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Overview

(I) Halo and galaxy formation: a 
review

(II) Galaxies, groups and AGN in the 
Cosmic Evolution Survey

(III) Results on clustering behaviour

(i) In the context of galaxy groups

(ii) In the context of AGN

(IV) Analogies and results for the 
time-domain: a new era
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(I) Review of dark matter halo and galaxy modelling



Galactic & cluster scale physics

Decelerative processes

‣ long cooling time

‣ tidal dissapation

‣ exploding supernovae

‣ AGN jets

‣ entropy barrier

‣ accretion shock

Accelerative processes

‣                        (mergers)

‣                        (gas accretion)

! M/M ∼ 1

! M/M ! 1



Inheritance and environment

Which properties are inherited?

‣ stellar mass distribution

‣ luminosity distribution

‣ colour?

Which are incidental?

‣ non-distributional properties

‣ specific formation history



Distributional properties vs. specific properties

Cattaneo et al. (2010)



Inheritance leads naturally to the ‘halo model’
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Clustering between haloes
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Figure 4.20: The growth and transfer functions of the cosmological density field out to
redshift z ∼ 5. Top: The linear growth function g (z) following Carroll et al. (1992b), with
the regime used for the application in this chapter plotted as a solid line; Bottom: Transfer
function for a representative range of scales (plotted in real, not comoving, wavenumber),
with different lines mapping the change from the present day (black) to high redshift (red;
dashed after z = 2).
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Linear matter power spectrum
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Bias: how clusters and galaxies follow dark matter
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Clustering within haloes
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Density profile of dark matter haloes
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Galaxy bias and halo occupation

bg !
�nc

i=1 bc(Mi)"Ng(Mi)#�nc

i=1"Ng(Mi)#
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Figure 4.22: The scaling of collapsed overdensities in the linear cosmological density Þeld.
Top: The overdensity parameter ! , characterising the collapse threshold relative to the rms
variance of the underlying density Þeld at epoch z, ranging from redshift zero (black) to
z ∼ 5. Bottom: The bias factor of collapsed structures of density M for two different mass
function prescriptions of Peacock(2007b) and Sheth & Tormen (1999), shown in blue and
red respectively, from high redshift (brightest colour) down to the present time.
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Summary (I)

Which properties of galaxies, either 
individually or in distribution, can be 
linked to the properties of the larger 
structures in which they are 
embedded?

Which properties result from 
individual formation histories and 
local environmental states?
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(II) Galaxies, groups & AGN in COSMOS



Galaxies in the Cosmic Evolution Survey



Cluster mass-redshift plane
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Fitting the redshift distribution of galaxies
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Redshift distribution of AGN in COSMOS

Allevato et al. (in prep)



Use of projected correlation function
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cluster catalogue can be used as a comparator to the cluster auto-correlation function,

discussed below.

4.1.2 Extensions and corrections

With the data products for this chapter introduced, it is time to once again commence

discussion of some methodological ideas for improving the measurement. The

statistic used in the projected cluster–galaxy cross-correlation, w p (r p ) has been

introduced in Section 2.1.4.2, and this section discusses two technical alterations to

the projection integral that improve the robustness of the measurement.

4.1.2.1 Large-scale completion with Gaussian envelope

Figure 3 in Phleps et al. (2006) shows the effect of velocity dispersion and redshift

errors on the line-of-sight direction of ξLS

cg(r p ,π); these effects are removed by inte-

grating through this direction, giving the projected cluster–galaxy cross-correlation

function

w p (r p ) = 2

�∞

0

ξLS

cg(r p ,π)dπ; (4.1.5)

the upper limit of integration, determined by the dispersion in the photometric

redshifts of the galaxies, is set atπcut = 200Mpc/h . However, rather than disregard the

remainder of the two-dimensional correlation function, it is possible to estimate the

power above this cutoff by fitting a Gaussian G(Aπ,σπ) to the measured distribution

ξLS

cg(r p = c,π) and integrating this analytic function in regions about the threshold

πcut. The parameters {Aπ,σπ} are determined at each r p by minimising the merit
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Ilbert et al. (2009) ApJ 690 1239
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Fig. 5. ! (rp, " ) of all COMBO-17 galaxies with 0.4 < z < 0.8,
I815 < 23 and MB < −18. Again the data from the first

quadrant are repeated with reflection in both axes. In the trans-

verse direction the pair separations accessible for the analysis

are limited by the COMBO-17 field of view.

a jack-knife analysis. We divide each field into four quadrants,

and then calculate the correlation functionw(rp) (including the
integral constraint) for twelve realisations of the data, each time

omitting one of the quadrants. The variance in w is then given

approximately by

#2 =
N − 1

N

∑

i=1 ,N

[〈w(rp)〉 − wi(rp)]
2 , (18)

where N = 12 is the number of realisations of the data (e.g.
Scranton et al. 2002).

In order to check for cross-correlations between the data

points, we can extend the jack-knifemethod in the obvious way

to estimate the covariance between different bins, #2
ij . The nat-

ural way to express this is as a correlation coefficient matrix:

rij ≡ #2
ij/#i#j . Results in this form are presented below.

5. The clustering of the COMBO-17 galaxies

5.1. Results

We calculated ! (rp, " ) for all COMBO-17 galaxies in the red-
shift range 0.4 < z < 0.8 with I-band magnitudes I < 23 and
absolute restframe B band luminosities MB < −18. We used
the estimator invented by Landy & Szalay (1993). An angular

mask for the survey was derived by censoring the surround-

ings of bright stars in the fields. The same mask was applied to

a random catalogue consisting of 30 000 randomly distributed

galaxies, each of which was assigned a redshift taken randomly

from the real data, where the three fields were put together

in order to smooth the redshift distribution. Using a smoothed

form of the empirical redshift distribution did not yield a sig-

nificant change in the results.

The resulting ! (rp, " ) is shown in Fig. 5. The field of view
of the COMBO-17 fields limits the pair separations accessible

for the analysis, so in the transverse direction there is of course

no signal at separations larger than the physical distance corre-

sponding to the diagonal diameter of the fields.

For each object, we have an estimate of the redshift and the

restframe colours and luminosities; it is therefore possible to

divide the sample into two distinct colour classes as described

earlier. For both samples we calculated w(rp) as described in
section 4, correcting for the integral constraint I , and the influ-
ence of the redshift errors. These results are shown in Fig. 6.

5.2. Fitting the halo model

Fig. 6 also shows predictions from the halo model, varying

the single occupation-number parameter $ , and choosing the
cutoff Mc so as to match the observed comoving densities of

0.004h3Mpc−3 (red) and 0.012h3Mpc−3 (blue). It is appar-

ent that there is greater sensitivity to $ at small separations,

and that once $ is fixed from the data there, there is little

freedom at large separations, where the data and the model

match satisfyingly well. The preferred values are approxi-

mately $ = 0.5 for the red population and $ = 0.2 for blue
galaxies. These figures correspond to cutoff masses of respec-

tively Mc = 1012.15h−1M" and Mc = 1011.50h−1M". As

discussed earlier, a more meaningful way of casting these num-

bers may be to apply the HODmodel to the halo mass function,

to calculate the effective halo mass, weighting by galaxy num-

ber. These figures come out as Me! = 1013.21h−1M" and

Me! = 1012.52h−1M" respectively.

Fig. 6 also shows a magnified view, with the measured

correlation functions and the corresponding best-fitting models

both divided by a power-law fit (fitted in the range log10 rp <
1.1), the slope and amplitudes of which are given in Table 2.
The data points do not scatter arbitrarily around the power-law

fit, but show systematic deviations. For the red galaxies, there

is a marked dip around rp % 1.5 h−1 Mpc; the blue galaxies
are closer to a power law, but with a relatively abrupt step at

rp % 0.2 h−1 Mpc. Both these features are impressively well
accounted for by the halo model predictions, especially when

it is considered that there is only one free parameter.

It is interesting to compare our results with those of the

VVDS project (Le Fèvre et al. 2005). They give results to a

similar depth for two fields, although not divided by colour,

with a total of 7155 redshifts over 0.61 deg2. Their redshift

bins are not identical, but they quote r0 = 2.69+0 .53
−0.59 h−1 Mpc

and %= 1.71+0 .18
−0.11 at 〈z〉 = 0.6 and r0 = 4.55+1 .25

−1.56 h−1 Mpc

and %= 1.48+0 .28
−0.15 at 〈z〉 = 0.7. The latter figure is from the

CDFS, which is one of our fields, and we have checked that our

figure for this field alone agrees well with the VVDS, as it does

for our other fields. The VVDS 2h field thus gives a somewhat

lower clustering strength; this may be because the VVDS sam-



Projection of decomposed distribution
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(III) Results on clustering behaviour

‣Group auto-correlation

‣ AGN auto-correlation

‣Group-AGN cross correlation

- NL AGN vs. BL AGN

- Group mass, redshift

‣Group-galaxy cross correlation

- Group mass, redshift

ClusterÐgalaxy cross-correlation in COSMOS 15

Figure 4. Top: Projected clusterÐgalaxy cross-correlation function wp using the full sample of COSMOS galaxies and clusters,
with 1 σ error bars determined from jack-knife resampling of the Þeld (points), relative to the best Þtting power law (dashed)
of the form shown in Eq. ( ??). Departure from the power law is emphasised in the bottom panel, where the ratio to this power
law is taken.

c! 2009 RAS, MNRAS 000, 1Ð31



Results: Group and AGN auto-correlation

Allevato et al. (in prep)



Results: Group--AGN correlation (BL v NL)

Clustering Properties of AGNs and Galaxy Groups in the COSMOS field 11

Fig. 6.— Left panel : Projected CCF between all groups-all AGN (black triangles) and between all the groups and an AGN subset with
z < 2 (red dots). The plot shows no di fferences in the clustering between the di fferent AGN samples, conÞrming that the CCF signal is
due only to objects with the same redshift range. The red triangles are Þtted with a power-law model (black dotted line) in the range
r p=0.1-40 Mpc/h; the errors are computed with the bootstrap method. Right panel : Projected CCF between BL AGN-all groups (black
dots) and NL AGN-all groups (red triangles) in the range 0.1 < r p < 40 Mpc/h.

dots) present the same correlation length compared with
the CCF NL AGN-all groups (red triangles). Taking into
account that BL AGN peak at higher redshift than NL
AGN, the same clustering signal corresponds to di! erent
bias for the two AGN subsets (see $8).
In order to investigate how the CCF AGN-groups

changes with the galaxy groups properties, we used the
full AGN sample and we divided the groups using the
redshift and the parameter ν (see $5.2). Fig. 8 shows the
CCF between the all AGN sample and low/high-z groups
(left panel), compared with the CCF all AGN-low/high-
ν groups (right panel). We fitted the cross-correlation
with a power-law model, with r 0 and γ as free param-
eters. The best-fit values for the CCF using the two
di! erent galaxy groups subsets are shown in Table 1.
We found a weak dependence of the amplitude of the
CCF on z and ν. The correlation length changes
from r 0 = 8.22+0 .76

! 0.75Mpc/h for low-z groups to r 0 =
11.64+0 .74

! 0.63Mpc/h for high-z groups, and from r 0 =
7.96+0 .29

! 0.29Mpc/h to r 0 = 12.02+0 .56
! 0.57Mpc/h for low-ν and

high-ν groups respectively.

9. RELATIVE BIAS BETWEEN GROUPS AND AGNS

Measuring the clustering properties of galaxy groups
and AGN in the COSMOS field, allow us to measure the
relative bias brel between groups and AGNs. Assuming a
linear biasing scheme, the relative bias for AGN is defined
as:

brel =
w2! h

CCF (rp)[AGN − Group]

w2! h
DM (rp)[Group − Group]

(16)

calculated as function of rp. We estimated an AGN bias
factor relative to groups equal to brel = 0.57 ± 0.06, as
the mean ratio over the scales rp=1-40 Mpc/h.
In $7 we described the projected CCF AGN-groups as
wCCF

p (rp) = bAGN,gw2! h
DM (rp), supposing at large scales

the separability of the bias mass function, which ensures

that bAGN,g = bAGNbg, where bAGN and bg are the bias
factors of AGN and groups relative to the DM distribu-
tion, respectively. Under this assumption, the brel should
be equal to the ratio between bAGN and bg, where bAGN
has to be estimated for AGN with the same redshift range
than groups with bias factor bg. Then we estimated the
ACF for AGN with redshift z < 1.8 (as for the groups
sample) and we measured the AGN absolute bias factor
bAGN ′, as described in sec. 6. The theoretical relative
bias for the AGN is equal to bthrel = bA′GN /bg = 0.59+0 .04

! 0.04
which is consistent within the errors, with the relative
bias estimated using Eq.16.
We also estimated the relative bias factor between
BL/NL AGN and galaxy groups and between AGN and
four di! erent galaxy groups subsets. Fig. 9 shows the
ratio between the CCF All AGN-All groups, the CCF
BL/NL AGN-All groups and the All groups ACF (fig. 9,
left panel), between the CCF All AGN-low/high-z groups
and the low/high-z groups ACF and between the CCF
All AGN-low/high ν groups and the low/high-ν groups
ACF, over rp = 1− 40 Mpc/h (fig. 9, right panel). The
red thick line represents the product of the AGN and the
galaxy groups biases with 1σ errors (red dotted region).

Table 4 shows: (col 1) the AGN bias relative to each
galaxy groups subsets, (col 2) the BL and NL AGN bias
relative to groups, (col 3) the absolute bias for the AGN
sample with redshift in the same range of the groups
subsets; for BL and NL AGN, the column refers to bias
factors estimated using the ACF of BL and NL AGN
with z < 1.8, (col 4) the relative bias defined as the ratio
between the AGN bias factor in col 4 and the bias factor
of the galaxy groups sub-samples in col 4 Table 2.
As for the AGN-groups relative bias factor, we found that
considering galaxy groups and AGN sub-samples, we can
express the bias bAGN,g as the product between the abso-
lute bias factor of each sample, as supposed by the linear
bias regime at large scales. In the halo model approach
of AGN clustering, the AGN absolute bias factor at a

Allevato et al. (in prep)



Results: Bias of AGN and groups
12 Allevato et al.

Fig. 7.— Left panel : Projected AGN (upper quadrant) and groups (lower quadrant) ACF compared to the projected DM 2-halo term,

scaled by the AGN and groups bias factor, respectively (=b2tr w
2! h
DM (rp )). Right panel : Projected CCF AGN-groups. The red line shows

the term bAGN bgw
2! h
DM (rp ), which refers to AGN and groups which reside in different DM halos.

Fig. 8.— Projected CCF AGN-groups as a function of the galaxy groups properties. The full AGN sample is used and the groups catalog
has been divided into four groups comprising about equal number of objects, using the redshift (left panel) and the parameter ! (right
panel).

given z is related to the HOD, i.e. the mean number of
AGNs in the hosting DM halos NA(M ), deÞned as:

bAGN =

∫
b(M )n(M )NA(M )dM∫

n(M )NA(M )dM
(17)

where n(M ) denotes the halo mass function andb(M )
the halo bias. To describe the average number of a given
galaxy population as a function of the hosting halo mass,
people adopt a simple parametric form:

Nobj(M ) =
{

(M/M1)! (M > Mmin)
0 (M < Mmin) , (18)

which is characterized by three parameters: the mini-
mum mass of halos which host the population of galaxies

(Mmin), the critical mass above which halos typically
host more than one galaxy (M1) and the power-law in-
dex of the mass dependence of galaxy occupation (α).
This parametric form describes the HOD as a function
of the halo mass and as not depending on the environ-
ment of the large scale structures (LSS). Our results on
the relative bias between AGN and groups ensures the
separability of AGN-groups bias into a product of AGN
and groups biases at both high and low group masses
and at low and high redshifts. This constrains the AGN
HOD to be independent on LSS enivronment to within
∼ 24%.

10. DISCUSSION

Allevato et al. (in prep)



Bias estimates from clustered objects14 Allevato et al.
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Fig. 10.Ñ Bias parameter as a function of redshift for various X-ray selected AGN (blue), optically selected AGN (red), BL/type 1 AGN
(magenta) and NL/type 2 AGN (green). The dashed lines show the expected b(z) of typical DM halo masses MDM based on Sheth et al.
(2001) (Sheth & Tormen 1999) in the upper panel (lower panel). The masses are given in logMDM in units of h−1M".

Allevato et al. (in prep)



Group--galaxy cross-correlation
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Group--galaxy correlation (group mass, redshift)
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Figure 7. Evolution of the COSMOS cluster–galaxy cross-correlation function with cluster properties. To make this measure-

ment, the full galaxy sample is used but the clusters are divided into staggered groups comprising equal numbers of objects;

divisions are made in cluster mass (left), overdensity parameter ! (centre; cf. Eq. 18) and redshift.

implementation of the halo model is to take the 2-halo term to be in the regime of linear

density ßuctuations and constant linear bias:

ξcg(r) = ρ(r)/�ρ� + øbc
øbgξm(r). (14)

It might be argued that the 1-halo term should beρ(r)/�ρ�−1, sinceρ(r) is the total density

in the halo, not the deviation from the meanÑcf. equation (6) of Hayashi & White (2008).

But this would give ξcg → −1 at larger, and thus cannot be correct. The explanation is that

our simple prescription makes no allowance for halo exclusion, and the contributions from

other haloes are assumed to extend tor = 0, which would add a constant to the density.

Since haloes are truncated at their virial radii, where the density contrast is at least of order

100, the effect of changing the 1-halo term by−1 is in any case extremely minor, which

can be counted as part of a list of small corrections for halo exclusion, which cause subtle

changes around the transition between the 1-halo and 2-halo regimes, and which are not

important for data of the accuracy considered here (seee.g., Zheng et al. 2005).

4.1 Two-halo regime: bias and occupation

We begin with the linear power spectrum for cold dark matter described by Eisenstein &

Hu (1999) and Komatsu et al. (2010):

∆2(k) =
4
25

∆2

R

�
k

kWMAP

��
ck

H0

�3

T
2(k)

�
D1(z)
D1(0)

�2

, (15)

whereδH is the present amplitude of perturbations on the horizon scale; the transfer function

T
2 is determined from the empirical formulae of Eisenstein & Hu (1998); and the cosmological

c� 2009 RAS, MNRAS 000, 1–31



(V) Conclusions: Endpoints and trajectories

‣ The distinction between inheritance and ‘environmental’ effects; this 
distinction can be thought to map onto the dichotomy between studies of 
distributional properties and direct causal physics

‣ The types of correlations one can describe from the halo model are evinced in 
the Cosmic Evolution Survey, and extend to descriptions of galaxy groups (X-
ray groups), galaxies & AGN.

‣ There is a well-motivated push to go beyond two-point statistics in describing 
the correlations between objects. In the spatial domain, such quantities go 
beyond the distribution of power across spatial scales, to provide information 
about the relationship between power at different scales. The same is true in 
the time domain.


