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Fig. 6. Covariance matrix correlation coefficients of w(θ) from
Jackknife estimates, for galaxy samples with 0.4 < z < 0.6 and
Mg − 5 log h < −19.8. Left panel: red sample. Right panel: blue
sample.

sate for the bias introduced by the noise.We show the correlation
coefficient of the covariance matrix, ri j = Ci j/

!

CiiC j j for two
red and blue samples, respectively, in Fig. 6.

4. Filling haloes with galaxies: the halo occupation
model

4.1. The halo occupation distribution

In order to relate galaxies to the dark matter haloes which host
them we have implemented an analytic model of galaxy clus-
tering, the halo model (for a review see Cooray & Sheth 2002),
which contains at its core a prescription for how galaxies popu-
late haloes, namely the halo occupation distribution. Our model
follows closely the approaches used in recent works; further de-
tails and references can be found in Appendix A. The key as-
sumption underlying our halo occupation distribution function
is that the number of galaxies N in a given dark matter halo de-
pends only on the halo mass M; it does not depend on environ-
ment of formation history of the haloes. Furthermore, following
Zheng et al. (2005), we express N(M) as the sum of two terms,
corresponding to the contribution from the central galaxy Nc and
the satellite galaxies Ns:

N(M) = Nc(M) + Ns(M) , (8)

where
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1
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The smooth transition for central galaxies expresses the uncer-
tainties in the galaxy formation process (Zheng et al. 2007). The
factor Nc(M) for the satellite number accounts for the fact that a
halo cannot be populated by satellite galaxies without the pres-
ence of a central galaxy.

For a given cosmology and dark matter halo profile, our
model has five adjustable parameters. Mmin is the mass scale
for which 50% of haloes host a galaxy. To reflect the scatter in
the luminosity-halo mass relation, a smooth transition of width
σlogM is used. Zheng et al. (2007) show that if this scatter is
small, the above expression takes the identical form as the distri-
bution of central galaxies given a halo mass M, integrated over

Fig. 7. Example of a measured w(θ) (all galaxies in the redshift
range 0.4 < z < 0.6 and for Mg−5 log h < −19.8), as well as the
best-fitting model, as described in sec. 4. Left:w(θ) measurement
and model. Right: N(M), showing the central term Ncent and the
satellite term Ns.

the entire luminosity range above the luminosity threshold. Thus
Mmin also represents the halo mass scale for central galaxies,
whose mean luminosity ⟨Lc⟩ is equal to the luminosity threshold
Lmin.

This simple relation between Mmin and Lc is based on the
hypothesis that stellar mass (or luminosity) has a power law de-
pendence on halo mass, which may not be exact over the entire
mass range. Leauthaud et al. (2011a) recently proposed a model
in which this relation assumes a more realistic form. The authors
showed that in this case Mmin and σlogM take different values
than those computed with other models. However, in the mass
range over which we compare our results with theirs in Sec. 6
(Mh ∼ 1012h−1M⊙), Mmin values do not differ by more than 10%
(see Fig. 3 in Leauthaud et al. 2011a).

The number of satellite galaxies as function of halo mass
follows a power law with slope α and amplitude M1. M1 then
represents the characteristic scale for haloes hosting one satellite
galaxy. At lower masses, the dependence becomes steeper and
the transition mass scale occurs at M ∼ M0.

We show in Fig. 7 an example of measured w(θ) and its best-
fitting model, together with the best-fitting HOD function N(M).
The total galaxy correlation function is the sum of two terms. At
distances much smaller than the virial radius, the one-halo term
contains contributions from galaxy pairs within a single halo,
whereas at large distances the two-halo term contains contribu-
tions from pairs in separate haloes.

4.2. Deduced parameters

From the HOD model we obtain deduced parameters describing
galaxies properties. The mean galaxy bias bg at redshift z is the
mass-integral over the halo bias bh (see Sec. A) weighted by the
number of galaxies,

bg(z) =
&

dM bh(M, z) n(M, z)
N(M)
ngal(z)

. (11)

The dark-matter mass function n is given in Eq. A.6, and the halo
bias bh in Eq. A.14. The total number of galaxies is

ngal(z) =
&

N(M) n(M, z) dM . (12)

Similarly to the galaxy bias, the mean halo mass for a galaxy
population is

⟨Mhalo⟩(z) =
&

dM M n(M, z)
N(M)
ngal(z)

. (13)
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Fig. 11. Top panels: halo mass estimates Mmin and M1 for all (left) and red (right) galaxy samples as function of luminosity threshold
(Mg). Bottom panels: M1 versus Mmin in different redshift bins. The dotted lines represent a linear relation and the dashed lines are
a power-law fit to M1 versus Mmin in each redshift bin.

and ngal in redshift. For red galaxies, we overplot the relation
from Brown et al. (2008). In the range log[ngal/(h3 Mpc−3)] =
[−2,−3] our points are consistent with theirs, but at lower den-
sities we are discrepant.

The relationship between Mmin and ngal can be well approx-
imated by a power law and we fitted galaxy samples at all red-
shifts simultaneously. We found:

Mall
min = 10

10.0 × [nallgal/(h
3 Mpc−3)]−0.84 h−1 M⊙ , (20)

for all galaxies and

Mred
min = 10

10.3 × [nredgal/(h
3 Mpc−3)]−0.74 h−1 M⊙ , (21)

for red galaxies.

6. Discussion
The key issue we would like to address is to understand how
galaxy formation and evolution depend on the properties of the
underlying dark matter haloes. Ideally, to relate halo masses
to their stellar content, one would select our samples by stel-
lar mass. However, stellar mass estimates computed directly
from our five-band optical data would suffer from large, type-
dependent uncertainties. Instead, we adopt an intermediate ap-
proach: we calculate empirical corrections to convert the ob-
served luminosity threshold of each sample to an approximately

mass-selected sample, using a reference sample with accurate
stellar masses.

6.1. Transforming to stellar mass threshold samples

As a consequence of passive stellar evolution, the characteristic
rest-frame Mg-band luminosity of a given galaxy type evolves
significantly over the redshift range 0.2 < z < 1.2 (Ilbert et al.
2005; Zucca et al. 2006; Faber et al. 2007).

In order to account for these effects, we have established
a simple approximation to relate stellar mass and luminosity
based on COSMOS 30-band photometry (Ilbert et al. 2010).
We used the COSMOS B−band luminosities in order to be as
close as possible to our Mg-band selected samples. Red galax-
ies are selected as M(NUV) − MR > 3.5 and blue galaxies as
M(NUV) −MR ≤ 3.5. We then fit the stellar mass-to-luminosity
ratio as function of redshift between z = 0 and z = 1.5 for five
stellar mass bins from 109.0 to 1011.5. These results are displayed
in Fig. 13.

Due to the ageing of stellar populations, the average stel-
lar mass-to-light ratio increases with time. For red galaxies, the
slope depends weakly on stellar mass at intermediate masses
(109.5−1011.5h−1M⊙) and ranges from −0.56 to −0.44. The slope
is steepest in the lowest mass bin, but the number of objects in
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Millennium Simulation

Reconstruction method
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•Linear and constant bias, no 
scale dependence 

•only 2-halo term dominates 
•No density profile assumptions 

needed 
•No bias model needed if  we 

measure halo bias

Assumptions

Advantages

•No assembly bias 
•galaxy occupation only mass 

dependent



fitted as constant at

FOF bias

halo bias

Guo et al. 2011 bias

Bower 2006 bias

Halo and galaxy bias

r = [20� 30]h�1Mpc

•Halo bias consistent with 
theoretical predictions 

•Tinker et al. 2010 is the 
most consistent model
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HOD measurements

Number of  galaxies per halo of  mass Mh at different luminosity thresholds (solid) vs SDSS DR-7 
(dashed) from Zehavi et al. 2011

Guo et al. 2011 HOD Bower 2006 HOD
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bias reconstructions

reconstructed vs real bias for FOF

reconstructed vs real bias for bound haloes

•Underprediction of  galaxy bias of  5-10% 
•FOF mass obtain better reconstructions 

than gravitationally bound masses

Results

Consequences

•Assembly bias 
•Galaxy population cor related with 

assembly bias

bg(L) =
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ng(L)
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Assembly bias effects
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galaxy bias (lines) and halo bias (grey) vs mass

•Galaxy bias > halo bias for low mass 
haloes 

•HOD not compatible with galaxy clustering 
for halo masses < 10^12Msun 

•Indication of  low mass haloes with high 
clustering

•Strong subhalo abundance dependence of  
halo bias for fixed mass. Indication of  
assembly bias 

•For a fixed mass bin, haloes (or main 
haloes) with more subhaloes (and more 
galaxies) have more clustering.  

•Correlation between halo occupation and 
halo bias for fixed mass, independent of  
the SAM.halo bias vs mass for different subhalo occupations



•Assembly bias can be related to galaxy 
properties, in this case the colour of  the central 
galaxy. 
!

•As a consequence the bias reconstruction does 
not make a good prediction of  bias 
!

•we are not able to predict the occupation of  
these galaxies from the HOD assumptions, we 
can get large errors because of  the 
misinterpretation of  clustering 
!

•Care must be taken when measuring the 
properties of  haloes or galaxy occupations if  
we assume the HOD model

Assembly bias vs galaxy properties

halo bias vs mass for different central colours

reconstructed vs real bias for red central galaxies



Conclusions!
•We used the Millennium Simulation to measure the linear bias at large scales and test 

the HOD model, where no assumptions for the profile of  the galaxies in haloes are 
needed. 

•We find underprediction of  galaxy bias of  5-10%, an indication of  assembly bias.

Pujol & Gaztañaga 2014, MNRAS 442, 1939

Pujol et al. 2014, MNRAS 438, 3205

•FOF mass obtain better reconstructions than 
gravitationally bound masses. 

•For fixed host halo mass <10^12Msun, galaxy 
bias > halo bias, inconsistent with the HOD 
assumptions. 

•Strong subhalo abundance dependence of  halo 
bias for fixed mass. This is independent of  the 
galaxy formation model. 

•Care must be taken when using HOD to estimate 
the mass of  haloes or galaxy occupations.


