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  AGN	
  reside	
  in	
  DM	
  halos	
  

	
  The	
  halo	
  mass	
  is	
  the	
  only	
  thing	
  
that	
  impacts	
  the	
  clustering	
  of	
  
objects
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‣ Density	
  profile	
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et	
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  2009
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  mass	
  function	
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  bias	
  factor	
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  et	
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  et	
  al.	
  2010	
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XMM-­‐COSMOS	
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  Sample:
‣	
  593	
  X-­‐ray	
  AGN	
  
‣	
  0.5-­‐2	
  keV	
  soft	
  band
‣	
  spec-­‐z	
  =	
  0.1	
  -­‐	
  4
‣	
  <z>	
  =	
  1.22
‣	
  <LBOL > ~ 2 ×1045 erg s-1
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Fig. 5.— Factor g as defined in Eq. 21, estimated at the redshift
of each AGN (black triangles). The data points are fitted by the
function g(z) = az4−bz3+cz2−dz+e, where a = 0.003, b = 0.035,
c = 0.186, d = 0.546 and e = 1.005 (red line). The bias of each
AGN is weighted by this factor according to the redshift z of the
source.

objects in the same halo and the second term (2-halo
term) arises because of the correlation between two dis-
tinct halos:

wAGN (rp) = w1−h
AGN (rp) + w2−h

AGN (rp) (12)

As the 2-halo term dominates at large scales, we can
consider this term to be in the regime of linear density
fluctuations. In the linear regime, AGN are biased trac-
ers of the DM distribution and the bias factor of AGN
defines the relation between the two-halo term of DM
and AGN.

w2−h
AGN (rp) = b2AGNw2−h

DM (rp) (13)

We first estimated the DM 2-halo term at the median
redshift of the sample, using:

ξ2−h
DM (r) =

1

2π2

∫
P 2−h(k)k2

[
sin(kr)

kr

]
dk (14)

where P 2−h(k) is the Fourier Transform of the linear
power spectrum, assuming a power spectrum shape pa-
rameter Γ = 0.2 which corresponds to h = 0.7. Following
Hamana et al. (2002), we estimated the term ξ2−h

DM (r) and
then the DM projected correlation w2−h

DM (rp) using:

w2−h
DM (rp) = rp

∫ ∞

rp

ξ2−h
DM (r)rdr√
r2 − r2p

(15)

Using this term, we can estimate the AGN bias simply
dividing the projected AGN correlation function at large
scale (rp > 1 Mpc h−1) by the DM 2-halo term:

b2−h = (wAGN (rp)/w
2−h
DM (rp))

1/2 (16)

and then averaging over the scales rp = 1− 40 Mpc h−1.
Table 1, column 4 shows the AGN bias factors using this
method, compared with the ones based on the power-law
fits of the ACF (column 3) for the different AGN subsets.

Fig. 6.— Projected AGN ACF (black dots) compared to the

projected DM 2-halo term w2−h
DM (rp, z = 0), scaled by the weighted

bias b (dotted line), defined in Eq. 22.

TABLE 2
Weighted Bias factors and hosting DM halo masses

(1) (2) (3) (4) (5)
Sample b z logM0 bS01

a

Eq. 22 Eq. 23 h−1M"

Total Sample
AGN 1.91± 0.13 1.21 13.10± 0.06 2.71± 0.14

BL AGN 1.74± 0.17 1.53 13.24± 0.06 3.68± 0.27
NL AGN 1.80± 0.22 0.82 13.01± 0.08 2.00± 0.12

X-unobs AGN 1.95± 0.21 1.16 13.30± 0.10 3.01± 0.26
X-obs AGN 1.37± 0.15 1.02 12.97± 0.08 2.23± 0.13

Subsample at z < 1
BL AGN 1.62± 0.26 0.63 13.27± 0.10 1.95± 0.17
NL AGN 1.56± 0.15 0.60 12.97± 0.07 1.62± 0.15

a Bias estimated from M0 using Sheth et al. (2001).

The two sets of bias values from the different approaches
are consistent within 1σ, but the errors on bPL are bigger
compared to

6. SOLVING FOR SAMPLE VARIANCE USING HOD

The standard approaches used in previous works on
clustering of X-ray AGN (Mullis et al. 2004, Yang et
al. 2006, Gilli et al. 2005, Coil et al 2009, Hickox et al.
2009, Krumpe et al. 2010, Cappelluti et al. 2010) to es-
timate the bias factors from the projected AGN ACF are
based on the power-law fit parameters (method 1). This
method assumes that the projected correlation function
is well fitted by a power-law and the bias factors are
derived from the best fit parameters r0 and γ of the clus-
tering signal at large scale.
Most of the authors (Hickox et al. 2009, Krumpe et
al. 2010, Cappelluti et al. 2010) used an analytical ex-
pression (as the one described in Sheth & Tormen 1999;
Sheth et al. 2001; Tinker et al. 2005) to assign a charac-
teristic DM halo mass to the hosting halos. In the halo
model approach the large scale amplitude signal is due
to the correlation between objects in distinct halos and
the bias parameter defines the relation between the large
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Fig. 5.— Factor g as defined in Eq. 21, estimated at the redshift
of each AGN (black triangles). The data points are fitted by the
function g(z) = az4−bz3+cz2−dz+e, where a = 0.003, b = 0.035,
c = 0.186, d = 0.546 and e = 1.005 (red line). The bias of each
AGN is weighted by this factor according to the redshift z of the
source.

objects in the same halo and the second term (2-halo
term) arises because of the correlation between two dis-
tinct halos:

wAGN (rp) = w1−h
AGN (rp) + w2−h

AGN (rp) (12)

As the 2-halo term dominates at large scales, we can
consider this term to be in the regime of linear density
fluctuations. In the linear regime, AGN are biased trac-
ers of the DM distribution and the bias factor of AGN
defines the relation between the two-halo term of DM
and AGN.

w2−h
AGN (rp) = b2AGNw2−h

DM (rp) (13)

We first estimated the DM 2-halo term at the median
redshift of the sample, using:

ξ2−h
DM (r) =

1

2π2

∫
P 2−h(k)k2

[
sin(kr)

kr

]
dk (14)

where P 2−h(k) is the Fourier Transform of the linear
power spectrum, assuming a power spectrum shape pa-
rameter Γ = 0.2 which corresponds to h = 0.7. Following
Hamana et al. (2002), we estimated the term ξ2−h

DM (r) and
then the DM projected correlation w2−h

DM (rp) using:

w2−h
DM (rp) = rp

∫ ∞

rp

ξ2−h
DM (r)rdr√
r2 − r2p

(15)

Using this term, we can estimate the AGN bias simply
dividing the projected AGN correlation function at large
scale (rp > 1 Mpc h−1) by the DM 2-halo term:

b2−h = (wAGN (rp)/w
2−h
DM (rp))

1/2 (16)

and then averaging over the scales rp = 1− 40 Mpc h−1.
Table 1, column 4 shows the AGN bias factors using this
method, compared with the ones based on the power-law
fits of the ACF (column 3) for the different AGN subsets.

Fig. 6.— Projected AGN ACF (black dots) compared to the

projected DM 2-halo term w2−h
DM (rp, z = 0), scaled by the weighted

bias b (dotted line), defined in Eq. 22.

TABLE 2
Weighted Bias factors and hosting DM halo masses

(1) (2) (3) (4) (5)
Sample b z logM0 bS01

a

Eq. 22 Eq. 23 h−1M"

Total Sample
AGN 1.91± 0.13 1.21 13.10± 0.06 2.71± 0.14

BL AGN 1.74± 0.17 1.53 13.24± 0.06 3.68± 0.27
NL AGN 1.80± 0.22 0.82 13.01± 0.08 2.00± 0.12

X-unobs AGN 1.95± 0.21 1.16 13.30± 0.10 3.01± 0.26
X-obs AGN 1.37± 0.15 1.02 12.97± 0.08 2.23± 0.13

Subsample at z < 1
BL AGN 1.62± 0.26 0.63 13.27± 0.10 1.95± 0.17
NL AGN 1.56± 0.15 0.60 12.97± 0.07 1.62± 0.15

a Bias estimated from M0 using Sheth et al. (2001).

The two sets of bias values from the different approaches
are consistent within 1σ, but the errors on bPL are bigger
compared to

6. SOLVING FOR SAMPLE VARIANCE USING HOD

The standard approaches used in previous works on
clustering of X-ray AGN (Mullis et al. 2004, Yang et
al. 2006, Gilli et al. 2005, Coil et al 2009, Hickox et al.
2009, Krumpe et al. 2010, Cappelluti et al. 2010) to es-
timate the bias factors from the projected AGN ACF are
based on the power-law fit parameters (method 1). This
method assumes that the projected correlation function
is well fitted by a power-law and the bias factors are
derived from the best fit parameters r0 and γ of the clus-
tering signal at large scale.
Most of the authors (Hickox et al. 2009, Krumpe et
al. 2010, Cappelluti et al. 2010) used an analytical ex-
pression (as the one described in Sheth & Tormen 1999;
Sheth et al. 2001; Tinker et al. 2005) to assign a charac-
teristic DM halo mass to the hosting halos. In the halo
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Fig. 5.— Factor g as defined in Eq. 21, estimated at the redshift
of each AGN (black triangles). The data points are fitted by the
function g(z) = az4−bz3+cz2−dz+e, where a = 0.003, b = 0.035,
c = 0.186, d = 0.546 and e = 1.005 (red line). The bias of each
AGN is weighted by this factor according to the redshift z of the
source.

objects in the same halo and the second term (2-halo
term) arises because of the correlation between two dis-
tinct halos:

wAGN (rp) = w1−h
AGN (rp) + w2−h

AGN (rp) (12)

As the 2-halo term dominates at large scales, we can
consider this term to be in the regime of linear density
fluctuations. In the linear regime, AGN are biased trac-
ers of the DM distribution and the bias factor of AGN
defines the relation between the two-halo term of DM
and AGN.

w2−h
AGN (rp) = b2AGNw2−h

DM (rp) (13)

We first estimated the DM 2-halo term at the median
redshift of the sample, using:
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DM (r) =

1
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P 2−h(k)k2
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]
dk (14)

where P 2−h(k) is the Fourier Transform of the linear
power spectrum, assuming a power spectrum shape pa-
rameter Γ = 0.2 which corresponds to h = 0.7. Following
Hamana et al. (2002), we estimated the term ξ2−h

DM (r) and
then the DM projected correlation w2−h

DM (rp) using:
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DM (rp) = rp
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rp

ξ2−h
DM (r)rdr√
r2 − r2p

(15)

Using this term, we can estimate the AGN bias simply
dividing the projected AGN correlation function at large
scale (rp > 1 Mpc h−1) by the DM 2-halo term:

b2−h = (wAGN (rp)/w
2−h
DM (rp))

1/2 (16)

and then averaging over the scales rp = 1− 40 Mpc h−1.
Table 1, column 4 shows the AGN bias factors using this
method, compared with the ones based on the power-law
fits of the ACF (column 3) for the different AGN subsets.
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projected DM 2-halo term w2−h
DM (rp, z = 0), scaled by the weighted

bias b (dotted line), defined in Eq. 22.
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NL AGN 1.56± 0.15 0.60 12.97± 0.07 1.62± 0.15

a Bias estimated from M0 using Sheth et al. (2001).

The two sets of bias values from the different approaches
are consistent within 1σ, but the errors on bPL are bigger
compared to
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clustering of X-ray AGN (Mullis et al. 2004, Yang et
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2009, Krumpe et al. 2010, Cappelluti et al. 2010) to es-
timate the bias factors from the projected AGN ACF are
based on the power-law fit parameters (method 1). This
method assumes that the projected correlation function
is well fitted by a power-law and the bias factors are
derived from the best fit parameters r0 and γ of the clus-
tering signal at large scale.
Most of the authors (Hickox et al. 2009, Krumpe et
al. 2010, Cappelluti et al. 2010) used an analytical ex-
pression (as the one described in Sheth & Tormen 1999;
Sheth et al. 2001; Tinker et al. 2005) to assign a charac-
teristic DM halo mass to the hosting halos. In the halo
model approach the large scale amplitude signal is due
to the correlation between objects in distinct halos and
the bias parameter defines the relation between the large
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TABLE 1
Bias Factors and hosting DM halo masses

(1) (2) (3) (4) (5)
AGN < z >a bPL b2−h logMDM

b

Sample Eq. 10 Eq. 16 h−1M"

Total (593) 1.22 2.80+0.22
−0.90 2.98± 0.13 13.23± 0.06

BL (354) 1.55 3.11+0.30
−1.22 3.43± 0.17 13.14± 0.07

NL (239) 0.74 2.78+0.45
−1.07 2.70± 0.22 13.54± 0.10

X-unobs (184) 1.12 2.98+0.34
−0.37 3.01± 0.21 13.33± 0.08

X-obs (218) 1.30 1.66+0.31
−0.32 1.80± 0.15 12.30± 0.15

Subsample at z < 1
BL (70) 0.57 2.18+0.95

−1.02 2.32± 0.26 13.50± 0.11

NL (137) 0.53 1.68+0.45
−0.57 1.40± 0.15 12.65± 0.18

a Median redshift of the sample.
b Typical DM halo masses based on Sheth et al. (2001) and van den
Bosch (2002).

Fig. 5.— Factor g as defined in Eq. 21, estimated at the redshift
of each AGN (black triangles), compared to the growth function
D1(z)/D1(z = 0) (red line, see Eq. (10) in Eisenstein & Hu 1999
and references therein). The lower panel shows the ratio between
the data and model prediction. The bias of each AGN is weighted
by this factor according to the redshift z of the source.

first term (1-halo term) is due to the correlation between
objects in the same halo and the second term (2-halo
term) arises because of the correlation between two dis-
tinct halos:

wAGN (rp) = w1−h
AGN (rp) + w2−h

AGN (rp) (12)

As the 2-halo term dominates at large scales, we can con-
sider this term to be in the regime of linear density fluc-
tuations. In the linear regime, AGN are biased tracers
of the DM distribution and the AGN bias factor defines
the relation between the two-halo term of DM and AGN.

w2−h
AGN (rp) = b2AGNw2−h

DM (rp) (13)

We first estimated the DM 2-halo term at the median
redshift of the sample, using:

ξ2−h
DM (r) =

1

2π2

∫
P 2−h(k)k2

[
sin(kr)

kr

]
dk (14)

Fig. 6.— Projected AGN ACF (black circles) compared to

b
2
w2−h

DM (rp, z = 0) (dotted line), where the weighed bias b is de-
fined in Eq. 22. The shaded region shows the projected DM 2-halo
term scaled by (b± δb)2.

where P 2−h(k) is the Fourier Transform of the linear
power spectrum, assuming a power spectrum shape pa-
rameter Γ = 0.2 and h = 0.7. Following Hamana et al.
(2002), we estimated ξ2−h

DM (r) and then the DM projected
correlation w2−h

DM (rp) using:

w2−h
DM (rp) = 2

∫ ∞

rp

ξ2−h
DM (r)rdr√
r2 − r2p

(15)

Using this term, we can estimate the AGN bias simply
dividing the projected AGN correlation function at large
scale (rp > 1 Mpc h−1) by the DM 2-halo term:

b2AGN = (wAGN (rp)/w
2−h
DM (rp))

1/2 (16)

and then averaging over the scales rp = 1− 40 Mpc h−1.
Table 1, column 4 shows the AGN bias factors using this
method, compared with the ones based on the power-law
fits of the ACF (column 3) for the different AGN subsets.
The two sets of bias values from the different approaches
are consistent within 1σ, but the errors on bPL are bigger
consistently with the fact that the AGN ACF is not well
described by a power-law.

6. SOLVING FOR SAMPLE VARIANCE USING HOD

The standard approaches used in previous works on
clustering of X-ray AGN (Mullis et al 2004; Yang et
al. 2006; Gilli et al. 2005; Coil et al. 2009; Hickox et al.
2009; Krumpe et al. 2010; Cappelluti et al. 2010) to esti-
mate the bias factors from the projected AGN ACF are
based on the power-law fit parameters (method 1). This
method assumes that the projected correlation function
is well fitted by a power-law and the bias factors are
derived from the best fit parameters r0 and γ of the clus-
tering signal at large scale.
Most of the authors (Hickox et al. 2009; Krumpe et al.
2010; Cappelluti et al. 2010) used an analytical expres-
sion (as the one described in Sheth & Tormen 1999; Sheth

‣ In linear regime:
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TABLE 1
Bias Factors and hosting DM halo masses

(1) (2) (3) (4) (5)
AGN < z >a bPL b2−h logMDM

b

Sample Eq. 10 Eq. 16 h−1M"

Total (593) 1.22 2.80+0.22
−0.90 2.98± 0.13 13.23± 0.06

BL (354) 1.55 3.11+0.30
−1.22 3.43± 0.17 13.14± 0.07

NL (239) 0.74 2.78+0.45
−1.07 2.70± 0.22 13.54± 0.10

X-unobs (184) 1.12 2.98+0.34
−0.37 3.01± 0.21 13.33± 0.08

X-obs (218) 1.30 1.66+0.31
−0.32 1.80± 0.15 12.30± 0.15

Subsample at z < 1
BL (70) 0.57 2.18+0.95

−1.02 2.32± 0.26 13.50± 0.11

NL (137) 0.53 1.68+0.45
−0.57 1.40± 0.15 12.65± 0.18

a Median redshift of the sample.
b Typical DM halo masses based on Sheth et al. (2001) and van den
Bosch (2002).

Fig. 5.— Factor g as defined in Eq. 21, estimated at the redshift
of each AGN (black triangles), compared to the growth function
D1(z)/D1(z = 0) (red line, see Eq. (10) in Eisenstein & Hu 1999
and references therein). The lower panel shows the ratio between
the data and model prediction. The bias of each AGN is weighted
by this factor according to the redshift z of the source.

first term (1-halo term) is due to the correlation between
objects in the same halo and the second term (2-halo
term) arises because of the correlation between two dis-
tinct halos:

wAGN (rp) = w1−h
AGN (rp) + w2−h

AGN (rp) (12)

As the 2-halo term dominates at large scales, we can con-
sider this term to be in the regime of linear density fluc-
tuations. In the linear regime, AGN are biased tracers
of the DM distribution and the AGN bias factor defines
the relation between the two-halo term of DM and AGN.

w2−h
AGN (rp) = b2AGNw2−h

DM (rp) (13)

We first estimated the DM 2-halo term at the median
redshift of the sample, using:

ξ2−h
DM (r) =

1

2π2

∫
P 2−h(k)k2

[
sin(kr)

kr

]
dk (14)

Fig. 6.— Projected AGN ACF (black circles) compared to

b
2
w2−h

DM (rp, z = 0) (dotted line), where the weighed bias b is de-
fined in Eq. 22. The shaded region shows the projected DM 2-halo
term scaled by (b± δb)2.

where P 2−h(k) is the Fourier Transform of the linear
power spectrum, assuming a power spectrum shape pa-
rameter Γ = 0.2 and h = 0.7. Following Hamana et al.
(2002), we estimated ξ2−h

DM (r) and then the DM projected
correlation w2−h

DM (rp) using:

w2−h
DM (rp) = 2

∫ ∞

rp

ξ2−h
DM (r)rdr√
r2 − r2p

(15)

Using this term, we can estimate the AGN bias simply
dividing the projected AGN correlation function at large
scale (rp > 1 Mpc h−1) by the DM 2-halo term:

b2AGN = (wAGN (rp)/w
2−h
DM (rp))

1/2 (16)

and then averaging over the scales rp = 1− 40 Mpc h−1.
Table 1, column 4 shows the AGN bias factors using this
method, compared with the ones based on the power-law
fits of the ACF (column 3) for the different AGN subsets.
The two sets of bias values from the different approaches
are consistent within 1σ, but the errors on bPL are bigger
consistently with the fact that the AGN ACF is not well
described by a power-law.

6. SOLVING FOR SAMPLE VARIANCE USING HOD

The standard approaches used in previous works on
clustering of X-ray AGN (Mullis et al 2004; Yang et
al. 2006; Gilli et al. 2005; Coil et al. 2009; Hickox et al.
2009; Krumpe et al. 2010; Cappelluti et al. 2010) to esti-
mate the bias factors from the projected AGN ACF are
based on the power-law fit parameters (method 1). This
method assumes that the projected correlation function
is well fitted by a power-law and the bias factors are
derived from the best fit parameters r0 and γ of the clus-
tering signal at large scale.
Most of the authors (Hickox et al. 2009; Krumpe et al.
2010; Cappelluti et al. 2010) used an analytical expres-
sion (as the one described in Sheth & Tormen 1999; Sheth
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Fig. 1.— Left panel : Redshift distribution of 593 AGN (gold filled histogram) in bins of ∆z = 0.01, with median z = 1.22. The solid
black curve is the Gaussian smoothing of the AGN redshift distribution with σz = 0.3, used to generate the random sample (red empty
histogram). Right panel : distribution of AGN pairs in redshift bins ∆z = 0.01.
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Fig. 2.— Left Panel : Redshift distribution of XMM-COSMOS AGN (open histogram) selected in the soft band, compared with the redshift
distribution of BL AGN (blue histogram, upper right quadrant) and NL AGN, (red, upper left quadrant). Lower quadrants show the redshift
distribution of the random catalogs (open black histograms) for both the AGN sub-samples, obtained using a Gaussian smoothing (gold
lines) of the redshift distribution of the real samples. Right Panel : Redshift distribution of unobscured (dark blue histogram) and obscured
(magenta histogram) AGN selected in the hard band according with the column density (upper quadrants). Lower quadrants show the
redshift distribution of the random catalogs (open black histograms) for both the AGN sub-samples, obtained using a Gaussian smoothing
(gold lines) of the redshift distribution of the real samples.

3. RANDOM CATALOG

The measurements of two-point correlation function
requires the construction of a random catalog with the
same selection criteria and observational effects as the
data, to serve as an unclustered distribution to which
to compare. XMM-Newton observations have varying
sensitivity over the COSMOS field. In order to create
an AGN random sample, which takes the inhomogeneity
of the sensitivity over the field into account, each simu-
lated source is placed at random position in the sky, with
flux randomly extracted from the catalog of real sources

fluxes (we verified that such flux selection produces the
same results as if extracting the simulated sources from a
reference input logN-logS). The simulated source is kept
in the random sample if its flux is above the sensitivity
map value at that position (Miyaji et al. 2007; Cappel-
luti et al. 2009). Placing these sources at random po-
sition in the XMM-COSMOS field has the advantage of
not removing the contribution to the signal due to angu-
lar clustering. On the other hand, this procedure does
not take into account possible positional biases related
to the optical follow-up program. Gilli et al. (2009), who
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to compare. XMM-Newton observations have varying
sensitivity over the COSMOS field. In order to create
an AGN random sample, which takes the inhomogeneity
of the sensitivity over the field into account, each simu-
lated source is placed at random position in the sky, with
flux randomly extracted from the catalog of real sources

fluxes (we verified that such flux selection produces the
same results as if extracting the simulated sources from a
reference input logN-logS). The simulated source is kept
in the random sample if its flux is above the sensitivity
map value at that position (Miyaji et al. 2007; Cappel-
luti et al. 2009). Placing these sources at random po-
sition in the XMM-COSMOS field has the advantage of
not removing the contribution to the signal due to angu-
lar clustering. On the other hand, this procedure does
not take into account possible positional biases related
to the optical follow-up program. Gilli et al. (2009), who
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3. RANDOM CATALOG

The measurements of two-point correlation function
requires the construction of a random catalog with the
same selection criteria and observational effects as the
data, to serve as an unclustered distribution to which
to compare. XMM-Newton observations have varying
sensitivity over the COSMOS field. In order to create
an AGN random sample, which takes the inhomogeneity
of the sensitivity over the field into account, each simu-
lated source is placed at random position in the sky, with
flux randomly extracted from the catalog of real sources

fluxes (we verified that such flux selection produces the
same results as if extracting the simulated sources from a
reference input logN-logS). The simulated source is kept
in the random sample if its flux is above the sensitivity
map value at that position (Miyaji et al. 2007; Cappel-
luti et al. 2009). Placing these sources at random po-
sition in the XMM-COSMOS field has the advantage of
not removing the contribution to the signal due to angu-
lar clustering. On the other hand, this procedure does
not take into account possible positional biases related
to the optical follow-up program. Gilli et al. (2009), who
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TABLE 1
Bias Factors and hosting DM halo masses

(1) (2) (3) (4) (5)
AGN < z >a bPL b2−h logMDM

b

Sample Eq. 10 Eq. 16 h−1M"

Total (593) 1.22 2.80+0.22
−0.90 2.98± 0.13 13.23± 0.06

BL (354) 1.55 3.11+0.30
−1.22 3.43± 0.17 13.14± 0.07

NL (239) 0.74 2.78+0.45
−1.07 2.70± 0.22 13.54± 0.10

X-unobs (184) 1.12 2.98+0.34
−0.37 3.01± 0.21 13.33± 0.08

X-obs (218) 1.30 1.66+0.31
−0.32 1.80± 0.15 12.30± 0.15

Subsample at z < 1
BL (70) 0.57 2.18+0.95

−1.02 2.32± 0.26 13.50± 0.11

NL (137) 0.53 1.68+0.45
−0.57 1.40± 0.15 12.65± 0.18

a Median redshift of the sample.
b Typical DM halo masses based on Sheth et al. (2001) and van den
Bosch (2002).

Fig. 5.— Factor g as defined in Eq. 21, estimated at the redshift
of each AGN (black triangles), compared to the growth function
D1(z)/D1(z = 0) (red line, see Eq. (10) in Eisenstein & Hu 1999
and references therein). The lower panel shows the ratio between
the data and model prediction. The bias of each AGN is weighted
by this factor according to the redshift z of the source.

first term (1-halo term) is due to the correlation between
objects in the same halo and the second term (2-halo
term) arises because of the correlation between two dis-
tinct halos:

wAGN (rp) = w1−h
AGN (rp) + w2−h

AGN (rp) (12)

As the 2-halo term dominates at large scales, we can con-
sider this term to be in the regime of linear density fluc-
tuations. In the linear regime, AGN are biased tracers
of the DM distribution and the AGN bias factor defines
the relation between the two-halo term of DM and AGN.

w2−h
AGN (rp) = b2AGNw2−h

DM (rp) (13)

We first estimated the DM 2-halo term at the median
redshift of the sample, using:

ξ2−h
DM (r) =

1

2π2

∫
P 2−h(k)k2

[
sin(kr)

kr

]
dk (14)

Fig. 6.— Projected AGN ACF (black circles) compared to

b
2
w2−h

DM (rp, z = 0) (dotted line), where the weighed bias b is de-
fined in Eq. 22. The shaded region shows the projected DM 2-halo
term scaled by (b± δb)2.

where P 2−h(k) is the Fourier Transform of the linear
power spectrum, assuming a power spectrum shape pa-
rameter Γ = 0.2 and h = 0.7. Following Hamana et al.
(2002), we estimated ξ2−h

DM (r) and then the DM projected
correlation w2−h

DM (rp) using:

w2−h
DM (rp) = 2

∫ ∞

rp

ξ2−h
DM (r)rdr√
r2 − r2p

(15)

Using this term, we can estimate the AGN bias simply
dividing the projected AGN correlation function at large
scale (rp > 1 Mpc h−1) by the DM 2-halo term:

b2AGN = (wAGN (rp)/w
2−h
DM (rp))

1/2 (16)

and then averaging over the scales rp = 1− 40 Mpc h−1.
Table 1, column 4 shows the AGN bias factors using this
method, compared with the ones based on the power-law
fits of the ACF (column 3) for the different AGN subsets.
The two sets of bias values from the different approaches
are consistent within 1σ, but the errors on bPL are bigger
consistently with the fact that the AGN ACF is not well
described by a power-law.

6. SOLVING FOR SAMPLE VARIANCE USING HOD

The standard approaches used in previous works on
clustering of X-ray AGN (Mullis et al 2004; Yang et
al. 2006; Gilli et al. 2005; Coil et al. 2009; Hickox et al.
2009; Krumpe et al. 2010; Cappelluti et al. 2010) to esti-
mate the bias factors from the projected AGN ACF are
based on the power-law fit parameters (method 1). This
method assumes that the projected correlation function
is well fitted by a power-law and the bias factors are
derived from the best fit parameters r0 and γ of the clus-
tering signal at large scale.
Most of the authors (Hickox et al. 2009; Krumpe et al.
2010; Cappelluti et al. 2010) used an analytical expres-
sion (as the one described in Sheth & Tormen 1999; Sheth
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TABLE 1
Bias Factors and hosting DM halo masses

(1) (2) (3) (4) (5)
AGN < z >a bPL b2−h logMDM

b

Sample Eq. 10 Eq. 16 h−1M"

Total (593) 1.22 2.80+0.22
−0.90 2.98± 0.13 13.23± 0.06

BL (354) 1.55 3.11+0.30
−1.22 3.43± 0.17 13.14± 0.07

NL (239) 0.74 2.78+0.45
−1.07 2.70± 0.22 13.54± 0.10

X-unobs (184) 1.12 2.98+0.34
−0.37 3.01± 0.21 13.33± 0.08

X-obs (218) 1.30 1.66+0.31
−0.32 1.80± 0.15 12.30± 0.15

Subsample at z < 1
BL (70) 0.57 2.18+0.95

−1.02 2.32± 0.26 13.50± 0.11

NL (137) 0.53 1.68+0.45
−0.57 1.40± 0.15 12.65± 0.18

a Median redshift of the sample.
b Typical DM halo masses based on Sheth et al. (2001) and van den
Bosch (2002).

Fig. 5.— Factor g as defined in Eq. 21, estimated at the redshift
of each AGN (black triangles), compared to the growth function
D1(z)/D1(z = 0) (red line, see Eq. (10) in Eisenstein & Hu 1999
and references therein). The lower panel shows the ratio between
the data and model prediction. The bias of each AGN is weighted
by this factor according to the redshift z of the source.

first term (1-halo term) is due to the correlation between
objects in the same halo and the second term (2-halo
term) arises because of the correlation between two dis-
tinct halos:

wAGN (rp) = w1−h
AGN (rp) + w2−h

AGN (rp) (12)

As the 2-halo term dominates at large scales, we can con-
sider this term to be in the regime of linear density fluc-
tuations. In the linear regime, AGN are biased tracers
of the DM distribution and the AGN bias factor defines
the relation between the two-halo term of DM and AGN.

w2−h
AGN (rp) = b2AGNw2−h

DM (rp) (13)

We first estimated the DM 2-halo term at the median
redshift of the sample, using:

ξ2−h
DM (r) =

1

2π2

∫
P 2−h(k)k2
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]
dk (14)

Fig. 6.— Projected AGN ACF (black circles) compared to

b
2
w2−h

DM (rp, z = 0) (dotted line), where the weighed bias b is de-
fined in Eq. 22. The shaded region shows the projected DM 2-halo
term scaled by (b± δb)2.

where P 2−h(k) is the Fourier Transform of the linear
power spectrum, assuming a power spectrum shape pa-
rameter Γ = 0.2 and h = 0.7. Following Hamana et al.
(2002), we estimated ξ2−h

DM (r) and then the DM projected
correlation w2−h

DM (rp) using:

w2−h
DM (rp) = 2

∫ ∞

rp

ξ2−h
DM (r)rdr√
r2 − r2p

(15)

Using this term, we can estimate the AGN bias simply
dividing the projected AGN correlation function at large
scale (rp > 1 Mpc h−1) by the DM 2-halo term:

b2AGN = (wAGN (rp)/w
2−h
DM (rp))

1/2 (16)

and then averaging over the scales rp = 1− 40 Mpc h−1.
Table 1, column 4 shows the AGN bias factors using this
method, compared with the ones based on the power-law
fits of the ACF (column 3) for the different AGN subsets.
The two sets of bias values from the different approaches
are consistent within 1σ, but the errors on bPL are bigger
consistently with the fact that the AGN ACF is not well
described by a power-law.

6. SOLVING FOR SAMPLE VARIANCE USING HOD

The standard approaches used in previous works on
clustering of X-ray AGN (Mullis et al 2004; Yang et
al. 2006; Gilli et al. 2005; Coil et al. 2009; Hickox et al.
2009; Krumpe et al. 2010; Cappelluti et al. 2010) to esti-
mate the bias factors from the projected AGN ACF are
based on the power-law fit parameters (method 1). This
method assumes that the projected correlation function
is well fitted by a power-law and the bias factors are
derived from the best fit parameters r0 and γ of the clus-
tering signal at large scale.
Most of the authors (Hickox et al. 2009; Krumpe et al.
2010; Cappelluti et al. 2010) used an analytical expres-
sion (as the one described in Sheth & Tormen 1999; Sheth
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the data and model prediction. The bias of each AGN is weighted
by this factor according to the redshift z of the source.

first term (1-halo term) is due to the correlation between
objects in the same halo and the second term (2-halo
term) arises because of the correlation between two dis-
tinct halos:

wAGN (rp) = w1−h
AGN (rp) + w2−h

AGN (rp) (12)

As the 2-halo term dominates at large scales, we can con-
sider this term to be in the regime of linear density fluc-
tuations. In the linear regime, AGN are biased tracers
of the DM distribution and the AGN bias factor defines
the relation between the two-halo term of DM and AGN.
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w2−h

DM (rp, z = 0) (dotted line), where the weighed bias b is de-
fined in Eq. 22. The shaded region shows the projected DM 2-halo
term scaled by (b± δb)2.

where P 2−h(k) is the Fourier Transform of the linear
power spectrum, assuming a power spectrum shape pa-
rameter Γ = 0.2 and h = 0.7. Following Hamana et al.
(2002), we estimated ξ2−h

DM (r) and then the DM projected
correlation w2−h

DM (rp) using:

w2−h
DM (rp) = 2

∫ ∞

rp

ξ2−h
DM (r)rdr√
r2 − r2p

(15)

Using this term, we can estimate the AGN bias simply
dividing the projected AGN correlation function at large
scale (rp > 1 Mpc h−1) by the DM 2-halo term:

b2AGN = (wAGN (rp)/w
2−h
DM (rp))

1/2 (16)

and then averaging over the scales rp = 1− 40 Mpc h−1.
Table 1, column 4 shows the AGN bias factors using this
method, compared with the ones based on the power-law
fits of the ACF (column 3) for the different AGN subsets.
The two sets of bias values from the different approaches
are consistent within 1σ, but the errors on bPL are bigger
consistently with the fact that the AGN ACF is not well
described by a power-law.

6. SOLVING FOR SAMPLE VARIANCE USING HOD

The standard approaches used in previous works on
clustering of X-ray AGN (Mullis et al 2004; Yang et
al. 2006; Gilli et al. 2005; Coil et al. 2009; Hickox et al.
2009; Krumpe et al. 2010; Cappelluti et al. 2010) to esti-
mate the bias factors from the projected AGN ACF are
based on the power-law fit parameters (method 1). This
method assumes that the projected correlation function
is well fitted by a power-law and the bias factors are
derived from the best fit parameters r0 and γ of the clus-
tering signal at large scale.
Most of the authors (Hickox et al. 2009; Krumpe et al.
2010; Cappelluti et al. 2010) used an analytical expres-
sion (as the one described in Sheth & Tormen 1999; Sheth
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Results	
  -­‐	
  bias	
  evolution

All AGN
Ty1 AGN
Ty2 AGN

	
  AGN	
  bias	
  increases	
  with	
  redshift	
  with	
  constant	
  DM	
  halo	
  mass;

	
  Ty1	
  AGN	
  reside	
  in	
  more	
  massive	
  halos	
  compared	
  to	
  Ty2	
  AGN	
  at	
  	
  	
  
∼	
  2σ	
  level;
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Ty	
  1	
  bright	
  quasars	
  reside	
  in	
  DM	
  halos	
  of	
  constant	
  mass	
  up	
  to	
  z	
  ~	
  3
(Croom	
  et	
  al.	
  2005,	
  Porciani	
  &	
  Norberg	
  2006,	
  Coil	
  et	
  al.	
  2007,	
  Myers	
  et	
  al.	
  2007,	
  da	
  Ângela	
  et	
  al.	
  2008,	
  Shen	
  
et	
  al.	
  2009,	
  Ross	
  et	
  al.	
  2009)
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Moderate luminosity AGN
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  luminosity	
  AGN	
  reside	
  in	
  more	
  massive	
  DM	
  halos	
  than	
  bright	
  
quasars	
  up	
  to	
  z	
  ~	
  2.2
(Mullis	
  et	
  al.	
  2004,	
  Yang	
  et	
  al.	
  2006,	
  Gilli	
  et	
  al.	
  2005,	
  Hickox	
  et	
  al.	
  2009,	
  Gilli	
  et	
  al.	
  2009,	
  Coil	
  et	
  al.	
  2009,	
  
Krumpe	
  et	
  al.	
  2010)
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Galaxy	
  merger?

LBOL [erg s-1]

b(
z=

2)

XMM-­‐COSMOS	
  Ty1	
  AGN

Galaxy	
  Merger
Shen	
  2009

Bright	
  QSO

Allevato	
  et	
  al.	
  2011

	
  Models	
  of	
  major	
  merger	
  appear	
  to	
  produce	
  many	
  observed	
  properties	
  
of	
  quasars	
  (Hopkins	
  et	
  al.	
  2008;	
  Shen	
  2009;	
  Shankar	
  et	
  al.	
  2009,2010;	
  Bonoli	
  et	
  al.2009)
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‣	
  High	
  luminosity	
  quasars	
  are	
  triggered	
  by	
  major	
  mergers
‣	
  For	
  moderate	
  luminosity	
  AGN,	
  secular	
  processes	
  in	
  massive	
  
galaxies	
  might	
  play	
  a	
  dominant	
  role
(see	
  Georgakakis	
  et	
  al.	
  2009;	
  Cisternas	
  et	
  al.	
  2011	
  for	
  similar	
  results)

Secular	
  processes?
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  vs	
  	
  	
  	
  	
  	
  	
  	
  External	
  Processes
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AGN	
  Host	
  Galaxies

‣	
  With	
  a	
  proper	
  selection,	
  using	
  the	
  luminosity	
  or	
  the	
  mass	
  of	
  
the	
  host	
  galaxies,	
  we	
  can	
  constrain	
  the	
  mechanism	
  for	
  the	
  AGN	
  
triggering
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Conclusions

We	
  found	
  evidence	
  of	
  a	
  redshift	
  evolution	
  of	
  the	
  bias	
  for	
  the	
  
different	
  AGN	
  subsets,	
  corresponding	
  to	
  a	
  constant	
  DM	
  halo	
  
mass	
  which	
  differs	
  for	
  each	
  sample;

XMM-­‐COSMOS	
  Ty1	
  AGN	
  inhabit	
  more	
  massive	
  halos	
  compared	
  to	
  
XMM-­‐COSMOS	
  Ty2	
  AGN	
  at	
  all	
  z<2.2,	
  suggesting	
  that	
  the	
  AGN	
  
activity	
  is	
  a	
  mass	
  triggered	
  phenomenon;

Moderate	
  luminosity	
  X-­‐ray	
  AGN	
  and	
  bright	
  optical	
  quasars	
  do	
  
not	
  reside	
  in	
  DM	
  halos	
  with	
  same	
  mass;

For	
  moderate	
  luminosity	
  X-­‐ray	
  Ty	
  1	
  AGN	
  	
  secular	
  processes	
  might	
  
play	
  a	
  much	
  larger	
  role	
  than	
  major	
  mergers	
  up	
  to	
  z~2.2;


