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•  Wallaby will probe 500,000+ galaxies over a volume of >1.6 h-3Gpc3.

• Many of the theoretical predictions of neutral gas in z>0 galaxies 
are currently poorly constrained.

• Semi-analytics allow us to quickly probe different physical 
prescriptions with a cosmologically significant sample of galaxies.
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Figure 2. Solid and dotted lines show the simulated cosmic evolution of
the surface densities !!FWHMHI " and !!FWHMH2

" with 1-! scatter. These lines
represent interpolations between 51 discrete redshifts between z = 0 and
z = 10. At each redshift, the average value relies on # 106 $ 3 · 107 galaxies
(the precise number depends on z). Dashed lines are the power law fits of
Eqs. (4, 5). Points show the empirical data of Table 1.

tion 6.3 in Obreschkow et al. 2009). (iii) Eq. 1 suggests that !HI(r)
falls of exponentially at large galactic radii, while some observa-
tions have suggested that it varies rather as 1/r, proportional to the
dark matter density derived from flat rotation curves (e.g. Bosma
1981; Hoekstra et al. 2001). The detailed HI-maps and CO-maps
presented by Leroy et al. (2008) for a sample of 18 nearby galax-
ies nevertheless reveal that all these galaxies carry most of their
cold gas mass inside a radius where the angularly averaged HI-
distribution is consistent with an exponential profile. Therefore, we
consider the exponential profile as a safe assumption for the pur-
pose of splitting the cold gas mass between HI and H2.

We use sample of 18 nearby galaxies, for which Leroy et al.
(2008) derived inclination-corrected column density maps of HI,
H2, stars, and SFRs (not used here).

3 COSMIC EVOLUTION OF !HI AND !H2
In this section, we shall investigate the average cosmic evolution
of the surface densities of HI and H2 in the simulated galaxies
(see Section 2). We define the “average” !..." as the (MHI + MH2 )-
weighted geometric average over all galaxies with MHI + MH2 %

108M&. The threshold MHI + MH2 = 108M& approximately marks
the completeness limit of the simulation and the mass-weighting
ensures that massive galaxies with low space densities contribute
significantly to the average.

For each galaxy we define the Full-Width-Half-Maximum
(FWHM) surface densities, !FWHMHI and !FWHMH2 , as the average sur-
face densities inside the radii r, where !HI(r) and !H2 (r) reach
50% of their maximal value. The simulated cosmic evolution of
!!FWHMHI " and !!FWHMH2 " is displayed in Fig. 2 as solid lines. Both
!!FWHMHI "(z) and !!FWHMH2

"(z) are well fitted by power-laws (dashed
lines in Fig. 2),

!!FWHMHI /[M& pc$2]"(z) = 4.7 (1 + z)0.2, (4)
!!FWHMH2 /[M& pc$2]"(z) = 7.1 (1 + z)2.4. (5)

The simulated HI-density remains roughly constant reaching
maximal values around 8$9 M& pc$2, consistent with the observed
HI-saturation level in nearby galaxies (Bigiel et al. 2008). This cos-
mic evolution of !FWHMH2 is a pure prediction, with no observational
counterpart at z > 0 to-date.

The simulated H2-densities can be compared to CO-data. The
data points in Fig. 2 (see also Table 1) represent 12 local and 11 dis-
tant galaxies with observational estimates of !FWHMH2

derived from
resolved CO-maps1. To our knowledge, none of the high-redshift
galaxies are gravitationally lensed, however they certainly repre-
sent a highly-biased sample (see below).

At z = 0, the observed average of !FWHMH2 , weighted by the
cold gas masses and the space densities drawn from the cold gas
mass function (Obreschkow & Rawlings 2009b), is !!FWHMH2 " =

7 ± 1 M& pc$2, consistent with the simulated value of !!FWHMH2 " =

7.9 M& pc$2.
At z ! 0, the empirical values of !!FWHMH2

" show a clear trend
to increase with redshift z. We must worry whether this is a pure
selection e"ect, merely reflecting the relation between sensitivity
and redshift (similar to Fig. 5 in Greve et al. 2005). To our knowl-
edge, all the high-redshift CO-sources considered here have origi-
nally been selected from single-mirror surveys (submillimeter, IR,
optical), which are flux limited rather than surface brightness lim-
ited. Unfortunately, it is not clear what fraction of all flux selected
sources has been detected in the follow-up interferometric surveys,
but it is likely that the present sample of spatially resolved high-
redshift CO-sources is biased towards high fluxes (i.e. large H2-
masses) rather than towards high surface brightness (i.e. high H2-
surface densities). In general, more massive disc galaxies tend to
have lower surface densities than less massive ones. Therefore, the
selection bias of a flux limited sample tends to bias high-redshift
disc galaxies towards lower H2-surface densities. If the observed
systems were single discs, one would thus expect the real relation
between H2-surface densities and redshift to be even steeper than
suggested by the data points in Fig. 2. On the other hand, the CO-
detected galaxies at z > 0 seem to be heavily biased towards sys-
tems subjected to major mergers (Tacconi et al. 2006). On average,
major mergers decrease the specific angular momentum, hence de-
creasing rdisc and increasing !FWHMH2

.
We should therefore compare the CO-measurements at z > 0

exclusively with the simulated galaxies with major mergers in their
cosmic evolution. In the semi-analytic model, the evolution of the
angular momentum during a merger is directly computed from the
underlying N-body Millennium Simulation. We can therefore ex-
pect that, on average, mergers decrease the specific angular mo-
mentum, and hence increase the cold gas densities towards the
high observed densities shown in Fig. 2. Within the semi-analytic
model (Croton et al. 2006), where stellar bulges arise during merg-
ers, galaxies resulting from major mergers are “elliptical” galaxies,
defined as the objects with a bulge-to-total mass ratio larger than
0.4 (see eq. 18 in Obreschkow et al. 2009). The average !!FWHMH2 "

and the corresponding 1-! scatter of the simulated elliptical galax-
ies are represented by the green lines in Fig. 2 and provide a much
better fit to the observational data.

Despite the reasonable agreement between the simulated and
the empirical data for !!FWHMHI " and !!FWHMH2 ", we emphasize that
there are many subtle selection e"ects in the empirical data
(e.g. flux limited sample versus surface brightness limited sam-
ple, Eddington bias) and that the semi-analytic models remain in
many regards simplistic and uncertain (e.g. no geometrical model

1 The adopted CO-to-H2 conversion is XCO = 4 Kkm s$1 pc2 at z = 0
(Table 1, top), consistent with observations in local quiescent galaxies
(Leroy et al. 2008); and XCO = 1 Kkm s$1 pc2 for sources at z > 0 (Table 1,
bottom), consistent with observations in Ultra Luminous Infrared Galaxies
(Downes & Solomon 1998).

( Obreschkow+ 2009 )
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ies nevertheless reveal that all these galaxies carry most of their
cold gas mass inside a radius where the angularly averaged HI-
distribution is consistent with an exponential profile. Therefore, we
consider the exponential profile as a safe assumption for the pur-
pose of splitting the cold gas mass between HI and H2.

We use sample of 18 nearby galaxies, for which Leroy et al.
(2008) derived inclination-corrected column density maps of HI,
H2, stars, and SFRs (not used here).

3 COSMIC EVOLUTION OF !HI AND !H2
In this section, we shall investigate the average cosmic evolution
of the surface densities of HI and H2 in the simulated galaxies
(see Section 2). We define the “average” !..." as the (MHI + MH2 )-
weighted geometric average over all galaxies with MHI + MH2 %

108M&. The threshold MHI + MH2 = 108M& approximately marks
the completeness limit of the simulation and the mass-weighting
ensures that massive galaxies with low space densities contribute
significantly to the average.

For each galaxy we define the Full-Width-Half-Maximum
(FWHM) surface densities, !FWHMHI and !FWHMH2 , as the average sur-
face densities inside the radii r, where !HI(r) and !H2 (r) reach
50% of their maximal value. The simulated cosmic evolution of
!!FWHMHI " and !!FWHMH2 " is displayed in Fig. 2 as solid lines. Both
!!FWHMHI "(z) and !!FWHMH2

"(z) are well fitted by power-laws (dashed
lines in Fig. 2),

!!FWHMHI /[M& pc$2]"(z) = 4.7 (1 + z)0.2, (4)
!!FWHMH2 /[M& pc$2]"(z) = 7.1 (1 + z)2.4. (5)

The simulated HI-density remains roughly constant reaching
maximal values around 8$9 M& pc$2, consistent with the observed
HI-saturation level in nearby galaxies (Bigiel et al. 2008). This cos-
mic evolution of !FWHMH2 is a pure prediction, with no observational
counterpart at z > 0 to-date.

The simulated H2-densities can be compared to CO-data. The
data points in Fig. 2 (see also Table 1) represent 12 local and 11 dis-
tant galaxies with observational estimates of !FWHMH2

derived from
resolved CO-maps1. To our knowledge, none of the high-redshift
galaxies are gravitationally lensed, however they certainly repre-
sent a highly-biased sample (see below).

At z = 0, the observed average of !FWHMH2 , weighted by the
cold gas masses and the space densities drawn from the cold gas
mass function (Obreschkow & Rawlings 2009b), is !!FWHMH2 " =

7 ± 1 M& pc$2, consistent with the simulated value of !!FWHMH2 " =

7.9 M& pc$2.
At z ! 0, the empirical values of !!FWHMH2

" show a clear trend
to increase with redshift z. We must worry whether this is a pure
selection e"ect, merely reflecting the relation between sensitivity
and redshift (similar to Fig. 5 in Greve et al. 2005). To our knowl-
edge, all the high-redshift CO-sources considered here have origi-
nally been selected from single-mirror surveys (submillimeter, IR,
optical), which are flux limited rather than surface brightness lim-
ited. Unfortunately, it is not clear what fraction of all flux selected
sources has been detected in the follow-up interferometric surveys,
but it is likely that the present sample of spatially resolved high-
redshift CO-sources is biased towards high fluxes (i.e. large H2-
masses) rather than towards high surface brightness (i.e. high H2-
surface densities). In general, more massive disc galaxies tend to
have lower surface densities than less massive ones. Therefore, the
selection bias of a flux limited sample tends to bias high-redshift
disc galaxies towards lower H2-surface densities. If the observed
systems were single discs, one would thus expect the real relation
between H2-surface densities and redshift to be even steeper than
suggested by the data points in Fig. 2. On the other hand, the CO-
detected galaxies at z > 0 seem to be heavily biased towards sys-
tems subjected to major mergers (Tacconi et al. 2006). On average,
major mergers decrease the specific angular momentum, hence de-
creasing rdisc and increasing !FWHMH2

.
We should therefore compare the CO-measurements at z > 0

exclusively with the simulated galaxies with major mergers in their
cosmic evolution. In the semi-analytic model, the evolution of the
angular momentum during a merger is directly computed from the
underlying N-body Millennium Simulation. We can therefore ex-
pect that, on average, mergers decrease the specific angular mo-
mentum, and hence increase the cold gas densities towards the
high observed densities shown in Fig. 2. Within the semi-analytic
model (Croton et al. 2006), where stellar bulges arise during merg-
ers, galaxies resulting from major mergers are “elliptical” galaxies,
defined as the objects with a bulge-to-total mass ratio larger than
0.4 (see eq. 18 in Obreschkow et al. 2009). The average !!FWHMH2 "

and the corresponding 1-! scatter of the simulated elliptical galax-
ies are represented by the green lines in Fig. 2 and provide a much
better fit to the observational data.

Despite the reasonable agreement between the simulated and
the empirical data for !!FWHMHI " and !!FWHMH2 ", we emphasize that
there are many subtle selection e"ects in the empirical data
(e.g. flux limited sample versus surface brightness limited sam-
ple, Eddington bias) and that the semi-analytic models remain in
many regards simplistic and uncertain (e.g. no geometrical model

1 The adopted CO-to-H2 conversion is XCO = 4 Kkm s$1 pc2 at z = 0
(Table 1, top), consistent with observations in local quiescent galaxies
(Leroy et al. 2008); and XCO = 1 Kkm s$1 pc2 for sources at z > 0 (Table 1,
bottom), consistent with observations in Ultra Luminous Infrared Galaxies
(Downes & Solomon 1998).
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Figure 8. Number counts of galaxies per square degree per unit
redshift for a telescope with 100% (top) and 1% (bottom) of the
e!ective area of a fiducial SKA (1 km2), for a peak flux limited HI
survey lasting 1 year, based on Bower2006a. The integration times
are !=80 hrs and 12 hrs respectively. As before, only sources that
satisfy Sobs ! n!Srms with n!=10 are included and we ignore
galaxies with cold gas masses below the resolution limit. The solid
and dashed curves correspond to the (fiducial) fixed H2/HI and
variable H2/HI approaches to estimating the cold gas mass to HI
mass conversion factor.

behaviour of the Bower2006aNoEvol approximation, in
which the HI mass function at a given z is replaced by the
HI mass function predicted by Bower2006a at z=0. For the
10% and 100% SKA this would appear to be a reasonable
approximation over the redshift range 0 !< z !< 1.5, di!ering
by ! 10% at most. At z !> 1.5 the predicted number counts
diverge, the degree of the discrepancy depending on the
sensitivity of the survey.

It’s useful to compare our results with previous work,
and so we note that Abdalla & Rawlings (2005) have
predicted the redshift variation of dN/dz for a full SKA
using semi-empirical models for the HI mass function.
This is interesting because we can compare predictions
based on semi-analytical models with their predictions
based on semi-empirical models. For a survey with an
integration time of 4 hours on a full SKA, they expect
to detect ! 8 " 104 sources at the peak dN/dz; this
peak occurs at z ! 0.6. Based on a similar integration
time, the semi-analytical models predict peak dN/dz’s of
between ! 8 " 104 (Bower2006a,DeLucia2006a,Font2008)
and ! 2 " 105 (Baugh2005M). All of these models peak
at z ! 0.5. The semi-analytical models predict dN/dz’s
that decline more gently with increasing z than the semi-
empirical models but this reflects in part di!erences in the
model assumptions (e.g. the assumption that HI, baryons
and dark matter follow similar mass functions) and in part
the conversion from cold gas to HI mass that we must
assume.

Second, we focus on the angular sizes of galaxies. Fig. 9
and Fig. 10 show how the angular size of HI galaxies
varies with redshift. We compute the angular diameter as
! = 2Rh/Dang where Rh is the half-mass radius of the
galaxy and Dang(z) = (1 + z)!1 Dco(z) is the angular di-
ameter distance of the galaxy with respect to the observer,
where, as before, Dco(z) is the radial comoving separation
between source and observer. The points correspond to the
median angular diameters while the upper and lower error-
bars indicate the 25th and 75th percentiles of the angular
diameter distributions at that redshift. Points are given hor-
izontal o!sets of 0.025 in redshift to aid clarity. In Fig. 9 we
plot the redshift dependence of the median angular diam-
eters of galaxies with HI masses MHI ! 109h!1M" (upper
panel) and MHI ! 1010h!1M" (lower panel) varies with
redshift out to z !< 3. In Fig. 10 we focus on the variation
predicted by Baugh2005 and DeLucia2006a for galaxies with
MHI ! 109h!1M" over the redshift interval 0 " z " 1.

Knowledge of the expected redshift variation of angu-
lar diameter of an extended HI source is useful because it
allows one to estimate the number of sources that are likely
to be resolved out. Fig. 9 and Fig. 10 distill the informa-
tion presented in Fig. 4, where we showed how the half-
mass radii of galaxies varied with cold gas mass at a given
redshift. The models indicate that galaxies that have larger
HI masses tend to have larger half-mass radii, which corre-
sponds to more extended angular diameters at a given red-
shift. The angular diameter decreases sharply between z=0
and z # 0.5, and more gently at z !> 0.5. The median an-

gular size varies between 5## and 10## at z=0.1, 1## and 3## at
z=1 and 1## and 3## at z=3 for galaxies with HI masses in ex-
cess of 109h!1M"; the upper and lower bounds correspond
to the predictions from DeLucia2006a and Baugh2005M.
Therefore, to resolve a typical galaxy with an HI mass of
MHI !> 109h!1M" at z ! 1 requires a maximum baseline of
order 100 km.

( Power+ 2010 )
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Table 1. The model parameters

Parameter Description Value

cf clumping factor for H2 prescription 1 (Eq. 24) 1.5
! warm phase correction factor (Sec. 3.2) 1.3
P0 the constant of the relation between molecular ratio and ISM pressure (Eq. 25) 5.93! 10!13Pa
"P the index of the relation between molecular ratio and ISM pressure (Eq. 25) 0.92
" star formation e!ciency in (Eq. 33 & 34) 4.9! 10!10yr!1

#disk the supernova reheating rate (Eq. 15 & 35) 3.5
"0gas constant surface density in the supernova reheating recipe (Eq. 35) 2.1M"pc!2

$AGN Quiescent hot gas black hole accretion rate 2.0! 10!6M"yr!1
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Figure 5. The radial surface density profiles of stars, HI, H2,
and total cold gas for disk galaxies in our models at redshift 0.
The light blue curves with error bars are from the observational
data of Leroy et al. (2008). The red curve shows the mean profile
for H2 prescription 1, while the dashed black curves show the
±1% deviations about the mean. The green curves show the mean
profiles for H2 prescription 2. All the gas surface density profiles
include the contribution from helium and a correction for the
warm phase. The right column shows results for disk galaxies
with rotation velocities similar to the Milky Way (200 km/s<
vvir <235 km/s), and the left column for lower mass disk galaxies
(170 km/s< vvir <200 km/s).

is mostly a consequence of the fact that the infalling gas is
assumed to have an exponential profile at each time step.
Fig. 5 shows that the problem with the overconsumption of
molecular gas in the inner disk discussed in Section 3.4 has
been solved by the new implementation of supernova feed-
back discussed in the previous section. In agreement with
observations, the molecular gas dominates in the inner disk,
the neutral gas dominates in the outer disk, and the H2 pro-
files closely track the stellar profiles. Comparing the red and
green curves, we see that the two H2 fraction prescriptions
give very similar results. Note that we have tuned the avail-
able free parameters to reproduce the observational data as
well as possible, so this is not entirely surprising. The main
di!erences between the two prescriptions occur in the outer
disks, where "H2

falls o! less steeply for the pressure-based
prescription, particularly for galaxies with lower circular ve-
locities, which have lower metallicities. The results for inner
disks are almost identical for the two prescriptions.

4.2 Stellar and gas mass functions at z=0

In Fig. 6, we show the HI, H2 and the stellar mass functions
predicted by our models at z = 0. The results are compared
to the HI mass function derived from the HI Parkes All Sky
Survey (HIPASS) by Zwaan et al. (2005), the stellar mass
function derived from the data release 7 of the SDSS by Li
et al. (2009), and the H2 mass function derived from the
Five College Radio Astronomy Observatory (FCRAO) Ex-
tragalactic CO Survey by Keres et al. (2003) assuming a con-
stant CO-H2 conversion factor (blue), and by Obreschkow
& Rawlings (2009) assuming a variable CO-H2 conversion
factor that scales with the B-band magnitude of the galaxy,
as proposed by Boselli, Lequeux & Gavazzi (2002) (black).
The red curves in Fig. 6 are our model results with H2 pre-
scription 1, while the green curves show the results for H2

prescription 2.
Note that we only plot the stellar mass function down to

a limiting mass of M# = 109.5M", for which the Millennium
Simulation has su#cient resolution to accurately track the
formation history of the host halo. The stellar mass func-
tions predicted by the models agree very well with the data
for galaxies with stellar masses greater than 1010M". The
models produce too many galaxies with masses less than
1010M". Guo et al. (2010) have implemented the galaxy
formation model of De Lucia & Blaizot (2007) in a higher
resolution simulation, and show that the mismatch with the
faint end of the galaxy mass function becomes increasingly
severe as one goes to lower masses. Since we are not con-

( Fu+ 2010 )
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• We know the angular momentum of the DM halo from the input 
N-body simulation.
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146 A. A. Dutton and F. C. van den Bosch

contribution of the stars to the mid-plane pressure is negligible,
regardless of the ratio between ! gas and ! star. In the inner regions
of galaxies, ! gas/! star is likely to be smaller than 0.1, but here the
densities are high enough that f mol ! 1.

Following Blitz & Rosolowsky (2006), we assume that SF takes
place in dense molecular gas, traced by HCN, with a constant SF
efficiency

"SFR

(M" pc#2Gyr#1)
= #̃SF

(Gyr#1)
"mol,HCN

(M" pc#2)
, (25)

where #̃SF ! 10#13 Gyr#1 (Gao & Solomon 2004, Wu et al. 2005).
Expressing this equation in terms of the total gas content:

"SFR

(M" pc#2 Gyr#1)
= #̃SF

(Gyr#1)
"gas

(M" pc#2)
fmol RHCN, (26)

whereRHCN = "mol,HCN/"mol is the ratio between the dense molec-
ular gas (as traced by HCN) and the total molecular gas.

Based on the arguments and references in Blitz & Rosolowsky
(2006), we adopt the following relation for RHCN:

RHCN = 0.1
!

1 + "mol

(200 M" pc#2)

"0.4

. (27)

In the low-pressure, low-molecular-density regime, RHCN ! 0.1,
and thus equation (25) asymptotes to

"SFR

(M" pc#2 Gyr#1)
= #̃SF

(Gyr#1)
0.013

(M" pc#2)

!
"gas

(M" pc#2)

"2.84

. (28)

In the high-pressure, high-molecular-density regime,RHCN $ "0.4
mol,

and equation (25) asymptotes to the familiar SK relation

"SFR

(M" pc#2 Gyr#1)
= #̃SF

(Gyr#1)
0.012

(M" pc#2)

!
"gas

(M" pc#2)

"1.4

. (29)

Furthermore, with #̃SF = 13 Gyr#1, we recover the coefficient of
#SF = 0.16 of the standard SK relation.

Fig. 1 shows the relation between SFR density and gas density
for our SF model (equation 25). Note that in order to compute "SFR

one needs to know "star and "gas. For illustrative purposes, we
have chosen a stellar and gas density profile representative of bright
nearby disc galaxies (left-hand panel of Fig. 1). At small radii and
high gas densities f mol ! 1, and the SF law follows the standard SK
relation. At large radii, the molecular fraction is very low, which
results in a steeper slope to the SF law.

We implement the SF recipe given by equation (25) as follows.
At each time-step and annulus in the disc, we calculate the SFR.
Then, we use the following approximation (valid for time-steps
small compared to the SF time-scale) to calculate the mass of newly
formed stars

$Mstar(R) = A(R) "SFR(R, t) $t, (30)

with A as the area of the annulus and $t the time-step interval.

2.7 Supernova feedback

When stars evolve they put energy back into the interstellar medium
(ISM). The effect of this on the SFR is partially taken into account
by our empirically determined SF recipe. What is not taken into
account is a feedback-driven outflow of gas from the disc. The
physical mechanism responsible for driving outflows is a subject of
debate (e.g. Finlator & Davé 2008), so in this paper we consider
both energy- and momentum-driven winds.

Following van den Bosch (2001), we assume that the outflow
moves at the local escape velocity of the disc–halo system. This
choice is motivated by the fact that it maximizes the mass loss from
the disc–halo system (lower velocity winds will not escape the halo,
and higher velocity winds will carry less mass).

For our energy-driven wind model, following Dekel & Silk
(1986), we assume that the kinetic energy of the wind is equal
to a fraction, #EFB, of the kinetic energy produced by SN. However,
contrary to Dekel & Silk (1986), we apply this energy condition
locally in the disc as a function of radius, rather than globally to the
whole galaxy. Thus the mass ejected from radius, R, during a given
time-step is given by

$Meject(R) = 2 #EFB ESN %SN

V 2
esc(R)

$Mstar(R). (31)

Here, $M star(R) is the mass in stars formed at radius, R, ESN =
1051 erg ! 5.0 % 107 km2 s#2 M" is the energy produced by one
SN and %SN = 8.3 % 10#3 is the number of SN per solar mass of
stars formed (for a Chabrier IMF).

The local escape velocity is given by

Vesc(R) =
#

2|&tot(R)|, (32)

where &tot is the sum of the potentials due to the disc (stars plus
gas) and halo (dark matter plus hot gas) and is computed assuming
spherical symmetry.

Figure 1. Right-hand panel: SF surface density versus total gas surface density for our adopted SF model (equation 25), with #̃SF = 13 Gyr#1. This has been
calculated using the molecular and total gas densities of the model in the left-hand panel. The dotted line shows the standard SK relation, which our model
converges to at high gas density (equation 29). The dashed line shows the relation our model converges to at low gas density (equation 28). Left-hand panel:
surface density profiles of stars and gas (total, atomic and molecular) which is used to calculate the right-hand panel. The molecular fraction is computed using
equations (22)–(24).

C& 2009 The Authors. Journal compilation C& 2009 RAS, MNRAS 396, 141–164
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Table 1. The model parameters

Parameter Description Value

cf clumping factor for H2 prescription 1 (Eq. 24) 1.5
! warm phase correction factor (Sec. 3.2) 1.3
P0 the constant of the relation between molecular ratio and ISM pressure (Eq. 25) 5.93! 10!13Pa
"P the index of the relation between molecular ratio and ISM pressure (Eq. 25) 0.92
" star formation e!ciency in (Eq. 33 & 34) 4.9! 10!10yr!1

#disk the supernova reheating rate (Eq. 15 & 35) 3.5
"0gas constant surface density in the supernova reheating recipe (Eq. 35) 2.1M"pc!2

$AGN Quiescent hot gas black hole accretion rate 2.0! 10!6M"yr!1
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Figure 5. The radial surface density profiles of stars, HI, H2,
and total cold gas for disk galaxies in our models at redshift 0.
The light blue curves with error bars are from the observational
data of Leroy et al. (2008). The red curve shows the mean profile
for H2 prescription 1, while the dashed black curves show the
±1% deviations about the mean. The green curves show the mean
profiles for H2 prescription 2. All the gas surface density profiles
include the contribution from helium and a correction for the
warm phase. The right column shows results for disk galaxies
with rotation velocities similar to the Milky Way (200 km/s<
vvir <235 km/s), and the left column for lower mass disk galaxies
(170 km/s< vvir <200 km/s).

is mostly a consequence of the fact that the infalling gas is
assumed to have an exponential profile at each time step.
Fig. 5 shows that the problem with the overconsumption of
molecular gas in the inner disk discussed in Section 3.4 has
been solved by the new implementation of supernova feed-
back discussed in the previous section. In agreement with
observations, the molecular gas dominates in the inner disk,
the neutral gas dominates in the outer disk, and the H2 pro-
files closely track the stellar profiles. Comparing the red and
green curves, we see that the two H2 fraction prescriptions
give very similar results. Note that we have tuned the avail-
able free parameters to reproduce the observational data as
well as possible, so this is not entirely surprising. The main
di!erences between the two prescriptions occur in the outer
disks, where "H2

falls o! less steeply for the pressure-based
prescription, particularly for galaxies with lower circular ve-
locities, which have lower metallicities. The results for inner
disks are almost identical for the two prescriptions.

4.2 Stellar and gas mass functions at z=0

In Fig. 6, we show the HI, H2 and the stellar mass functions
predicted by our models at z = 0. The results are compared
to the HI mass function derived from the HI Parkes All Sky
Survey (HIPASS) by Zwaan et al. (2005), the stellar mass
function derived from the data release 7 of the SDSS by Li
et al. (2009), and the H2 mass function derived from the
Five College Radio Astronomy Observatory (FCRAO) Ex-
tragalactic CO Survey by Keres et al. (2003) assuming a con-
stant CO-H2 conversion factor (blue), and by Obreschkow
& Rawlings (2009) assuming a variable CO-H2 conversion
factor that scales with the B-band magnitude of the galaxy,
as proposed by Boselli, Lequeux & Gavazzi (2002) (black).
The red curves in Fig. 6 are our model results with H2 pre-
scription 1, while the green curves show the results for H2

prescription 2.
Note that we only plot the stellar mass function down to

a limiting mass of M# = 109.5M", for which the Millennium
Simulation has su#cient resolution to accurately track the
formation history of the host halo. The stellar mass func-
tions predicted by the models agree very well with the data
for galaxies with stellar masses greater than 1010M". The
models produce too many galaxies with masses less than
1010M". Guo et al. (2010) have implemented the galaxy
formation model of De Lucia & Blaizot (2007) in a higher
resolution simulation, and show that the mismatch with the
faint end of the galaxy mass function becomes increasingly
severe as one goes to lower masses. Since we are not con-

A simple disk model
The effects of angular momentum conservation...
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HI to H2 Transition and Scaling Properties 7

(25) to a small sample of nearby galaxies. Our final expres-
sion for the molecular fraction is

fH2
(r) =

1.38! 10!3

!

!2
gas(r) + 0.1!gas(r)

"

!"(r)!0
"

#0.92

, (32)

where !gas(r), !"(r) are the radial gas and stellar surface
densities, !0

" is the central stellar surface density (units
are M#pc

!2). Thus, in the pressure-based prescription, the
molecular ratio depends primarily on the gas surface density,
but the stellar surface density can be important, particularly
in gas-poor disk galaxies at low redshifts.

Finally we note that when we apply our pressure re-
lated prescription to the disks in our simulation, we do not
apply any clumping factor or warm phase corrections, be-
cause Equation (25) refers to the total pressure averaged
over a particular galactocentric radius.

3.2.3 Comparison between the two H2 fraction

prescriptions

Fig. 2 illustrates the main di"erences between the two H2

prescriptions described above. On the left, we plot fH2
vs.

!gas for the Krumholz prescription; each curve corresponds
to a di"erent value of the gas-phase metallicity. On the right,
we plot fH2

vs. !gas for the pressure-based prescription; each
curve corresponds to a di"erent stellar surface density (note
that we assume a central stellar surface density of !0

" =
2000M#pc!2 in Equation (32), which is typical for a spiral
galaxy like the Milky Way).

We see that the molecular fraction decreases at low gas
surface densities in both panels, but the thresholding e"ect
is much stronger for the Krumholz prescription than for the
pressure-based prescription. In addition, the Krumholz pre-
scription appears to open up the possibility that molecular
gas formation is strongly suppressed in low mass galaxies,
which have both low densities and low metallicities. We will
come back to these points in future work.

3.3 Star formation

In a recent paper, Leroy et al. (2008) measured the local
star formation e#ciency (SFE) (i.e the star formation rate
(SFR) per unit mass in gas) for a small sample of nearby
galaxies and compared it with expectations from a num-
ber of proposed star formation laws. Their basic result is
that in the inner regions of spirals, where the molecular
gas constitutes a significant fraction of the total cold gas
content of the galaxy, the SFE of H2 is nearly constant at
(5.25 ± 2.5) ! 10!10 yr!1 (corresponding to a H2 depletion
time about 2 ! 109 yr). Leroy et al. tested whether there
were additional dependencies on variables such as free fall
and orbital time-scales, midplane gas pressure, stability of
the gas disk to collapse, and the ability of perturbations to
grow despite shear, but they found no e"ect.

These results lead us to implement the following star
formation “law” in our models:

!SFR = !!H2
, (33)

where the molecular star e#ciency ! is a constant for all
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Figure 3. The radial surface density profiles of stars, cold gas,
HI and H2 for galaxies with masses similar to that of the Milky
Way at z=0. The light blue curves with error bars are taken from
the data presented in Leroy et al. (2008) and include galaxies
with circular velocities in the range 200km/s< vvir <235 km/s

and Mbulge
" /M" ! 15%. The red solid and dotted curves are the

mean and median values from the models, and the black dashed
curves show the ±1! deviations about the mean. The panels on
the left show the model results when H2 prescription 1 is used,
and the panels on the right are for H2 prescription 2.

galaxies, and we adopt ! = 4.9 ! 10!10yr!1, similar to the
value in Leroy et al. (2008).

3.4 Constraints from the radial profiles

In Fig. 3, we plot the radial surface density profiles of stars,
HI, H2 and total cold gas for “Milky Way” sized disk galaxies
residing in dark matter haloes with circular velocities in the
range 200–235km/s at redshift 0. We show results for both
H2 fraction recipes and compare with data from Leroy et al.
(2008). We find that we are unable to get a good fit to the
data, even if we adjust all available model parameters. Al-
though we can get stellar surface density profiles that match
the observations very well, the HI and total gas surface den-
sity profiles are too flat. In addition, the H2 surface density
is more than an order of magnitude too low. The main rea-
son for this discrepancy is that a star formation law of the
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• Fully decouple and treat the angular momentum of the atomic gas, 
molecular gas and stellar mass components separately.

• Add a radial bulge profile (c.f. Covington+ 2011).

• Test inclusion of additional radial migration through instabilities in 
the disks.

• Add a hot halo profile.
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Calibrating a Galaxy 
Formation Model

MCMC techniquesImage credit: Stanford University Theory Group
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Calibrating a SAM
When is it necessary?

New physics & constraints...
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Calibrating a SAM

New simulations...

When is it necessary?

GiggleZ - Greg Poole (Swinburne)

Bolshoi - A. Klypin (NMSU) 
& S. Gottlöber (AIP, Germany)

New physics & constraints...

Simon Mutch  MCMC & Galaxy Formation Models     Wallaby Meeting ’11



SAM parameters

The many lives of AGN 15

bind its material, and thus removing them can, in principal, unbind

some of the FOF halo that may otherwise still be loosely bound. We

accept this small effect for technical reasons related to the robustness

of our halo definition procedures and the need for unambiguous

particle–subhalo assignments in our data structures. We note that

the total mass in substructures is typically below 10 per cent and

often substantially smaller. Thus any bias in the bound mass of the

parent halo due to additional unbinding is always very small.

To compute a virial mass estimate for each FOF halo we use

the spherical-overdensity approach, where the centre is determined

using the minimum of the gravitational potential within the group

and we define the boundary at the radius that encloses a mean over-

density of 200 times the critical value. The virial mass, radius and

circular velocity of a halo at redshift z are then related by

Mvir =
100

G
H 2(z)R3

vir =
V 3

vir

10G H (z)
, (2)

where H(z) is the Hubble constant at redshift z.

At z = 0 our procedures identify 17.7 ! 106 FOF groups, down

from a maximum of 19.8 ! 106 at z = 1.4 when groups were more

abundant but of lower mass on average. The z = 0 groups contain a

total of 18.2 ! 106 subhaloes, with the largest FOF group containing

2328 of them. (Note that with our definitions, all FOF groups contain

at least one subhalo, the main subhalo which is left over after removal

of any substructure and the unbound component. We require this

main subhalo to contain at least 20 particles.)

Having found all haloes and subhaloes at all output snapshots, we

then characterize structural evolution by building merging trees that

describe in detail how haloes grow as the universe evolves. Because

structures merge hierarchically in CDM universes, there can be sev-

eral progenitors for any given halo, but in general there is only one

descendant. (Typically the cores of virialized dark matter structures

do not split into two or more objects.) We therefore construct merger

trees based on defining a unique descendant for each halo and sub-

halo. This is, in fact, sufficient to define the entire merger tree, since

the progenitor information then follows implicitly. Further details

can be found in Springel et al. (2005b).

We store the resulting merging histories tree by tree. Since each

tree contains the full formation history of some z = 0 halo, the phys-

ical model for galaxy formation can be computed sequentially tree

by tree. It is thus unnecessary to load all the history information

on the simulation into computer memory at the same time. Actu-

ally, this would be currently impossible, since the combined trees

contain a total of around 800 million subhaloes for each of which

a number of attributes are stored. Note that although evolving the

Table 1. A summary of our main model parameters and their best values and plausible ranges, as described in the text.

Once set, these values are kept fixed for all results presented in this paper, in particular for models in which AGN feedback

is switched off.

Parameter Description Best value Plausible range

f b Cosmic baryon fraction (Section 3.3) 0.17 fixed

z0, z r Redshift of reionization (Section 3.3) 8, 7 fixed

f BH Merger cold gas BH accretion fraction (Section 3.4.1) 0.03 002–004

!AGN Quiescent hot gas BH accretion rate (M" yr#1) (Section 3.4.2) 6 ! 10#6 (4–8) ! 10#6

"SF Star formation efficiency (Section 3.5) 0.07 005–015

#disc SN feedback disc reheating efficiency (Section 3.6) 3.5 1–5

#halo SN feedback halo ejection efficiency (Section 3.6) 0.35 01–05

$ej Ejected gas reincorporation efficiency (Section 3.6) 0.5 01–10

T merger Major merger mass ratio threshold (Section 3.7) 0.3 02–04

R Instantaneous recycled fraction of SF to the cold disc (Section 3.9) 0.3 02–04

Y Yield of metals produced per unit SF (Section 3.9) 0.03 002–004

galaxy population sequentially in this way allows us to consider, in

principle, all interactions between galaxies that end up in the same

present-day FOF halo, it does not allow us to model longer range

interactions which might take place between galaxies that end up in

different FOF haloes at z = 0.

3 BU I L D I N G G A L A X I E S : T H E
S E M I - A NA LY T I C M O D E L

3.1 Overview

In the following subsections we describe the baryonic physics of

one particular model for the formation and evolution of galaxies

and of their central supermassive black holes. A major advantage

of our simulation strategy is that the effects of parameter variations

within this model (or indeed alternative assumptions for some of the

processes) can be explored at relatively little computational expense

since the model operates on the stored data base of merger trees;

the simulation itself and the earlier stages of post-processing do not

need to be repeated. We have, in fact, explored a wide model and

parameter space to identify our current best model. We summarize

the main parameters of this model, their ‘best’ values and their plau-

sible ranges in Table 1. These choices produce a galaxy population

which matches quite closely many observed quantities. In this pa-

per we discuss the field galaxy luminosity–colour distribution; the

mean stellar mass–stellar age relation; the Tully–Fisher relation,

cold gas fractions and gas-phase metallicities of Sb/c spirals; the

colour–magnitude relation of ellipticals; the bulge mass–black hole

mass relation; and the volume-averaged cosmic star formation and

black hole accretion histories. In Springel et al. (2005b) we also

presented results for galaxy correlations as a function of absolute

magnitude and colour, for the baryonic ‘wiggles’ in the large-scale

power spectrum of galaxies, and for the abundance, origin and fate

of high-redshift supermassive black holes which might correspond

to the z $ 6 quasars discovered by the Sloan Digital Sky Survey

(SDSS) (Fan et al. 2001).

In our model we aim to motivate each aspect of the physics of

galaxy formation using the best available observations and simula-

tions. Our parameters have been chosen to reproduce local galaxy

properties and are stable in the sense that none of our results is crit-

ically dependent on any single parameter choice; plausible changes

in one parameter or recipe can usually be accommodated through

adjustment of the remaining parameters within their own plausi-

ble range. The particular model that we present is thus not unique.

Importantly, our model for radio galaxy heating in cooling flows,
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bind its material, and thus removing them can, in principal, unbind

some of the FOF halo that may otherwise still be loosely bound. We

accept this small effect for technical reasons related to the robustness

of our halo definition procedures and the need for unambiguous

particle–subhalo assignments in our data structures. We note that

the total mass in substructures is typically below 10 per cent and

often substantially smaller. Thus any bias in the bound mass of the

parent halo due to additional unbinding is always very small.

To compute a virial mass estimate for each FOF halo we use

the spherical-overdensity approach, where the centre is determined

using the minimum of the gravitational potential within the group

and we define the boundary at the radius that encloses a mean over-

density of 200 times the critical value. The virial mass, radius and

circular velocity of a halo at redshift z are then related by

Mvir =
100

G
H 2(z)R3

vir =
V 3

vir

10G H (z)
, (2)

where H(z) is the Hubble constant at redshift z.

At z = 0 our procedures identify 17.7 ! 106 FOF groups, down

from a maximum of 19.8 ! 106 at z = 1.4 when groups were more

abundant but of lower mass on average. The z = 0 groups contain a

total of 18.2 ! 106 subhaloes, with the largest FOF group containing

2328 of them. (Note that with our definitions, all FOF groups contain

at least one subhalo, the main subhalo which is left over after removal

of any substructure and the unbound component. We require this

main subhalo to contain at least 20 particles.)

Having found all haloes and subhaloes at all output snapshots, we

then characterize structural evolution by building merging trees that

describe in detail how haloes grow as the universe evolves. Because

structures merge hierarchically in CDM universes, there can be sev-

eral progenitors for any given halo, but in general there is only one

descendant. (Typically the cores of virialized dark matter structures

do not split into two or more objects.) We therefore construct merger

trees based on defining a unique descendant for each halo and sub-

halo. This is, in fact, sufficient to define the entire merger tree, since

the progenitor information then follows implicitly. Further details

can be found in Springel et al. (2005b).

We store the resulting merging histories tree by tree. Since each

tree contains the full formation history of some z = 0 halo, the phys-

ical model for galaxy formation can be computed sequentially tree

by tree. It is thus unnecessary to load all the history information

on the simulation into computer memory at the same time. Actu-

ally, this would be currently impossible, since the combined trees

contain a total of around 800 million subhaloes for each of which

a number of attributes are stored. Note that although evolving the

Table 1. A summary of our main model parameters and their best values and plausible ranges, as described in the text.

Once set, these values are kept fixed for all results presented in this paper, in particular for models in which AGN feedback

is switched off.

Parameter Description Best value Plausible range

f b Cosmic baryon fraction (Section 3.3) 0.17 fixed

z0, z r Redshift of reionization (Section 3.3) 8, 7 fixed

f BH Merger cold gas BH accretion fraction (Section 3.4.1) 0.03 002–004

!AGN Quiescent hot gas BH accretion rate (M" yr#1) (Section 3.4.2) 6 ! 10#6 (4–8) ! 10#6

"SF Star formation efficiency (Section 3.5) 0.07 005–015

#disc SN feedback disc reheating efficiency (Section 3.6) 3.5 1–5

#halo SN feedback halo ejection efficiency (Section 3.6) 0.35 01–05

$ej Ejected gas reincorporation efficiency (Section 3.6) 0.5 01–10

T merger Major merger mass ratio threshold (Section 3.7) 0.3 02–04

R Instantaneous recycled fraction of SF to the cold disc (Section 3.9) 0.3 02–04

Y Yield of metals produced per unit SF (Section 3.9) 0.03 002–004

galaxy population sequentially in this way allows us to consider, in

principle, all interactions between galaxies that end up in the same

present-day FOF halo, it does not allow us to model longer range

interactions which might take place between galaxies that end up in

different FOF haloes at z = 0.
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3.1 Overview

In the following subsections we describe the baryonic physics of

one particular model for the formation and evolution of galaxies

and of their central supermassive black holes. A major advantage

of our simulation strategy is that the effects of parameter variations

within this model (or indeed alternative assumptions for some of the

processes) can be explored at relatively little computational expense

since the model operates on the stored data base of merger trees;

the simulation itself and the earlier stages of post-processing do not

need to be repeated. We have, in fact, explored a wide model and

parameter space to identify our current best model. We summarize

the main parameters of this model, their ‘best’ values and their plau-

sible ranges in Table 1. These choices produce a galaxy population

which matches quite closely many observed quantities. In this pa-

per we discuss the field galaxy luminosity–colour distribution; the

mean stellar mass–stellar age relation; the Tully–Fisher relation,

cold gas fractions and gas-phase metallicities of Sb/c spirals; the

colour–magnitude relation of ellipticals; the bulge mass–black hole

mass relation; and the volume-averaged cosmic star formation and

black hole accretion histories. In Springel et al. (2005b) we also

presented results for galaxy correlations as a function of absolute

magnitude and colour, for the baryonic ‘wiggles’ in the large-scale

power spectrum of galaxies, and for the abundance, origin and fate

of high-redshift supermassive black holes which might correspond

to the z $ 6 quasars discovered by the Sloan Digital Sky Survey

(SDSS) (Fan et al. 2001).

In our model we aim to motivate each aspect of the physics of

galaxy formation using the best available observations and simula-

tions. Our parameters have been chosen to reproduce local galaxy

properties and are stable in the sense that none of our results is crit-

ically dependent on any single parameter choice; plausible changes

in one parameter or recipe can usually be accommodated through

adjustment of the remaining parameters within their own plausi-

ble range. The particular model that we present is thus not unique.

Importantly, our model for radio galaxy heating in cooling flows,
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bind its material, and thus removing them can, in principal, unbind

some of the FOF halo that may otherwise still be loosely bound. We

accept this small effect for technical reasons related to the robustness

of our halo definition procedures and the need for unambiguous

particle–subhalo assignments in our data structures. We note that

the total mass in substructures is typically below 10 per cent and

often substantially smaller. Thus any bias in the bound mass of the

parent halo due to additional unbinding is always very small.

To compute a virial mass estimate for each FOF halo we use

the spherical-overdensity approach, where the centre is determined

using the minimum of the gravitational potential within the group

and we define the boundary at the radius that encloses a mean over-

density of 200 times the critical value. The virial mass, radius and

circular velocity of a halo at redshift z are then related by

Mvir =
100

G
H 2(z)R3

vir =
V 3

vir

10G H (z)
, (2)

where H(z) is the Hubble constant at redshift z.

At z = 0 our procedures identify 17.7 ! 106 FOF groups, down

from a maximum of 19.8 ! 106 at z = 1.4 when groups were more

abundant but of lower mass on average. The z = 0 groups contain a

total of 18.2 ! 106 subhaloes, with the largest FOF group containing

2328 of them. (Note that with our definitions, all FOF groups contain

at least one subhalo, the main subhalo which is left over after removal

of any substructure and the unbound component. We require this

main subhalo to contain at least 20 particles.)

Having found all haloes and subhaloes at all output snapshots, we

then characterize structural evolution by building merging trees that

describe in detail how haloes grow as the universe evolves. Because

structures merge hierarchically in CDM universes, there can be sev-

eral progenitors for any given halo, but in general there is only one

descendant. (Typically the cores of virialized dark matter structures

do not split into two or more objects.) We therefore construct merger

trees based on defining a unique descendant for each halo and sub-

halo. This is, in fact, sufficient to define the entire merger tree, since

the progenitor information then follows implicitly. Further details

can be found in Springel et al. (2005b).

We store the resulting merging histories tree by tree. Since each

tree contains the full formation history of some z = 0 halo, the phys-

ical model for galaxy formation can be computed sequentially tree

by tree. It is thus unnecessary to load all the history information

on the simulation into computer memory at the same time. Actu-

ally, this would be currently impossible, since the combined trees

contain a total of around 800 million subhaloes for each of which

a number of attributes are stored. Note that although evolving the

Table 1. A summary of our main model parameters and their best values and plausible ranges, as described in the text.

Once set, these values are kept fixed for all results presented in this paper, in particular for models in which AGN feedback

is switched off.

Parameter Description Best value Plausible range

f b Cosmic baryon fraction (Section 3.3) 0.17 fixed

z0, z r Redshift of reionization (Section 3.3) 8, 7 fixed

f BH Merger cold gas BH accretion fraction (Section 3.4.1) 0.03 002–004

!AGN Quiescent hot gas BH accretion rate (M" yr#1) (Section 3.4.2) 6 ! 10#6 (4–8) ! 10#6

"SF Star formation efficiency (Section 3.5) 0.07 005–015

#disc SN feedback disc reheating efficiency (Section 3.6) 3.5 1–5

#halo SN feedback halo ejection efficiency (Section 3.6) 0.35 01–05

$ej Ejected gas reincorporation efficiency (Section 3.6) 0.5 01–10

T merger Major merger mass ratio threshold (Section 3.7) 0.3 02–04

R Instantaneous recycled fraction of SF to the cold disc (Section 3.9) 0.3 02–04

Y Yield of metals produced per unit SF (Section 3.9) 0.03 002–004

galaxy population sequentially in this way allows us to consider, in

principle, all interactions between galaxies that end up in the same

present-day FOF halo, it does not allow us to model longer range

interactions which might take place between galaxies that end up in

different FOF haloes at z = 0.

3 BU I L D I N G G A L A X I E S : T H E
S E M I - A NA LY T I C M O D E L

3.1 Overview

In the following subsections we describe the baryonic physics of

one particular model for the formation and evolution of galaxies

and of their central supermassive black holes. A major advantage

of our simulation strategy is that the effects of parameter variations

within this model (or indeed alternative assumptions for some of the

processes) can be explored at relatively little computational expense

since the model operates on the stored data base of merger trees;

the simulation itself and the earlier stages of post-processing do not

need to be repeated. We have, in fact, explored a wide model and

parameter space to identify our current best model. We summarize

the main parameters of this model, their ‘best’ values and their plau-

sible ranges in Table 1. These choices produce a galaxy population

which matches quite closely many observed quantities. In this pa-

per we discuss the field galaxy luminosity–colour distribution; the

mean stellar mass–stellar age relation; the Tully–Fisher relation,

cold gas fractions and gas-phase metallicities of Sb/c spirals; the

colour–magnitude relation of ellipticals; the bulge mass–black hole

mass relation; and the volume-averaged cosmic star formation and

black hole accretion histories. In Springel et al. (2005b) we also

presented results for galaxy correlations as a function of absolute

magnitude and colour, for the baryonic ‘wiggles’ in the large-scale

power spectrum of galaxies, and for the abundance, origin and fate

of high-redshift supermassive black holes which might correspond

to the z $ 6 quasars discovered by the Sloan Digital Sky Survey

(SDSS) (Fan et al. 2001).

In our model we aim to motivate each aspect of the physics of

galaxy formation using the best available observations and simula-

tions. Our parameters have been chosen to reproduce local galaxy

properties and are stable in the sense that none of our results is crit-

ically dependent on any single parameter choice; plausible changes

in one parameter or recipe can usually be accommodated through

adjustment of the remaining parameters within their own plausi-

ble range. The particular model that we present is thus not unique.

Importantly, our model for radio galaxy heating in cooling flows,
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bind its material, and thus removing them can, in principal, unbind

some of the FOF halo that may otherwise still be loosely bound. We

accept this small effect for technical reasons related to the robustness

of our halo definition procedures and the need for unambiguous

particle–subhalo assignments in our data structures. We note that

the total mass in substructures is typically below 10 per cent and

often substantially smaller. Thus any bias in the bound mass of the

parent halo due to additional unbinding is always very small.

To compute a virial mass estimate for each FOF halo we use

the spherical-overdensity approach, where the centre is determined

using the minimum of the gravitational potential within the group

and we define the boundary at the radius that encloses a mean over-

density of 200 times the critical value. The virial mass, radius and

circular velocity of a halo at redshift z are then related by

Mvir =
100

G
H 2(z)R3

vir =
V 3

vir

10G H (z)
, (2)

where H(z) is the Hubble constant at redshift z.

At z = 0 our procedures identify 17.7 ! 106 FOF groups, down

from a maximum of 19.8 ! 106 at z = 1.4 when groups were more

abundant but of lower mass on average. The z = 0 groups contain a

total of 18.2 ! 106 subhaloes, with the largest FOF group containing

2328 of them. (Note that with our definitions, all FOF groups contain

at least one subhalo, the main subhalo which is left over after removal

of any substructure and the unbound component. We require this

main subhalo to contain at least 20 particles.)

Having found all haloes and subhaloes at all output snapshots, we

then characterize structural evolution by building merging trees that

describe in detail how haloes grow as the universe evolves. Because

structures merge hierarchically in CDM universes, there can be sev-

eral progenitors for any given halo, but in general there is only one

descendant. (Typically the cores of virialized dark matter structures

do not split into two or more objects.) We therefore construct merger

trees based on defining a unique descendant for each halo and sub-

halo. This is, in fact, sufficient to define the entire merger tree, since

the progenitor information then follows implicitly. Further details

can be found in Springel et al. (2005b).

We store the resulting merging histories tree by tree. Since each

tree contains the full formation history of some z = 0 halo, the phys-

ical model for galaxy formation can be computed sequentially tree

by tree. It is thus unnecessary to load all the history information

on the simulation into computer memory at the same time. Actu-

ally, this would be currently impossible, since the combined trees

contain a total of around 800 million subhaloes for each of which

a number of attributes are stored. Note that although evolving the

Table 1. A summary of our main model parameters and their best values and plausible ranges, as described in the text.

Once set, these values are kept fixed for all results presented in this paper, in particular for models in which AGN feedback

is switched off.

Parameter Description Best value Plausible range

f b Cosmic baryon fraction (Section 3.3) 0.17 fixed

z0, z r Redshift of reionization (Section 3.3) 8, 7 fixed

f BH Merger cold gas BH accretion fraction (Section 3.4.1) 0.03 002–004

!AGN Quiescent hot gas BH accretion rate (M" yr#1) (Section 3.4.2) 6 ! 10#6 (4–8) ! 10#6

"SF Star formation efficiency (Section 3.5) 0.07 005–015

#disc SN feedback disc reheating efficiency (Section 3.6) 3.5 1–5

#halo SN feedback halo ejection efficiency (Section 3.6) 0.35 01–05

$ej Ejected gas reincorporation efficiency (Section 3.6) 0.5 01–10

T merger Major merger mass ratio threshold (Section 3.7) 0.3 02–04

R Instantaneous recycled fraction of SF to the cold disc (Section 3.9) 0.3 02–04

Y Yield of metals produced per unit SF (Section 3.9) 0.03 002–004

galaxy population sequentially in this way allows us to consider, in

principle, all interactions between galaxies that end up in the same

present-day FOF halo, it does not allow us to model longer range

interactions which might take place between galaxies that end up in

different FOF haloes at z = 0.
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3.1 Overview

In the following subsections we describe the baryonic physics of

one particular model for the formation and evolution of galaxies

and of their central supermassive black holes. A major advantage

of our simulation strategy is that the effects of parameter variations

within this model (or indeed alternative assumptions for some of the

processes) can be explored at relatively little computational expense

since the model operates on the stored data base of merger trees;

the simulation itself and the earlier stages of post-processing do not

need to be repeated. We have, in fact, explored a wide model and

parameter space to identify our current best model. We summarize

the main parameters of this model, their ‘best’ values and their plau-

sible ranges in Table 1. These choices produce a galaxy population

which matches quite closely many observed quantities. In this pa-

per we discuss the field galaxy luminosity–colour distribution; the

mean stellar mass–stellar age relation; the Tully–Fisher relation,

cold gas fractions and gas-phase metallicities of Sb/c spirals; the

colour–magnitude relation of ellipticals; the bulge mass–black hole

mass relation; and the volume-averaged cosmic star formation and

black hole accretion histories. In Springel et al. (2005b) we also

presented results for galaxy correlations as a function of absolute

magnitude and colour, for the baryonic ‘wiggles’ in the large-scale

power spectrum of galaxies, and for the abundance, origin and fate

of high-redshift supermassive black holes which might correspond

to the z $ 6 quasars discovered by the Sloan Digital Sky Survey

(SDSS) (Fan et al. 2001).

In our model we aim to motivate each aspect of the physics of

galaxy formation using the best available observations and simula-

tions. Our parameters have been chosen to reproduce local galaxy

properties and are stable in the sense that none of our results is crit-

ically dependent on any single parameter choice; plausible changes

in one parameter or recipe can usually be accommodated through

adjustment of the remaining parameters within their own plausi-

ble range. The particular model that we present is thus not unique.

Importantly, our model for radio galaxy heating in cooling flows,
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Figure 1. The galaxy K-band luminosity function at z = 0 for the DLB07
model (dashed red line) and our best-fitting model (solid red line). The
model predictions are compared with observations from Cole et al. (2001),
Bell et al. (2003), Jones et al. (2006) combined to produce a new luminosity
function reflecting the scatter between them.

The comparison between the K-band luminosity function from
the original DLB07 model (using the published parameter values)
with the observations is shown in Fig. 1. The original model already
shows good agreement with the combined data except for the faint
end, overpredicting the number of dwarfs galaxies with magnitudes
fainter than K ! "22.

To compute the likelihood of the model for the K-band luminosity
function, we use the chi-square probability function where

! 2 =
!

i

(Ni " ni)2

" 2
i + ni

(11)

is summed over the observational bin range plotted in Fig. 1, and
Ni and Ni represent the number of observational and simulated
galaxies in each bin, respectively.

In Fig. 2, we plot the 1" and 2" preferred values from the MCMC
(solid lines) and the maximum likelihood value sampled in each bin
(colour contours), for the subset of the original parameters (with
values plotted in log space) constrained only by the observational
K-band luminosity function.

In interpreting this and future plots, one should bear in mind
that the contours follow the MCMC sampling in parameter space,
which should trace out the relative likelihoods of different regions
(the posterior distribution). The colours represent the maximum
likelihood projected along all the hidden dimensions in the plot
(profile distribution). Usually, as in this case, the two match fairly
well. The exceptions arise when there is a high-likelihood region
that only occupies a small volume of parameter space.

The two lower panels of Fig. 2 show that the three parameters
controlling the SN feedback are all positively correlated with each
other, in a way that allows us to learn how the K-band luminosity
function constrains the feedback model. To do this, we rewrite
equation (4) as

#mejected

#m$

= %halo
V 2

SN

V 2
vir

"
1 " %disc
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V 2
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Figure 2. Correlations between the six parameters analysed in our study
only constrained by the !2 test on the K-band luminosity function. For the
values of the parameters plotted in log space, the solid contours represent
the 68 and 95 per cent preferred regions from the MCMC (the posterior
distribution) and the colours the maximum likelihood value sampled in each
bin (the profile distribution). The colour scale is normalized by the maximum
likelihood value of 0.87. White regions in the plot represent regions either
with very low likelihood, less than 0.1 per cent of the peak, or that have not
been visited by the MCMC chain.

from which we see that the amount of ejected gas per unit mass of
star formation drops to zero for haloes with virial speed greater than

Vvir,0 =
"

%halo

%disc

# 1
2

VSN. (13)

In our analysis, this cut-off is represented by the line of maxi-
mum likelihood in the lower-left panel of Fig. 2 and corresponds to
vvir ! 140 km s"1, which translates into M star ! 1010.5 M# and
MK ! "23. This cut-off virial velocity is lower than in DLB07,
which means that our SN feedback stops being effective at fainter
magnitudes, allowing more stars to form in L$ galaxies. Since we
need to assume a stronger SN feedback to decrease the faint end of
the luminosity function, this is the only way to assure that enough
stars will still form in brighter galaxies.

For a given value of V vir,0, the amount of ejected gas is propor-
tional to %halo, with the maximum likelihood solutions showing a
linear relation & ej $ %halo. This corresponds to a roughly constant
amount of gas being held in the external reservoir: in a steady state
the external gas content is proportional to the ratio of the influx and
outflux rates. Our regions of high likelihood represent a consider-
ably higher amount of gas being in the external reservoir than in
DLB07 with a corresponding reduction in star formation in faint
galaxies.

The value of %disc, controlling the reheating of cold to hot gas, has
a minor impact except as a way of controlling the critical magnitude
limit above which feedback is ineffective. Presumably cooling times
are so short in galaxies below the magnitude limit that any gas that

C% 2009 The Authors. Journal compilation C% 2009 RAS, MNRAS 396, 535–547
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Figure 4. As for Fig. 2, but constrained only by the maximum likelihood
test on the fraction of red galaxies. The colour scale is normalized by the
maximum likelihood value of 0.89.

We assume that both model and observational values are Gaussian
distributed around the true fraction F, with a likelihood

L(Colour) = exp
!

! (fmodel ! F )2

2! 2
model

! (fobs ! F )2

2! 2
obs

"
(15)

that has a maximum value

L(Colour) = exp

#
! (fmodel ! fobs)2

2
$
! 2

model + ! 2
obs

%
&

. (16)

The DLB07 model, tuned to reproduce a different set of observa-
tional colours (the red and blue luminosity functions from 2dFGRS),
correctly predicts the fraction of red galaxies at low and high
masses but overpredicts the number of red galaxies at intermediate
masses.

In Fig. 4, we plot the allowed regions in likelihood and posterior
space. Perhaps surprisingly, the colour constraint picks out a similar
relationship between "halo and "disc as does the K band. This is
because it also requires a cessation of SN heating in galaxies with
virial speeds above 140 km s!1 which would otherwise have an
excessive red fraction.

The constraint again requires a constant mechanical heating from
AGN feedback (as shown by the line of maximum likelihood in the
upper-left panel of the figure) which is responsible for the elimina-
tion of blue galaxies at high masses. The line of highest likelihood
lies slightly below that seen for the K-band constraint. Along with
this, the upper-right panel of the figure shows a preference for
a slightly lower star formation efficiency. However, in each case
there is an acceptable region where the allowed parameter spaces
overlap. This changes when we move to our third constraint.

4.4 The BH–bulge mass relation

We have seen in the previous section that the power of the radio-
mode AGN feedback depends upon the product of the quasar and
radio-mode growth factors. However, the mass growth of the BHs
is dominated by the quasar mode alone. We can therefore use the
BH–bulge mass relation to break this degeneracy.

If we require SA galaxies to be constrained solely by this relation,
then the other parameters in the model will be free to shift into
implausible values allowing any point in parameter space to have a
reasonable likelihood. For this reason, we require model galaxies to
follow both the BH–bulge mass relation and the K-band luminosity
function of bright galaxies (i.e. the host galaxies of these BHs).

The BH and bulge masses for the original model are plotted in
Fig. 5 and compared with local observations from Häring & Rix
(2004). The model galaxies fall on top of the observational best
fit (given by the blue line), with the scatter in the relation also
reproduced.

In order to test the SA results against observations, we divide
the data into two bins (perpendicular to the observational best
fit), represented by the solid black lines on Fig. 5, 15.2 < mBH +
0.90 mbulge " 17.75 and 17.75 < mBH + 0.90 mbulge, and for each
of the bins we compute the binomial probability for the observed
distribution of mass ratios above and below the best-fitting line,
given the fractional distribution from the model galaxies:

L(BH!bulge) =
#

2Ip(k, n ! k + 1), Ip " 0.5
2(1 ! Ip(k, n ! k + 1)), Ip > 0.5

(17)

where k is the number of observed galaxies above the best fit in
each bin, n is the total number of observed galaxies in the same
bin and p is the equivalent fraction, k/n, for the model galaxies
in the bin. I p(a, b) is the incomplete beta function as defined
in Press et al. (2007). The two formulae are required since we
need to exclude both extremes of the distribution, correspond-
ing to an excess of points both above and bellow the best-fitting
line.

Figure 5. The BH–bulge mass relation for DLB07 (contours and dots)
is compared with local observational data from Häring & Rix (2004) (blue
crosses). The best fit to the observational data points is given by the blue line
running from bottom left to top right, while the two black lines perpendicular
to this relation divide galaxies into the two mass bins used to compute the
likelihood.

C# 2009 The Authors. Journal compilation C# 2009 RAS, MNRAS 396, 535–547

Henriques et. al.  2008
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against both the SMF and BHBR
Constraining the parameters

SF efficiency

SN ejection

BH quiescent growth

BH merger growth

Reincorporation efficiency

SN reheating
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Conclusions
• Semi-analytics are well suited to help predict and interpret key 
Wallaby science questions.  

• We hope to develop a complete, first generation, self-consistent disk
+bulge+halo profiles SAM on behalf of the australian community.

• This will allow us to make further predictions for z>0 gas & structural 
properties.

• The MCMC framework we are currently developing will also allow us 
to specifically tune models to match relevant Wallaby observations.
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