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ABSTRACT

We investigate the consequences of applying different star formation laws in the galaxy
formation model GaLForM. Three broad star formation laws are implemented: the empirical
relations of Kennicutt and Schmidt and Blitz & Rosolowsky and the theoretical model of
Krumholz, McKee & Tumlinson. These laws have no free parameters once calibrated against
observations of the star formation rate (SFR) and gas surface density in nearby galaxies. We
start from published models, and investigate which observables are sensitive to a change in
the star formation law, without altering any other model parameters. We show that changing
the star formation law (i) does not significantly affect either the star formation history of the
universe or the galaxy luminosity functions in the optical and near-infrared, due to an effective
balance between the quiescent and burst star formation modes, (ii) greatly affects the cold gas
contents of galaxies and (iii) changes the location of galaxies in the SFR versus stellar mass
plane, so that a second sequence of ‘passive’ galaxies arises, in addition to the known ‘active’
sequence. We show that this plane can be used to discriminate between the star formation

laws.
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1 INTRODUCTION

A proper understanding of how galaxies form and evolve must
include a description of star formation (SF) and the physics that
regulate this phenomenon. The lack of a theoretical description of
SF has forced galaxy formation modellers to adopt simple para-
metric recipes (e.g. White & Frenk 1991; Lacey et al. 1993; Cole
et al. 1994, 2000; Kauffmann & Charlot 1998; Springel et al. 2001;
Cora 2006; Monaco, Fontanot & Taffoni 2007; Cattaneo et al. 2008;
Lagos, Cora & Padilla 2008).

Two forms commonly adopted for the SF law relate the SF rate
(SFR) per unit area, Xgpg, to the gas surface density either as (i)
Y sFR X Efg\'as (Schmidt 1959) or (ii) Xspr X X gas/Tayn (Shu 1973),
where 74y, is a dynamical time-scale. Observational constraints on
the form of the SF law remained scarce for many years. Early
observations of individual galaxies gave conflicting results for the
power-law index N in relation (i) above, returning values over the
range N ~ 1-3 (see Sanduleak 1969 and Hartwick 1971 for extreme
examples). Nor was it clear, when applying form (ii), whether a lo-
cal or global dynamical time-scale 74y, is more relevant [e.g. the
local free-fall time of the gas or the orbital time around a galaxy;
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see Madore (1977) and Solomon & Sage (1988), respectively]. The
situation improved with the observational sample constructed by
Kennicutt (1998, hereafter K98), which he used to examine corre-
lations between the global SFR and gas surface densities for a wide
range of nearby galaxies, from normal spirals to starbursts (SBs).
K98 found that the global relation was remarkably well fitted by
(1), with N = 1.40 % 0.15, but also nearly equally well fitted by
(ii), when taking 74y, equal to the disc orbital time. However, ob-
servational studies of the resolved radial profiles of SFR and gas in
individual galaxies showed a breakdown of the power-law relation at
low gas surface densities, with a sharp cut-off in X sgg below a criti-
cal gas surface density (Kennicutt 1989; Martin & Kennicutt 2001).
This feature was interpreted using simple gravitational arguments
as marking the onset of dynamical stability in the gas layer, thereby
allowing the fragmentation of the gas into star-forming clouds at
gas surface densities above a threshold value (Toomre 1964).

Over the past 10 years, enormous advances in the characterization
of the SF law have been made possible through the availability of
new, high-quality, spatially resolved observations of H1 (e.g. Walter
et al. 2008) and CO (e.g. Helfer et al. 2003; Leroy et al. 2009),
and of ultraviolet (UV) and infrared (IR) SFR tracers in samples of
nearby galaxies. These data have allowed the accurate estimation of
the molecular and atomic hydrogen content of galaxies over a wide
range of morphologies and gas fractions. In addition, more reliable
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estimates of unobscured SF in the UV (e.g. Gil de Paz et al. 2007)
and of dust-obscured SF in the IR (e.g. Calzetti et al. 2007) have
allowed better determinations of the SFR, both globally and within
individual SF regions. There is now support for a correlation be-
tween Xgrr and the molecular gas surface density, X1, of the form
Yspr X Xl (Wong & Blitz 2002; Kennicutt et al. 2007; Bigiel et al.
2008). This relation is much stronger than that with either the total
cold gas or atomic hydrogen surface densities. At high redshifts,
there are indications that the same form, Xgpr o< X 01, could hold
(Bouché et al. 2007; Genzel et al. 2010). The correlation of Xgrr
with ¥, seems physically reasonable since stars are observed to
form in dense molecular gas clouds (see Solomon & Vanden Bout
2005, for a review).

The threshold in the SF law suggested by the observations of
Kennicutt (1989) and Martin & Kennicutt (2001) has since been
studied in more detail. SF activity has been observed in galaxies
even at low gas surface densities (X 45 < 10 M) pc™2; Heyer et al.
2004; Bigiel et al. 2008; Fumagalli & Gavazzi 2008; Roychowd-
hury et al. 2009; Wyder et al. 2009), but following a steeper relation
in X,,s compared to the SF law found at higher gas surface den-
sities, suggesting a different regime of SF activity. Furthermore,
Blitz & Rosolowsky (2006, hereafter BR06) and Leroy et al. (2008)
found that the ratio of molecular-to-atomic hydrogen surface den-
sities, Ry, 1S well fitted by a power-law function of the hydrostatic
pressure in galactic discs, R o< PZ,,, with the same relation hold-
ing from dwarf to normal spiral galaxies. An empirical SF law
emerges from these studies in which the relationship between R,
and Py naturally divides the X gpr—X g, plane into two regimes of
SF activity when a linear relation such as Xggg & X101 1S assumed,
according to whether R, > 1 or <1. In this picture, it is the tran-
sition from atomic- to molecular-dominated gas which causes the
change of slope in the X gpr—X 4 relation, rather than the stability of
the disc. Note that the empirical SF laws discussed above attempt to
describe the SF activity in galaxies on scales larger than ~500 pc,
averaging over representative volumes of the interstellar medium
(ISM) including both star-forming clouds and intercloud gas (e.g.
Fumagalli, Krumholz & Hunt 2010; Onodera et al. 2010; Schruba
et al. 2010).

Even though the quality of the observational data has improved
the characterization of the SF law, there is still uncertainty regard-
ing the main physical mechanism that governs the SFR in galaxies.
Possibilities currently under discussion include the formation of
molecules on dust grains in turbulence-regulated giant molecular
clouds (GMCs; Krumholz & McKee 2005; Krumholz, McKee &
Tumlinson 2009b) and collisions of GMCs in shearing discs (Tan
2000; Schaye 2004; Silk & Norman 2009; see McKee & Ostriker
2007, for a comprehensive review of the theory of SF activity). Di-
rect comparisons of empirical and theoretical SF models with obser-
vations by Leroy et al. (2008) revealed that thresholds of large-scale
stability, as proposed by K98, or a simple dependence on the orbital
or free-fall time-scales as in Tan (2000), do not offer a good expla-
nation for the observed X grr X X o1 relation. On the other hand, for
a suitable choice of parameters, the Krumholz et al. (2009b) SF law
is able to reproduce the observational results described above fairly
well. The nature of the physical processes underlying the global
SF law could be identified by resolving individual GMCs and SF
regions in the Milky Way and other galaxies. Ongoing observa-
tions with Herschel and future telescopes such as Atacama Large
Millimeter Array (ALMA) and the Square Kilometre Array (SKA)
will help us to better characterize the properties of individual SF
regions, and to test the applicability of locally derived SF laws at
higher redshifts.
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In this paper, we implement new recipes for SF in the GALFORM
semi-analytical model of galaxy formation in a A cold dark matter
(ACDM) cosmology (Cole et al. 2000). We focus on the empirical
laws proposed by K98 and BR0O6 and the theoretical model of
Krumholz et al. (2009b). Our aim is to identify the galaxy observable
properties which can distinguish between different SF prescriptions,
and also to identify behaviour which is common to different SF laws.
To do this, we insert the new SF prescriptions into existing GALFORM
models (Baugh et al. 2005, hereafter Bau0O5; Bower et al. 2006,
hereafter Bow06) without changing any other model parameters to
achieve a new ‘best’ fit to observations (see Cole et al. 2000 and
Bower et al. 2010, for discussions of fitting model parameters). We
first study predictions for the cosmic SFR evolution and then for
the evolution of the cold gas content of galaxies and their level of
SF activity, which are very sensitive to this choice. An important
result obtained in this work is that the study of the SFR in galaxies
of different stellar masses offers a useful constraint on the choice of
SF law. New radio telescopes such as Meer Karoo Array Telescope
(MeerKAT) (Booth et al. 2009), Australian Square Kilometer Array
Pathfinder (ASKAP) (Johnston et al. 2008) and SKA (Schilizzi,
Dewdney & Lazio 2008) will measure the abundance of Hr in
the Universe and its evolution. ALMA will soon begin to probe
both the molecular gas contents and dust-obscured SFRs in high-
redshift galaxies. The predictions made in this paper can be used in
conjunction with these future observations to constrain the physical
processes that trigger SF in galaxies.

This paper is organized as follows. In Section 2, we present the
GALFORM model and the two variants we use to study the impact
of applying different SF laws, pointing out the main differences
and similarities between them. We also describe the SF laws tested.
In Section 3 we study the impact of changing the SF law on the
evolution of the cosmic SFR density. Section 4 examines the evolu-
tion of the cold gas content of galaxies, and we discuss the physics
that shapes its evolution. In Section 5, we present a new means to
distinguish between different SF laws, namely the shape of the se-
quences in the SFR—stellar mass plane, and compare with available
observations. Finally, in Section 6, we discuss our results in the
context of future surveys and observations. The appendices cover
the details of the numerical scheme used to implement the new SF
laws, some details of the SF laws used and present some predictions
for observables which are insensitive to the choice of SF law.

2 MODELLING THE STAR FORMATION
ACTIVITY IN GALAXIES

We first give an overview of the GALFORM galaxy formation model
(Section 2.1), before describing the SF recipes used in GALFORM
(Section 2.2). In Section 2.3 we outline the new SF laws (see Ap-
pendix A for a description of the numerical implementation of these
laws and Appendix B for some more details of the SF laws).

2.1 The galaxy formation model

We study the impact on the galaxy population of applying different
SF laws in the GALFORM semi-analytic model of galaxy formation
(Cole et al. 2000; Benson et al. 2003; Bau05; Bow06; Lacey et al.
2008; Benson & Bower 2010). aLForM models the main physical
processes that shape the formation and evolution of galaxies: (i)
the collapse and merging of DM haloes; (ii) the shock heating and
radiative cooling of gas inside DM haloes, leading to the formation
of galactic discs; (iii) quiescent SF in galactic discs; (iv) feedback
from supernovae (SNe), from active galactic nucleus (AGN) heating
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and from photoionization of the intergalactic medium; (v) chemical
enrichment of stars and gas and (vi) galaxy mergers driven by
dynamical friction within common DM haloes, which can lead to
the formation of spheroids and trigger bursts of SF (for reviews see
Baugh 2006 and Benson 2010). Galaxy luminosities are computed
from the predicted SF and chemical enrichment histories using a
stellar population synthesis model. Dust extinction is calculated
self-consistently from the gas and metal contents of each galaxy
and the predicted scalelengths of the disc and bulge components
using a radiative transfer model (see Cole et al. 2000 and Lacey
etal. 2011).

We consider the models published by Bau05 and Bow06. The
main successes of the Bow06 model are the reproduction of the
observed break in the galaxy luminosity function (LF) at z = 0
in the by and K bands, the observational inferred evolution of the
stellar mass functions up to z & 5, the bimodality in the colour—
magnitude relation and the abundance and properties of red galaxies
(Gonzalez-Perez et al. 2009). The Bau05 model likewise matches
by- and K-band LFs at z = 0, but also the number counts and
redshift distribution of submillimetre-selected galaxies (see also
Gonzdlez et al. 2011), disc sizes (Almeida, Baugh & Lacey 2007;
Gonzdlez et al. 2009), the evolution of Lyo emitters (Le Delliou
et al. 2006; Orsi et al. 2008), counts, redshift distributions and LFs
of galaxies selected in the mid- and far-IR (Lacey et al. 2008, 2010)
and the Lyman-break galaxy LF at redshifts z = 3—10 (Lacey et al.
2011).

We refer the reader to the original papers for full details of the
Bau05 and Bow06 models. Discussions of the differences between
the models can be found in Almeida et al. (2007), Gonzélez et al.
(2009), Gonzalez-Perez et al. (2009) and Lacey et al. (2011). Briefly,
the main differences between the models are the following.

(i) The SF time-scale in galactic discs. The Bow06 model adopts
a parametrization for the SF time-scale which depends on the
global dynamical time-scale of the disc, whereas the Bau05 model
adopts a time-scale which depends only on the disc circular ve-
locity (see Section 2.1). Consequently, high-redshift galaxies in
the BauO5 model have longer SF time-scales than those in the
Bow06 model and are therefore more gas rich. This leads to more
SF activity in bursts in the Bau05 model compared to the Bow(06
model.

(i) The stellar initial mass function (IMF) is assumed to be uni-
versal in the Bow06 model, with the Kennicutt (1983) IMF adopted.
The Bau05 model assumes two IMFs, a top-heavy IMF during SBs
and a Kennicutt IMF during quiescent SF in discs. Defining the IMF
slope x through dN/dInm o m™, the Kennicutt IMF has x = 0.4
below m =1 M and x = 1.5 at higher masses, while the top-heavy
IMF has x = 0.

(iii) The gas expelled from galaxies by SN feedback is assumed
to be reincorporated into the hot halo after a few dynamical times
in the Bow06 model. In the BauO5 model, this happens only after
the DM halo doubles its mass. This time, called the halo lifetime,
is usually much longer than the dynamical time of the halo.

(iv) In order to reproduce the bright-end of the LF, the Bau05
model invokes SNe-driven superwinds with a mass ejection rate
proportional to the SFR (note that the expelled material is not rein-
corporated into any subsequent halo in the DM merger tree). The
Bow06 model includes AGN feedback to switch off the cooling
flow in haloes where the central black hole (BH) has an Edding-
ton luminosity exceeding a multiple of the cooling luminosity (the
multiple being a model parameter).

(v) The Bow06 model includes disc instabilities (e.g. Mo, Mao
& White 1998) as an extra mechanism to trigger bursts of SF and
to make spheroids, and hence to build BH mass (Fanidakis et al.
2010).

We use halo merger trees extracted from the Millennium cos-
mological N-body simulation (Springel 2005) in the Bow06 model
and Monte Carlo trees in the Bau05 model, as in the original mod-
els. We use the Monte Carlo algorithm of Parkinson, Cole & Helly
(2008) to generate DM merger trees for the Bau05 model from that
of Cole et al. (2000). Gonzalez et al. (2011) tested that changing
the tree-generation scheme does not significantly change the model
predictions. The Bau0O5 model adopts a ACDM cosmology with a
present-day matter density parameter, 2, = 0.3, a cosmological
constant, 2, = 0.7, a baryon density, Qparyons = 0.04, a Hubble
constant, # = 0.7, and a power spectrum normalization of oy =
0.93. The Bow06 model is set in the Millennium simulation which
has the following cosmology: Qm, = Qpm + Qparyons = 0.25 (giving
a baryon fraction of 0.18), 2, = 0.75, g = 0.9 and h = 0.73. The
resolution of the N-body simulation is fixed at a halo mass of 1.72 x
10" 7~ M. In the Bau05 model, Monte Carlo merger histories
are generated for a grid of halo masses. The grid is laid down at
selected redshifts, sampling haloes in a fixed dynamic range of mass
which scales as (1 + z)~3 to approximately track the break in the
mass function. The minimum halo mass for merger trees at z =0 is
10° p~1 M. The Monte Carlo trees therefore include lower mass
haloes than in the N-body case.

2.2 The original star formation laws in GALFORM

The original GaLForM models used a parametric SF law to compute
quiescent SFR at each time-step (Cole et al. 2000):
M cold

7,

v = M

where M4 is the total cold gas mass in the galactic disc and 7,
is the time-scale for the SF activity which may depend on galaxy
parameters but not on the gas mass. This choice was motivated by
the observations of K98 (see Bell et al. 2003). The SF time-scale in
equation (1) was parametrized by Cole et al. (2000) as

Tdisc

(Vaise/ Vo)™, 2

T, =
€
where Vy = 200kms™!, Vg is the disc circular velocity at the
half-mass radius, T gisc = 7daise/ Visc 18 the disc dynamical time-scale,
and €, and «, are free parameters, with values originally chosen to
reproduce the gas-to-luminosity ratio observed in local spiral galax-
ies (Cole et al. 2000). Bow06 adopted values of €, = 0.0029 and
o, = —1.5, mainly to reproduce the galaxy LF, without particular
reference to the cold gas to luminosity ratio (see Kim et al. 2010).
In the BauO5 model a different SF time-scale was adopted, in
order to reduce the amount of quiescent SF activity at high redshift,
thereby allowing more SF in bursts. The recipe used in the Bau05
model is

T, = T0 (Vaise/ Vo)™, (3
where V, = 200km s, 7, and « are free parameters set to Ty =
8 Gyr and o, = —3, in order to match the local gas mass to lumi-

nosity ratio (see Power, Baugh & Lacey 2010).

During SBs caused by galaxy mergers and, in the case of the
Bow06 model, also by disc instabilities, the available reservoir of
cold gas is assumed to be consumed in the SB event with a finite
duration. The SF time-scale in bursts is taken to be fq4ynTpuige, With
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a floor value T purst,min» With Tpuge being the bulge dynamical time.
Bau05 adopted fqyn = 50 and T .purst,min = 0.2 Gyr, while Bow06
used fayn = 2 and T ,purst,min = 0.005 Gyr.

The need for two free parameters in equations (2) and (3) reflects
a lack of understanding of the physics of SF. New, high-resolution,
spatially resolved data reveal that an SF law of the form of equa-
tion (1) with 7, independent of the gas density results in a poor
fit to the observations (Leroy et al. 2008). It is necessary to revisit
the SF law used in GALFORM and to study more consistent ways to
characterize the SF in galaxies.

2.3 The new star formation laws

Here we summarize the three new forms of SF law that we imple-
ment for quiescent SF in caLForRM. These are the empirical relations
of (i) K98 and (ii) BR0O6, and (iii) the theoretical model of Krumholz
et al. (2009b). The observational situation for SBs is less clear than
it is for discs, so we retain the original GALFORM prescription for the
SF time-scale in SB (see above).

2.3.1 The Kennicutt—Schmidt law

Following the pioneering work of Schmidt (1959), observational
studies have found that the surface density of SF (Xsgr) correlates
with the projected gas density (X,). K98 fitted the relation

Ssrr = A D) 4

gas’

where N =1.440.15and A = 0.147! when Y gas and gpg are mea-
sured in M pc~2 and M pc~ Gyr™', respectively. This relation
holds over five orders of magnitude in SFR and gas surface density,
but shows a break to a steeper relation in the outer regions of spirals
and in dwarf galaxies (K89; K98; Bigiel et al. 2008; Leroy et al.
2008).

The Kennicutt—Schmidt SF law combines the power-law depen-
dence of the SFR on X, at high gas densities with a cut-off in SF
below a critical gas surface density, X, as observed at low gas
surface densities by K89 and Martin & Kennicutt (2001). The X
threshold is motivated by the Toomre (1964) stability criterion. In
the case of a thin isothermal gas disc with a flat rotation curve, the
critical surface density for gravitational instability of axisymmetric
perturbations is given by

i o, K’ 5)
chit nG ° R
where Q. is a dimensionless constant ~1 and o, is the velocity
dispersion of the gas (see Appendix B1 for a derivation of equa-
tion 5). We adopt 0, = 10kms™' consistent with the observations
of Leroy et al. (2008). K98 found Q. &~ 2.5 (after scaling by our
choice of o, which is larger than the original value adopted by
K98). By adopting these values, we calculate X, and suppress SF
at radii in which Xy, < X

We will consider two forms of the Kennicutt—Schmidt law, with
and without SF suppression below X (equation 5). We denote

Serit =

! 'We have rescaled the value of A to account for the difference between the
Salpeter IMF assumed by K98 and the Kennicutt IMF used in our model for
quiescent SF. The SFRs used in K98 were inferred from Ho luminosities,
and for a fixed Ho luminosity, the SFR on assuming a Kennicutt IMF is 0.91
times that inferred on adopting a Salpeter IMF. Note also that we always use
gas surface densities including helium, assuming a hydrogen mass fraction
of 74 per cent.
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these SF laws as KS.thresh (with suppression) and KS (without
suppression).

2.3.2 The Blitz & Rosolowsky model: molecular gas fraction
determined by pressure

BRO6 based their SF law on two observationally motivated consid-
erations.

(1) Observations in the IR and at millimetre wavelengths sug-
gest that stars form in dense gas environments, namely GMCs (see
Solomon & Vanden Bout 2005, for a review). BR06 assume that
the SFR is set by the surface density of molecular gas? %o, with a
proportionality factor (given as an inverse time-scale) vgg:

2:SFR = Vsr 2:mol- (6)

(ii) BROG propose that the ratio of molecular to atomic hydrogen
gas, Ry, is given by a power law in the internal hydrostatic pressure
in a galactic disc, Pex:

R = 2 = (2 ™
S(HI) P

BR06 found that the observed molecular-to-atomic ratios
in their galaxy sample were well fitted using values of
log (Py/kg [cm™ K]) = 4.54 £ 0.07 and « = 0.92 + 0.07. Leroy
et al. (2008) found similar values using a somewhat larger sample.
The hydrostatic pressure in disc galaxies at the mid-plane is calcu-
lated following Elmegreen (1993; see Appendix B2 for details).

The original SF law of equation (6) can hence be rewritten in
terms of the total gas surface density and the molecular-to-total
hydrogen ratio, fimol = Zmol/ X gas = Rmol/(Rmol + 1), as

YSFR = VSF fmol Dgas- ®)

We consider two cases for vgg: (i) a constant value vep = vz =
0.525 & 0.25Gyr™! (Leroy et al. 2008),® which gives a linear de-
pendence of Xsgr on X, at high surface densities, and (ii) a surface
density dependent vgg given by

0 Egﬂs !
Vs = USF 1 =+ 270 , (9)

where ¥y = 200Mg pc~? and g = 0.4 are chosen to recover the
K98 law at high gas surface densities, and the steepening seen in
the Xgrr—X g, relation when SBs are included (Bigiel et al. 2008).
The surface density X is similar to the typical surface densities of
individual GMC:s in spiral galaxies, so the transition to the steeper
dependence could be interpreted as happening when these clouds
start to overlap. We refer to the SF law with a constant vgg as BR
and to the second form, where vgg = Vsp(Z ), as BR.nonlin.

2.3.3 The Krumholz, McKee & Tumlinson model:
turbulence-regulated star formation activity

Krumholz, McKee & Tumlinson (2009b, hereafter KMT(09) cal-
culate vsg and fino Of equation (8) for a spherical cloud with SF
regulated by supersonic turbulence.

2 Note that we include the associated helium in the molecular gas mass, in
the same way as for the total gas mass.

3 Leroy et al. (2008) derived their SFRs from a calibration using far-UV
luminosities, assuming a Kroupa (2001) IMF. For the Kennicutt IMF, we
infer SFRs 1.02 times larger. For simplicity, we do not apply this correction
factor, since it is so close to 1.
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KMTO09 assume that f,,,; is determined by the balance between
the photodissociation of H, molecules by the interstellar far-UV ra-
diation and the formation of molecules on the surface of dust grains.
Krumholz, McKee & Tumlinson (2009a) calculated f,, theoreti-
cally for spherical cloud, and showed that it is approximately a
function of the gas surface density of the atomic—molecular com-
plex (or GMC) Zomp and of the gas metallicity Z (see also McKee &
Krumholz 2010). We use equation (2) from KMTOQ9 for f 01( % comp»
Z). KMTO09 assume that the surface density of the GMC is related
to that of the ISM on larger scales by Xiomp = ¢Xg, Where the
clumping factor ¢ > 1 is a free parameter, which is not predicted
by the model. It is implicitly assumed that the fraction of the ISM
in GMC:s is equal to the molecular fraction within a single GMC.
Given that the KMTO09 formula predicts that f,o; — 0 in very metal
poor environments, we assume that a minimum /™% = 10~* char-
acterizes pristine gas at very high redshift (see Appendix B3.1 for
more details).

KMTO9 define vgr as the inverse of the time-scale required to
convert all of the gas in a cloud into stars, and obtain it from a
theoretical model of turbulent fragmentation (Krumholz & McKee
2005). The parameter vgr in a cloud depends on the cloud surface
density, ¥. KMTO09 assume that X, is a constant (X() in normal
spiral galaxies, but increases in higher density environments, so
that ¥; = max [X, Xg] (see Appendix B3.2 for more details).
Combining all of these ingredients, KMT(09 obtain

5 -0.33
0 gas
Vsp(Zgas) = Vgp X ( T ) for Xe < X (10)
0
5 0.33
= vl x ( g‘“) for Ty > o, an
X

with v = 0.38 Gyr~! and = = 85 M pc2. The molecular frac-
tion f01(c X gas, Z) contains the dependence on the clumping factor
c. The KMT09 SF model thus predicts three regimes of SF (qual-
itatively similar to the BR.nonlin model): (i) regions with low gas
surface densities and hence low molecular gas fractions, which pro-
duce steeper SF relations; (ii) an intermediate-density regime char-
acterized by constant GMC surface densities and (iii) a high-density
regime where there is an increase in the GMC density. This model is
able to reproduce reasonably well the observed trend of Xgpgr with
X 4as in nearby galaxies on adopting ¢ A~ 5, roughly consistent with
observed overdensities of molecular gas complexes (Rosolowsky &
Blitz 2005; Schuster et al. 2007). Hereafter we will refer to this SF
law as KMT.

3 THE EVOLUTION OF THE SFR DENSITY

Our aim is to investigate the impact on galaxy properties of changing
the SF law over a wide range of redshifts, and to compare the new
predictions with those of the original BauO5 and Bow(06 models.
To do this, we leave the parameter values for processes other than
the SF law unchanged, to isolate the effects of changing the SF
prescription. We apply the new SF laws consistently throughout the
galaxy formation calculation (see Appendix C for an illustration of
applying the SF laws to the original models over a single time-step).

Fig. 1 shows the evolution of the cosmic SFR density (top),
distinguishing between quiescent (middle) and burst (bottom) SF
modes, for the Bau05 (left) and the Bow06 (right) models. In the
Bau05 model, the peak in SF activity is at z &~ 2.5. The peak
location (though not its height) is somewhat sensitive to the choice
of SF law, moving to higher redshift in the variant models. The

extreme cases are the KS and KS.thresh SF laws, in which the peak
shifts to z &~ 3.5. In the case of the KMT and BR.nonlin laws, the
peak moves slightly to z ~ 2.8, while the BR law gives a very
similar SFR density evolution to the original BauO5 model. The
change in the location of the SFR density peak is driven by the
change in the level of quiescent SF activity. SF laws that produce
higher SFR densities in the quiescent mode at high redshift (i.e.
KS, KS.thresh, KMT, BR.nonlin) are characterized by an SFR—gas
density correlation Yspr—X,, steeper than linear (e.g. N > 1 in
equation 4). A consequence of the larger quiescent SFR at high
redshifts is less cold gas available to fuel SBs, and so the SFR
density in the burst mode drops.

In the Bow06 model (right-hand panels in Fig. 1), the evolution
of the total SFR density is largely unaffected by the choice of SF law
even though the relative importance of the quiescent and burst SF
modes changes by more than one order of magnitude. This is due to
the inclusion of SBs triggered by disc instabilities (Section 2). The
smaller SFR density in the quiescent mode relative to the original
model when using the BR, BR.nonlin and KMT SF laws (middle
panel) leads to significant amounts of cold gas in galaxy discs. This
results in a higher frequency of unstable discs and gas-rich mergers,
and also more prominent SBs due to the larger gas reservoirs. This
increase in SB activity compensates for the lower quiescent activity.
In the case of the KS and KS.thresh laws, the slightly smaller SFR
density (by ~—0.1 dex) in the quiescent mode is not offset by an
increase in the SF activity from disc instabilities. This is because
the condition for a disc to become dynamically unstable is only
weakly dependent on mass (ox M, Jlit/ %). Hence, a substantial change
in disc mass is needed to make a galaxy unstable, and on average the
change in disc mass is less than 0.1 dex for the KS and the KS.thresh
laws, while for the other SF laws it is at least 0.4 dex. Remarkably,
all of the new SF laws produce peaks of burst and quiescent SF
activity separated by at least Az ~ 1, while in the original Bow06
model, the peaks overlap.

The differences on applying the new SF laws in the BauO5 and
Bow06 models indicate the role of physical processes other than
quiescent SF in shaping the evolution of galaxies, e.g. disc instabil-
ities, and support our decision to leave the other model parameters
unchanged. However, there are remarkable similarities between the
predictions which result on using different SF laws. Even though
the total density of SF activity is unchanged, the relative impor-
tance of the burst and quiescent modes depends sensitively on the
choice of SF law, due mainly to the change in the cold gas content
of galaxies (see Section 4). The insensitivity of the total SFR den-
sity to the choice of SF law has been noted in previous work (e.g.
Stringer & Benson 2007; Dutton, van den Bosch & Dekel 2010;
Schaye et al. 2010). This can be understood as resulting from the
SFR (combined with the rate of gas ejection from galaxies due to
SN feedback, which is proportional to the SFR) on average adjust-
ing to balance the rate of accretion of cooling gas. The SFR will
tend to adjust in this way whenever the gas consumption time-scale
Tsr = Moa/SFR is less than the age of the universe at that redshift.
A direct consequence of this interplay between the modes of SF is
the insensitivity of the optical and near-IR galaxy LF and optical
colours to the choice of SF law (see Appendix D for a comparison of
the predicted LFs and other galaxy properties when using different
SF laws).

4 COLD GAS MASS CONTENT OF GALAXIES

The cold gas mass content of galaxies is sensitive to the choice of
SF law, since this determines the rate at which gas is converted into
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Figure 1. The evolution of the cosmic SFR per unit volume. The left-hand panels show the Bau05 model and its variants, and the right-hand panels show the
Bow06 model. The top row shows the total SFR, the middle panels show the quiescent SF and the bottom panels the SF in bursts. For reference, in the middle
and bottom panels the total SFR density in the original models is shown by a thick grey solid line.

stars. Here we focus on three separate observational probes of gas:
the cold gas mass function (CMF), the evolution of the cold gas
density of the universe and the gas-to-luminosity ratio in galaxies.

4.1 Cold gas mass function

Fig. 2 shows the CMF at different redshifts for the original models
and with different SF laws. The observed z = 0 CMF of Zwaan
et al. (2005) is plotted to highlight evolution. Note that the observed
CMF plotted here is derived from the observed H1 mass function
assuming a constant H, /H1ratio of 0.4 and a hydrogen mass fraction
X = 0.74 (Section 2.3.1) to convert the H1 measurements into
cold gas masses (Baugh et al. 2004; Kim et al. 2010; Power et al.
2010).

The Bau05 model is in quite good agreement with the observed
CMF, except at the lowest gas masses. The parameters in the original
model were chosen to match the gas-to-luminosity ratios discussed
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in Section 4.3. The modified SF laws all lead to poorer agreement
with observations. On the other hand, the original Bow06 model is
in poor agreement with the observed CMF. Some of the variant SF
laws in this case lead to better agreement with the observed CMF.
Most of the changes in the CMF with the new SF laws can be
understood as resulting from the changed SF time-scales in discs,
defined as tsg = M, q1a/SFR. (Note that g would be equal to the
gas depletion time-scale if there was no accretion of fresh gas from
cooling, no ejection of gas by SN feedback and no recycling of gas
to the ISM by dying stars.) Since the treatment of gas cooling in
haloes is unchanged, accretion rates of cold gas on to discs are also
essentially unchanged, so an increase in the SF time-scale tsp leads
to larger cold gas masses in discs and vice versa. The new SF laws
depend on galaxy properties such as the radius, stellar mass and gas
metallicity in different ways from the old laws. Furthermore, all of
the new SF laws are non-linear in cold gas mass, at least in the low
gas density regime, so that tsp always increases if M, 4 becomes
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Figure 2. The CMFs at z = 0 and 2 for the Bau05 (upper two panels) and the
Bow06 (lower two panels) models and for the different forms of the SF law.
The line colours and styles are as in Fig. 1. For reference, the observational
estimate of the z = 0 CMF from Zwaan et al. (2005) is shown using grey
symbols in all panels. A constant Hy /H1 ratio of 0.4 has been assumed to
convert the H1 observations into cold gas masses.

low enough, in contrast to the original SF laws, for which tgf is
independent of the remaining gas mass. As a result, the changes in
gas content due to changing the SF law themselves depend on the
galaxy mass and redshift (see Appendix C for the change in SFR
with galaxy mass and redshift for different SF laws).

SBs triggered by disc instabilities have a bearing on gas content
in the Bow06 model. Changing the SF law can lead to changes in
the total disc mass, making the disc more prone to instabilities if
the total mass is larger. Following an instability, all of the gas is
consumed in an SB. Thus, paradoxically, longer SF time-scales in
discs can lead to lower final gas contents in some cases. SBs in
the Bau05 model are triggered only by galaxy mergers, and the
frequency of these is essentially unaffected by changes in the gas
content of galaxies.

In the Bau05 model, the SF time-scales are in most cases shorter
with the new SF laws, and so the CMF is also lower at most gas
masses. For the Bow06 model, the results of changing the SF law are
more mixed, although the CMF is generally lower at intermediate
gas masses. An interesting effect appears at low gas masses, where
in all cases the number density is larger than with the original SF
laws, bringing the models closer to the observational data at z = 0.
This results from the new SF laws being non-linear in the cold gas
mass, so that the gas is depleted less rapidly when the mass becomes
very small than with the original (linear) SF laws. The effects of
halo mass resolution are more severe for the Bow06 model, which
uses N-body merger trees from the Millennium simulation. This is
what causes the turndown in the CMF for Mcqq S 10° h™2 M.

The high-mass end of the CMF in the Bow06 model evolves
significantly from z = 2 to 0 due to the longer SF time-scales at
lower redshifts (see equation 2). With the new SF laws, this evolution
is weaker, due in part to the higher frequency of disc instabilities
triggering SBs which consume the gas.

The evolution of the CMF is therefore a useful diagnostic to
distinguish between the SF laws, since they lead to changes that are
differential with galaxy mass.

4.2 Global cold gas density evolution

The evolution of the global cold gas density, pcq4, 1S shaped by
the same processes as the CMF. Fig. 3 shows p..q as a function
of redshift for the BauO5 (top panel) and Bow06 (bottom panel)
models and the variants with new SF laws. For reference, grey
symbols show different observations as listed in the legends. In
general, all the new SF laws predict lower p.qq than the original
models across the whole redshift range.

In the Bau05 model, the reduced p.,q With the new SF laws is
due to the shorter quiescent SF time-scales in low and intermediate
cold gas mass objects (see right-hand panels of Fig. C1). In general,
the shorter the quiescent SF time-scale (on average), the smaller the
Peold compared to the original model. Note that the jump of pcqq at
Z” 6 in the Bau05 model is due to the assumed reionization redshift
Zreion = O (Section 6.1).

On the other hand, in the Bow06 model the BR, BR.nonlin and
the KMT SF laws at very high redshift (i.e. z > 6) give similar p¢oq
to the original model, mainly due to the compensation between
quiescent and burst SF activity. The BR, BR.nonlin and the KMT
SF laws give reasonable agreement with the observed pqq at z =
0, improving over the original model.

The Bow06 model shows a more rapid decrease of p.oa With
increasing redshift than the Bau0O5 model. This results in part from
the stronger SNe feedback in the Bow06 model, but is also due to
the difference in the mass resolution of the halo merger trees used
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Figure 3. The cold gas mass density in the universe, p¢old, in units of the
critical density at z = 0, pcrit,; =0, as a function of redshift. The results for
the original Bau05 and Bow06 models and with the new SF laws are shown
in the top and bottom panels, respectively. Grey symbols show observational
results from Zwaan et al. (1997, 2005; open and filled circles, respectively),
Rao & Briggs (1993; open triangles) and Péroux et al. (2003; open and filled
squares). For the latter, open symbols indicate the cold gas density inferred
from damped Ly« systems, while filled symbols include a correction for gas
clouds with lower column density than originally detected. The dotted line
in the bottom panel shows the effect of changing the halo mass resolution
from the default values, as discussed in the text.

in the two models (see Section 2.1). The dotted line in the bottom
panel of Fig. 3 shows the effect on the standard Bow06 model of
using Monte Carlo trees with a minimum mass 10'° 277" M (1 +
2)~? instead of N-body trees with a fixed mass resolution (shown
by the solid black line). The effect of improving the halo mass
resolution is larger at high redshifts.

4.3 Gas-to-luminosity ratios of galaxies

Fig. 4 shows the gas-to-luminosity ratio as a function of absolute
magnitude in the B band at z = 0 for late-type galaxies (those with
bulge-to-total luminosity in the B band, B/T < 0.4, in order to make
a fair comparison with observations), for the original models and
with the new SF laws.
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Figure 4. Hydrogen gas mass to luminosity ratios, My/Lp, as a function
of B-band magnitude for late-type galaxies. Late-type galaxies in the model
are those with a bulge-to-total luminosity ratio in the B band of B/T < 0.4.
The Bau05 and Bow06 models are shown in the top and bottom panels,
respectively. The line colours and styles which represent the different SF
laws are the same as in Fig. D1. For clarity we only show the median of
each model. Observational results from Huchtmeier & Richter (1988) and
Sage (1993) are shown as small grey symbols. The triangles with error bars
show the median and the 10th and 90th percentiles for the observations. In
order to compare directly with the observations, we assume that 74 per cent
of the cold gas mass predicted by the models is hydrogen.

The Bau05 model predicts gas-to-luminosity ratios in good agree-
ment with the observations, as these data were used as the main
constraint on the parameters in the original SF recipe (equation 3).
The new SF laws in the BauO5 model predict gas-to-luminosity
ratios which increase with luminosity, contrary to the observed ten-
dency. This is due to the new SF laws predicting generally shorter
quiescent SF time-scales in low- and intermediate-mass galaxies
but longer time-scales in high-mass galaxies, when compared to the
original model (see Appendix C).

The original Bow06 model predicts gas-to-luminosity ratios
which are in poor agreement with the observations, except at the
highest luminosities. However, the new SF laws generally pre-
dict lower gas-to-luminosity ratios for galaxies fainter than Mz —
51log (h) &~ —20, due to shorter quiescent SF time-scales, bringing
them into better agreement with the observations.
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5 THE EVOLUTION OF GALAXIES IN
THE SFR VERSUS STELLAR MASS PLANE

The level of SF activity in galaxies at any redshift is dependent
on the available cold gas and the time-scale on which the gas is
consumed (which is set by the choice of SF law). Here we examine
the influence of different SF laws on the distribution of galaxies
in the SFR-stellar mass (SFR-M,) plane and its evolution with
redshift. The distribution of galaxies in this plane offers a way to
constrain the form of the SF law.

Brinchmann et al. (2004) found that local star-forming galaxies
lie on a relatively narrow region in the SFR-M, plane. Noeske et al.
(2007), Elbaz et al. (2007) and Daddi et al. (2007) extended this
work to higher redshifts, finding that the ‘main sequence’ of star-
forming galaxies in the SFR—M, plane remains in place up to at
least z ~ 2 with a similar slope to that at z ~ 0. The zero-point
evolves strongly with redshift. Santini et al. (2009) found evidence
for a bimodal distribution of galaxies in the SFR—M, plane, with
a ‘passive’ sequence below that of actively star-forming galaxies.
Below, we investigate whether or not the models are able to explain
the observations, and to what extent the distribution of galaxies in
the SFR-M, constrains the SF law.

5.1 The local star formation rate—stellar mass plane

Fig. 5 shows the predicted distribution of galaxies in the SFR—M,
plane at z = O for the Bau05 and Bow06 models and for vari-
ants using the new SF laws. The colour shading indicates the re-

ﬁ i) Boyﬁﬁﬂ%
]

Bau05.KMT ]
= /’/41":
5 RS &
® 4
= o
o -

[T -

@/ -
S ]
s} ‘o

. £

1‘; SIRIT
2| Bau05.KS ~ T Bau05.KS.thresh 1

—~ [ :#,Il/ I‘L. 1
5, * ad N e
] M i | ]
< A 2
E A -
5 '

5 A ]

- Bau05.BR

log(SFR/Mgyr”)
o

I T 4

i ; |

7 8 9 10 11 7 8 9 10 11 12
10g(Mgigia/N" M) l0g(Myigia/N" M)

log(SFR/Mgyr") log(SFR/Mgyr")

log(SFR/Mgyr")

gions within which 40 to 99 per cent of the model galaxies fall
in the SFR-M, plane, when the distributions are volume-weighted
and normalized in bins of stellar mass. We also show, using solid
and dotted black contours, the regions of the plane where satellite
and burst galaxies respectively constitute more than 50 per cent of
the population within cells in the SFR-M, plane. Here we define
burst galaxies as those in which the SB mode accounts for at least
20 per cent of their total SFR. Most of the galaxies (>99 per cent
when integrated over the whole SFR—M, plane) are undergoing qui-
escent SF. Some of these contours breakup into ‘islands’, but this
is an artefact of some cells in the SFR—M, plane containing a small
number of galaxies.

We see from Fig. 5 that all of the models apart from the Bow06
model show two sequences in the SFR-M, plane, although the
shapes and widths of these sequences vary significantly depending
on the SF law. We will call the upper sequence with higher SFRs
at a given M, the ‘active’ or ‘star-forming’ sequence, and the lower
sequence with lower SFRs the ‘passive’ sequence. In the original
Bow06 model there appears to be only an active sequence, but there
is alarge spread of galaxies down to lower SFRs. The two sequences
appear more distinct for the variants of the Bow06 model with the
new SF laws than for the Bau05 model and its variants. For the
Bow06 model and variants, the active SF sequence extends down
to the lowest stellar masses plotted, while for the Bau05 model and
its variants the active sequence is only present for higher stellar
masses. We now examine these differences in more detail.

In the Bau05 model and its variants, there are comparable num-
bers of active and passive galaxies for M, > 10'° h~! M. Atlower

L 1 1
7 8 9 10 1 7 8 9 10 11 12
10g(Mgiepa/h” M) 10g(Mgieia/N" M)

Figure 5. Distribution of galaxies in the SFR versus stellar mass plane at z = 0 for the Bau05 and the Bow06 models and their variants with the new SF laws
(left- and right-hand sets of panels, respectively). Each panel corresponds to a different model, as labelled. The coloured contours show the regions within
which different fractions of the galaxies lie for given stellar mass, volume-weighted and normalized in bins of stellar mass, with the scale shown by the key. We
show, using dotted and solid black contours, the regions in which SB and satellite galaxies respectively make up more than 50 per cent of the galaxy population.
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Figure 6. SFR versus stellar mass plane for galaxies at z = 0 in the Bow06
model with the different SF laws tested. The contours outline the 95 per
cent percentile regions for satellite (red) and central (blue) galaxies, after
normalizing in bins of stellar mass.

masses most of the galaxies are on the passive sequence, with the
active sequence completely disappearing for M, < 10°h~' M.
The passive sequence is generally broader than the active one. The
slope of the passive sequence is generally steeper with the new SF
laws, producing lower SFRs at M, < 10" A~ M. This is closely
related to the lower gas content in these galaxies, as seen in Fig. 4.
The exception is the KS.thresh law, where the passive sequence
disappears at low SFR and low M,. This results from the cut-off in
SF for galaxies with gas surface densities below the critical density
(see equation 5). Indeed, 70 per cent of all galaxies in this model
with M, > 107 h~' M have SFR = 0. However, in galaxies with
M, > 10° h~! My, this percentage falls to 30 per cent. This means
that the critical density cut-off completely switches oft SF activity
in most low-mass galaxies at z = 0.

For the variants of the Bow06 model, the passive sequence ap-
pears generally narrower and more offset from the active one,
compared to the BauO5 model variants; furthermore, there seems
to be more dependence of the shape on the SF law. As for the
Bau05.KS.thresh model, the passive sequence disappears com-
pletely at low SFRs in the Bow06.KS.thresh model.

In order to gain further insight into the nature of the upper and
lower sequences in the SFR-M, plane, we split the sample into
central and satellite galaxies. Fig. 6 shows the 95 per cent percentile
contours after normalization in bins of stellar mass, for central (blue
contours) and satellite galaxies (red contours) for the Bow06 model
and its variants. Satellite galaxies are found predominantly on the
lower sequence, while the upper sequence is dominated by central
galaxies, as expected from the solid black contours in Fig. 5. This
implies that the inflow of newly cooled gas on to central galax-
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ies is a key process in shaping the ‘active’ sequence, while the
rate at which the cold gas reservoirs in satellite galaxies are con-
sumed shapes the lower, ‘passive’ sequence. In satellite galaxies,
the new SF laws applied to the Bow06 model typically produce
longer SF time-scales (see Appendix C). This is a consequence of
the new SF laws being non-linear in cold gas mass; hence, the SF
time-scale becomes long when the gas mass becomes small, which
happens when galaxies no longer accrete newly cooled gas. There-
fore, satellite galaxies consume their gas reservoirs more slowly
than in the original model, which results in larger cold gas masses
and higher SFRs at later epochs, and allows the galaxies to remain
on a well-defined sequence for longer. In contrast, with the old
SF recipe the gas reservoirs of satellites decline exponentially with
time.

The change in the slope of the passive sequence at
M, ~ 10°h~'Mg in the Bow06.BR, Bow06.BR.nonlin and
Bow06.KMT models is due to the change in the dominant regime
in the Xgpr—X g, relation. Low-mass galaxies are predominantly
in the low X, regime, for which most of the hydrogen is in the
atomic phase, and the SFR has a steep dependence on X 4,. Indeed,
the steeper the relation in the Xgpr—X 4 plane at low X, the
flatter the passive sequence at low stellar masses (see Fig. 5 for the
KMT SF law). However, this simple picture only holds for satellite
galaxies, since central galaxies have a constant supply of newly
cooled gas which shapes the upper sequence in the SFR-M, plane,
making it insensitive to the exact choice of SF law.

In the Bau05 model the satellite and central galaxy sequences
overlap more due to the longer time-scale for gas to be reincorpo-
rated into the host halo after ejection by SNe, compared with the
Bow06 model (see Section 2). This is particularly important at low
stellar masses, for which SNe feedback is very efficient at ejecting
gas which has previously cooled. The long reincorporation time-
scale means that SF is nearly shut down in most low-mass central
galaxies. Hence, the active SF sequence disappears at low M,. The
passive sequence at low M, therefore includes both satellite and
central galaxies. We confirmed this by carrying out the exercise of
applying the Bow06 prescription for the gas reincorporation time-
scale in the Bau05 model, and found an active sequence which looks
similar to that in the Bow06 model. The slope and dispersion of the
active SF sequence are insensitive to the details of the SNe feed-
back (or the SF law; see Fig. 5), since making feedback stronger or
weaker does not change its shape. We conclude that the reincorpo-
ration time-scale of the ejected gas is the main process controlling
the form of the active SF sequence, while the passive sequence is
mostly dependent on the choice of SF law. This relation offers a
new way to constrain the SF law.

5.2 Comparison with observations of the SFR-M,,
planeatz =0

Indications of multiple sequences in the SFR—-M, plane have been
found in the local Universe by Brinchmann et al. (2004), and at
high redshifts by Damen et al. (2009), Santini et al. (2009) and
Rodighiero et al. (2010). However, all of these studies are affected
to some extent by selection effects against the inclusion of galax-
ies with low SFRs and/or low stellar masses, and these must be
accounted for in any comparison with models. We start by compar-
ing with observations of local galaxies in this subsection, and then
consider higher redshifts in the next subsection.

In the top panel of Fig. 7 we show the observed distribution
of galaxies in the SFR—M, plane based on the Sloan Digital Sky
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Figure 7. Top panel: observed distribution of galaxies in the SFR versus
stellar mass plane for the SDSS DR7 spectroscopic sample of galaxies,
updating the analysis by Brinchmann et al. (2004). The distributions are
volume-weighted and normalized in bins of stellar mass as in Fig. 5, and
the shading shows the regions within which different fractions of galaxies
lie at each stellar mass. The black line shows the effective SFR sensitivity,
which depends on stellar mass (Brinchmann, private communication). Bot-
tom panel: the same as the top panel for model galaxies at z = 0.1 after
applying the cuts used by Brinchmann et al. (2004) in the SDSS DR7 sam-
ple, for different models as labelled in each panel. For reference, the dotted
lines show the sensitivity limit of the SFR estimates in the SDSS DR7. The
shading is as in the top panel. The KS and BR.nonlin models are not shown
due to their similarity with the KS.thresh and BR models, respectively.

Survey Data Release 7 (SDSS DR7),* which corresponds to an
update of the Brinchmann et al. (2004) analysis. Stellar masses
are determined from spectra and broad-band magnitudes following
Kauffmann et al. (2003), while SFRs are derived primarily from

4Data were downloaded from the public webpage http:/www.mpa-
garching.mpg.de/SDSS/DR7/.
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Figure 8. Distribution of galaxies in the SFR versus stellar mass plane
at z = 1 (left column), z = 3 (middle column) and z = 6 (right column)
for the BauO5 (top panel), the Bau05.BR (second panel), the Bow06 (third
panel) and the Bow06.BR models (bottom panel). The shading shows the
distribution of galaxies in this plane, normalized in bins of stellar mass.
The thick dashed straight lines show the observations of the ‘SF sequences’
reported by Elbaz et al. (2007) at z ~ 1 and Stark et al. (2009) at z ~ 6, and
are plotted over the mass ranges probed by the observations. We also show
regions in which SB and satellite galaxies make up more than 50 per cent of
the population using dotted and solid black contours, respectively.

the Ha emission line following Brinchmann et al. (2004). We refer
the reader to these papers for further details. We have constructed
contours of the distribution for the subsample of galaxies in the
spectroscopic catalogue which have estimated SFRs, after volume-
weighting and normalizing in bins of stellar mass. As in Fig. 5, the
colour shading indicates the regions within which different frac-
tions of galaxies lie for a given stellar mass. The solid black line
shows the approximate SFR sensitivity limit in the SDSS analysis
(Brinchmann, private communication). The minimum measurable
SFR depends on stellar mass both because it depends on detecting
spectral features above the stellar continuum, and because galaxies
of higher M, in the SDSS sample tend to lie at larger distances.
Since the SDSS estimates are based on a Chabrier (2003) IMF for
the stellar masses, and a Kroupa (2001) IMF for the SFRs, we
rescale the stellar masses in the SDSS sample by a factor of 0.89
and the SFRs by a factor of 1.1 (Bell et al. 2003) to correspond to
the use of a Kennicutt (1983) IMF for quiescent SF in the models.
(In the Bau05 model SBs form stars with a top-heavy IMF, but this
only affects a small fraction of the galaxies in the SFR-M, plots. SB
galaxies are typically located above the colour contours at higher
SFRs, see dotted lines in Figs 5 and 8.)

To make the comparison with the SDSS data simpler and fairer,
we plot the model predictions in the SFR-M, plane again in the
bottom panel of Fig 7, but this time imposing some additional
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selections to better match the SDSS sample. Since the median red-
shift of the SDSS spectroscopic sample is around z = 0.1, we create
a sample of model galaxies for z = 0.1, and then apply the appar-
ent magnitude limit r < 17.77 of the SDSS spectroscopic sample.
We also apply the SFR sensitivity limit of the SDSS sample shown
in the top panel of Fig. 7. Fig 7 shows the SFR-M, plane for the
Bau05 (left-hand panels) and the Bow06 (right-hand panels) mod-
els at z = 0.1 after applying these cuts. Note that we do not show
the BR.nonlin and KS models, given their similarity to the BR and
KS.thresh, respectively.

For the SDSS sample plotted in Fig. 7, we see that most galaxies in
the mass range 10" < M, < 10" h~! M lie on a single star-forming
sequence. At high masses M, > 10'°h=! My, a second sequence
appears, roughly parallel to the first but offset below it. Comparing
with the model distributions in Fig. 7, the general distribution of
galaxies in the SFR—M, plane seems better matched by the variants
of the Bow06 model rather than by any of the variants of the Bau05
model. All of the variants of the Bow06 model produce an upper
star-forming sequence covering the whole mass range 107 < M, <
10" 1~ M, with similar slope to the observed one, though with a
smaller dispersion, particularly at low masses. The original Bow06
model does not reproduce the second sequence seen in the SDSS
at high masses, but most of the variants with new SF laws do
produce a similar feature. On the other hand, in the Bau05 model,
the distribution of galaxies in the SFR-M, plane appears rather
different from the observed one. All the variants show an upper
sequence of star-forming galaxies, which has a similar slope and
amplitude to that seen in SDSS. However, this does not extend to
low masses, unlike in the SDSS. The most prominent feature for the
Bau05 model and its variants is the broad ‘passive’ sequence lying
below the ‘active’ star-forming sequence, and extending down to the
lowest masses plotted. This does not correspond to what is seen in
the SDSS sample, where all low-mass galaxies appear to lie close
to the ‘active’ star-forming sequence. The main origin of these
differences between the Bau05 and Bow(06 model for low stellar
masses is the difference in the time-scale for the reincorporation
into haloes of gas which has been ejected by SNe (see Section 6.1).

The passive sequence seen in Fig. 5 for the variants of the Bow06
model falls below the SFR sensitivity limit of the SDSS study at
lower masses, M, < 10" A~ M. However, observational indica-
tions of a passive galaxy sequence at low masses have been reported
by Woo, Courteau & Dekel (2008) for Local Group dwarf galaxies.
These objects follow a distinct SF sequence with much lower SFRs
than the main star-forming sequence seen in the SDSS sample,
similar to our predictions for passive galaxies in the Bow06 model
variants with the new SF laws. Similarly, Skillman, C6té & Miller
(2003) reported SFRs and stellar masses for galaxies in the Coma
cluster which agree with the lower sequence seen in the top panel
of Fig. 7, and also overlap with our prediction for massive satel-
lite galaxies in the Bow(06.BR, Bow06.BR.nonlin and Bow06.KMT
models (Fig. 6).

5.3 The SFR-M, relation at high redshift

Evidence for a star-forming sequence in the SFR-M, plane has
also been found at high redshifts. The slope of the observed rela-
tion seems to be constant over the redshift range probed, while the
zero-point evolves strongly from z =~ 0 to ~4 (Daddi et al. 2007;
Elbaz et al. 2007; Pérez-Gonzdlez et al. 2008), but appears roughly
constant for 4 < z < 6 (Stark et al. 2009). However, we caution
that the selection effects in some of the high-redshift samples are
very strong, since some are selected on the basis of SFRs. Further-
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more, the observational estimates of SFR and stellar mass typically
become more uncertain at higher z, due to the more limited data
available and the effects of dust (Stringer et al. 2011).

Both models in all of their variants predict an active SF sequence
in good agreement with observations. The features of the models in
the SFR-M, plane at z = 0O (see Fig. 5) are preserved up to z ~ 2.
At z > 2, the passive sequence starts to disappear, implying that at
higher redshifts most of the galaxy population is undergoing vigor-
ous SF and lies on the active SF sequence. To illustrate this general
behaviour, Fig. 8 shows the predicted distribution of galaxies in the
SFR-M, plane at three different redshifts for the Bau05 and the
Bow06 models, together with the BR variant. Also shown are the
medians of the observed relations at different redshifts, plotted as
thick dashed lines.’

Santini et al. (2009) found that bimodality in the SFR-M, plane
is clearly present in massive galaxies at z < 1, but becomes weaker
as redshift increases, being almost absent at z ~ 2. This appears
consistent with the predictions of the Bow06 model with the new
SF laws, but is probably less so with predictions from the Bau05
model. However, the SFR sensitivity limit in the sample of Santini
et al. is quite high (SFR 2 107>Mg yr™') relative to the model
predictions at lower masses, making it difficult to study the passive
population at high redshift.

The new SF laws, through their impact on the cold gas contents
of galaxies, strongly affect the passive population and its evolution
as seen in the SFR-M, plane, in a way that could be used as an
important constraint on the SF model, if observational data could
probe low enough SFRs. On the other hand, the active SF sequence
is much less affected by the choice of SF law, but instead depends
on the assumption about how quickly gas ejected by SN feedback
is reincorporated into the host halo.

6 DISCUSSION AND CONCLUSIONS

Improvements in the quality and quantity of observations of the
spatially resolved SFRs and atomic and molecular gas contents in
local galaxies (e.g. Kennicutt et al. 2007; Bigiel et al. 2008) have
allowed the development of both empirical (e.g. BR0O6; Leroy et al.
2008) and theoretical SF models (Krumholz et al. 2009b). These
models prescribe a relation between the surface density of SF X ggr
and gas X, often depending also on other physical quantities
such as the stellar surface density and gas metallicity. We have
revisited the SF recipes for quiescent galaxy formation in galaxy
discs used in the galaxy formation model GALFORM and implement
new, parameter-free SF laws with the aim of isolating observations
that could be used to distinguish between SF models (see Lagos
et al. 2011, for the predictions of these models for the atomic and
molecular hydrogen content of galaxies).

We test the following SF laws: (i) the Schmidt law, which has
the form Xgr o¢ Ty, with N = 1.4 (the KS law) and (ii) its
variant, the Kennicutt—Schmidt law, which includes an SF cut-off
at low gas surface densities, motivated by gravitational stability
considerations (Toomre 1964; the KS.thresh law); (iii) an SF law of
the form X spr X Vs fmol 2 gas» Where f1,o1 depends on the hydrostatic
gas pressure (see equation 7; BR06; Leroy et al. 2008), and vsF is
an inverse time-scale of SF activity in molecular gas, assumed to

3 Since in the observational samples a universal Salpeter IMF was assumed
when estimating SFRs and stellar masses, we scale their stellar masses and
SFRs by factors of 0.5 and 0.91, respectively (e.g. Bell et al. 2003), to
correspond to a Kennicutt (1983) IMF.
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be constant (the BR law); (iv) a variant of the previous SF law, but
assuming vsg = Vsp(Xgs) Which depends on the total gas surface
density (see equation 9; the BR.nonlin law) and (v) the theoretical
SF law of Krumbholz et al. (2009b) in which the ratio of surface
densities of molecular to atomic gas depends on the balance between
the dissociation of molecules due to the interstellar far-UV radiation
and their formation on the surface of dust grains (the KMT law).
We apply the new SF laws to the quiescent SF mode which takes
place in galactic discs (see Section 2.1).

We have applied the new SF laws to two variants of GALFORM,
those of Bau0O5 and Bow06. These models have many differences
in their input physics, including different laws for quiescent SF,
and furthermore their parameters were tuned to reproduce different
sets of observational constraints. We have left the parameters for all
other physical processes, including SF in SBs and feedback from
SNe and AGN, unchanged when running with the new quiescent SF
laws, rather than retuning these other parameters to try to reproduce
the original observational constraints. This allows us to isolate the
impact of invoking different SF laws. Previous attempts to include
similar SF recipes in semi-analytical models have not focused on
how galaxy properties are affected by changing the SF law alone,
but have also made changes to other model parameters (e.g. Cook
et al. 2010; Dutton et al. 2010; Fu et al. 2010).

The choice of quiescent SF law by construction affects the quies-
cent SF activity. In the most extreme case, the cosmic SFR density
in the quiescent mode changes by an order of magnitude when
compared with the original model. However, the total SFR density
evolution is remarkably insensitive to the choice of SF law. In the
case of the Bau05 model the new SF laws increase the SFR in the
quiescent mode, while the contrary happens in the Bow06 model.
This is compensated for by weaker SB activity in the Bau05 model
and more vigorous SBs in the Bow06 model. This adjustment is
particularly effective in the case of the Bow06 model, which in-
cludes SBs triggered by disc instabilities. A related consequence is
the insensitivity of the present-day bj-band LF and g — r colour
distributions and the evolution of the K-band LF to the choice of
quiescent SF law.

Since the gas is consumed at different rates during quiescent and
SB SF, the change in the quiescent SF law leads to large differences
in the cold gas content of galaxies. For both models the new SF
laws predict more galaxies with low cold gas masses, fewer with
intermediate cold gas masses and similar or fewer with high cold
masses. This leads to a lower cosmic mean cold gas density at all
redshifts. For the Bow06 model, these changes help to improve the
agreement with the local observations by Zwaan et al. (2005). We
find similar changes in the My/Lp gas-to-light ratios as functions of
luminosity.

Finally, we investigated the distribution of galaxies in the SFR—
M, plane at different redshifts for both the old and new SF laws.
In most cases, the models predict two sequences in this plane, an
‘active’ sequence with higher SFRs and a ‘passive’ sequence with
lower SFRs. The form of the ‘active’ sequence, which is dominated
by central galaxies, appears insensitive to the quiescent SF law.
This can be understood in terms of a rough balance being set up
between accretion of gas due to cooling in the halo and consumption
of gas by SF and ejection by SN feedback (at a rate which is
proportional to the SFR). The cold gas mass in a galaxy therefore
adjusts to achieve this balance (for a given SF law), while the
SFR itself is insensitive to the SF law. The form of the active
sequence is, however, sensitive to the time-scale for gas which has
been ejected by SN feedback to be reincorporated into the halo,
particularly in low-mass galaxies where the SN feedback is very

effective at ejecting gas. This reincorporation time-scale is relatively
short (around a halo dynamical time) in the Bow(06 model, but longer
in the Bau05 model. As a consequence, the active sequence extends
down to very low stellar masses in the Bow06 model and its variants
with different SF laws, but it disappears at low masses in the Bau05
model and its variants.

The form of the ‘passive’ sequence, where most satellite galaxies
are found, is much more sensitive to the SF law. Satellite galaxies
are assumed to not accrete any cold gas; thus, they are simply using
up existing reservoirs of cold gas by SF and feedback, and their
gas contents and SFRs are thus sensitive to the rate at which this
has happened over their history. This depends on the SF law and
weakly on other parameters, such as SN feedback. We propose that
the direct measurement of the (low) SFR of passive galaxies offers
a constraint on the SF law and can be directly compared with the
predictions made in this work.

We made a qualitative comparison of the predicted distribution
of galaxies in the SFR—M, plane with observational data. For z ~
0, we compared with the SDSS DR?7 results of Brinchmann et al.
(2004) which show two sequences, of active and passive galaxies, at
high stellar masses. The Bow06 model variants (particularly those
with the BR, BR.nonlin or the KMT SF laws) appear in better
agreement with these data than the Bau05 model, after accounting
for the sensitivity limits. Observations at higher redshifts indicate
the presence of an active SF sequence that evolves in normalization
but not in slope (e.g. Brinchmann et al. 2004; Daddi et al. 2007;
Elbaz et al. 2007; Stark et al. 2009). The model predictions appear
in general agreement with these observations for both the Bau05
and Bow06 models and their variants. Rodighiero et al. (2010) and
Santini et al. (2009) have found indications of bimodality at z ~ 1
in massive galaxies, consistent with our predictions for the Bow06
model in the three variants already mentioned.

Future observations of SFRs, stellar masses and particularly the
gas contents of galaxies at high redshifts will be crucial for testing
whether current ideas about SF laws applied at earlier stages in
galaxy evolution. Telescopes such as ALMA, James Webb Space
Telescope and extremely large telescopes will make possible mea-
surements of very low SFRs such as those predicted here for the pas-
sive galaxy population, while observations with ALMA, ASKAP,
MeerKAT and eventually SKA will be critical for measuring the
molecular and atomic gas contents of high-redshift galaxies. In this
way we will be able to confirm or rule out the predictions of the
models presented here.
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APPENDIX A: NUMERICAL INTEGRATION
OF THE STAR FORMATION EQUATIONS

Here we outline the numerical solution of the equations that describe
the changes in the baryonic content of galaxies, namely the hot gas,
cold gas, stellar mass and the metals in each component.

A1l The instantaneous SFR

The radial profiles of galactic discs are not resolved in GALFORM
(except in special cases, e.g. Stringer & Benson 2007). We assume
discs are described by an exponential profile (see Cole et al. 2000),

Tiisc(R) = Eoe R/rerr, (AD)

where r. is the scalelength of the disc, ¥y = Mg /27tr82ff is the
central surface density and M ;. is the disc mass in the component
traced (i.e. the cold gas mass, Mqq for Xy, or the stellar mass of
the disc, Mellar disc fOI Zennar). Note that 7. in an exponential disc
is related to the half-mass radius by rso = 1.67r¢g.

The instantaneous SFR in a given episode will be the surface in-
tegral of X g over the full disc, except for the case of the KS.thresh
SF law, in which we integrate only over the unstable region, which
corresponds to the solutions of Xgs = X (see equation 5). In
the case that the integral cannot be solved analytically (as in the
BR, BR.nonlin and KMT SF laws), we use Romberg integration
to compute the global SFR by integrating Xsgr(R) over the whole
disc. This method uses adaptive, equally spaced divisions in R to
achieve the required accuracy in each calculation. For simplicity,
we do not distribute the newly formed stars only over the part of the
disc where the SF activity occurs, but instead we assume that gas
and stars are always distributed with the same exponential profile.
Stringer & Benson (2007) found this to be a reasonable approxi-
mation for the gas component in their radially resolved calculations
of galactic disc evolution. However, this approximation could over-
estimate the radial extent of the stellar component of the disc in
gas-dominated galaxies (see Stringer & Benson 2007; we revisit
this point in Appendix C2).

A2 The SF equations

The SF activity in GALFORM is regulated by three channels: (i) accre-
tion of gas which cools from hot gas haloes on to the disc, (ii) SF
from the cold gas and (iii) reheating and ejection of gas due to SNe
feedback. These channels modify the mass and metallicity of each

of the mass components (i.e. stellar mass, M,, cold gas mass, M o4,
hot halo gas mass, My, and their respective masses in metals, MZ,
MZ,, and MZ,). The system of equations relating these quantities
is (Cole et al. 2000)

M, =(1-Ry (A2)
Mg = Meoot — (1 = R+ B)Y (A3)
Myt = —Meoo + BY (A4)
MZ =1 =R Zeu¥ (A5)
My = Meoo Zno

+Ip— U+ B - R)Zeoal¥ (A6)
MY = =M1 Zoo + (p e + BZeoi) V- (A7)

Here p denotes the yield (the fraction of mass converted into stars
that is returned to the ISM in the form of metals), e is the fraction of
newly produced metals ejected directly from the stellar disc to the
hot gas phase, R is the fraction of mass recycled to the ISM (in the
form of stellar winds and SN explosions), Z.,q = MCZO]d /M4 is the
metallicity of the cold gas and g is the efficiency of stellar feedback.
Descriptions of the feedback mechanisms can be found in Benson
et al. (2003) and Lacey et al. (2008). These equations are defined as
a function of the instantaneous SFR, v, that in the standard version
of caLForM has the form given by equation (1), with ¥ o< M g4.
This form of the SFR has the advantage that equations (15)—(20)
can be solved analytically assuming that M., is constant over a
time-step.

The new SF laws are non-linear in M4, S0 they require equations
(A2)—(A7) to be solved numerically. Once v (Section 2.3.1) is cal-
culated, we proceed to integrate equations (A2)— (A7). In GALFORM,
the equations tracking the evolution of the baryons are integrated
over ‘halo time-steps’ given by the time resolution at which the halo
merger tree is stored, which in the case of both N-body and Monte
Carlo trees is independent of the individual SF time-scales in each
galaxy. Hence, for some cases, the halo time-step could be large
compared to the SF time-scale. This makes it necessary to solve
equations (A2)- (A7) using adaptive step sizes to achieve accurate
solutions. We use the fourth-order Runge—Kutta (RK) method with
adaptive step sizes (Press et al. 1992). The quantities involved in the
calculation of the instantaneous SFR, such as stellar mass, gas mass
and metallicity of the gas, are updated in each substep. However,
for simplicity, we assume that the disc scalelength 7 and Mool
(see equation A1) remain constant during the integration over each
halo step. After integrating equations (15)— (20), we infer the galaxy
luminosity by integrating the SF history over a halo time-step, in-
terpolating the SFR between the values output at the substeps of the
RK integration.

APPENDIX B: THE STAR FORMATION LAWS

In this appendix we explain more extensively some physical details
of the new SF laws included in the GALFORM model.

B1 The critical surface density of the K98 star formation law

In a thin isothermal disc, the critical surface density for gravitational
instability of axisymmetric perturbations, ., iS given by
Ko

g

Sert = =2,
- chil nG

B
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where Q.; is a dimensionless constant ~1 (Toomre 1964), o, is the
velocity dispersion of the gas and « is the epicyclic frequency of
the disc. For realistic gas/stellar discs we expect Q. > 1 due to the
effects of non-axisymmetric instabilities and the gravity of the stars
(see references in K89). It has been shown that o, is approximately
constant within discs. This means that the radial dependence of
Yt is determined by that of «, and can be estimated directly from
a galaxy rotation curve,

1% RdAV\'?
K=f2§ <1+Vﬁ) . (B2)
For a flat rotation curve,
V2 1%
2:crit = ———50g—. (B3)
chil 7TG R

K89 compared X with the gas profile of the disc (Xg,), and
found that at the radius of the outermost H 11 regions (which indicate
recent SF activity), ga/Zerie & 1.9-3.3 for Qcrie = 1 (after scaling
by our choice of o). The median corresponds to Qi A 2.5.

B2 The mid-plane hydrostatic pressure of disc galaxies

Under the assumptions of local isothermal stellar and gas layers,
and o, > o, the mid-plane hydrostatic pressure in discs, Pey;, can
be approximated to within 10 per cent by (Elmegreen 1993)

T Oy
Pexl ~ EGZgas |:Zgas + (;’) E*] ) (B4)
where g, and X, are the total surface densities of gas and stars,
respectively, and o, and o, give the vertical velocity dispersion of
the gas and stars. We assume a constant gas velocity dispersion, 0, =
10kms™' (see Section 2.2.1). By assuming that ¥, > Yo O =
V7G h,X,, where h, is the stellar scaleheight. This approximation
could break down for very high redshift galaxies, whose discs are
gas dominated. In such cases, we assume a floor of o, > o,. We
estimate the stellar scaleheight assuming that it is proportional to the
radial scalelength of the disc, as observed in local spiral galaxies,
with reg/h, = 7.3 £ 1.2 (Kregel, van der Kruit & de Grijs 2002).

B3 The KMT star formation law

KMT theoretical model attempts to deal with three problems: (i) the
determination of the fraction of gas in the molecular phase; (ii) the
estimation of the characteristic properties (masses and surface den-
sities) of GMCs, using a mixture of theoretical ideas and observed
correlations, and (iii) the estimation of the rate at which molecu-
lar clouds convert themselves into stars. The latter rate is known
observationally to be very small (=1 per cent of mass per free-fall
time; Krumholz & Tan 2007) and is understood as a result of the
regulation of the SF activity by supersonic turbulence (Krumholz
& McKee 2005). KMT09 write the SFR per unit total gas mass as a
function of two factors, the fraction of gas in the molecular phase,
fmol (see previous subsection), and the SFR per unit molecular mass,
VsE, as in equation (8).

B3.1 The molecular-to-total gas ratio

The fraction f,, depends on metallicity and the gas surface den-
sity of the atomic—molecular complex. The KMTO09 expression for
the molecular-to-total gas fraction predicts that in very metal poor
environments, o — 0. If implemented at face value, this would
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prevent any SF from taking place in pristine gas at very high redshitt,
and consequently there would be no enrichment to make possible
any subsequent SF. However, this behaviour results from neglecting
gas-phase reactions for the formation of H, molecules, which dom-
inate over formation on dust grains when the metallicity is very low.
Guided by the results of calculations of the formation of the first
stars (see Bromm & Larson 2004, for a review), we will therefore
assume that a minimum f™" = 10~* applies at the onset of the SF

mol
activity in our implementation.

B3.2 The star formation time-scale

KMT define the inverse of the time-scale needed to consume the gas
in a cloud into stars as vsg = € /tgr, Where t is the free-fall time of
a GMC and €y is the fraction of gas converted to stars per free-fall
time (see Krumholz & McKee 2005). In this model, € is a weak
function of cloud properties, but the free-fall time 74 depends on
the cloud mass M, and surface density X.. KMT assume that the
GMC mass corresponds to the critical Jeans mass for gravitational
instability, and that GMCs are embedded in a gaseous disc that is
marginally stable by the Toomre (1964) condition (Q = 1). KMT09
then use an observed correlation found for nearby galaxies between
the global angular velocity of rotation around a galaxy and the gas
surface density, which leads to My o< I 4.

APPENDIX C: AN ILLUSTRATION OF THE
IMPACT OF APPLYING DIFFERENT STAR
FORMATION LAWS

The semi-analytical model follows a range of physical processes, as
set out in Section 2. The interplay between these makes it difficult
to disentangle the impact of one ingredient in isolation. To gain an
understanding of the consequences of changing the SF law, we take
the outputs of the original Bau05 and Bow(06 models, and calculate
the SFR using the SF prescriptions in Section 2, and compare with
the SFR in the original model. To do this, we freeze the physical
properties of the galaxy used in the SFR calculation (i.e. galaxy size,
stellar mass in the bulge and disc, cold gas mass, rate of accretion
on to the disc of newly cooled gas and metallicity of the cold gas)
to make a consistent comparison, in which any difference will be
due exclusively to the new SF law. Fig. C1 shows the ratio between
the SFR calculated using a given SF law and that from the original
recipe, SFRew/SFRiginal, as a function of stellar mass (left-hand
panel) and cold gas mass (right-hand panel), at z = 0 and 6, for the
Bau05 and Bow(06 models.

SFRew/SFRriginar versus stellar mass. At z = 0, the new SF
laws result in larger SFR for low stellar mass central galaxies by
around an order of magnitude. The exception is the KMT law in
the case of the Bow06 model, which predicts a lower SFR than in
the original model for low stellar mass galaxies, before rising and
peaking around Mgy ~ 10'° 1~ M. This arises from the abrupt
fall in the radial X spg predicted by the KMT law due to the large disc
sizes of low-mass galaxies in the Bow06 model (see Appendix D2).
Moving to high stellar masses, in all cases the SFRs from the new
laws are smaller than the original ones. In the Bau05 model, similar
trends are seen for satellite galaxies. However, in the Bow06 model
the predictions for satellites are quite different. This is because in
the Bow(06 model, satellite galaxies have, in general, more modest
cold gas reservoirs compared with the Bau05 model. At z = 6, the
predicted changes in the SFR are qualitatively similar to those seen
atz=0.
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Figure C1. Ratio between the new SFR and that in the original model, SFRyew /SFRoriginal, plotted as a function of stellar mass (left-hand four panels) and
of cold gas mass (right-hand four panels). The upper row shows the predictions at z = 0 and the lower row at z = 6. Within each set of four panels, the left
column shows the Bau05 model and the right column shows the Bow06 model. Three representative SF laws are shown, the KS law (red), BR (blue) and KMT
(green). Solid lines show the results for central galaxies only, while dashed lines show the results for satellite galaxies only. Only galaxies with M¢qq > 0 are
included in this plot. Error bars show the 10th and 90th percentiles of the distribution, and for clarity are shown only for the KS law.

SFR10,/SFR priginal versus cold gas mass. The largest differences
between the new and old SF laws are observed at intermediate cold
gas masses, 8 < log (M ga/h™! M@) < 10, while the differences
become generally smaller when moving to the extremes of high
and low cold gas masses. This behaviour is more pronounced in the
Bau05 model at all redshifts than in the Bow06 model. The non-
linear dependence of the SF laws on cold gas mass is directly linked
with the non-linearity of the SF time-scale with cold gas mass. Thus,
we expect that changing the SF law also affects galaxies in different
ways depending on their cold gas content.

APPENDIX D: OTHER OBSERVED
PROPERTIES OF GALAXIES

We compare the predictions of the models with the new SF laws
against selected observations.

D1 The galaxy luminosity function

The galaxy LFs in the by and K bands at z = 0 are shown in
Fig. D1, for the BauO5 (top) and the Bow06 (bottom) models, and
for variants with new SF laws. Perhaps surprisingly, nearly all of the
new SF laws tested give a reasonably good fit to the observed LFs
and follow closely the predictions of the original GaLForRM models,
even though we keep other parameter values fixed. Exceptions arise
for the KS and the KS.thresh laws in the Bow06 model, which
produce too many bright galaxies in the blue band. However, the
predicted K-band LF is consistent with the observations even in
these cases. This implies that the new laws result in too much SF
activity at the present day in galaxies with M, > 10'° 7=! M for
the KS SF laws in the Bow06 model. This suggests that the AGN
feedback in these objects is not strong enough, and there is still gas
cooling and hence SF activity at low z. This lack of AGN feedback
is a consequence of the reduced burst SF in these models at z < 4
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Figure D1. The b;- (left) and K-band (right) galaxy LFs at z = 0. The
fiducial BauO5 (top) and Bow06 (bottom) models are shown as black lines.
Predictions are shown for the KS law (solid red), KS.thresh law (dashed red;
K98), BR law (solid blue; BR06), BR.nonlin law (dashed blue; Dutton et al.
2010) and the KMT law (solid green; Krumholz et al. 2009b). Observational
results from Norberg et al. (2002) (by band) and Cole et al. (2001) and
Kochanek et al. (2001) (K band) are shown using grey symbols.

(see Fig. 1), which reduces the mass of the BHs formed in massive
galaxies and therefore the strength of the AGN feedback (Section 2).
Another indication of the absence of AGN feedback in the galaxies
producing the excess in the by band is that they correspond to
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Figure D2. Rest-frame K-band galaxy LF at redshifts z = 1 and 2 as
labelled, for the BauO5 (left) and Bow06 (right) models and the different
forms of SF laws tested: KS (solid red), KS.thresh (dashed red), BR (solid
blue), BR.nonlin (dashed blue) and KMT (solid green). Observational results
from Pozzetti et al. (2003), Drory et al. (2004), Saracco et al. (2006) and
Caputi et al. (2006) are shown as grey symbols, identified by the key in the
top left-hand panel.

late-type galaxies with very low bulge-to-total stellar mass ratios
(that host modest mass BHs).

The changes in the LF are particularly mild in the Bow06 model
on applying the BR, BR.nonlin and KMT laws. This similarity
is mainly caused by self-regulation of the SF channels (i.e. SB
and quiescent SF), in which reduced quiescent SF activity at high
redshift leads to galaxies characterized by massive discs and high
gas fractions which experience more prominent SB activity in gas-
rich mergers and disc instabilities. Thus, the overall SF remains
approximately constant. This is also reflected in the mild impact on
the optical colours of galaxies, e.g. g — r, in which the blue cloud in
the colour-magnitude diagram appears slightly more pronounced
when the new SF laws are applied.

At high redshifts the similarity in the predicted LFs at z = 0 is
maintained. Fig. D2 shows the rest-frame K-band LF at z = 1 and
2 for the original models and variants. With the new SF laws the
Bau05 model produces more galaxies at intermediate luminosities
(i.e. =16 < Mg — 5log h < —20) at z = 2 compared to the original
model. This arises because the bulk of the SF activity in galaxies is
shifted to higher redshifts with the new SF laws (Fig. 1). Note that,
even though the LF remains nearly unchanged, the contributions to
the total luminosity from the bulge and disc components of galaxies
are modified due to the change in the quiescent and burst SF modes.
The new SF laws tend to produce twice as many ellipticals as in the
original models over the whole mass range.

D2 Galaxy sizes

In GaLFORM the size of a galactic disc is determined by the conserva-
tion of angular momentum of the gas cooling from the halo and the
application of centrifugal equilibrium in the combined potential of
the disc, bulge and host halo. Newly cooled gas modifies the angular
momentum of the existing disc. Fig. D3 shows the size—luminosity
relation of late- (top) and early-type (bottom) galaxies in the two
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Figure D3. Galaxy half-light radius as a function of r-band magnitude for
late- (top) and early-type (bottom) galaxies. Early types are defined to have
a bulge-to-total luminosity ratio in the r band exceeding 0.5. Different lines
and colours show the medians in the models tested as indicated by the key.
The observational results from Shen et al. (2003) and Dutton et al. (2011)
of late- and early-type galaxies (classified based on their Sérsic index and
colours, respectively), which are both based on the SDSS, are shown as grey
symbols with error bars (corresponding to the medians and 10-90 per cent
of the distributions). The widths of the distributions around the median in
the models are not shown for clarity, but are comparable to those of the
observations (see Gonzalez et al. 2009).

models (the Bau0O5 model on the left and Bow06 on the right), and
the variants. Early-type galaxies are defined here as those with a dust
extincted bulge-to-total luminosity ratio in the » band exceeding 0.5
(BIT > 0.5; Gonzilez et al. 2009) to approximately correspond to
what is used for the SDSS samples. We also show two different
observational estimates of the size—luminosity relations (Shen et al.
2003; Dutton et al. 2011), both based on SDSS data.

Considering first late-type galaxies, we find that the new SF laws
produce only a small change in sizes for the Bau0O5 model, but a
large change in the sizes of bright disc-dominated galaxies in the
Bow06 model, improving the agreement with observations. At in-
termediate luminosities, both models agree somewhat better with
the size—luminosity relation found by Dutton et al. (2011) than with
that of Shen et al. (2003). The larger sizes reported by Dutton et al.
are due to the 2D fitting they perform to galaxy surface brightness
profiles (i.e. including separate disc and bulge components, and in-
clinations), in contrast with the use of circular apertures to estimate
half-light radii in the case of Shen et al.

Bright spirals are larger in the Bow06 variants because the lower
quiescent SFRs predicted by the new SF laws (Section 3.2) result
in more massive discs compared to the original Bow06 model,
which then causes more disc instabilities. (A lower SFR means
less SNe feedback and consequently less cold gas ejected from the
disc, hence giving a larger total mass — stars plus cold gas — for
the disc.) In the original Bow06 model, bright late-type galaxies
typically had quite large bulge-to-total luminosity ratios, close to
the classification boundary B/T = 0.5, but the increased incidence
of disc instabilities converts some of these to early-type galaxies.
The late-type galaxies which remain have, on average, larger disc
sizes than before (since smaller discs are more unstable for a given
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mass). In the BauO5 model, the differences are smaller since this
model already produces longer SF time-scales compared to the
Bow06 model, due to the form and parameters used in the SF recipe
(see Section 2.1). The failure of the Bow06 model to predict small
enough sizes for faint disc-dominated galaxies might be ameliorated
with a more detailed modelling of the radial distributions of stars
and gas (e.g. as in Stringer & Benson 2007).

For the early-type galaxies, on the other hand, the new SF laws re-
sultin large changes in sizes for bright spheroid-dominated galaxies
in the Bau05 model, but only modest changes in the Bow06 model.

The sizes of spheroids are driven by their formation through mergers
and disc instabilities. The flatness of the predicted size—luminosity
relations for spheroid-dominated galaxies in comparison with ob-
servations may result from the simplified calculation of the sizes of
merger remnants, rather than implying that an additional mechanism
is needed (see Almeida et al. 2007; Gonzalez et al. 2009).
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