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ABSTRACT
In this supplementary material we give a full description of the treatment of astrophys-
ical processes in our 2020 model of galaxy formation. The most significant update with
respect to previous public releases is the ability to spatially resolve phenomena hap-
pening in galactic discs. This model is built on subhalo merger trees constructed from
the Millennium and Millennium-II simulations after scaling to represent the first-year
Planck cosmology. A set of coupled differential equations allow us to follow the evolu-
tion of six baryonic components. Five of these are associated with individual galaxies
– a hot gas atmosphere, cold interstellar gas, a reservoir of gas ejected in winds, stars
split into bulge, disc and intracluster light components, and central supermassive black
holes. The sixth, diffuse primordial gas, is associated with dark matter which is not yet
part of any halo. Primordial gas falls with the dark matter onto sufficiently massive
haloes, where it is shock-heated. The efficiency of radiative cooling then determines
whether it is added directly to the cold gas of the central galaxy, or resides for a while
in a hot gas atmosphere. The properties of cold interstellar gas are followed in concen-
tric rings where cold gas is partitioned into HI and H2 and the latter is converted into
stars, both quiescently and in merger-induced starbursts which also drive the growth
of central supermassive black holes. Stellar evolution is tracked independently in each
ring and not only determines the photometric appearance of the final galaxy, but also
heats and enriches its gas components, in many cases driving material into the wind
reservoir, from which it may later fall back into the galaxy. Accretion of hot gas onto
central black holes gives rise to radio mode feedback, regulating condensation of hot
gas onto the galaxy. Environmental processes like tidal and ram-pressure stripping
and merging affect the gas components of galaxies, as well as the partition of stars
between discs, bulges and the intracluster light, a diffuse component built from tidally
disrupted systems. The radial structure of discs and bulge sizes are estimated from
simple energy and angular momentum-based arguments.

Key words: galaxies: formation – galaxies: evolution – galaxies: high-redshift –
methods: analytical – methods: statistical

S1 INTRODUCTION

The “Munich” model of galaxy formation is a semi-analytic
scheme for simulating the evolution of the galaxy popula-
tion as a whole and has been continually developed over

? E-mail:brunohe@phys.ethz.ch

the last quarter century (White 1989; White & Frenk 1991;
Kauffmann et al. 1993, 1999; Springel et al. 2001, 2005).
The 2005 completion of the Millennium Simulation enabled
implementation of the model on dark matter simulations
of high enough resolution to detect the structures asso-
ciated with the formation of individual galaxies through-
out cosmologically relevant volumes. Updates to the bary-

c© 0000 The Authors



2 Bruno M. B. Henriques et al.

onic physics have resulted in a series of publicly released
galaxy/halo/subhalo catalogues that have been widely used
by the community (Croton et al. 2006; De Lucia & Blaizot
2007; Bertone et al. 2007; Guo et al. 2011, 2013; Hen-
riques et al. 2015).1 The model of the current paper up-
dates that of Henriques et al. (2015), aiming at better rep-
resentation of the observed build-up over time and of the
present star formation activity of the low-mass galaxy pop-
ulation (8.0 6 logM∗/M� 6 9.5). Guo et al. (2011) it-
self updated earlier treatments of supernova feedback and
of galaxy mergers in order to agree better with observations
of dwarf and satellite galaxies. It also introduced detailed
tracking of the angular momentum of different galaxy com-
ponents so that the size evolution of discs and bulges could
be followed. Finally, Guo et al. (2013) implemented the pro-
cedure of Angulo & White (2010) so that the Millennium
Simulation could be used to model evolution in cosmologies
other than its native WMAP1 cosmology.

In this Supplementary Material we aim to give a de-
tailed and fully self-contained summary of the treatment of
baryonic physics in our current model. Many aspects of this
are unchanged since earlier models but repetition of material
in a single coherent and complete description seems prefer-
able to referring each model element back to the particular
earlier paper where it was first used.

S1.1 Dark Matter Simulations

The galaxy formation model of this paper is built on sub-
halo merger trees describing the evolution of dark matter
structures in two large dark matter simulations, the Mil-
lennium (Springel et al. 2005) and Millennium-II (Boylan-
Kolchin et al. 2009) simulations. Both assume a ΛCDM cos-
mology with parameters derived by a combined analysis of
the 2dFGRS (Colless et al. 2001) and the first-year WMAP
data (Spergel et al. 2003):σ8 = 0.9, H0 = 73 km s−1Mpc−1,
ΩΛ = 0.75, Ωm = 0.25, Ωb = 0.045 and n = 1.0 For
this work the original cosmology has been scaled, using the
Angulo & White (2010) technique, as updated by Angulo
& Hilbert (2015), to represent the best-fitting cosmologi-
cal parameters derived from the first-year Planck data. The
underlying cosmology of the dark matter simulations and
thus the galaxy formation model is then: σ8 = 0.829, H0 =
67.3 km s−1Mpc−1, ΩΛ = 0.685, Ωm = 0.315, Ωb = 0.0487
(fb = 0.155) and n = 0.96.

Both the Millennium and Millennium-II simulations
trace 21603 (∼10 billion) particles from z = 127 to the
present day. The Millennium was carried out in a box of
original side 500h−1Mpc = 685 Mpc. After rescaling to the
Planck cosmology, the box size becomes 714 Mpc, implying
a particle mass of 1.43× 109 M�. The Millennium-II follows
a region a fifth the linear size, resulting in 125 times bet-
ter mass resolution. Combined, the two simulations follow
dark matter haloes which host galaxies spanning five orders
of magnitude in stellar mass at z = 0. The particle data
were stored in 64 and 68 output snapshots, respectively, for
the Millennium and Millennium-II with the last 60 overlap-
ping between the two simulations. After rescaling, the last
five snapshots of each simulation correspond to the future,

1 See http://www.mpa-garching.mpg.de/millennium

and z = 0 corresponds to the sixth from last of the origi-
nal snapshots. At each time the data were post-processed in
order to produce a friend-of-friends (FOF) group catalogue
by joining particles separated by less than 20% of the mean
interparticle spacing (Davis et al. 1985). The SUBFIND al-
gorithm (Springel et al. 2001) was then applied to identify
all the self-bound substructures in each FOF group. The ra-
dius of the FOF group is defined as the radius of the largest
sphere centered on the potential minimum which contains
an overdensity larger than 200 times the critical value. The
group mass is then the total mass within this sphere and
other group properties are related by:

M200c =
100

G
H2(z)R3

200c
=

V 3
200c

10GH(z)
, (S1)

where H(z) is the Hubble constant at redshift z.
Every subhalo in a given snapshot which contains 20 or

more bound particles is connected to a unique descendant
in the subsequent snapshot and these links are then used to
build subhalo merger trees which encode the assembly his-
tory of every subhalo identified at z = 0. These trees are the
basis on which the galaxy formation model is constructed
(see Springel et al. 2005). They allow us to build much more
realistic satellite galaxy populations than would be possible
using trees linking the FOF haloes themselves. The most
massive subhalo in each FOF group is usually much bigger
than all the others, and is defined as the “main halo”: the
group central galaxy (which we often refer to as a “type
0” galaxy) is located at the minimum of the potential of
this main halo. All other bound subhaloes contain satellite
galaxies at their centres (type 1’s). In addition, our galaxy
formation model follows satellites which have already lost
their own dark matter subhaloes but which are yet to merge
with the central galaxy. Such objects are referred to as “type
2” galaxies or “orphan” satellites. Their position and veloc-
ity are tied to those of the dark matter particle that was the
most bound within their subhalo at the last time that this
was identified by SUBFIND with at least 20 particles.

S1.2 Overview of the galaxy formation physics

Our model for galaxy formation starts by assigning a cos-
mic abundance of baryons to each collapsed dark matter
halo. Subsequent growth brings its fair share of baryons in
the form of primordial diffuse gas which shock-heats and
then either cools immediately onto the disc of the central
galaxy, or is added to a quasi-static hot atmosphere which
accretes more slowly through a cooling flow. The disc of cold
gas fuels the formation of stars which eventually die, releas-
ing energy, mass and heavy elements into the surrounding
medium. In the present release of our model all processes in
galactic discs are treated in spatially resolved rings. SN en-
ergy reheats cold disc gas, injecting it into a hot atmosphere,
which may itself also be ejected into an external reservoir
to be reincorporated only at some much later time. Black
holes are assumed to grow primarily through the accretion
of cold gas during mergers, but also through quiescent accre-
tion from the hot atmosphere, which releases energy which
can counteract the cooling flow. This form of feedback even-
tually curtails star formation in the most massive systems.

A number of environmental processes act on satellites
as soon as they cross the virial radius of their host. Tidal
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forces are assumed to remove hot gas, cold gas and stars
while hot gas is also removed by ram-pressure stripping.
These processes gradually quench star formation, particu-
larly in satellites orbiting within more massive systems. As
dark matter subhaloes merge, so do their associated galax-
ies, although with some delay. Once a subhalo is fully dis-
rupted, its galaxy spirals into the central galaxy, merging
after a dynamical friction time and creating a bulge and a
burst of star formation. Bulges also form through secular
processes whenever discs become sufficiently massive to be
dynamically unstable.

Finally, the light emitted from stellar populations of
different ages is computed via population synthesis models
and dust extinction corrections are applied. The uncertain
efficiencies and scalings characterising all these physical pro-
cesses are simultaneously determined by using MCMC tech-
niques to fit a set of calibration observations (in this paper,
abundances and passive fractions as a function of stellar
mass at z = 0 and 2 and abundances as a function of HI
mass at z = 0).

S1.3 Infall and reionization

Following the standard White & Frenk (1991) approach we
assume that each collapsed dark matter structure will, at
every time, have a mass of associated baryons given by the
cosmic mean baryon fraction, fcos

b = 15.5% for the Planck
cosmology. As haloes grow, we assume that matter that was
not previously part of any object is added in these same pro-
portions, with the baryons in the form of diffuse primordial
gas which shock-heats on accretion, thereafter either cool-
ing again immediately or being added to a quasi-static hot
atmosphere.

For sufficiently low-mass haloes and over a large part of
cosmic history this simple picture needs modification, since
photo-heating by the UV background field raises the temper-
ature of diffuse intergalactic gas to the point where pressure
effects prevent it from accreting onto haloes with the dark
matter (Efstathiou 1992). In order to model this, we use re-
sults from Gnedin (2000) who defines a filtering halo mass,
MF (z), below which the baryonic fraction is reduced with
respect to the universal value according to:

fb(z,M200c) = fcos
b

(
1 + (2α/3 − 1)

[
M200c

MF (z)

]−α)−3/α

.

(S2)
For haloes with M200c > MF suppression of the baryon frac-
tion is small, but for haloes with M200c �MF (z) the baryon
fraction drops to (M200c/MF (z))3. We adopt α = 2 and take
MF (z) from the numerical results of Okamoto et al. (2008).
MF varies from ∼ 6.5× 109 M� at z = 0, to ∼ 107 M� just
before reionization starts at z = 8.

S1.4 Cooling modes

Infalling diffuse gas is expected to shock-heat as it joins a
halo. At early times and for low-mass haloes the accretion
shock happens close to the central object and the post-shock
cooling time is short enough that new material settles onto
the cold gas disc at essentially the free-fall rate. At later
times and for higher mass haloes the accretion shock moves

away from the central object, settling at approximately the
virial radius, while the post-shock cooling time exceeds the
halo sound crossing time. The shocked heated gas then forms
a quasi-static hot atmosphere from which it can gradually
accrete to the centre via a cooling flow. The halo mass sepa-
rating these two regimes is ∼ 1012 M� (White & Rees 1978;
White & Frenk 1991; Forcada-Miro & White 1997; Birnboim
& Dekel 2003). In a realistic, fully three-dimensional situa-
tion a hot quasi-static atmosphere can coexist with cold in-
flowing gas streams in haloes near the transition mass (Kereš
et al. 2005; Nelson et al. 2013) but the overall rate of accre-
tion onto the central object remains similar to that given
by the formulae below (Benson et al. 2001; Yoshida et al.
2002).

Following the formulation of White & Frenk (1991) and
Springel et al. (2001), we assume that, in the quasi-static
regime, gas cools from a hot atmosphere where its distri-
bution is isothermal. The cooling time is then given by the
ratio between the thermal energy of the gas and its cooling
rate per unit volume:

tcool(r) =
3µmHkT200c

2ρhot(r)Λ(Thot, Zhot)
, (S3)

where µmH is the mean particle mass, k is the Boltzmann
constant, ρhot(r) is the hot gas density and Zhot is the hot
gas metallicity. Thot is the temperature of the hot gas which
is assumed to be the virial temperature of the halo given
by T200c = 35.9 (V200c/km s−1)2 K (for subhaloes we use this
temperature as estimated at infall). Λ(Thot, Zhot) is the equi-
librium cooling function for collisional processes which de-
pends both on the metallicity and temperature of the gas
but ignores radiative ionization effects (Sutherland & Do-
pita 1993). The hot gas density as a function of radius for a
simple isothermal model is given by:

ρhot(r) =
Mhot

4πR200cr
2

(S4)

and assuming that the cooling radius is where the cooling
time equals the halo dynamical time:

rcool =

[
tdyn,hMhotΛ(Thot, Zhot)

6πµmHkT200cR200c

] 1
2

, (S5)

where tdyn,h is the halo dynamical time defined as
R200c/V200c = 0.1H(z)−1 (De Lucia et al. 2004b). The spe-
cific choice of coefficient for the dynamical time of the halo
is, of course, somewhat arbitrary.

When rcool < R200c we assume that the halo is in the
cooling flow regime with gas cooling from the quasi-static
hot atmosphere at a rate:

Ṁcool = Mhot
rcool

R200c

1

tdyn,h
. (S6)

When rcool > R200c the halo is in the rapid infall regime and
material accretes onto the central object in free fall, thus on
the halo dynamical time:

Ṁcool =
Mhot

tdyn,h
. (S7)

This particular formula for rapid infall was introduced in
Guo et al. (2011) in order to ensure a smooth transition
between the two regimes.
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S1.5 Resolved properties of discs

Semi-analytic models traditionally aim to follow the key
baryonic components of galaxies in a global manner. i.e. a
single value describes the mass of cold gas in the interstellar
medium (ISM), of stars in a disc, or of hot gas in a halo,
with no attempt to model the spatial distribution of material
within these components. Consequently, there is a relatively
simple connection between dark matter and galaxy baryonic
properties.

Despite introducing a significant additional layer of
complexity, there are advantages to following the internal
structure of these components. One clear benefit is the pos-
sibility of comparing directly to kpc-scale observations of
properties such as stellar or gas surface density, SFR or
metallicity within nearby galaxies. Such comparisons are
becoming viable now that dedicated surveys with modern
multi-object IFU spectrographs have greatly increased the
number of galaxies with spatially resolved data(Bacon et al.
2010; Croom et al. 2012; Sánchez et al. 2012; Bundy et al.
2015).

The ability to track the internal strucgture of galactic
discs is also critical for modelling the transition from atomic
to molecular gas. Molecular gas formation is believed to de-
pend on gas density and to occur predominantly in the dens-
est regions near the centres of galaxies. Thus, to follow the
formation of H2, it is necessary to model the surface density
distribution of cold gas within discs. This in turn enables
implementation of a spatially resolved model for star forma-
tion based on H2 surface density rather than on total ISM
gas content.

In the present work, we limit spatial tracking to the
stellar and gas discs of galaxies. Following Fu et al. (2013),
this is done by dividing discs into a series of concentric annuli
or ‘rings’, with outer edges given by:

ri = 0.01× 2.0i h−1kpc (i = 1, 2...12). (S8)

This allows us to follow the accretion of cooling gas, the tran-
sition of atomic to molecular gas, the conversion of molecular
gas into stars, and the release of energy and enriched mate-
rial in individual rings within each model galaxy. The radius
we adopt for the inner rings is slightly smaller than in Fu
et al. (2013) in order to resolve the properties of dwarf galax-
ies. The fact that the same ring radii are used for all galaxies
allows easy addition of each baryonic component ring by ring
when two galaxies merge, though this is, of course, a grossly
oversimplified version of what actually happens in a galaxy
merger.

S1.6 Gas infall into galaxies

The first step in the modelling of resolved disc properties is
the choice of the surface density profile of newly added ma-
terial that cools from the hot halo. We assume that newly
accreted cold gas follows an exponential profile (with a uni-
form metallicity equal to that of the hot gas):

Σgas(r) = Σ0
gas exp(−r/rinfall), (S9)

where:

Σ0
gas =

mcool

2πr2
infall

. (S10)

Assuming angular momentum is conserved during gas cool-
ing and infall (Mo et al. 1998):

rinfall =
jhalo

2Vc
, (S11)

where jhalo is the specific angular momentum of the halo
and Vc is its circular speed.2 Unlike in Guo et al. (2011)
and Henriques et al. (2015), we assume that the angular
momenta of infalling material is aligned with that already
in the disc. This, combined with having a ring structure
with fixed sizes, allows us to directly add new material into
pre-existing discs without having to shuffle material during
accretion. The scale length of the accreted gas is determined
from the spin parameter of the halo of the central galaxy
and added to the existing disc. We treat the accretion of
cold gas from satellite galaxies during mergers as any other
gas accretion event.

For each cooling episode, the newly accreted gas is di-
rectly superimposed onto the pre-existing gas profile. Since
the disc and halo sizes are smaller at high redshift, so is the
scale length of the infalling gas. As a result, the radial extent
of the infalling material is larger at later times, causing the
disc to grow (see Figure 1 in Fu et al. 2010). This naturally
leads to an inside-out growth of discs, as is incorporated in
many disc formation models (e.g. Kauffmann 1996; Dalcan-
ton et al. 1997; Avila-Reese et al. 1998; Dutton 2009; Fu
et al. 2009; Pilkington et al. 2012).

S1.7 H2 formation

Fu et al. (2010, 2012, 2013) have tested different prescrip-
tions for the conversion of atomic hydrogen into molecules.
In particular, two prescriptions were implemented. The first
was the Krumholz et al. (2009) model, in which the H2 frac-
tion is primarily a function of local cold gas surface den-
sity and metallicity. The second was the relation originating
from Elmegreen (1989, 1993), Blitz & Rosolowsky (2006)
and Obreschkow & Rawlings (2009), in which the fH2 is a
function of the pressure in the ISM.

As shown in Fu et al. (2010, 2012, 2013) galaxy prop-
erties are quite insensitive to this choice and depend much
more critically on the adopted star formation law. Never-
theless, some differences can be seen for the metal content
of cold gas, which better resemble observations when using
the Krumholz et al. (2009) prescription. Therefore, this will
be our default choice.

The Krumholz et al. (2009) model for H2 formation
calculates an equilibrium H2 fraction, fH2 = ΣH2/(ΣH2 +
ΣHI), for a spherical cloud with a given dust content and
surrounded by a photo-dissociating UV field. Following Fu
et al. (2013) this prescription is updated using the McKee
& Krumholz (2010) fitting equations with the molecular gas
fraction fH2 given by:

fH2 =

{
2(2−s)

4+s
, s < 2;

0, s > 2.
(S12)

2 For an isothermal sphere, Vc is independent of radius; we set it
equal to the maximum circular velocity of the dark matter halo.
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In this prescription, s is given by:

s =
ln(1 + 0.6χ+ 0.01χ2)

0.6τc
, (S13)

in which χ = 3.1 (1 + 3.1Z′0.365)/4.1, τc =
0.066 (Σcomp/M�pc−2) Z′, Z′ = Zgas/Z� is the gas-
phase metallicity in solar units (with Z� = 0.0134,
following Asplund et al. 2009) and Σcomp is the gas surface
density of the gas cloud. Since the gas surface density in the
model is the azimuthally averaged value in each concentric
ring, a clumping factor cf is introduced to take into account
the fact that the gas in real disk galaxies is not smooth. We
introduce an effective gas density Σcomp:

Σcomp = cfΣgas. (S14)

Since there is observational evidence that the gas in metal
poor dwarf galaxies is more clumpy than in more metal rich
galaxies like our own Milky Way (Lo et al. 1993; Stil & Israel
2002), we adopt a variable clumping factor that depends on
gas-phase metallicity:

cf =


0.01−0.7, Z′ < 0.01;

Z′−0.7, 0.01 6 Z′ < 1;

1, Z′ > 1.

(S15)

Fu et al. (2013) found that the Krumholz et al. (2009) pre-
scription can easily yield non-convergent results at very low
metallicities. The reason is that molecular cloud formation
can only happen after metals have been produced, while
metal production requires molecular clouds and star for-
mation. As a result, the H2 formation rates for galaxies
that have recently started forming stars are quite uncer-
tain. We therefore assume that galaxies with Z′ < 0.01 have
Z′ = 0.01 for the purpose of calculating the clumping factor,
which yields cf ∼ 25, in agreement with the values of 20-30
used in simulations of high-redshift, low-metallicity systems
(e.g. Wang et al. 2011; Kuhlen et al. 2012). Between Z′ = 0.1
and 1 the clumping factor varies from 5 to 1, which agrees
with the values suggested for normal galaxies in Krumholz
et al. (2009).

S1.8 H2 based star formation law

Once a model for the spatially resolved formation of H2 has
been implemented, it is possible to adopt a star formation
law in which the amount of stars formed is directly related
to the amount of H2 present in a certain region of a galactic
disc. As in Fu et al. (2013), we assume that star forma-
tion surface density is proportional to the H2 surface den-
sity (e.g. Leroy et al. 2008; Bigiel et al. 2011; Schruba et al.
2011; Leroy et al. 2013). However, we also include an inverse
dependence with dynamical time, such that:

ΣSFR = αH2ΣH2/tdyn, (S16)

where tdyn = Rcold/Vmax. This ensures that star forma-
tion is more efficient at early times where dynamical times
are shorter, in accordance with recent observational find-
ings (Scoville et al. 2017; Genzel et al. 2015). In addition, it
makes more physical sense to have gas clouds collapsing on
a timescale that is related to the dynamical time of the disc
rather than a universal constant.

S1.9 Gas inflow

Whenever gas cools into the disc we assume that it retains
its angular momentum and that there is no subsequent an-
gular momentum loss during mergers or disc instabilities. In
reality, both the differences in angular momentum between
disc and infalling material (Lynden-Bell & Pringle 1974), the
transfer of angular momentum between the disc and the dark
matter halo and galaxy interactions can lead to the radial in-
flow of material towards the centre of galactic discs. As in Fu
et al. (2013), we attempt to model this phenomena by intro-
ducing a radial inflow of gas from the outer to the inner disc.
This should be interpreted as a simple phenomenological de-
scription of the effect; a physically-motivated treatment of
this process will be included in future work.

We assume that the rate of change of the gas disc an-
gular momentum is proportional to its angular momentum:

dLgas

dt
∝ Lgas, (S17)

which leads to the velocity scaling with distance from the
centre:

vinflow = αvr =
r

tv
, (S18)

since Lgas = mgasrgasvcir.
We do not include αv in the MCMC sampling of the

parameter space since we do not include observations of
spatially resolved properties as constraints. Nevertheless, we
adopt a larger value than in Fu et al. (2013) (αv = 1.0 in-
stead of 0.7 km s−1kpc−1, corresponding to tv ≈ 1.1 instead
of 1.4 Gyr) in order to reach a compromise between having
extended enough gas profiles for Milky-Way like galaxies and
ensuring that gas in the outer rings of very massive galaxies
flows to the centre and forms stars within a few Gyrs af-
ter cooling has stopped. This is necessary to reproduce the
predominantly red colours of these systems at z = 0.

S1.10 Supernova feedback

Stars release large amounts of mass and energy in the lat-
ter stages of their evolution, both through supernovae and
through stellar winds. In previous versions of our model we
assumed that most metals and energy were released by short
lived massive stars and adopted the instantaneous recycling
approximation: the full yield of metals and energy were re-
leased immediately after any episode of star formation. With
the incorporation of a spatially resolved chemical enrichment
model we can now track in detail the release of energy and
metals by stars of different mass at the appropriate time
after their formation.

At any given time, energy is released by the different
stellar populations in each galactic ring and reheats part of
its cold interstellar medium into the hot gas atmosphere.
This atmosphere itself is also heated, compensating for its
cooling and causing some of it to flow out of the galaxy in
a wind. This feedback process is a critical aspect of galaxy
formation and has long been identified as the main agent
controlling its overall efficiency (Larson 1974; White & Rees
1978; Dekel & Silk 1986). As a result, detailed modelling is
required if a simulation is to produce a realistic galaxy popu-
lation. Our specific feedback model is controlled by two main
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Figure S1. Illustration of the dependencies of SN feedback on halo properties. The top left panel shows the disc reheating efficiency

εdisk as a function of maximum circular velocity Vmax. Often referred to as the mass-loading factor, this is the ratio of the star formation

rate to the rate at which ISM material is heated and injected into the hot halo. The top right panel shows the halo ejection efficiency
εhalo as a function of Vmax. This is the fraction of the available SN energy which is used in reheating disc gas and in ejecting hot gas

from the halo. The bottom left panel gives ∆Meject/∆M?, the ratio between the hot gas mass ejected to an external reservoir and the

cold gas mass which is turned into stars. The bottom right panel shows the reincorporation time-scale treinc as a function of halo virial
velocity V200c and of redshift (note that the redshift evolution comes solely from the evolution in the relation between V200c and M200c ).

In each panel dashed lines refer to to the Henriques et al. (2015) model and solid lines to our new model with its best-fitting parameter

values. Colours in the bottom right panel indicate redshift as shown by the label.

efficiencies, each with three adjustable parameters. One effi-
ciency sets the fraction of the “SN” energy which is available
to drive long-term changes in the thermodynamic state of
the galaxy’s gas components (rather than being lost imme-
diately to cooling radiation), while the other controls the
fraction of this energy which is used to reheat cold gas and
inject it into the hot gas atmosphere, the remainder being
used to heat this atmosphere directly. Heating of the hot
atmosphere results in ejection of “wind” material to an ex-
ternal reservoir from which it may or may not be reincor-
porated at a later time, depending on the mass of the host
system.

The energy effectively available to the gas components
from supernovae and stellar winds is taken to be:

∆ESN = εhalo ×∆M?,RηSNESN, (S19)

where ∆M?,R is the mass returned to the ISM by different
stellar populations (as oposed to the mass of stars formed
used in Henriques et al. 2015), ηSN is the number of super-
novae expected per solar mass of stars returned to the ISM

(0.0149 M�
−1, assuming a universal (Chabrier 2003) IMF),

ESN is the energy released by each supernova (1051erg) and
εhalo is a free parameter given by:

εhalo = ηeject ×

[
0.5 +

(
Vmax

Veject

)−βeject]
. (S20)

The mass of cold gas reheated by star formation and
added to the hot atmosphere is assumed to be directly pro-
portional to the amount of stars returned to the ISM:

∆Mreheat,i = εdisk∆M?,Ri , (S21)

where the second efficiency is:

εdisk = εreheat ×

[
0.5 +

(
Vmax

Vreheat

)−βreheat]
(S22)

and ∆Mreheat,i and ∆M?,Ri are computed locally for
each ring. This reheating is assumed to require en-
ergy ∆Ereheat,i = 1

2
∆Mreheat,iV

2
200c

. If ∆Ereheat,i >
∆ESN × ∆M?,Ri/∆M?,R, the reheated mass in each
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ring is assumed to saturate at ∆Mreheat,i = ∆ESN ×
∆M?,Ri/∆M?,R/

(
1
2
V 2

200c

)
.

Any remaining SN energy is added up and used to eject
a mass ∆Meject of hot gas into an external reservoir:

1

2
∆MejectV

2
200c

= ∆ESN −∆Ereheat, (S23)

where ∆Ereheat is the sum over all the rings.
There is now considerable observational evidence for

ejection of interstellar gas due to star formation activity
(Shapley et al. 2003; Rupke et al. 2005; Weiner et al. 2009;
Martin et al. 2012; Rubin et al. 2013). While the overall im-
pact of such processes is still debated, observations of rapidly
star-forming systems tend to favour mass-loading factors
(the ratio of reheated mass to the mass of stars formed)
between 1 and 10. The mass-loading factors preferred by
our MCMC chains are shown as a function of virial velocity
in the top left panel of Fig. S1 and seem similar or somewhat
larger than observed.

Ejection of disc gas into the hot atmosphere has rela-
tively little impact when the latter has a short cooling time,
since this effectively drives a galactic fountain in which the
material soon returns and becomes available for star forma-
tion again. Ejection of gas from the hot phase to an external
reservoir has substantially stronger long-term effects, how-
ever, since such wind ejecta are unavailable for star forma-
tion for much longer periods. The top right panel of Fig. S1
shows εhalo, the fraction of the available energy that is used
in feedback processes, as a function of virial velocity, while
the bottom left panel shows ∆Meject/∆M?, the ratio of the
mass of gas ejected in a wind from the galaxy/halo system
to the mass of stars formed. For the parameters preferred
by our MCMC chains, the available energy is always used
with high efficiency.

It is interesting to note that the best-fit parameters
resulting from the MCMC sampling effectively represent a
model with significantly fewer degrees of freedom than origi-
nally allowed. While three parameters were used to describe
each of the functional forms showed in the two top panels of
Fig. S1, for our best fit model they can be represented only
using three parameters in total. In practice the mass loading
can be described by an inverse linear dependence with Vmax

(2 parameters) while all the available SN energy is used (1
parameter).

S1.10.1 SN feedback in satellite galaxies

The details of gas reheating and ejection just described, ac-
curately represent the impact of SN feedback in isolated
galaxies and in galaxies at the centre of an FoF group (type
0’s). For satellites at the centre of a subhalo (type 1’s), or or-
phan satellites with no dark matter, hot or ejected gas (type
2’s), the impact of environment must be taken into account.
When gas is reheated into the hot phase of a type 1 galaxy,
either its own cold gas or gas originated at a type 2 satellite,
a fraction is immediately removed due to tidal stripping. In
type 2’s, reheating will move their own cold gas into the
hot phase of their direct central companion, either a type 1
galaxy at the centre of a subhalo or a type 0 galaxy at the
centre of the main halo, from which the left-over energy will
eject material.

When calculating the amount of energy available from

SN and the reheating efficiency, eqs. S20 and S22, we always
use the Vmax of the halo from where the gas will be moved,
using the value at infall for satellites. The value for the virial
temperature at which reheating saturates and the escape
velocity of haloes at which gas is ejected are always taken
from the halo where the gas will end up.

S1.11 Reincorporation of gas ejected in winds

A number of recent papers have argued that most published
semi-analytic models and cosmological hydrodynamics sim-
ulations form low-mass galaxies (8.0 6 logM∗/M� 6 9.5)
too early, leading to an overabundance of these objects at
z > 1 (Fontanot et al. 2009; Henriques et al. 2011; Guo et al.
2011; Weinmann et al. 2012; Lu et al. 2014; Genel et al.
2014; Vogelsberger et al. 2014). In the context of the Mu-
nich galaxy formation model, the MCMC analysis of Hen-
riques et al. (2013) concluded that this can only be corrected
by coupling strong winds in low-mass galaxies with long
reincorporation times for the ejecta. This results in slower
growth at early times followed by a stronger build-up be-
tween z = 2 and 0 as the ejecta finally fall in again.

In the current work we adopt the implementation of
Henriques et al. (2013). The mass of gas returned to the hot
gas halo from the ejecta reservoir is taken to be:

Ṁejec = −Mejec

treinc
, (S24)

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

treinc = γreinc
1010 M�
M200c

, (S25)

rather than with the ratio of its dynamical time and circular
velocity, as in Guo et al. (2011). Note that a key aspect
of this phenomenological model is that diffuse gas is not
available for cooling onto the central galaxy as long as it
remains in the external reservoir. The precise location of this
reservoir is unspecified, and the gas may not leave the halo
entirely. Rather, its entropy may simply be raised above the
level assumed by our simple “isothermal” model, in which
case the reincorporation time-scales should be interpreted
as the time needed to cool to the point where the gas can
again be considered part of our standard cooling flow.

Reincorporation times for Henriques et al. (2015) and
our new model are shown as a function of virial velocity
and redshift in the lower right panel of Fig. S1. Note that
the redshift dependence simply results from the relation be-
tween M200c and V200c (eq. S1). In practice gas ejected in
winds from low-mass haloes will never be reincorporated un-
less they become part of a more massive system, while gas
returns immediately in the most massive haloes. This imple-
mentation agrees qualitatively with the behaviour seen by
Oppenheimer & Davé (2008) and Oppenheimer et al. (2010)
in their numerical simulations.

S1.12 Detailed star formation histories

As in Henriques et al. (2015), the current version of our
model stores star formation and metal enrichment histories
using the algorithm described in Shamshiri et al. (2015).
This aspect is essential for the implementation of the Yates

MNRAS 000, 000–000 (0000)



8 Bruno M. B. Henriques et al.

et al. (2013) chemical enrichment model in order to follow
the time-dependent release of mass and energy by dying
stars. In addition, this makes it possible to compute lumi-
nosities, colours and spectral properties in post-processing
using any stellar population synthesis model.

An important difference relevant for the present ver-
sion of our model is that since the detailed chemical enrich-
ment scheme is implemented at the level of the spatially
resolved rings in galactic discs, the recorded star formation
and metal enrichment histories must also be recorded sep-
arately for each ring. We store these history bins in each
ring with a time resolution that degrades for older stellar
populations. The most recent activity is always stored with
the maximum resolution, which is set to be equal to a single
substep of the main timestep of the semi-analytic model. As
the computation progresses, older bins are merged together
logarithmically. Shamshiri et al. (2015) showed that with
each timestep split into ∼20 substeps, one can recover the
UV luminosities of galaxies in post-processing with less than
10% scatter for more than 90% of the galaxies at any given
time (and with much lower scatter at longer wavelengths).

The resulting bin structure is shown as a function of
time in Fig. S2. As can be seen, there is a relatively high
resolution for stellar populations with ages less than ∼1 Gyr.
Typically, these stellar populations are tracked with more
than 5 bins with the highest resolution timesteps varying
from a few Myr at high redshifts to just over 10 Myr at
low redshifts. Populations with ages more than 1 Gyr are
represented by ∼ half a dozen bins at z = 0.

S1.13 Detailed chemical enrichment

With the present update of L-Galaxies, we also incor-
porate a galactic chemical enrichment (GCE) model that
tracks how much enriched material is returned to the inter-
stellar medium and circumgalactic medium by each stellar
population at any given time. This GCE scheme, introduced
by Yates et al. (2013), directly follows the delayed enrich-
ment of eleven individual chemical elements (H, He, C, N,
O, Ne, Mg, Si, S, Ca, and Fe) produced by SNe-Ia, SNe-II,
and winds from AGB stars, adopting mass and metallicity-
dependent stellar yields and lifetimes. This scheme also in-
cludes a reformulation of the associated SN feedback, so that
energy and heavy elements are released into the ISM and
CGM when stars die, rather than when they are born (i.e.
we eliminate the instantaneous recycling approximation). In
addition, in the present work, all the material and energy
ejected into the ISM by stellar populations is spatially re-
solved by being placed in the same ring in which the star or
supernova occurred.

The bulk of the GCE set-up used in this new version of
L-Galaxies is the same as described in Yates et al. (2013).
In brief, the total ejection rate of chemical element X by a
simple stellar population (SSP) at time t is given by,

eX(t) =

∫ MU

ML

MX(M,Z0) ψ(t− τM) φ(M) dM , (S26)

where M is the initial mass of a star, τM is its lifetime,
ML is the lowest mass of star to eject material at time t
(i.e. one with a lifetime of τM = t), MU is the maximum
star mass considered (120 M� in this work), and MX is the

mass of element X ejected per star, which depends on the
initial mass M and initial metallicity Z0. This ejecta mass
comprises both the yield, yX, and the mass of element X
that passes through a star unprocessed before being ejected.
Finally, ψ(t−τM) is the SFR at a star’s birth, and φ(M) dM
is the number of stars in the mass range M 7→ M+dM per
unit mass of star formation. For more details, we refer the
reader to section 4 of Yates et al. (2013).

Mass- and metallicity-dependent yields are taken from
Marigo (2001) for AGB stars, from Thielemann et al. (2003)
for SNe-Ia (not metallicity dependent), and from Portinari
et al. (1998) for SNe-II. Mass- and metallicity-dependent
stellar lifetimes are also taken from the calculations of Porti-
nari et al. (1998). A Chabrier (2003) IMF with a constant
high-mass-end slope of αIMF = −2.3 is always assumed.
When modelling the lifetimes of SNe-Ia, a constant power-
law delay-time distribution (DTD) with a slope of -1.12 is
assumed, following Maoz et al. (2012).

Two modifications to the parameters governing GCE
have been made here, in comparison to those chosen by
Yates et al. (2013). First, the fraction of objects between
3 and 16 M� in each stellar population that are assumed
to form SN-Ia progenitors has been increased from Aold =
0.028 to A = 0.04 (for our chosen IMF, this is equivalent
to a fraction of all objects in a stellar population that are
assumed to form SN-Ia progenitors of A′ = 0.00154). This
new value is still well within the range inferred from obser-
vations of the SN-Ia rate, which suggest 0.024 . A . 0.081
(Maoz et al. 2012).

Second, the amount of direct enrichment of the hot cir-
cumgalactic medium (CGM) by supernovae has been modi-
fied. Previously, all supernovae exploding in the stellar disc
were assumed to directly enrich the ISM. This material was
then fully mixed with the ambient cold gas, before being re-
heated into the CGM, or expelled from the dark matter halo
in galactic winds. In our new version of L-Galaxies, we in-
stead allow 30% of the ejecta from both SNe-II and SNe-Ia
to be directly dumped into the CGM, constituting a metal-
rich wind which is then allowed to cool and re-accrete onto
the galaxy along with the ambient hot gas. More sophisti-
cated prescriptions for the direct enrichment of the CGM
will be investigated in future work.

S1.14 Black hole related processes

In our model, the energy released by supernovae and stellar
winds has a dramatic effect on low-mass galaxies, but is un-
able to reducecooling onto massive systems (logM∗/M� >
10.5) to the very low rates inferred from their observed stel-
lar masses and star formation rates. We follow Croton et al.
(2006) in assuming that feedback from central supermassive
black holes is the agent that terminates galaxy growth in
massive haloes. Black holes are taken to form and to grow
when cold gas is driven to the centre of merging systems. In
addition, pre-existing black holes merge as soon as their host
galaxies do. This “quasar mode” growth is the main chan-
nel by which black holes gain mass in our model, but we
do not associate it with any feedback beyond that from the
strong starbursts which accompany gas-rich mergers. Black
holes are also allowed to accrete gas from the hot gas at-
mospheres of their galaxies, however, and this is assumed to
generate jets and bubbles which produce radio mode feed-
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Figure S2. The binning structure in which star formation histories are recorded at different snapshots/redshifts. The most recent bins,

at the bottom of the plot, have the best resolution, with a median age corresponding to a single internal time-step for the semi-analytic
calculation (20 times smaller than the time between snapshots). Older stellar populations are binned together resulting in widths ranging

from a few to ten million years for recent bins to a few Gyrs for the oldest stars.

back, suppressing cooling onto the galaxy and so eliminating
the supply of cold gas and quenching star formation. The rel-
ative importance of these two modes to black hole growth
is shown as a function of time and galaxy mass in Fig. 3 of
Croton et al. (2006).

S1.14.1 Quasar mode - black hole growth

Whenever two galaxies merge, their cold gas components
are strongly disturbed and a significant fraction is driven
into the inner regions where it may form a black hole or be
accreted onto a pre-existing black hole. When both galax-
ies contain a pre-existing black hole, these are expected to
merge during this highly dynamic phase of evolution.

The amount of gas accreted in the quasar mode is taken
to depend on the properties of the two merging galaxies as,

∆MBH,Q =
fBH(Msat/Mcen)Mcold

1 + (VBH/V200c)2
, (S27)

where Mcen and Msat are the total baryon masses of the
central galaxy and the satellite which merges with it, Mcold

is their total cold gas mass, V200c is the virial velocity of
the central halo and fBH and VBH are two adjustable pa-
rameters which control the fraction of the available cold gas
that is accreted and the virial velocity at which the effi-
ciency saturates. The mass of the black hole at the centre
of the final merged galaxy is thus taken to be MBH,f =
MBH,1 + MBH,2 + ∆MBH,Q where the subscripts 1 and 2
denote the masses of the progenitor black holes.

Mass accretion during mergers is the main channel of
black hole growth in our model. The fact that bulges and
black holes are formed in related processes results in a tight
relation between black hole and bulge masses.

S1.14.2 Radio mode - feedback

We assume that central supermassive black holes continu-
ally accrete gas from the hot gas atmosphere of their host
galaxies, and that this produces radio mode feedback which

injects energy into the hot atmosphere. Following Henriques
et al. (2015) we used a modified version of the original Cro-
ton et al. (2006) model for radio mode feedback:

ṀBH = kAGN

(
Mhot

1011 M�

)(
MBH

108 M�

)
. (S28)

This formula is equivalent to that of Croton et al. (2006)
divided by a factor of H(z)/H0, so accretion is enhanced
at lower redshifts. A comparison for the efficiency of AGN
growth and feedback between the current model and that of
Henriques et al. (2015) is shown in Fig. S3.

In our new model, as in its predecessors, the mass
growth of black holes through the radio mode is negligi-
ble in comparison with quasar mode accretion. This form of
growth is, however, important in that it is assumed to pro-
duce relativistic jets which deposit energy into the hot gas
halo in analogy with the hot bubbles seen in galaxy clusters
(McNamara & Nulsen 2007; B̂ırzan et al. 2004). The energy
input rate is taken to be

Ėradio = ηṀBHc
2, (S29)

where η = 0.1 is an efficiency parameter and c is the speed
of light. This energy then suppresses cooling from the hot
gas to the cold disc, resulting in an effective cooling rate
given by

Ṁcool,eff = max
[
Ṁcool − 2Ėradio/V

2
200c

, 0
]
. (S30)

We assume that elimination of the cooling flow also cuts off
the supply of gas to the black hole, so that heating of the
hot atmosphere beyond this point is not possible.

Despite growing observational and theoretical evidence
for the interaction of black holes with their gaseous envi-
ronment, we still lack an established theory for this process.
The equations given here, like those of Croton et al. (2006),
should be regarded as a purely phenomenological represen-
tation of some process which acts to prevent the cooling of
gas onto massive central galaxies without requiring addi-
tional star formation.

In addition to the change of eq. S28, a feature that we
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Figure S3. The scalings of the processes controlling black hole growth and AGN feedback. The left panel shows the maximum fraction

of cold gas accreted (for a major merger of equal mass galaxies) onto central black holes during mergers (quasar accretion) as a function
of virial velocity (eq. S27). The right panel shows the ratio of hot gas accretion rate to the product of hot gas and black hole masses (i.e.

the coefficient in eq. S28) as a function of redshift.

recently discovered in our dark matter merger trees moti-
vated another adjustment to our AGN radio mode feedback.
For one massive dark matter structure in the Millennium
Simulation, a low-mass satellite subhalo is at some point
converted into the main subhalo of the FOF group. As a re-
sult, a very small galaxy with a low-mass black hole suddenly
acquires > 1014 M� of hot gas. This leads to a short episode
of catastrophic cooling that increases the stellar mass of the
central galaxy by as much as two orders of magnitude.

In order to correct this numerical artefact we assume
that the AGN energy left over after offsetting the cooling of
hot gas in satellite galaxies can be used to offset cooling in
the hot gas of their hosts (for satellites within R200). As a
result, when the low-mass galaxy suddenly becomes the cen-
tral object of a cluster, the energy released from black holes
in other satellite galaxies is enough to suppress excessive
cooling from the hot atmosphere onto the central object.

S1.15 Environmental processes

The growth of structure in a ΛCDM universe affects galax-
ies as they and their haloes fall into larger systems and are
influenced by tides, by hydrodynamical forces from the hot
gas through which they move, and by encounters with other
galaxies. Such environmental effects remove material and
modify the structure and evolution of the galaxies, in some
cases leading to their complete disruption. Several such pro-
cesses are incorporated in our modelling and their treatment
here follows that of Guo et al. (2011) closely. However, envi-
ronmental effects appear overestimated in the earlier model,
which predicts a significantly higher fraction of quenched
satellite galaxies than is observed, particularly in interme-
diate mass haloes (logM200/M� ∼ 13.0) (e.g. Wang et al.
2012, 2014). We address this problem here by suppressing
ram-pressure stripping in such systems.

S1.15.1 Tidal and ram-pressure stripping

As soon as a halo falls into a larger system its mass growth
reverses as tidal forces begin to remove dark matter (e.g.
De Lucia et al. 2004a). In the Guo et al. (2011) model, this
implies that no new baryonic material is added to the system
and its hot gas atmosphere is stripped away in proportion
to its dark matter mass,

Mhot(Rtidal)

Mhot,infall
=

MDM

MDM,infall
, (S31)

where the limiting radius is given by a simple “isothermal”
model,

Rtidal =

(
MDM

MDM,infall

)
RDM,infall. (S32)

In these equations, MDM,infall, RDM,infall and Mhot,infall are
M200c , R200c and the hot gas mass of the halo just prior to
infall, and MDM and Mhot are the current masses of these
two components. By construction, tidal stripping will have
removed all hot gas once the subhalo is disrupted and the
galaxy becomes an orphan.

Hot gas can also be stripped by ram-pressure effects
which are followed starting when the satellite first falls
within the virial radius of its host. At a certain distance
Rr.p. from the centre of the satellite, self-gravity is approxi-
mately balanced by ram pressure:

ρsat (Rr.p.)V
2
sat = ρpar (R)V 2

orbit, (S33)

where ρsat(Rr.p.) is the hot gas density of the satellite at
radius Rr.p., Vsat is the virial velocity of the subhalo at in-
fall (which we assume to be constant as the subhalo orbits
around the main halo), ρpar(R) is the hot gas density of the
parent dark matter halo at the distance R of the satellite
from the centre of its potential well, and Vorbit is the orbital
velocity of the satellite, which we approximate as the virial
circular velocity of the main halo. The densities here are
again estimated from the total mass and limiting radius of
the relevant component according to an “isothermal” model,
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ρ ∝ r−2. Finally, the radius of the hot gas component is
taken to be the smaller of Rr.p. and Rtidal.

Following Henriques et al. (2015), we apply this ram-
pressure model only in haloes above a threshold mass (Mr.p.)
which we introduce as a free parameter which observational
constraints then require to be ∼ 1014 M�. This reduces the
excess of passive satellites found in the Guo et al. (2011) and
Henriques et al. (2013) models, while remaining consistent
with observation of ram-pressure stripping phenomena in
rich clusters.

Finally we note that ram-pressure effects on the cold
gas component are not included in our model. Such effects
are expected (e.g. Bekki 2014) and are indeed observed in
high density regions (e.g. Crowl et al. 2005; Fumagalli et al.
2014) but they require more extreme conditions than the
effects considered in this section.

S1.15.2 Tidal disruption of galaxies

Our implementation of the tidal disruption of the stellar
and cold gas components of galaxies is unchanged from Guo
et al. (2011). Since both components are considerably more
concentrated than the dark matter, we consider disruption
only for galaxies that have already lost their dark matter and
hot gas components. For such orphans, the baryonic (cold
gas + stellar mass) density within the half-mass radius is
compared to the dark matter density of the main halo within
the pericentre of the satellite’s orbit. If the latter is larger,
i.e.

MDM,halo(Rperi)

R3
peri

≡ ρDM,halo > ρsat ≡
Msat

R3
sat,half

, (S34)

the satellite is completely disrupted, its stars are added to
the intracluster light (ICL) and its cold gas is added to the
hot gas atmosphere of the central galaxy. The galaxy’s half-
mass radius is calculated from those of the cold gas and
stellar discs and the bulge (assuming exponential surface
density profiles for the first two and a surface density scal-
ing with r1/4 for the latter), while its orbital pericentre is
calculated as(

R

Rperi

2
)

=
lnR/Rperi + 1

2
(V/V200c)2

1
2
(Vt/V200c)2

, (S35)

assuming conservation of energy and angular momentum
and a singular isothermal potential for the orbit, φ(R) =
V 2

200c
lnR. In these equations, R is the current distance of

the satellite from halo centre, and V and Vt are the total
and tangential velocities of the satellite with respect to halo
centre (see Section S1.16.1 for a description on how these are
determined for orphans). We tested that this condition for
complete disruption of satellites gives very similar answers
to the more detailed implementation of gradual stripping
proposed by Henriques & Thomas (2010) (See Contini et al.
(2014) for a more extensive comparison of different imple-
mentations of tidal disruption).

S1.15.3 SN feedback in orphan galaxies

For orphan galaxies environmental effects are particularly
dramatic. Since our implementation of tidal stripping of hot
gas is directly connected to the stripping of dark matter,
once galaxies lose their halo, they also have no hot gas left.

As described in Section S1.10.1, from this point on, we also
assume that any cold gas reheated by star formation activity
leaves the galaxy and is added to the hot gas atmosphere
of the main halo. This can lead to rapid depletion of any
remaining cold gas.

S1.16 Mergers and bulge formation

S1.16.1 Positions and velocities of orphans

Once a satellite subhalo is disrupted, its central galaxy be-
comes an orphan and its position and velocity are linked to
those of the dark matter particle which was most strongly
bound within the subhalo just prior to its disruption. As
soon as a disruption event occurs, this particle is identified
and a merging clock is started, based on an estimate of how
long the satellite will take to spiral into the central object
due to dynamical friction. This time is computed using the
Binney & Tremaine (1987) formula:

tfriction = αfriction
V200cr

2
sat

GMsatlnΛ
, (S36)

where Msat is the total mass of the satellite (dark and bary-
onic), ln Λ = ln(1 + M200c/Msat) is the Coulomb logarithm
and αfrction = 2.4 is a parameter originally set by De Lucia
& Blaizot (2007) to match the bright end of the z = 0 lumi-
nosity functions. This value was later shown to be consistent
with inferences from direct numerical simulation (Boylan-
Kolchin et al. 2008; De Lucia et al. 2010) but should still be
considered poorly known. The Millennium-II simulation is
able to resolve subhaloes which have been stripped to masses
below that of their central galaxy. In such cases we turn on
the merging clock as soon as the subhalo mass drops below
the stellar mass in the galaxy.

Following Guo et al. (2011) we model the decay of the
satellite’s orbit due to dynamical friction by placing the or-
phan galaxy not at the current position of the particle with
which it is identified, but at a position whose (vector) offset
from the central galaxy is reduced from that of the particle
by a factor of (1−∆t/tfriction) where ∆t is the time since the
dynamical friction clock was started. The (vector) velocity
of the orphan galaxy is set equal to that of the tagged par-
ticle. This time dependence is based on a simple model for
a satellite with “isothermal” density structure spiralling to
the centre of an isothermal host on a circular orbit. When
∆t = tfriction the orphan merges with the central galaxy.

S1.16.2 Merger-triggered star formation

When a satellite finally merges with the object at the centre
of the main halo, the outcome is different for major and mi-
nor mergers. We define a major merger to be one in which
the total baryonic mass of the less massive galaxy exceeds
a fraction Rmerge of that of the more massive galaxy. In a
major merger, the discs of the two progenitors are destroyed
and all their stars become part of of the bulge of the descen-
dent, along with any stars formed during the merger. In a
minor merger, the disc of the larger progenitor survives and
accretes the cold gas component of the smaller galaxy (with
the proportion allocated to each ring being the same as for
the accretion of gas cooling from the hot halo), while its

MNRAS 000, 000–000 (0000)



12 Bruno M. B. Henriques et al.

bulge accretes all the stars of the victim. Stars formed dur-
ing the merger stay in the disc of the descendent. In both
types of merger, cold gas is fed to the central black hole ac-
cording to the formulae of Section S1.14.1. Rmerge is fixed
and not included in the MCMC analysis since we find some
tension between the values required for model predictions
to reproduce observed colours and observed morphologies.
Our adopted value of 0.1, slightly compromises the agree-
ment with the observed red fraction of galaxies at z = 1,
but ensures that the morphologies of massive galaxies in the
model are closer to observation.

The stellar mass formed during a merger in each ring
is modelled using the “collisional starburst” formulation of
Somerville et al. (2001):

M?,burst = αSF,burst

(
M1

M2

)βSF,burst

Mcold, (S37)

where M1 < M2 are the baryonic masses of the two galaxies,
and Mcold is the cold gas mass in that ring. The αSF,burst

and βSF,burst parameters were originally fixed to reflect the
results of the Mihos & Hernquist (1996) simulations, but in
the current work they are left free and are allowed to vary in
our MCMC analysis. Despite this, in our best-fitting model
the fraction of cold gas converted to stars in merger-related
bursts is relatively close to what was previously assumed.

S1.16.3 Bulge Formation in mergers and disc instabilities

In our model, bulges can form through major and minor
mergers and through the buckling instability of discs. After
a major merger, all stars are considered part of the new
bulge, but the remnant of a minor merger retains the stellar
disc of the larger progenitor and its bulge gains only the
stars from the smaller progenitor. We assume that whenever
a new bulge is formed during mergers its mass distribution
will follow a Jaffe (1983) profile with a scale length described
below. In disc instabilities, the material moved to the bulge
retains its radial distance to the centre of the galaxy.

Following Guo et al. (2011), we use energy conservation
and the virial theorem to compute the change in sizes in
both minor and major mergers:

C
GM2

new,bulge

Rnew,bulge
= C

GM2
1

R1
+C

GM2
2

R2
+αinter

GM1M2

R1 +R2
, (S38)

where the left-hand side represents the binding energy of the
final bulge, the first two terms of the right-hand side repre-
sent the binding energies of the progenitor stellar systems
(the radii in these three terms are taken to be the half-mass
radii of the corresponding stellar systems) and the last term
is the binding energy of the relative orbit of the two pro-
genitors at the time of merger. C parametrizes the binding
energy of the galaxy and αinter parametrizes the effective
interaction energy deposited in the stellar components. As
in Guo et al. (2011) we adopt C = 0.5 and αinter = 0.5. For
major mergers, M1 and M2 are the sum of the mass of stars
and of the cold gas converted into stars for the two progen-
itors, and R1 and R2 are the corresponding half-mass radii.
For minor mergers, M1 and R1 are the mass and half-mass
radius of the bulge of the major progenitor, and M2 and R2

are the stellar mass and the half-stellar-mass radius of the
minor progenitor, respectively.

We assume that the material that forms a new bulge

after a merger is instantly mixed and has a characteristic
length given by equation S38 above and a Jaffe (1983) pro-
file:

ρbulge(r) =
mbulge

4πr3
b

(
r

rb

)−2(
1 +

r

rb

)−2

. (S39)

For the material transferred between the discs of the two
merging galaxies, we treat the accreted gas from the satel-
lite in the same way as gas cooling from the halo. The scale
length of the accreted gas is determined from the specific an-
gular momentum and Vmax of the halo of the central galaxy
using Eq. S11.

Another important channel of bulge growth is secu-
lar evolution through disc instabilities. These dynamical in-
stabilities occur through the formation of bars which then
buckle. They transport material inwards to the bulge and
they occur in galaxies where self-gravity of the disc domi-
nates the gravitational effects of the bulge and halo. As a
criterion for disc instability, we follow Guo et al. (2011) in
adopting

Vmax <

√
GM?,d

3R?,d
, (S40)

where M?,d and R?,d are the stellar mass and exponential
scale-length of the stellar disc and Vmax is the maximum
circular velocity of the dark matter halo hosting the disc.

When the instability criterion of eq. S40 is met, we
transfer sufficient stellar mass from the disc to the bulge
to make the disc marginally stable again. Mass from the in-
ner parts of the disc is transferred first, moving outwards
in rings, until all the necessary material has been trans-
ferred and the disc is stable again. If this material forms a
new bulge, it is assumed to have a half-mass radius equal
to the outer radius of the region. If the galaxy already has
a spheroidal component, the newly created bulge material
is assumed to merge with the existing bulge according to
eq. (S38), but adopting αinter = 2. The larger value of αinter

accounts for the larger interaction energy when having two
concentric components with no relative motion.

We note that the present model neglects the contribu-
tion of the cold gas component to the stability of discs. This
is an oversimplification and in reality instabilities in the cold
gas are likely to contribute to the stability of stellar discs
and themselves drive star bursts and black hole growth. A
more detailed recipe for the treatment of this process has
recently been incorporated in the Henriques et al. (2015)
version of our model by Irodotou et al. (2018). The authors
found the new treatment to significantly improve the prop-
erties of instability driven, intermediate mass bulges, and we
plan to incorporate this work in future public releases.

S1.17 Stellar populations synthesis

Stellar population synthesis models are a crucial part of
galaxy formation theory as they link the masses, ages and
metallicities predicted for stars to the observable emission
at various wavelengths. We use Maraston (2005) as our de-
fault stellar population synthesis model, but we have checked
that the publicly released but still unpublished Charlot &
Bruzual (2007) code leads to very similar results for all the
properties we consider. Somewhat different predictions are

MNRAS 000, 000–000 (0000)



L-Galaxies 2020 13

obtained with the earlier Bruzual & Charlot (2003) code
because of the weaker emission it assumes for the TP-AGB
stage of evolution of intermediate age stars. Recent work by
a number of authors suggests that the more recent models
are in better agreement with observed near-infrared emis-
sion from bright galaxies at z > 2 (Henriques et al. 2011,
2012; Tonini et al. 2009, 2010; Fontanot & Monaco 2010;
Tonini et al. 2011; Gonzalez-Perez et al. 2014). For the Mu-
nich galaxy formation model, in particular, Henriques et al.
(2011) and Henriques et al. (2012) showed that Maraston
(2005) or Charlot & Bruzual (2007) populations give stellar
mass and K-band luminosity functions for which the mas-
sive/bright end agrees with observation from z = 3 to 0.
Nevertheless, as part of our model release we will, for com-
parison purposes, also include luminosities computed using
Bruzual & Charlot (2003) stellar populations.

S1.18 Dust Model

Actively star-forming galaxies are known to be rich in dust.
This can have a dramatic effect on their emitted spectrum
since dust significantly absorbs optical/UV light while hav-
ing a much milder effect at longer wavelengths. As a re-
sult, dust-dominated galaxies will generally have red colours
even if they are strongly star forming. We follow De Lu-
cia & Blaizot (2007) in considering dust extinction sepa-
rately for the diffuse interstellar medium (ISM) (following
Devriendt et al. 1999) and for the molecular birth clouds
within which stars form (following Charlot & Fall 2000)).
The optical depth of dust as a function of wavelength is
computed separately for each component and then a slab ge-
ometry is assumed in order to compute the total extinction
of the relevant populations. We do not at present attempt
to compute the detailed properties of the dust particles or
the re-emission of the absorbed light.

S1.18.1 Extinction by the ISM

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

τ ISMλ =(1 + z)−1

(
Aλ
AV

)
Z�

(
Zgas

Z�

)s
×
(

〈NH〉
2.1× 1021atoms cm−2

)
, (S41)

where 〈NH〉 represents the mean column density of hydrogen
and is given by

〈NH〉 =
Mcold

1.4mpπ(aRgas,d)2
. (S42)

Here Rgas,d is the cold gas disc scale-length, 1.4 accounts
for the presence of helium and a = 1.68 in order for 〈NH〉
to represent the mass-weighted average column density of
an exponential disc. Following the results in Guiderdoni &
Rocca-Volmerange (1987), the extinction curve in eq. (S41)
depends on the gas metallicity and is based on an inter-
polation between the Solar Neighbourhood and the Large
and Small Magellanic Clouds: s = 1.35 for λ < 2000 Å
and s = 1.6 for λ > 2000 Å. The extinction curve for solar
metallicity, (Aλ/AV)Z� , is taken from Mathis et al. (1983).

The redshift dependence in eq. (S41) is significantly

stronger than in previous versions of our model ((1+z)−0.5 in
Kitzbichler & White (2007) and (1+z)−0.4 in Guo & White
(2009). The dependence implies that for the same amount
of cold gas and the same metal abundance, there is less dust
at high redshift. The motivation comes both from observa-
tions (Steidel et al. 2004; Quadri et al. 2008) and from the
assumption that dust is produced by relatively long-lived
stars. However, it may also be that this redshift dependence
has to be introduced as a phenomenological compensation
for the excessively early build-up of the metal content in
model galaxies. In practice we include it merely as a rep-
resentation of the observed extinction behaviour (Bouwens
et al. 2014), while the physical reason for discrepancy with
the simple model remains to be established. As was shown
in Clay et al. (2015), this produces luminosity functions and
extinction estimates for Lyman-break galaxies at z > 5 com-
patible with HST data.

S1.18.2 Extinction by molecular clouds

This second source of extinction affects only young stars.
Following Charlot & Fall (2000), our model assumes that
such extinction affects stars younger than the lifetime of
stellar birth clouds (taken to be 107 years). The relevant
optical depth is taken to be

τBCλ = τ ISM
λ

(
1

µ
− 1

)(
λ

5500Å

)−0.7

, (S43)

where µ is given by a random Gaussian deviate with mean
0.3 and standard deviation 0.2, truncated at 0.1 and 1.

S1.18.3 Overall extinction curve

In order to get the final overall extinction, every galaxy is
assigned an inclination given by the angle between the angu-
lar momentum of their dark matter halo and the z-direction
of the simulation box, and a “slab” geometry is assumed for
the dust in the diffuse ISM. For sources that are uniformly
distributed within the disc then the mean absorption coeffi-
cient is

AISM
λ = −2.5 log10

(
1− exp−τ

ISM
λ sec θ

τ ISM
λ sec θ

)
, (S44)

where θ is the angle of inclination of the galaxy relative
to the line-of-sight. Emission from young stars embedded
within birth clouds is subject to an additional extinction of

ABC
λ = −2.5 log10

(
exp−τ

BC
λ

)
. (S45)

S1.19 Monte Carlo Markov Chains

In order to sample the full multidimensional parameter space
of our model we use MCMC techniques. This enables explo-
ration of the allowed regions when the model is constrained
by a broad variety of calibrating observations, which may
be of different types and correspond to different redshifts.
The same scheme allows us to assess the merits of differ-
ent implementations of critical astrophysical processes. We
use a version of the Metropolis-Hastings method (Metropolis
et al. 1953; Hastings 1970); a full description of the algorithm
can be found in Section 3 of Henriques et al. (2009). A full

MNRAS 000, 000–000 (0000)



14 Bruno M. B. Henriques et al.

Table S1. Best-fit values for parameters included in the MCMC sampling, for different versions of L-Galaxies.

αSF αSF,burst βSF,burst kAGN fBH VBH Mr.p. αdyn.fric.

Units [ M� yr−1] [km s−1] [1010 M�]

Eq. S16 S37 S37 S28 S27 S27 N/A S36

Guo11 0.011 0.56 0.70 1.5 × 10−3 0.03 280 N/A 2.0
Hen15 0.025 0.60 1.9 5.3 × 10−3 0.041 750 1.2 × 104 2.5

This work 0.06 0.5 0.38 2.5 × 10−3 0.066 700 5.1 × 104 1.8

Table S2. Best-fit values for parameters included in the MCMC sampling, for different versions of L-Galaxies. (continued)

εreheat Vreheat βreheat ηeject Veject βeject γreinc

Units [km s−1] [km s−1] [yr−1]

Eq. S22 S22 S22 S20 S20 S20 S25

Guo11 4.0 80 3.2 0.18 90 3.2 N/A

Hen15 2.6 480 0.72 0.62 100 0.8 3.0 × 1010

This work 5.6 110 2.9 5.5 220 2.0 1.2 × 1010

Table S3. Values for parameters not sampled in the MCMC, for different versions of L-Galaxies.

vinflow Rmerger fz,hot,TypeII fz,hot,TypeIa

Units [km s−1 kpc−1]

Eq. S18 N/A N/A N/A

Guo11 N/A 0.3 N/A N/A

Hen15 N/A 0.1 N/A N/A

This work 1.0 0.1 0.3 0.3

MCMC chain requires evaluation of many tens of thousands
of models and it is not computationally feasible to build all
of these models for the full Millennium or Millennium-II sim-
ulation. We therefore use sampling techniques to construct
a representative subset of subhalo merger trees on which the
galaxy formation model is evaluated during the MCMC pro-
cedure (details are given in Appendix 2 of Henriques et al.
2013). Once the best-fitting model has been identified, it can
be implemented on the full volumes of the two simulations.

Fig. S4 shows marginalized 1D posterior distributions
for our model parameters when the model is constrained by
observational data on the abundance of galaxies as a func-
tion of stellar and HI mass at z = 0 and the passive fraction
of galaxies as a function of stellar mass a z = 0 and 2. Verti-
cal solid blue lines correspond to the parameter values of the
best-fitting model (taken to be the one for which the MCMC
chain found the highest likelihood) and these are also pre-
sented in Tables S1 and S2. Shaded blue regions show the
central 95% confidence region of each marginalized posterior
distribution and the boundaries of the corresponding param-
eter interval. The allowed parameter range is quite narrow
in all cases, showing that these observations are sufficient to
specify our model completely without major degeneracies.

Fig. S4 also shows the parameter values corresponding
to the best-fitting models of Henriques et al. (2015) (dashed
vertical green lines) and Guo et al. (2011) (dashed verti-

cal red lines). There are significant differences in the best-
fit parameter values for our new model and previous ver-
sions, particularly for those controlling the star formation
and SN feedback processes. This is a natural consequence
of the significant changes we introduced in these aspects of
our modelling with a much more sophisticated treatment of
cold gas phases, star formation based on molecular gas and
detailed chemical enrichment and feedback, all followed in
radial rings.
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Figure S4. Shaded blue regions show the 1D, normalised posterior distributions of our model parameters when the model is constrained

by observations of the abundance of galaxies as a function of stellar and HI mass at z = 0 and the passive fraction of galaxies as a

function of stellar mass a z = 0 and 2. Straight lines represent values corresponding to our overall best-fitting model (solid blue lines)
and to those of Henriques et al. (2015) (dashed green lines) and Guo et al. (2011) (dashed red lines).
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