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Today I am going to talk about: 
 

1.  Introduction on AGN clustering in semi-analytics 
2.  GALFORM & and the modelling of  AGN 
3.  The halo environment of  AGN & Radio Galaxies 
4.  Radio galaxies as tracers of  massive structures 
5.  Over-densities around high-z QSOs 
6.  Conclusions 
7.  Future work 



Galaxy mergers Disk instabilities 

AGN activity in galaxy formation 
is expected to be triggered by galaxy mergers 

and disk instabilities.   

LBol = εrad MBHc
2

AGN 

Springel et al. (2005),Di Matteo (2005, 2008), 
Hopkins et al. (200-), Marulli et al. (2008), NF et al. 

(2011, 2012), Hirschmann et al. (2012) etc. 

Shanks et al. (2011) 

Mhalo ~ 3x1012 M!!

Clustering analyses show that 
quasar activity takes place in  

~1012 M! haloes. 
 

See: Croom et al. (2004), Ross et al. (2009), 
White et al. (2012), Shen et al. (2013), also 

Bonoli et al. (2009) 
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Quasars selected in optical 
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AGN triggering in Galaxy Formation Theory 



Merger driven AGN activity: Dark Matter halo mass 

The clustering of quasars in semi-analytic models 435

Figure 13. In these two panels, we show the redshift evolution of the median
mass of dark matter haloes hosting AGN of different luminosities from the
previous Fig. 12. For clarity in the plot, we only show the values obtained
for objects with LBol < L∗ and with LBol ∼ L∗. The dotted black curve
shows the best fit to the evolution of the typical host mass of L∗ quasars.
The contours indicate the 25 and 75 percentiles. We overplot here estimates
obtained by different groups who examined the clustering properties of
observed quasars (see legend on the plots).

and halo mass is overly simplistic for realistic lifetime models, and
it is therefore interesting to use our simulations directly to examine
the distribution of quasar lifetimes.

In Fig. 16, we show the fraction of active haloes (or duty cycle),
as a function of quasar luminosity, redshift and halo mass, for both
Mod I (left-hand panels) and Mod II (right-hand panels). At high
redshifts, massive haloes have a very high duty cycle, i.e. most of
haloes host a bright quasar. As expected, the duty cycle evolves more
strongly with redshift for the more luminous AGN: by redshift z =
0.1 only ≈0.1 per cent of the more massive haloes host a quasar, and
this result is independent of the light-curve model assumed. Again,
the difference in the two models is in the faint AGN population:
the duty cycle of faint objects evolves strongly with redshift and
mass for Mod I, since at low redshift only the smallest haloes host
an active BH. On the other side, if the AGN light curve includes a
long low-level phase, then at low redshift also massive haloes are
hosting a low-luminosity object.

Estimates of the quasar lifetime obtained from quasar clustering
suggest time-scales of the order of 107–108 yr, depending on the

Figure 14. Relation of LBol of the AGN versus dark matter halo mass. In
the upper panel, BHs accrete according to the Mod I light curve, while in the
lower panel the predictions are produced using Mod II. While all very bright
objects are BHs accreting close to the Eddington limit, the main difference
between the two models lies in the faint objects, where we have a dense
population of faint AGN hosted by large haloes (the light-green open circles
in the lower panel refer to AGN in the quiescent phase). For reference, the
dashed line marks the Eddington luminosity corresponding to a BH mass of
106 M⊙.

redshift. At high redshifts (z ≥ 3.5), Shen et al. (2007) estimated
lifetimes of the order of 30 ∼ 600 Myr, while at 2.9 ≤ z < 3.5
the estimated range decreases to 4 ∼ 50 Myr. Porciani et al. (2004)
suggest tq ∼ 107 yr at z ∼ 1, and values approaching 108 yr at higher
redshifts. As we approach low redshifts and the local universe,
the quasar lifetimes seem to decrease: Padmanabhan et al. (2008)
suggest values <107 yr for their sample of quasars at 0.2 < z <

0.6. As we have shown in Fig. 16, a strong evolution of the quasar
lifetime is also expected from our models: at intermediate–high
redshifts, our results are compatible with lifetimes of a few 108 yr,
but the detailed evolution of the duty cycle also depends strongly
on the range of host halo mass considered.

5 C O N C L U S I O N S

In this series of papers, we investigate semi-analytic models for BH
accretion and quasar emission in the context of a comprehensive
galaxy formation model developed for the Millennium simulation.
The physical scenario for BH growth we study is based on the model
for BH accretion from Kauffmann & Haehnelt (2000), as revised
by Croton et al. (2006), which assumes that galaxy mergers are
the primary physical mechanism responsible for efficiently feeding
central BHs. In Paper I, we used the most recent observations of the
local BH population to test basic predictions of the model for the
local BH demographics, testing also different theoretical models for
the quasar lifetime with the goal to reproduce the observed quasar
luminosity function. We found an overall good agreement between
the predicted and the observed BH properties, and that the faint-end
of the observed luminosity function can be better reproduced when
a quasar light-curve model is adopted that includes long quiescent
accretion after an Eddington-limited accretion phase.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 396, 423–438
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Bonoli et al. (2009) 

Moderate(luminosity(AGN(

"  Luminous quasars are 
found in the “correct” 
DM halo mass. 

"  Moderate luminosity 
AGN predicted to live 
in lower mass DM 
haloes. 
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AGN clustering 

Optical 
(MbJ  < -22)!

X-ray 
(Lxray = 1042 - 1044 erg/sec)!

Radio  
(P1.4GHz  > 1022 W/Hz)!

See also: Gilli et al. (2005), Croom et al. (2006), Bornancini et al. (2006), Wake et al. (2008), Donoso et al (2008), Coil 
et al. (2009), Cappelluti et al. (2010), Allevato et al. (2013), Mountrichas et al. (2012,2013), Krumpe et al. (2010,2012) 

etc. 

XMM-SDSS 
RASS-SDSS 

AEGIS 
COSMOS 

Bootes 

2dF 
SDSS 

2dF 
SDSS 

The Dark Matter halo mass of  AGN at z < 2 

How does this picture 
reconcile in galaxy 

formation modelling? 
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Main GALFORM results described in: 
Cole et al. (2000); Benson et al. (2003); Baugh 
et al. (2005); Bower et al. (2006); Bower et al. 
(2008); Font et al. (2008); Benson & Bower 
(2010, 2011); Fanidakis et al. (2011,2012); 
Lacey et al. (2008,2010,2011), Lagos et al. 
(2011a, 2011b, 2012); Bower et al. (2012) 

Semi-analytics allow to quickly 
probe different physical 

prescriptions with a cosmologically 
significant sample of  galaxies  

COSMOLOGICAL MODEL 
Ω0, Λ0,σ8, h, P(k)!

DARK MATTER HALOES 
MERGER TREES 

STRUCTURE 

GALAXY MERGERS 
SPHEROID FORMATION SPHEROID SIZES DISK SIZES 

GAS COOLING 
DISK FORMATION 

SF BURSTS SF & FEEDBACK 

CHEMICAL EVOLUTION 

STELLAR POPULATIONS 

DUST EXTINCTION 

OBSERVABLE GALAXY 
PROPERTIES 

AGN 

Dark matter N-body 
simulations: 

Millennium simulation 
(Springel et al. 2005) 

sim
ulation 

analytic 

Insights from Semi-Analytics: The GALFORM model 
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Standard cooling scheme in semi-analytics 

τ cool >> τ ffτ cool ~ τ ff

Mhalo~1011.5M!!

Rapid-cooling regime Static-halo regime 

rcool=r(τcool=τH)!

rcool!

The cooling of  gas in DM haloes 
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"  Gas in <1011.5 M! haloes cools 
rapidly. 

"  Gas in >1011.5 M! haloes is in 
quasi-hydrostatic equilibrium. 

 

See Croton et al (2006); Bower 
et al. (2006); Monaco et al. 

(2007); Somerville et al (2008); 
Lagos et al. (2008) 

Rapid cooling 
Intense SF 

Stellar feedback 
Strong AGN activity 

Slow cooling 
Weak SF 

Radio mode feedback 
Mild AGN activity 
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Nikos Fanidakis – Marseille 12.06.2014 

Motivation for introducing feedback in galaxy formation 
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Cold gas/Stars Dark matter Hot gas 

NF et al. (2011, 2012) See also: Malbon et al. (2007), Marulli et al (2008), Somerville et al (2008), Hirschmann et al (2012) 

Black Hole (BH) growth in GALFORM 

3. Hot-halo accretion 
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1. Galaxy mergers 

Quasar 
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The accretion flow 

DM halo 

hot halo 

AGN 

Central engine 
jet!

BH!

accretion disk 

€ 

R

€ 

H

(NF et al 2011)(
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1)  Accretion rate calculation 
2)  Disk structure (thin-disk/ADAF) Shakura & Sunyaev (1973); Mahadevan (1997) 
3)  BH spin evolution (accretion and BH-BH mergers) King et al. (2005) 
4)  Bolometric corrections for optical, x-ray, UV emission Marconi et al. 2005) 
5)  Empirical obscuration Hasinger (2008)  
6)  Jet total and radio luminosity Blandford & Znajek (1977) 

Basic ingredients 



The accretion flow 

DM halo 

hot halo 

AGN 

Central engine 
jet!

BH!

accretion disk 

€ 

R

€ 

H

Blandford – Znajek mechanism  
for Jet formation: 

Ljet ∝ (H / R)2MBH
2 α 2,  with Ljet

ADAF ~ 10−100Ljet
TD

Thin disk 

luminous disks 
!m = !M / !MEdd < 0.01

ADAF 

under-luminous disks 

Ldisk
ADAF = εADAFLdisk

TD ,   εADAF = 0.01− 0.1
(NF et al 2011)(
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Luminosity functions 

NF et al. (2013a) 

AGN fuelling modes and clustering 5

Figure 1. (a) The distribution function of λEdd at z = 0 − 0.1 in four different BH mass bins, as indicated by the key. The shaded area indicates the
super-Eddington regime. (b) The density of accreting BHs (in Mpc−3d log M−1

⊙
) in the log10 λEdd − log10 MBH plane at z = 0 − 0.1. The histograms

on top of the panel show the λEdd distribution function for AGN in the hot-halo (red) and starburst (blue) modes. (c) The two-dimensional volume-weighted
histogram showing the evolution of the log10 λEdd distribution as a function of z. The different colour shading corresponds to the density of objects in a given
λEdd bin, as indicated by the colour bar on the right.

GALFORM predicts that the bulk of BHs accrete in the ADAF
regime (log10 λEdd ! −2). There is only a small fraction of BHs
experiencing radiatively efficient accretion, which is represented by
the branch around log10 λEdd ≃ −1 extending vertically up along
theMBH axis. Integrating along theMBH axis and distinguishing
between accretion in the starburst and hot-halo modes gives the his-
togram depicted at the top of the λEdd−MBH plane. Evidently, the
nature of the two modes now becomes clear. The low-λEdd peak is
due to the hot-halo mode, while the high log-normal λEdd peak
corresponds to the starburst mode. Both modes have a roughly log-
normal distribution in λEdd, although the starburst mode is also
characterised by a long tail extending to very low λEdd values. The
convolution between the two modes gives for BH masses below
109 M⊙ a bimodal distribution with a strong dip at log10 λEdd,
where the two modes intersect.

The relative contribution of each accretion mode to the
λEdd distribution function changes with redshift as shown in
Fig. 1c. AGN in the starburst mode become progressively more
abundant with increasing redshift, whereas AGN in the hot-halo

mode follow the opposite trend and decrease in abundance. The
strong evolution with redshift of the starburst mode AGN is a re-
sult of the abundant cold gas supplies present in galaxies at higher
redshifts. In contrast, the abundance of haloes in quasi-hydrostatic
equilibrium, and thus susceptible to AGN feedback, which can po-
tentially produce AGN via hot-gas accretion, increases as redshift
decreases.

3.3 The AGN environment

The distinct nature of each accretion mode in GALFORM gives rise
to different environmental properties for the starburst and hot-halo
AGN population. Because of the link of AGN feedback to the
quasi-hydrostatic regime we expect hot-halo AGN to be associated
with haloes more massive thanMHalo ∼ 1012.5 M⊙. On the other
hand, starburst AGN are characterised by intense accretion involv-
ing large amounts of gas. AGN in this mode are found primarily
in gas-rich environments (MHalo ! 1011.5 − 1012.5 M⊙), where
gas can cool efficiently onto the galactic disk. The brightest AGN

c⃝ 0000 RAS, MNRAS 000, 000–000
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z = 0.5 

Hot-halo mode: 
"  Spheroids poor in gas. 
"  Luminosity correlates with Mhalo: 

"  Luminosity correlates with M★. 
"  Massive halo environments. 

MBH = Lcool /εrc
2

Starburst mode: 
"  Disk galaxies rich in gas. 
"  Luminosity correlates with M★. 
"  Quasars = L > 1046 erg/s AGN. 
"  Average halo environments. 

BH accretion modes vs. Dark Matter halo mass 

Starb
urst!m

ode!

NF+(2013b) 

Nikos Fanidakis – ITP Zurich 4.3.2014 Nikos Fanidakis – ESO AGN clustering conference 14-18.07.2014 



z = 0.5 

Hot-halo mode: 
"  Spheroids poor in gas. 
"  Luminosity correlates with Mhalo: 

"  Luminosity correlates with M★. 
"  Massive halo environments. 

MBH = Lcool /εrc
2

Starburst mode: 
"  Disk galaxies rich in gas. 
"  Luminosity correlates with M★. 
"  Quasars = L > 1046 erg/s AGN. 
"  Average halo environments. 

BH accretion modes vs. Dark Matter halo mass 

NF+(2013b) 
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QSOs!

z = 0.4 - 0.9 !

NF+(2013a) 

The halo environment of luminous quasars 7

3.2 The effective halo mass of quasars

The clustering of quasars depends both on the clustering of DM
halos and on how quasars occupy these halos. On large scales, the
quasars have a constant clustering bias beff given by (Baugh et al.
1999):

beff(z) =

∫

b(MHalo, z)Nq(MHalo, z)n(MHalo, z)d logMHalo
∫

Nq(MHalo, z)n(MHalo, z)d logMHalo

,

(4)
where b(MHalo, z) is the linear clustering bias of halos of mass
MHalo, Nq(MHalo, z) is the mean number of quasars in a halo
of mass MHalo and n(MHalo, z)d logMHalo is the number den-
sity of halos in the logarithmic interval d logMHalo. The cluster-
ing of quasars can be measured from observational surveys and the
value of beff inferred. The effective halo mass MHalo,eff for the
quasar sample is then calculated from the measured beff by invert-
ing the halo bias relation, using beff = b(MHalo,eff , z). We cal-
culate MHalo,eff from beff using the ellipsoidal collapse model of
(Sheth & Tormen 1999). Therefore the model predictions can be
compared directly to the observational estimation of quasar halo
masses from clustering surveys such as SDSS and 2dF.

The MHalo,eff of quasars as a function of redshift is shown
in Fig. 4 (solid red line). As illustrated by the plot, MHalo,eff re-
mains close to ∼ 1012.4 M⊙ for quasars in the low-redshift uni-
verse, and drops by ∼ 0.2 dex as z increases. Such a halo mass is
representative of a typical Milky-Way halo environment. This
prediction is consistent with what clustering analyses of quasars
in galaxy surveys indicate (Croom et al. 2005; Ross et al. 2009),
namely that quasars in the low-z Universe tend to live in average
DM environments. We note that, to produce such high luminosities
as 1048 erg s−1, a vast amount of gas is required to be accreted,
which is why we find our brightest sources in the most gas rich
(and massive) galaxies (see Fig. 3a). Yet, from Fig. 3b we expect
that even these extreme objects should be found in haloes of simi-
lar mass (∼ 1012 M⊙) to the hosts of average luminosity quasars.
We show this in the inset panel of Fig. 4, where we plotMHalo,eff

as a function of redshift for different luminosity AGN populations
(Lbol = 1043, 1046, 1047 and 1048 erg s−1). The expected envi-
ronment of quasars (Lbol ! 1046 erg s−1) is the same for all lu-
minosity populations, with only insignificant variations at low red-
shift. In contrast, AGN belonging to much less luminous classes
(e.g., Lbol = 1043 erg s−1) tend to live in haloes more massive by
an order of magnitude at low redshift.

Finally, in Fanidakis et al. (2013), we suggest that the lumi-
nosity output of an AGN is determined by the accretion channel
and ultimately by the DM halo mass of the AGN host. For exam-
ple, haloes that are subject to AGN feedback can only host AGN
whose accretion flow is relatively underdense, and therefore pro-
duce moderate luminosities (1044 − 1046 erg s−1). Accretion in
this case is fed directly by the hot halo around the galaxy. In this
picture, quasars can only exist in average environments where AGN
feedback is not present and thus, gas in the host halo can cool ef-
ficiently. The importance of AGN feedback in defining the halo
mass of bright QSO, is illustrated by the blue line in the main
panel of Fig. 4, which shows MHalo,eff for quasars in a simula-
tion where AGN feedback is turned off. In this case, the typical
halo mass of quasars2 increases dramatically, making their envi-
ronment that of the very massive haloes. In fact, the largest halo

2 In this simulation we consider all AGN with Lbol ! 1046 erg s−1 as
quasars. We note that, in this case, the model has not been tuned to fit the

Figure 4. The effective DM halo mass of quasars (Lbol ! 1046 erg s−1)
as a function of redshift (solid red line). Predictions are also shown for
a simulation where AGN feedback is not taken into account (blue solid
line). The grey solid line represents the mass of the most massive halo in
the simulation at a given redshift. Inset panel: Effective DM halo mass as
a function of redshift for four different luminosity AGN populations, as
indicated by the key (quasars are represented by the Lbol = 1046, 1047

and 1048 erg s−1 populations).

at a given redshift (indicated by the solid grey line in the plot)
is now found to host a very bright quasar with typical luminos-
ity of ∼ 1047 − 1048 erg s−1. Hence, in a universe without AGN
feedback, galaxy groups and clusters should be the typical environ-
ments where enormous quasar activity takes place. However, in our
observable Universe bright quasars are never observed in the cores
of clusters in the low-redshift Universe.

4 THE ENVIRONMENT OF FIRST QUASARS

As mentioned earlier, z ∼ 6 quasars are of particular interest, since
they are assumed to reside in overdensities and pinpoint the lo-
cation of protoclusters. Here we test this idea by considering the
z ∼ 6 quasars in our model and exploring the properties of their
DM halo environment and their descendants at z = 0. We also pro-
vide a calculation for the number of LBGs expected to be found
around z ∼ 5 quasars in order to provide a better understanding of
the observations that search for galaxy overdensities around high-z
quasars.

4.1 The z = 6.2 quasars and their descendants to z = 0

In this section, we explore the environment of high-z quasars and
present predictions for their descendants at z = 0. We do so

observational data. Requirement of retuning the accretion model might re-
sult in lower AGN luminosities, however, without affecting the clustering
of these sources much.

c⃝ 0000 RAS, MNRAS 000, 000–000

Baugh et al. (1999) 

Mhalo,eff from beff(z) using the ellipsoidal collapse model of   
Sheth & Tormen (1999) 

 The clustering of  moderate luminosity AGN  The clustering of  moderate luminosity AGN 
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 The clustering of  moderate luminosity AGN 

NF+(2013a) 

 

Hot-halo accretion is essential for reproducing the 
halo mass of  moderate luminosity AGN! 

 

Lxray = 1042-1044 erg/sec!
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most massive halo 

2QZ survey 
Croom et al. (2004) 

 

See also: Ross et al. (2009), White et al. (2012), Shen et al. (2013) 

NF+(2013b) 

Dark Matter halo mass of  luminous Quasars 

The starburst mode shapes the halo environment of  luminous Quasars! 

QSOs!

z = 0.4 - 0.9 !

NF+(2013a) 
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Stellar and halo mass of  luminous Quasars  
6 Fanidakis et al.

Figure 3. Left: The median of the Lbol − Mstar correlation for quasars (Lbol ! 1046 erg s−1) and its evolution with redshift. The distribution of galaxies
on the Lbol−Mstar plane is shown at z = 2.2 (in a similar fashion as in Fig. 1) as an indication of the extent of the scatter around the median. Right: Similar
to the left panel, but for the Lbol −MHalo correlation.

ple of the free-fall time of the halo. In addition, the BH at the centre
of the halo needs to be massive enough to efficiently heat the gas
in the halo via the jet (see Bower et al. 2006, for the details of the
AGN feedback mechanism). This typically occurs at a halo mass
of 1012 − 1012.5 M⊙ (the precise mass is controlled by a model
parameter) and a BH mass of 108.5 − 109 M⊙. The most lumi-
nous quasars satisfy these conditions. Therefore, it is expected that
Mstar ∼ 1011 M⊙ galaxies that undergo a significant quasar phase
soon become subject to AGN feedback. Once this happens, the cen-
tral BH accretes via the hot-halo mode, which is characterised by
much lower accretion rates than the starburst mode. A fraction of
the accretion luminosity produced during the hot-halo mode is cou-
pled directly to the host halo and via the AGN feedback mechanism
suppresses the cooling of hot gas.

The hosts of AGN in the hot-halo branch are usually very mas-
sive in stellar mass at z " 1. These AGN live in haloes where gas
cooling and star formation has been shut off by AGN feedback, and
hence are red and dead. We associate these objects with the popu-
lation of elliptical galaxies. Their central BHs accrete gas from the
hot halo, and due to its low density, the bolometric luminosity of
the accretion flow remains low (the geometry of the flow is usually
that of an ADAF). Therefore, the majority of objects in this mode
have a moderate luminosity output, except from those in haloes of
∼ 1015 M⊙ at low redshifts, where the central BH can shine as
bright as 1046 erg s−1 (these objects have relatively high accretion
rates and thus, form a radiatively efficient thin disk).

To obtain a better understanding of the typical hosts of
quasars we show in Fig. 3 how the median stellar mass of
quasars varies with the luminosity and redshift. In the same fig-
ure we also plot the distribution of galaxies on the Lbol−MHalo

plane at z = 2.2 to show the typical extension of the scat-
ter around the median. As illustrated by the plot, the hosts
of quasars tend to become more massive with time. In fact,
the host galaxies of quasars of a given luminosity are approx-

imately one order of magnitude more massive than the hosts
of quasars of the same luminosity at z ∼ 6. This primarily
relates to the fact that the cold gas reservoir in galaxies be-
come increasingly smaller as redshift decreases. At fixed red-
shift, we find that the host stellar mass of quasars shows a
mild dependence on bolometric luminosity, which translates
into an increase of approximately 0.4 dex in stellar mass be-
tween 1046 − 1048 erg s−1. The mild dependence is due to the
fact that the accretion timescale increases with stellar mass in
the host bulge. Therefore, an increase in stellar mass (that in
principle implies an increase of the cold gas available for feed-
ing the BH) causes a similar increase in the accretion timescale,
which then results in a weak luminosity dependence.

In contrast to the stellar mass, the DM halo mass of
quasars shows no dependence on luminosity. This is shown in
Fig. 3b, where we plot the median of theMHalo − Lbol correla-
tion of quasars in a similar fashion as in Fig. 3a. Therefore, at
a given redshift, quasar activity usually takes place in the same
type of DM environment, which is independent of luminosity.
At z " 2 this environment is similar to a typical Milky-Way
halo.

Finally, from Fig. 1 we see that at z " 1.5 the number density
of objects accreting in the hot-halo mode is relatively high. There-
fore, we expect these objects to influence strongly the typical en-
vironment of the 1044 − 1046 erg s−1 AGN. We explore this topic
in Fanidakis et al. (2013) where we show that our prediction for
the typical DM halo mass of moderate luminosity AGN is much
higher than that of luminous quasars. This is in excellent agree-
ment with clustering studies of moderate luminosity X-ray selected
AGN (Coil et al. 2009; Gilli et al. 2009; Cappelluti et al. 2010;
Mountrichas et al. 2012; Krumpe et al. 2010; Starikova et al. 2011;
Krumpe et al. 2012; Allevato et al. 2011, see also Koutoulidis et al.
2013).
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Figure 3. Left: The median of the Lbol − Mstar correlation for quasars (Lbol ! 1046 erg s−1) and its evolution with redshift. The distribution of galaxies
on the Lbol−Mstar plane is shown at z = 2.2 (in a similar fashion as in Fig. 1) as an indication of the extent of the scatter around the median. Right: Similar
to the left panel, but for the Lbol −MHalo correlation.
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have a moderate luminosity output, except from those in haloes of
∼ 1015 M⊙ at low redshifts, where the central BH can shine as
bright as 1046 erg s−1 (these objects have relatively high accretion
rates and thus, form a radiatively efficient thin disk).

To obtain a better understanding of the typical hosts of
quasars we show in Fig. 3 how the median stellar mass of
quasars varies with the luminosity and redshift. In the same fig-
ure we also plot the distribution of galaxies on the Lbol−MHalo

plane at z = 2.2 to show the typical extension of the scat-
ter around the median. As illustrated by the plot, the hosts
of quasars tend to become more massive with time. In fact,
the host galaxies of quasars of a given luminosity are approx-

imately one order of magnitude more massive than the hosts
of quasars of the same luminosity at z ∼ 6. This primarily
relates to the fact that the cold gas reservoir in galaxies be-
come increasingly smaller as redshift decreases. At fixed red-
shift, we find that the host stellar mass of quasars shows a
mild dependence on bolometric luminosity, which translates
into an increase of approximately 0.4 dex in stellar mass be-
tween 1046 − 1048 erg s−1. The mild dependence is due to the
fact that the accretion timescale increases with stellar mass in
the host bulge. Therefore, an increase in stellar mass (that in
principle implies an increase of the cold gas available for feed-
ing the BH) causes a similar increase in the accretion timescale,
which then results in a weak luminosity dependence.

In contrast to the stellar mass, the DM halo mass of
quasars shows no dependence on luminosity. This is shown in
Fig. 3b, where we plot the median of theMHalo − Lbol correla-
tion of quasars in a similar fashion as in Fig. 3a. Therefore, at
a given redshift, quasar activity usually takes place in the same
type of DM environment, which is independent of luminosity.
At z " 2 this environment is similar to a typical Milky-Way
halo.

Finally, from Fig. 1 we see that at z " 1.5 the number density
of objects accreting in the hot-halo mode is relatively high. There-
fore, we expect these objects to influence strongly the typical en-
vironment of the 1044 − 1046 erg s−1 AGN. We explore this topic
in Fanidakis et al. (2013) where we show that our prediction for
the typical DM halo mass of moderate luminosity AGN is much
higher than that of luminous quasars. This is in excellent agree-
ment with clustering studies of moderate luminosity X-ray selected
AGN (Coil et al. 2009; Gilli et al. 2009; Cappelluti et al. 2010;
Mountrichas et al. 2012; Krumpe et al. 2010; Starikova et al. 2011;
Krumpe et al. 2012; Allevato et al. 2011, see also Koutoulidis et al.
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BH!

The abundance of  Radio Galaxies 

We couple the spin, mass 
and accretion rate to the 
Blandford – Znajek jet 

mechanism. 
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z = 0.5!

NF (PhD thesis) 

The clustering of  Radio Galaxies 

Millennium simulation 
Springel et al. (2005) 

Radio galaxies trace the 
peaks of  the Dark-Matter 

distribution 

The dependence of  BH parameters on the 
environment creates the right conditions 
for reproducing the clustering of  Radio 

Galaxies 

z = 0.5!
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most massive halo!

High-z Radio Galaxies (HzRGs) as tracers of  proto-clusters 
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z = 2.2 z = 2.2 

Hα around QSOs Hα around Radio Galaxies 

δgal (r) =
N(r)− N(r)
N(r)

Orsi & NF (in prep) 
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Tracing proto-clusters with HzRGs 

Radio Galaxy 
Line Emitting Galaxy 

Line emitting galaxies cluster 
strongly around radio galaxies  



A Lyα luminosity gradient near HzRGs 
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LAEs deeper in the potential well have 
depleted most of  their gas reservoirs 
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Clustering of  LAEs around HzRGs 

z = 0.5!

LAEs deeper in the potential well have 
depleted most of  their gas reservoirs 

Orsi & NF (in prep) 

Nikos Fanidakis – ITP Zurich 4.3.2014 Nikos Fanidakis – ESO AGN clustering conference 14-18.07.2014 

log(r[Mpc/h])

lo
g

  ξ
cc

(r
)

     
-1

0

1

2

3 log(LLyα) > 41.0
log(LLyα) > 42.0

z = 5.7

     
 

 

 

 

 

z = 4.5

-1.0 -0.5 0.0 0.5 1.0
-1

0

1

2

3

z = 3.1

-1.0 -0.5 0.0 0.5 1.0
 

 

 

 

 

z = 2.2

faint!

bright!

faint!

bright!

faint!

bright!

faint!
bright!

log(r[Mpc/h])

lo
g

  ξ
cc

(r
)

     
-1

0

1

2

3 log(LLyα) > 41.0
log(LLyα) > 42.0

z = 5.7

     
 

 

 

 

 

z = 4.5

-1.0 -0.5 0.0 0.5 1.0
-1

0

1

2

3

z = 3.1

-1.0 -0.5 0.0 0.5 1.0
 

 

 

 

 

z = 2.2

log(r[Mpc/h])

lo
g

  ξ
cc

(r
)

     
-1

0

1

2

3 log(LLyα) > 41.0
log(LLyα) > 42.0

z = 5.7

     
 

 

 

 

 

z = 4.5

-1.0 -0.5 0.0 0.5 1.0
-1

0

1

2

3

z = 3.1

-1.0 -0.5 0.0 0.5 1.0
 

 

 

 

 

z = 2.2

LAEs – HzRGs cross correlation(

AGN feedback(



See: Stiavelli et al. (2005), Zheng et al. (2006), Priddey et al. (2008), Cantalupo et al. (2012), but also: Francis & Bland-Hawthorn 
(2004), Willott et al. (2005), Kashikawa et al. (2007), Swinbank et al. (2012), Bañados et al. (2013)  

NF+(2013b) 

MHalo > 1011 M!!

Quasar haloes!

A similar analysis for QSOs shows that 
there is a non-negligible probability to 

find an overabundance of  LBGs around 
high-z Quasar 
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Do high-z Quasars live in over-densities? 



NF+(2013b) 

MHalo > 1011 M!!

MHalo > 1012.5 M!!Quasar haloes!

NF+(2013b) 

MHalo > 1011 M!!

Quasar haloes!

A similar analysis for QSOs shows that 
there is a non-negligible probability to 

find an overabundance of  LBGs around 
high-z Quasar 

However, these overdensities are 
moderate compared to the ones expected 

in most massive DM haloes. 

See: Stiavelli et al. (2005), Zheng et al. (2006), Priddey et al. (2008), Cantalupo et al. (2012), but also: Francis & Bland-Hawthorn 
(2004), Willott et al. (2005), Kashikawa et al. (2007), Swinbank et al. (2012), Bañados et al. (2013)  
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Do high-z Quasars live in over-densities? 



 

The environment of  AGN is determined by the accretion channel.  

Conclusions 

Starburst mode  
(disk instabilities/mergers): 

 

"  Fuelling channel of  quasars 
"  Typical halo mass of  ~1012 M! 

Hot-halo mode 
(AGN feedback): 

 

"  Dominates faint AGN 
"  Typical halo mass of  ~1013 M! 
"  Main fuelling channel of  Radio 

Galaxies 

Nikos Fanidakis – Durham 02.04.2014 

Also: 
1.  Bulk of  AGN activity driven by secular processes 
2.  X-ray AGN halo mass: mild dependence on L – Luminous Quasars: no 

dependence on L"
3.  Radio galaxies trace the most bound structures (BH spin & mass correlates 

with DM mass).  
4.  Radio galaxies trace the location of  proto-clusters in the high-z universe. 
5.  The clustering of  line-emitting galaxies near Radio Galaxies is strongly 

luminosity dependent. 
6.  z ~ 5 – 6 Quasars can be found in mild (but not extreme) over-densities. 
 



 
1.   Compare correlation function of  AGN to 

available data 
2.   Evolution of  Radio Galaxies and Radio Loud 

Quasars (?) 
3.   Clustering of  Radio Galaxies (2PCF+HOD) 

4.   Calculate optical/Xray AGN HOD 
5.   Test effects of  AGN variability on clustering 

6.   BAO calculation for radio, X-ray and luminous 
QSOs 

Things to be done 
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