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ABSTRACT

We have updated the Munich galaxy formation model to the Planck first-year cosmology, while

modifying the treatment of baryonic processes to reproduce recent data on the abundance and

passive fractions of galaxies from z = 3 down to z = 0. Matching these more extensive and more

precise observational results requires us to delay the reincorporation of wind ejecta, to lower

the surface density threshold for turning cold gas into stars, to eliminate ram-pressure stripping

in haloes less massive than ∼1014 M⊙, and to modify our model for radio mode feedback.

These changes cure the most obvious failings of our previous models, namely the overly early

formation of low-mass galaxies and the overly large fraction of them that are passive at late

times. The new model is calibrated to reproduce the observed evolution both of the stellar mass

function and of the distribution of star formation rate at each stellar mass. Massive galaxies

(log M⋆/M⊙ ≥ 11.0) assemble most of their mass before z = 1 and are predominantly old

and passive at z = 0, while lower mass galaxies assemble later and, for log M⋆/M⊙ ≤ 9.5,

are still predominantly blue and star forming at z = 0. This phenomenological but physically

based model allows the observations to be interpreted in terms of the efficiency of the various

processes that control the formation and evolution of galaxies as a function of their stellar

mass, gas content, environment and time.

Key words: methods: analytical – methods: statistical – galaxies: evolution – galaxies: forma-

tion – galaxies: high-redshift.

1 IN T RO D U C T I O N

Galaxy formation theory has developed dramatically over the last

three decades. � cold dark matter (�CDM) has been established

as the standard model for cosmological structure formation, and

its parameters have been increasingly tightly constrained by ob-

servations. In parallel, simulations of galaxy formation within this

standard model have grown in complexity in order to treat more ac-

curately the many baryonic processes that impact the evolution of

the galaxy population. Semi-analytic modelling is a particular simu-

lation method which is optimized to connect the observed properties

of the galaxy population – abundances, scaling relations, clustering

and their evolution with redshift – to the astrophysical processes

⋆ E-mail: bhenriques@mpa-garching.mpg.de

that drive the formation and evolution of individual galaxies (e.g.

White 1989; Cole 1991; Lacey & Silk 1991; White & Frenk 1991;

Kauffmann, White & Guiderdoni 1993; Cole et al. 1994; Kauff-

mann et al. 1999; Somerville & Primack 1999; Springel et al. 2001,

2005; Hatton et al. 2003; Kang et al. 2005; Lu et al. 2011; Ben-

son 2012). Simple phenomenological descriptions of the relevant

processes are needed, each typically involving uncertain efficiency

and scaling parameters. These must be determined by comparison

with observation or with more detailed simulations. As the range

and quality of observational data have increased, so has the num-

ber of processes that must be included to model them adequately,

and hence the number of adjustable parameters. In recent years,

robust statistical methods have been introduced in order to sample

the resulting high-dimensional parameter spaces and to determine

the regions that are consistent with specific observational data sets.

This development began with the work of Kampakoglou, Trotta &

C© 2015 The Authors

Published by Oxford University Press on behalf of the Royal Astronomical Society

 at U
niversity of Sussex on July 1, 2015

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

mailto:bhenriques@mpa-garching.mpg.de
http://mnras.oxfordjournals.org/


2664 B. M. B. Henriques et al.

Silk (2008) and Henriques et al. (2009) and has since been extended

to a wide range of models and sampling methods (Benson & Bower

2010; Bower et al. 2010; Henriques & Thomas 2010; Lu et al. 2011,

2012; Henriques et al. 2013; Mutch, Poole & Croton 2013; Benson

2014; Ruiz et al. 2015).

Semi-analytic modelling is designed to interpret the statistical

properties of the galaxy population, and particular emphasis has

always been placed on local galaxies for which abundances, scaling

relations and clustering are best determined. The sharp high-mass

cut-off in the observed stellar mass function can be explained by

invoking efficient feedback from central black holes (Benson et al.

2003; Granato et al. 2004; Bower et al. 2006; Croton et al. 2006) but

the properties of low-mass galaxies, where star formation is lim-

ited by strong stellar feedback, remain poorly reproduced by even

the most recent models. Typically, the fraction of low-mass galax-

ies (8.0 ≤ log M⋆/M⊙ ≤ 9.5) that are no longer star forming is

substantially overestimated at low redshift, as is their high-redshift

abundance (Weinmann et al. 2006b, 2012; Henriques, Bertone &

Thomas 2008; Fontanot et al. 2009; Guo et al. 2011, 2013; Hen-

riques et al. 2012; Hirschmann et al. 2014). These difficulties have

become more prominent in recent years as observational surveys at

high redshift have improved. Massive galaxies (log M⋆/M⊙ ≥ 11.0)

seem to have assembled most of their mass by z = 1, while the

abundance of low-mass galaxies grows substantially at later times

(Fontana et al. 2006; Faber et al. 2007; Pozzetti et al. 2010; March-

esini et al. 2009, 2010; Ilbert et al. 2010, 2013; Muzzin et al. 2013).

Furthermore, vigorous star formation is almost ubiquitous in nearby

low-mass galaxies, while most massive galaxies are currently red

and appear to have formed few stars since z ∼ 1 (e.g. Kauffmann

et al. 2003; Baldry et al. 2004; Brinchmann et al. 2004; Thomas

et al. 2005; Arnouts et al. 2007; Drory et al. 2009; Peng et al. 2010).

In a recent paper (Henriques et al. 2013), we showed that delay-

ing the reincorporation of gas ejected by supernova-driven winds

can shift the mass assembly of dwarf galaxies to lower redshift

without significantly affecting massive systems. Here, we include

this change and modify additional aspects of the Munich model

which affect star formation in low-mass galaxies. With respect to

Guo et al. (2011), we decrease the cold gas density threshold for

star formation and we eliminate ram-pressure stripping in all but the

most massive dark haloes, a more drastic version of the modification

advocated for similar reasons by Font et al. (2008). These changes

increase the fraction of low-mass satellite galaxies that are blue

at low redshift. The fraction of low-mass centrals that are blue is

also increased substantially by the delayed reincorporation of wind

ejecta, so together these changes produce a dwarf population which

is predominantly blue at z = 0. We also change our model for AGN

feedback to make it more efficient at late times. This is needed to

ensure that galaxies around the knee of the stellar mass function

are predominantly quenched by z = 0 despite growing significantly

in number at z ≤ 2. Finally, we adjust the underlying cosmologi-

cal parameters of our model to correspond to the first-year Planck

results.

By fully sampling the predicted properties for a high-dimensional

space of model parameters, we demonstrate that the observed evolu-

tion of the abundance of galaxies can be reproduced as a function of

stellar mass and specific star formation rate (sSFR) by plausible rep-

resentations of the relevant astrophysics within the standard �CDM

structure formation model. To achieve an adequate representation

of current observations, it is necessary to change the modelling of

a number of astrophysical processes – as we will show, our earlier

models cannot fit these new data for any values of their parameters.

Furthermore, these new data provide moderately tight constraints

on all the parameters of the updated model leaving no major de-

generacies. The fact that the updated model provides a good fit to

the observed stellar mass functions and passive fractions over the

full redshift range, 0 ≤ z ≤ 3, is a significant success. It also pre-

dicts many other properties of galaxies (e.g. sizes, morphologies,

gas fractions, clustering) which were not explicitly used in setting

its parameters and which can be used to test it and to refine it fur-

ther. Throughout this paper, we will refer to all galaxy properties

computed by the model, that are not directly used as inputs, as

model predictions. These include the properties used to define the

best-fitting set of parameters.

In a companion paper (Henriques et al., in preparation, hereafter

Paper IV), we analyse the processes that cause galaxies to migrate

between the active and passive populations, comparing with ob-

servationally derived quenching efficiencies as a function of stellar

mass, halo mass, local density and clustering, and focusing in par-

ticular on the data presented by Peng et al. (2010), Wetzel, Tinker

& Conroy (2012) and Kauffmann et al. (2013). In future work, we

will further test our model by comparing additional properties to

available observations.

Detailed predictions for this new model are made publicly avail-

able with this paper.1 These include snapshot and light-cone outputs

with pre-computed magnitudes for various stellar population mod-

els and a wide range of broad-band filters, as well as simulated

optical spectra and full star formation histories (see Section 3.3 be-

low). In the following section, we briefly describe modifications in

the current model with respect to previous versions. The extensive

Supplementary Material presents a full description of the treatment

of astrophysical processes. Section 3 describes how we set param-

eters in our new model. Section 4 compares its predictions to our

calibrating observational data sets, while Section 5 compares to

additional data. We conclude with a short summary of our main

results.

2 U P DAT E S TO G A L A X Y F O R M AT I O N

M O D E L L I N G

In this section, we describe how the treatment of astrophysical

processes within the Munich galaxy formation model has changed

since the last publicly released catalogues which were based on

Guo et al. (2011). A complete description of the current model,

including more details on the newly implemented procedures, can

be found in the Supplementary Material which is published along

with this paper on the arXiv and is available online.2 The changes

were driven by known problems with earlier versions of this (and

many other) model. Specifically, the overly early (z ≥ 2) build-up

of low-mass galaxies (8.0 ≤ log M⋆/M⊙ ≤ 9.5) is eliminated by

changing the time-scales for gas to be reincorporated after ejection

in a wind; the related problems that low-mass galaxies end up too

red, too old and too clustered at z = 0 are eliminated by addi-

tionally lowering the cold gas density threshold for star formation

and removing ram-pressure effects on satellites in low-mass groups

(log M200/M⊙ < 14.0); the problem that too many massive galaxies

(log M⋆/M⊙ ∼ 11.0) continue to form stars at low redshift is elimi-

nated by assuming radio mode feedback to scale with global, rather

1 The Munich models of galaxy formation can be found at http://www.mpa-

garching.mpg.de/millennium
2 A complete description of the model presented in this paper, as well as

all the theoretical functional forms plotted, are available for download at

http://galformod.mpa-garching.mpg.de/public/henriques2014a/
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than local, halo properties. In addition, we rescale the Millennium

Simulations to represent the cosmology preferred by the first-year

results from Planck.

2.1 Simulations and cosmology

The Munich model of galaxy formation has been implemented on

two simulations of the evolution of dark matter structure. Combined,

the Millennium (Springel et al. 2005) and Millennium-II (Boylan-

Kolchin et al. 2009) simulations provide a dynamic range of five

orders of magnitude in stellar mass (107.0 M⊙ < M⋆ < 1012 M⊙),

resolving the smallest galaxies observed at z = 0 while also sam-

pling the largest clusters. Over the stellar mass range 109.5 M⊙ <

M⋆ < 1011 M⊙, Guo et al. (2011) found good numerical conver-

gence between the two simulations, both for the abundance of galax-

ies and for their mass- and colour-dependent clustering. A similar

level of convergence is found for most of the properties discussed in

this paper, and throughout we will use the Millennium Simulation

to derive properties for galaxies more massive than 109.5 M⊙ and

the Millennium-II to derive properties at lower mass.

We use the technique of Angulo & White (2010), as updated

by Angulo & Hilbert (2015), to scale the evolution of dark matter

structure predicted by the Millennium and Millennium-II Simula-

tions to the recently published Planck cosmology. Specifically, the

cosmological parameters we adopt from Planck Collaboration XVI

(2014) are: σ 8 = 0.829, H0 = 67.3 km s−1 Mpc−1, �� = 0.685,

�m = 0.315, �b = 0.0487 (fb = 0.155) and n = 0.96. As can be

seen in Fig. 1, structural growth for this new set of cosmological pa-

rameters is as close to growth in the original Millennium (WMAP1)

cosmology as to that in most of the cosmologies implied by subse-

quent WMAP releases. For example, in terms of structure formation,

the WMAP5 cosmology chosen for the Bolshoi (Klypin, Trujillo-

Gomez & Primack 2011) and Multi-Dark (Prada et al. 2012) sim-

ulations differs from the currently preferred Planck cosmology by

twice as much as the original WMAP1 cosmology of the Millen-

nium Simulations in terms of the scaling required (∼9 per cent in

Figure 1. The box size and particle mass required for the Millennium

Simulation to give a good representation of structure formation in different

underlying cosmologies. Numbers in brackets give the difference in redshift

between z = 0 in the target cosmology and in the WMAP1 cosmology of

the original simulation. Hence, to represent the Planck cosmology for this

paper, the box size and the particle mass have to be scaled up by about 4

and 21 per cent, respectively. The z = 0.12 output of the original simulation

becomes the new z = 0.

box size and ∼29 per cent in particle mass compared to ∼4 per cent

in box size and ∼17 per cent in particle mass), but only by half as

much in terms of the time offset (�z = 0.07 rather than �z = 0.12).

However, as shown by Wang et al. (2008), Guo et al. (2013) and

Fontanot et al. (2012), the differences in cosmological parameters

between all these modern determinations have a much smaller ef-

fect on galaxy properties than the uncertainties in galaxy formation

physics. As a result, the change in cosmology has little impact in

our conclusions.

2.2 Astrophysical modelling

2.2.1 Reincorporating wind ejecta

A number of recent studies have found that both semi-analytic and

hydrodynamic simulations of the evolution of the galaxy population

tend to form low-mass galaxies, 8.0 ≤ log M⋆/M⊙ ≤ 9.5, too early

(z ≥ 2), with the result that they are substantially more abundant

than observed at early times (Fontanot et al. 2009; Weinmann et al.

2012; Lu et al. 2014). In Henriques et al. (2013), we showed that a

possible solution to this problem is to couple strong feedback with

a significantly increased delay in the time for gas to be reincorpo-

rated after ejection in a galactic wind. This substantially reduces the

growth of low-mass systems at high redshift, which is then com-

pensated by enhanced growth between z = 2 and 0 as the ejected

gas finally returns and fuels star formation. The result is a much

better match to the observed evolution of the stellar mass function.

In the current work, we adopt the specific implementation pro-

posed by Henriques et al. (2013), where the time-scale for material

to be reincorporated scales directly with halo mass and is indepen-

dent of redshift. A very similar dependence on parameters was found

by Oppenheimer & Davé (2008) and Oppenheimer et al. (2010) in

their cosmological hydrodynamics simulations, which gave reason-

able fits to the evolution of the low-mass stellar mass function. In

practice, this assumption means that wind ejecta from low-mass

haloes take a long time to return, while ejecta from massive sys-

tems are almost immediately reincorporated. Since the return rate

that we assume depends on the current mass of a halo rather than

on its mass at the time of ejection, substantial halo mass growth can

considerably accelerate the reincorporation of previously ejected

material.

Firmani, Avila-Reese & Rodrı́guez-Puebla (2010) implemented

a similar dependence of gas re-accretion efficiencies in an attempt

to obtain down-sizing of star formation rates in analytic models

of star-forming disc galaxies in a �CDM universe. They argued

that re-accretion alone cannot explain observed trends, which ap-

peared to require inclusion of additional processes such as AGN

feedback and a detailed model for cooling. Recently, Mitchell et al.

(2014) and White, Somerville & Ferguson (2015) implemented the

Henriques et al. (2013) reincorporation scheme in their own semi-

analytic models. While the former show results consistent with ours,

the latter found that it did not prevent the early build-up of low-mass

galaxies. This presumably indicates the importance of fully explor-

ing how this process interacts with details of the implementation

of all the other physical processes that shape galaxy populations.

Neistein & Weinmann (2010) and Wang, Weinmann & Neistein

(2012) obtained a similar delay in the build-up of galaxies with

8.0 ≤ log M⋆/M⊙ ≤ 9.5 at early times as in our new reincorpora-

tion model by choosing appropriate scalings of cooling efficiency

with halo mass and redshift. We do not allow similar freedom in our

own model, since we consider the cooling of diffuse gas to be one of

the better understood aspects of galaxy formation, and the scalings

MNRAS 451, 2663–2680 (2015)
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adopted here agree reasonably well with hydrodynamic simulations

(Forcada-Miro & White 1997; Benson et al. 2001; Yoshida et al.

2002).

Recently completed hydrosimulations (Vogelsberger et al. 2014;

Schaye et al. 2015), have significantly improved the level of agree-

ment between the evolution of the stellar mass function predicted

by these methods and observations (Furlong et al. 2014; Genel et al.

2014; Crain et al. 2015). It would therefore be interesting to com-

pare the gas reincorporation time-scales in these simulations with

our assumptions and we plan to do so in future work.

2.2.2 Star formation thresholds

A related problem which was obvious in previous versions of

the Munich model (and in many other galaxy formation mod-

els) is the fact that a large fraction of simulated galaxies with

8.0 ≤ log M⋆/M⊙ ≤ 9.5 are no longer forming stars by z = 0

and hence are red, whereas Sloan Digital Sky Survey (SDSS) data

indicate that the great majority of real low-mass galaxies are, in fact,

blue (Guo et al. 2011, 2013). The delayed build-up of these low-

mass galaxies produced by our new reincorporation model reduces

the discrepancy between model and observations but does not re-

move it completely. While low-mass central galaxies re-absorb gas

at late times, thereby fuelling continued star formation, environ-

mental effects remove the gas supply of low-mass satellites which

then turn red relatively quickly.

A study of the properties of these satellites reveals that while

much of their gas is removed by interactions with their host halo,

they still retain a significant amount of cold gas in their discs.

This gas is not transformed into stars, however, because the model

adopts a gas surface density threshold for star formation. Recent ob-

servations suggest that any such threshold is lower than previously

thought, and that star formation is better modelled as being linked to

molecular rather than to total gas surface density, hence depending

on the processes that convert HI to H2 (Bigiel et al. 2008; Leroy

et al. 2008). Detailed semi-analytic models for atomic to molecular

gas conversion have been developed by Fu et al. (2012, 2013) and

Lagos et al. (2011) and will be included in future versions of the

Munich model. For this paper, we just note that, in practice, stars

can form from gas with surface density below our previous standard

threshold, so we simply decrease this threshold by approximately

a factor of 2. Satellites can then consume a larger fraction of their

cold gas and so keep forming stars for longer periods.

2.2.3 Environmental effects

Although lowering the threshold for star formation decreases the

number of red satellites, these remain considerably more numerous

than observed. This seems to indicate that the environmental sup-

pression of star formation is too strong in our model. A variety of

processes affect satellite galaxies, but a detailed analysis indicates

that the removal of hot gas reservoirs by ram-pressure stripping is

already sufficient to quench star formation in satellites to below

the observed levels. Indeed, suppressing this effect entirely (with

no change to other processes) results in a good match to the ob-

served fraction of passive satellites (Kang & van den Bosch 2008;

Weinmann et al. 2010). Since ram-pressure stripping is observed

to occur in rich clusters where there are substantial X-ray emitting

hot gas atmospheres, we elect to retain the process in haloes with

M200c > MR.P. = 1014 M⊙. In lower mass groups and clusters, X-

ray data show significantly lower hot gas fractions, at least in the

inner regions (see Sun 2012 for a review on the subject). Given

that characteristic orbital velocities are also substantially lower in

such systems, it is plausible that stripping effects should be less

important there, and indeed Font et al. (2008) already advocated

such a reduction with respect to the findings of direct simulations

of the stripping process, noting that this significantly improved the

colours of dwarf galaxies in their own galaxy formation model.

The analytic equations derived by McCarthy et al. (2008) suggest

that in order for satellite galaxies to retain enough hot gas to fuel

continued star formation at the levels observed in low-mass groups,

the hot gas surface density of the group must be 30 times smaller

than that of the satellite. This requires feedback to produce large

reductions in gas content and concentration in groups. More detailed

work is needed to see if this can be consistent with observations and

hence explain the observed lack of environmental influence on star

formation. Here, we decide simply to remove the problem assuming

that ram-pressure stripping does not extend to low-mass groups,

including the corresponding mass threshold as an additional free

parameter in our Markov Chain Monte Carlo (MCMC) analysis.

In the preferred model of this paper, we thus leave all other envi-

ronmental effects unchanged. In consequence, a significant fraction

of satellites are quenched, even in groups where ram-pressure strip-

ping is inactive. As in Guo et al. (2011, 2013), infall of new material

stops immediately when a halo falls within R
200c

of a larger system

and tidal stripping of hot gas is then turned on. The latter parallels

the stripping of dark matter from the subhalo, a process which the

original N-simulation followed explicitly. The hot gas reservoir is

removed completely once a satellite loses its own halo and becomes

an ‘orphan’. The model assumes such orphans are unable to retain

gas ejected by supernova (SN) feedback which is moved to the hot

halo of the galaxy group. Tidal forces can completely disrupt the

stellar and cold gas components of orphan galaxies, which are then

added to the intra-cluster light and the hot gas atmosphere of the

group/cluster, respectively. Our treatment of all these processes is

fully described in the Supplementary Material.

In Paper IV, we will analyse the effects of our environmental

physics assumptions by comparing our model in detail both with

traditional autocorrelation function measurements of clustering, as

in Guo et al. (2011), and with more recent studies of the dependence

of galaxy properties on the mass of the halo they occupy and on

their position within it, in particular, the studies by Peng et al.

(2010, 2012), Wetzel et al. (2012) and Kauffmann et al. (2013).

We conclude that our new model matches most but not all of the

observed trends highlighted in these papers.

2.2.4 Radio mode feedback

The new model of Section 2.2.1 for the reincorporation of wind

ejecta ensures that the abundance of galaxies below the knee of the

stellar mass function can grow substantially from z = 2 to 0, as

observed, reflecting considerable growth in mass of the individual

systems at late times. With the radio mode feedback model of Guo

et al. (2011), which was taken directly from Croton et al. (2006),

this late-time growth results in too many star-forming galaxies of

stellar mass close to M⋆ and above at z = 0 (see Henriques et al.

2013, and Fig. 5 below). This undesirable change can be eliminated

by modifying the AGN feedback model to suppress cooling and

star formation more effectively at low redshift than did the original

model.

We follow the methodology of Henriques et al. (2013) and in-

clude the exponents which determine the scaling of radio mode

MNRAS 451, 2663–2680 (2015)
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feedback with halo mass and redshift as additional parameters in

an MCMC comparison with multiredshift observations of stellar

mass functions and passive fractions. We find that a relatively small

change to the radio mode feedback model of Croton et al. (2006)

can indeed restore the cross-over between predominantly star form-

ing and predominantly passive galaxies to the observed stellar mass

while retaining the substantial growth in abundance of low-mass

galaxies at low redshift. Specifically, taking the heating rate to be

Ė ∝ MBHMhot rather than Ė ∝ MBHMhotH (z) (the form used in

Croton et al. 2006 and Guo et al. 2011) substantially improves the

match to observation. The abundance of galaxies at M⋆ and below

grows significantly at z < 2, yet star formation is quenched in most

M⋆ objects by z = 0.

The analysis presented later in this paper and especially in Pa-

per IV, shows that this simple model for radio mode feedback

quenches star formation in intermediate and high-mass galaxies

at rates and in locations that are roughly consistent with observa-

tions. Nevertheless, even though our new implementation ensures

that most massive galaxies are red and are dominated by old pop-

ulations at late times, there is an indication that some may still be

more actively star forming than observed.

In addition to its scaling with hot gas properties, we have changed

how AGN radio mode feedback from satellite galaxies affects the

hot gas of the host halo. For satellites inside R200, any AGN en-

ergy left over after offsetting the cooling of the hot gas of the

satellite is used to offset cooling of the hot gas of the host halo.

This change was introduced to fix a numerical artefact identi-

fied in the dark matter merger trees. In one group of galaxies, a

small object (log M⋆/M⊙ ∼ 9.5) centred on a low-mass subhalo

(log M200/M⊙ ∼ 12.0) becomes the central galaxy of a massive

friends-of-friends (FOF) group. Lacking a massive central black

hole, and suddenly increasing its assigned hot gas by orders of mag-

nitude (from log M/M⊙ ∼ 11.0 to log M/M⊙ ∼ 14.0), this galaxy

then experiences catastrophic growth through cooling to become

the most massive galaxy in the whole simulation. This problem was

already present in previous models but is accentuated in the current

version, where the delayed build-up of galaxies means that their

black holes grow preferentially at late time, increasing the likeli-

hood that a low-mass satellite galaxy does not yet have a massive

black hole.

Our modification ensures that, for the group where this hap-

pened, the energy released by black holes in other cluster galaxies

suppresses excessive cooling of the intracluster medium. We have

checked that this change only impacts the desired object.

2.2.5 Stellar populations and dust model

Galaxy formation models most naturally predict the evolution of

physical properties of galaxies such as stellar masses, gas fractions,

star formation rates, sizes, characteristic velocities and morpholo-

gies. To convert these into observables such as photometric lumi-

nosities, sizes and colours requires additional modelling of galactic

stellar populations and dust content in order to calculate the emis-

sion and absorption of light at specific wavelengths, based on the age

and metallicity distribution of the stars and their spatial distribution

relative to interstellar dust.

Henriques et al. (2011, 2012) showed that, at least in the con-

text of the Munich model, stellar populations that have significant

emission from TP-AGB stars in intermediate age populations (e.g.

Maraston 2005; Charlot & Bruzual 2007) appear required to rec-

oncile the observed evolution of the stellar mass and K-band lumi-

nosity functions. For this paper, we therefore use Maraston (2005)

with a Chabrier (2003) initial mass function (IMF) as our default

stellar population model. We have tested that the as yet unpub-

lished Charlot & Bruzual (2007) model gives similar results for

all properties analysed in this paper. As part of our data release,

we will also include light-cones with luminosities computed us-

ing the older Bruzual & Charlot (2003) model, though we caution

that the rest-frame near-IR luminosities appear to be significantly

underestimated in some situations in this case.

In producing photometric catalogues, we also adjusted the high-

redshift conversion of gas/metals into dust. In Guo et al. (2011) this

fraction of gas/metals in dust was assumed to scale as (1 + z)−0.4

whereas we now adopt (1 + z)−1. This change ensures that galaxies

at very high redshift have very little extinction, as observed, and

results in luminosity functions for Lyman-break galaxies at z ≥ 5

that match Hubble Space Telescope (HST) data quite well. These

effects will be discussed in Paper III of this series (Clay et al., 2015).

All quantities presented in this paper are unaffected by this change.

We emphasize that this is a purely phenomenological fix and may

be required simply to rectify the impact of our excessively high

metallicities at early times.

3 SE T T I N G PA R A M E T E R S

3.1 Fiducial data and MCMC procedures

The modelling framework set out above scales a high-resolution

dark matter only simulation of cosmic structure formation to a

specific desired cosmology (here the Planck cosmology) and im-

plements a set of simplified phenomenological models that can be

applied in post-processing to describe the processes that affect the

formation and evolution of the galaxies themselves. Specifying a

particular model requires choosing values for the parameters that

determine the efficiency and the scaling of these processes. Some

can be set to sufficient accuracy from physical arguments or by

comparison with more detailed simulations, but the rest must be

determined by fitting to some fiducial set of observational data.

There has been substantial recent progress in determining the

abundance of galaxies as a function of stellar mass and star forma-

tion activity. Multiple surveys now appear to give broadly consistent

results out to z ≥ 3. For this paper, we have therefore elected to use

the observed stellar mass function of galaxies at z = 0, 1, 2 and 3,

together with the observed fraction of passive (‘red’) galaxies as a

function of stellar mass at z = 0, 0.4, 1, 2 and 3 to determine the

parameters of our ‘best’ model. As in previous work (Henriques

et al. 2009, 2013; Henriques & Thomas 2010), we combine results

from all modern determinations of each quantity into a single ‘rep-

resentative’ data set with error bars representing the scatter between

determinations as well as the statistical uncertainties in the individ-

ual measurements. We show these fiducial observations in Figs 2

and 5 together with the best-fitting model found by our MCMC

exploration of parameter space. These plots are discussed in more

detail below. The original observations underlying our fiducial data

sets are shown in Appendix A.

Our MCMC procedures also parallel those of our earlier work

(e.g. Henriques et al. 2013). In particular, we calculate a figure of

merit, in effect an approximate likelihood, for each model given our

representation of the observations by assuming that each blue point

is independently sampled from a Gaussian with mean given by the

model and variance given by the sum of an ‘observational’ variance

indicated by the error bar and a ‘theoretical’ variance which we

take to be negligible for the stellar mass functions and to be 0.0252
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Figure 2. Evolution of the stellar mass function from z = 3 to 0. Lines

show predictions from our new model (solid red), from Henriques et al.

(2013, dashed red) and from Guo et al. (2013, dotted red). These should

be compared with the blue symbols with error bars which represent the

combined observational data which we use to constrain the MCMC. As

described in Appendix A, the data sets we combine include SDSS (Baldry,

Glazebrook & Driver 2008; Li & White 2009) and GAMA (Baldry et al.

2012) at z ∼ 0, and Marchesini et al. (2009), Spitzer-COSMOS (Ilbert

et al. 2010), NEWFIRM (Marchesini et al. 2010), COSMOS (Domı́nguez

Sánchez et al. 2011), ULTRAVISTA (Ilbert et al. 2013; Muzzin et al. 2013)

and ZFOURGE (Tomczak et al. 2014) at higher redshift. The z = 0 combined

stellar mass function is repeated at higher redshift as a dotted black line. Here

and in all subsequent plots, predicted stellar masses have been convolved

with a Gaussian in log M⋆, with width 0.08 × (1 + z), in order to account

for the uncertainties in observational stellar mass determinations.

for the red fractions. Note that our analysis neglects any sampling

covariance between the different data points. Together with the

fact that our error bars are subjective assessments of uncertainty,

rather than direct estimates of sampling variance, this means that

our MCMC procedure does not give statistically rigorous estimates

of parameters and their uncertainties. Instead, it should be inter-

preted as an efficient method for delineating the region of pa-

rameter space which produces acceptable representations of the

observational data.

3.2 Best-fitting model

For this paper, we sample a significantly larger parameter space

than in Henriques et al. (2013), including almost all the explicit

free parameters in our semi-analytic model. An exception is the

threshold between major and minor mergers. We find that there is

some tension between the value of this parameter required to match

observations of the fraction of red galaxies (one of our primary

constraints) and that required to match galaxy morphologies. We

slightly compromise the agreement with the observed red fraction of

galaxies at z = 1 by fixing Rmerge at 0.1 in order to obtain reasonable

morphologies for massive galaxies at z = 0. The best-fitting values

for the 17 parameters included in our MCMC sampling are tabulated

together with their marginalized 2σ ranges in the Supplementary

Material which also contains, for reference, all the equations that

define our galaxy formation model, as well as a more detailed

analysis of the allowed confidence regions for its parameters and a

comparison of their values with previous models. The predictions

of our new best-fitting model are shown as solid red lines in Figs 2

and 5 where it can be seen to represent the fiducial observations quite

well. Although our updated cosmology, together with the changes in

our modelling of ejecta reincorporation, of star formation, of ram-

pressure stripping and of AGN feedback induce shifts by factors

of several in a number of parameters as compared, for example, to

Guo et al. (2011, 2013), all parameters still remain well within their

physically plausible ranges.

3.3 Public catalogues

With the completion of this paper, we will provide public access

to catalogues of data from our new ‘best-fitting’ model. These will

have the same format as previous data releases and will be available

through the same SQL interface (Lemson & Virgo Consortium 2006).

As before, they will include data both for individual snapshots

of the Millennium and Millennium-II simulations, and for light-

cones constructed from the larger volume simulation. As part of the

GALFORMOD project, we have recently expanded the functional-

ity of these archives: a new interface allows asynchronous queries

to the data base which avoid timeouts. In terms of the available

predictions, the public catalogues will follow previous releases and

will include the possibility to link galaxy and dark matter halo data

bases, hence to analyse jointly a wide range of galaxy and dark halo

properties. As previously for the Henriques et al. (2012) light-cones,

we will include galaxy magnitudes for a large number of broad-band

filters and for several stellar population models. A further extension

of previous releases is the inclusion of full star formation histories

for every galaxy (fully described in Paper II of this series, Shamshiri

et al. 2015), allowing the construction of synthetic spectra, using an

arbitrary dust model, in post-processing.

4 FI T TO T H E FI D U C I A L O B S E RVAT I O N S

In this section, we compare our best-fitting new model in more de-

tail with the observational data which are used as constraints in our

MCMC: the evolution from z = 3 to 0 of the stellar mass function,

and the fraction of galaxies that are ‘red’ (i.e. no longer actively star

forming) as a function of stellar mass and redshift. We pay particular

attention to the fact that low-mass objects (8.0 ≤ log M⋆/M⊙ ≤ 9.5)

assemble most of their mass and form most of their stars later than

massive systems. This trend is often referred to as ‘downsizing’ and

seems superficially to contradict the hierarchical growth of structure

expected in a �CDM cosmology. It has been known for some time,

however, that this reversal reflects the baryonic physics of galaxy

formation (e.g. De Lucia et al. 2006), and the particular implemen-

tation in this paper reproduces the observed trends in considerable

detail. Dwarf galaxies form most of their stars late when material

ejected in early winds is finally reincorporated. Massive galaxies

(log M⋆/M⊙ ≥ 11.0) are barely affected by SN feedback and grow

quickly at high redshift, turning off when their central black holes

grow big enough to suppress further accretion and so quench star

formation.

In this paper, we focus on the evolution of global galaxy proper-

ties, mainly stellar masses and star formation rates, distinguishing

between trends at low and high stellar mass, and for passive and

actively star-forming galaxies. In Paper IV, we will look in more

detail at trends as a function of environment and their evolution

with redshift. Both here and in Paper IV it will turn out that the

changes in the treatment of reincorporation, of star formation and of
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ram-pressure stripping are particularly important for dwarf galaxies,

while our new treatment of AGN feedback has substantial effects

only for massive objects.

In all the following sections, model stellar masses have been

convolved with a Gaussian in log M⋆, with width increasing with

redshift, in order to mimic the uncertainties in observational stellar

mass determinations. The scatter is assumed to have similar redshift

dependence to that found by Ilbert et al. (2013), but larger size [a

Gaussian with dispersion 0.08 × (1 + z) instead of 0.04 × (1 + z)].

We note that this is slightly larger than assumed by Behroozi, Wech-

sler & Conroy (2013a) (0.07 + 0.04z) and still considerably smaller

than found by Conroy, Gunn & White (2009) even neglecting IMF

uncertainties (0.3 at z = 0 and 0.6 at z = 2). Similar uncertain-

ties were found by Pforr, Maraston & Tonini (2012) and Mitchell

et al. (2013) when testing spectral energy distribution (SED) fitting

methods using galaxies from semi-analytic models. As discussed in

Section 2.1 we use the Millennium Simulation to derive properties

for galaxies more massive than 109.5 M⊙ and the Millennium-II to

derive properties at lower mass.

4.1 Evolution of the stellar mass function – ‘down-sizing’

in action

Fig. 2 shows galaxy stellar mass functions from z = 3 to 0. Results

from our new model (solid red lines) are compared with results from

Henriques et al. (2013, dashed red lines) and from Guo et al. (2013,

dotted red lines), both of which assume a WMAP7 cosmology. As

explained in Appendix A, the blue symbols with error bars are the

representation of the observations used in our MCMC procedures

and were produced by combining a number of recent observational

studies in an attempt to estimate systematic uncertainties in the

constraints. Data from the various individual observational studies

are plotted independently in Fig. A1. With respect to Henriques

et al. (2013), we include new data sets from the UltraVISTA survey

(Ilbert et al. 2013; Muzzin et al. 2013), the ZFOURGE survey

(Tomczak et al. 2014) and the GAMA survey for the lowest redshift

bin (Baldry et al. 2012). The new surveys are considerably deeper

than previous data and have relatively large areas, allowing us to

extend our fiducial data set to lower stellar masses with relatively

low statistical uncertainty. When needed, we follow Domı́nguez

Sánchez et al. (2011) and apply a correction of �M⋆ = −0.14

to go from Bruzual & Charlot (2003) to Maraston (2005) stellar

populations at z ≥ 1.

After adjusting the parameters of our model to fit these new

data, the predicted abundance of galaxies as a function of stellar

mass and redshift is almost identical in our Planck cosmology and

in the WMAP7 cosmology of Henriques et al. (2013). As noted

by Wang et al. (2008) and Guo et al. (2013), the uncertainties in

galaxy formation physics produce much larger differences in galaxy

masses than any change of cosmology within the currently allowed

range. As already shown in Henriques et al. (2013), the longer time-

scales for gas reincorporation in low-mass haloes combine with

stronger SN feedback to reduce the abundance of galaxies with

8.0 ≤ log M⋆/M⊙ ≤ 9.5 at high redshift. The return of ejected gas

at later times results in a significant build-up at z ≤ 1, as required by

the observational data. This late return does not drive similar low-

redshift growth in massive galaxies (log M⋆/M⊙ ≥ 11.0) because

AGN feedback and less efficient cooling result in the production of

hot gas atmospheres rather than further star formation in these sys-

tems. Overall, our new galaxy formation model (like the model of

Henriques et al. 2013 before it) is able to explain the observed evo-

Figure 3. Mass growth with redshift of galaxies with different z = 0 mass

M⋆, 0. The symbols with error bars are derived from the observed stellar

mass functions shown in Fig. 2 by matching the cumulative abundance of

galaxies n(M⋆, z) at each redshift z to n(M⋆, 0, 0). Solid lines show model

predictions derived using this same abundance-matching scheme, while

dashed lines show the mean stellar mass at redshift z of the most massive

progenitors of all galaxies that have stellar mass M⋆, 0 at z = 0.

lution in the stellar mass function over the last 80 per cent of cosmic

history and over the full mass range constrained by observations.

The trend for lower mass galaxies to form their stars at later times

than high-mass ones (i.e. ‘down-sizing’) can be seen more directly

in Fig. 3. Here, model results for the growth in mass of individual

galaxies are shown for systems that have log10(M⋆[h−2 M⊙]) 9.75,

10.25, 10.75 and 11.25 at z = 0. Dashed curves give the mean stellar

mass of the most massive progenitor as a function of redshift. From

least massive to most massive final galaxy, the growth factors since

z = 2.5 are 28, 18, 9 and 7, respectively, showing that giant galaxies

indeed have a larger fraction of their mass in place at high redshift

than dwarfs.

It is not, of course, possible to observe directly the growth histo-

ries of individual galaxies, but a number of recent papers suggest that

these can be inferred by assuming that the typical progenitor mass

of galaxies that have stellar mass M⋆, 0 today, M⋆(z, M⋆, 0), can be in-

ferred from the ‘abundance-matching’ equation n(M⋆, z) = n(M⋆, 0,

0), where n(M⋆, z) is the comoving abundance at z of galaxies with

stellar mass exceeding M⋆ (e.g. van Dokkum et al. 2010; Brammer

et al. 2011; Papovich et al. 2011). This argument neglects the scat-

ter in assembly history among galaxies of given M⋆, 0 as well as the

non-conservation of galaxies due to mergers. The solid curves in

Fig. 3 show the result of deriving growth histories in this way in

our model. It is clear that abundance matching leads to significant

underestimation of the true amount of growth, giving factors of 9,

6, 4 and 3 since z = 2.5, two to three times smaller than the correct

values. These results, for the mass growth of progenitors, are con-

sistent with the findings of Behroozi et al. (2013b) and represent a

larger difference between the true mass growth and the cumulative

number densities method than found for the evolution of descen-

dants (Leja, van Dokkum & Franx 2013). Points with error bars in

Fig. 3 show the result of applying this abundance-matching argu-

ment to our representation of the observational data (i.e. the blue

points with error bars in Fig. 2) and hence should be compared with

the solid curves. There is good agreement in the two higher mass

bins, but some disagreement at lower masses.
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Figure 4. The U − V versus V − J colours of galaxies in our model. The solid line represents the observational separation into red and blue subpopulations,

while the dashed line separates active and passive galaxies in our best-fitting model (see text). The colour-scale contours represent the normalized number

density of galaxies in logarithmically spaced bins (from dark red high-density to dark blue low-density contours).

4.2 The red galaxy fraction – passive systems dominate at high

mass and low redshift

The second set of constraints we use when setting the parameters of

our new model are the fractions of passive galaxies as a function of

stellar mass and redshift. These are obtained from observed stellar

mass functions split by colour into active and passive systems,

and are defined as the ratio of the estimated abundance of ‘red’

to ‘red+blue’ systems for stellar mass bins where estimates are

available for both types of object. We start by detailing the methods

used to separate red and blue galaxies in the model. Later in this

section, we will compare the best-fitting model with our adopted

constraints (with error bars determined by propagating the errors we

assigned the original abundances) which are shown as blue points

in Fig. 5. The original colour-separated mass functions from which

they were derived are shown in Fig. 7. We prefer to use these passive

fractions in our MCMC sampling, rather than the colour-separated

mass functions themselves, in order to separate more cleanly the

constraints coming from abundances from those coming from star

formation activity.

A number of criteria have been proposed to separate star forming

from passive galaxies. Most involve a cut in colour or in inferred

star formation rate. Recent observational studies have advocated

separating galaxies using both optical and optical to near-infrared

colours since this allows truly passive systems to be distinguished

from dusty star-forming galaxies. Here, we use rest-frame U − V

and V − J colours, as proposed by Muzzin et al. (2013) and also used

by Ilbert et al. (2013) and Tomczak et al. (2014). Fig. 4 shows the

U − V versus V − J rest-frame colour distribution for model galaxies

at four different redshifts. A clear separation can be seen in all panels

between passive galaxies (top middle), blue star-forming galaxies

(bottom left) and dusty star-forming galaxies (middle right). In

the observational samples, truly passive galaxies are found to lie

above and to the left of the solid lines in Fig. 4. The separation is

not, however, in exactly the same place in our model, presumably

because of short-comings in our stellar population synthesis and

dust modelling. We therefore modified the separatrix at red V − J

colour from the solid to the dashed line when estimating passive

fractions in our model. The appropriate split appears unambiguous,

except, perhaps, at z = 3. This division in colour correctly separates

star forming and passive galaxies in the model whereas using the

original observational separation would result in passive simulated

galaxies at z ≥ 2 being identified as ‘dusty star-formers’ simply

because our populations synthesis/dust modelling gets their colours

wrong.

At z = 0, we apply a cut in the magnitude–colour plane in order to

match the criteria used for the observations with which we compare

(Baldry et al. 2004). We again adopt a slightly different cut than

in the observations when separating active and passive galaxies

in the model: u − r = 1.85 − 0.075 × tanh ((Mr + 18.07)/1.09).

All the cuts are fixed at the separation between the two popula-

tions in the best-fitting model and unchanged during the MCMC

process. In practice, the cut is obtained iteratively by initially run-

ning a shorter MCMC with a colour cut based on the separation

from an earlier best fit. For the model, we have tested that using a

colour–magnitude cut, a colour–colour cut or a cut in sSFR yields

very similar red and blue fractions across all redshifts. Our conclu-

sions are thus insensitive to this choice.

Our modifications to the physics of AGN radio mode feedback,

to ram-pressure stripping, and to the threshold for star formation

have a substantial impact on red galaxy fractions. This can be seen

in Fig. 5 which compares our representation of the observational

data with predictions from our new model (the solid red lines),

from the model of Henriques et al. (2013, the dashed red lines) and

from that of Guo et al. (2013, the dotted red lines). Given that these

observational data were used as constraints in our MCMC sampling,

it is no surprise that the new model provides the best fit of the three.

In particular, it predicts a significantly lower fraction of passive

low-mass galaxies (8.0 ≤ log M⋆/M⊙ ≤ 9.5) at z ≤ 1 than both

earlier models, and a substantially higher fraction of passive giant

galaxies (log M⋆/M⊙ ≥ 10.5) at low redshift than the Henriques

et al. (2013) model (though still somewhat fewer than observed

and than in the Guo et al. (2013) model at z = 0.4 and 1). Passive

objects are only 20 per cent of the observed z = 0 population for

log M⋆/M⊙ ≤ 9.5, and our model is now consistent with this small

number.

In order to understand how our updated modelling has altered

passive galaxy fractions, it is instructive to split galaxies of each

type into central and satellite systems. Fig. 6 shows the stellar mass

functions of active and passive galaxies at z = 0 as blue and red

solid curves, respectively. Passive galaxies dominate the popula-

tion for stellar masses above 3 × 1010M⊙, while actively star-

forming galaxies are dominant at lower masses. Dashed and dotted

curves then separate each of these functions into the contributions

from central and satellite galaxies, respectively.3 Central galaxies

switch from predominantly star forming to predominantly passive

at 4 × 1010M⊙ and this transition, induced by our AGN feedback

prescription, is quite sharp. At 1011M⊙ more than 80 per cent of

centrals are passive, whereas at 1010M⊙ this is the case for about

20 per cent; below 2 × 109M⊙ only about 2 per cent of centrals are

3 Note that our definition of satellite here includes any galaxy that is not

centred on the main subhalo of its FOF dark matter halo.
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Figure 5. The evolution of the fraction of red (passive) galaxies as a function of stellar mass and redshift. Predictions from our new model (solid red lines),

from that of Henriques et al. (2013, dashed red lines) and from that of Guo et al. (2013, dotted red lines) are compared with observed red fractions (blue points

with error bars). These were obtained by dividing the stellar mass function of red galaxies by the sum of the red and blue stellar mass functions shown in Fig. 7.

Error bars come from straightforward propagation of the errors shown in Fig. 7. A number of observational data sets were combined for this purpose: SDSS

data from Bell et al. (2003) and Baldry et al. (2004) at z = 0 and ULTRAVISTA (Ilbert et al. 2013; Muzzin et al. 2013) and ZFOURGE (Tomczak et al. 2014)

at higher redshifts.

Figure 6. Low-redshift stellar mass functions for star-forming (blue lines)

and passive (red lines) galaxies. Dashed lines give the functions for central

galaxies and dotted lines the functions for satellites. The sums for each

colour type are indicated by solid lines.

passive. Almost all passive, low-mass galaxies are satellites, but

these red dwarfs are outnumbered by similar mass satellites which

are still forming stars. Only for stellar masses above 5 × 109M⊙ do

red satellites outnumber blue ones. This reflects the fact that most

low-mass satellites are in haloes where ram-pressure stripping is no

longer effective.

Most previous semi-analytic models have overpredicted the pas-

sive fraction for low-mass galaxies (e.g. Bower et al. 2006; Croton

et al. 2006; Weinmann et al. 2006a, 2012; Henriques et al. 2008;

Henriques & Thomas 2010; Guo et al. 2011; Hirschmann et al.

2014). Our new reincorporation model ensures that central galaxies

with 8.0 ≤ log M⋆/M⊙ ≤ 9.5 accrete gas and continue to form

stars at late times, but this alone is not sufficient to reproduce the

observations (see the dashed red lines in the left-hand panels of

Fig 5). The observations require a significant fraction of low-mass

satellites also to remain blue. Satellites in our model do not accrete

primordial gas or wind ejecta and can only remain blue if the gas

they already possess at infall remains available for star formation

over a long period. This forces us to suppress ram-pressure strip-

ping and to extend star formation in the absence of new accretion,

changes which are similar to those introduced by Font et al. (2008)

into their own galaxy formation model for similar reasons. Note

that tidal stripping of material (gas, stars and dark matter) is still

present in our new model. As we will show in Paper IV our new

assumptions not only reproduce the observed abundances of galax-

ies as a function of stellar mass, star formation rate and redshift,

but also the environmental dependences and quenching time-scales

inferred from observations (Peng et al. 2010, 2012; Wetzel et al.

2012; Wang et al. 2014).

The new AGN feedback implementation is needed to make sure

that galaxies with M⋆ ∼ 1010.5 M⊙ are predominantly passive at

z < 1 despite late-time accretion of both primordial material and

wind ejecta. (Compare the dashed and solid red lines in the left-

hand panel of Fig 5.) For more massive galaxies, black hole and

halo masses become sufficiently large to quench star formation even

earlier.

5 FU RT H E R C O N S E QU E N C E S O F

DOWNSI ZI NG

In the previous section, we focused on how and how well our new

model adapts in order to fit the observational data which we use

directly as constraints, namely the abundance and passive fraction

of galaxies as functions of stellar mass from z = 3 to 0. Here, we

analyse related quantities which were not used in our MCMC sam-

pling in order to clarify the physical implications of the observed

phenomenology. In particular: we study stellar mass functions sep-

arated explicitly into active and passive systems, together with the

evolution of the implied cumulative mass and number densities;

we compare observed and model distributions of colour, sSFR and

luminosity-weighted stellar age for low-redshift galaxies; we anal-

yse the evolution of the ‘star-forming main sequence’ of galaxies;

and we look at the evolution of the mean cosmic star formation

rate density (the Lilly–Madau diagram). A detailed comparison of

observations with predicted black hole masses, cold-gas fractions,

metallicities, morphologies and AGN feedback rates can be found in

the Supplementary Material. Comparisons of clustering predictions

with observations will be presented in Paper IV.
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Figure 7. The evolution of the stellar mass functions of passive (top) and actively star forming (bottom) galaxies from z = 3 to 0. Theoretical predictions from

Guo et al. (2013, the dotted lines), from Henriques et al. (2013, the dashed lines) and from our new model (the solid lines) are compared to our representation

of the available observational data (blue symbols). As discussed in Appendix A, these include SDSS data at z = 0 (Bell et al. 2003; Baldry et al. 2004) and

ZFOURGE (Tomczak et al. 2014) and ULTRAVISTA (Ilbert et al. 2013; Muzzin et al. 2013) data at higher redshifts. The individual observations are shown in

Fig. A2. As in Fig. 2, the theoretical predictions have been convolved with a Gaussian with scatter that increases with redshift as suggested by Ilbert et al. (2013)

in order to represent uncertainties in the observational stellar mass estimates. Estimates originally derived using Bruzual & Charlot (2003) stellar populations

have been converted to Maraston (2005) populations by applying a correction of �M⋆ = −0.14 (Domı́nguez Sánchez et al. 2011).

5.1 Abundance evolution for active and passive galaxies

In Fig. 7, we separate the stellar mass functions already plotted in

Fig. 2 into passive (‘red’, upper panels) and actively star forming

(‘blue’, lower panels) systems using the colour cuts outlined in Sec-

tion 4.2. The blue symbols are our representation of the results from

several recent observational surveys, as detailed in Appendix A, and

were used to estimate the passive fractions shown as blue symbols

in Fig. 5. They are compared with model predictions from Guo et al.

(2013, dotted lines), from Henriques et al. (2013, dashed lines) and

from the model of this paper (solid lines). In this figure, the differ-

ences between our new model and Henriques et al. (2013) appear

significant only at low redshift and are relatively small. Both models

clearly represent the observations better than Guo et al. (2013), pre-

dicting fewer low-mass galaxies at early times and fewer low-mass,

passive galaxies at all times. At low redshift, our new model has

fewer of these 8.0 ≤ log M⋆/M⊙ ≤ 9.5 passive galaxies and more

passive giants (log M⋆/M⊙ ≥ 11.0) than Henriques et al. (2013)

and is in reasonable agreement with the observations, although all

models appear to predict more passive dwarfs than are observed at

redshifts 1 and 2. The effect of our new AGN feedback is evident

in the more rapid build-up of passive galaxies around the knee of

the stellar mass function at late times.

Both in the observations and in our new model the stellar mass

function of star-forming galaxies evolves very little between z = 2

and 0 and has a steep low-mass slope, whereas the mass function of

passive galaxies has a much shallower low-mass slope and grows in

amplitude by an order of magnitude while keeping the characteristic

stellar mass at its knee almost constant. This behaviour has been

noted previously (e.g. Bundy et al. 2006; Bell et al. 2007; Ilbert

et al. 2010) in particular by Peng et al. (2010) who used it as

the basis of a simple, toy model for galaxy formation. It implies

that the growth of galaxies through star formation and mergers is

being balanced by quenching processes that move galaxies from the

active to the passive population. As noted by Peng et al. (2010), the

constancy of the characteristic mass of passive galaxies implies that

quenching typically occurs when galaxies grow to a well-defined

stellar mass which is independent of time. In our physical model,

this characteristic stellar mass is the minimum value for which

feedback from the central supermassive black hole is able to offset

cooling and accretion from the hot gas halo. As the passive galaxy

stellar mass function grows in amplitude relative to that of active

galaxies, the difference in shape between the two functions means

that passive galaxies first start to dominate the population at high

mass, and that the cross-over between active and passive domination

moves steadily to lower stellar mass at later times.

A somewhat different view of this behaviour can be seen in Fig. 8.

The upper panel shows comoving stellar mass density as a function

of redshift for the galaxy population as a whole (black symbols and

curve) and separated into the contributions from passive and active

systems (red and blue symbols and curves, respectively). Symbols

and shaded regions are obtained from our representation of the

observed stellar mass functions and are integrated down to the ob-

servational completeness limits in each case. Predictions from our

new model are shown integrated over all masses (dashed curves)

and down to the same redshift- and colour-dependent completeness

limits as the observation (solid curves). The stellar mass density

in active systems is independent of redshift, once the variation in

the completeness limit is accounted for, whereas the stellar mass

density in passive systems increases by more than an order of mag-

nitude to become dominant at z = 0. The lower panel of Fig. 8

shows cumulative comoving number densities of active and passive

galaxies above three stellar mass thresholds as a function of redshift.

Above the highest threshold, passive and active galaxies are already

equally abundant at z ∼ 2. Above the intermediate threshold, they

are equally abundant at z ∼ 1, while above the lowest threshold

they only become equally abundant around z ∼ 0. In both panels,
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Figure 8. Upper panel: evolution of the comoving stellar mass density in

passive (red) and active (blue) galaxies and in the full population (black).

Symbols with error bars and the associated shaded regions are obtained from

our compilation of observational results by integrating above the adopted

completeness limit. Solid lines are predictions from the model of this paper

integrated over all masses (dashed lines) and above the same completeness

limits as the observations (solid lines). Lower panel: cumulative comoving

number densities of active and passive galaxies above three stellar mass

thresholds. Again, symbols and the associated shaded regions give obser-

vational results, while the solid lines are predictions from the model of this

paper.

our new model is in qualitative agreement with the observational

trends and appears to agree quantitatively within the considerable

uncertainties.

5.2 Colours, sSFRs and ages of low-z galaxies

At low redshift the distributions of colour, sSFR and stellar age can

be measured robustly for galaxies over a very wide mass range.

In Fig. 9, we show u − i colour distributions, r-band luminosity-

weighted age distributions and sSFR distributions for SDSS galax-

ies split into eight disjoint bins spanning four orders of magni-

tude in stellar mass, 8.0 ≤ log M⋆/M⊙ ≤ 12.0. The observational

data are shown as solid black histograms. sSFR estimates were

derived as in Brinchmann et al. (2004), including the later cor-

rections of Salim et al. (2007). In order to match the observed

distribution of unclassified galaxies with no emission lines, that

were assigned a value of SFR based on SED fitting, model galaxies

with log ≤ −12 yr−1 have been assigned a random Gaussian value

centred at log = −0.3log (M⋆) − 8.6 and with dispersion 0.5. Stel-

lar masses are taken from Kauffmann et al. (2003) and stellar ages

were derived as in Gallazzi et al. (2005). All observational data were

downloaded from the MPA-JHU catalogue4 and a 1/Vmax factor was

applied when accumulating histograms in order to produce volume-

limited statistics. As in previous plots, these observational data are

compared with predictions from our new model, from Henriques

et al. (2013) and from Guo et al. (2013).

For masses above 1010 M⊙ there are clear differences between

the three models. The delayed reincorporation of wind ejecta in-

troduced by Henriques et al. (2013) produces an increase in the

number of star-forming galaxies which is visible in the three left-

most lower plots as a peak around 1–2 Gyr in the age distributions

and around 10−10 yr−1 in the sSFR distributions. These peaks are

less pronounced in the earlier model of Guo et al. (2013). As a result

of this shift, Henriques et al. (2013) underpredicted the fraction of

passive galaxies at high mass (see Fig. 5). Our updated treatment

of feedback from radio mode AGN corrects this problem (although

not completely) by quenching galaxies more strongly at later times.

Its effects are evident in the reduction in the fraction of objects

in these peaks in the new model. At high mass, galaxy colours are

significantly redder in the two more recent models than in Guo et al.

(2013) because of the change in population synthesis model and the

larger value adopted for the nucleosynthetic yield. Discrepancies

between model and observation nevertheless remain, particularly at

intermediate masses, suggesting that our treatment of the transition

between the low- and high-mass regimes, where the properties of

galaxies change dramatically, still needs to be improved. In this

range, the model distributions are much more clearly bimodal than

those of SDSS galaxies. Another important factor is the treatment

of dust which might also significantly contribute to this behaviour.

For low-mass galaxies (8.0 ≤ log M⋆/M⊙ ≤ 9.5), the improved

agreement of our new model with the SDSS data is quite clear. The

peaks at red colours, old ages and low sSFR which were present to

varying degrees in both the Henriques et al. (2013) and Guo et al.

(2013) models are now strongly suppressed. Most dwarf galaxies

are indeed blue, young and star forming, as observed, with only

a small fraction of red/passive galaxies remaining. This reflects

both the later reincorporation of ejecta, which ensures that almost

all central galaxies are blue, and our altered assumptions about

ram-pressure stripping and star formation thresholds, which allow

a majority of low-mass satellite galaxies to remain blue. Although

some disagreements of detail remain, the new model is in reasonable

qualitative agreement with the inferred star formation rates of local

galaxies over the full observed stellar mass range.

5.3 Evolution of the star-forming main sequence

and the cosmic star formation rate density

In recent years, deep surveys of the galaxy population have identi-

fied a relation between star formation rate and stellar mass which

holds for the bulk of star-forming systems. This ‘main sequence’

relation is close to a direct proportionality (e.g. Peng et al. 2010) and

has relatively modest scatter at any given redshift, but its amplitude

evolves strongly with time. The population of passive objects falls

below this main sequence and has long been studied in detail at low

redshift (e.g. Baldry et al. 2004; Brinchmann et al. 2004; Kauff-

mann et al. 2004). Recent increases in sensitivity have made similar

analyses possible at high redshift, where these passive galaxies are

the ones counted in the red’ stellar mass functions of Fig. 7 which

show them to be subdominant by number, even at high mass, for

z ≥ 2 (see also Fig. 8).

4 http://www.mpa-garching.mpg.de/SDSS/
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Figure 9. u − i colour (top panels), r-band weighted age (middle panels) and sSFR (bottom panels) distributions at z = 0.1 in eight disjoint stellar mass bins.

Observational estimates from the SDSS are shown as black solid histograms and are compared with predictions from our new model (solid red histograms),

from Henriques et al. (2013, dashed red histograms) and from Guo et al. (2013, dotted red histograms). sSFR estimates for SDSS come from Brinchmann et al.

(2004) and Salim et al. (2007), and luminosity-weighted stellar age estimates from Gallazzi et al. (2005).

Fig. 10 compares the redshift evolution of the relation between

stellar mass and star formation rate in our new model (the grey-

scale) with different observational determinations of the ridge-line

of the star-forming main sequence (the solid lines and red sym-

bols). The observed and model relations have similar slopes and

evolve similarly with redshift. Both decrease in amplitude by well

over an order of magnitude between z = 2 and 0. In addition, the

scatter in the low-redshift relation is also quite similar in the model

and in the data (see Fig. 9). Small discrepancies between theory and

observations remain. These seem consistent with the calibration un-

certainties of different observational star-formation rate indicators

(see Kennicutt & Evans 2012 for a review on the subject) and with

the detailed comparison of star formation rates in different models

recently performed by Mitchell et al. (2014).

The cosmic star formation rate density is defined as the volume

averaged sum of all ongoing star formation at any given time. Its
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Figure 10. Star formation rate plotted against stellar mass from high to low redshift (right to left). The distributions predicted by the model of this paper are

shown in grey-scale and are compared with symbols and straight lines representing the ridge-line of the observed ‘star-forming main sequence’ as inferred

in recent studies that are indicated individually in each panel. At z = 0.1, we show the distribution inferred from SDSS with solid logarithmically spaced

contours. The grey-scale contours represent the normalized number density of galaxies in logarithmically spaced bins (from light grey high-density to dark

grey low-density contours).

Figure 11. The evolution with redshift of the comoving density of cosmic

star formation. The new model (solid red line), that of Henriques et al. (2013,

dashed red line) and that of Guo et al. (2013, dotted red line) are compared

with observational data from Karim et al. (2011), Bouwens et al. (2012),

Schreiber et al. (2015) and Behroozi et al. (2013a).

integral from very early times down to redshift z should be equal

to the integral of the mass-weighted stellar mass function at z,

once mass-loss during stellar evolution is accounted for. In prac-

tice, however, the estimation of stellar mass and star formation rate

densities from observational data is subject to large uncertainties

and deviations between observational determinations of these two

quantities are to be expected (Hopkins & Beacom 2006; Wilkins,

Trentham & Hopkins 2008). As a result, a model that correctly pre-

dicts the observed evolution of the stellar mass function may not

match observational estimates of the evolution of the star formation

rate density.

In Fig. 11, we compare model predictions to observational es-

timates of the star formation rate density from z = 9 to 0. As in

previous figures, we show results for the new model of this paper

as a solid red line, results for the model of Henriques et al. (2013)

as a dashed red line, and results for the Guo et al. (2013) model as a

dotted red line. The observations are taken from COSMOS (Karim

et al. 2011), the Bouwens et al. (2012) sample of Lyman-break

galaxies, combined Herschel and HST H band-selected catalogues

(Schreiber et al. 2015) and the Behroozi et al. (2013a) compilation.

The observed rate has a broad peak at relatively low redshift (z ∼ 2

to 3) and declines significantly by z = 0 but also to higher red-

shift. The prediction of these general features can be considered as

one of the first significant successes of semi-analytic modelling of

galaxy formation in a CDM universe (White 1989). Our new model

matches the overall shape of the observed relation reasonably well

although it is not peaked enough at z = 2. It seems that, despite fully

matching the most recent observations of the stellar mass function

from z = 3 to 0, we predict a milder decrease in the integrated star

formation rate density than observed. There is thus some tension

between the observational determination of these two quantities

(Whitaker et al. 2014; Leja et al. 2015). Similar discrepancies were

found by Furlong et al. (2014) when looking at the Schaye et al.

(2015) numerical simulations.

We note that our modified treatment of radio mode feedback is

responsible for the substantially larger drop in the star formation

rate density at z < 2 than in the Henriques et al. (2013) model. The

change from WMAP7 to Planck cosmology results in higher halo

accretion rates at early times and higher star formation rate densities

at z > 2.

As pointed out by Schaye et al. (2010) and also seen in the MCMC

analysis of Henriques et al. (2013), the high-redshift star formation

rate density is mostly determined by the accretion of primordial

material on to haloes with virial temperatures for which cooling is

efficient. Below z = 2, the slowing of the cosmological accretion

rate combines with a lengthening of characteristic cooling times

to produce a global decrease in star formation rates. In addition,

at later times AGN feedback and environmental quenching mecha-

nisms also contribute to the decrease in the integrated star formation

density, moving galaxies from the main star-forming sequence into

the passive population.

6 SU M M A RY A N D C O N C L U S I O N S

We have updated the cosmological parameters underlying our

galaxy formation model to the values preferred by the first anal-

ysis of Planck CMB data, while modifying our treatment of bary-

onic processes to address two major problems identified in ear-

lier modelling, namely the overprediction of the abundance of

low-mass galaxies (8.0 ≤ log M⋆/M⊙ ≤ 9.5) at redshifts z ≥ 1

and the overly large passive fraction predicted among low-redshift

dwarfs. We use recent observational estimates of the abundances

and passive fractions of galaxies over the stellar mass range

8.0 ≤ log M⋆/M⊙ ≤ 12.0 and the redshift range 0 ≤ z ≤ 3 as

constraints on our modelling, using MCMC procedures to identify
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the thresholds, scaling exponents and efficiencies needed for our

treatment of baryonic processes to match the observations.

Relative to the most recent of our previous publicly-released mod-

els (Guo et al. 2011, 2013) matching these observations required us

to delay the return of material ejected in galactic winds (as in Hen-

riques et al. 2013), to weaken ram-pressure stripping in low-mass

haloes with log M200/M⊙ < 14.0 (as advocated by Font et al. 2008,

for their own galaxy formation models), to lower the gas surface

density threshold for star formation, and to make radio mode feed-

back from AGN more efficient at late times. With these changes, our

new model reproduces our fiducial observations well over their full

stellar mass and redshift ranges. In particular, it matches both the

observed abundance of low-mass galaxies at z ≥ 1 and the observed

sharp, low-redshift transition between predominantly star-forming

systems at low mass, 8.0 ≤ log M⋆/M⊙ ≤ 9.5, and predominantly

passive galaxies at high mass, log M⋆/M⊙ > 10.5. For low-redshift

galaxies, the detailed distributions of colour, sSFR, and luminosity-

weighted stellar age are matched reasonably well across the entire

stellar mass range, 8.0 ≤ log M⋆/M⊙ ≤ 12.0. In addition, the evo-

lution of the mean cosmic star formation rate density over the range

0 < z < 9 is reasonably well reproduced, once possible calibration

uncertainties are allowed for.

Our new model embeds simple but plausible representations of

the physical processes known to influence galaxy formation and

evolution in the structure formation framework of the concordance

�CDM model, yet it behaves in a very similar way to the simple toy

model which Peng et al. (2010) introduced to interpret the observed

evolution of stellar mass functions split into star forming and passive

systems. At each redshift, there is a well-defined star-forming main

sequence along which sSFR varies only weakly. The stellar mass

function of star-forming galaxies has a steep low-mass slope and

evolves very little with redshift, whereas that of passive galaxies has

a much flatter low-mass slope and grows strongly in amplitude, but

weakly in characteristic mass, with decreasing redshift. As a result,

passive galaxies first come to dominate the population at high mass

(log M⋆/M⊙ ∼ 11.3 at z ∼ 2) and the transition between active and

passive domination shifts to progressively lower stellar mass at later

times, dropping to log M⋆/M⊙ ∼ 10.0 by z = 0. Peng et al. (2010)

noted that fitting the data with their toy model required quenching

of star formation to occur near a characteristic stellar mass which

is independent of redshift. In our physical model, this characteristic

stellar mass turns out to be the minimum value for which feedback

from the central supermassive black hole is able to offset cooling

and accretion from the hot gas halo.

In order to match the low passive fraction measured in low-

redshift dwarf galaxies, we had to reduce environmental effects on

dwarf satellites so that at least half of them are still star forming by

the present day. This has an impact, of course, on the clustering of

galaxies as a function of star formation activity, an issue which we

will address in some detail in Paper IV, where we will show that the

updates to our modelling also substantially improve the extent to

which it matches observations of such ‘environmental quenching’.

Although many aspects of our baryonic modelling remain crude,

and there are still some quantitative discrepancies with observations,

we believe that the new model of this paper not only updates that

of Guo et al. (2011) to the currently preferred Planck cosmology,

but also cures the principal discrepancies with observations which

were discovered in the earlier work without significantly damaging

any of its successes. We therefore anticipate that publicly released

data catalogues for the new model will be of considerable use for

interpreting a broad variety of observations of the evolution and

clustering of the galaxy population.
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A P P E N D I X A : C O M PA R I N G M O D E L S A N D

O B S E RVAT I O N S

In this appendix, we define the figure of merit used to assess the

level of agreement between our models and the observational data

with which we constrain them. In addition, we show the individ-

ual observational data sets and describe how they are combined to

give constraints with realistic uncertainty estimates which are suit-

able for MCMC exploration of the high-dimensional parameter

space of our models. A more detailed description of our methods

can be found in appendix 3 of Henriques et al. (2013).

A1 Figure of merit

Our figure of merit for each model is its ‘likelihood’, given the

constraining observations. This is computed assuming individual

data points to be independently and normally distributed around

the model prediction with variance corresponding to the sum in

quadrature of observational and theoretical uncertainties estimated

as detailed below. The observational uncertainties are dominated by

systematics rather than by sampling noise, so neither the Gaussian

assumption nor the precise variance can be rigorously justified.

In addition, both types of uncertainty are expected to be strongly

correlated between data points. As a result, our figure of merit is

not a true likelihood and our MCMC analysis should be interpreted

as indicating acceptable regions of parameter space, rather than as

defining posterior probability distributions in a rigorous Bayesian

sense (see Benson 2014, for related discussion).

Figure A1. Evolution of the stellar mass function from z = 3 to 0 as in Fig. 2, except with the data points for the individual underlying surveys also shown.

These surveys include SDSS (Baldry et al. 2008; Li & White 2009) and GAMA (Baldry et al. 2012) at z ∼ 0 and Marchesini et al. (2009), Spitzer-COSMOS

(Ilbert et al. 2010), NEWFIRM (Marchesini et al. 2010), COSMOS (Domı́nguez Sánchez et al. 2011), ULTRAVISTA (Ilbert et al. 2013; Muzzin et al. 2013)

and ZFOURGE (Tomczak et al. 2014) at higher redshifts. All mass estimates at z > 0, except Domı́nguez Sánchez et al. (2011) and Muzzin et al. (2013) have

been shifted by −0.14 dex to convert from Bruzual & Charlot (2003) to Maraston (2005) stellar populations (Domı́nguez Sánchez et al. 2011). The z = 0

results of Li & White (2009) are repeated at all redshifts as a black dotted line.
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Figure A2. Evolution of the stellar mass function of red and blue galaxies from z = 3 to 0 as in Fig. 7, but with individual observational data sets shown.

These include SDSS data from Bell et al. (2003) and Baldry et al. (2004) at z = 0 and ULTRAVISTA (Ilbert et al. 2013; Muzzin et al. 2013) and ZFOURGE

(Tomczak et al. 2014) at higher redshifts. The Ilbert et al. (2013) and Tomczak et al. (2014) data have been shifted by −0.14 dex to convert from Bruzual &

Charlot (2003) to Maraston (2005) stellar populations (Domı́nguez Sánchez et al. 2011). For Ilbert et al. (2013) data points this was done even for their lowest

redshift bin (0.2 < z < 0.5) in order to ensure consistency with the Muzzin et al. (2013) data.

Our procedure is similar to that outlined in Henriques et al.

(2013). We again use observed stellar mass functions at a series

of redshifts (z = 0, 1, 2 and 3) to constrain galaxy abundances,

but, rather than using K- and B-band luminosity functions to con-

strain the relative numbers of passive and actively star-forming

galaxies, we here use direct estimates of the passive fraction as a

function of stellar mass at z = 0, 0.4, 1, 2 and 3. These are ob-

tained from stellar mass functions for galaxy samples split into

active and passive subsets according to colour–colour plots like

Fig. 4. This change makes our analysis less sensitive to the details

of stellar population synthesis models and separates constraints

on galaxy abundance more clearly from constraints on galaxy

activity.

Given the above assumptions our figure of merit for each model

(its ‘likelihood’) can be computed as

L ∝ exp
(

−χ2/2
)

, (A1)

where χ2 is given by

χ2 =
∑

i,j

(φi,j − φ̃i,j )2

�φ2
i,j + �φ̃2

i,j

+
∑

i,j

(fi,j − f̃i,j )2

�f 2
i,j + �f̃ 2

i,j

. (A2)

The first sum on the r.h.s. of this equation involves the stellar mass

functions φ (here defined as the logarithm of the number density

of galaxies of the relevant mass and redshift), while the second

involves the passive fractions f. In each case, the index i enumerates

the redshifts used, while j enumerates the stellar mass bins at each

redshift. Observational quantities and their adopted uncertainties are

indicated by a tilde, while model predictions and their uncertainties

have no tilde. The uncertainty in a quantity x is denoted by �x.

We compute passive fractions as a function of stellar mass for

all modern surveys for which the authors have explicitly estimated

stellar mass functions separately for active and passive systems.

As discussed in the next subsection, we combine these indepen-

dent estimates to obtain the stellar mass functions, φ̃B and φ̃R and

associated uncertainties shown in Fig. 7. These functions are then

combined to give the passive fractions we use as constraints

f̃i,j =
φ̃R;i,j

φ̃R;i,j + φ̃B;i,j

. (A3)

The uncertainties in the passive fractions are straightforwardly ob-

tained from those in the stellar mass functions by standard error

propagation,

�f̃ =
φ̃Rφ̃B

(φ̃R + φ̃B )2

√

(�φ̃R/φ̃R)2 + (�φ̃B/φ̃B )2, (A4)

where the index pair i, j has been suppressed on all quantities for

clarity.

Finally, we assume the theoretical uncertainty on the predicted

passive fractions to be �fi, j = 0.025, based on the scatter in the

passive fraction among the tree subsamples used in our MCMC

analysis, and we neglect the theoretical uncertainty in the stellar

mass functions, setting �φi, j = 0.

A2 Individual observational data sets

As in Henriques et al. (2009), Henriques & Thomas (2010) and

Henriques et al. (2013), we combine multiple determinations of

each stellar mass function, using the scatter among them to indicate

the systematic uncertainties which appear in most cases to be larger

than those purely due to count statistics. For each redshift range

and for each stellar mass bin, we take a straight average of the

different data sets and assume the 1σ uncertainty to be half of

the maximum to minimum range. By not weighting the averages

we attempt to recognize the fact that systematic errors can affect

large and small surveys in similar ways. However, we emphasize
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that this estimate of uncertainties is crude, and that in the presence

of systematics any comparison between theory and observations is

essentially qualitative. Formal levels of agreement should thus be

treated with considerable caution.

Our adopted constraints are shown together with the individual

data sets on which they are based in Fig. A1 for the overall stellar

mass function and in Fig. A2 for the stellar mass functions of passive

and actively star-forming galaxies. The constraints we use in our

MCMC sampling are shown as blue dots with error bars, while

other data points represent published observational estimates from

the individual surveys. Theoretical predictions are shown as red

lines.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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