
Clustering of hard X-ray 
selected AGN

Meredith Powell 
Yale University

Advisor: Prof. Meg Urry
Also with: Nico Cappelluti, Mike Koss, Claudio Ricci, Benny Trakhtenbrot, 

Alexis Finoguenov, Viola Allevato, Marco Ajello, Kyuseok Oh, Kevin 
Schawinski, Nathan Secrest



Clustering à environments

Galaxy clustersGalaxy groupsField galaxies

Halo mass

Large-scale clustering strength



Previous measurements
Are Obscured (type 2) or Unobscured (type 1) AGN more clustered?

Obscured
• IR AGN, z~1                

Hickox et al. 2011, Elyiv et al. 
2012, Donoso et al. 2014, 
Dipompeo et al. 2014, 2017

• X-ray AGN, z~0          
Krumpe et al. 2018

• Optical AGN, z<0.09         
Jiang et al. 2016

Unobscured
• X-ray AGN, 0.5<z<3     

Allevato et al. 2011, 2014

• X-ray AGN, z~0       
Cappelluti et al. 2010

Consistent
• IR AGN, z~1       

Mendez et al. 2016,   
Geach et al. 2013

• X-ray AGN, z~0.3               
Krumpe et al. 2012



Motivation: the need for high-energy selection

Swift/BAT provides the least biased all-sky X-ray survey for obscured AGN

Swift/BAT: E =14-195 keV

FWHM = 19.5 arcmin

Swift/BAT hard X-ray selection – an unbiased 
sample!
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Swift/BAT AGN Spectroscopic Survey (BASS)

• Follow-up optical 
spectroscopy of Swift/BAT 
all sky AGN catalog

• Abundance of ancillary 
multiwavelength data

• Luminosity range similar to 
well studied AGN at z~1-2
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Bass-survey.com; Koss et al. 2017



Measure clustering of BASS AGN via cross correlation with 2MASS galaxies

0.01 < z < 0.1
LX > 1042.5 erg/s

Swift/BAT AGN Spectroscopic Survey (BASS)



Galaxy (AGN) - halo connection

Empirical
Halo Model

1. HOD model
# AGN per largest 

virialized halo

<N> = <NC> + <NS>

2. Subhalo model
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1. Obtains halo catalog from DM simulation

2. Populates halo catalog with defined model

3. Computes 2-pt. statistics  (wp GG, etc.)

https://github.com/astropy/halotools

Halotools (Hearin et al. 2016)



AGN-galaxy cross-correlation
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AGN cluster like galaxies of the same stellar mass



Environmental dependence of Obscuration
NH ≥ 1022 cm-2

NH < 1022 cm-2
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Environmental dependence of Obscuration

Obscured AGNà denser environments
Powell et al. 2018; see also Krumpe et al. 2018
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HOD model 
subhalo model

Mh ~ 1012.9 M¤h-1

Mh ~ 1012.1 M¤h-1



• Halo clustering also depends on formation epoch
• Old halos cluster more strongly then young halos
• Correlated with concentration

• different host halo concentrations à different small-scale and large-scale 
clustering  

What about assembly bias?

Bolshoi-Planck 
Simulation
(Riebe et al. 2013 )

Low concentration High concentration



What about assembly bias?

Obscured: <cvir> = 27  à halo formation epoch z ~ 5
Unobscured: <cvir> = 8.5 à halo formation epoch z ~ 1
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Hints for assembly bias 

Log Mh (M¤h-1)

• 2MASS group catalog (Lu et al. 2016) : similar halo mass distributions

NH	< 1022 cm-2

NH ≥ 1022 cm-2



• 2MASS group catalog (Lu et al. 2016) : similar halo mass distributions
• Evidence that SDSS Type 1 AGN have fewer close pairs                

(Jiang et al. 2016, Villarroel & Korn 2014)

Jiang et al. 2016

Hints for assembly bias 
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Host galaxy obscuration?

Taking out clear cases of mergers, galaxy interactions, and host galaxy 
obscuration in obscured AGN did not change clustering difference

Obscured AGN with 
merging and edge-on 
galaxies eliminated
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Different halo assembly histories?

time
z=0

Early formed 
halos

Late formed 
halos

Ex-situ trigger In-situ trigger

In-situ trigger

z~1z~5



Stripe82X + XMM-XXL-N
• High-Lx AGN at moderate 

redshifts
• ~50 deg2

• Completion of NH estimates 
coming soon

• Environmental luminosity 
dependence beyond M⋆?

*with Justin Johnson (University of Miami)
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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 different
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 different 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 ∼ 2.5σ level, suggesting that the AGN
activity is a mass triggered phenomenon and that differ-
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 difference 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 different 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 different in three
redshift bins below z = 0.5 (the differences are 1.5σ,
0.1σ and 2.0σ).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.

Stripe82X + XMM-XXL-N
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Krumpe et al. (2010); CLASXS, Yang et al. (2006)). The dashed lines show the expected b(z) of DMHs with different masses according to
the legend, based on Sheth et al. (2001). The grey points show results from quasar - quasar correlation measurements using spectroscopic
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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
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lected AGN samples appear to cluster more strongly than
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Summary
• Local Swift/BAT AGN (LX ~ 1043.5 erg/s) live in environments similar 

to inactive galaxies of same stellar mass

• Obscured AGN live in denser environments than unobscured AGN. 
Either:
• They reside in halos of different masses & occupation statistics, or
• They reside in halos of different concentrations/ages 

• New high LX clustering measurements at z~1-2 coming soon!



2MASS autocorrelation function
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Subhalo model

Stellar Masses: Using Ks-band luminosities, fit for M*/LK



HOD results



Obscured vs. Unobscured AGN

Clustering Differences persist after matching Eddington ratio distributions
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