcooling that has long plagued morphological studies
of simulated galaxies. Navarro & Benz (1991) described how an-
gular momentum transferred from gas in the disc to the dark matter
causes excess central mass concentrations, which leads to massive
bulges that do not compare well to observations of disc galaxies
whose bulges are fainter and less massive than their discs (Allen
et al. 2006). Navarro & Benz (1991) instead proposed that stellar
feedback could eliminate a significant amount of low angular mo-
mentum gas. They implemented a method to kinematically excite
gas particles around recently formed stars, but this showed little
improvement in eliminating low angular momentum gas (Navarro
& Steinmetz 2000).

Due to insufficient resolution, there is still no satisfactory treat-
ment for stellar feedback. Multiphase gas particles attempt to cap-
ture the phenomenology of the interstellar medium (ISM) inside
individual particles (Springel & Hernquist 2003a), but it is diffi-
cult to determine the appropriate pressure for each particle to exert
on the others and sometimes a stiff equation of state needs to be
enforced (Springel & Hernquist 2005). If the gas dynamics are
separated into hot and cold gas (Pearce et al. 1999), it is ambigu-
ous when and how much gas should move from one phase to the
other. Disabling the cooling of gas heated by stellar winds and
SNe causes an effective stellar feedback (Gerritsen 1997; Thacker
& Couchman 2000; Stinson et al. 2006), but resolution is often
insufficient to turn off cooling in the proper amount of gas for
the right length of time, and SPH does not allow single particles
to create their own outflow. Kinetic forms of feedback produce
galactic outflows, with which simulations reproduce some of the
key observed properties of galaxies (Navarro & Steinmetz 2000;
Springel & Hernquist 2003b; Oppenheimer & Davé 2006; Okamoto
& Frenk 2009). Whether winds should be hydrodynamically de-
coupled from the ISM and the appropriate parametrization of the
wind velocity and the wind mass-loading to reproduce the observed
satellite luminosity function and pressurize the disc remain open
questions. Detailed discussions can be found in Schaye et al. (2010)
and Okamoto & Frenk (2009). Many potential avenues need to be
followed to see how each feedback recipe affects galaxy formation
differently.

Computational resources can now support surveys that include
a range of galaxies simulated at moderate (1 million dark matter
particles inside rvir) resolution (Okamoto & Frenk 2009; Piontek
& Steinmetz 2009; Scannapieco et al. 2009) with different stellar
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feedback recipes. Each survey uses SPH, and each of the previous
surveys has used GADGET. Scannapieco et al. (2009) separated hot
and cold gas and used supernova (SN) feedback as a conduit from
the cold to the hot phase. Okamoto & Frenk (2009) used multiphase
particles from Springel & Hernquist (2005) combined with driven
winds of different strengths and also explore higher resolution with
10 million particles inside rvir. Scannapieco et al. (2009) found lower
disc fractions than late type spirals in their simulations. Piontek &
Steinmetz (2009) tested several stellar feedback recipes and did not
find striking success with any of them.

In contrast to these simulated samples, observational samples of
galaxies from galaxy redshift surveys, like the 2dFGRS (Colless
et al. 2001) and Sloan Digital Sky Survey (SDSS; York et al. 2000),
now contain millions of objects, allowing a much more complete
view of not only the properties of typical galaxies, but also a quan-
tification of how galaxies are distributed within the multivariate
parameter space of galaxy properties. Evaluating the success of
simulations requires a larger sample of simulated galaxies. When
only a small number of simulations exist, it is easy to find a good
observational match for any one simulation; however, when a sam-
ple of simulated galaxies exist that predict a mean and spread for
any galactic property, these predictions can be directly confronted
with the large observational samples.

In order to address these problems, we have begun the McMaster
Unbiased Galaxy Simulations (MUGS) project. The goal of MUGS
is to generate a large sample of sophisticated galaxy formation sim-
ulations that sample potential sites of L* galaxy formation in an
unbiased manner for direct comparison to the large observational
samples now available. In this paper, we describe the methodology
used for MUGS and present an overview of the first nine simula-
tions, particularly focusing on the relative formation of discs and
bulges.

MUGS provides an extended look at galaxies simulated using
similar physics to Governato et al. (2007) and Governato et al.
(2009). Namely, SNe are modelled with adiabatic ‘blastwave’ feed-
back described in Stinson et al. (2006). In Section 2, we describe
how we created the initial conditions for MUGS. Section 3 de-
tails the algorithm that evolves the simulations. Section 4 examines
the properties of the galaxies including their brightness, colour,
mass-to-light ratios, density profiles, bulge-to-total ratio, SFH and
metallicity.

2 SI M U L AT I O N S

The simulations that comprise the MUGS sample each use the vol-
ume renormalization techniques used in many previous simulations.
The technique allows high resolution in a cosmological context at
reasonable computational cost. It focuses resolution in one spe-
cific region of a cosmological volume while simulating the rest of
the volume at lower resolution. The surrounding volume provides
large-scale density waves that impart tidal torques on the region of
interest (Quinn & Binney 1992).

We selected our galaxies from a cosmological cube 50 h−1 Mpc
on a side containing 2563 dark matter particles that was evolved to
z = 0. The simulation is based on a 40963 realization of the
CMBFAST (Seljak & Zaldarriaga 1996) power spectrum initially
subsampled to 2563 to create a uniform resolution, dark matter-only
volume. It uses a Wilkinson Microwave Anisotropy Probe Three
(WMAP3) �CDM cosmology with H0 = 73 km s−1 Mpc−1, �m =
0.24, �� = 0.76, �bary = 0.04 and σ 8 = 0.76 (Spergel et al. 2007).

The uniform volume was evolved to z = 0 at which point the
friends-of-friends algorithm was used to find the virialized haloes

with a linking length = (1/5) interparticle separation (Davis et al.
1985). Every group with a mass between 5 × 1011 M� (705 particles
in 2563) and 2 × 1012 M� (2820 particles in 2563) was examined
to ensure that it did not evolve closer than 2.7 Mpc from any halo
more massive than 5 × 1011 M�. Massive structures contain hot gas
that would significantly alter the evolution of a galaxy of interest.
Simulating structures larger than 2 × 1012 M� to z = 0 at the
resolution of these galaxies is currently computationally unfeasible.
Out of the 36 193 haloes found with friends-of-friends, 761 were
in the right mass range and 276 of those were sufficiently isolated.
From that sample, nine haloes were randomly selected for more
detailed simulation without regard for spin parameter or merger
history.

Individual initial conditions were specified for each galaxy as
follows. Particles within 5rvir of each groups centre at z = 0 were
traced to their positions in the initial conditions; this specifies the
‘region of interest’ for each simulation. In an effort to efficiently
use computational resources without loss of physical veracity, the
region of interest is not expanded to be a sphere but is allowed to
have a non-spherical shape. (Minimizing the number of particles
is critical for maintaining a computationally tractable problem.)
The region of interest was then filled with particles occupying the
points from a regular lattice that lay within this region. An effective
resolution of 20483 was achieved at the centre. Surrounding the
non-spherical region of interest is a spherical region with a radius
1.2 times the maximum radius of the region of interest. This im-
mediately surrounding region is populated with particles leading
to an effective resolution of 5123. Outside this are three further
spherical regions equally spread in radius with effective resolutions
of 2563, 1283 and 643. The remaining outskirts of the 50 h−1 Mpc
cube are filled at an effective resolution of 323. Each of these re-
gions contains progressively more massive particles corresponding
to the reduced resolution. Using this scheme, there are between
four and 10 times more particles in the high-resolution region of
interest than in the surrounding low-resolution regions combined.
The regular grids of particles in each region were perturbed using
the Zel’dovich approximation with subsampled force resolutions
matching the particle resolutions.

This dark matter-only configuration was evolved to z = 0. The
particles that ended up inside 3rvir in the dark matter-only res-
imulation had a fraction of their mass converted into a separate,
neighbouring gas particle with a mass corresponding to the cosmic
baryon fraction, �b/�m. We then reapplied the Zel’dovich pertur-
bations to this new regular grid. Fig. 1 shows the initial configura-
tion for a sample galaxy. In the high-resolution region, dark matter
particles have a mass of 1.1 × 106 M� and gas particles have an
initial mass of 2.2 × 105 M�. All stars form with a mass of 6.3 ×
104 M�. Each particle uses a gravitational softening length of
312.5 pc.

2.1 Galaxy sample

One of the main goals of this study is to develop a better understand-
ing of what sorts of galaxy morphologies are created using a wide
range of initial conditions. The randomly selected MUGS sample
spans a wide range of merger histories and halo angular momenta.
The merger history is characterized as the redshift at which the
galaxy obtained half of its final mass. The angular momentum of
each halo is characterized by λ′ = J/

√
5/3GM3R (Bullock et al.

2001). Fig. 2 shows how the λ′ and half mass redshifts of the haloes
in our nine halo sample compare to the distribution of haloes that
passed our selection criteria. The λ′ values shown in Fig. 2 are the
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Figure 1. Projection of initial particle configuration for g15784. The red
particles represent gas and the light blue represents dark matter. Gas is only
included in the high-resolution region at the centre. The dots become less
dense further away from the centre because of the decreased resolution and
higher particle masses at larger radii.

values from the low resolution, uniform dark matter-only simula-
tion. The values found when the galaxies are run at high resolution
including baryonic physics vary modestly from these values. Fig. 2
shows that in the initial sample of nine galaxies does not include any
from the high λ′ tail. As the sample grows in the future, it will more
fully reproduce the multivariate distribution of halo properties. We
note that only one halo with half mass redshift greater than 1.5 has
a λ′ values greater than 0.05, but that some of the haloes that accrete
half of their mass later have λ′ values that surpass 0.1. Ryden (1988)
point out that late accretion contributes more angular momentum to
haloes because of their larger turnaround radius. It is expected that
galaxies with the quietest merger histories will form galaxies with
the most prominent discs.

3 C O D E

The simulations were evolved using the parallel SPH code GASOLINE

(Wadsley, Stadel & Quinn 2004). GASOLINE solves the equations of
hydrodynamics, and includes radiative cooling. Gravity is calcu-
lated for each particle using a tree algorithm similar to Barnes &
Hut (1986) but using a K-D tree with tree elements that span at
most θ = 0.7 of the size of the tree element’s distance from the par-
ticle. GASOLINE is multistepping so that each particle calculates its
forces once every gravitational time-step �tgrav = η

√
εi/ai , where

η = 0.175, εi is the gravitational softening length (312.5 pc) and
ai is the acceleration. For gas particles, the time-step must also be
less than �tgas = ηCourant(hi/ci), where ηCourant = 0.4, hi is the gas
smoothing length and ci is the sound speed.

The cooling is calculated from the contributions of both pri-
mordial gas and metals as �tot(z, ρ, T , Z) = �H I,He I,He II(z, ρ, T ) +
(Z/Z�)�metal,z� (z, ρ, T ). The primordial cooling follows the non-
equilibrium evolution of internal energy along with three primordial
gas species (H I, He I and He II). H2 cooling is not included. The
scheme uses the collisional ionization rates reported in Abel et al.
(1997), the radiative recombination rates from Black (1981) and
Verner & Ferland (1996) and bremsstrahlung and line cooling from
Cen (1992). The metal cooling grid is constructed using CLOUDY

(version 07.02, last described by Ferland et al. 1998), assuming
ionization equilibrium. A uniform ultraviolet ionizing background,
adopted from Haardt & Madau (in preparation; see also Haardt &
Madau 1996), is used in order to calculate the metal cooling rates
self-consistently. The cooling lookup table is linearly interpolated
in three dimensions (i.e. ρ, z, T) and scaled linearly with metallicity.
The energy integration independently uses a semi-implicit stiff in-
tegrator for each particle with the compressive heating and density
(i.e. terms dependent on other particles) assumed to be constant
over the time-step.

The star formation and feedback recipes are the ‘blastwave
model’ described in detail in Stinson et al. (2006) with additional
improvements as described in Section 3.1. They are summarized as
follows. Gas particles must be dense (nmin = 0.1 cm−3) and cool
(Tmax = 15 000 K) to form stars. A subset of the particles that
pass these criteria are randomly selected to form stars based on the
commonly used star formation equation,

dM�

dt
= c� Mgas

tdyn
, (1)

Figure 2. Three projections of the galaxy sample in mass, spin and half mass redshift space. The light dots represent all the galaxies in our sample mass range
from the uniform volume. The plus signs indicate the galaxies presented here.
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where M� is mass of stars created, c� is a constant star formation
efficiency factor, Mgas is the mass of gas creating the star, dt is how
often star formation is calculated (1 Myr in all of the simulations
described in this paper) and tdyn is the gas dynamical time. The
constant parameter, c�, is tuned to 0.05 so that the simulated iso-
lated model Milky Way used in Stinson et al. (2006) matches the
Kennicutt (1998) Schmidt Law, and then c� is left fixed for all sub-
sequent applications of the code. This star formation and feedback
treatment was one of the keys to the success of Governato et al.
(2007) in producing realistic spiral galaxies in a cosmological sim-
ulation and the success of Brooks et al. (2007) in matching the
observed mass–metallicity relationship.

At the resolution of these simulations, each star particle represents
a large group of stars (6.32 × 104 M�). Thus, each particle has its
stars partitioned into mass bins based on the initial mass function
(IMF) presented in Kroupa, Tout & Gilmore (1993). These masses
are correlated to stellar lifetimes as described in Raiteri, Villata &
Navarro (1996). Stars larger than 8 M� explode as SNe during the
time-step that overlaps their stellar lifetime after their birth time.
The explosion of these stars is treated using the analytic model for
blastwaves presented in McKee & Ostriker (1977) as described in
detail in Stinson et al. (2006). While the blast radius is calculated
using the full energy output of the SN, less than half of that energy
is transferred to the surrounding ISM, ESN = 4 × 1050 erg. The rest
of the SN energy is assumed to be radiated away. Iron and oxygen
are produced in Type II SNe (SNeII) according to the analytic fits
used in Raiteri et al. (1996):

MFe = 2.802 × 10−4M1.864
� (2)

MO = 4.586 × 10−4M2.721
� . (3)

The iron, oxygen and the SN energy ejected from SNII are dis-
tributed to the same gas within the blast radius. Each Type Ia SNe
(SNeIa) produces 0.63 M� iron and 0.13 M� oxygen (Thielemann,
Nomoto & Yokoi 1986) and ejects it into the nearest gas particle for
SNIa.

3.1 Quantized stellar feedback

One of the aspects of stellar feedback not given detailed considera-
tion in Stinson et al. (2006) is the clustered nature of star formation.
In Stinson et al. (2006), SN feedback is chronologically distributed
according to the stellar IMF and lifetimes. The combination of
Padua group stellar lifetimes with the Kroupa et al. (1993) IMF
results in a constant, small energy release each feedback time-step
(1 Myr, concurrent with star formation) for the 35 Myr until the
lowest mass stars that explode as SNe (8 M�) explode. Since
the blastwave radius and cooling shut-off time are calculated from
the energy released during a time-step, the Stinson et al. (2006)
method results in small blastwaves. McCray & Kafatos (1987) de-
scribe how the accumulated energy of stellar winds and SN feedback
create large superbubbles around star clusters. With a stochastic
treatment of the energy release timing, we use the accumulated en-
ergy of all the stellar feedback that should result from a star particle
to produce a larger, more realistic blastwave. The larger blastwaves
should provide more pressure support to make more extended discs.
Using a Kroupa et al. (1993) IMF, one SN mass (>8 M�) star is
created for every 200 M� of stars that form. Combining globular
cluster (Harris 1996), open cluster (Piskunov et al. 2008) and em-
bedded cluster (Lada & Lada 2003) catalogues, we estimate that
a typical star forms in a cluster of 4000 M�. Thus, we require a

minimum energy release of 20 SNe (2 × 1052 erg) for the MUGS
simulations.

We stochastically determine when a star particle releases feed-
back energy,

p = NSNII mod NSNQ

NSNQ
(4)

NESN = floor

(
NSNII

NSNQ

)
+

{
0, r ≤ p

NSNQ, r > p
(5)

where NSNII is the number of SNe calculated to explode during that
star formation time-step, NSNQ is the ‘SN quantum’, the number
of SN required per explosion and NESN is the total number of SN
explosions that will have their energy distributed during a the star
formation time-step. If the probability, p, is greater than a random
number, r, selected between 0 and 1, NSNQ SNe’s worth of energy
is released. This causes SN energy to be released sporadically over
the 35 Myr until the largest star remaining is <8 M�.

4 R ESULTS

In this section, we examine the galaxies that form from our set of
cosmological initial conditions. First, we compare the properties
of mock images of the simulated galaxies with observed galaxies.
Secondly, we examine which parameters have the greatest impact
on how much disc or spheroid forms. Thirdly, we compare how
much light is produced in our galaxies with observations of the
Tully–Fisher relationship and weak lensing mass measurements. Fi-
nally, we present the SFHs) and metallicity trends for the simulated
galaxies.

4.1 Tabulated results

In order to identify the main halo and its satellites, we used the
AMIGA Halo Finder (AHF) (Knollmann & Knebe 2009). AHF
overcomes the difficulties friends-of-friends has in separating neigh-
bouring groups, by instead identifying density peaks using an adap-
tive mesh algorithm. The adaptive mesh algorithm naturally leads to
identification of substructure, which is critical for analysing cosmo-
logical simulations. Table 1 summarizes key properties for each of
the galaxies found with AHF in the sample. Galaxies are identified
using the group number from the original friends-of-friends galaxy
catalogue. The columns are described below.

The columns are defined as follows. Mass is the total mass in
1011 M� located inside rvir at z = 0 of the final simulation including
baryonic physics. λ′ is the spin parameter of that matter defined
as λ′ = (J/

√
5/3GM3rvir)zlmm is the redshift of the last major

merger, which is defined as the redshift when the AHF no longer
distinguished a satellite from the main halo where the satellite stellar
mass was greater than one-third the stellar mass of the main halo
at any point in its history. z1/2 is the redshift when the main halo
was one-half its mass at z = 0. Mgas is the mass of gas inside rvir at
z = 0. f b is the baryon fraction of the final halo (Mstar + Mgas/Mtot).
M∗ is the mass of stars inside rvir at z = 0. Mdisc and MSPH are
the mass of stars kinematically classified as part of the disc and
spheroid, respectively, as described in Section 4.4. All the gas and
stellar masses are reported in 1010 M�. The numbers of gas, star
and dark matter particles inside rvir at z = 0 are Ngas, N∗ and NDM,
respectively.

One of the problems inherent in running simulations where only
a localized region is populated with high-resolution particles is that
it is possible for low-resolution particles or particles from outside
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Table 1. Simulation data.

Galaxy Mass λ′ zlmm z1/2 f b Mgas M∗ Mdisc MSPH Ngas N∗ NDM Gasless
(1011 M�) (all masses in 1010 M�) 105 106 105 DM

g1536 7.0 0.025 2.9 1.8 0.159 5.1 6.0 1.8 3.9 2.4 1.4 5.3 1640
g5664 5.2 0.025 3.4 1.3 0.164 3.8 4.8 1.3 3.3 1.8 1.1 4.0 0
g7124 4.5 0.039 2.0 1.5 0.163 2.5 4.8 0.12 3.2 1.1 1.1 3.4 147

g15784 14 0.0345 2.5 1.4 0.150 10 11 3.3 5.5 4.8 2.6 11 2
g21647 7.7 0.048 0.03 0.53 0.168 5.8 7.1 1.1 3.3 2.7 1.6 5.8 6
g22437 8.8 0.013 1.6 1.2 0.170 7.6 7.3 0.56 5.6 3.5 1.6 6.6 1
g22795 8.7 0.011 4.0 1.3 0.144 6.0 6.4 0.26 5.4 2.7 1.5 6.6 76
g24334 7.7 0.041 1.3 1.2 0.162 7.1 11 1.1 5.4 3.3 2.4 8.2 60
g25271 13 0.014 2.2 1.3 0.147 8.9 11 2.2 7.2 4.0 2.4 10 3

the gas region to pollute the region of interest and cause unphysical
results. No low-resolution particles lie within rvir at z = 0 of any of
the MUGS simulations. Some dark matter particles (gasless DM)
that originated outside the gas region ended up inside the virial
radius. The presence of these particles without corresponding gas
indicates that some of the gas in the simulation experienced slightly
less pressure than in reality. The initial conditions for g1536 were
the first ones that were generated, before the final criteria were
firmly in place, and only contained gas particle pairs for dark matter
particles that ended up inside rvir; as a consequence, it contains
many more bad DM particles than the other simulations.

4.2 Simulated images

The most intuitive way to compare simulations with observations is
through mock images of the simulations. Such images can be created
by assigning stellar population models like Starburst99 (Leitherer
et al. 1999) to each star particle to determine the colour and lumi-
nosity each star particle should contribute to an image. Additionally,
dust can modulate the image with extinction and scattering. SUNRISE

(Jonsson 2006) is a Monte Carlo ray tracing program that produces
simulated images by assuming dust exists in metal rich gas. Fig. 3
shows images 50 kpc on a side that include scattering and absorption
and are produced using SUNRISE. The image brightness and contrast
are scaled using asinh as described in Lupton et al. (2004) since
discs have an exponential surface brightness profiles meaning the
images span a wide range in surface brightness.1

Each galaxy is aligned so that the total angular momentum of
the gas inside 1 kpc is pointed upwards in Fig. 3. This presents the
simulated galaxies edge-on to demonstrate the relative size of the
disc and spherical component. In several of the images, a thin disc
of young, blue stars is surrounded by a halo of old, red stars. In other
images, little disc component is evident and the spherical component
dominates. We note that several of the galaxies (g5664, for example)
are not perfectly aligned indicating that the discs are warped or that
the stars are orbiting around a slightly different axis than the gas.
Gas is used for alignment rather than stars because gas defines the
most current central disc. 1 kpc was chosen as the radius because
all the galaxies including the gas poor red galaxies contained some
gas disc in this innermost region. g7124 appears to be elongated
vertically rather than horizontally because it is dominated by its
spheroid which is strongly elongated perpendicular to its angular

1 Face-on images and movies of the galaxies forming can be found at
http://mugs.mcmaster.ca.

momentum of the inner gas, i.e. it is a spheroid rotating about the
minor axis.

In contrast to the images presented in Fig. 3, the magnitudes
and surface brightnesses used throughout the rest of the paper are
derived from the face-on projection of the galaxies generated by
SUNRISE, for which the extinction effects are minimized.

4.3 Colour–magnitude relationship

One simple quantitative evaluation of the simulations is how the
colour and brightness of galaxies compare to observations. Fig. 4
shows a g − r versus absolute r colour–magnitude diagram (CMD)
of ∼ 3 × 105 galaxies from the SDSS as the shaded two-dimensional
histogram (Bailin & Harris 2008). The colours and magnitudes
have been inclination-corrected to their expected face-on values.
The two well-known features of the observed CMD are the rela-
tively narrow red sequence, which extends to very bright galax-
ies, and the more broad blue cloud, which is abruptly truncated at
Mr ∼ −23. Relatively few galaxies are observed to lie in the inter-
mediate ‘green valley’. The simulated galaxies are overplotted as
the labelled points.

The first conclusion that can be drawn from Fig. 4 is that the
simulated galaxies lie in observationally populated regions of the
CMD; they are representative of the colours and magnitudes of
observed galaxies. Three simulated galaxies, g7124, g22795 and
g25271, lie on the red sequence while the remainder are members
of the blue cloud. This is a slightly smaller proportion than the 48 per
cent of SDSS galaxies that lie on the red sequence [within 0.08 of
the mode of the red sequence, i.e. the Bailin & Harris (2008) CMD
parameter, CMDF > −0.08]. Given the small size of the simulated
sample, this difference should not be overinterpreted. However, a
physical reason to expect different red sequence fractions is that the
two samples are found in different environments: many observed
galaxies are cluster members lying in massive haloes, while the
simulated galaxies all lie at the centres of galaxy-mass haloes.

This is demonstrated in Fig. 5, where we have used the group
catalogue of Yang et al. (2007) to restrict the observational sample
to central galaxies of haloes with masses 4 × 1011 M� ≤ Mhalo ≤
2 × 1012 M�, and that do not have a neighbouring group with halo
mass > 3 × 1012 M� within 500 km s−1 and a projected radius of
2 Mpc. This is essentially identical to the selection criteria for our
simulated galaxies. The relative fractions of blue versus red galaxies
in Fig. 5 are indistinguishable from those of our simulated sample:
30 per cent for the observed sample and 3/9 = 33 per cent for the
simulated sample. It is also apparent from this figure that not only
do the simulated galaxies lie within the observed ranges of colour
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Figure 3. Edge-on mock images of the simulated galaxies using the g, r and i filters found using the Monte Carlo radiative transfer program SUNRISE. Each
image is a two-dimensional projection of a box 50 kpc on a side.

and magnitude for the global SDSS population, but they are also a
particularly good match to observed galaxies that lie in haloes of
the correct mass and environment (although perhaps somewhat too
luminous, a point we will return to in Section 4.7).

While the MUGS galaxies are representative of some observed
galaxies, they are unusually ‘green’: the red sequence galaxies lie
on the blue edge of the sequence, while the blue cloud galaxies lie
in the red half of the cloud. The simulated red sequence galaxies
therefore have more star formation activity than usually observed,
while the blue cloud galaxies have either less recent or more an-
cient star formation than observed galaxies. One explanation for the
sustained star formation in the red sequence galaxies is that it is a

consequence of the environmental effects noted above. However,
the simulated galaxies are also too blue in Fig. 5, which takes these
environmental effects into account. Their blue colour could also
highlight some numerical failure of our simulations. MUGS does
not include AGN feedback, which might be able to drive signifi-
cantly more star-forming gas out of the central regions of galaxies.
The blue colour may also result from overcooling, where lack of
resolution causes excess gas to be driven to the galaxy centre where
it cools rapidly and forms stars due to the high gas density. When
the stars formed in the last 5 Gyr of the simulation are excluded
from the SUNRISE image, their colours redden by 0.1 dex, moving
them to the red side of the red sequence. Thus, quenching star
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Figure 4. Simulated galaxy g − r colour as a function of absolute r mag-
nitude in the SDSS filter bandpasses overlaid on an inclination corrected
CMD of SDSS galaxies from z < 0.2 from Bailin & Harris (2008).

Figure 5. As in Fig. 4, but with the SDSS sample restricted to isolated
central galaxies with the same halo mass range as the simulated sample.

formation sooner would produce galaxies that better match the red
sequence.

The redness of the simulated blue cloud galaxies could also be a
natural result expected for moderate mass galaxies evolving in an
isolated environment, though Fig. 5 again suggests that this is not
the case. Alternatively, it could be the result of excess ancient star
formation due to our neglect of the increased feedback from metal-
free Population III stars, or overcooling of gas that resulted in too
many stars formed in the dense centres of galaxies at early times.
Overcooling can in fact simultaneously make the blue galaxies too
red by building too large of a bulge (as seen in Section 4.4), and
make the red galaxies too blue by continuing to provide cold gas to
the centres of bulge-dominated galaxies at late times.

Regardless of these details, the colours and magnitudes of the
simulated galaxies agree well with those of observed galaxies, giv-
ing us confidence that analysing them will provide a template of
how galaxies form in the real universe.

4.4 Bulge versus disc

Another quantitative comparison between simulated galaxies and
observations is how the light and matter are distributed. Fig. 6
shows the face-on i-band surface brightness profiles of the simu-

Figure 6. Surface brightness profiles of face-on mock i-band images of the
simulated galaxies, created using SUNRISE. The profiles are fit with the sum
of an r1/4 law and an outer exponential disc. The bulge-to-total ratios are
calculated using equation (6).

lated galaxies each fit with the sum of a de Vaucouleurs r1/4 law
(with effective radius, re) and exponential disc (with scalelengths,
h) profiles. We calculate a ratio of the light from the bulge to the
total light of the galaxy using

B/T = Ier
2
e

Ier2
e + Idh2

(6)

(Binney & Merrifield 1998). All the B/T ratios shown in Fig. 6
except g5664 are higher than 0.5, indicating that bulges dominate
the emission from nearly all of our galaxies. In contrast, observed
B/T ratios for galaxies with classical bulge/disc profiles are often
<0.5, [see, e.g. fig. 8 of Allen et al. (2006) base on the observed
Millennium Galaxy Catalog]. Again, the high B/T ratios in the
simulations indicate that too many stars form in the central region.

Galaxies can also be separated into bulge and disc components
based on their kinematics. For this analysis, discs are again aligned
such that the angular momentum of the gas within 1 kpc of the
centre of the halo points along the z-axis. Fig. 7 shows the stellar
distribution of jz/jc as a function of its three-dimensional radius from
the centre. jz is the z-component of the specific angular momentum
vector to the specific angular momentum. jc is the specific angular
momentum of an ideal circular orbit at the radius where the star is
orbiting. Stars were sorted into a grid with 100 bins along each axis.
The strength of the grey-scale is weighted by the square root of the
stellar density in each bin. Substructures identified by AMIGA have
been removed, though remnant substructures appear in g22437,
g22795 and g25271.

Stars within 25 kpc of the galactic centre are classified as belong-
ing to the disc if jz/jc is greater than 0.7, but less than 1.5 (dashed
lines). Stars orbiting with jz/jc > 1.5 are at the pericentre of radial
orbits likely heated by interactions. Though bulges can vary in size,
we classify all material inside 5 kpc outside the disc jz/jc constraints
as part of the bulge. Substructures, stars outside 5 kpc and the disc
jz/jc constraints, and all stars outside 25 kpc are classified as part of
the halo. The ratio of the masses of the bulge to the bulge plus the
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Figure 7. The ratio of the z-component of the specific angular momentum
vector, jz, to the specific circular angular momentum for a star orbiting at
the same radius, jc(r) = vcRxy for every star particle. Stars are sorted into
100 × 100 bins 0.04 wide in log(r) and 0.02 high in jz/jc. The dashed
lines are drawn to show how stars are classified into disc, bulge and halo
components. Stars with Rxy < 25 kpc and 0.7 < (jz/jc) < 1.5 are classified
into the disc. Stars outside that jz/jc range and inside Rxy < 5 kpc are
classified in the bulge. All other stars including every star AMIGA classifies
as part of substructures are classified as halo stars.

disc is given as the bulge to total (B/T) ratio. Note, though this is not
the same bulge-to-total ratio derived photometrically as in Fig. 6,
the results are similar as the mass of stars in the bulge is most often
greater than the mass in the disc. Since the 40-kpc radius is much
larger than what is generally considered part of the bulge, hereafter
we refer to the kinematically defined component as the spheroid.

Several features stand out in Fig. 7. The majority of the stellar
mass is concentrated in the central 2 kpc of the galaxy. An expo-
nential matter distribution will always exhibit a high central con-
centration, though as shown in Fig. 6, stars may be more centrally
concentrated in simulations than they are in reality. In the majority
of the galaxies, the values of jz/jc are located above 0, which shows
that the bulge is rotating in many of these galaxies. There are disc
features that gradually decline from jz/jc = 1 to 0.5. The decline
must be due to disc heating that happens at large radius either in the
form of warps or other excursions of the angular momentum from
alignment with the gas disc.

4.4.1 What creates the discs?

The bulge/disc decompositions show that MUGS simulations re-
main crude representations of the formation of disc galaxies; the
bulge fractions are much larger than what are observed. Still, young
stellar discs are apparent in at least g1536 and g15784 in Fig. 3, so
we briefly examine which halo properties correlate with disc forma-
tion in the simulations. Fig. 8 shows the photometric bulge-to-total
ratio for the galaxies as a function of mass, final spin parameter
(λ′) and the redshift of the last major merger. The use of unbiased
simulations allows us to draw conclusions from these plots because

no selection criteria was based on those variables. One exception
to our use of the photometric B/T ratio is g5664, which is the only
galaxy with significantly different photometric and kinematic B/T
ratios. The photometric decomposition for g5664 is unusual, and
seems to display two distinct exponential components. The total
bulge+disc fit is therefore poor and the decomposition based on
that fit is suspect. Thus, for g5664, we have plotted the mean of the
kinematic and photometric B/T ratios in Fig. 8.

A correlation is apparent between zlmm and B/T. Galaxies with the
most recent last major mergers have the largest bulges. The galaxies
with the reddest colours in Fig. 4, g7124, g22795 and g25271, all
have significant bulges and had their last major mergers prior to
z = 2. Both g25271 and g22795 have low-spin parameter values.
The movies of these galaxies2 show that they were involved in
enough retrograde minor mergers that they never had a chance to
grow a significant disc. g7124 does not have a movie, but a close
examination of its outputs reveals a similar harassment filled history.

We note that the galaxies with the most significant bulge separate
into two groups: one with higher spin and one with lower spin. The
higher spin galaxies all experienced recent last major mergers (also
see D’Onghia & Navarro 2007). This indicates that it is only possible
for galactic haloes to gain angular momentum sufficient to increase
its spin parameter above 0.04 if it has a late major merger. We
further note that these galaxies with a high-spin parameter display
the largest bulge fractions. Observed giant low surface brightness
(LSB) galaxies also exhibit large bulges (Lelli, Fraternali & Sancisi
2010). This might confirm the predictions of analytic models of
galaxy formation (e.g. Dalcanton et al. 1997) that haloes with the
highest spin parameters should host LSB galaxies. Governato et al.
(2009) showed how discs can form after late major mergers, but
refrained from making any direct comparisons to LSB galaxies.

The lower spin group experienced a wide range of merger histo-
ries. Based on their spin parameters, it is apparent that the haloes
containing the galaxies did not contain sufficient angular momen-
tum to form discs.

4.4.2 What creates the spheroids?

Every galaxy in our sample displays a dominant spheroidal stel-
lar component in both photometric and kinematic decompositions.
Since spheroids easily form as the result of merging, we exam-
ine the formation of the spheroid in the simulation that has the
quietest merger history and largest disc (g15784) here to discover
whether there are any significant secondary effects. We leave study
of spheroid formation in the other galaxies for future work.

Fig. 9 shows the formation history of the stars in the spheroid at
z = 0. The spheroid stars are separated into three categories based on
where they formed: (1) in satellites; (2) within 1 kpc of the centre of
the main galaxy or (3) in the disc of the main galaxy. We emphasize
that stars in the disc category are no longer part of the disc, but
are spheroid stars that formed in the disc. The decomposition was
based on the distance stars formed from the centre of the main
halo. The stars were sorted into bins 1 Myr in length based on their
formation time. The centre of mass of the stars that formed during
that time was calculated by combining the stars formation locations
in each time bin with the centre of the main halo found using the
AHF (Knollmann & Knebe 2009) at the nearest output (generally
full outputs were only written every 100 Myr). The large number
of stars that formed within the central kpc of the main halo made

2 found at http://mugs.mcmaster.ca
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Figure 8. The photometric bulge-to-total ratios shown in Fig. 6 as a function of galaxy mass, spin and last major merger redshift. Galaxies at the bottom of
these plots exhibit the strongest discs although they still have B/T > 0.5.

Figure 9. Formation history of stars kinematically classified as part of the
spheroid in g15784 at z = 0. The solid line shows the total SFH for all
the stars that comprise the spheroid at z = 0. The blue dotted line shows
the portion of that total that formed in the central 1 kpc of the main halo.
The green dashed line shows the portion that formed in the disc and was
heated to the spheroid. The red dot–dashed line shows the portion of the
inner 40-kpc spheroid that formed in satellites.

finding the star formation centre straightforward for the MUGS
galaxies. We calculated the three-dimensional distance between the
centre and the stars that formed during each time interval, and placed
them into radial bins 1-kpc wide. Because the stellar density drops
strongly at the edge of the disc, the existence of an empty radial bin
serves as a delineation between the main galaxy and satellites. We
therefore classify all stars within this radius (but outside of 1 kpc) as
‘disc-formed’ stars, and all stars outside of this radius as ‘satellite-
formed’ stars. The total bulge stellar mass is 7.7 × 1010 M�, the
mass formed inside 1 kpc is 2.6 × 1010 M�, the mass formed in
the disc is 2.6 × 1010 M� and the mass formed in satellites is
2.2 × 1010 M�.

The final merger that disturbs stars from the disc into the spheroid
happens about 13 Gyr into the simulation. After that time, nearly
all the stars that constitute the spheroid form in the central 1 kpc.
These are the stars that have jc/jz > 0, indicating their net rotation
in Fig. 7. Stars forming in the poorly resolved central kpc is not
limited to the final Gyr, they are a constant source of spheroid stars
throughout the evolution of g15784. For a significant fraction of the

history of g15784, the mass of stars formed in the central kpc of
the main halo is similar to the mass of stars formed in satellites.
While the formation of stars in the central 1 kpc is reminiscent of
observations of rapidly rotating pseudo-bulges (Kormendy 1993),
we cannot draw any firm conclusions since the inner 1 kpc is poorly
resolved in these simulations.

Stars that form in the disc also contribute a large fraction of stars
to the final spheroid, though a merger 6 Gyr into the simulation
marks the end of the dominant contribution of disc stars to the
spheroid. We leave a detailed examination of how stars migrate
from the disc to the spheroid for future work, but speculate that most
of the migration is due to the tidal disruption caused by merging
satellites given the reduction in disc contribution to the spheroid
once the merging activity is complete. We note that Debattista et al.
(2004) showed that secular evolution accounted for some migration
of stars from the disc to the spheroid in high-resolution simulations
of isolated discs.

Satellites are expected to contribute a large mass of stars to the
spheroid since stars are tidally stripped into spheroidal orbits. In
the case of g15784’s quiet merger history, the mass of the spheroid
formed in satellites is similar to that formed in the inner 1 kpc and
the disc. Finally, we note that the star formation in satellites is also
largely confined to the unresolved central kpc similar to the main
galaxy.

The large number of stars that form in the central kpc and disc
echo the findings of Zolotov et al. (2009) and indicate that the
predominant spheroid component is due in large part to stars that
form in the main galaxy. However, satellites contribute a significant
mass of stars to the spheroid and disrupt a large fraction of stars out
of the disc, so these simulations do not exclude traditional spheroid
creation through satellite mergers and tidal stripping.

4.5 Density profiles

From the simulations, one can find the three-dimensional distribu-
tion of all the matter in the galaxy as opposed to just that which is
visible. Fig. 10 shows the resulting radial density profile. Particles
are sorted by radius and placed into 1000 bins, each containing the
same number of particles. The dark matter only profiles for every
galaxy are shown as the grey solid lines. The dark matter and total
density profiles are similar for each simulated galaxy. The dark mat-
ter profiles follow a r−3 power law or slightly shallower from the
virial radius into 0.1rvir before growing shallower, similar to dark
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Figure 10. Particles are sorted by radius and placed into 1000 bins each
containing the same number of particles. The radius of the bin is plotted as
the mass-weighted mean of the particle radii for each bin. The total density
profile (various colours) for each halo is compared with the profile of the
dark matter from the simulations that include baryons (thin grey). The dark
matter profile ends at a radius of 0.01rvir, the radius inside which Power
et al. (2003) determine the dark matter particles will take longer than the
age of the Universe to relax.

matter only runs (Navarro, Frenk & White 1997; Moore et al. 1998;
Reed et al. 2005). The total profile continues a steady rise along the
power-law r−2 into 1 kpc (about 0.005rvir) due to the stellar density
before flattening out to a slope less than r−1 inside 1 kpc. Stars
dominate the matter profile inside of 2 kpc.

4.6 Rotation curves

Rotation curves provide a comparison between the density profile
found in these simulations and observations. Fig. 11 shows the
circular velocity, vc as a function of radius, where vc = √

GM/R.
Mock observations are not used because there is too much scatter
in the star particle velocities at a given projected distance from the
centre of the galaxy, so Fig. 11 is more properly called ‘circular
velocity curves’, which might be exactly the same as the observed
rotation curve.

Figure 11. Circular velocity as a function of radius. The circular velocity
(solid) defined as vc = √

GM/r in radial bins for each of our galaxies.

Figure 12. I-band absolute magnitude as a function of circular velocity at
3.5 disc scalelengths (h). The large dots represent the simulated galaxies
while the small dots are from the Giovanelli et al. (1997) sample of cluster
galaxies and the triangles are from Courteau et al. (2007).

The excessive bulge illustrated in Section 4.4 is again apparent
in the rotation curves. Rather than exhibiting flat rotation curves as
are observed, the simulated rotation curves all have a peak at the
centre due to a large central concentration of mass. Governato et al.
(2007) showed that increased resolution without any changes to
star formation can also limit the central concentration of matter as
the lessened impact of two-body interactions with halo dark matter
particles minimizes angular momentum losses. Governato et al.
(2010) show how higher resolution and consequent modifications to
the star formation threshold density can limit the mass concentration
in simulations of slightly less massive galaxies.

4.7 Tully–Fisher

The TF relationship shown in Fig. 12 compares the luminosity of a
galaxy with its rotation velocity. Velocity indicates the dynamical
mass for the inner parts of a galaxy, so the TF relationship indicates
how bright a galaxy of a given mass should be. Most galaxies in the
range of masses that we simulated have flat rotation curves, so the
radius at which the rotation velocity is measured is irrelevant. In
the simulations, however, the rotation curve rises sharply initially
and then declines gradually with radius. We follow the example of
Governato et al. (2007) and measure the rotation velocity at 3.5h.
Governato et al. (2007) find in a resolution study that this is the
radius at which velocity converges. It is unclear from Fig. 11 that
the rotation curves are flat at this radius, but they are flatter than
they are at smaller radii. The I-band magnitude for the galaxies
generally matches the observations of the corresponding velocities,
though the velocities remain slightly high. Governato et al. (2010)
showed that higher resolution and higher star formation density
threshold produce galaxies with more slowly rising rotation curves,
so higher resolution simulations of these galaxies is an obvious next
step.

4.8 Mass-to-light ratio

The relationship between the luminosity of a galaxy and the mass
of its halo is a key observational question that provides constraints
on semi-analytic models and strongly affects the interpretation of
observational samples with respect to theoretical predictions about
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Figure 13. Galaxy luminosity in the 0.1r band plotted as a function of
the total halo mass including dark matter for the nine simulated MUGS
galaxies. Observational measurements of the relationship between the halo
mass and the luminosity of the central galaxy, Lc, are shown based on weak
gravitational lensing (Mandelbaum et al. 2006), halo model fits to the galaxy
clustering and luminosity function (Cacciato et al. 2009), and the kinematics
of satellite galaxies (More et al. 2010, the 16th to 84th percentile confidence
limit in the mean is shown by the error bars while the measured halo-to-halo
dispersion is shown as the shaded region).

haloes. In Fig. 13, we have plotted the luminosity of our simu-
lated galaxies versus their total (dark plus baryonic) mass. The
luminosities are K-corrected to the 0.1r band (the r band redshifted
to z = 0.1) using KCORRECT v4.1.4 (Blanton et al. 2003) and the
SUNRISE-generated SDSS gri magnitudes in order to facilitate mak-
ing comparison to the observations.

By construction, our galaxies inhabit a relatively narrow band in
halo mass, from ∼5 × 1011 to ∼2 × 1012 M�. Their luminosities
cover a similar relative range in luminosity, from ∼1.5 × 1010 to
∼5 × 1010 L�, for a typical total mass-to-light ratio of ∼ 30 within
the virial radius.

We have overplotted a variety of observational estimates of the
relationship between central galaxy luminosity and the total halo
mass on to Fig. 13. These observational techniques are weak grav-
itational lensing (Mandelbaum et al. 2006, blue dot–dashed line
for exponential-dominated late-type galaxies and red dashed line
for de Vaucouleurs-dominated early-type galaxies), a halo model
simultaneously fit to galaxy clustering and the luminosity func-
tion (Cacciato et al. 2009, solid green line), and the kinematics of
satellite galaxies (More et al. 2010, dotted black line for the mean,
error bars for the 16th to 84th percentile confidence limit of the
mean and shaded grey region for the measured spread in central
galaxy luminosity at a given halo mass). Note that while all of these
studies are based on SDSS data, the techniques use completely in-
dependent properties of the galaxies to determine the halo mass.
We have adopted h = 0.73, as used in the simulations, to convert
the h-independent units used in these studies into physical units for
direct comparison.

When comparing the observations to the simulations, it is impor-
tant to realize that in the simulations, the systems are selected based
on the halo mass, while the luminosity is an output of the simula-
tions; we have therefore plotted the halo mass as the independent
variable and the luminosity as the dependent variable in Fig. 13.
However, in the observational studies, the galaxies are selected
based on their luminosity and the halo mass is what is measured;
therefore, the luminosity is the independent variable and the halo
mass is the dependent variable. Cacciato et al. (2009) and More

et al. (2010) model the full relation between halo mass and central
galaxy luminosity in order to determine 〈log Lc〉 (M) rather than
〈M〉 (Lc), but are constrained at the low-mass end by the dearth
of sufficiently faint galaxies in the observational sample, while
Mandelbaum et al. (2006) explicitly measure 〈M〉 (Lc). This should
be kept in mind when considering Fig. 13, and this is why the weak
lensing result around late-type galaxies appears multivalued.

The halo mass–luminosity relationship for the simulated galax-
ies has the same shape and similar normalization as the observed
relationship, particularly when comparing to the Mandelbaum et al.
(2006) and Cacciato et al. (2009) results, or the blue subsample of
More et al. (2010), which closely follows the Cacciato et al. results.
The simulated galaxies are, however, all more luminous than the ob-
served galaxies at a given halo mass, or equivalently the observed
galaxies lie in more massive haloes at a given luminosity. This dif-
ference is no larger than the difference seen between observational
techniques, so it may not be significant. One aspect of the simulated
and observed samples that may be important is that the simulated
galaxies are constrained not to lie near large group or cluster haloes;
given the mass dependence of halo bias, those haloes are themselves
likely to be more massive. However, it seems unlikely that this is the
explanation given that the most isolated of the observational sam-
ples is that of More, van den Bosch & Cacciato (2009), with whom
our results are the most discrepant. A more likely explanation is that
this is another symptom of the overcooling problem, which turns
too much of the gas in the system into stars and therefore results in
an overluminous galaxy.

4.9 Star formation histories

One of the major ways to track the evolution of a galaxy is by
examining when its stars formed. Fig. 14 shows the SFHs for each
of our simulated galaxies. Peaks in the SFH correspond to merger
events which drive starbursts. Mergers tidally disrupt disc gas and
excite instabilities that cause gas overdensities (Mihos & Hernquist
1996; Springel 2000; Cox et al. 2006). Following the merger peaks,
the shape of the SFH is an exponential increase followed by an
exponential decline as the reservoir of gas is exhausted. The galaxies
in Fig. 14 that have the most and latest mergers correspond to those
with the least well-defined discs.

Figure 14. The star formation rate plotted as a function of time for all the
stars inside rvir (solid) and just stars that end up in the kinematically defined
disc (dashed). Stars are sorted by their formation time into 50 Myr bins and
the total mass of stars in that bin is divided by 50 Myr.
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Figure 15. Metallicity distribution, [O/Fe] as a function of [Fe/H], of all the
stars inside rvir of the galaxy. Stars are sorted into 100 × 100 bins, 0.03 wide
in [Fe/H] and 0.01 high in [O/Fe]. Evolution progresses from low [Fe/H]
and high [O/Fe] to solar (0.0) [Fe/H] and [O/Fe]. The multiple evolutionary
tracks through this diagram correspond to different stellar structures that
each have their own SFH.

4.10 Metallicity evolution

Trends in metallicity help track the SFH of galaxies. Specifically,
Fig. 15 shows the distribution of stars in [O/Fe] as a function
of [Fe/H]. Evolution of metallicity proceeds from low [Fe/H] as
stars form and produce iron that is ejected during SN explosions.
SNe II occur on a shorter time-scale than SNeIa, and they eject
alpha elements such as carbon, oxygen and silicon as well as iron.
We use oxygen to track the abundance of alpha elements in our
simulations. After stellar populations age for 40 Myr, SNeIa start
to explode ejecting few alpha elements, but large quantities of iron.
The range of [Fe/H] over which the [O/Fe] ratio remains high and
constant indicates how many SNII explode before SNIa start con-
tributing significant quantities of iron. Thus, regions of active star
formation like the Milky Way disc will generate long, high [O/Fe]
plateaus before [O/Fe] decreases due to the influx of iron from SNIa
(Bensby et al. 2005; Reddy, Lambert & Allende Prieto 2006). Places
where star formation is not as efficient like dwarf galaxies exhibit
lower [O/Fe] at low [Fe/H] distinct from abundances of stars mea-
sured in the Milky Way’s disc and halo (Venn et al. 2004). Models
of galaxy formation that couple N-body simulations with analytic
prescriptions for the stellar content of satellite galaxies are able to
reproduce this dichotomy (Font et al. 2006).

Fig. 15 shows that the majority of the stars in the simulations
form with solar metallicity and abundances. At low [Fe/H], stars
form with both high and low [O/Fe]. The peak [O/Fe] values are
0.4, which are lower than the observed abundances of the disc,
which have been observed up to 0.6 (Bensby et al. 2005; Reddy
et al. 2006). This indicates a shortcoming of the simple power-law
fit used for oxygen enrichment. The fit only allows SNeII from stars
up to 40 M� to produce oxygen, so the chemical model does not
capture chemical enrichment from more massive stars that produce
more oxygen compared to iron (Woosley & Weaver 1995).

Much like observational galactic archaeology, the distinct metal-
licity evolution tracks apparent in Fig. 15 provide a useful alterative
for discovering substructure inside galaxies as substructures exhibit
stellar populations with different metallicity signatures. We leave
further discussion of such methods for future work.

5 C O N C L U S I O N S

We presented nine galaxies from the MUGS simulated using N-body
gravity and SPH. The galaxies are selected from a mass range around
the mass of the Milky Way and from isolated environments, but
their selection was otherwise unbiased for factors such as accretion
history and angular momentum.

The galaxies were examined using the radiative transfer program
SUNRISE to enable comparisons between the simulated galaxies and
real galaxies in the observed plane. The simulated galaxies have
colours and magnitudes that compare well with a sample of in-
clination corrected isolated galaxies from SDSS, and in particular
separate into the well-known red sequence and blue cloud. How-
ever, both simulated populations tend too much towards the ‘green
valley’, indicating that they contain more old stars than blue cloud
galaxies and more young stars than galaxies along the red sequence.

The surface brightness profiles of nearly all the simulated galax-
ies can be fit with exponential discs combined with a central de
Vaucouleurs r1/4 law similar to real galaxies. However, the propor-
tion of B/T ratios is higher than what is typically observed. The
B/T ratios are also high when the stars are decomposed into the
spheroid and disc based on their kinematics. There are no galaxies
with a B/T ratios less than 0.5 whereas observed samples find many
galaxies with B/T < 0.5. This result is similar to that found in many
previous simulations. We note that many of the recently formed
stars that are classified as part of the spheroid form with orbits in
the disc plane in the central regions of the disc. We also note that
most of the stars that comprise the spheroid formed in situ, but we
leave the question of how the stars may migrate from the disc to a
spherical distribution for future work.

As to the question of why galaxies form with more or less
spheroid, there seems to be a modest trend with accretion history.
We find that the largest discs (g1536 and g15784) form with a quiet
merger history in which they had their last major merger prior to
z = 3, while the largest bulges all resulted from recent last major
mergers. There also appears to be a dependence on halo spin as
g25271 has a relatively quiet merger history, but low λ′ and results
in a significant bulge and red colour. Since all the galaxies used
in MUGS fall in a limited mass range, these conclusions do not
include the impact of mass.

We compare the brightness of the final galaxies with their mass at
two different radii in the final output. First, we compare our galaxies
with the observed TF relationship that probes the amount of light a
galaxy produces with the mass contained in its inner regions. Since
the final mass concentration of all the galaxies is too high, we use
a rotation velocity from 3.5 disc scalelengths away from the galaxy
centre. Previous studies have shown that this is the radius at which
rotation velocities converge. The galaxies are still slightly fainter
than the observed sample based on these inner velocities. Secondly,
we compare the brightness of our galaxies with observations of
the whole halo mass derived using a number of different methods.
In each case, the simulated galaxies are brighter than comparable
observed galaxies at the same mass. This indicates that too many
stars form in the simulation. The high central velocities used in
the TF relationship indicate that mass gets too concentrated at the
centres of the haloes and while the galaxies are fainter than the
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observed TF relationship, the lack of resolution makes it difficult to
determine whether the amount of stars formed is too many or too
few.

We are thus left with the challenge of creating more realistic
simulations in order to obtain more accurate insights into how the
important physical processes involved in galaxy formation result
in the observed population of galaxies. Fortunately, there has been
much recent work that guides the way forward. It has been shown re-
peatedly that higher resolution makes better discs (Governato et al.
2004, 2007). More recently, it has been shown that high resolution
combined with clustered star formation can remove central den-
sity concentrations from dwarf galaxies (Mashchenko, Wadsley &
Couchman 2008; Governato et al. 2010).

While these simulations open many possibilities for expanding
our understanding of how galaxies form, they also show that there
is much work left to be done before we can claim to have simulated
a sample of galaxies that compares well with real ones.
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