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Galaxies and haloes: key to 
understanding galaxy formation

• Halo mass is a key driver in galaxy evolution. 
– Host halo mass controls halo star-formation rate: least 

massive and more massive haloes have different star-
formation efficiencies

– Origin and nature of these physical processes uncertain and 
greatly debated (is AGN feedback, supernovae et al.) 

• Want to understand how host halo mass relates 
to key observables: star formation and galaxy 
clustering
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Fig. 4. Fractional error in density as a function of the stellar mass and
redshift. The top panel shows the errors due to the cosmic variance.
The middle and bottom panels are the errors associated to the template
fitting procedure (photo-z and stellar mass) for the full sample and the
quiescent population, respectively. Results are shown only in the mass
range covered by our dataset.

5.1. Evolution of the full sample

Figure 5 shows the evolution of the MFs for the full sample. A
first option is to consider a pure evolution in stellar mass. In this
case, we assume that only star formation drives the MF evolu-
tion (no galaxy can be created or destroyed). We find that the
evolution is strongly mass-dependent, with the low-mass end
evolving more rapidly than the high-mass end. For instance,
the stellar mass of a 109.8 M⊙ galaxy increases by 0.9 dex be-
tween 1.5 < z < 2 and 0.2 < z < 0.5, while the stellar mass of
a 1011.6 M⊙ galaxy increases by only 0.2 dex in the same time
interval. Therefore, we conclude that the evolution is strongly
mass-dependent, in agreement Marchesini et al. (2009). A sec-
ond option is to consider a pure density evolution. A constant
increase in density by 0.3–0.4 dex, independent of the mass, is
sufficient to match the 1.5 < z < 2 and the 0.2 < z < 0.5 MFs.
However such a pure density evolution scenario is not applicable
to the full sample: it would mean that new galaxies which were
not present in a given redshift appear in the next redshift bin.
Major mergers are not an option for a pure increase in density
with cosmic time: for a α = −1.4 MF slope, the density of low
mass galaxies would decrease by 0.16 dex if we assume that all
galaxies encounter a major merger since z = 27.

In Fig. 7, we compare our results with several MF estimates
published since 2008. We find an excellent agreement with the
various MFs from the literature. Still, the differences in normal-
isation are as large as 0.2 dex in certain bins (e.g. 0.5 < z < 0.8
with Kajisawa et al. (2009) and Pérez-González et al. (2008);
at 2 < z < 2.5 with Santini et al. (2012) which could be ex-
plained by known groups at z ∼ 2.2−2.3). We also find that the
extrapolation of our MF slope is flatter than data from Santini
et al. (2012), but our sample does not reach a similar depth as
this study.

7 The MF would be shifted in density by −0.3 dex (half as many galax-
ies) and the masses would increase by 0.3 dex.

Fig. 5. Galaxy stellar mass function up to z = 4 for the full sample.
Each colour corresponds to different redshift bins of variable step size.
Fits are shown in the mass range covered by our dataset. The filled
areas correspond to the 68% confidence level regions, after accounting
for Poissonian errors, the cosmic variance and the uncertainties created
during the template fitting procedure. The open triangles and squares
correspond to the local estimates by Moustakas et al. (2013) and Baldry
et al. (2012), respectively.

Fig. 6. Galaxy stellar mass function up to z = 4 for the star-forming
population (top panel) and for the quiescent population (middle panel).
Symbols are the same as Fig. 5. The bottom panel shows the percentage
of quiescent galaxies as a function of stellar mass in the same redshift
bins.

We derive the stellar mass density by integrating the best-fit
double Schechter functions over the mass range 108 to 1013M⊙.
Since our mass limits are above 1010M⊙ at z > 2 (see Table 2),
our mass density estimates rely on the slope extrapolation for
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How to measure halo masses?

• Phenomenological models: 
halo model
– Find parameters of halo 

occupation distribution (HOD) 
which can reproduce observed 
abundance and clustering 

• Shortcut: Sub-halo 
abundance matching using 
N-body simulation
– Approximately equivalent. 

Less information (e.g., 
satellite fraction)
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UltraVISTA-COSMOS DR1
• A unique mass-selected 

sample of 200,000 
galaxies in the COSMOS 
field
– Highly precise photometric 

redshifts
– Ultra-deep YJHK NIR data 

means we can measure 
precise (log sigma M ~ 0.3) 
stellar masses at least until 
z~2-3

– Very large dynamic range: 
can easily see M* galaxies 
until z~2
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Figure 1. The stellar mass-redshift plane for all UltraVISTA galaxies (left panel) and for passive galaxies (right panel) with K

s

< 24.
Green lines show our mass thresholds for each sample. The solid red line shows the completeness limits from Ilbert et al. (2013). Inset:
the redshift distributions. (Note: the gray-scale for each bin in the mass-redshift plane is 0–100 objects for the left panel and 0–20 for
the right panel.)

Threshold (log(M⇤/M�) > ) 0.5 < z < 0.8 0.8 < z < 1.1 1.1 < z < 1.5 1.5 < z < 2.0 2.0 < z < 2.5
8.8 9.60 (26441) - - - -
9.0 9.76 (21642) - - - -
9.2 9.76 (17300) 9.96 (25317) - - -
9.4 10.1 (13763) 10.1 (20466) - - -
9.6 10.2 (10911) 10.3 (16431) 10.2 (22666) - -
9.8 10.4 (8752) 10.4 (13201) 10.4 (17361) 10.3 (16877) -
10.0 10.5 (7015) 10.5 (10520) 10.5 (13280) 10.5 (12547) -
10.2 10.6 (5398) 10.7 (8382) 10.6 (10000) 10.6 (9227) 10.6 (5681)
10.4 10.8 (3944) 10.8 (6258) 10.7 (7242) 10.7 (6484) 10.8 (4087)
10.6 10.9 (2556) 10.9 (4297) 10.9 (4828) 10.9 (4247) 10.9 (1535)
10.8 11.0 (1479) 11.0 (2579) 11.0 (2698) 11.0 (2427) 11.0 (1535)
11.0 11.2 (742) 11.2 (1276) 11.2 (1232) 11.2 (1094) 11.2 (709)

Table 1. Characteristics of each redshift bin. For each stellar mass threshold and redshift bin we report the number of objects and the
mean log stellar mass. All galaxies with K

s

< 24.0 are selected.

Threshold (log(M⇤/M�) > ) 0.5 < z < 0.8 0.8 < z < 1.1 1.1 < z < 1.5 1.5 < z < 2.0 2.0 < z < 2.5
9.0 10.4 (0.26) - - - -
9.2 10.4 (0.21) - - - -
9.4 10.5 (0.26) 10.6 (0.27) - - -
9.6 10.5 (0.31) 10.6 (0.33) 10.6 (0.16) - -
9.8 10.6 (0.36) 10.6 (0.39) 10.6 (0.21) - -
10.0 10.6 (0.41) 10.7 (0.45) 10.7 (0.25) 10.7 (0.12) -
10.2 10.7 (0.47) 10.7 (0.51) 10.8 (0.30) 10.8 (0.15) 10.8 (0.14)
10.4 10.8 (0.52) 10.8 (0.57) 10.8 (0.36) 10.8 (0.18) 10.9 (0.17)
10.6 10.9 (0.56) 10.9 (0.63) 10.9 (0.42) 10.9 (0.21) 10.9 (0.21)
10.8 11.1 (0.62) 11.1 (0.70) 11.0 (0.47) 11.1 (0.25) 11.1 (0.26)
11.0 11.2 (0.67) 11.2 (0.74) 11.2 (0.53) 11.2 (0.30) 11.2 (0.30)

Table 2. Quiescent galaxies with K

s

< 24. Mean log stellar mass in each log stellar mass (in unit of solar masses) and redshift bin is
listed. The numbers in paratheses indicate the fraction of the bin composed of passive galaxies.

c� 0000 RAS, MNRAS 000, 000–000



Passive galaxy sample

• Large mass-selected 
sample of passive 
galaxies

• Can investigate in the 
detail the clustering and 
abundance of the 
passive galaxy sample
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(example) w measurements
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Halo-model fits
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Passive sample

SpinE kick-off  Meeting                                                                               Porquerolles                                                                                                         30th September 2014

0.001 0.010 0.100
q(�)

0.0

0.1

1.0

10.0

w

logM⇤ > 9.0
logM⇤ > 9.4
logM⇤ > 10.2
logM⇤ > 10.6
logM⇤ > 11.0

0.10 1.00
r (Mpc)

0.50 < z < 0.80

0.001 0.010 0.100
q(�)

0.0

0.1

1.0

10.0

w

logM⇤ > 10.2
logM⇤ > 10.6

0.1 1.0 10.0
r (Mpc)

1.50 < z < 2.00



Halo model fits
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Clustering 
strength
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• With HOD model, can 
estimate xi(r) more 
reliably than with 
simple power-law fits

• There is no change in 
clustering strength 
with redshift
– There is a clear 

dependence on 
stellar mass 
threshold on 
clustering 
strength. 
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Abundance 
and halo mass
• More massive haloes 

are less abundant
• There is some 

evidence that slope of 
the stellar mass / halo 
mass relationship 
evolves with redshift

• Note the same 
“inflection point”” we 
already saw in the 
previous plots 



The history 
of satellites 
in haloes

Journées PNCG-2014                                                                               Paris                                                                                                         25-26 November 2014
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Figure 12. The satellite fraction as a function of median stellar
mass threshold for the full sample and for the passive galaxy
sample (open symbols).

also observed by Wake et al. (2011), Zehavi et al. (2011) and
Zheng et al. (2007).

Since we know the fraction of satellite galaxies for both
the full population and the passive population, we can com-
pute the fraction of the total galaxy population which is
a “passive satellite” and also (using the total number of
galaxies) the fraction of passive galaxies. This is show in
Figure 13 which shows the fraction of the total galaxy pop-
ulation which is passive (open red symbols) and the fraction
of total galaxy population which are passive satellite galaxies
(filled symbols). The dependence of the passive fraction on
mass is simply a reflection of the well-known result that the
peak in the number of quiescent galaxies is at z ⇠ 0.8. This
is to some extent mirrored in the evolution of the fraction
of passive satellite galaxies, which tracks the overall pas-
sive galaxy population. In all cases, the fraction of passive
satellite galaxies drops steeply at higher redshifts.

5.7 Galaxy bias

Galaxies are not perfect tracers of the underlying dark mat-
ter distribution. (Depending on one’s viewpoint, this may
be regarded either as a “nuisance parameter” or contain-
ing information concerning galaxy evolution.) A knowledge
of galaxy bias has become important in calibrating accu-
rately cosmological probes, we now turn to a determination
of galaxy bias in our survey using the halo model.

The well-known dependence of galaxy bias on luminos-
ity has been studied extensively in the local Universe using
both 2dF and SDSS (see, e.g., (Norberg et al. 2001; Zehavi
et al. 2011) surveys. At higher redshifts spectroscopic and
photometric redshift surveys (Pollo et al. 2006; Coil et al.

Figure 13. The fraction of the total galaxy population which
are passive (red symbols) compared with the fraction of the total
galaxy population which are passive satellites (open symbols).

2008; Meneux et al. 2009; Marulli et al. 2013) and photo-
metric (McCracken et al. 2008; Coupon et al. 2012) surveys.

These studies have shown that bias is a weak function
of luminosity for galaxies with L < L⇤ (where L⇤ is the
characteristic luminosity from the Schechter function) and
increases steeply for L > L⇤. Interpreting these bias mea-
surements has not always been straightforward, principally
because surveys have been selected in luminosity, and sub-
stantial luminosity evolution over the survey volume com-
plicates our understanding of the relationship between mass
in stars and galaxy mass. It is only very recently that it has
been possible to make bias measurements as a function of
stellar mass for a statistically significant volume.

Figure 14 shows the galaxy bias derived from our best-
fitting halo model parameters (see Equation 12) as a func-
tion of the stellar mass at each redshift bin. We see a mono-
tonic trend that bias increases with redshift as in Arnalte-
Mur et al. (2014) for example. For z 6 1, and for stel-
lar masses less than 1010.7M� for the full sample and for
1010.7M� for the quiescent sample, the bias depends weakly
on stellar mass. However at stellar masses 1010.7��10.9M�
bias is a strong function of stellar mass. For low stellar mass
threshold full galaxy samples selected at low redshift we find
b
gal

⇠ 1.3; the quiescent population is more strongly biased
b
gal

⇠ 1.6. in agreement with the CFHTLS Coupon et al. or
in PRIMUS by Skibba et al. (2013).

Extending significantly from these previous works, our
data provides the most reliable measurement to date of the
bias of quiescent galaxy populations at very high redshifts:
at 2.0 < z < 2.5 we find b

gal

⇠ 3.5 for the quiescent galaxy
population, and b

gal

⇠ 3 for the full galaxy population. We
note also that the di↵erence in bias between the full galaxy
population and the quiescent population at the same stellar
mass threshold increases at higher redshifts. This is almost

c� 0000 RAS, MNRAS 000, 000–000

• With HOD model, 
can measure the 
fraction of satellite 
galaxies in haloes
– At high redshift the 

satellite fraction is 
zero 

– Satellite fraction is a 
strong function of 
stellar mass 
threshold. 
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The SHMR 
relationship 

to z~2
• Can measure 

M*/Mh using 
halo model

• Also check 
results with 
abundance 
matching 
(solid lines)
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The SHMR 
relationship 

to z~2
• The position of the 

peak in the SHMR 
relationship only 
slowly evolves with 
redshift
– Can understand 

this as a 
consequence of 
the slow 
evolution of M* 
in the stellar 
mass function



High redshifts: SPLASH+DR2
• NEW UltraVISTA DR2 data

+NEW COMOS data + 
Splash IRAC, new PSF 
homogenisation 

• Catalogue + photometric 
redshifts + stellar 
masses will be made 
public 

• We will produce the 
largest most precise 
stellar-mass selected 
catalogue at 2<z<4

• HORIZON-AGN
Journées PNCG-2014                                                                               Paris                                                                                                         25-26 November 2014

Laigle et al. 2015 in prep.



Is there “assembly bias”?

• Assembly bias is a 
generic feature of 
abundance matching 
simulations 

• Attempts have been 
been made model it 
at fit to sloan data at 
z=0

• But maybe the effect 
is much stronger at 
higher redshifts?
– Can check with hydro 

simulations?
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3.4 The importance of assembly bias

Fig. 1 compares the projected two-point clustering of galaxies in
our fiducial abundance-matching catalogues, which exhibit assem-
bly bias, and in our catalogues with assembly bias erased for three
different magnitude threshold samples. The effects of assembly
bias are not insignificant compared to the errors on the simulation
measurements (the hatched regions), and are large compared to the
precision of the SDSS measurements. The relative effect of assem-
bly bias is largest on large scales and ranges from approximately
∼15 per cent on large scales for the Mr < −19 threshold sample
to ∼6 per cent for the Mr < −21 sample. The fact that the effect
is most prominent for the lower luminosity thresholds is consistent
with the dependence of halo clustering on formation time, which is
more prominent for lower mass haloes (Gao et al. 2005; Wechsler
et al. 2006). The relative effect of assembly bias in our abundance-
matching mock catalogues is grossly similar to that in the SAMs
of Croton et al. (2007). However, in detail Croton et al. (2007) find
assembly bias to have a more complex dependence upon luminos-
ity. In particular, their red galaxy sub-sample is consistent with no
clustering enhancement due to assembly bias at the highest lumi-
nosities, so that the clustering of their brightest luminosity threshold
samples exhibit diminished, rather than enhanced, clustering as a
result of assembly bias.

Neither set of our mock catalogues suffice for a detailed descrip-
tion of the SDSS clustering data; however, these predictions are

Figure 1. Assembly bias in abundance-matching models. The panel shows
the projected two-point correlation functions for several galaxy luminos-
ity threshold samples with Mr < −21 (top, offset +0.2 dex for clarity),
Mr < −20 (middle), and Mr < −19 (bottom, offset −0.2 dex). The points
with error bars represent measurements of wp(rp) from SDSS DR7 (Ze-
havi et al. 2011). The lines represent the predicted values of wp(rp) from
abundance-matching mock catalogues based on the Bolshoi simulation
(solid) and mock catalogues with precisely the same HODs, but with assem-
bly bias erased (dashed). The hatched regions about the abundance-matching
mock catalogue measurements represent the errors on the predicted wp(rp)
estimated from jackknife resampling of the simulation volume. We show
errors only for the assembly bias mock catalogues in the interest of clarity;
however, the errors on the wp(rp) in models with assembly bias erased are
similar.

broadly similar to SDSS clustering, so it is reasonable to suppose
that these catalogues exhibit some of the richness of the observed
galaxy data and may yield insight into galaxy clustering. For the
purposes of this paper, the salient point is that the clustering differ-
ences shown in Fig. 1 between the fiducial and assembly bias-erased
catalogues will drive our halo model fits to recover (erroneously)
distinct HODs.

As Fig. 1 shows, the relative size of the effect of galaxy assembly
bias on galaxy clustering statistics in these catalogues is large. The
clustering is most altered on relatively large scales (rp ! 1 h−1 Mpc),
suggesting that the effect is primarily due to the occupation statis-
tics of central galaxies. This is indeed the case, so it is useful to
examine the differences in host halo clustering among our mock
catalogues.

In Fig. 2, we compare the host halo populations in our mock
catalogues. The top panel of Fig. 2 shows the masses and maximum
circular velocities of objects in our catalogues with and without
assembly bias. The bottom panel of Fig. 2 compares the clustering
of haloes that are selected to have central galaxies in our fiducial
catalogues, with assembly bias, to the clustering of host haloes
in our catalogues in which assembly bias has been erased. For
demonstration purposes, we choose the Mr < −19 threshold sample
for this example because the galaxy assembly bias is largest for this
sample (Fig. 1), and because halo assembly bias is largest in low-
mass host haloes (Gao et al. 2005; Wechsler et al. 2006). Recall that
the mean occupation statistics of central galaxies in these catalogues
are identical by construction.

Each point in the top panel represents a central galaxy in one or
both of our luminosity-only Mr < −19 catalogues. Centrals that are
common to both catalogues appear as black triangles. The vertical
red line illustrates the Vmax cut corresponding to Mr < −19; the hori-
zontal green line illustrates the cut on halo mass M, that produces the
same corresponding number density of haloes. As discussed above,
when randomizing central galaxy occupation we include haloes that
did not necessarily host a central galaxy in the fiducial catalogue.
Thus, there is no guarantee that a halo hosting a central galaxy in
the fiducial catalogue will host a central in the no-assembly-bias
counterpart catalogue, and conversely. With red asterisks (green
diamonds) we show those host haloes in the Mr < −19 fiducial
catalogue (erased assembly bias catalogue) that do not appear in the
catalogue without (with) assembly bias. The haloes that are com-
mon to both catalogues represent approximately ≈74 per cent of the
host halo population. The remaining ≈26 per cent of haloes differ
between the two catalogues.

Now we turn attention to the bottom panel of Fig. 2. The solid,
black line shows the projected correlation function of the haloes
that are selected to have central galaxies in both our fiducial mock
catalogue (with assembly bias) and in our mock catalogue in which
assembly bias has been erased. The dashed and dotted lines show the
clustering of the haloes that are unique to the fiducial catalogue and
the catalogue with assembly bias erased, respectively. Fig. 2 shows
that the haloes that are distinct to the galaxy populations with and
without assembly bias are clustered significantly differently. The
haloes unique to the fiducial catalogues are a factor of ∼3 more
strongly clustered on small scales (rp " 1 h−1 Mpc) and a factor
of ∼2 more strongly clustered on large scales (rp ! 10 h−1 Mpc)
than the haloes unique to the galaxy populations with no assembly
bias. The difference in host halo clustering shown in Fig. 2 is nearly
sufficient to account for the entirety of the differences between
the two-point clustering in the Mr < −19 samples, even on scales
rp " 1 h−1 Mpc.
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Summary

• There is only very slow evolution of in the peak of 
the M*/Mh relation 
– No evidence for “Halo downsizing”
– It seems that the uncertainties in the halo mass functions 

are underestimated  

• Bias evolves in such a way to counteract almost 
perfectly the reduction of clustering strength 
caused by projection effects: correlation lengths 
are constant. 
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