
Capture of the Sloan Digital Sky Survey Fly-through 
Miguel Aragon (JHU), Mark Subbarao (Adler P.), Alex Szalay (JHU)

Does a universal mode of AGN accretion suggest 
AGN are not special?

Mackenzie Jones

In collaboration with Ryan Hickox, Simon Mutch, Darren Croton, Andrew Ptak, Michael DiPompeo

Dartmouth College  NASA Harriett Jenkins Fellow



What galaxies and halos host an AGN? 

Do AGN and galaxies grow together? 

What AGN contribute to the cosmic X-ray background?
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Are AGN Special?



(e.g. Hickox et al. 2007, Treister et al. 2010, Merloni et al. 2014, Assef et al. 2015, Hickox et al. 2017)
(e.g. Hopkins et al. 2009, Trump et al. 2016, Jones et al. 2016)

Observational Biases: Dilution
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Building Simulated AGN in the Optical
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Testing the Simulated Sample: What AGN Do We Observe?
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A Summary of AGN Accretion in the Optical
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What galaxies and halos host an AGN? 

Do AGN and galaxies grow together? 

What AGN contribute to the cosmic X-ray background?
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Are AGN Special?

fueling mechanism between different 
galaxy populations may not be 
specific to host galaxy type or age

universal broad Eddington ratio 
distribution is consistent with 

observations
➙
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A Simple Model of Galaxy Formation and AGN Accretion
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Evolution of the Eddington Ratio Distribution
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Eddington ratio slope decreases with increasing gas fraction



Eddington ratio slope decreases with increasing gas fraction
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Evolution of the Eddington Ratio Distribution
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What galaxies and halos host an AGN? 

Do AGN and galaxies grow together? 

What AGN contribute to the cosmic X-ray background?
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Are AGN Special?

fueling mechanism between different 
galaxy populations may not be 
specific to host galaxy type or age

universal broad Eddington ratio 
distribution is consistent with 

observations
➙

universal broad Eddington ratio 
distribution decreases as the gas 

fraction of the galaxy increases

may indicate a connection between the 
black hole activity and galaxy properties 
due to a common supply of gas

➙

Jones et al 2016, ApJ 826,12 Jones et al 2017, ApJ 843,125 Jones et al 2018a, in prep 



648 Gilli: The XRB and hidden black holes

Fig. 1. Compilation of the measurements of the cosmic X-ray background spectrum in the 0.5 - 400 keV en-
ergy range. Datapoints with di↵erent colors come from di↵erent combinations of missions and instruments
as labeled and referenced (left labels: E<10 keV; right labels: E>10 keV).

ditional large population of heavily obscured,
Compton-thick AGN (hereafter CT AGN, NH&
1024cm�2) poorly sampled by most surveys at
E<10 keV. Despite several e↵orts, the cosmo-
logical evolution and luminosity function of
CT objects remain essentially unknown and
have to be postulated by AGN population syn-
thesis models trying to explain the XRB broad
band spectrum (see next Section). Heavily hid-
den black holes are then likely the key and
still missing ingredient to get a complete un-
derstanding of the cosmic XRB, keeping it one
of the most fascinating and challenging topics
in high-energy astrophysics.

2. The synthesis of the X-ray
background: Compton-thick AGN
and the “missing” fraction

The broad band, 0.5-400 keV XRB spectrum
has a characteristic shape peaking at E⇠30 keV.
Below 10 keV it can be approximated by a
power law with �⇠1.4, i.e. it is harder than the
average spectrum of bright, unobscured QSOs.
A compilation of XRB measurements includ-

ing the most recent results by Chandra and
XMM at E<10 keV, and BeppoSAX, Swift and
INTEGRAL at E>10, keV is shown in Fig.1.
The various measurements generally agree on
the spectral shape, but possess significant scat-
ter, at the 20-30% level, in their absolute nor-
malization (in general, most of the recent XRB
measures were found to be higher than the clas-
sic value measured by HEAO-1 in the 80s).
The origin of this scatter is still debated. Part
of it, but limited to the measures performed
in pencil beam surveys, could arise from cos-
mic variance. Another source of uncertainty
could be the stray-light which is entering an
X-ray telescope field of view if not properly
modeled (Moretti et al., 2012). Finally, >10%
calibration uncertainties have been observed
among di↵erent instruments on board di↵erent,
or even the same, missions (Tsujimoto et al.,
2011), which could explain another part of the
scatter. It is then fair to conclude that the XRB
absolute flux is known with a ⇠20% systematic
uncertainty.

In 1989 Setti & Woltjer first proposed that
the hard XRB spectrum could be explained

This work

Modeling the Cosmic X-ray Background

12Jones et al 2018b, in prep Adapted from Gilli 2013
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Figure 13. XRB spectrum calculated from our AGN population synthesis model
(upper solid curve, red) compared with the observed data by various missions
(Ajello et al. 2008). Middle solid curve (black): the integrated spectrum of CTN
AGNs (log NH < 24). Lower solid curve (red): that of CTK AGNs (log NH =
24–26). Long-dashed curve (black): that of AGNs with log NH = 23–24. Short-
dashed curve (black): that of AGNs with log NH = 22–23. Dot-dashed curve
(black): that of AGNs with log NH < 22. Data points in the 0.8–5 keV (blue),
4–215 keV (cyan), 14–195 keV (magenta), and 100–300 keV (green) bands
refer to the XRB spectra observed with ASCA/SIS (Gendreau et al. 1995),
INTEGRAL (Churazov et al. 2007), Swift/BAT (Ajello et al. 2008), and HEAO1
A4 (Gruber et al. 1999), respectively.
(A color version of this figure is available in the online journal.)

also model the absorption and photon index functions on the ba-
sis of a hard X-ray (>15 keV) selected AGN sample in the local
universe, for which detailed spectral information is available.
The redshift dependence of the absorption function is taken into
account, whose evolution index a1 is simultaneously determined
along with the XLF parameters. We consider the contribution
of CTK AGNs by assuming that their number density at a given
luminosity and redshift is the same as that of obscured CTN
AGNs. The combination of the XLF, absorption function, and
photon index function with the template broadband spectra of
AGNs enables us to establish a new population synthesis model
of the XRB. In this section, we examine the basic properties of
the model.

Figure 13 shows the integrated broadband spectrum of the
whole AGNs at z = 0.002–5.0, with log LX = 41–47 predicted
from our model. The spectrum of each AGN is modeled by the
“template spectrum” presented in Section 4, which is given as a
function of luminosity, column density, and photon index. The
data points represent the measurements of the XRB observed
with various missions, including HEAO1 A4 in the 100–300 keV
band (Gruber et al. 1999), Swift/BAT in the 14–195 keV band
(Ajello et al. 2008), and INTEGRAL in the 4–215 keV band
(Churazov et al. 2007). A good agreement is confirmed between
the model prediction and the hard XRB, supporting the overall
validity of our model, including the fraction of CTK AGNs
and the reflection strengths from the accretion disk and torus
based on the luminosity- and redshift- dependent unified scheme
(Section 4). Effects by changing these model parameters will be
examined in Section 7.2.

There are discrepancies in the absolute flux measurements
of the XRB between different missions, most probably due to
calibration uncertainties. These issues are discussed in detail by,
e.g., Barcons et al. (2000) for the XRB below 10 keV and by

Ajello et al. (2008) above 10 keV. In Figure 13, for clarity, we
only plot the ASCA result obtained by Gendreau et al. (1995)
as the representative data of the XRB in the 0.8–5 keV band.
The XRB spectrum obtained by the HEAO1 A2 experiment
gives systematically smaller fluxes in the energy range below
10 keV than most of more recent missions. The maximum flux
is reported by De Luca & Molendi (2004) with XMM-Newton,
which is 40% higher than that of the original HEAO1 A2 result
(Marshall et al. 1980). The reasons are yet unclear. In addition,
we do not include the emission from populations other than
AGNs in our model. For instance, clusters of galaxies could
contribute to the XRB by ∼10% level at 1 keV. For these reasons,
we mainly discuss our population synthesis model on the basis
of the hard XRB above 10 keV, where the contribution from
AGNs is dominant.

The contributions from all (CTN+CTK) AGNs per unit z per
unit log LX to the XRB flux in the 2–10 keV and 10–40 keV
bands are shown by the contours in Figure 14 (left) and (right),
respectively. As noted from the figures, AGNs with log LX ≈43.8
(≈43.7) at z ≈1.1 (≈1.0) make the largest contribution to the
XRB in the 2–10 keV (10–40 keV) band. Figure 15 (left) and
(right) plot the differential XRB intensity per unit log LX in a
redshift region of z = 0.002–5, and per unit z in a luminosity
region of log LX = 41–47, respectively.

The predicted log N–log S relation of AGNs in the 0.5–2 keV,
2–10 keV, 8–24 keV, and 10–40 keV bands are plotted in
Figure 16. We separately plot the contributions from AGNs at
different redshift ranges (z < 1, z = 1–2, z = 2–3, and z = 3–5)
and from those with different absorptions (log NH = 20–22,
22–24, 24–26). Figure 17 shows the fractions of CTK AGNs
(log NH = 24–26) and obscured AGNs (log NH = 22–26) in the
total AGNs (log NH ! 26) as a function of flux predicted from
surveys in the 2–10 keV (left) and 10–40 keV (right) bands. The
CTK AGN fraction reaches ≈20% at S ∼ 10−16 erg cm−2 s−1

in the 2–10 keV band, the flux limit of Chandra deep surveys.
We find that the observed CTK AGN fractions at various
flux limits in the 2–10 keV (or 0.5–8 keV) band reported
by Tozzi et al. (2006), Hasinger et al. (2007), Brunner et al.
(2008), and Brightman & Ueda (2012) are generally in good
agreement with the model prediction. In the 10–40 keV band,
our model is consistent with the observed CTK fraction at
S ∼ 10−11 erg cm−2 s−1 observed by the Swift/BAT 9 month
survey performed in the 14–195 keV band (Tueller et al. 2008;
Ichikawa et al. 2012) and with the upper limit (<0.23 at a 90%
confidence level) obtained from the first NuSTAR extragalactic
survey in the 8–24 keV band (Alexander et al. 2013). In our
baseline model, the intrinsic fraction of CTK AGNs among
the whole AGNs at log LX = 43.75 is 30 ± 2% at z = 0,
37 ± 2% at z = 1, and 42 ± 2% at z " 2, which are calculated
as fCTKψ43.75(z)/[1 + fCTKψ43.75(z)]. They are fully consistent
with the results obtained by Brightman & Ueda (2012) from the
CDFS data at z > 0.1. Note that using the Swift/BAT 3 yr survey,
Burlon et al. (2011) report a slightly smaller CTK fraction of
20+9

−6% than the above value, though within the errors, because
they do not include heavily CTK AGNs with log NH > 25.

Figure 18 plots the comoving number density of CTK
AGNs with different lower luminosity limits as a function of
redshift predicted from the baseline model. For comparison,
the estimates from X-ray stacking analyses obtained by Fiore
et al. (2008, 2009) are over-plotted. The result by Fiore et al.
(2008) at z = 1.2–2.6 for log LX > 43 (open circle) agrees
well with our model. More recent results reported by Fiore et al.
(2009) from the COSMOS data (filled squares) at z = 0.7–1.2
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Fig. 1. Compilation of the measurements of the cosmic X-ray background spectrum in the 0.5 - 400 keV en-
ergy range. Datapoints with di↵erent colors come from di↵erent combinations of missions and instruments
as labeled and referenced (left labels: E<10 keV; right labels: E>10 keV).
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have to be postulated by AGN population syn-
thesis models trying to explain the XRB broad
band spectrum (see next Section). Heavily hid-
den black holes are then likely the key and
still missing ingredient to get a complete un-
derstanding of the cosmic XRB, keeping it one
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and the “missing” fraction
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Below 10 keV it can be approximated by a
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measures were found to be higher than the clas-
sic value measured by HEAO-1 in the 80s).
The origin of this scatter is still debated. Part
of it, but limited to the measures performed
in pencil beam surveys, could arise from cos-
mic variance. Another source of uncertainty
could be the stray-light which is entering an
X-ray telescope field of view if not properly
modeled (Moretti et al., 2012). Finally, >10%
calibration uncertainties have been observed
among di↵erent instruments on board di↵erent,
or even the same, missions (Tsujimoto et al.,
2011), which could explain another part of the
scatter. It is then fair to conclude that the XRB
absolute flux is known with a ⇠20% systematic
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CXB as a Function of Dark Matter Halo Mass
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halos with the most 

quasar activity
DiPompeo 2016

CXB as a Function of Dark Matter Halo Mass
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CXB as a Function of Eddington Ratio
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fueling mechanism between different 
galaxy populations may not be 
specific to host galaxy type or age

universal broad Eddington ratio 
distribution is consistent with 

observations
➙

universal broad Eddington ratio 
distribution decreases as the gas 

fraction of the galaxy increases

may indicate a connection between the 
black hole activity and galaxy properties 
due to a common supply of gas

➙
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Are AGN Special?

Jones et al 2016, ApJ 826,12 Jones et al 2017, ApJ 843,125 Jones et al 2018a, in prep Jones et al 2018b, in prep 

universal broad Eddington ratio model 
can recover the observed CXB

possible to probe the host galaxy and halo 
properties of AGN that contribute to the CXB➙
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