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Measure halo mass via clustering
Learn about cosmological evolution

Motivation

"You are doing the right thing here: 
Clustering is a powerful theoretical 
constraint" - V. Springel



Theory



galaxies

X-ray AGN

XBootes/AGES (S. Murray/C. Kochanek)

Observation



This is amazing



Optical quasars reside in halos of ~constant 
mass with luminosity and redshift

[Croom, Chehade, 
Rentana-Montenegro]



Importance of AGN selection methods

[Hickox, Chehade, 
Mendez, Myers, Willett]
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Halo mass is very important for galaxy 
formation; galaxy clustering well understood

[Coil, Cole, Springel, 
Fanidakis]



Does AGN activity follow star formation in 
galaxies?

[Hickox, Wang, Coil, 
Magliochetti]

8 Cappelluti, Allevato & Finoguenov

Fig. 2.— Bias factor (Left Panel) and mass of AGN hosting halos (Right Panel) as a function of redshift for X-ray selected AGN (black
data points), X-ray selected Type 1 AGN (blue data points) and X-ray selected Type 2 AGN (red data points) as estimated in di!erent
surveys (COSMOS, Gilli et al. (2009); Allevato et al. (2011); CDFN, Gilli et al. (2005); Yang et al. (2006); Swift-BAT, Cappelluti et al.
(2010); CDFS, Gilli et al. (2005); AEGIS, Coil et al. (2009); AGES, Hickox et al. (2009); ROSAT-NEP, Mullis et al. (2004); ROSAT-SDSS,
Krumpe et al. (2010); CLASXS, Yang et al. (2006)). The dashed lines show the expected b(z) of DMHs with di!erent masses according to
the legend, based on Sheth et al. (2001). The grey points show results from quasar - quasar correlation measurements using spectroscopic
samples from SDSS (Ross et al. 2009; Shen et al. 2009), 2QZ (Croom et al. 2005; Porciani & Norberg 2006) and 2SLAQ (da Ângela et al.
2008). All the previous studies infer the picture that X-ray selected AGN which are moderate luminosity AGN compared to bright quasars,
inhabit more massive DMHs than optically selected quasars in the range z = 0.5! 2.25.

Using the HOD model, Starikova et al. (2010) suggested
that X-ray Chandra/Bootes AGN are located at the cen-
ter of DM halos with M > Mmin = 4!1012h!1M" while
Miyaji et al. (2011) estimated for RASS AGN at z=0.25
b = 1.32 ± 0.08 and a typical mass of the host halos of
13.09± 0.08.
The redshift evolution of the clustering of X-ray se-

lected AGN has been first studied by Yang et al. (2006)
in the CLAXS+CDFN fields. They measured an increase
of the bias factor with redshift, from b = 0.95 ± 0.15 at
z=0.45 to b = 3.03± 0.83 at z=2.07, corresponding to an
average halo mass of "12.11 h!1 M".
Allevato et al. (2011) studied the redshift evolution

of the bias for a sample of XMM-COSMOS AGN at
z < 2. They found a bias evolution with time from
b(z = 0.92) = 1.80 ± 0.19 to b(z = 1.94) = 2.63 ±
0.21 with a DM halo mass consistent with being con-
stant at logM [h!1M"] " 13.1 at all redshifts z < 2.
They also found evidence of a redshift evolution of the
bias factor of XMM-COSMOS Type 1 AGN and Type
2. The bias evolves with redshift at constant average
halo mass logM0[h!1M"] " 13.3 for Type 1 AGN and
logM0[h!1M"] " 13 for Type 2 AGN at z < 2.25 and
z < 1.5, respectively. In particular Allevato et al. (2011)
argued that X-ray selected Type 1 AGN reside in more
massive DMHs compared to X-ray selected Type 2 AGN
at all redshifts at " 2.5! level, suggesting that the AGN
activity is a mass triggered phenomenon and that di!er-
ent AGN classes are associated with the DM halo mass,
irrespective of redshift z.
Krumpe et al. (2011) measured the clustering ampli-

tudes of both X-ray RASS and optically-selected SDSS
broad-line AGNs, as well as for X-ray selected narrow-
line RASS/SDSS AGNs through cross-correlation func-

tions with SDSS galaxies and derive the bias by applying
the HOD model directly to the CCFs. They estimated
typical DMH masses of broad-line AGNs in the range
log(Mh/[h1M"]) = 12.4# 13.4, consistent with the halo
mass range of typical non-AGN galaxies at low redshifts
and they found no significant di!erence between the clus-
tering of X-ray selected narrow-line AGNs and broad-line
AGNs up to z " 0.5.
Fig. 2 shows the bias parameter (Left Panel) and

the mass of the AGN hosting halos (Right Panel) as a
function of redshift for X-ray selected AGN (black data
points), X-ray selected Type 1 AGN (blue data points)
and X-ray selected Type 2 AGN (red data points) as esti-
mated for di!erent surveys (see the legend). The dashed
lines show the expected b(z) of typical DM halo masses
MDMH based on Sheth et al. (2001). The masses are
given in logMDMH in units of h!1 M".
There have been several studies of the bias evolu-

tion of optical quasar with the redshift as shown in
fig. 2 (grey data points), based on large survey sam-
ples such as 2QZ, 2SLAQ and SDSS (Croom et al. 2005;
Porciani & Norberg 2006; Shen et al. 2009; Ross et al.
2009; da Ângela et al. 2008). These previous studies in-
fer the picture that X-ray selected AGN which are moder-
ate luminosity AGN compared to bright quasars, inhabit
more massive DMHs than optically selected quasars in
the range z = 0.5# 2.25.
Recently, Krumpe et al. (2011) verified that the clus-
tering properties between X-ray and optically- selected
AGN samples are not significantly di!erent in three
redshift bins below z = 0.5 (the di!erences are 1.5!,
0.1! and 2.0!).The reason for the fact that X-ray se-
lected AGN samples appear to cluster more strongly than
optically- selected AGNs is still unclear. Allevato et al.
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AGN are in general clustered consistently to 
matched host galaxies

[Georgakakis, Coil, 
Mendez, Karhunen]



“Radio-mode” AGN are very strongly 
clustered and in massive halos

[Rentana-
Montenegro, 
Mendez, Ramos-
Almeida, Lindsay, 
Willett, Hickox]



AGN clustering depends strongly on black 
hole mass, not on Eddington ratio

[Rentana-Montenegro, 
Krumpe, Shiarasaki]

low vs high MBH low vs high L/LEDD 



Importance of stochasticity in the AGN 
population

[Coil, Springel]
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What is the AGN halo occupation distribution?

[Coil, Miyaji, Kayo, 
Finoguenov, Finoguenov, 
Nguyen, Altamirano-Divora]

Difference between 
average and median 
halo mass



Can clustering constrain the importance of 
mergers?

[Ramos-Almeida, 
Altamirano-Divora, 
Kayo, Oogi]



Importance of different modes of accretion and 
feedback

[Georgakakis, Springel, 
Fanidakis]



Clustering of obscured and unobscured (or Type 
1/Type 2) AGN and the unified model

[Hickox, Koutoulidis, 
Allevato, Mendez, 
Villaroel]



AGN clustering and cosmology

[Cole, Marinello, 
Campusano, Kolodzig, 
Norris]

Extragal.Sky ,0.0<z<3.0   CL~14σ    (full%eRASS%AGN%sample)%
,0.8<z<2.0   CL~11σ    (uncharted%z8range)%

14,000,deg2, ,0.8<z<2.0   CL~5σ    
Brightest,60%, ,0.8<z<2.0   CL~4σ            (4MOST8case)%

1st%convincing%detecBon%with%X8ray%selected%AGN%



Importance of clustering at high redshift

[Croom, Allevato, 
Garcia Vergara, 
Schulze]limited by gas supply

limited by 
feedback



New AGN clustering techniques

[Nikoloudakis, 
Mountrichas, Norris, 
Schulze]

14 Georgakakis et al.

Figure A1. Projected auto-correlation function of galaxies plotted as a func-
tion of scale. The filled (blue) triangles correspond to the wp(�) of spectro-
scopic galaxies selected from the DEEP2 and DEEP3 surveys of the AEGIS
field with R < 24.1 and redshifts in the range 0.6 � 1.4. The open (red)
triangles are estimated by applying the generalised clustering estimator de-
scribed in section 3 to the photometric redshift PDFs of CFHTLS-D3 galax-
ies. The open (black) circles correspond to the auto-correlation wp(�) of
the same sample of CFHTLS-D3 galaxies estimated by replacing the pho-
tometric redshift PDFs with a single value, the photometric redshift best-fit
solution, and then treating them as spectroscopic redshifts in the clustering
analysis. The galaxy sample used to estimate the black open circles and the
red open triangles is selected to have R < 24.1 and the optical colour cuts
proposed by Newman et al. (2012) to exclude galaxies below z ⇡ 0.6. As a
result, the photometrically selected CFHTLS-D3 galaxy sample used in the
analysis has similar properties (i.e. redshift and optical luminosity distribu-
tions) to DEEP2/3 spectroscopic galaxies. The errorbars are estimated using
NJK = 8 Jackknife regions. For the shake of clarity the open red triangles
and black circles are offset in the horizontal direction by � log � = �0.02
and +0.02 respectively.

Figure A2. Projected cross-correlation function between X-ray AGN and
galaxies plotted as a function of scale. The filled (blue) triangles correspond
to the classic approach of estimating the cross-correlation signal, which
requires spectroscopy for both samples. Spectroscopic X-ray AGN in the
AEGIS-XD field (total of 148) are correlated with DEEP2 and DEEP3 spec-
troscopic galaxies (⇡ 6, 500) in the same field. The redshift range of both
samples is limited to 0.6 � 1.4. The open (red) triangles are the projected
cross-correlation function estimated by applying the generalised clustering
estimator described in section 3. The spectroscopic redshifts of the 148 X-
ray AGN in the AEGIS-XD field are replaced by their corresponding pho-
tometric redshift PDFs. These are then correlated with the photometric red-
shift PDFs of 23,000 CFHTLS-D3 galaxies with R < 24.1 and the optical
colour cuts proposed by Newman et al. (2012) to exclude galaxies below
z ⇡ 0.6. The open (black) circles correspond to the cross-correlation
wp(�) of the same sample of X-ray AGN and CFHTLS-D3 galaxies es-
timated by replacing the photometric redshift PDFs with a single value,
the photometric redshift best-fit solution, and then treating them as
spectroscopic redshifts in the clustering analysis. The errorbars are es-
timated using NJK = 8 Jackknife regions. For the shake of clarity the
open red triangles and black circles are offset in the horizontal direc-
tion by � log � = �0.02 and +0.02 respectively.

c� 0000 RAS, MNRAS 000, 000–000



The future and large surveys

[Merloni, Kolodzig, 
Myers, Schulze, 
Geisbuech]

4MOST&sky&coverage&5&years&survey&simula6on&(4FS,&MPE)&
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Clustering

Host galaxies

Luminosity 
function

The way forward



The way forward

Understand selection effects!!

X-ray AGN    Radio AGN Donley IR-AGN

X-ray Radio IR:Donley











Thanks to Mirko and all the organizers 
for a fantastic week!


