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distribution

Large-scale Structure

 Projected 2PCF
(Davis & Peebles 1983)

which measures the difference between the source 
distribution and an unclustered random distribution, 
as a function of the AGN separation; 
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 AGN Bias
(e.g. Sheth et al. 2001, Tinker et al. 2005)

which is related to the TYPICAL mass of hosting 
dark matter halos;
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This difference in halo mass is 
interpreted as evidence 
against cold gas accretion via 
major mergers in X-ray AGNs 
and/or as support for multiple 
modes of BH accretions.
Allevato et al. 2011, Fanidakis et al. 2013, 
Mountrichas & Georgakakis 2012
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‣ Type 2 AGNs cluster less than Type 
1 AGNs Cappelluti et al. 2010, Allevato et al. 2011

Type 1 & 2 AGNs

‣ Type 1 and Type 2 AGNs cluster 
similarly    Gandhi et al. 2006, Gilli et al. 2009, 
Krumpe et al. 2012
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‣ At z > 2 the clustering is poorly 
investigated and the bias known with 
large uncertainty;

z > 2

‣ Can we extend the results to z >2 ?
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XMM-COSMOS

– 7 –

Fig. 2.— X-ray image of the Chandra COSMOS field, optimized to show point sources with a

wide variety of X-ray colors. A scale showing 30 arcmin (the approximate diameter of the full

moon) is shown for comparison. North is at the top; East is to the left. The full angular resolution

of Chandra is not well represented in this image as, in order to display the point sources clearly,

the original image has been smoothed with a sharp gaussian with radius equal to 2.9′′, and added

to an image of the field smoothed with a wide gaussian with radius equal to 4.4′′. X-ray ’colors’

are mapped so that red is the 0.5-2 keV band, green is the 2-4.5 keV band, Blue is the 4.5-7 keV

band, and each energy band was smoothed in the same way. Selected prominent clusters have been

adaptively smoothed for display (red extended shapes).

 XMM Catalog
Brusa et al. 2010, Hasinger et al. 2007, Cappelluti et al 2009

•	  2.13 deg2 

• 1822 point-like sources
• spec-zs for ~50% of the sources 
• phot-zs for all the sources Salvato et al. 2009

	  Chandra Catalog
Civano et al. 2012, Elvis et al. 2009, Puccetti et al. 2009

•	  0.92 deg2  

• 1761 point-like sources
• spec-zs for ~60% of the sources 
• phot-zs for ~96% of the sources Salvato et al. 2011

COSMOS field

Chandra-COSMOS
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	  Chandra-XMM COSMOS:
- 346 AGNs
- spec or phot-z > 2.2 , ⟨z⟩ = 2.9
-  log⟨Lbol⟩ = 45.32 erg/s Lusso et al. 2012

COSMOS AGNs at z>2.2
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- spec or phot-z > 2.2 , ⟨z⟩ = 2.9
-  log⟨Lbol⟩ = 45.32 erg/s Lusso et al. 2012

COSMOS AGNs at z>2.2

- Type 1
   log⟨Lbol⟩ = 45.47 erg/s

- Type 2
   log⟨Lbol⟩ = 45.15 erg/s
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Redshift evolution of the bias
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Fig. 3.— Left Panel: Projected 2PCF of 346 COSMOS AGNs with known spec or phot-zs & 2.2 (black circles) and
138 COSMOS AGNs with known spec-zs & 2.2 (red triangles). The 1� errors on wp(rp) are the square root of the
diagonal components of the covariance matrix, which quantifies the level of correlation between di↵erent bins. Right
panel: Projected 2PCF of 189 Type 1 (blue empty circles) and 157 Type 2 (red circles) COSMOS AGNs with known
spec or phot-zs & 2.2. The shaded regions mark the AGN 2-halo term (b ± �b)2wDM (rp), where (b ± �b)2 is the square of
the bias factor ±1� and wDM (rp) is the DM 2-halo term evaluated at hzi=2.8.
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P 2�h(k) is the Fourier Transform of the linear power
spectrum, assuming a power spectrum shape parameter
� = 0.2 which corresponds to h = 0.7.

4. RESULTS

The projected 2PCF function wp(rp) of 346
COSMOS-AGNs is shown in the left panel of
Figure 3, in the range rp = 1-30 h�1 Mpc. The
1� errors on wp(rp) are the square root of the
diagonal components of the covariance matrix
(Miyaji et al. 2007), which quantifies the level
of correlation between di↵erent bins. Following
Eq. 3, we derive the best-fit bias by using a �2 mini-
mization technique with 1 free parameter, where �2 =
�TM�1

cov�. In detail, � is a vector composed of
wAGN (rp) � wmod(rp) (see Equations 1 and 3) and
M�1

cov is the inverse of covariance matrix (Krumpe
et al. 2010). The latter is used to take into ac-
count in the fit the correlation between errors.
We find that, at hzi=2.8, COSMOS AGNs have
a bias of b=3.85+0.21

�0.22, where the 1� errors cor-
respond to ��2 = 1. We then relate the large-
scale bias to a typical mass of the hosting ha-
los, following the bias-mass relation b(Mh, z) de-
fined by the ellipsoidal collapse model of Shen et
al. (2001) and the analytical approximation of

TABLE 1
Properties of the AGN Samples

Sample N hzi hLBOLi b logMh
erg s�1 h�1M�

Only spec-zs
All AGN 138 2.86 1045.50 3.94+0.45

�0.46 12.37+0.17
�0.21

Type 1 107 2.82 1045.58 4.93+0.55
�0.52 12.75+0.15

�0.16
Type 2 31 2.96 1045.22 ... ...

Spec or phot-z
All AGN 346 2.8 1045.32 3.85+0.21

�0.22 12.37+0.10
�0.09

Type 1 189 2.79 1045.47 5.26+0.35
�0.39 12.84+0.10

�0.11

Type 2 157 2.81 1045.15 2.69+0.62
�0.69 11.73+0.39

�0.45

van den Bosch (2002). We find that COSMOS
AGNs at hzi=2.8 inhabit DMHs with log Mh =
12.37+0.10

�0.09.
Usually, phot-zs are characterized by large un-

certainty. Hickox et al. (2012) showed that, even
uncertainties of �z=0.25(1+z) cause the clus-
tering amplitude of QSO cross-correlated with
galaxies in the Bootes field, to decrease by only
⇠10 per cent. On the other hand, COSMOS
AGNs at z>2 have �z/(1+ z) within 0.05 (see Sal-
vato et al. 2011). For this reason we do not ex-
pect a significant di↵erence in the 2PCF derived
by using only spec-zs. In order to test this e↵ect,
we measure the clustering signal for a smaller
sample of 138 COSMOS AGNs with known spec-
zs �2.2. Figure 1 compares the projected 2PCFs
estimated with the two AGN samples. As ex-
pected, by using the larger AGN sample with
known spec or phot-zs we improve the statistics
and the quality of the signal. However, in terms of
large-scale bias, we derive consistent bias values
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Usually, phot-zs are characterized by large un-

certainty. Hickox et al. (2012) showed that, even
uncertainties of �z=0.25(1+z) cause the clus-
tering amplitude of QSO cross-correlated with
galaxies in the Bootes field, to decrease by only
⇠10 per cent. On the other hand, COSMOS
AGNs at z>2 have �z/(1+ z) within 0.05 (see Sal-
vato et al. 2011). For this reason we do not ex-
pect a significant di↵erence in the 2PCF derived
by using only spec-zs. In order to test this e↵ect,
we measure the clustering signal for a smaller
sample of 138 COSMOS AGNs with known spec-
zs �2.2. Figure 1 compares the projected 2PCFs
estimated with the two AGN samples. As ex-
pected, by using the larger AGN sample with
known spec or phot-zs we improve the statistics
and the quality of the signal. However, in terms of
large-scale bias, we derive consistent bias values
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Redshift evolution of the biasRedshift evolution of the bias

Allevato et al. 2011
This work
This work (spec-z only)

Type 1
Type 2

‣ At z<2 the bias of moderate 
luminosity AGNs increases 
with z tracing a constant 
group-sized halo mass up to 
z~2; 
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Redshift evolution of the biasRedshift evolution of the bias

‣ At z~3 we observe a drop in 
the hosting halo mass of Type 1 
and 2 AGN compared to z<2 
XMM-COSMOS AGN with similar 
luminosities;

Allevato et al. 2011
This work
This work (spec-z only)

Type 1
Type 2

‣ At z<2 the bias of moderate 
luminosity AGNs increases 
with z tracing a constant 
group-sized halo mass up to 
z~2; 
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Redshift evolution of the biasWhy do we observe a drop?

Allevato et al. 2011
This work
This work (spec-z only)

Type 1
Type 2

‣ Progressive drop in the 
abundance of massive and rarer 
host halos at high redshift;

‣ Mapping of moderate 
luminosity AGN in progressively 
less massive halos 
(e.g. White et al. 2008, Shankar et al. 2010)
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z ~ 3

Major Mergers at z ~ 3

Shen 2009
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z ~ 3

Major Mergers at z ~ 3

‣ Major merger model naturally 
reproduces the bias of moderate 
luminosity COSMOS AGNs at z∼3;

‣ The evolution of the bias traced by 
the data points marginally confirms 
the luminosity-dependent bias 
predicted by major merger models; Shen 2009
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‣The difference in the bias factor 
between Type 1 and 2 AGNs can not 
be explained in terms of luminosity-
dependent bias;

‣ In terms of unified model, this result 
rules out the simple picture that 
obscuration is purely an orientation 
effect;

Type 1 VS Type 2 AGNs
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Major Mergers at z ~ 3

Fanidakis et al. 2013

AGN fuelling modes and clustering 7

Figure 3. The effective host halo mass of AGN,Mhalo,eff , plotted as a function of redshift (top panel) and hard X-ray (2−10 keV) luminosity, Lxray (bottom
panels). Top panel: Mhalo,eff for three different luminosity populations, log(Lxray/( erg s−1)) = 42, 42.8, 43.6, as a function of redshift (black lines).
Predictions are compared to the observational estimates of the DM halo mass from Table 1. Values from different X-ray studies are plotted using different
symbols, as indicated by the labels. The different colour shadings indicate the X-ray band in which the original measurement was performed: green for the
hard (2− 10 keV) and orange for the soft band (0.1− 2.4 keV). Also shown are predictions forMhalo,eff , for AGN accreting only during the starburst mode
(red lines). Bottom panels:Mhalo,eff as a function of hard X-ray luminosity (2− 10 keV), Lxray . Each panel corresponds to a different redshift interval, as
labeled by the key. The top and bottom black lines of the hatched region showMhalo,eff as calculated at the lowest and highest z values of the redshift bin.
The red lines show the same predictions, but for AGN accreting only during the starburst mode. Observational estimates of the DM halo mass are plotted in
the redshift panel that includes the mean redshift of the X-ray sample.

separation where the 1-halo term becomes dominant, single power-
law fits to the clustering signal may overestimate (or underesti-
mate) the typical DM halo mass of AGN (see Krumpe et al. 2012
for a comparison of the bias parameter as derived from HODs and
power-law fits). Additionally, observational determinations of the
DM halo mass of AGN that use relatively small area X-ray surveys
are often biased high because of sampling variance, i.e., they do not
represent the typical (average) Universe.

Finally, each data point in Fig. 3 has its own distinct selec-
tion function, e.g., redshift range and X-ray flux limit. Therefore, it
would have been more appropriate to provide a separate model pre-
diction for each sample in Table 1. This approach however, would
have made the visualisation of the comparison between model and
observations cumbersome.

Despite these limitations, the agreement between model pre-

dictions and observations in Fig. 3 is very good. There is some mild
tension between the model predictions and certain X-ray samples
at z = 0 − 0.4 and z = 0.9 − 1.3. More data are needed at these
redshifts to further investigate whether the GALFORM model sys-
tematically overestimates (or underestimates) the DM halo mass of
AGN at these redshifts.

5 DISCUSSION

The observational estimates in Fig. 3 suggest that moderate X-ray
luminosity (Lxray ∼ 1042 − 1044 erg s−1) AGN inhabit haloes
with MHalo ∼ 1013 M". This is a much higher halo mass than
that estimated from observations of UV luminous QSOs in the
2dF and SDSS surveys (MHalo ∼ 1012 M": Croom et al. 2005;

c© 0000 RAS, MNRAS 000, 000–000

Cold accretion mode

Cold + Hot accretion modes
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Major Mergers at z ~ 3

‣ In the z~3-4 Universe, the cold 
accretion mode is solely responsible 
for moderate luminosity AGN, while the 
AGN feedback is switched off;
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separation where the 1-halo term becomes dominant, single power-
law fits to the clustering signal may overestimate (or underesti-
mate) the typical DM halo mass of AGN (see Krumpe et al. 2012
for a comparison of the bias parameter as derived from HODs and
power-law fits). Additionally, observational determinations of the
DM halo mass of AGN that use relatively small area X-ray surveys
are often biased high because of sampling variance, i.e., they do not
represent the typical (average) Universe.

Finally, each data point in Fig. 3 has its own distinct selec-
tion function, e.g., redshift range and X-ray flux limit. Therefore, it
would have been more appropriate to provide a separate model pre-
diction for each sample in Table 1. This approach however, would
have made the visualisation of the comparison between model and
observations cumbersome.

Despite these limitations, the agreement between model pre-

dictions and observations in Fig. 3 is very good. There is some mild
tension between the model predictions and certain X-ray samples
at z = 0 − 0.4 and z = 0.9 − 1.3. More data are needed at these
redshifts to further investigate whether the GALFORM model sys-
tematically overestimates (or underestimates) the DM halo mass of
AGN at these redshifts.

5 DISCUSSION

The observational estimates in Fig. 3 suggest that moderate X-ray
luminosity (Lxray ∼ 1042 − 1044 erg s−1) AGN inhabit haloes
with MHalo ∼ 1013 M". This is a much higher halo mass than
that estimated from observations of UV luminous QSOs in the
2dF and SDSS surveys (MHalo ∼ 1012 M": Croom et al. 2005;

c© 0000 RAS, MNRAS 000, 000–000

Cold accretion mode

Cold + Hot accretion modes
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separation where the 1-halo term becomes dominant, single power-
law fits to the clustering signal may overestimate (or underesti-
mate) the typical DM halo mass of AGN (see Krumpe et al. 2012
for a comparison of the bias parameter as derived from HODs and
power-law fits). Additionally, observational determinations of the
DM halo mass of AGN that use relatively small area X-ray surveys
are often biased high because of sampling variance, i.e., they do not
represent the typical (average) Universe.

Finally, each data point in Fig. 3 has its own distinct selec-
tion function, e.g., redshift range and X-ray flux limit. Therefore, it
would have been more appropriate to provide a separate model pre-
diction for each sample in Table 1. This approach however, would
have made the visualisation of the comparison between model and
observations cumbersome.

Despite these limitations, the agreement between model pre-

dictions and observations in Fig. 3 is very good. There is some mild
tension between the model predictions and certain X-ray samples
at z = 0 − 0.4 and z = 0.9 − 1.3. More data are needed at these
redshifts to further investigate whether the GALFORM model sys-
tematically overestimates (or underestimates) the DM halo mass of
AGN at these redshifts.

5 DISCUSSION

The observational estimates in Fig. 3 suggest that moderate X-ray
luminosity (Lxray ∼ 1042 − 1044 erg s−1) AGN inhabit haloes
with MHalo ∼ 1013 M". This is a much higher halo mass than
that estimated from observations of UV luminous QSOs in the
2dF and SDSS surveys (MHalo ∼ 1012 M": Croom et al. 2005;

c© 0000 RAS, MNRAS 000, 000–000

Cold accretion mode

Cold + Hot accretion modes

‣ At low redshifts the hot halo mode 
becomes prominent in DMHs with 
logM>12.5 M☉/h where the AGN feedback 
operates;
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separation where the 1-halo term becomes dominant, single power-
law fits to the clustering signal may overestimate (or underesti-
mate) the typical DM halo mass of AGN (see Krumpe et al. 2012
for a comparison of the bias parameter as derived from HODs and
power-law fits). Additionally, observational determinations of the
DM halo mass of AGN that use relatively small area X-ray surveys
are often biased high because of sampling variance, i.e., they do not
represent the typical (average) Universe.

Finally, each data point in Fig. 3 has its own distinct selec-
tion function, e.g., redshift range and X-ray flux limit. Therefore, it
would have been more appropriate to provide a separate model pre-
diction for each sample in Table 1. This approach however, would
have made the visualisation of the comparison between model and
observations cumbersome.

Despite these limitations, the agreement between model pre-

dictions and observations in Fig. 3 is very good. There is some mild
tension between the model predictions and certain X-ray samples
at z = 0 − 0.4 and z = 0.9 − 1.3. More data are needed at these
redshifts to further investigate whether the GALFORM model sys-
tematically overestimates (or underestimates) the DM halo mass of
AGN at these redshifts.

5 DISCUSSION

The observational estimates in Fig. 3 suggest that moderate X-ray
luminosity (Lxray ∼ 1042 − 1044 erg s−1) AGN inhabit haloes
with MHalo ∼ 1013 M". This is a much higher halo mass than
that estimated from observations of UV luminous QSOs in the
2dF and SDSS surveys (MHalo ∼ 1012 M": Croom et al. 2005;

c© 0000 RAS, MNRAS 000, 000–000

Cold accretion mode

Cold + Hot accretion modes

‣ At low redshifts the hot halo mode 
becomes prominent in DMHs with 
logM>12.5 M☉/h where the AGN feedback 
operates;

‣Our results confirm that z~3 is the epoch 
when the hot-halo mode is still a negligible 
fuelling channel.
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Fast growing BHs at z ~ 3

✓ An early phase of fast BH growth 
could be induced by cosmic flows or 
disk instabilities (Dekel 2006, 2009, Di Matteo et al. 
2008, Dubois et al. 2012, Bournaud et al. 2012)

‣ High-z disks are different from nearby 
spirals, with a much higher gas fraction;

‣ Cold flows and disk instabilities in high-z 
galaxies operate on short timescales and 
are more efficient, producing a mass inflow 
similar to a major merger but spread over a 
longer period (high duty cycle);   

Di Matteo et al. 2008

Bournaud et al. 2011
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Fast growing BHs at z ~ 3

z>2 is the epoch of rapid BH growth. 
The duty cycle and Eddington ratio 
are close to unity at z ~ 3 
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z>2 is the epoch of rapid BH growth. 
The duty cycle and Eddington ratio 
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Fast growing BHs at z ~ 3

Type 1 
COSMOS 

AGN ?

‣ Type 1 COSMOS AGNs at z~3 mainly 
include moderate luminosity (logLbol = 45 
erg/s) sources and are representative of 
AGNs with fast growing BHs with mass 
of ~107-8 M☉;

z>2 is the epoch of rapid BH growth. 
The duty cycle and Eddington ratio 
are close to unity at z ~ 3 
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Fast growing BHs at z ~ 3

‣These fast growing BHs reside in DMHs 
with typical mass of ~ 1012.8 M☉/h, which 
is the mass inferred for Type 1 hosting halos

Type 1 
COSMOS 

AGN ?

‣ Type 1 COSMOS AGNs at z~3 mainly 
include moderate luminosity (logLbol = 45 
erg/s) sources and are representative of 
AGNs with fast growing BHs with mass 
of ~107-8 M☉;

z>2 is the epoch of rapid BH growth. 
The duty cycle and Eddington ratio 
are close to unity at z ~ 3 
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Fast growing BHs at z ~ 3
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Fast growing BHs at z ~ 3

‣ Between z=3 and z=2, the halo 
and the BH mass of Type 1 AGN 
increases, while the duty cycle and 
the Eddington ratio decline with 
decreasing z;
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Fast growing BHs at z ~ 3

‣ Between z=3 and z=2, the halo 
and the BH mass of Type 1 AGN 
increases, while the duty cycle and 
the Eddington ratio decline with 
decreasing z;

101
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/h

101
2.5  Msun/h

1012  Msun/h

This work

Type 1
Type 2

This work (spec-z only)
Allevato et al. 2011
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Starikova et al. 2012

Yang et al. 2006

Mullis et al. 2004

Cappelluti et al. 2010

Krumpe et al. 2012

Koutoulidis et al. 2012

Coil et al. 2009

Hickox et al. 2009

Gilli et al. 2005

‣ At z<2, the bias of Type 1 AGN 
starts to follow the constant halo 
mass track;
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 Alternatively, Type 1 COSMOS AGNs at z~3 are possibly representative 
of moderate luminosity AGN associated to an early phase of fast 
growing BHs induced by cosmic cold flows or disk instabilities. 
Following our results, these fast growing BHs at z~3 reside in DMHs with 
typical mass of ~ 1012.8 M☉/h

Conclusions
 At z ~ 3, Type 1 and 2 COSMOS AGNs reside in DMHs with typical 

mass of 1012.84 and 1011.73 M☉/h. This result requires a drop in the halo 
masses at z ~ 3 compared to z<2 results;

 At z ~ 3, Type 1 AGNs reside in more massive halos than Type 2 
AGNs at 2.6σ level. In terms of unified model, this result rules out the 
simple picture that obscuration is purely an orientation effect;

 A plausible explanation of the drop in the halo mass is that, unlike at 
z<2, COSMOS AGN at z ~ 3 are triggered by galaxy major mergers.


