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1 Introduction

1.1 General utility of X-ray surveys for studies of active galactic nuclei

Cosmic X-ray surveys have now achieved sufficient sensitivity and sky cover-
age to allow the study of many distant source populations including active
galactic nuclei (AGNs), starburst galaxies, normal galaxies, galaxy clusters,
and galaxy groups. Among these, AGNs, representing actively growing super-
massive black holes (SMBHs), dominate the source number counts as well as
the received integrated X-ray power. This has led to an impressive literature
on the demographics, physics, and ecology of distant growing SMBHs found
in X-ray surveys.

The intrinsic X-ray emission from AGNs largely originates in the imme-
diate vicinity of the SMBH. The X-ray continuum arises via Compton up-
scattering in an accretion-disk “corona” over a broad X-ray band, and also
perhaps via accretion-disk emission at low X-ray energies (e.g., Mushotzky
et al 1993; Reynolds and Nowak 2003; Fabian 2006; Turner and Miller 2009;
Done 2010; Gilfanov and Merloni 2014). AGNs hosting powerful jets further-
more often show strong jet-linked X-ray continuum emission (e.g., Worrall
2009; Miller et al 2011). This intrinsic X-ray emission may then interact with
matter throughout the nuclear region to produce, via Compton “reflection”
and scattering, more distributed X-ray emission. In some cases, when the in-
trinsic X-rays are obscured, such reflected/scattered emission may dominate
the observed luminosity.

Cosmic X-ray surveys of AGNs offer considerable utility for several reasons:

1. X-ray emission appears to be nearly universal from the luminous AGNs
that dominate SMBH growth in the Universe. When AGNs have been
reliably identified using optical, infrared, and/or radio techniques, they
almost always also show X-ray AGN signatures (e.g., see Fig. 1 and Avni
and Tananbaum 1986; Brandt et al 2000; Mushotzky 2004; Gibson et al
2008). Thus, the intrinsic X-ray emission from the accretion disk and its
corona empirically appears robust, even if its detailed nature is only now
becoming clear (e.g., Done 2010; Schnittman and Krolik 2013). This point
is discussed further in Section 3.3 and Section 4.2.

2. X-ray emission is penetrating with reduced absorption bias. The high-
energy X-ray emission observed from AGNs is capable of directly pen-
etrating through substantial columns with hydrogen column densities of
NH = 1021–1024.5 cm−2 (e.g., Wilms et al 2000, and references therein).1

This is critically important, since the majority of AGNs in the Universe
are now known to be absorbed by such column densities (see Section 4.1).
X-ray surveys thus aid greatly in identifying the majority AGN populations
and, moreover, in allowing their underlying luminosities to be assessed re-

1 For purposes of basic comparison, the column density through your hand is
NH ∼ 1023 cm−2, while that through your chest is NH ∼ 1024 cm−2 (with significant vari-
ation depending upon the amount of bone intercepted).
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Fig. 1 Upper limit at 90% confidence on the fraction of Sloan Digital Sky Survey (SDSS;
red curve) and SDSS+Bright Quasar Survey (BQS; blue curve) radio-quiet quasars that are
X-ray weak by a given factor. The factor of X-ray weakness is computed relative to expec-
tations based on optical/UV luminosity (see Section 4.2), where a value of unity represents
the average quasar. Broad Absorption Line quasars, which are known often to have heavy
X-ray absorption, have been excluded when making this plot. Note that quasars that are
X-ray weak by a factor of 10 represent <

∼ 3% of the population. Adapted from Gibson et al
(2008).

liably (in a regime where optical/UV luminosity indicators are generally
unreliable). Only in the highly Compton-thick regime (NH ≫ 1/σT, corre-
sponding to NH ≫ 1.5 × 1024 cm−2) does direct transmission become im-
possible, but here one can still investigate the (much fainter) X-rays that
are reflected or scattered around the absorber (e.g., Comastri 2004; Geor-
gantopoulos 2013). An additional relevant advantage of X-ray studies is
that, as one studies objects at increasing redshift in a fixed observed-frame
band, one gains access to increasingly penetrating rest-frame emission (i.e.,
higher rest-frame energies are probed); note the opposite generally applies
in the optical and UV bandpasses where dust-reddening effects increase
toward shorter wavelengths (e.g., Cardelli et al 1989).

3. X-rays have low dilution by host-galaxy starlight (i.e., emission at any
wavelength associated with stellar processes). AGNs generally have much
higher ratios of LX/LOpt and thus fX/fOpt than stars (e.g., Maccacaro et al
1988). Thus, X-rays provide excellent contrast between SMBH accretion
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Fig. 2 Optical and Chandra 2–8 keV images of a local active galaxy (NGC 3783); each
image is 1.5 arcmin on a side. Note the substantial host-galaxy starlight competing with the
AGN light in the optical band while, in the X-ray band, only the AGN light is apparent.
The large contrast in the X-ray band between AGN light and starlight helps greatly with
the identification of distant AGNs.

light and starlight (see Fig. 2), allowing one to construct pure samples of
AGNs even down to relatively modest luminosities. This aspect of X-ray
surveys is critical, for example, at high redshift where it is often unfeasible,
at any wavelength, to resolve spatially the AGN light from host starlight.
For weak or highly obscured AGNs, such dilution by host starlight can
make AGNs difficult to separate from galaxies in the optical/UV regime
(e.g., Moran et al 2002; Hopkins et al 2009).

4. The X-ray spectra of AGNs are rich with diagnostic potential that can
be exploited when sufficient source counts are collected. At a basic level,
the distinctive X-ray spectral characteristics of AGNs can often aid with
their identification, improving still further the purity of AGN samples (see
the previous point). Furthermore, measurements of low-energy photoelec-
tric absorption cut-offs, underlying continuum shapes, Compton reflection
continua, fluorescent line emission (e.g., from the iron Kα transition), and
absorption edges (e.g., the iron K edge) can diagnose system luminosity,
obscuration level, nuclear geometry, disk/corona conditions, and Edding-
ton ratio (LBol/LEdd).

While these basic points of utility have led to great success for the enter-
prise of X-ray surveys, such surveys do have their shortcomings; e.g., in the
regime of highly Compton-thick absorption or in cases of intrinsically X-ray
weak AGNs (see Section 3.3). Thus, when possible, it is critical to complement
X-ray surveys with suitably matched multiwavelength surveys in the area of
sky under study. These can help considerably in filling the small chinks in the
armor of X-ray surveys, thereby allowing nearly complete identification of all
significant SMBH growth.
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1.2 The survey capabilities of relevant distant-universe missions: Chandra,
XMM-Newton, and NuSTAR

In this review, we will describe some of the main discoveries on AGNs coming
from the intensive activity in X-ray (0.5–100 keV) surveys research over the
past 15 yr, mainly focusing on missions that can make sensitive “blank-field”
surveys of typical AGNs in the distant (z = 0.1–5) universe. Our emphasis
will thus be on results from the Chandra X-ray Observatory (hereafter Chan-
dra; e.g., Weisskopf et al 2000), the X-ray Multi-Mirror Mission (hereafter
XMM-Newton; e.g., Jansen et al 2001), and the Nuclear Spectroscopic Tele-
scope Array (hereafter NuSTAR; e.g., Harrison et al 2013). The new results
from these missions rest squarely upon a rich heritage of X-ray survey stud-
ies with several superb earlier X-ray missions, as briefly described in, e.g.,
Section 3.1. We will also introduce more local results from, e.g., the Swift
Gamma-Ray Burst Explorer (hereafter Swift ; e.g., Gehrels et al 2004) and the
International Gamma-Ray Astrophysics Laboratory (hereafter INTEGRAL;
e.g., Winkler et al 2003) where they connect strongly with results from the
distant universe, although these critical local investigations are not our pri-
mary focus (and deserve to be the subject of an entirely separate dedicated
review).

In terms of basic survey capability, both Chandra (launched in 1999 July)
and XMM-Newton (launched in 1999 December) provide X-ray spectroscopic
imaging over broad bandpasses (0.3–8 keV and 0.2–10 keV, respectively) and
over respectable fields of view (290 arcmin2 for Chandra ACIS-I, and 720 arcmin2

for XMM-Newton EPIC-pn).2 Their imaging point spread functions are ex-
cellent (an on-axis half-power diameter of 0.84 arcsec for Chandra) or good
(15 arcsec for XMM-Newton), though these degrade significantly with in-
creasing off-axis angle. Their most sensitive surveys reach about 80–400 times
deeper than those of previous X-ray missions, and excellent source positions
(accurate to 0.5–4 arcsec) allow effective multiwavelength follow-up studies
even at the faintest X-ray fluxes. Typical survey projects with Chandra and
XMM-Newton generate hundreds-to-thousands of detected AGNs, allowing
powerful statistical studies of source populations. Furthermore, systematic
public data archiving practices allow effective survey combination, so that
source populations spanning wide ranges of luminosity and redshift can be
studied together.

NuSTAR is a more recently launched mission (2012 June) that is now
transforming surveys of the X-ray universe above 10 keV. It is the first focus-
ing high-energy (3–79 keV) X-ray observatory in orbit; for X-ray surveys of
the generally faint sources in the distant universe, NuSTAR is most effective
up to ≈ 24 keV (at higher energies, rising background levels and dropping

2 Note that many X-ray detectors, including those used on Chandra and XMM-Newton

to perform cosmic surveys, simultaneously obtain imaging, spectral, and timing data for the
collected photons (e.g., Strüder et al 2001; Turner et al 2001; Garmire et al 2003). Such X-ray
observations are qualitatively different from those generally taken in the optical/infrared
where, e.g., imaging and spectroscopy are largely distinct.
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photon collecting area limit its sensitivity to faint sources). This coverage of
high energies equates to reduced absorption bias even relative to Chandra and
XMM-Newton. The reduced bias is particularly key at z <

∼ 1 where the rest-
frame energies covered by Chandra and XMM-Newton are still modest. The
NuSTAR field of view for spectroscopic imaging is 140 arcmin2, and its imaging
point spread function has an on-axis half-power diameter of 58 arcsec but with
a sharp core having a full width at half maximum of 18 arcsec (this is about an
order of magnitude improvement compared to the imaging capabilities of pre-
vious coded-mask instruments in orbit; e.g., Tueller et al 2010). Its sensitivity
in probing the hard X-ray sky is about two orders of magnitude better than
previous collimated or coded-mask instruments, making it the first genuine
surveyor of the distant universe from 10–24 keV. The first publications from
the extensive NuSTAR survey programs are presently appearing with more in
preparation; these have been delivered by the members of the NuSTAR sur-
vey teams, although the underlying data will be made public for investigations
by the whole astronomical community. Many additional NuSTAR results are
expected in coming years.

1.3 Structure of this review, other relevant reviews, and definitions

As noted above, there is a vast literature on the demographics, physics, and
ecology of distant growing SMBHs found in X-ray surveys. Indeed, more than
500 papers on this subject have been published over the past 15 yr based
on surveys with Chandra, XMM-Newton, and NuSTAR alone. Our primary
aim here is to describe briefly some of the main discoveries coming from these
efforts to make them more accessible to interested researchers and students.
We note in advance that, owing to the vastness of the literature, it will not be
possible to cover all relevant work; our apologies in advance if we could not
cover your favorite result or paper.

The structure for the rest of this review will be the following:

– In Section 2, we will review the main X-ray surveys of the distant universe
and their supporting observations. We will also describe how AGNs are
selected effectively using the X-ray and multiwavelength data.

– Section 3 (“AGN demographics”) will cover demographic results for dis-
tant X-ray selected AGNs, focusing on AGN evolution over cosmic time.
This will also include brief discussions of the population of AGNs missed
in cosmic X-ray surveys, the So ltan and related arguments, and the envi-
ronmental dependence of AGN evolution.

– Section 4 (“AGN physics”) will describe insights on the physical processes
operating in AGNs that have come from X-ray surveys.

– Section 5 (“AGN ecology”) will describe what X-ray surveys have re-
vealed about interactions between growing SMBHs and their environments
(mainly their host galaxies). This section will also discuss the relative ra-
diative output from SMBHs and stars over cosmic time.
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– In Section 6, we will outline key outstanding questions. We will also de-
scribe prospects for advancing the field both in the near and longer terms
using both X-ray and multiwavelength follow-up facilities.

We note that Sections 3, 4, and 5 cover strongly inter-related themes, and
that there is inevitably a degree of subjectivity in assigning some results to
a single one of these sections. Nevertheless, this structure is useful for basic
organizational purposes.

Over the past 15 yr, a number of other relevant in-depth reviews have been
prepared that have some overlap with the topics discussed here. These include
Hasinger and Zamorani (2000), Gilli (2004), Brandt and Hasinger (2005), Urry
and Treister (2007), Hickox (2009), Brandt and Alexander (2010), Alexander
and Hickox (2012), Treister and Urry (2012), Kormendy and Ho (2013), Mer-
loni and Heinz (2013), Shankar (2013), and Gilfanov and Merloni (2014). We
encourage interested readers to consult these reviews as well, noting that they
generally emphasize somewhat different topics than those emphasized here.
We also refer interested readers to the chapters in the Astrophysics and Space
Science Library volume titled “Supermassive Black Holes in the Distant Uni-
verse” (Barger 2004).

Throughout this review we shall adopt J2000 coordinates and a stan-
dard cosmology with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. When
quoting effective hydrogen column densities estimated from X-ray spectral
analyses, we will adopt the cosmic abundances of Anders and Grevesse (1989).
When referring to X-ray obscured AGNs, we will be considering systems with
NH

>
∼ 1022 cm−2 unless noted otherwise. This threshold value is commonly

adopted though admittedly somewhat arbitrary, being close to the typical
maximum absorption expected from a galactic disk. It is also broadly consis-
tent with the division in X-ray absorption level between optically obscured and
optically unobscured AGNs. When referring to highly X-ray obscured AGNs,
we will generally mean systems with column densities at least a factor of ≈ 50
greater; i.e., NH

>
∼ 5 × 1023 cm−2.

2 The main cosmological X-ray surveys, their supporting

observations, and AGN selection

2.1 Description of the current main cosmic X-ray surveys of distant AGNs

The capabilities of Chandra, XMM-Newton, and NuSTAR (see Section 1.2)
have led to a substantial number of X-ray surveys being conducted of the
distant universe. These include targeted surveys, both deep and wide, where a
sky area of particular interest is observed; e.g., a field already having excellent
multiwavelength data or a field containing a notable object such as a high-
redshift protocluster. Furthermore, these include serendipitous surveys that
investigate the serendipitous sources detected in a number of fields observed
for other reasons.
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Table 1 Selected Extragalactic X-ray Surveys with Chandra, XMM-Newton, and NuSTAR

Survey Rep. Eff. Solid Angle Representative
Name Exp. (ks) (arcmin2) Reference

Chandra (0.3–8 keV)

Chandra Deep Field-South (CDF-S) 3870 465 Xue et al (2011)
Chandra Deep Field-North (CDF-N) 1950 448 Alexander et al (2003)
AEGIS-X Deep 800 860 Goulding et al (2012)
SSA22 protocluster 392 330 Lehmer et al (2009a)
HRC Lockman Hole 300 900 PI: S.S. Murray
Extended CDF-S (E-CDF-S) 250 1,128 Lehmer et al (2005)
AEGIS-X 200 2,412 Laird et al (2009)
Lynx 185 286 Stern et al (2002)
LALA Cetus 174 297 Wang et al (2007)
LALA Boötes 172 346 Wang et al (2004)
C-COSMOS and COSMOS-Legacy 160 6,120 Elvis et al (2009)
SSA13 101 345 Barger et al (2001b)
Abell 370 94 345 Barger et al (2001a)
3C 295 92 274 D’Elia et al (2004)
ELAIS N1+N2 75 590 Manners et al (2003)
WHDF 72 286 Bielby et al (2012)
CLANS (Lockman Hole) 70 2,160 Trouille et al (2008)
SEXSIa 45 7,920 Harrison et al (2003)
CLASXS (Lockman Hole) 40 1,620 Trouille et al (2008)
13 hr Field 40 710 McHardy et al (2003)
ChaMPa 25 34,560 Kim et al (2007)
XDEEP2 Shallow 15 9,432 Goulding et al (2012)
Chandra Source Catalog (CSC)a 13 1,150,000 Evans et al (2010)
Stripe 82X—Chandraa 9 22,320 LaMassa et al (2013b)
NDWFS XBoötes 5 33,480 Murray et al (2005)

XMM-Newton (0.2–12 keV)

Chandra Deep Field-South (CDF-S) 2820 830 Ranalli et al (2013)
Lockman Hole 640 710 Brunner et al (2008)
Chandra Deep Field-North (CDF-N) 180 752 Miyaji et al (2003)
13 hr Field 120 650 Loaring et al (2005)
ELAIS-S1 90 2,160 Puccetti et al (2006)
Groth-Westphal 81 730 Miyaji et al (2004)
COSMOS 68 7,670 Cappelluti et al (2009)
Subaru XMM-Newton Deep Survey (SXDS) 40 4,100 Ueda et al (2008)
Marano Field 30 2,120 Lamer et al (2003)
HELLAS2XMMa 25 10,440 Baldi et al (2002)
XMM-LSS XMDS 23 3,600 Chiappetti et al (2005)
3XMMa 15 2,300,000 Watson (2012)
Stripe 82X—XMM-Newtona 15 37,800 LaMassa et al (2013a)
XMM-LSS 10 39,960 Chiappetti et al (2013)
XMM-XXL 10 180,000 Pierre (2012)
Stripe 82X—XMM-Newton Targeted 8 129,600 PI: C.M. Urry
XMM-Newton Slew Survey (XMMSL1)a 0.006 8× 107 Warwick et al (2012)

NuSTAR (3–24 keV)

Extended CDF-S (E-CDF-S) 200 1,100 Mullaney et al, in prep
AEGIS-X 270 860 Aird et al, in prep
COSMOS 65 6,120 Civano et al, in prep
Serendipitous Surveya 22 19,000 Alexander et al (2013)

aSerendipitious survey; see Section 2.1 for brief discussion regarding such surveys.
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Some selected extragalactic surveys conducted with Chandra, XMM-Newton,
and NuSTAR are listed in Table 1. A number of aspects of this table deserve
note:

1. These surveys often have wide ranges of sensitivity across their associ-
ated solid angles due to, e.g., differing satellite pointing strategies and in-
strumental effects. The serendipitous surveys (e.g., ChaMP, SEXSI, CSC,
HELLAS2XMM, 3XMM) particularly stand out in this regard, often be-
ing made up of observations differing by an order of magnitude or more in
exposure time.

2. The solid angles quoted generally represent the total sky coverage at bright
X-ray flux limits.

3. When listing XMM-Newton exposure times, we have attempted to remove
time intervals affected by strong background flaring; such intervals are
generally not useful for surveys of faint cosmic sources.

4. The listed exposure times are for a single X-ray telescope and focal plane
module (FPM). Note that XMM-Newton and NuSTAR have three and two
simultaneously operating telescopes/FPMs, respectively.

5. Some of the surveys have overlap of their solid angles of coverage (e.g.,
CDF-S vs. E-CDF-S; AEGIS-X Deep vs. AEGIS-X; XDEEP2 Shallow
vs. Stripe 82X—Chandra; SXDS vs. XMM-LSS XMDS vs. XMM-LSS vs.
XMM-XXL).

6. Some of these surveys are still increasing in solid angle and/or depth. For
example, many of the serendipitous surveys continue to grow as more X-ray
observations are performed, and the Chandra CDF-S survey is presently
being raised to a 7 Ms exposure.

7. Some of the listed surveys have been conducted in multiple epochs spanning
up to ≈ 15 yr, allowing assessments of long-timescale X-ray variability for
the detected sources (e.g., Paolillo et al 2004; Papadakis et al 2008; Young
et al 2012b; Lanzuisi et al 2014).

Interested readers should consult the cited papers in Table 1 for survey-specific
details. Plots of solid angle of sky coverage vs. sensitivity in both the 0.5–2 keV
and 2–10 keV bands for Chandra and XMM-Newton surveys are given in Fig-
ure 3.

Together, all these surveys cover a broad part of the practically accessible
sensitivity vs. solid-angle “discovery space” via the standard “wedding-cake”
design, providing a quite complete understanding of AGN populations in the
distant universe (though, as discussed in Section 6.2, there is still room for im-
portant improvements). One persistent limitation of X-ray surveys in general,
however, has been the lack of sensitive and thoroughly followed-up surveys
over hundreds-to-thousands of deg2; the widest sensitive surveys presently are
3XMM and XMM-XXL. This limitation has hindered X-ray constraints upon
rare objects, such as the most luminous AGNs in the Universe, although tar-
geted X-ray follow-up studies of such objects selected at other wavelengths
have mitigated this issue to some degree (e.g., Vignali et al 2005; Just et al
2007; Stern et al 2014). eROSITA (e.g., Merloni et al 2012) is expected to im-
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prove this situation significantly in the near future, and dedicated wide-field
X-ray telescopes (e.g., Murray et al 2013; Rau et al 2013) could make major
additional strides (see Section 6.4 for more detailed discussion).

Surveys with Chandra and XMM-Newton have resolved ≈ 75–80% of the
cosmic X-ray background (CXRB) from 0.5–10 keV into point sources (e.g.,
see Section 1.3 of Brandt and Hasinger 2005 for further discussion). Up-to-date
measurements of the resolved fraction of the CXRB below 10 keV in discrete
energy bands may be found in, e.g., Hickox and Markevitch (2006), Lehmer
et al (2012), Xue et al (2012), and Ranalli et al, in prep; Fig. 4 shows results
from one such analysis. These measurements provide useful integral constraints
upon remaining undetected X-ray source populations, although they still lie
significantly below the peak of the CXRB at 20–40 keV. The deepest surveys
with NuSTAR are expected to resolve 30–40% of the 8–24 keV CXRB (e.g.,
Ballantyne et al 2011; J.A. Aird 2014, private communication), reaching closer
to its peak. This is a large improvement over pre-NuSTAR results, where only
a few percent of the 10–100 keV CXRB was resolved (e.g., Krivonos et al 2005;
Treister et al 2009b).

2.2 Supporting multiwavelength observations and spectroscopic follow-up

Characterization of the detected X-ray sources using both multiwavelength
photometric data and spectroscopic observations is crucial for investigating
their nature. At the most basic level, a detected X-ray source must be matched
reliably to a multiwavelength photometric counterpart so that, e.g., the feasi-
bility of spectroscopic observations can be determined; such matching is done
most effectively using a likelihood-ratio technique (e.g., Sutherland and Saun-
ders 1992; Rutledge et al 2000; Ciliegi et al 2003; Naylor et al 2013). Counter-
part matching is straightforward for the majority of sources in Chandra sur-
veys owing to the excellent angular resolution of Chandra (generally providing
0.5–1.5′′ positions; e.g., Evans et al 2010), although there are genuine matching
challenges for the faintest optical, near-infrared (NIR; about 1–5 µm), and/or
mid-infrared (MIR; about 5–30 µm) counterparts. For XMM-Newton surveys
the counterpart matching is more challenging (generally 2–4′′ positions; e.g.,
Watson et al 2009), although the majority of sources in XMM-Newton surveys
can also be matched to optical/NIR/MIR counterparts. In current NuSTAR
surveys (generally 10–20′′ positions; e.g., Harrison et al 2013), the detected
sources are typically first matched to Chandra/XMM-Newton (or other X-ray)
sources which then are matched to optical/NIR/MIR counterparts. The X-ray
sources found in the surveys listed in Table 1 span an extremely broad range
of optical/NIR/MIR flux; e.g., the I-band magnitudes for AGNs range from
brighter than 15th to fainter than 28th magnitude (e.g., Barger et al 2003b;
Szokoly et al 2004; Laird et al 2009; Brusa et al 2010; Luo et al 2010; Pineau
et al 2011; Rovilos et al 2011; Xue et al 2011; Civano et al 2012; Trichas et al
2012).
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Fig. 3 Solid angle of sky coverage vs. sensitivity in both the 0.5–2 keV and 2–10 keV bands
for the surveys in Table 1 from Chandra (blue) and XMM-Newton (green). For comparison
purposes, a few surveys from previous X-ray missions are shown in red. The circles around
some of the points indicate serendipitous surveys as also denoted in Table 1. Some of the
surveys are labeled by name (sometimes abbreviated) in regions where symbol crowding
is not too strong. The vertical dotted line shows the solid angle for the whole sky. Each
of the surveys has a range of sensitivity across its solid angle, and different authors use
somewhat different methodologies for computing and quoting sensitivity; this leads to small
uncertainties in the precise relative locations of the data points.
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Fig. 4 The resolved fraction of the CXRB in the 4 Ms CDF-S observation as a function
of energy from 0.5–8 keV. Shown are the resolved fraction from the 4 Ms CDF-S sources
(blue), the “bright-end correction” that accounts for bright sources too rare to be found
within the studied CDF-S field of view (red), and results from stacking X-ray photons coin-
cident with z-band identified galaxies that are not individually X-ray detected (green, titled
“Sample A”). The summation of these three components is also shown (magenta). The total
CXRB intensity is taken from Hickox and Markevitch (2006) with (non-negligible) uncer-
tainty indicated by the gray area. The unresolved CXRB below ≈ 5 keV, even after inclusion
of the stacked emission coincident with galaxies, is likely associated with groups/clusters of
galaxies. Adapted from Xue et al (2012).

The X-ray data from current surveys generally do not allow direct redshift
determination, although there are occasional cases where redshifts can be mea-
sured based on the strong iron Kα line and/or iron K edge in X-ray spectra
(e.g., Iwasawa et al 2012; Del Moro et al 2014). Thus, spectroscopic and/or
photometric determination of redshifts, usually in the optical/infrared, is es-
sential for, e.g., calculation of source luminosity, the most meaningful X-ray
spectral modeling, and studies of source cosmic evolution. In line with the
broad range of optical/NIR/MIR flux for the counterparts, a wide variety
of facilities have been used productively for spectroscopic redshift determi-
nation, including the largest telescopes on Earth (e.g., Keck, the Very Large
Telescope, and Subaru) for the faintest sources in deep surveys. Enormous
progress has been made with spectroscopic redshift determination for X-ray
survey sources, particularly when multi-object spectrographs can be utilized
to target efficiently large numbers of X-ray sources simultaneously; the field
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Fig. 5 (a) Distribution of the photometric redshift (photo-z, or zphoto) accuracy, ∆z/(1 +
zspec), derived from an unbiased blind-test sample of X-ray AGNs in the CDF-S (zspec
values are spectroscopic redshifts). The typical photo-z accuracy for the sample is evaluated
with a robust estimator, the normalized median absolute deviation (σNMAD): σNMAD =
1.48×median[(|∆z −median(∆z)|)/(1 + zspec)]. (b) Photo-z accuracy, ∆z/(1 + zspec), vs.
R-band magnitude for the blind-test sample. The solid line indicates zphoto = zspec, and
the dotted lines represent relations of zphoto = zspec±0.15(1+zspec). The photo-z accuracy
declines toward faint R-band magnitudes, particularly when considering the frequency of
catastrophically incorrect photo-z values. Adapted from Luo et al (2010).

sizes of these spectrographs often match the sizes of the X-ray survey fields
well. Large samples of X-ray sources with reasonably complete spectroscopic
identification down to I = 22–24 are now available for statistical studies (e.g.,
Barger et al 2003b; Fiore et al 2003; Szokoly et al 2004; Eckart et al 2006; Della
Ceca et al 2008; Trouille et al 2008; Trump et al 2009; Silverman et al 2010;
Kochanek et al 2012; Trichas et al 2012). This being said, much work is still
needed to improve the spectroscopic completeness for some key fields, in some
cases by systematically publishing spectra already acquired. At fainter fluxes
of I = 24–28 where many X-ray sources are found, particularly in the deep-
est X-ray surveys, the spectroscopic completeness drops rapidly (e.g., even in
the intensively studied CDF-S, only ≈ 65% of the X-ray sources overall have
spectroscopic redshifts). This bottleneck remains one persistent driver for the
construction of future Extremely Large Telescopes in the optical/NIR (see
Section 6.3).

It is often possible to derive photometric redshifts of reasonable quality for
X-ray AGNs when spectroscopic redshifts are unavailable, although these are
generally of lower quality than those for comparable non-AGN galaxies (e.g.,
see Fig. 5). Photometric redshifts also provide a useful cross-check even when
spectroscopic redshifts are available; e.g., if only one emission line is clearly
detected then there can be significant uncertainty in the correct spectroscopic
redshift determination. In the best cases, photometric redshifts are derived
from >

∼ 20 bands of MIR-to-UV photometric data, utilize dedicated templates
suitable for X-ray sources such as AGN/galaxy hybrids, utilize dedicated sets
of medium-band filters, and/or allow for AGN optical/NIR/MIR variability
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effects between different filters observed non-simultaneously (e.g., Salvato et al
2009; Cardamone et al 2010; Luo et al 2010; Xue et al 2012; Hsu et al 2014).
Photometric redshift derivations for X-ray sources can reach much fainter op-
tical magnitudes than can be reached spectroscopically (e.g., to I ≈ 28). When
compared with relatively bright optical sources having spectroscopic redshifts,
they have a (magnitude-dependent) typical accuracy in ∆z/(1 + z) of 1–10%
(using σNMAD, see Fig. 5) with an outlier fraction of catastrophically incor-
rect redshifts of 3–20%. Further improvements in statistical redshift estimation
for optically faint X-ray sources should be possible in the near future using
clustering-based techniques (e.g., Matthews and Newman 2010; Ménard et al
2014).

In addition to counterpart identification and redshift determination, mul-
tiwavelength observations play many further key roles in the effective investi-
gation of sources from cosmic X-ray surveys. These include basic characteri-
zation of the nature of the detected sources (see Section 2.3), measurements
of broad-band AGN spectral energy distributions (SEDs) to determine more
reliable bolometric luminosities and investigate accretion processes, and mea-
surements of AGN host-galaxy properties [e.g., stellar mass, star-formation
rate (SFR), morphology, interaction status, and large-scale environment; see
Section 5]. Furthermore, these multiwavelength data have been used to iden-
tify AGNs and AGN candidates missed by the X-ray selection technique (e.g.,
Compton-thick and/or intrinsically X-ray weak AGNs; see Section 3.3).

2.3 AGN selection from the general X-ray source population

The main classes of extragalactic X-ray sources detected in cosmic surveys in-
clude AGNs, starburst galaxies, normal galaxies, galaxy clusters, and galaxy
groups. We will not review the non-AGN classes here and instead refer readers
to the other reviews cited in Section 1.3 for relevant details (e.g., see Section 2.2
of Brandt and Hasinger 2005). Instead, consistent with our focus in this re-
view, we will describe how AGNs are selected from the general X-ray source
population.

Multiple methods can be used to derive a highly reliable sample of AGNs,
including obscured and low-luminosity systems, from a sample of X-ray survey
point sources. Those relying upon direct use of the X-ray data include the
following:

1. X-ray luminosity. Sources with 0.5–10 keV luminosities above 3×1042 erg s−1

are predominantly AGNs. Only rare extreme starburst galaxies in the dis-
tant universe, such as luminous submillimeter galaxies, can exceed this
threshold without an AGN being present; caution is needed in applying
the luminosity threshold when such sources are under study.

2. X-ray luminosity vs. SFR. Many researchers have established relations be-
tween X-ray luminosity and SFR for starburst/normal galaxies that lack
AGNs (e.g., Bauer et al 2002; Ranalli et al 2003; Persic and Rephaeli
2007; Lehmer et al 2010; Mineo et al 2014). X-ray sources lying well above
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(typically, >
∼ 5 times is used) such relations are found to be AGNs. When

quality data capable of constraining host-galaxy SFR are available (e.g.,
in the radio, infrared, and/or UV), this method is both more reliable and
more complete than the straight X-ray luminosity cut of method 1 above.
If host-galaxy stellar mass is also available, then the expected X-ray lumi-
nosity can be estimated as a function of both SFR and stellar mass.

3. X-ray-to-optical/NIR flux ratio. Consistent with the low dilution of X-ray
emission by host-galaxy starlight noted in Section 1.1, AGNs tend to have
higher X-ray-to-optical/NIR flux ratios than starburst/normal galaxies.
Typically thresholds of log(f0.5−10 keV/fR) > −1 using the observed-frame
R band or log(f0.5−10 keV/f3.6µm) > −1 using the observed-frame 3.6 µm
band from Spitzer (e.g., Werner et al 2004) serve to select samples that are
90–95% AGNs (other bands can also be used in a similar fashion, although
the requisite threshold will vary). Ideally these ratios would be derived
using rest-frame rather than observed-frame bands, since the X-ray and
optical/NIR fluxes have significantly different k-corrections. However, this
is often not practical or possible, and when using observed-frame bands it
is generally best to use the reddest optical/NIR band available (e.g., to at
least minimize the effects of dust extinction in high-redshift sources).

4. X-ray spectral shape. X-ray sources with flat effective power-law photon
indices in the 0.5–10 keV band of Γeff < 1.0 are generally obscured AGNs
(obscured AGNs can also have larger Γeff values, but use of a larger Γeff

threshold can lead to uncertain AGN identifications). The effective photon
index from a simple power-law fit is a useful first-order indicator of spectral
shape even when the observed spectrum does not precisely have a power-
law form. It can be estimated based upon direct X-ray spectral fitting or,
in cases of limited counts, based upon a hardness/band ratio. In Γeff < 1.0
cases, the effective photon index is generally flat owing to X-ray absorption
and/or Compton reflection. The X-ray binary populations that dominate
the emission from starburst/normal galaxies are empirically found to pro-
duce steeper X-ray spectra with Γeff

>
∼ 1.5.

5. X-ray variability. Rapid X-ray variability by large amplitudes is commonly
seen among those AGNs where the direct continuum produced close to
the SMBH is observable. This variability is generally stronger than that
seen from collections of X-ray binaries in starburst/normal galaxies (e.g.,
Young et al 2012b). Furthermore, as noted above, some of the X-ray sur-
veys in Table 1 allow variability studies over much longer timescales. Sig-
nificantly variable sources that also have X-ray luminosities larger than
≈ 1041 erg s−1 are likely to be AGNs, although there are rare notable
exceptions (e.g., Kaaret et al 2001; Webb et al 2010).

6. X-ray position. The X-ray positions of AGNs are generally coincident with
the apparent nuclei of their host galaxies (as opposed to, e.g., X-ray bi-
naries, which can be identified across the extent of the host galaxy often
as off-nuclear sources). This positional coincidence can be checked for rela-
tively low-redshift objects (z <

∼ 0.5) when high-resolution X-ray (e.g., Chan-
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Fig. 6 Cumulative number counts for the 4 Ms CDF-S in the (a) 0.5–2 keV and (b) 2–8 keV
bands. The total number counts (black) have been apportioned by source class, as labeled,
into AGNs (blue), galaxies (red), and stars (green). The bottom portions of each panel
show the fractional contributions of each source class to the cumulative number counts.
Note that AGNs remain the numerically dominant source population down to faint fluxes,
although at still-fainter 0.5–2 keV fluxes galaxies will become numerically dominant. The
AGN number counts reach ≈ 14, 900 deg−2 at the faintest 0.5–2 keV fluxes, and this is the
highest sky density of reliably identified AGNs found at any wavelength. Taken from Lehmer
et al (2012).

dra) and optical/NIR (e.g., HST ) imaging are available (e.g., Lehmer et al
2006).

Some of these methods have a long history (e.g., Maccacaro et al 1988 for
method 3) while others have been developed/refined more recently. A few in-
depth applications of these methods include Alexander et al (2005a), Brusa
et al (2010), Laird et al (2010), Xue et al (2011), Lehmer et al (2012), Civano
et al (2012), and Wang et al (2013). Note that some of these methods rely
upon having fairly precise redshift information available while others depend
much less upon redshift; AGN samples can often be selected reasonably well
using methods 3–6 together prior to redshift determination. AGNs are gen-
erally found to make up 75–95% of the sources by number in current X-ray
surveys, with their percentage contribution dropping with survey depth as
many starburst/normal galaxies are detected at faint fluxes (primarily at low
X-ray energies). The precise fractional contribution from AGNs as a function
of survey depth has been quantified in number counts apportioned by source
type (see Fig. 6; e.g., Bauer et al 2004; Civano et al 2012; Lehmer et al 2012).

In addition to the approaches above relying upon the direct use of X-ray
data, approaches relying upon independent multiwavelength data can also be
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used for AGN selection/confirmation from a sample of X-ray sources. These
include the detection of broad and/or high-ionization emission lines in op-
tical/NIR spectra, high surface brightness radio core emission or extended
radio jets/lobes, strong infrared emission from hot dust heated by an AGN
continuum, and distinctive optical variability. In well-studied X-ray and mul-
tiwavelength survey fields, multiple independent methods have been applied to
cross-validate AGN candidates, leading to the most reliable and pure samples
of distant AGNs available.

3 AGN demographics

3.1 The status of AGN evolution studies before Chandra and XMM-Newton

The number-density evolution of the AGN population over cosmic time has
been a topic of intense interest since the 1960’s (e.g., Schmidt 1968). Early work
focused on the evolution of luminous quasars and radio galaxies detected in
wide-field optical/radio surveys (see, e.g., Hartwick and Schade 1990; Hewett
and Foltz 1994; Boyle 2001; Osmer 2004; Merloni and Heinz 2013 for reviews),
and such wide-field studies have continued to advance until the present (e.g.,
Wall et al 2005; Richards et al 2006b; Massardi et al 2010; Ross et al 2013).
Wide-field optical surveys remain largely constrained to the relatively rare
systems where the AGN significantly outshines the host galaxy, owing to the
selection techniques employed (typically based upon source colors measured
in photometric data).

Prior to the launches of Chandra and XMM-Newton, the population of lu-
minous quasars had been well established to evolve strongly over cosmic time,
peaking in number density at z ≈ 2–3. Most analyses up to the year ≈ 2000
found that the form of the evolution at z <

∼ 2.5 could be fit acceptably with
pure luminosity evolution models, although there were reports of more com-
plex evolution at bright magnitudes (e.g., Hartwick and Schade 1990; Boyle
et al 2000). Many researchers reasonably expected that the basic evolutionary
behavior derived for luminous quasars would also apply at lower luminosities.

The German-USA-UK ROSAT mission was the most effective surveyor
of the distant X-ray (0.1–2.4 keV) universe prior to Chandra/XMM-Newton,
contributing to a number of fundamental results on AGN demographics. The
ROSAT Deep Survey in the Lockman Hole, resolving 70–80% of the 0.5–2 keV
CXRB, directly showed that AGNs produce most of the background in this
band (e.g., Hasinger et al 1998; Schmidt et al 1998). The responsible AGNs
showed a range of optical spectral types, including broad-line and narrow-
line spectra, and X-ray-to-optical flux ratios [−1 <

∼ log(f0.5−2 keV/fR) <
∼ 1]. Re-

sults on the X-ray luminosity function (XLF) derived from ROSAT surveys
spanning a range of depths indicated that luminosity-dependent density evo-
lution (LDDE) described the data better than pure luminosity evolution or
pure density evolution (e.g., Miyaji et al 2000, 2001; but see also Page et al
1997), importantly indicating a luminosity dependence of AGN evolution. At
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higher energies, the Japanese-USA ASCA and Dutch-Italian BeppoSAX mis-
sions were able to resolve ≈ 30% of the 2–10 keV CXRB, and follow-up studies
indicated that the majority of the sources in this band were also AGNs (e.g.,
Ueda et al 1998; Fiore et al 1999). Many of these sources had hard X-ray
spectra with effective power-law photon indices of ΓEff = 1.3–1.7, consistent
with longstanding expectations that obscured AGNs make much of the CXRB
which has ΓEff = 1.4 from 2–10 keV (e.g., Setti and Woltjer 1989; Comastri
et al 1995).

The demographics of high-redshift AGNs at z = 3–6 were highly uncertain
when Chandra and XMM-Newton began operation. Optical and radio surveys
of luminous quasars both indicated a consistent strong decline in number den-
sity above z ≈ 3 (e.g., Schmidt et al 1995; Shaver et al 1999). However, X-ray
surveys of somewhat less luminous quasars suggested a lack of any strong de-
cline (e.g., Miyaji et al 2000) and were consistent with a constant number
density at z > 2. Theoretical considerations offered few further constraints,
allowing extremely high quasar space densities in principle (e.g., Haiman and
Loeb 1999). Given the available constraints, it was feasible that the Universe
was reionized at z ≈ 5–7 by AGNs.

3.2 X-ray luminosity functions and the luminosity dependence of AGN
evolution

Owing to the advantages of X-ray surveys detailed in Section 1.1, Chandra and
XMM-Newton have allowed the effective selection of distant AGNs, including
obscured systems, that are up to ≈ 100 times less bolometrically luminous than
those found in wide-field quasar surveys such as the SDSS (e.g., Ross et al 2012;
the vast majority of SDSS broad-line quasars are straightforwardly detected in
moderate-depth X-ray surveys). Objects similar to local moderate-luminosity
Seyfert galaxies can be identified out to z ≈ 5. The sky density of X-ray se-
lected AGNs in the deepest Chandra surveys has now reached ≈ 14, 900 deg−2

(see Fig. 6; Lehmer et al 2012), making them ≈ 500 times more numerous
on the sky than SDSS quasars. As another comparison, the deepest optical
photometric AGN surveys reaching B ≈ 24.5 have delivered AGN sky densi-
ties of ≈ 400 deg−2 (e.g., Wolf et al 2004; Beck-Winchatz and Anderson 2007;
also see Palanque-Delabrouille et al 2013). Furthermore, the ≈ 14, 900 deg−2

sky density is ≈ 15 times larger than that from the ROSAT Deep Survey
(970 deg−2; Hasinger et al 1998), the deepest X-ray survey conducted prior
to Chandra and XMM-Newton. NuSTAR is now further broadening the pa-
rameter space of discovery, allowing improved identification of highly obscured
AGNs at relatively bright flux levels (e.g., Del Moro et al 2014).

AGN samples from Chandra and XMM-Newton are now thought to be suf-
ficiently complete over a broad part of the luminosity-redshift plane to allow
many fundamental issues regarding AGN evolution to be addressed (though
further improvements are still critical; e.g., see Section 3.3). A key finding,
first reported by Cowie et al (2003) and now a subject of many studies, is
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a notable “anti-hierarchical” luminosity dependence of AGN evolution, such
that the number density of lower-luminosity AGNs peaks later in cosmic time
than that of powerful quasars (see Fig. 7; e.g., Barger et al 2005; Hasinger
et al 2005; La Franca et al 2005; Silverman et al 2008a; Ebrero et al 2009;
Yencho et al 2009; Aird et al 2010; Ueda et al 2014). This qualitative be-
havior is also broadly seen in star-forming galaxies (e.g., Cowie et al 1996)
and is often referred to as “cosmic downsizing”, although this term has de-
veloped a number of usages with respect to galaxies (e.g., Bundy et al 2006;
Cimatti et al 2006; Faber et al 2007; Fontanot et al 2009). AGN downsizing
was not widely anticipated prior to its observational discovery; AGN pop-
ulation synthesis models for the CXRB at the time generally adopted the
basic evolutionary behavior of luminous quasars for AGNs of all luminosities.
The most X-ray luminous AGNs with LX = 1045–1047 erg s−1 peak in number
density at z ≈ 2–3, consistent with the behavior of optically selected quasars,
while more common AGNs with LX = 1043–1044 erg s−1 peak at z ≈ 0.8–1.5.
Fig. 7 shows that the luminosity dependence of AGN evolution appears suffi-
ciently important to shift the overall peak of cosmic SMBH power production
to lower redshifts (z ≈ 1.5–2) than would be expected solely from the study of
luminous quasars (z ≈ 2–3). Roughly, at z < 1, z = 1–2, and z > 2 the inte-
grated fractions of SMBH growth (i.e., the total accreted mass onto SMBHs)
are broadly comparable at 25–35%, 37–47%, and 23–33%, respectively. AGNs
with LX = 1044–1045 erg s−1 dominate SMBH power production at z = 1.5–4,
while those with LX = 1043–1044 erg s−1 dominate at lower redshifts (at very
low redshifts of z <

∼ 0.5, AGNs with LX = 1041–1043 erg s−1 also make large
fractional contributions). Ongoing NuSTAR surveys at higher X-ray energies
up to ≈ 24 keV, while providing valuable insights, do not suggest any qualita-
tive revisions to this basic picture (e.g., Alexander et al 2013; Del Moro et al
2014; Civano et al, in prep; Mullaney et al, in prep); e.g., the vast majority
of the NuSTAR survey sources were previously detected by Chandra and/or
XMM-Newton. The downsizing behavior of AGNs has also now been found
in optically selected (e.g., Bongiorno et al 2007; Croom et al 2009; Shen and
Kelly 2012; Ross et al 2013) and radio-selected (e.g., Massardi et al 2010;
Rigby et al 2011) samples, confirming the generality of this phenomenon, al-
though X-ray selected samples remain the most effective at constraining the
downsizing behavior.

Measurement of the quantitative details of the downsizing behavior for
X-ray AGNs depends upon many challenging issues, including initial detec-
tion completeness (and corrections for missed AGNs), multiwavelength coun-
terpart identification, completeness in redshift determination, X-ray spectral
modeling (e.g., X-ray absorption corrections to luminosity estimates), and sta-
tistical methodology in XLF calculation. Thus, while the basic downsizing
phenomenon appears securely established, there is still some remaining de-
bate over the precise form of the XLF and its evolution. The most recent
in-depth studies have proposed either LDDE (e.g., Ueda et al 2014) or lumi-
nosity and density evolution (LADE; e.g., Aird et al 2010); in the latter the
shape of the XLF is constant with redshift, but it undergoes strong luminos-
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Fig. 7 (a) Comoving number density vs. redshift for AGNs, selected from multiple X-ray
surveys, in four rest-frame 2–10 keV luminosity classes [as labeled; in units of log(erg s−1)].
Note that the number density of moderate-luminosity AGNs peaks later in cosmic time than
that of powerful quasars (i.e., AGN cosmic downsizing). (b) Comoving bolometric luminosity
density vs. redshift for the same AGN sample in six bolometric luminosity classes [as labeled;
in units of log(erg s−1)]. Note the peak luminosity density at z ≈ 1.8 for AGNs over the
broad range of LBol = 1043–1048 erg s−1. Taken from Ueda et al (2014).

ity evolution at z <
∼ 1, and overall negative density evolution toward increasing

redshift. Especially at high redshifts of z >
∼ 3, the LDDE and LADE models

predict quite different numbers of AGNs. The latest high-redshift constraints
appear to favor the LDDE model, but further testing is needed.

The observed AGN downsizing behavior seen via the measured XLF could
arise due to changes in the mass of the typical active SMBH and/or changes
in the typical accretion rate. A variety of modeling efforts have been made to
understand the physical nature of AGN downsizing, including analytic mod-
els, semi-analytic models, and large-scale numerical simulations (e.g., Hopkins
et al 2008; Degraf et al 2010; Fanidakis et al 2012; Hirschmann et al 2012,
2014; Menci et al 2013); these efforts sometimes also attempt to model simul-
taneously the growth of AGN host galaxies and their downsizing behavior.
The numerical simulations continue to advance rapidly and include many of
the mechanisms relevant to SMBH fueling and growth, including galaxy inter-
actions, disk instabilities, and gas cooling. They have had genuine success in
plausibly reproducing the apparent basic anti-hierarchical behavior of SMBH
growth within the context of the hierarchical paradigm for cosmic structure
formation. This being said, even the most intensive simulations to date lack
the spatial/mass resolution to model in detail the still uncertain but essential
accretion and feedback processes operating on small scales, and approximate
“sub-grid” approaches are often adopted for these processes.

Given the immense modeling challenges, it is understandable that the
model predictions for XLF evolution and the nature of downsizing end up
differing in detail. Broadly, and as would initially be expected from the XLF
results, the models generally indicate that more massive SMBHs grew earlier
in cosmic time. Some furthermore quantitatively predict a decline in average
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Eddington ratio with redshift (e.g., Fanidakis et al 2012; Hirschmann et al
2012, 2014). The strong early drop in number density of the luminous AGN
population is predicted to result from the exhaustion of cold gas in massive
halos due to strong early star formation and feedback, as well as a decline over
time in merging activity. Less-luminous AGNs evolve more mildly and can
remain numerous later in cosmic time, however, as the gas content of their
generally lower mass halos evolves more mildly. A significant fraction of the
less-luminous AGNs are also remnants of formerly luminous AGNs that have
faded; i.e., objects with low Eddington ratios, perhaps intermittently triggered,
whose massive SMBHs are no longer rapidly growing (in a fractional sense) but
can still appear as AGNs. Additional observational evidence consistent with
this basic picture includes estimates of SMBH masses and Eddington ratios
for distant AGNs in X-ray surveys (see Section 5.4) and observations of the
mass-dependent growth timescales of local SMBHs (e.g., Heckman et al 2004).

Chandra and XMM-Newton have also greatly clarified the demographics of
AGNs at z = 3–6, although there is still scope for significant improvements. In
contrast to the earlier suggestions from ROSAT surveys (see Section 3.1), the
X-ray data now clearly support an exponential decline in the number density
of luminous AGNs above z ≈ 3 (e.g., Barger et al 2003a; Cristiani et al 2004;
Fontanot et al 2007; Silverman et al 2008a; Brusa et al 2009a; Civano et al
2011; Fiore et al 2012a; Hiroi et al 2012; Vito et al 2013, 2014a; Kalfount-
zou et al 2014; Ueda et al 2014), ruling out some of the more exotic early
predictions (e.g., Haiman and Loeb 1999) by ≈ 2 orders of magnitude. Fur-
thermore, quantitative comparisons of space densities for optically selected
quasars (e.g., McGreer et al 2013) and X-ray selected quasars indicate sta-
tistical agreement to within factors of 2–3. At lower AGN luminosities, the
situation is significantly less clear, largely owing to the small solid angles with
sufficiently sensitive X-ray data as well as substantial challenges with spec-
troscopic/photometric follow-up studies. The current data generally suggest a
decline in space density for moderate-luminosity AGNs at z > 3 (e.g., Fiore
et al 2012a; Vito et al 2013, 2014a; Kalfountzou et al 2014; Ueda et al 2014).
Some recent work has found this decline may be less pronounced at the low-
est luminosities, and if this trend holds then “cosmic upsizing” would apply
in this regime, perhaps consistent with expectations for hierarchical structure
formation in the early universe (i.e., given the young age of the Universe, most
SMBHs would not yet have sufficient masses to generate high luminosities).
Improved measurements are required for clarification, especially for the most
highly obscured AGNs at high redshift (e.g., Gilli et al 2011). The available
space-density estimates indicate that, in the absence of dramatic changes in
the XLF at very low luminosities, SMBHs probably did not produce sufficient
power to reionize the Universe at z ≈ 5–7; they likely have secondary effects
upon reionization (e.g., Grissom et al 2014; but see Giallongo et al 2012).
Stacking analyses of high-redshift galaxies have also set upper limits on the
accreted mass density in black holes out to z ≈ 8, providing useful inputs into
models of early SMBH formation (e.g., Cowie et al 2012; Fiore et al 2012b;
Basu-Zych et al 2013; Treister et al 2013).
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3.3 AGNs missed in cosmic X-ray surveys and their importance

As noted in Section 1.1, X-ray surveys do have (small) shortcomings, and thus
it is essential to utilize well-matched multiwavelength surveys to find AGNs
missed by the X-ray technique (as well as to characterize more reliably the
underlying bolometric luminosities of X-ray detected AGNs; see Section 2.2).
Particularly important are missed AGNs that still have sufficiently large bolo-
metric luminosities to contribute materially to cosmic SMBH growth. The pri-
mary way that luminous AGNs can be missed in X-ray surveys involves heavy
obscuration, and that will be the focus of this section below. Additionally,
however, there is growing evidence that a small fraction of the luminous AGN
population is intrinsically X-ray weak (e.g., Leighly et al 2007; Wu et al 2011;
Luo et al 2014; Teng et al 2014), thereby mildly challenging the rule of uni-
versal luminous X-ray emission from AGNs (see point 1 of Section 1.1). Even
in the absence of obscuration, such AGNs will often be difficult to detect, but
thankfully current assessments indicate that intrinsically X-ray weak AGNs
are sufficiently rare that they should not substantially impact demographic
studies (e.g., Gibson et al 2008; Wu et al 2011; Luo et al 2014).

Heavy obscuration with NH = (5–50) × 1023 cm−2 or more, as is commonly
seen in the local universe, can diminish the measurable X-ray emission from an
AGN to below the limits of detectability, even for intrinsically luminous AGNs
in deep X-ray surveys. The factor of diminution depends upon the sampled
rest-frame energy band, the absorption column density, and the absorption ge-
ometry (the latter setting the level of flux that is Compton reflected/scattered
around the absorber); the factor can be 10–100 or more in the 0.5–10 keV band
for large column densities (e.g., Comastri 2004; Burlon et al 2011). Further-
more, owing to the largely energy independent nature of Compton scattering
below a couple hundred keV, observations at tens of keV offer only limited
improvements for sources with highly Compton-thick absorption column den-
sities.

Multiple methods have been applied to identify AGN candidates that are
undetected in the X-ray band, and tens of papers have now been written
on this subject. Arguably the most successful methods have utilized infrared
observations, largely from Spitzer , that home in on AGN “waste heat” (i.e.,
AGN-heated dust emission) and have reduced extinction bias. Such infrared
selection techniques include the following:

1. Color-color selection from MIR photometric data (e.g., Lacy et al 2004;
Stern et al 2005; Polletta et al 2006; Hickox et al 2007; Cardamone et al
2008; Donley et al 2008, 2012; Mateos et al 2013). See Fig. 8.

2. Power-law selection from MIR photometric and/or MIR spectroscopic data
(e.g., Alonso-Herrero et al 2006; Donley et al 2007; Alexander et al 2008;
Donley et al 2008; Park et al 2010). See Fig. 8.

3. Excess MIR emission relative to SFR expectations (e.g., Daddi et al 2007a;
Donley et al 2008; Treister et al 2009b; Alexander et al 2011; Luo et al
2011).
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Fig. 8 (a) Distributions of X-ray luminosity for X-ray detected Spitzer IRAC sources in
the CDF-N (green histogram), AGNs selected by the Lacy et al (2004) MIR color-color
criteria (red histogram), and MIR power-law galaxies (cyan histogram). The bottom panel
shows the fraction of X-ray sources meeting the Lacy et al. (red) or power-law (cyan) criteria.
These MIR criteria are the most effective at selecting luminous AGNs and do not perform as
well for moderate-to-low luminosity AGNs. (b) Median best-fit optical-to-MIR SEDs of the
X-ray detected Spitzer IRAC sources separated into groups by X-ray luminosity [as labeled;
in units of log(erg s−1)]. At high X-ray luminosities the SEDs show a distinctive power-law
shape, while moving toward lower luminosities the stellar bump increasingly dominates. The
observed-frame wavelengths of the four IRAC bands are shown near the top of this panel as
stars. Adapted from Donley et al (2007).

4. High 24 µm-to-optical flux ratios and red optical/NIR colors (e.g., Fiore
et al 2008, 2009; Treister et al 2009a).

5. MIR spectroscopic selection based on deep 9.7 µm Si features (e.g., Geor-
gantopoulos et al 2011).

Optical, radio, and other techniques have also been utilized to identify AGN
candidates, including the following:

1. Optical spectroscopic selection based on high-ionization emission lines (e.g.,
Steidel et al 2002; Hunt et al 2004; Alexander et al 2008; Trump et al 2011b;
Juneau et al 2013, 2014; Vignali et al 2014).

2. Optical variability in multi-epoch photometric data (e.g., Boutsia et al 2009;
Villforth et al 2010, 2012; Sarajedini et al 2011).

3. Excess radio emission relative to SFR expectations (e.g., Donley et al 2005;
Del Moro et al 2013).

4. Radio morphology with jet/lobe structure and/or radio spectral properties
(e.g., Muxlow et al 2005; Barger et al 2007).

5. Selected populations in the color-mass diagram (e.g., Xue et al 2012).

All of these methods have their strengths and weaknesses, in terms of com-
pleteness and reliability (e.g., see Fig. 8), and they are best utilized together
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to enable cross-checking of candidates. X-ray stacking analyses using samples
of AGN candidates derived with the methods above often show hard average
X-ray spectral shapes, indicating that at least some highly obscured AGNs
are indeed present. However, large uncertainties remain about the fraction of
candidates that are bona-fide AGNs and the corresponding AGN luminosities,
particularly among the infrared-selected samples, and much further candidate
characterization is required; e.g., with deeper or harder X-ray observations
and high-quality optical/NIR/MIR spectroscopy. Furthermore, many of these
methods, on their own, are not effective at distinguishing between highly ob-
scured and moderately obscured AGNs.

The X-ray undetected obscured AGNs presumably produce the ≈ 25% of
the 6–8 keV CXRB that remains unresolved (see Section 2.1), and this provides
one integral limit upon their overall importance to cosmic SMBH growth (e.g.,
Xue et al 2012; Ueda et al 2014); also see Section 3.4. If they have low intrinsic
luminosities, as some analyses suggest, they might increase the current AGN
number counts (≈ 14, 900 deg−2; Lehmer et al 2012) by 50% or more.

3.4 The So ltan argument for X-ray selected AGNs

The established relations between the bulge properties of local galaxies and the
masses of the SMBHs at their centers (e.g., Kormendy and Ho 2013; Shankar
2013; and references therein) allow estimation of the total local mass density
of SMBHs (ρ•,loc, in M⊙ Mpc−3). Following So ltan (1982), this quantity then
serves as an integral constraint upon the allowed amount of total cosmic SMBH
growth. Multiple authors have performed this local SMBH mass-density esti-
mation; e.g., Marconi et al (2004) estimate ρ•,loc = (4.6+1.9

−1.4)×105 M⊙ Mpc−3,
Vika et al (2009) estimate ρ•,loc = (4.8 ± 0.7) × 105 M⊙ Mpc−3, and Li et al
(2011) estimate ρ•,loc = (5.8 ± 1.2) × 105 M⊙ Mpc−3. The ρ•,loc values de-
rived over about the past decade have generally been in acceptable, though
not perfect, agreement. However, Kormendy and Ho (2013) have recently ar-
gued that some past SMBH mass estimates need to be revised upward by a
factor of about 2–4, owing to improvements in data, improvements in model-
ing, and the identification of downward biases in emission-line based SMBH
masses (see their Section 6.6). This leads to an increase in ρ•,loc by a factor
of ≈ 2 (L.C. Ho 2014, private communication). Given that this change would
be well in excess of the error bars of past ρ•,loc estimates, it is clear that one
must presently tread cautiously when using the So ltan argument! The size of
the required upward revision of ρ•,loc is still a matter of debate (A. Marconi
2014, private communication).

X-ray AGN demographers have integrated AGN bolometric luminosity
functions, derived from XLFs via bolometric corrections, to estimate the to-
tal amount of cosmic SMBH growth, ρ•,XLF, for comparison to ρ•,loc (e.g.,
Marconi et al 2004; Shankar 2013; Ueda et al 2014; also see Delvecchio et al
2014 for a recent infrared-based perspective). Acceptable agreement can be
achieved, broadly supporting the idea that radiatively efficient gas accre-
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tion (i.e., AGN phases) has driven much of cosmic SMBH growth (signifi-
cant SMBH merging is allowed, provided the merging progenitors grew via
radiatively efficient accretion). For example, Ueda et al (2014) find ρ•,XLF =
(3.9±0.6)×105η−1

0.1 M⊙ Mpc−3, where η0.1 is the average mass-to-energy con-
version efficiency of accretion divided by 0.1. η0.1 ≈ 0.8 would give consistency
with ρ•,loc estimates from 2000–2012, while η0.1 ≈ 0.4 would be required if the
recent upward revision of Kormendy and Ho (2013) is adopted. For compar-
ison, accretion onto a Schwarzschild SMBH would give η0.1 ≈ 0.57 or higher
(with the exact η0.1 depending upon the role of magnetic stress at the in-
nermost stable circular orbit around the SMBH), while (prograde) accretion
onto a Kerr SMBH would give η0.1 as high as ≈ 3.6 (e.g., Agol and Krolik
2000; Noble et al 2009, 2011; J.H. Krolik 2014, private communication). The
ρ•,XLF vs. ρ•,loc agreement is thus fair, though the implied accretion efficiency
would appear low for upward revisions of ρ•,loc as suggested by Kormendy
and Ho (2013). This could be remedied if XLFs still suffer from incomplete-
ness due to, e.g., highly obscured and/or intrinsically X-ray weak AGNs (see
Section 3.3).3 Such objects are very difficult to detect in X-ray surveys, mak-
ing this hypothesis challenging to assess. Detailed considerations also indicate
that η may depend significantly upon SMBH mass and redshift (e.g., Li et al
2012; Shankar 2013; Ueda et al 2014).

The So ltan argument can be utilized in a differential, rather than an inte-
gral, manner to investigate the evolution of the mass function of SMBHs (e.g.,
Marconi et al 2004; Shankar 2013; Ueda et al 2014). The most robust conclu-
sion arising from such work is that more massive SMBHs generally grew ear-
lier in cosmic time (also see Section 3.2). Unfortunately, present uncertainties
in bolometric corrections, η, ρ•,loc, and XLFs limit the precision of So ltan-
argument constraints for, e.g., constraining the amount of SMBH growth
missed by X-ray surveys (see Section 3.3). So ltan-argument constraints are
currently a good first-order “sanity check” but should not be over-interpreted.

3.5 The environmental dependence of AGN evolution

Theoretical models of structure formation predict that galaxy growth is en-
vironmentally dependent (i.e., it is accelerated in high-density regions; e.g.,
Kauffmann 1996; De Lucia et al 2006). Observational support for this hypoth-
esis comes from the finding that the most evolved and massive spheroids reside
in galaxy clusters (high-density regions) by the present day (e.g., Baldry et al
2004; Smith et al 2009). How is the growth of SMBHs influenced by the large-
scale environment? A powerful way to address this question is to compare the
fraction of galaxies hosting AGNs in galaxy clusters (and their high-redshift

3 Additional (likely smaller) relevant factors to consider include (1) XLF incomplete-
ness due to uncertainties in the masses and growth processes of the high-redshift “seeds”
of SMBHs (see Section 3.2), and (2) the ejection of SMBHs from galactic nuclei due to
gravitational-wave production in SMBH merger events. Volonteri et al (2013) and Gilfanov
and Merloni (2014) provide further discussion of these factors.
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progenitors, protoclusters) to that in the field, as measured from blank-field
X-ray surveys.

To first order, the fraction of galaxies in clusters hosting X-ray luminous
AGNs (LX

>
∼ 1043 erg s−1) is found to evolve strongly with redshift out to z ≈ 1,

qualitatively similar to what is seen for the field-galaxy population. However,
the cluster AGN fraction is lower than that in the field by about an order of
magnitude at low redshift, and it appears to rise more rapidly with redshift
(e.g., Eastman et al 2007; Martini et al 2009, 2013). This evolution of the AGN
fraction with redshift also broadly tracks that seen for the star-forming galaxy
population in galaxy clusters. There is evidence that the relative suppression of
AGNs in galaxy clusters is dependent on the richness of the cluster, the cluster-
centric radius explored, and the adopted luminosity threshold for AGN activity
(e.g., Kocevski et al 2009; Klesman and Sarajedini 2012, 2014; Ehlert et al
2014b,a; Koulouridis et al 2014), complicating comparisons between different
studies. In less extreme large-scale environments, such as galaxy groups, there
is no clear evidence for a decrease in the AGN fraction when compared to the
field out to at least z ≈ 1 (e.g., Georgakakis et al 2008; Silverman et al 2009a;
Pentericci et al 2013; Oh et al 2014).

The source statistics are more limited at z >
∼ 1, but, on the basis of current

results, the AGN fraction in galaxy clusters at z = 1.0–1.5 appears broadly
similar to that in the field (e.g., Martini et al 2013). At yet higher redshifts
there is a deficit of galaxy cluster systems, although studies of AGNs in pro-
toclusters (large-scale overdense regions at z >

∼ 2) have found an order of mag-
nitude increase in the AGN fraction when compared to the field (e.g., Lehmer
et al 2009b, 2013; Digby-North et al 2010), an apparent reversal of what is
seen at z < 1. There is also tentative evidence that the AGN fraction in
protoclusters increases in regions of higher galaxy density (e.g., Lehmer et al
2009b, 2013), potentially the opposite to what is seen in massive lower-redshift
galaxy clusters (e.g., Ehlert et al 2014b). Overall, the current results suggest
that the large-scale environment has an effect on the growth of SMBHs, which
is presumably driven by the availability of a cold-gas supply in the vicinity
of the SMBH and may be sparse in massive, evolved (i.e., virialized) galaxy
clusters but is prevalent in less-evolved galaxy clusters and protoclusters (e.g.,
van Breukelen et al 2009). However, there are potentially conflicting results
between the suite of published studies, which may be driven by a number of ef-
fects, including the analyses employed to measure AGN activity, the approach
adopted when comparing to non AGNs (e.g., luminosity and mass thresholds
when calculating the AGN fraction), and the selection of the galaxy clusters
and protoclusters.

The large-scale environment can also be quantified with the two-point cor-
relation function, which measures the clustering strength of selected popu-
lations and provides an estimate of the dark-matter halo mass. Clustering-
strength measurements for X-ray selected AGNs over the broad redshift range
of z ≈ 0–3 imply a characteristic halo mass of ≈ 1012–1013 M⊙ (e.g., Coil
et al 2009; Hickox et al 2009; Cappelluti et al 2010; Koutoulidis et al 2013),
with no highly significant trends with obscuration or luminosity (e.g., Gandhi
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et al 2006; Plionis et al 2008; Coil et al 2009; Gilli et al 2009; Allevato et al
2011; Krumpe et al 2012; Koutoulidis et al 2013). This range in halo mass
is in agreement with that found for luminous star-forming galaxies, optically
selected quasars, and massive galaxies, but it is lower than that found for radio-
selected AGNs (e.g., Coil et al 2009; Hickox et al 2009, 2011, 2012; Georgakakis
et al 2014a; see Fig. 5 of Alexander and Hickox 2012). On the basis of dark-
matter halo models, ≈ 1013 M⊙ broadly corresponds to the maximum mass
where a halo can support a large cold-gas supply—the gas in halos significantly
more massive than this is mostly in a hot form, which is less easily accreted
onto the SMBH (e.g., Cattaneo et al 2006; Croton 2009; Kereš et al 2009).
The dark-matter halo may, therefore, have a strong controlling influence on
the fuelling of AGNs (e.g., Booth and Schaye 2010; Volonteri et al 2011).

Further useful constraints can be placed by measuring how X-ray AGNs
are distributed in dark-matter halos using the halo occupation distribution
(HoD; e.g., Berlind and Weinberg 2002; Zheng et al 2005) formalism. The
main parameters of the HoD are the fraction of central and satellite galaxies
hosting AGN activity as a function of the halo mass. Current constraints
suggest a preference for X-ray AGNs to reside in central galaxies, with < 5%
identified with satellites (e.g., Starikova et al 2011; Richardson et al 2013);
however, models with X-ray AGNs solely hosted in satellite galaxies can also
fit the observed clustering in some cases (e.g., Miyaji et al 2011).

4 AGN physics

The large and relatively complete samples of AGNs detected in X-ray surveys
can provide unique insights, usually of a statistical character, into the physi-
cal processes that shape their emission (i.e., “AGN physics”). These physical
processes span scales from the immediate vicinity of the SMBH (light minutes
to light hours) to that of the obscuring material (light days to light years).
Such survey-based physical investigations critically complement the in-depth
targeted X-ray studies of individual and small samples of AGNs that are an-
other major thrust of X-ray astronomy (e.g., Mushotzky et al 1993; Reynolds
and Nowak 2003; Fabian 2006; Turner and Miller 2009; Done 2010; Gilfanov
and Merloni 2014). In this section, we will briefly review results on AGN
physics coming from three key areas of survey-based investigation: the basic
properties, luminosity dependence, and redshift dependence of AGN X-ray
obscuration (Section 4.1), X-ray-to-optical/UV SEDs (Section 4.2), and the
X-ray continuum shape and its connection to Eddington ratio (Section 4.3).

4.1 AGN X-ray obscuration: Basic properties, luminosity dependence, and
redshift dependence

Understanding of the nature of the obscuring material in AGNs, often referred
to generally as the obscuring “torus” of orientation-based unification models
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(e.g., Antonucci 1993), continues to improve rapidly. In recent years, for exam-
ple, it has become possible to obtain direct estimates of the (luminosity depen-
dent) extent of the torus (e.g., Burtscher et al 2013; Koshida et al 2014) and
to ascertain its apparently clumpy nature (e.g., Elitzur and Shlosman 2006;
Mor et al 2009). Studies based on X-ray surveys have advanced understanding
of AGN obscuration in several regards. First, X-ray surveys provide arguably
the clearest evidence that the majority of the AGNs in the Universe are ob-
scured. Basic X-ray spectral analyses of the detected AGNs in deep X-ray
surveys find that the majority show evidence for obscuration (e.g., Dwelly
and Page 2006; Tozzi et al 2006; Merloni et al 2014), even before accounting
for biases against detecting heavily obscured objects (see Section 3.3). The
inferred column-density distribution of the underlying obscured population,
before separation into luminosity and redshift bins, appears to peak roughly
around NH ≈ 1023 cm−2 with an approximately log-normal shape having a
logarithmic σ ≈ 1. This result implies that a substantial fraction of AGNs will
be highly obscured and even Compton-thick. Additionally, there is a signifi-
cant minority of low-obscuration systems with NH values consistent with zero,
in agreement with expectations from unification models.

Another key advance, where recent X-ray surveys covering a broad part of
the luminosity-redshift plane have contributed substantially, has been in clari-
fying the long-suspected (e.g., Lawrence and Elvis 1982; Lawrence 1991) lumi-
nosity dependence of the fraction of obscured AGNs (e.g., Treister and Urry
2006; Hasinger 2008; Burlon et al 2011; Brightman et al 2014; Merloni et al
2014; Ueda et al 2014). The fraction of AGNs showing X-ray obscuration drops
strongly with rising X-ray luminosity, from ≈ 70% at L2−10 keV = 1043 erg s−1

to ≈ 20% at L2−10 keV = 1045 erg s−1 (for z < 1). Results from recent in-
frared (e.g., Ballantyne et al 2006; Treister et al 2008; Assef et al 2013; Lusso
et al 2013; Toba et al 2014) and optical (e.g., Simpson 2005) surveys broadly
confirm this basic revision of orientation-based unification models (but see
Lawrence and Elvis 2010). AGNs of higher luminosities may be able to evacu-
ate or destroy, via radiative feedback, circumnuclear gas and dust more effec-
tively, leading to a so-called “receding torus” with larger opening angle (e.g.,
Menci et al 2008; Nenkova et al 2008). Alternatively, luminosity-dependent
changes in the underlying X-ray-to-optical/UV SED (see Section 4.2) may
drive changes in the absorption properties; e.g., if the obscuring material is
often in the form of a radiatively driven wind. The precise numerical values for
obscured fractions differ between different authors and have remaining system-
atic uncertainties owing to, e.g., selection biases against highly obscured AGNs
and limited photon statistics in absorption spectral modeling; at faint X-ray
fluxes currently only crude hardness-ratio based absorption estimates can be
effectively used, and these cannot appropriately characterize complex X-ray
absorption (e.g., Mayo and Lawrence 2013; Buchner et al 2014). Moreover,
wide-field infrared surveys suggest, somewhat surprisingly, that the fraction
of highly obscured AGNs may rise upward substantially again at the highest
luminosities (LBol ∼ 1047 erg s−1) reaching ≈ 50% (e.g., Assef et al 2014;
Stern et al 2014). At the highest AGN luminosities, the nature of the material
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typically providing the obscuration may change from the standard small-scale
torus to something else, perhaps more distributed gas and dust that has been
perturbed by galaxy major mergers leading to high Eddington-ratio AGNs
(e.g., Draper and Ballantyne 2010).

The fraction of AGNs showing X-ray obscuration, after allowing for lumi-
nosity effects, also appears to rise with redshift (e.g., Treister and Urry 2006;
Hasinger 2008; Hiroi et al 2012; Iwasawa et al 2012; Vito et al 2013, 2014a;
Brightman et al 2014; Merloni et al 2014; Ueda et al 2014). Recent studies
find this rise can be parameterized as proportional to (1 + z)0.4−0.6 at least up
to z ≈ 2, beyond which the uncertainties become substantial. Such evolution
of the obscured fraction might arise due to the generally greater availability of
nuclear gas and dust in galaxies at earlier cosmic times. There remains debate
regarding whether this redshift evolution applies for all AGNs or primarily for
the most-luminous ones (e.g., Iwasawa et al 2012; Vito et al 2013; Merloni et al
2014; Ueda et al 2014); a luminosity dependence of the evolution might arise
if low-to-moderate luminosity AGNs and high-luminosity AGNs have different
fueling mechanisms (see Section 5.3). This evolution of AGNs on the physi-
cal scale of the absorbing medium is notably not accompanied by apparent
small-scale evolution of the accretion disk and its corona (see Section 4.2).

Finally, we note briefly that this section has primarily focused on X-ray
obscuration. The relations between X-ray obscuration and that at other wave-
lengths (e.g., optical/UV reddening, blocking of line emission from the Broad
Line Region, UV absorption lines) remain an extremely complex issue requir-
ing much further work, and understanding such relations thoroughly will elu-
cidate the structure and kinematics of the obscuring material (e.g., Mainieri
et al 2007; Trouille et al 2009; Lawrence and Elvis 2010; Luo et al 2010; Merloni
et al 2014 and references therein).

4.2 Basic X-ray-to-optical/UV spectral energy distribution properties

One of the most effective ways to investigate the accretion physics of the
SMBHs in AGNs is to study their overall broad-band SEDs. The part of the
AGN SED spanning from the X-ray to the optical/UV (hereafter, the “X-ray-
to-optical/UV SED”) is the spectral region where direct accretion emission
dominates for relatively unobscured systems (after subtraction/removal of
the light from the AGN host galaxy; see Section 5.1). Studies of X-ray-to-
optical/UV SEDs have a long history (e.g., Avni and Tananbaum 1986), and
they continue to deliver fundamental insights as improved data, analysis tech-
niques, and theoretical modeling become available. In addition to providing
constraints upon accretion physics, these studies also are critically important,
e.g., when

1. Assessing the universality of AGN X-ray emission and selecting remark-
able AGNs that deviate from the typical X-ray-to-optical/UV SED (see
Section 1.1 and 3.3).

2. Making bolometric corrections in the So ltan argument (see Section 3.4).
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3. Modeling the winds responsible for many of the absorption-line properties
of AGNs and likely feedback; the UV and extreme-UV (EUV) continuum
largely drives these winds, which must also be protected from overioniza-
tion by the underlying X-ray emission (e.g., Murray et al 1995; Proga et al
2000; Luo et al 2014).

While the X-ray-to-optical/UV portion of the AGN SED is complex (e.g.,
Vasudevan and Fabian 2009; Trump et al 2011a; Elvis et al 2012; Jin et al
2012a; Scott and Stewart 2014), its first-order properties can be described
in large samples with the use of simple parameters. The most common such
parameter is αox, defined to be the slope of a nominal power law connecting
the rest-frame 2500 Å and 2 keV monochromatic luminosities; i.e., αox =
0.3838 log(L2 keV/L2500 Å

). For systems where the direct accretion emission
is dominant, αox compares the relative amounts of power coming from the
optically thick accretion disk (at rest-frame 2500 Å) and the accretion-disk
corona (at rest-frame 2 keV).

X-ray surveys have now provided sensitive and often relatively uniform
coverage for substantial numbers of unobscured or mildly obscured AGNs
that span a broad part of the AGN luminosity-redshift plane. These have
been used, often in conjunction with other AGN samples, to extend studies
of X-ray-to-optical/UV SEDs using αox (e.g., Steffen et al 2006; Just et al
2007; Kelly et al 2007; Green et al 2009; Lusso et al 2010; Young et al 2010);
importantly, sensitive X-ray surveys have allowed the majority population of
moderate-luminosity AGNs at high redshift to be included in such analyses.
αox shows a clear correlation with optical/UV luminosity (L

2500 Å
) at all in-

vestigated redshifts (z = 0–6), such that AGNs with higher L
2500 Å

produce
less X-ray emission per unit optical/UV emission (see Fig. 9). This finding
is qualitatively in agreement with earlier studies (e.g., Avni and Tananbaum
1986; Anderson and Margon 1987; Wilkes et al 1994), and the correlation with
L
2500 Å

appears stronger and tighter than that with estimates of LBol/LEdd.
The correlation is now well established over at least five orders of magnitude
in L

2500 Å
, and the observed range of αox corresponds to a substantial range

of ≈ 20 in X-ray vs. optical/UV luminosity. There is considerable object-to-
object scatter, corresponding to a factor of ≈ 3 in X-ray vs. optical/UV lumi-
nosity in either direction around the αox-log(L

2500 Å
) relation. Some of this

scatter simply arises from (generally) non-simultaneous observations of AGNs
that vary both in the X-ray and optical/UV, but the majority appears to be
genuine intrinsic scatter (e.g., Gibson and Brandt 2012; Vagnetti et al 2013).
Additional physical parameters beyond L

2500 Å
, such as LBol/LEdd, likely can

explain much of this scatter (e.g., Kelly et al 2008; Shemmer et al 2008; Lusso
et al 2010; Young et al 2010; Jin et al 2012a). The αox-log(L

2500 Å
) relation

is also likely nonlinear (e.g., Steffen et al 2006; Maoz 2007; Green et al 2009;
Vagnetti et al 2013), appearing flatter at low luminosities and steeper at high
luminosities, but detailed constraints on the form of the nonlinearity remain
limited.
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Fig. 9 The αox parameter vs. 2500 Å monochromatic luminosity for (a) optically selected
AGNs from Steffen et al (2006) and Just et al (2007), and (b) X-ray selected AGNs from
Lusso et al (2010). Larger negative values of αox correspond to weaker X-ray emission relative
to optical/UV emission. The bottom portions of each panel show the residuals relative to the
best-fit relation. In panel (a), the Kendall’s τ coefficient and its significance are presented,
along with the functional form of the best-fit relation. In panel (b), the abbreviated references
for the plotted fits refer to Steffen et al (2006), Just et al (2007), and Lusso et al (2010). The
symbol colors/types in each panel denote the AGN samples utilized; see the cited papers for
details. AGNs become relatively X-ray weaker with increasing optical/UV luminosity, over
a very wide range of this luminosity. Taken from Just et al (2007) and Lusso et al (2010).

The functional form and parameters of the αox-log(L
2500 Å

) relation pro-
vide fundamental constraints that any successful model of the SMBH disk-
corona system must be able to reproduce. For example, as large-scale nu-
merical magnetohydrodynamic simulations of black-hole accretion flows con-
tinue their rapid advances (e.g., Schnittman and Krolik 2013), it is expected
that researchers will soon be able to determine which physical parameters
(LBol/LEdd, SMBH mass, SMBH spin, magnetic-field structure) set the disk-
to-corona power balance and the observed X-ray-to-optical/UV SED. Given
this importance for accretion models, it is of concern that the recent improved
studies of the αox-log(L

2500 Å
) relation, while agreeing on its existence, some-

times disagree about its slope/intercept and functional form; e.g., fitted pa-
rameters disagree by more than is allowed by their statistical uncertainties.
Until such systematic uncertainties in the observational results are resolved, it
will be difficult to use them to inform physical disk-corona models with high
fidelity. Furthermore, αox was defined at rest-frame 2500 Å and 2 keV largely
for observational convenience, rather than for fundamental reasons, and it is
not obvious that these are the optimal wavelength/energy choices to consider
for characterization of X-ray-to-optical/UV SEDs. In this vein, Young et al
(2010) have considered the effects of varying these choices. The slope of the
αox-log(LOpt) relation does depend significantly upon chosen X-ray energy,
generally becoming steeper/flatter as the definition is moved to lower/higher
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energies. On the other hand, the slope does not appear to depend strongly
upon the chosen optical/UV wavelength.

Most recent studies of X-ray-to-optical/UV SEDs using αox find no signifi-
cant evolution with redshift (e.g., Steffen et al 2006; Just et al 2007; Green et al
2009; Lusso et al 2010); the tightest limits require the X-ray-to-optical/UV
luminosity ratio to change by <

∼ 30% out to z = 5–6. However, there are coun-
terclaims finding evidence for redshift evolution (e.g., Kelly et al 2007), and
the issue requires further scrutiny with even further improved samples. The
current consensus is that, in spite of the dramatic evolution of AGN number
densities over cosmic time (see Section 3.2), the inner accretion properties of
the individual AGN unit are notably stable.

4.3 X-ray continuum shape as an estimator of Eddington ratio

As the primary indicator of SMBH growth rate, the Eddington ratio is of crit-
ical importance in studies of SMBH demographics (see Section 3.2), physics
(see Section 4.2), and ecology (see Section 5.4). LBol/LEdd is typically de-
rived by estimating the mass of a SMBH (and thus its Eddington limit) and
also its bolometric luminosity. Unfortunately, mass estimates and bolomet-
ric corrections for SMBHs in the distant universe generally have substantial
uncertainties (e.g., see Shen 2013 and Peterson 2014 for discussion of virial
SMBH mass estimators and Hao et al 2014 for discussion of bolometric cor-
rections; also see Section 5.4). Thus, it is important to have as many methods
as possible for LBol/LEdd estimation, so that different approaches can be cross
checked.

It has long been suspected that the intrinsic hard X-ray (rest-frame 2–10 keV)
power-law photon index (Γ ) of a radio-quiet AGN can be used as an estimator
of LBol/LEdd (e.g., Pounds et al 1995; Brandt et al 1997). Higher LBol/LEdd

is expected to lead to increased Compton cooling of the accretion-disk corona,
and thus steeper 2–10 keV power-law spectra (i.e., larger values of Γ ; higher
LBol/LEdd also often leads to the production of a strong “soft X-ray excess”
affecting the spectrum below rest-frame 2 keV). The early suspicions have
now been confirmed via both targeted (e.g., Shemmer et al 2006, 2008) and
X-ray survey-based (e.g., Risaliti et al 2009; Jin et al 2012a; Brightman et al
2013; Fanali et al 2013) studies, which find clear Γ − LBol/LEdd correlations
across a broad range of luminosity and redshift (and no apparent redshift de-
pendence); see Fig. 10. The Γ − LBol/LEdd correlation does have significant
object-to-object scatter (a factor of ≈ 3, when high-quality Γ measurements
are available; e.g., Shemmer et al 2008) and thus, as with other methods of
LBol/LEdd estimation, it is best used in a statistical sense to characterize the
average Eddington ratio of a sample of objects. The Γ −LBol/LEdd technique,
of course, requires a reliable measurement of the intrinsic power-law photon
index; i.e., corrected for X-ray absorption and Compton-reflection effects. The
penetrating nature of 2–10 keV X-rays naturally mitigates absorption effects,
and this technique should be effective for moderate column densities up to



Cosmic X-ray surveys of distant active galaxies 33

Fig. 10 Hard X-ray power-law photon index vs. Eddington ratio (λEdd = LBol/LEdd)
for a sample of AGNs from COSMOS and E-CDF-S. The top panel shows results for the
individual AGNs, where red and green points indicate LBol/LEdd measurements based upon
Hα and Mg ii virial estimators, respectively. A correlation is clearly present (the Spearman-
test correlation coefficient and probability are listed), albeit with significant object-to-object
scatter. The bottom panel shows binned average values for groups of individual AGNs from
the top panel. The black and red dotted lines show earlier Γ −LBol/LEdd correlations from
Shemmer et al (2008) and Risaliti et al (2009), respectively. The apparent systematic offsets
of the three correlations may be due to differences in SMBH mass estimation and spectral
fitting methodology. Taken from Brightman et al (2013).

NH ≈ 1022.5 cm−2 where some other techniques fail (e.g., due to reddening of
optical line emission from the Broad Line Region). It may be possible, with
broad-band X-ray coverage and in-depth modeling, to recover the intrinsic
photon index for even larger values of NH (e.g., Arévalo et al 2014; Puccetti
et al 2014). Finally, the Γ − LBol/LEdd technique, once calibrated, is a direct
LBol/LEdd estimator that does not require intermediate estimation of SMBH
mass. In fact, it can be utilized to serve as another SMBH mass-estimation
technique via the dependence of LEdd on SMBH mass (e.g., Shemmer et al
2008).
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5 AGN ecology

Ecology refers to the relationship between “organisms” and their physical sur-
roundings. From the point of view of this review, the ecology of AGNs refers
to the relationship between the AGN and the host-galaxy environment.4 Un-
til comparatively recently AGNs were considered an exotic phenomenon with
no close connection to their host galaxies. However, over the past 20 years,
the identification of tight relationships between the mass of the SMBH and
various host-galaxy properties for nearby galaxies (e.g., the bulge luminosity,
mass, and velocity dispersion; Kormendy and Richstone 1995; Magorrian et al
1998; Gebhardt et al 2000; Kormendy and Ho 2013) has comprehensively dis-
missed this view by implying that (1) most (if not all) massive galaxies have
hosted AGN activity at some time over the past ≈ 13 Gyr of cosmic evolution
and (2) the growth of SMBHs and galaxies is connected, potentially via a link
between AGN activity and star formation (the two primary processes whereby
SMBHs and galaxies are grown). Since the majority of the growth of SMBHs
has occurred at z >

∼ 0.2 (see Section 3.2 and Fig. 7), X-ray surveys of distant
AGNs provide key insight into when, where, and how these SMBHs grew, and
can shed light on any connections between AGN activity and star formation
(when combined with other multiwavelength observations).

In this section we review research on the host galaxies of distant X-ray
AGNs and explore if anything “special” is happening in the AGN-hosting
galaxies by making comparisons to galaxies that lack AGN activity. We start
with a brief overview of the broad-band emission from galaxies and AGNs to
illustrate how the properties of an AGN host galaxy can be measured without
significant contamination from the AGN itself. To provide the broadest redshift
baseline to search for trends in the host-galaxy properties of distant AGNs we
often include comparisons to the host-galaxy properties of AGNs in the nearby
universe, principally those detected by the Swift-BAT survey (e.g., Tueller et al
2010; Baumgartner et al 2013).

5.1 The broad-band emission from galaxies and AGNs

The bulk of the emission from galaxies is produced at UV–submillimeter wave-
lengths (≈ 0.1–1000 µm; e.g., Kennicutt and Evans 2012) and is primarily due
to the radiation produced by populations of stars as well as AGN activity, when
present. The intrinsic emission from these stellar populations peaks at UV–NIR
wavelengths and corresponds to the (approximate) black-body radiation from
stars over a range of masses and ages (Kurucz 1979). This intrinsic emission
is typically modified by the presence of dust, particularly in regions of young
and forming stars, which are generally optically thick to short-wavelength UV–
NIR radiation. Consequently, the emission from young and forming stars is

4 In this review we use the term host-galaxy environment to describe the properties of the
host galaxy (e.g., mass, color, morphology, SFR) rather than the large-scale environment in
which the galaxy resides.
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Fig. 11 The median rest-frame UV–MIR SEDs of X-ray AGNs at z ≈ 0–4. The range in
X-ray luminosity [in units of log(erg s−1)] for subsets of the X-ray AGNs are shown in
addition to the number of X-ray AGNs used to produce the median SEDs. These SEDs
are compared to the mean SED of the low-luminosity quasars from the SDSS, with the
host-galaxy contribution removed to indicate the expected SED from a “pure AGN” (gray
curve; Richards et al 2006a). The emission at rest-frame ≈ 0.2–4 µm from the X-ray AGNs
is predominantly due to starlight from the host galaxy since the majority of the AGNs are
obscured or intrinsically weak at optical wavelengths. Taken from Luo et al (2010).

often most efficiently measured using infrared observations since the starlight
will heat the dust and thermally reradiate the emission at FIR wavelengths
(λ ≈ 30–300 µm; typical temperatures of T ≈ 10–100 K). The majority of the
emission from galaxies undergoing intense star formation is, therefore, pro-
duced at FIR wavelengths, while the majority of the emission from quiescent
galaxies (i.e., those with little on-going star formation) is produced at UV–NIR
wavelengths.

A significant fraction of the AGNs detected in X-ray surveys are obscured
or intrinsically weak at UV–NIR wavelengths; see Section 1.1 and 4.1. While
this makes it challenging to determine the properties of the AGN over that
band pass, it allows for convenient measurements of the host-galaxy properties
without significant contamination from the AGN (e.g., Simmons and Urry
2008; Silverman et al 2009b; Pierce et al 2010a; Xue et al 2010; Lusso et al
2011). See Fig. 11 for the SEDs of distant X-ray AGNs, showing the host-
galaxy emission peaking at ≈ 0.2–4 µm. Reliable host-galaxy measurements for
the population of luminous and unobscured AGNs are also possible provided
the AGN emission can be accurately constrained (and therefore removed) at
UV–NIR wavelengths (e.g., Assef et al 2010; Merloni et al 2010; Bongiorno
et al 2012; Santini et al 2012). The most basic host-galaxy properties that we
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can measure at UV–NIR wavelengths are luminosity, color, and morphology.
The host-galaxy color provides a basic characterization of the galaxy integrated
stellar populations and, when combined with the luminosity, a reliable estimate
of the mass of the host galaxy (e.g., Bell and de Jong 2001; Zibetti et al
2009; Conroy 2013). The morphology can provide clues to the formation and
evolution of galaxies and, when spatially resolved color information is available,
basic constraints on the stellar populations across the galaxy. We explore the
host-galaxy masses, colors, and morphologies of X-ray AGNs in Section 5.2
and 5.3.

AGNs are often luminous at infrared wavelengths due to the thermal emis-
sion from dust in the vicinity of the accretion disk (e.g., the putative obscuring
torus; Antonucci 1993), potentially contaminating infrared-based SFR esti-
mates. However, since the accretion disk is hotter than young stars, the dust
is typically heated to higher temperatures (≈ 100–1000 K) and, therefore, the
majority of the infrared emission from the AGN is shifted to shorter NIR–
MIR wavelengths than that from star formation (≈ 3–30 µm; e.g., Netzer et al
2007; Mullaney et al 2011). Consequently, for many AGN studies, the FIR
emission is taken as a measurement of the SFR; however, to provide the most
accurate SFR constraints it is necessary to decompose the infrared emission
into the AGN and star-formation components, which is essential for reliable
SFR measurements from intrinsically luminous AGNs (e.g., Netzer et al 2007;
Symeonidis et al 2010; Mullaney et al 2011; Kirkpatrick et al 2012; Del Moro
et al 2013; Delvecchio et al 2014). We explore the SFRs of X-ray AGNs in
Section 5.5.

5.2 Host-galaxy masses and colors

The large numbers of optically obscured and intrinsically weak AGNs detected
in Chandra and XMM-Newton surveys provided the first detailed measure-
ments of the host-galaxy properties of distant AGNs without significant con-
tamination from AGN activity at UV–NIR wavelengths. Initial studies noted
that the AGN host galaxies were typically luminous ( >

∼L∗; i.e., the knee of
the galaxy luminosity function; Schechter 1976) and have red optical colors,
suggesting massive early type systems (Hubble types Sa–E; e.g., Alexander
et al 2001, 2002; Barger et al 2001b, 2002; Cowie et al 2001; Severgnini et al
2003; Gandhi et al 2004). More recent studies estimated the host-galaxy stel-
lar masses by fitting the UV–NIR emission with stellar-population models and
applied appropriate mass-to-light conversions to the host-galaxy luminosities.
These analyses were significantly helped by the launch of Spitzer in 2004, which
provided the first extensive rest-frame NIR data for distant sources using the
IRAC instrument (3.6–8 µm; Fazio et al 2004). As expected, given the results
from the initial studies, the majority of the distant X-ray AGNs were found to
be hosted by massive galaxies (> 3 × 1010 M⊙; e.g., Akiyama 2005; Papovich
et al 2006; Alonso-Herrero et al 2008; Bundy et al 2008; Brusa et al 2009b;
Xue et al 2010; Mainieri et al 2011; Lusso et al 2011), with the average stellar
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mass comparable to that of M∗ (≈ 1011 M⊙; i.e., the knee of the stellar-mass
function; Cole et al 2001; Marchesini et al 2009; Ilbert et al 2010). Distant
AGNs are also identified in lower-mass host galaxies (down to ≈ 107–109 M⊙)
and are most prevalent in the deepest Chandra surveys (e.g., Shi et al 2008;
Brusa et al 2009b; Xue et al 2010, 2012; Schramm et al 2013) but they always
comprise a minority of the AGN population in X-ray surveys. As discussed
in Section 5.4 this is more due to challenges in detecting these sources rather
than their intrinsic rarity. No strong trend for an increase or decrease in the
average stellar mass of X-ray AGNs with redshift is found down to z ≈ 0.2.
However, by contrast, the average stellar mass of Swift-BAT selected AGNs
at z < 0.05 is found to be substantially lower than the distant X-ray AGNs
(≈ 2 × 1010 M⊙; e.g., Koss et al 2011). This lower average stellar mass is
not obviously due to selection effects since the majority of the sources have
X-ray luminosities comparable to the distant AGNs (14–195 keV luminosities
of ≈ 1043–1044 erg s−1; Tueller et al 2010; Koss et al 2011). Therefore, the
differences in the average stellar masses of distant and nearby X-ray AGNs ap-
pear to be due to either a genuine decrease in the host-galaxy masses over the
narrow redshift range of z ≈ 0.05–0.2 or different approaches in the estimation
of the host-galaxy masses.

A common diagnostic to characterize the properties of galaxies is the color-
magnitude diagram (CMD), which plots rest-frame optical colors vs. absolute
magnitude and provides insight into the integrated stellar populations (e.g.,
Strateva et al 2001; Baldry et al 2004). The CMD for galaxies is found to be
bimodal out to at least z ≈ 1–2 (e.g., Bell et al 2004; Brammer et al 2009; Xue
et al 2010), with the majority of galaxies either falling on the “red sequence”
or the “blue cloud”, which are believed to correspond broadly to quiescent and
star-forming galaxies, respectively. Intense star-forming galaxies can also lie
on the red sequence due to the presence of dust-obscured star formation rather
than quiescent stellar populations (e.g., Cardamone et al 2010; Bongiorno et al
2012; Rosario et al 2013b; Wang et al 2013). Consequently, the CMD is not,
in isolation, a reliable indicator of the degree of on-going star formation and
other analyses are often required to determine which red-sequence galaxies
are quiescent and which are intensely forming stars (e.g., Rosario et al 2013b);
see Section 5.1. A modest fraction of the galaxy population lies in a narrow
“green valley” between these two dominant regions, which is likely to comprise
galaxies with a mix of red and blue stellar populations (e.g., a galaxy with both
significant ongoing star-formation and a significant old stellar population) in
addition to galaxies transiting from the blue cloud to the red sequence due to
the (potentially rapid) shut down of star formation in the host galaxy (e.g.,
Faber et al 2007; Martin et al 2007; Hasinger 2008; Schawinski et al 2009,
2014; Cimatti et al 2013; Goulding et al 2014; Pan et al 2014).

The first CMD analyses of distant X-ray AGNs showed that many lie in
the green valley (e.g., Nandra et al 2007; Silverman et al 2008b; Hickox et al
2009), where only a minority of the optically selected galaxy population is
found. The distinct difference between the locations of the AGNs and the op-
tically selected galaxy populations in the CMD implies that distant AGNs are
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found in a subset of the galaxy population and, tentatively, suggests that they
are the catalysts for the transition of galaxies from the blue cloud to the red
sequence (e.g., through the suppression of star formation via energetic winds,
outflows, and jets; see Veilleux et al 2005; Alexander and Hickox 2012; Fabian
2012 for reviews). However, later studies showed that clear distinctions be-
tween the host-galaxy colors of the AGN and the galaxy populations mostly
disappear when the galaxy sample is matched in mass to the AGN sample
(e.g., Silverman et al 2009b; Xue et al 2010; Pierce et al 2010b; Rosario et al
2013b), with broadly similar fractions of coeval galaxies and AGNs found in
the red sequence, green valley, and blue cloud out to at least z ≈ 3.5 The lack
of significant differences in the host-galaxy colors appears to suggest that, in
general, distant X-ray AGNs are not found in “special” host-galaxy environ-
ments (at least in terms of the color-mass plane). This general conclusion is
in contrast to that found for X-ray AGNs in the nearby universe, where the
hosts of Swift-BAT AGNs at z <

∼ 0.05 are found to have bluer colors than the
coeval galaxy population (when matched in mass to the AGN sample; e.g.,
Koss et al 2011), suggesting a connection between the presence of young stars
and AGN activity. These apparent disagreements are not necessarily in con-
tradiction since there is evidence that the host galaxies of X-ray AGNs out
to z ≈ 1 have experienced more recent star formation than the coeval galaxy
population (e.g., from the resolved host-galaxy colors and the depth of the
4000 Å break; e.g., Ammons et al 2009; Silverman et al 2009b; Pierce et al
2010b; Ammons et al 2011; Rosario et al 2013a; Hernán-Caballero et al 2014);
see Section 5.5 for a more detailed discussion of the star-formation properties
of distant AGNs.

5.3 Host-galaxy morphologies

Many of the cosmic X-ray survey fields have extensive coverage at UV–NIR
wavelengths from Hubble Space Telescope (HST) observations. The excellent
spatial resolution of HST (≈ 0.1′′) allows moderately detailed characteriza-
tion of the rest-frame optical host-galaxy properties of distant AGNs through
kpc-scale measurements of the host-galaxy morphology and the identification
of potential triggers of AGN activity (e.g., galaxy merger and galaxy interac-
tion signatures). A number of different approaches for measuring host-galaxy
morphologies have been developed (e.g., automated classifications based on the
distribution of light in the galaxy, two-dimensional fits to the surface brightness
profiles to provide disk/bulge decompositions, and human “eyeball” classifica-
tion), which appear to give broadly similar results (e.g., Huertas-Company et al
2014). The contribution of the AGN to the optical emission can significantly
bias morphological measurements (e.g., Simmons and Urry 2008; Pierce et al
2010b) and, therefore, the majority of the studies focus on optically obscured
or intrinsically weak AGNs.

5 Given the evident mass dependence on the colors of galaxies, color-mass diagrams are
now often used in preference to color-magnitude diagrams for host-galaxy analyses.
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Fig. 12 Fraction of AGN host galaxies (AGN: red triangles) and non-AGN host galaxies
(control: blue squares) at 1.5 < z < 2.5 in a given morphological and disturbance class.
The non-AGN sample is matched in mass to the AGN host-galaxy sample. In terms of both
morphology and disturbance classifications the AGN and the non-AGN sample appear very
similar. Taken from Kocevski et al (2012).

Distant X-ray AGNs are found to reside in a broad range of host-galaxy
types out to at least z ≈ 3, from disk-dominated to bulge-dominated systems
(e.g., Grogin et al 2005; Pierce et al 2007, 2010b; Gabor et al 2009; Georgakakis
et al 2009; Cisternas et al 2011, 2014; Kocevski et al 2012; Böhm et al 2013;
Fan et al 2014). See Fig. 12 for a comparison of the morphologies of AGNs
and mass-matched galaxies at 1.5 < z < 2.5. The first studies found that
AGNs typically reside in more bulge-dominated systems than the coeval galaxy
population (e.g., Grogin et al 2005; Pierce et al 2007). However, as with the
CMD analyses, clear differences mostly disappeared when the galaxy sample
was matched in mass to the AGN sample (e.g., Kocevski et al 2012; Böhm
et al 2013; Fan et al 2014; Villforth et al 2014); we note that recent evidence
from a systematic morphological analysis of AGNs and mass-matched galaxies
over the broad redshift range of z = 0.5–2.5 has found evidence that AGNs
at z ≈ 1 are preferentially hosted in disk-dominated galaxies when compared
to the galaxy population, although the differences are comparatively subtle
(Rosario et al 2014). More significant morphological differences are found by
the present day, with Swift-BAT AGNs ≈ 2 times more likely to reside in
spiral (disk dominated) galaxies than comparably massive inactive galaxies
(e.g., Koss et al 2011), suggesting that not all host-galaxy environments are
capable of hosting significant AGN activity by z ≈ 0.

How is the AGN activity triggered? Prior to the launches of Chandra and
XMM-Newton, it was widely predicted that distant AGNs are triggered by
gas-rich major mergers, violent events where two similar-mass galaxies inter-
act and merge, torquing the gas and driving it toward the central SMBH, where
it can be accreted (e.g., Sanders et al 1988; Barnes and Hernquist 1992; Mihos
and Hernquist 1996; Hopkins et al 2008). Contrary to these expectations, only
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a minority ( <
∼ 20%) of the AGN population over the broad redshift range of

z ≈ 0.2–2.5 were found to have the clear signatures expected for major mergers
(disturbed host-galaxy morphologies and tidal tails; Silverman et al 2011; Cis-
ternas et al 2011; Kocevski et al 2012; Böhm et al 2013; Villforth et al 2014).
The fraction of Swift-BAT AGNs at z < 0.05 with major-merger signatures
is also ≈ 20%, consistent with that found for the distant AGNs (Koss et al
2010; Cotini et al 2013). These results, therefore, suggest that other processes
such as galaxy interactions, minor mergers, and secular processes (e.g., galaxy
bars, disk instabilities, and clumpy cloud accretion) may be responsible for
triggering the majority of AGN activity (e.g., Silverman et al 2011; Cister-
nas et al 2011, 2014; Bournaud et al 2012; Kocevski et al 2012; Böhm et al
2013; Cheung et al 2014; Trump et al 2014; Villforth et al 2014). However, we
note that there is evidence that the most luminous AGNs are preferentially
triggered by major mergers, as also found for the most powerful star-forming
galaxies (e.g., Treister et al 2012; Kartaltepe et al 2012), which could indicate
that major mergers are required to drive sufficient quantities of gas into the
central regions of galaxies to power the most luminous systems.

In general, the fraction of the coeval galaxy population with major merger
signatures is comparable to that found for the (majority of) distant AGNs,
when the galaxy sample is matched in mass to the AGN sample; however,
see Rosario et al (2014) for tentative evidence of a factor ≈ 2 decrease in the
fraction of z = 0.5–1.0 galaxies with major-merger signatures when compared
to the coeval AGN population. More significant differences are found by the
present day, with a ≈ 5 times lower fraction of the galaxy population hosted in
major mergers when compared to Swift-BAT selected AGNs (≈ 4% vs. ≈ 20%;
Cotini et al 2013). The emerging picture, therefore, suggests that, while the
absolute fraction of moderate-luminosity AGNs with major merger signatures
is comparatively constant at ≈ 20% over the broad redshift range of z ≈ 0–3,
there are significant differences between the major-merger fraction of the AGN
and coeval galaxy populations by z ≈ 0. As we discuss in Section 5.5, these
differences may be related to the greater availability of a cold-gas supply in
the distant universe when compared to the local universe (i.e., the ubiquity of
gas-rich galaxies may be a key factor).

5.4 AGN fraction and Eddington-ratio distribution

On the basis of the suite of studies explored in the previous sections, there are
few significant differences between the host-galaxy properties of distant X-ray
AGNs and the coeval galaxy population, when the samples are matched in
mass. More significant differences are evident by z ≈ 0 and some differences
may already be in place by z ≈ 1. However, to first order, these results suggest
that any galaxy with similar properties to the AGN host galaxies is also capable
of hosting an AGN and, therefore, the fraction of galaxies with AGN activity
provides a basic measurement of the AGN duty cycle (i.e., how often mass
accretion onto the SMBH switches on and off).
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Fig. 13 The fraction of galaxies hosting an AGN as a function of stellar mass for different
redshift and X-ray luminosity ranges [as labeled; luminosity ranges in log(erg s−1)]. A strong
stellar-mass dependence on the AGN fraction is found for all redshifts. Adapted from Xue
et al (2010).

As revealed from a large number of studies to date, the fraction of galaxies
hosting AGN activity above a fixed X-ray luminosity threshold rises steeply
with host-galaxy mass out to at least z ≈ 2–3 (e.g., Bundy et al 2008; Brusa
et al 2009b; Xue et al 2010; Georgakakis et al 2011; Bluck et al 2011; Aird
et al 2012; Bongiorno et al 2012; Mullaney et al 2012b). See Fig. 13 for the
AGN fraction as a function of stellar mass across different redshift and X-ray
luminosity ranges. For example, the fraction of z ≈ 1 galaxies hosting AGN
activity with LX > 1043 erg s−1 increases from ≈ 0.3% at a stellar mass of
≈ 1010 M⊙ to ≈ 3% at a stellar mass of ≈ 1011 M⊙; the AGN fraction glob-
ally increases by a further factor of ≈ 5 for a lower luminosity threshold of
LX > 1042 erg s−1. The AGN fraction does not appear to have a strong de-
pendence on host-galaxy color (e.g., Xue et al 2010; Georgakakis et al 2011),
although it is a strong function of SFR; see Section 5.5. There are no com-
parably detailed analyses for X-ray AGNs in the nearby universe; however,
on the basis of optically selected AGNs from the SDSS (e.g., Kauffmann et al
2003; Best et al 2005), the AGN fraction is found to rise with increasing stellar
mass but then flattens out at masses of >

∼ 1011 M⊙. No statistically significant
evidence for a flattening in the X-ray AGN fraction at high stellar masses is
found for distant AGNs, leaving some uncertainty over whether this result is
specific to optically selected AGNs or whether a significant decrease in the
duty cycle of X-ray AGN activity has occurred in the most massive galaxies
at z < 0.2 that is not seen at z > 0.2. It is also possible that the observational
signature for a decrease in the duty cycle of X-ray AGN activity at high stellar
masses is too subtle to identify in the current studies.

Overall these results suggest that AGNs are more common in massive
galaxies than less massive galaxies, suggesting that the SMBHs in massive
galaxies are growing more rapidly than the SMBHs in less massive galaxies.
However, we must be careful in our physical interpretation of this result as
there are strong biases against detecting AGNs at a fixed luminosity threshold
in lower-mass galaxies than higher-mass galaxies since a lower-mass SMBH
would need to be accreting at a higher Eddington ratio than a higher-mass
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SMBH to be detected.6 To directly explore whether there is a mass depen-
dence to the growth rates of SMBHs requires measuring the Eddington ratios
of SMBHs across a broad range in mass.

The calculation of an Eddington ratio (referred to here as λEdd) relies on
knowing a number of uncertain quantities, including the SMBH mass and the
bolometric AGN luminosity, which typically has to be indirectly estimated
from a single-wavelength measurement of the AGN luminosity (e.g., from the
X-ray band, which represents only a few percent of the bolometric luminosity;
Elvis et al 1994; Marconi et al 2004; Hopkins et al 2007; Hao et al 2014).7

Consequently, it is challenging to derive accurate Eddington ratios, particu-
larly for large numbers of distant AGNs where the majority of the sources
lack direct SMBH mass measurements and indirect methods are required to
provide mass constraints (e.g., a proxy for the SMBH mass such as the host-
galaxy mass, luminosity, velocity dispersion, or bulge luminosity). To remove
the uncertainty on the SMBH mass, an approach adopted by some researchers
is to calculate the “specific accretion rate”, where the SMBH mass is replaced
with the stellar mass, which is a more directly measured quantity (e.g., Brusa
et al 2009b; Aird et al 2012; Bongiorno et al 2012). In this review we will
refer to Eddington ratios but we caution that this is not a directly measured
quantity and any Eddington-ratio measurements are subject to considerable
(factor of a few) systematic uncertainties.

The Eddington ratios estimated for distant X-ray AGNs cover a broad
range: λEdd ≈ 10−5–1 for implied SMBH masses of ≈ 106–109 M⊙, with the
majority at λEdd ≈ 10−4–10−1 (e.g., Babić et al 2007; Ballo et al 2007; Rovi-
los and Georgantopoulos 2007; Alonso-Herrero et al 2008; Hickox et al 2009;
Raimundo et al 2010; Simmons et al 2011; Trump et al 2011a; Lusso et al 2012;
Nobuta et al 2012; Matsuoka et al 2013). The distribution of Eddington ratios
implied from these studies is, at least partially, dictated by limitations in the
data (i.e., incompleteness effects such as the X-ray sensitivity limits and the
X-ray luminosity threshold adopted to identify AGN activity in these studies)
and, consequently, does not provide a reliable measurement of the intrinsic
Eddington-ratio distribution. The first studies to correct for these limitations
and construct an intrinsic Eddington-ratio distribution revealed striking re-
sults: the Eddington-ratio distribution can be characterized by a power law
with a slope that is independent of both host-galaxy mass and redshift out to
z ≈ 2–3 (Aird et al 2012, 2013a; Bongiorno et al 2012); however, we note that
the current data would also be consistent with a broad log-normal distribu-

6 Here it is assumed that higher-mass galaxies have more massive SMBHs than lower-mass
galaxies, which is reasonable since (1) there is a broad relationship between host-galaxy mass
and SMBH mass and (2) any evolution in the stellar–SMBH mass relationship with redshift
appears to be modest (e.g., Jahnke et al 2009; Bennert et al 2011; Schramm and Silverman
2013).

7 Ideally the bolometric luminosity would be directly measured from the primary AGN
continuum over the optical–X-ray waveband. However, it is expected to peak at far-UV
wavelengths, which is unobservable due to absorption from the Galaxy. See, for example,
Vasudevan and Fabian (2009) and Jin et al (2012b) for some observational approaches to
estimating the primary AGN continuum of nearby AGNs.
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tion, if the peak of the distribution lies below current sensitivity limits. The
slope of the power law is steep and corresponds to a ≈ 5–10 increase in the
probability to detect an SMBH that is accreting at a ≈ 10 times lower Edding-
ton ratio. See Fig. 14 for the derived Eddington-ratio distribution for a range
of stellar masses at 0.2 < z < 1.0. A power-law Eddington-ratio distribution
is qualitatively consistent with the latest constraints for distant optically se-
lected quasars (e.g., Schulze and Wisotzki 2010; Shen and Kelly 2012; Kelly
and Shen 2013); however, more quantitative comparisons are limited by the
different approaches adopted in estimating SMBH masses between the X-ray
studies (scaled from the stellar mass) and the optical quasar studies (virial
SMBH mass) and the different AGN selection approaches. No comparably de-
tailed measurements of the Eddington-ratio distribution have been produced
for X-ray AGNs in the nearby universe. Nevertheless, on the basis of opti-
cally selected AGNs from the SDSS, Kauffmann and Heckman (2009) have
argued that there are two regimes of growth in nearby AGNs: for systems
with significant star formation the Eddington-ratio distribution is character-
ized by a broad log-normal distribution while for quiescent systems with little
or no star formation the Eddington-ratio distribution is characterized by a
power-law distribution. Further work is required to understand the differences
between these results and those found for the distant X-ray AGNs.

The fraction of galaxies hosting AGN activity at a given Eddington ratio
is found to increase with redshift out to at least z ≈ 2–3 (e.g., Aird et al
2012; Bongiorno et al 2012); i.e., the normalization of the Eddington-ratio
distribution increases with redshift. The current constraints suggest that this
redshift dependence is strong [≈ (1 + z)3.5−4.0; Aird et al 2012; Bongiorno
et al 2012], indicating that AGN activity was about an order of magnitude
more common in galaxies at z ≈ 1 for a fixed Eddington ratio than at z ≈ 0;
however, it is not clear whether this evolution is independent of mass across
all redshifts. This strong redshift evolution is consistent with the evolution in
SFR found for star-forming galaxies (see Section 5.5).

What insight do these results provide on “AGN downsizing” (see Sec-
tion 3.2)? The strong increase in the AGN fraction with redshift can be ex-
plained by either (1) an increase in the duty cycle of AGN activity at a given
Eddington ratio or (2) an increase in the characteristic Eddington ratio with
redshift. The majority of the theoretical models predict the second scenario
as being a major driver of AGN downsizing (see Section 3.2); however, since
the observed Eddington-ratio distribution is a power law it is not possible to
distinguish between these different scenarios with the current data (i.e., there
are no distinctive features to measure a shift in the characteristic Eddington
ratio). Many of the theoretical models also predict a redshift dependence in
the characteristic mass of accreting SMBHs, which is not clearly observed but
may be due to limitations in the current data (see Section 6.1.1).
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Fig. 14 Eddington-ratio distribution (i.e., the probability that a galaxy will host an AGN
at a given Eddington ratio) for different ranges in stellar mass for galaxies at 0.2 < z < 1.0.
The data have been corrected for X-ray sensitivity incompleteness effects to provide an
accurate measurement of the intrinsic Eddington-ratio distribution. The final panel compares
the observed Eddington-ratio distribution (gray histogram) to the intrinsic Eddington-ratio
distribution measured across the full range in mass and demonstrates the need to account for
the effects of incompleteness in the X-ray data. The dashed line is a best-fit power-law model
to the Eddington-ratio distribution, evaluated at z = 0.6. The Eddington-ratio distribution
is consistent with being independent of stellar mass over 9.5 < log(M∗/M⊙) < 12.0 at
0.2 < z < 1.0. Taken from Aird et al (2012).

5.5 Star formation and specific star formation rates

The suite of studies explored in this review have revealed when, where, and
how SMBHs have grown in the distant universe. However, we have not yet
investigated how the growth of the SMBH relates to the growth of the host
galaxy; i.e., the connection between AGN activity and star formation. We
would expect at least a broad connection between AGN activity and star for-
mation since (1) the volume averaged star formation and SMBH mass accretion
rates track each other (with a 3–4 orders of magnitude offset) out to at least
z ≈ 2 (e.g., Heckman et al 2004; Merloni et al 2004; Silverman et al 2008a;
Aird et al 2010; Mullaney et al 2012a) and (2) there is a tight relationship
between the SMBH mass and spheroid mass for galaxies in the nearby uni-
verse (e.g., Kormendy and Richstone 1995; Magorrian et al 1998; Gebhardt
et al 2000; Kormendy and Ho 2013), which provides “archaeological” evidence
for past joint SMBH–galaxy growth. However, these results only afford broad
integrated constraints on the overall SMBH–galaxy growth and do not provide
clear clues on how the SMBH and galaxy have grown in individual systems,
which requires more direct SFR measurements.
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The first studies to constrain the SFRs of distant X-ray AGNs used a broad
variety of star-formation indicators, including optical spectroscopy, MIR data,
and submillimeter (submm) observations (e.g., Alexander et al 2005b; Polletta
et al 2007; Silverman et al 2009b; Trichas et al 2009; Mullaney et al 2010; Lutz
et al 2010; Xue et al 2010; Rafferty et al 2011). These initial studies showed
that AGNs of a fixed X-ray luminosity can have a broad range of SFRs (up
to ≈ 5 orders of magnitude variation between individual sources; see Fig. 14
in Rafferty et al 2011) and provided evidence that the average SFRs of AGNs
increase with redshift. However, significant uncertainties remained in the SFR
measurements, such as (1) potential contamination from AGN activity to the
SFR estimates, (2) potential underestimation of the SFR due to obscuration
by dust, and (3) uncertain extrapolation from the observed wavelength to the
total SFR. These issues are best addressed by FIR observations, which trace
the peak of the star-formation emission with less contamination from AGN
activity; see Section 5.1. Consequently, the launch of the Herschel observatory
in 2009, the first observatory with high sensitivity at FIR wavelengths (six
photometric bands over ≈ 70–500 µm; Pilbratt et al 2010), offered the potential
to make the first accurate SFR measurements of distant AGNs (see Lutz 2014
for a recent review of Herschel survey results).

On the basis of a large number of studies using Herschel data, it is now
abundantly clear that the average SFRs of X-ray AGNs increase strongly with
redshift out to at least z ≈ 3 (e.g., Shao et al 2010; Harrison et al 2012; Mul-
laney et al 2012b; Rosario et al 2012, 2013b; Rovilos et al 2012; Santini et al
2012), confirming the trend found from the first SFR studies. See Fig. 15a
for an example of the average SFR as a function of redshift and AGN lumi-
nosity. The majority of the studies used stacking analyses to provide average
FIR constraints since only a modest fraction of the X-ray AGNs are detected
by Herschel ; however, these results are also broadly reproduced using more
detailed SED fitting analyses taking account of photometric upper limits and
calculating average constraints using survival analysis techniques (F. Stanley
et al. in preparation).8 In general, most studies showed no clear evidence for
any luminosity dependence on the average SFR for moderate-luminosity AGNs
(LX = 1042–1044 erg s−1) and the average SFR was found to be broadly con-
stant over this luminosity range, at any given redshift; however, we note that
some X-ray luminosity dependence on the average SFR is often seen at z <

∼ 1
and is most prominent at z ≈ 0 (see Fig. 15).

By contrast, a broad range of results have been found for high-luminosity
AGNs (LX

>
∼ 1044 erg s−1) at z >

∼ 1, with researchers arguing that either the
average SFR increases with both redshift and X-ray luminosity, increases only
with redshift (following the trend seen for the moderate-luminosity AGNs), or
decreases with X-ray luminosity (e.g., Harrison et al 2012; Page et al 2012;

8 In stacking analyses, the images of a selected source population are combined (i.e.,
stacked) and the flux is measured from the combined image, providing a constraint on
the average flux of the source population. An advantage of stacking is that individually
undetected sources can be included in the analysis and average constraints can even be
placed on the fluxes of source populations when none of the sources are individually detected.
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Fig. 15 (a) Median 60 µm (FIR) luminosity vs. AGN luminosity for X-ray AGNs over
z ≈ 0–2.5 (as labeled), showing the observed relationship between AGN activity and star for-
mation. The solid curve shows the two-component functional fit to the local AGN data from
Swift-BAT, the dotted line is the expected FIR luminosity for typical star-forming galaxies
at z = 2 (see also panel b), the dashed line is the AGN–star formation luminosity relation-
ship for AGN-dominated systems from Netzer (2009), and the shaded region corresponds
to the estimated 1 σ range for an AGN SED (see Section 3.1 of Rosario et al 2012). LAGN

corresponds to the bolometric AGN luminosity: L2−10keV = 1042 erg s−1 and L2−10keV =
1044 erg s−1 correspond to LAGN = 5.7 × 1042 erg s−1 and LAGN = 3.4 × 1045 erg s−1,
respectively; (b) Average sSFR vs. redshift for X-ray AGNs with LX = 1042–1044 erg s−1

(as labeled) over z = 0.5–3. The AGNs are compared to FIR-detected star-forming galaxies
not hosting AGN activity (non AGNs) and the tracks trace the evolution in sSFR found
for star-forming galaxies with redshift, as defined by Pannella et al (2009) and Elbaz et al
(2011). Overall, the X-ray AGNs broadly trace the evolution in SFR and sSFR found for
the star-forming galaxy population. However, the observed relationship between the AGN
and star-formation luminosity is complex and is probably, at least partially, driven by the
different timescales of stability between star formation and AGN activity; see Section 5.5.
Adapted from Mullaney et al (2012b) and Rosario et al (2012).

Rosario et al 2012, 2013b; Rovilos et al 2012; Santini et al 2012). Some of
the variation between the different results for high-luminosity AGNs is due
to two practical factors: (1) the SFRs of luminous AGNs are more difficult
to measure reliably since the AGN can contribute significantly to the FIR
emission and (2) luminous AGNs are less common than moderate-luminosity
AGNs, limiting the statistical power of studies restricted to small-area fields.
Indeed, the studies performed in large-area fields with good source statistics
all find that the average SFR of luminous AGNs is either constant with X-ray
luminosity (extending the trend seen for the moderate-luminosity AGNs) or
rises with X-ray luminosity, with the change from a rising trend to a flat trend
found to be a function of redshift (e.g., Harrison et al 2012; Rosario et al 2012,
2013b, F. Stanley et al. in preparation); see Fig. 15.

The strong increase in the average SFR for the X-ray AGNs with red-
shift tracks the increase seen in the overall star-forming galaxy population
[≈ (1 + z)4; e.g., Daddi et al 2007b; Noeske et al 2007; Rodighiero et al 2010;
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Elbaz et al 2011]. The increase in SFR with redshift for star-forming galaxies is
found to be independent of galaxy mass, such that the specific star formation
rate (sSFR; the ratio of stellar mass to SFR) evolves strongly with redshift
across all stellar masses, and is thought to be driven by the availability of a
cold-gas supply (i.e., the distant galaxies are more gas rich than the nearby
galaxies; e.g., Daddi et al 2010; Genzel et al 2010; Tacconi et al 2013). The
tightness of the sSFR at any given redshift and the lack of a strong mass de-
pendence is often referred to as the “main sequence” of star formation. The
average SFRs and sSFRs of the X-ray AGNs are in good quantitative agree-
ment with those found for the star-forming galaxy population (e.g., Xue et al
2010; Mainieri et al 2011; Mullaney et al 2012b; Rosario et al 2012, 2013b),
suggesting that the same factors that drive star formation also drive AGN
activity. See Fig. 15b for a comparison of sSFR between X-ray AGNs and
star-forming galaxies over z = 0.5–3. This connection between AGN activity
and star formation is further strengthened by the following additional results:

1. The average SFRs of distant X-ray AGNs are systematically higher than
the overall galaxy population, which includes quiescent galaxies in addition
to star-forming galaxies (e.g., Santini et al 2012; Symeonidis et al 2013; Vito
et al 2014b), demonstrating that AGN activity is more closely connected
to star-forming galaxies than the general galaxy population. We note that
AGNs are also detected in quiescent galaxies but they appear to comprise a
minority of the population (e.g., Azadi et al 2014; Georgakakis et al 2014b).

2. The fraction of galaxies hosting X-ray AGN activity at a fixed luminosity
threshold increases strongly with SFR (e.g., Kartaltepe et al 2010; Syme-
onidis et al 2010; Xue et al 2010; Rafferty et al 2011; Juneau et al 2013).

3. The SFR is found to correlate tightly with AGN luminosity when averaged
over all galaxies in a cosmological volume, irrespective of whether an AGN
is detected or not (e.g., when calculated as a function of galaxy mass or
SFR; e.g., Rafferty et al 2011; Mullaney et al 2012a; Chen et al 2013).

4. The host galaxies of X-ray AGNs at z <
∼ 1 appear to, preferentially, have

younger stellar populations than the coeval galaxy population (e.g., Silver-
man et al 2009b; Pierce et al 2010b; Rosario et al 2013a; Hernán-Caballero
et al 2014); see Section 5.2.

5. The strong increase in the fraction of galaxies hosting AGN activity at a
fixed Eddington ratio is consistent with the increase in the average SFR
with redshift [≈ (1 + z)4; e.g., Aird et al 2012; Bongiorno et al 2012; see
Section 5.4], suggesting that the duty cycle of AGN activity increases in
accordance with the cosmological increase in SFR.

These results imply a general connection between AGN activity and star
formation. However, the observed relationship between AGN and star-formation
luminosity does not clearly indicate a correlation, particularly at moderate
AGN luminosities where the average SFR is flat across at least 2 orders of
magnitude in AGN luminosity; see Fig. 15a. As shown by several models
(e.g., Gabor and Bournaud 2013; Hickox et al 2014; Neistein and Netzer 2014;
Thacker et al 2014), these apparently uncorrelated data can be explained by
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differences in the timescales of stability between star formation and AGN ac-
tivity: star formation is assumed to be relatively stable over long periods (of
order ≈ 100 Myr) while AGNs are assumed to vary significantly on short
timescales ( <

∼ Myrs). As an example, the Hickox et al (2014) model assumes
that the long-term average of AGN activity and star formation is constant
(i.e., when averaged over many duty cycles of mass accretion) but allows the
observed X-ray luminosity to vary by orders of magnitude on short timescales
on the basis of an assumed Eddington-ratio distribution. This model, and
the other models referenced above, reproduce the broad trends seen between
X-ray luminosity and average SFR and demonstrate how short-term variations
can significantly disguise an underlying correlation over longer timescales. It,
therefore, seems likely that the general hypothesis that AGN activity varies
significantly on short timescales while the star formation is comparatively sta-
ble is broadly correct. However, it is not yet clear which model provides the
best physical description of the observed trends between X-ray luminosity and
average SFR, and further observational diagnostics beyond a simple average
SFR (e.g., the distribution of SFRs as a function of X-ray luminosity, the frac-
tion of quiescent galaxies hosting AGNs as a function of X-ray luminosity, the
stellar-mass dependence) are required to provide greater diagnostic power.

We finally conclude our discussion of the connection between AGN activity
and star formation by considering whether AGNs have significant impact on
the star formation in the host galaxy (e.g., by driving energetic winds, out-
flows, and jets, commonly referred to as “AGN feedback”; see Veilleux et al
2005; Alexander and Hickox 2012; Fabian 2012 for reviews). On the basis of
many AGN-feedback models we would expect a decrease (i.e., a suppression)
in the SFR of X-ray AGNs when compared to the overall galaxy population,
particularly at the highest X-ray luminosities. However, depending on how
quickly the star formation is suppressed, the signatures of suppressed star for-
mation could be comparatively subtle, particularly when averaged over AGN
populations (e.g., as a function of X-ray luminosity; see Section 4 of Harrison
et al 2012 for a further discussion of some potential limitations). More sensitive
SFR constraints for individual systems, in addition to the measurement of sen-
sitive SFR distributions as a function of, e.g., X-ray luminosity and redshift,
are required to provide more sensitive tests of the impact of AGN activity on
star formation.

5.6 The cosmic balance of power: SMBH mass accretion vs. stellar radiation

How much does SMBH mass accretion contribute to the balance of power
in the cosmos? As mentioned in Section 2.1 and 3.3, AGNs dominate the
CXRB. However, the CXRB only comprises a minority of the overall cosmic
background radiation, which has broadly equal contributions from the cosmic
UV–optical background and the cosmic infrared background (CIRB; Hauser
and Dwek 2001), when the strongly dominant cosmic microwave background is
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excluded (i.e., the relic emission from the Big Bang; e.g., Penzias and Wilson
1965).

The cosmic UV–optical background is dominated by stellar emission (e.g.,
Madau 1992; Totani et al 2001; Finke et al 2010) but, prior to the launch
of Chandra and XMM-Newton, it was predicted that AGNs may contribute
several tens of percent of the CIRB (e.g., Almaini et al 1999; Fabian and
Iwasawa 1999; Gunn and Shanks 1999). These models typically assumed that
powerful obscured quasars would contribute significantly to the CIRB through
the re-radiation of the dust-obscured AGN emission at infrared wavelengths.
However, direct observational measurements from the AGNs detected in the
Chandra and XMM-Newton surveys showed that the contribution to the CIRB
from AGNs is much more modest at ≈ 5–10% (even before subtracting con-
tributions from star formation to the infrared emission from the X-ray AGN
host galaxies), with the majority of the CIRB produced by star formation
(e.g., Elbaz et al 2002; Fadda et al 2002; Silva et al 2004; Treister and Urry
2006; Ballantyne and Papovich 2007). Therefore, the cosmic background emis-
sion since the formation of galaxies is dominated by stellar radiation processes
rather than mass accretion onto SMBHs. Part of the origin for the discrepancy
between the original predictions and the observations is the assumed AGN
evolution (i.e., the original models did not anticipate the “AGN downsizing”
results; see Section 3.2) and the assumed contribution from Compton-thick
AGNs to the CIRB, a component that is still relatively poorly constrained
but is unlikely to fundamentally change these broad conclusions.

6 Future prospects

In this review we have highlighted how cosmic X-ray surveys of distant AGNs
have provided key insight into the demographics, physics, and ecology of grow-
ing SMBHs. Thanks to the revolutionary X-ray facilities of Chandra, XMM-
Newton, and NuSTAR, we now have a dramatically improved picture of how
SMBHs grew through cosmic time, their accretion and obscuration physics,
and the connection between SMBHs, their host galaxies and the larger scale
environment. However, despite these great advances, many fundamental ques-
tions remain unanswered. In this final section we focus on some of the key
remaining big questions and discuss how current and future facilities can be
used to address them over the coming decades.

6.1 Remaining big questions

6.1.1 What drives AGN downsizing?

Excellent progress has been made over the past decade in measuring the space
density and luminosity density evolution of X-ray AGNs, and it is now clear
that lower-luminosity AGNs peaked at lower redshifts than higher-luminosity
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AGNs, often referred to as “AGN downsizing”; see Section 3.2 and Fig. 7.
However, what is not yet clear from the observational data are the factors that
drive this luminosity dependence. Theoretical models broadly predict that this
behavior is driven by a decrease in the characteristic Eddington ratio and/or
a decrease in the characteristic active SMBH mass with decreasing redshift.
The current observational constraints (e.g., Aird et al 2012; Bongiorno et al
2012) suggest a decrease in the characteristic Eddington ratio with decreasing
redshift but they do not find any clear SMBH mass dependences (modulo
that the stellar mass is often used as a proxy for the SMBH mass in these
studies); see Section 5.4. However, on the basis of optical studies, at z <

∼ 0.2
there is clear evidence for a strong mass dependence on the volume-average
growth rates of SMBHs, where the growth times of the most massive SMBHs
are orders of magnitude longer than those of lower-mass SMBHs, indicating
that the most massive SMBHs must have been growing more rapidly in the
past (e.g., Heckman et al 2004). Testing this result with X-rays is important
to verify that the mass dependence of SMBH growth is not specific to optical
studies and will require sensitive X-ray data and good source statistics at both
z <
∼ 0.2 and z >

∼ 0.2. Connecting our picture of SMBH growth at z <
∼ 0.2 to

the emerging picture of SMBH growth at z >
∼ 0.2 will be key to a greater

understanding of AGN downsizing and the cosmological growth of SMBHs.

6.1.2 How did the first SMBHs form and grow?

There are several theoretical models for the formation of the first SMBHs
(remnants of population III stars; direct collapse of primordial gas clouds;
BH merging in dense stellar clusters; e.g., see Volonteri 2010 for a recent
review), which predict different initial SMBH masses (typically referred to as
“seed” SMBHs) of ≈ 100–100,000 M⊙. Since the mass of a SMBH dictates
the maximum luminosity that can be produced through accretion (i.e., the
Eddington luminosity), high-redshift XLFs can help distinguish between these
different formation scenarios and, from the evolution of the XLFs, constrain
the growth of the first SMBHs. The small bias against absorption makes X-rays
a powerful probe of accretion in the early growth of SMBHs (e.g., rest-frame
14–70 keV at z > 6 for observed-frame 2–10 keV), particularly since the early
SMBH growth phases were likely to be heavily absorbed [as may be expected
given the gas-rich environment and small physical sizes of the first SMBHs
(M. Volonteri et al. in preparation) and implied by the redshift-dependence of
X-ray absorption; see Section 4.1]. One clear observational signature of early
SMBH growth is “cosmic upsizing” (e.g., Ueda et al 2014), which would be
revealed by a change in the relative ratio between the number density of high-
luminosity and lower-luminosity AGNs (i.e., a change in the shape of the XLF)
at z >

∼ 3–4; see Section 3.2. To model accurately the early growth of SMBHs it
will be necessary to construct XLFs in several redshift bins down to moderate
luminosities over z ≈ 4–8, requiring excellent high-redshift source statistics.
The current XLF constraints are weak at z >

∼ 4, which is due to the intrinsic
rarity of such AGNs as well as source identification challenges (see Section 6.2).
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Constraining the evolution of the highest-redshift AGNs is a primary goal of
several future X-ray observatories (see Section 6.4), although deep Chandra
surveys over large areas, in combination with ambitious targeted follow-up
programs (see Section 6.3), can better constrain the faint end of the z >

∼ 4
XLF.

6.1.3 How many obscured AGNs are missed in the current X-ray surveys?

X-ray surveys arguably provide the most efficient selection of obscured AGNs,
particularly at high energies and at high redshifts where the rest-frame ener-
gies allow for penetration of large absorbing column densities (up to NH ≈

1024 cm−2). However, many of the most highly obscured AGNs will be missed
in the current X-ray surveys, restricting our census of the overall AGN popu-
lation; see Section 3.3. The identification of the most highly obscured AGNs
could be more than just a “book keeping” exercise since they may reside in
qualitatively different environments than less obscured AGNs (e.g., in galaxy
major mergers and the most intense starbursts, where there is potentially more
gas to obscure the AGN) and, therefore, may evolve differently, possibly mod-
ifying results on the fraction of obscured AGNs with redshift and luminosity;
see Section 4.1. The majority of the current studies are based around Chan-
dra and XMM-Newton surveys, but significant progress will be made using
NuSTAR, where the higher-energy sensitivity provides a “cleaner” selection of
AGNs with less absorption bias, particularly at z <

∼ 1 where the rest-frame en-
ergies probed by Chandra and XMM-Newton are modest. On longer timescales
Athena will also provide greatly improved identification and characterization
of heavily obscured AGNs from X-ray spectral fitting (i.e., accurate NH and
reflection measurements; see Section 6.4). Multiwavelength observations will
also allow for the identification of X-ray undetected AGNs that produce lu-
minous emission at other wavelengths (e.g., at infrared, radio, and optical
wavelengths, when the contaminating emission from the host galaxy is reli-
ably accounted for using SED decomposition and/or spectroscopy) and will
become very powerful when the James Webb Space Telescope (JWST), the
successor to HST , is launched (see Section 6.3).

6.1.4 What causes the dependence of αox on optical/UV luminosity, and why
are there intrinsically X-ray weak outliers?

Although the basic dependence of αox upon optical/UV luminosity has been
known for about three decades, recent studies have substantially improved
measurements of the form of this relation (see Section 4.2). This being said,
further improvement is still needed since the quantitative results of some recent
studies disagree by considerably more than their statistical uncertainties. Fu-
ture work must aim to reduce and realistically assess the inevitable systematic
errors that enter such analyses (e.g., AGN variability effects, detection-fraction
effects, absorption effects, host-galaxy light contamination, and AGN misclas-
sification). The effects of additional physical parameters, particularly Edding-
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ton ratio, also need better investigation. Furthermore, the few outstanding
claims for a significant dependence of αox upon redshift need checking given
the general consensus against a measurable redshift dependence (e.g., via re-
analysis of the original data used to claim redshift dependence). At the same
time as the observational situation is advanced, improved numerical simula-
tions of the SMBH disk-corona system are required so that expectations for
the behavior of the X-ray-to-optical/UV SED, including the basic cause of the
αox-log(L

2500 Å
) relation, can be derived from first-principles physics.

Additionally, outliers from the αox-log(L
2500 Å

) relation that appear to be
intrinsically X-ray weak need further investigation (see Section 3.3). While
these objects seem sufficiently rare that they should not affect AGN demo-
graphic studies materially, they may nevertheless provide novel insights (cf.
Eddington 1922) into the SMBH disk-corona system and emission-line regions.
For example, some X-ray weak outliers may be systems with extremely high
Eddington ratios where radiation-trapping effects largely prevent X-ray emis-
sion from escaping the accretion flow. Alternatively, perhaps these outliers are
not truly intrinsically X-ray weak, and we have simply been tricked by a com-
plex absorption scenario that is not yet properly understood or appreciated.

6.1.5 What host-galaxy environments are conducive to AGN activity?

A somewhat surprising result is how inconspicuous the host galaxies of distant
X-ray AGNs are when compared to galaxies not hosting AGN activity. There
are no clear differences in the host-galaxy colors and morphologies (broad-scale
galactic structure and galaxy merger/interaction signatures) of X-ray AGNs
and galaxies when matched in stellar mass (see Sections 5.2 and 5.3), at least
at z >

∼ 1 (there is evidence for some differences at z <
∼ 1). The star-formation

properties of distant X-ray AGNs also appear to be broadly similar to those of
distant star-forming galaxies and elevated when compared to the overall galaxy
population (see Section 5.5), suggesting a general connection between AGN
activity and star formation. Clearer differences between the host galaxies of
X-ray AGNs and galaxies are more evident by the present day, when it appears
that X-ray AGNs reside in a subset of the overall galaxy population. However,
it is not yet clear when and how these differences arose, primarily because no
study has yet uniformly measured the host-galaxy properties of both nearby
and distant systems, as required to remove any potential differences between
the methods used in the broad suite of studies published to date. From the
point of view of the star-formation properties, deeper infrared–mm data are
required to provide more powerful tests than a comparison of average SFRs
(see Section 6.3.2); for example, a comparison of the SFR distributions between
AGNs and galaxies and improved measurements on the fraction of AGNs in
quiescent galaxies.



Cosmic X-ray surveys of distant active galaxies 53

6.1.6 How does large-scale environment affect AGN activity?

Large-scale environment appears to have a significant affect on AGN activity,
as demonstrated, for example, from the increased fraction (decreased fraction)
of galaxies hosting AGN activity in protoclusters (rich galaxy clusters) versus
the field; see Section 3.5. The availability of a cold-gas supply in the <

∼ pc
vicinity of the SMBH is presumably the essential requirement for mass accre-
tion but these results suggest that the gas availability may be controlled by
the large-scale environment. For example, there is no lack of gas in the most
massive galaxy clusters, but it is mostly in a hot form rather than in the cold
form that can be easily accreted by SMBHs. Protoclusters and rich galaxy
clusters represent the most extreme high-density environments but to provide
a fully coherent picture of the role of large-scale environment on the growth of
SMBHs requires measurements of AGN activity across all environments as a
function of redshift (e.g., voids; field; groups; poor clusters; rich clusters; pro-
toclusters). To achieve this aim requires X-ray observations covering a large
enough cosmic volume to detect significant numbers of X-ray sources across
the full range of large-scale environments down to X-ray sensitivity limits suf-
ficient to detect the majority of the SMBH growth. With sufficient data it
would then be possible to construct XLFs and explore the host-galaxy prop-
erties as a function of environment and redshift. Improved measurements of
the clustering of AGNs as a function of physical parameters (e.g., AGN type,
AGN luminosity, redshift) will further reveal how the dark-matter halo affects
the growth of SMBHs, particularly for HoD analyses, which require excellent
source statistics to more accurately constrain the fractions of X-ray AGNs in
the satellite and central galaxies within halos (see Section 3.5). Good progress
can be made with current facilities (see Section 6.2) while the large FOVs of
future planned and proposed X-ray observatories will make them ideally suited
to addressing this key question (see Section 6.4).

6.2 Additional targeted X-ray surveys with operating missions

The Chandra, XMM-Newton, and NuSTAR observatories are performing well
and, subject to funding considerations, have the capability to undertake pro-
ductive observations of the cosmos for at least the next ≈ 5 yr. Having operated
successfully over the last ≈ 15 yr, Chandra and XMM-Newton have already
covered much of the accessible flux–solid angle plane, from deep pencil-beam
surveys to shallow wide-area surveys; see Fig. 3. Considering all of the Chandra
and XMM-Newton surveys listed in Table 1, there are an estimated ≈ 500,000
unique X-ray sources detected over ≈ 1,000 deg2 of the sky. However, the
source statistics and areal coverage are strongly dominated by the serendip-
itous surveys, which are non contiguous and typically have limited spectro-
scopic coverage; see Section 6.3 for future large-area/all sky multiwavelength
survey plans. The blank-field surveys comprise of order ≈ 45,000 unique X-ray
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sources detected over ≈ 80 deg2, of which about half are from the on-going,
and currently unpublished, XMM-Newton XXL survey.

The current suite of Chandra and XMM-Newton surveys with good spec-
troscopic completeness have covered a broad swathe of the LX–z plane (e.g.,
see Fig. 3 of Ueda et al 2014). The majority of the detected sources lie at
z ≈ 0.3–4 and have LX ≈ 1043–1045 erg s−1. The excellent source statistics
over this redshift range allow for the accurate construction of XLFs in discrete
redshift ranges and reliable inferences about the overall source properties in
discrete bins across the LX–z plane. However, only a modest number of AGNs
are detected at z < 0.3 and z > 4 in the current Chandra and XMM-Newton
surveys ( <

∼ 50; e.g., Kalfountzou et al 2014; Vito et al 2014a), which is at least
partially due to the small cosmological volumes probed at these redshifts; for
example, the predicted yield of z < 0.3 (z > 4) AGNs with 2–10 keV lumi-
nosities of >

∼ 1043 erg s−1 ( >
∼ 1044 erg s−1) is ≈ 2–3 deg−2 (≈ 10–65 deg−2,

depending on whether there is a high-redshift space-density decline) down to
2–10 keV fluxes of ≈ 10−14 erg cm−2 s−1 (≈ 10−15 erg cm−2 s−1).9 The mod-
est number of AGNs at z < 0.3 from the Chandra and XMM-Newton surveys
is partially mitigated by the ASCA medium sensitivity survey (e.g., Akiyama
et al 2003) and the high-energy all-sky X-ray surveys, such as Swift-BAT (e.g.,
Tueller et al 2010; Baumgartner et al 2013) and will be greatly bolstered by
the XMM-Newton XXL survey, in addition to the Chandra and XMM-Newton
serendipitous surveys and eROSITA (see Section 6.4). At z > 4, a major chal-
lenge in addition to the relative rarity of high-redshift AGNs, is obtaining a
reliable redshift constraint, particularly for moderate-luminosity AGNs where
the majority are likely to be optically faint (i.e., R>

∼ 25 mag). However, im-
proving the source statistics of z > 4 and z < 0.3 AGNs is a worthwhile
endeavor since z > 4 corresponds to < 1.5 Gyr after the Big Bang and the
era of the first growth and formation of SMBHs (see Section 6.1.2) while the
z = 0.0–0.3 redshift range corresponds to 1/4 of cosmic history and an epoch
that connects the evolution of AGNs from higher redshifts to the present day.

Despite the effective exploration of parameter space from the current Chan-
dra and XMM-Newton surveys, an area of inquiry that is still relatively un-
explored is the role of environment in the growth of SMBHs; see Sections 3.5
and 6.1.6. Current results suggest that the large-scale environment has a sig-
nificant effect on the growth of SMBHs. However, the current Chandra and
XMM-Newton surveys have not yet had the combination of both area and sen-
sitivity sufficient to detect the majority of the growth of SMBHs (i.e., a factor
of ≈ 10 below the knee of the XLF, L∗) across the full range of large-scale
structure environments; based on cosmological simulations, regions of >

∼ 4 deg2

are required to map out the largest structures (e.g., Springel et al 2005). The
XMM-Newton XXL survey covers sufficient survey volume (≈ 50 deg2 in two
fields) but is only sensitive to the most-luminous AGNs, close to the knee
of the XLF, while the Chandra and XMM-Newton observations of COSMOS

9 The X-ray source density predictions are based on the Gilli et al (2007) model for AGNs
with NH = 1020–1024 cm−2; see http://www.bo.astro.it/∼gilli/counts.html
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have sufficient sensitivity but only cover ≈ 2 deg2 and, therefore, have a com-
paratively poor sampling of all large-scale structure environments. The richest
galaxy clusters will typically be too rare to be included in a blank-field survey
of ≈ 4 deg2 but analyses of the pointed observations of galaxy clusters (e.g.,
Martini et al 2009, 2013) could be included to trace the most extreme large-
scale structure environments. To map out the large-scale structures requires
large contiguous fields and, therefore, this is not a scientific project that could
be undertaken by the serendipitous surveys.

NuSTAR has only been operating for ≈ 2 yr and, with a comparatively
small FOV, has covered a more limited swathe of the flux–solid angle plane
than Chandra and XMM-Newton. The current source statistics from the com-
bination of all of the NuSTAR surveys (see Table 1) are good at intermediate
X-ray fluxes [ >∼ 100 sources with 8–24 keV fluxes of (5−50)×10−14 erg cm−2 s−1],
allowing for statistically significant inferences about the source populations
in this flux range. However, < 10 sources are detected at both faint and
bright X-ray fluxes (8–24 keV fluxes of < 5 × 10−14 erg cm−2 s−1 and > 5 ×

10−13 erg cm−2 s−1), restricting the reliability of any inferences about the
properties of these source populations. Further NuSTAR surveys with compa-
rable exposure times to the deepest current surveys in addition to a shallow
NuSTAR survey will improve the source statistics at both the faint and bright
X-ray flux ends, and also bridge the (approximate) order of magnitude differ-
ence in flux between the brightest NuSTAR survey sources and the faintest
Swift-BAT survey sources.

6.3 Multiwavelength follow-up observations of X-ray surveys

The heart of an X-ray survey is of course the X-ray data. But the backbones
are the supporting multiwavelength observations, which provide the necessary
data to measure the key properties and environments of the detected sources
and to construct XLFs. The majority of the extragalactic X-ray surveys listed
in Table 1 are in well-established survey fields with extensive multiwavelength
data. The available multiwavelength data are more limited for the serendipi-
tous surveys, which cover non-contiguous areas across the sky and often have
to rely on shallow all-sky survey data. Here we review current and future
plans for multiwavelength follow-up observations of X-ray surveys, focusing
on both all-sky and large-area survey plans in addition to deeper targeted
multiwavelength follow-up facilities. As a demonstration of the sensitivity of
several selected future observatories, see Fig. 16.

6.3.1 Optical–MIR wavelengths

At optical wavelengths, often the band pass of choice for initial counterpart
identification and spectroscopic observations of X-ray sources, the entire sky
has been observed in three bands down to an R-band magnitude of R ≈ 21–22
(the SuperCOSMOS Sky Survey; e.g., Hambly et al 2001). Recently completed
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Fig. 16 Multiwavelength SED of a z = 7 obscured AGN with LX = 3 × 1043 erg s−1

and NH = 1023 cm−2, based on the template SED constructed by Lusso et al (2011). The
relative sensitivities of selected future observatories are shown to illustrate their potential for
characterizing a high-redshift AGN; ALMA has started operations but has not yet reached
its full potential. The 3 σ sensitivity limits for a ≈ 40 ks exposure are plotted for all of the
observatories except for Athena, where a 300 ks exposure was assumed. Adapted from Aird
et al (2013b).

and on-going optical large-area surveys will extend the coverage down to op-
tical magnitudes of 23–24 in five optical bands over practically the entire sky:
for example, the SDSS (e.g., York et al 2000; Aihara et al 2011), VST ATLAS
(e.g., Shanks et al 2013), PanSTARRS (e.g., Kaiser et al 2010; Magnier et al
2013), and DES (e.g., Flaugher 2005). From 2022–2032, LSST will increase
the optical coverage over ≈ 18,000–30,000 deg2 in six bands down to r ≈ 27.5
with a 10 yr survey on a dedicated 8.4 m telescope (e.g., Ivezic et al 2008), suf-
ficient to identify optical counterparts for almost all X-ray detected sources,
including the z >

∼ 4 AGNs required to constrain the early phases of SMBH
growth in the universe.

Broader wavelength coverage over optical–MIR wavelengths is required to
extend simple counterpart identification to the measurement of accurate pho-
tometric redshifts and host-galaxy masses of the X-ray sources. In the NIR–
MIR band pass, 2MASS (Skrutskie et al 2006) and WISE (Wright et al 2010)
have provided shallow to moderate-depth data across the entire sky. While pro-
viding a good general resource, the 1.1–2.3 µm 2MASS survey is too shallow
(K ≈ 14 mag) to detect many of the sources found in X-ray surveys; however,
the WISE 3.4–22 µm survey is an excellent complement to wide-field or shallow
X-ray surveys, particularly for the NuSTAR surveys where the majority of the
sources are bright at MIR wavelengths (e.g., Alexander et al 2013; Lansbury
et al 2014). The on-going VISTA surveys are observing ≈ 20,000 deg2 of the
Southern hemisphere at NIR wavelengths to >

∼ 4 mags deeper than 2MASS
(principally the VHS survey; e.g., McMahon et al 2013; Sutherland et al 2014)
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and the UKIDSS surveys have observed ≈ 4,000 deg2 of, predominantly, the
Northern hemisphere to >

∼ 4 mags deeper than 2MASS (principally the LAS
survey; Lawrence et al 2007), with substantially deeper data in smaller regions
(e.g., in the VST ATLAS survey; e.g., Arnaboldi et al 2007). These surveys
are particularly useful for characterizing the properties of the X-ray sources
detected in large-area and serendipitious X-ray surveys (e.g., providing pho-
tometric redshifts and host-galaxy masses), where the existing NIR coverage
is comparatively shallow. As described below, deeper optical–MIR coverage
over smaller areas of the sky will be possible over the coming decade with, for
example, the Wide-Field Infrared Survey Telescope (WFIRST), JWST , and
the operation of the first Extremely Large Telescopes (ELTs; telescopes with
>
∼ 30 m diameter mirrors).

The deployment of highly multiplexing optical–NIR spectrographs on large
telescopes over the next ≈ 5 yr (e.g., Blanco-DESpec; Euclid; Mayall-DESI;
SDSS IV-eBOSS; Subaru-PFS; VISTA-4MOST; VLT-MOONS; e.g., Laureijs
et al 2011; Abdalla et al 2012; de Jong et al 2012; Levi et al 2013; Sugai et al
2014; Takada et al 2014; Cirasuolo et al 2014) will provide the spectroscopic
complement to large-area and serendipitious X-ray surveys by yielding red-
shifts for hundreds to thousands of X-ray sources in an individual observation
over large FOVs (typically ≈ 1–5 deg2) down to optical magnitudes of ≈ 24. In
addition to providing accurate source redshifts, the spectroscopic observations
allow for characterization of the emission-line properties of the X-ray sources
(e.g., identification of broad emission lines; measuring the emission-line gas
conditions from emission-line ratios; e.g., Veilleux and Osterbrock 1987; Kew-
ley et al 2013) and the identification of the large-scale structure environment
in which they reside (e.g., identifying “filaments” of galaxies and AGNs in
narrow redshift ranges). These analyses are particularly powerful when using
spectrographs with sensitivity out to NIR wavelengths since they allow for the
identification of rest-frame optical emission lines of distant AGNs at z >

∼ 1 (e.g.,
Euclid; Subaru-PSF; VLT-MOONS). Many ambitious observing programs are
already planned using these instruments to obtain spectroscopic redshifts for
millions of galaxies and AGNs (e.g., SDSS IV-eBOSS and 4MOST follow up
of eROSITA sources). On slightly longer timescales (mid 2020’s), WFIRST is
expected to launch and observe > 1,000 deg2 of the sky down to faint NIR
depths at HST resolution and obtain NIR spectroscopic-grism redshifts for
millions of distant galaxies and AGNs out to z >

∼ 8 (e.g., Spergel et al 2013;
Gehrels and Spergel 2014).

A non-negligible fraction ( <
∼ 3%) of the sources detected in the deep-

est X-ray surveys remain undetected at optical–MIR wavelengths even with
the most sensitive current observatories (e.g., HST; 8–10 m class telescopes;
Spitzer), and a larger fraction ( <

∼ 40%) lack spectroscopic redshifts (e.g., Luo
et al 2010; Xue et al 2011; Hsu et al 2014). Revolutionary advances in ultra-
faint imaging and spectroscopy will be made over the next 5–10 yr with the
launch of JWST and the first ELTs. JWST (Gardner et al 2006) is a NASA–
ESA–Canadian Space Agency satellite hosting a 6.5 m telescope with high sen-
sitivity at 0.6–28 µm and diffraction-limited spatial resolution (≈ 0.1–1 arcsec).
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JWST is planned to be launched in the next ≈ 5 yr and will provide NIR–MIR
imaging and spectroscopy a factor >

∼ 10 times below current facilities, pro-
viding the potential to achieve (near) complete spectroscopic redshifts for the
X-ray sources.10 Several ELTs are planned over the next decade, including the
European ELT (E-ELT), the Giant Magellan Telescope, and the Thirty Meter
Telescope. The ELTs will complement JWST in an analogous manner to how
the current 8–10 m telescopes complement HST, with innovative instruments
and ultra-deep imaging and spectroscopy over large FOVs.11

6.3.2 Infrared–radio wavelengths

Long-wavelength data at MIR–submm wavelengths are required to measure
the energetics for the dust-obscured star formation and AGN components of
the X-ray sources. Spitzer and Herschel have provided an excellent resource
at MIR–FIR wavelengths over the past decade for the majority of the X-ray
survey fields. However, they have only covered a comparatively small frac-
tion of the overall sky (≈ 1,000 deg2; see Lutz 2014), which often restricts
MIR–FIR studies of the X-ray sources detected in the serendipitious surveys
to the all-sky MIR–FIR coverage. WISE has provided moderate-depth MIR
imaging across the whole sky (see above), although the available all-sky survey
data at FIR wavelengths (≈ 30–200 µm) is limited to the shallow IRAS and
AKARI surveys, which typically only provide useful FIR measurements for
z <
∼ 0.1 sources, severely restricting SFR constraints for serendipitous X-ray

sources that lack Herschel coverage. The only currently operating FIR tele-
scope is SOFIA (e.g., Young et al 2012a; the effective operational lifetimes of
Spitzer and Herschel at MIR–FIR wavelengths were limited by their helium
cryogen supply), an airborne observatory with moderate sensitivity over the
broad ≈ 0.3–1600 µm band pass. While providing good FIR constraints for
nearby AGNs, only the brightest distant AGNs will be detected by SOFIA
and it, therefore, does not provide significant improvements over existing SFR
constraints for the X-ray sources detected in the serendipitious surveys.

On longer timescales (≈ 2025–2030), the Space Infrared Telescope for Cos-
mology and Astrophysics (SPICA) is currently the leading concept for a next-
generation MIR–FIR observatory, although it is not yet fully funded. The
primary aim of SPICA (e.g., Nakagawa et al 2014; Roelfsema et al 2014) is
faint medium-resolution spectroscopy over the broad 20–210 µm band pass,
which will allow for the first extensive studies of the MIR–FIR emission lines of
distant systems to provide accurate measurements of the star-formation prop-
erties and the interstellar medium of distant X-ray AGNs; however, SPICA
will also provide deep broadband MIR–FIR photometry to sensitivity lev-
els slightly below those of Spitzer and Herschel , allowing for deep MIR–FIR
observations beyond the X-ray survey regions with existing Spitzer–Herschel
coverage. Future MIR–FIR space-borne observatories such as SPICA are key

10 For further details of JWST, see http://www.jwst.nasa.gov.
11 For further details of the ELTs, see http://www.eso.org/public/teles-instr/e-elt/,
http://www.gmto.org/, and http://www.tmt.org/.
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to drive forward our understanding of the role that distant AGNs play in the
formation and evolution of galaxies.

The terrestrial atmosphere is mostly opaque at MIR–FIR wavelengths and
the majority of the MIR–FIR telescopes described above are mounted inside
space-borne observatories (SOFIA is the exception but it is still operated from
an aircraft). However, there are discrete band passes at ≈ 0.3–3 mm, in the
submm–mm wave band, where the atmosphere is sufficiently transparent to
allow for sensitive ground-based observations (see Fig. 4 of Casey et al 2014).
The negative K-correction for typical AGN and galaxy SEDs at these wave-
lengths means that a distant AGN or galaxy with a given SFR has a com-
parable submm–mm flux across the broad redshift range of z ≈ 0.5–6 (e.g.,
Blain et al 2002; Casey et al 2014). Over the past two decades there have been
several ground-based observatories sensitive at submm–mm wavelengths (e.g.,
APEX; ASTE; CARMA; IRAM; JCMT; SMA; see Casey et al 2014 for a re-
cent review), which have provided the first clear views of the submm emission
from distant AGNs and galaxies. The most recent submm–mm observatories,
which have either started operations or are planned to start in the next ≈ 5
yr are the Atacama Large Millimeter/Submillimeter Array (ALMA; Wootten
and Thompson 2009), the Large Millimeter Telescope (LMT; e.g., Hughes et al
2010), and CCAT (e.g., Woody et al 2012). ALMA is an interferometer and
provides high-resolution imaging and spectroscopy down to sensitivities over
an order of magnitude deeper than previous submm–mm facilities with sub-
arcsec resolution. ALMA has the potential to provide unprecedented insight
into the star-formation properties of distant X-ray AGNs (e.g., SFR constraints
down to those of quiescent galaxies and potentially resolving the extent of star
formation in some sources); see Fig. 16. Both the LMT and CCAT aim to reach
a broadly similar submm–mm sensitivity limit as ALMA but at a lower spatial
resolution over larger FOVs (e.g., up to 1 deg2 for CCAT) and will provide deep
submm–mm measurements of the star-formation properties for large samples
of distant X-ray AGN, particularly when combined with sensitive MIR–FIR
data.

Radio observations provide independent constraints on the amount of star
formation and (radio bright) AGN activity in distant X-ray sources, allowing
for a more complete census of AGN activity and the exploration of the con-
nection between AGN activity and star formation. Over the past two decades,
large area X-ray surveys and serendipitous X-ray surveys have largely relied on
the NRAO VLA Sky Survey (NVSS; Condon et al 1998) and the VLA FIRST
survey (Becker et al 1995), which cover ≈ 10,000–33,000 deg2 down to mJy lev-
els at 1.4 GHz. These data are sufficient to detect radio-bright X-ray sources,
although the majority of the X-ray source population is ≈ 1–2 orders of magni-
tude fainter than the sensitivity of NVSS and FIRST. However, substantially
deeper radio surveys are now being undertaken over >

∼ 1,000 deg2 and many
aim to cover the majority of the visible sky (e.g., at low <

∼ 200 MHz frequencies:
GMRT-TGSS; LOFAR; MWA; at mid ≈ 1 GHz frequencies: Apertif-WODAN;
ASKAP-EMU; MeerKAT-MIGHTEE; VLA-VLASS; see Norris et al 2011,
2013; Lazio et al 2014 for a recent summary). Many of these surveys are pre-
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cursors and pathfinders to the Square Kilometer Array (SKA; e.g., Dewdney
et al 2009; Carilli 2014), an international project to build the world’s largest
radio telescope, planned to start operations over the next ≈ 10–20 yr. The
SKA is designed to operate over a very broad range of frequencies (≈ 50 MHz
to 20 GHz) down to sub-µJy levels at sub-arcsec resolution, sufficient to de-
tect essentially all of the X-ray sources at radio frequencies and provide an
independent method of AGN selection (i.e., radio bright AGNs undetected at
X-ray energies) in addition to sensitive SFR constraints; see Fig. 16. Due to
the high sensitivity and large FOV, SKA will be able to undertake a near all-
sky survey (3 π steradians) to sensitivities equivalent to the deepest current
radio surveys (≈ 1–2 µJy rms at 1.4 GHz; R. P. Norris, 2014, private commu-
nication), sufficient to detect the majority of the X-ray sources in the current
serendipitious and all-sky X-ray surveys.

6.4 New X-ray survey missions

Several new X-ray observatories are planned in the near (< 5 yr) and long
(> 10 yr) term that will extend the great progress that Chandra, XMM-Newton,
and NuSTAR have made toward our understanding of the demographics,
physics, and ecology of distant SMBHs.

In the near term, both eROSITA and ASTRO-H are expected to become
operational, with launch dates of 2015–2016. eROSITA (Merloni et al 2012) is a
joint Russian–German mission and will provide imaging and spectroscopy over
≈ 0.5–10 keV. The primary objective of eROSITA is to perform a moderate-
depth survey of the entire sky within the first 4 yr of launch at relatively low
spatial resolution (effective half-energy width of ≈ 28–40 arcsec, depending
on energy), detecting ≈ 3 million AGNs out to z ≈ 6. The expected sensi-
tivities of the all-sky survey are ≈ 1 × 10−14 erg cm−2 s−1 (0.5–2 keV) and
≈ 2 × 10−13 erg cm−2 s−1 (2–10 keV) and will be ≈ 4 times more sensitive
in the deepest regions at the ecliptic poles; the all-sky sensitivity limits are
≈ 20 times deeper than ROSAT at 0.5–2 keV (Voges et al 1999) and ≈ 200
times deeper than HEAO 1 A-2 at 2–10 keV (Piccinotti et al 1982). ASTRO-H
(Takahashi et al 2012) is a joint JAXA-NASA mission and will provide imag-
ing and spectroscopy of cosmic X-ray sources over the broad energy range of
≈ 0.3–80 keV. ASTRO-H should have a comparable angular resolution and
sensitivity limit as NuSTAR at >

∼ 3 keV but over a broader energy range.
ASTRO-H also has a wide-field imaging spectrometer and a high-resolution
micro-calorimeter that will provide spectroscopy of cosmic X-ray sources over
0.3–12 keV at a higher spectral resolution than Chandra, XMM-Newton, and
NuSTAR (∆E < 7 eV). The relatively small FOV of ASTRO-H for imaging
at hard X-ray energies (≈ 9 × 9 arcmin; see Table 2 of Takahashi et al 2012)
means that it is potentially better suited to observing the well-established
survey fields than undertaking new wide-area surveys at hard X-ray energies.

In the longer term, many exciting X-ray observatory concepts have been
proposed that will provide revolutionary advances in our understanding of the
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properties and evolution of the sources detected in cosmic X-ray surveys.12

We do not have the space in this review to discuss all of these concepts and,
to date, only one has been selected for long-term financial support (Athena;
Nandra et al 2013). However, to provide some flavor of the X-ray facilities
that may be available in the next ≈ 10–30 yr, we briefly describe four different
proposed concepts: Athena, HEX-P , SMART-X , and WFXT .

Athena is an ESA-led mission that is scheduled for launch in 2028. With a
large collecting area (≈ 2.0–2.5 m2 at 1 keV), large FOV (≈ 40 × 40 arcmin),
and good spatial resolution (≈ 3–5 arcsec half-energy width), Athena will be
an excellent general-purpose X-ray observatory and a devastatingly effective
survey machine, achieving a given flux–solid angle limit ≈ 2 orders of magni-
tude more quickly than Chandra and XMM-Newton. The large effective area
and good angular resolution combination is achieved from innovative Silicon-
pore optic technology. The ultimate sensitivity limit of Athena is dictated by
the confusion limit and will be comparable to that of a ≈ 2 Ms Chandra ob-
servation [0.5–2 keV fluxes of ≈ (2–3) ×10−17 erg cm−2 s−1; e.g., Alexander
et al 2003; Luo et al 2008]. However, Athena will be able to achieve that sensi-
tivity limit in ≈ 200–400 ks and, therefore, a 2 Ms Athena survey would cover
≈ 1 deg2 to this depth, as compared to Chandra which only reaches this sen-
sitivity limit over the central region. The large collecting area of Athena will
also provide high signal-to-noise X-ray spectroscopy of distant X-ray AGNs at
≈ 100 eV resolution, allowing for direct redshift measurements from the identi-
fication of iron Kα emission lines, and accurate measurements of their spectral
properties (i.e., NH, Γ , reflection, intrinsic X-ray luminosity); a high spectral
resolution microcalorimeter (called the X-IFU) will provide ≈ 2.5 eV resolution
but over a smaller ≈ 5 × 5 arcmin FOV. With these capabilities, Athena will
(among other things) efficiently identify moderate-luminosity AGNs at z >

∼ 6
(see Fig. 16), potentially constraining the seeds of SMBHs (see Section 6.1.2),
and perform a near-complete census of AGNs out to at least z ≈ 3, even iden-
tifying many Compton-thick systems from the detection of strong iron Kα
emission (e.g., Aird et al 2013b).

HEX-P (PI: F. Harrison) is a natural successor to NuSTAR and combines
an optimized optics design at high energies (half-power diameter resolution
of ≈ 10–15 arcsec) with a broader energy bandpass of ≈ 0.1–200 keV and
a larger effective area than NuSTAR and XMM-Newton. HEX-P aims to be
≈ 40 times more sensitive than NuSTAR, sufficient to resolve ≈ 90% of the
CXRB at its ≈ 20–40 keV peak and to detect AGNs almost independent of
the presence of absorption out to z ≈ 6. SMART-X (PI: A. Vikhlinin) is
a natural successor to Chandra and aims to use adaptive optics to achieve
excellent ≈ 0.5 arcsec resolution (half-power diameter) at 0.2–10 keV with
≈ 30 times the effective area of Chandra. SMART-X is predicted to reach
the depth of the 4 Ms CDF-S survey over 5 deg2 in 4 Ms of exposure or
≈ 3× 10−19 erg cm−2 s−1 at 0.5–2 keV in a single pointing of 4 Ms, sufficient

12 For example, see the list of proposed X-ray observatory concepts solicited by NASA in
2012: http://pcos.gsfc.nasa.gov/studies/xray/x-ray-mission-rfis.php.
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to detect the first growing SMBHs at z ≈ 10–20 [LX = (0.4–2) ×1042 erg s−1;
e.g., Vikhlinin and SMARTX Collaboration 2013]. WFXT (PI: S. Murray) is a
natural successor to eROSITA and combines a large ≈ 1 deg2 FOV with good
angular resolution of ≈ 5 arcsec (half-energy width) to provide mapping of
large areas of the sky to faint flux limits at ≈ 0.5–7 keV. WFXT is predicted
to achieve a sensitivity limit comparable to that of a 2 Ms Chandra observation
and with a dedicated 3 yr program would be able to survey ≈ 100 deg2 and
≈ 3,000 deg2 to 0.5–2 keV flux limits of ≈ 4 × 10−17 erg cm−2 s−1 and ≈

5 × 10−16 erg cm−2 s−1, respectively, sufficient to detect ≈ 5 million AGNs
overall and tens of AGNs even at z = 8–10 (e.g., Murray et al 2013). With
high X-ray sensitivity, large FOV (with good spatial resolution across the full
FOV), and good positional accuracy, WFXT provides a great complement to
the next-generation optical imaging surveys undertaken by, for example, LSST
(see Section 6.3.1).

Ever since the first rocket flights of the 1960’s, cosmic X-ray surveys have
been an essential tool for elucidating the processes of mass accretion onto
SMBHs. With orders of magnitude improvements in sensitivity over previous
generation X-ray missions, the Chandra, XMM-Newton, and, most recently,
NuSTAR observatories have (arguably) provided greater leaps forward in our
understanding of the demographics, physics, and ecology of distant growing
SMBHs than any other facility over the past two decades. This is a subject area
strongly driven by technological advances in telescope and instrument design,
and the revolutionary developments in X-ray and multiwavelength facilities
over the coming decades promise yet greater advances in our understanding of
when, where, and how SMBHs have grown in the distant universe.
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H, Brunner H, Civano F, Elvis M, Fiore F, Fruscione A, Griffiths RE, Guzzo
L, Iovino A, Koekemoer AM, Mainieri V, Scoville NZ, Shopbell P, Silverman
J, Urry CM (2009) The XMM-Newton wide-field survey in the COSMOS
field. The point-like X-ray source catalogue. Astron Astrophys 497:635–648,
0901.2347

Cappelluti N, Ajello M, Burlon D, Krumpe M, Miyaji T, Bonoli S, Greiner J
(2010) Active Galactic Nuclei Clustering in the Local Universe: An Unbiased
Picture from Swift-BAT. Astrophys J Let 716:L209–L213, DOI 10.1088/
2041-8205/716/2/L209, 1005.4968

Cardamone CN, Urry CM, Damen M, van Dokkum P, Treister E, Labbé I,
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M, Melnyk O, Elyiv A, Surdej J, Faccioli L (2013) The XMM-Large Scale
Structure catalogue - II. X-ray sources and associated multiwavelength data.
MNRAS 429:1652–1673

Ciliegi P, Zamorani G, Hasinger G, Lehmann I, Szokoly G, Wilson G (2003) A
deep VLA survey at 6 cm in the Lockman Hole. Astron Astrophys 398:901–
918, astro-ph/0211625

Cimatti A, Daddi E, Renzini A (2006) Mass downsizing and “top-down” as-
sembly of early-type galaxies. Astron Astrophys 453:L29–L33, astro-ph/
0605353

Cimatti A, Brusa M, Talia M, Mignoli M, Rodighiero G, Kurk J, Cassata P,
Halliday C, Renzini A, Daddi E (2013) Active Galactic Nucleus Feedback at
z ˜ 2 and the Mutual Evolution of Active and Inactive Galaxies. Astrophys
J Let 779:L13, 1311.4401

Cirasuolo M, Afonso J, Carollo M, Flores H, Maiolino R, Oliva E, Paltani S,
Vanzi L, Evans C, Abreu M, Atkinson D, Babusiaux C, Beard S, Bauer
F, Bellazzini M, Bender R, Best P, Bezawada N, Bonifacio P, Bragaglia A,
Bryson I, Busher D, Cabral A, Caputi K, Centrone M, Chemla F, Cimatti
A, Cioni MR, Clementini G, Coelho J, Crnojevic D, Daddi E, Dunlop J,
Eales S, Feltzing S, Ferguson A, Fisher M, Fontana A, Fynbo J, Garilli B,
Gilmore G, Glauser A, Guinouard I, Hammer F, Hastings P, Hess A, Ivison
R, Jagourel P, Jarvis M, Kaper L, Kauffman G, Kitching AT, Lawrence A,
Lee D, Lemasle B, Licausi G, Lilly S, Lorenzetti D, Lunney D, Maiolino R,
Mannucci F, McLure R, Minniti D, Montgomery D, Muschielok B, Nandra
K, Navarro R, Norberg P, Oliver S, Origlia L, Padilla N, Peacock J, Pedi-
chini F, Peng J, Pentericci L, Pragt J, Puech M, Randich S, Rees P, Renzini
A, Ryde N, Rodrigues M, Roseboom I, Royer F, Saglia R, Sanchez A, Schi-
avon R, Schnetler H, Sobral D, Speziali R, Sun D, Stuik R, Taylor A, Taylor
W, Todd S, Tolstoy E, Torres M, Tosi M, Vanzella E, Venema L, Vitali F,
Wegner M, Wells M, Wild V, Wright G, Zamorani G, Zoccali M (2014)

1306.1227
1409.5434
astro-ph/0505117
astro-ph/0211625
astro-ph/0605353
astro-ph/0605353
1311.4401


Cosmic X-ray surveys of distant active galaxies 73

MOONS: the Multi-Object Optical and Near-infrared Spectrograph for the
VLT. In: Society of Photo-Optical Instrumentation Engineers (SPIE) Con-
ference Series, Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, vol 9147, p 0, DOI 10.1117/12.2056012

Cisternas M, Jahnke K, Inskip KJ, Kartaltepe J, Koekemoer AM, Lisker T,
Robaina AR, Scodeggio M, Sheth K, Trump JR, Andrae R, Miyaji T,
Lusso E, Brusa M, Capak P, Cappelluti N, Civano F, Ilbert O, Impey
CD, Leauthaud A, Lilly SJ, Salvato M, Scoville NZ, Taniguchi Y (2011)
The Bulk of the Black Hole Growth Since z ˜ 1 Occurs in a Secular Uni-
verse: No Major Merger-AGN Connection. Astrophys J 726:57–+, DOI
10.1088/0004-637X/726/2/57, 1009.3265

Cisternas M, Sheth K, Salvato M, Knapen JH, Civano F, Santini P (2014)
The role of bars in AGN fueling in disk galaxies over the last seven billion
years. ArXiv e-prints 1409.2871

Civano F, Brusa M, Comastri A, Elvis M, Salvato M, Zamorani G, Capak
P, Fiore F, Gilli R, Hao H, Ikeda H, Kakazu Y, Kartaltepe JS, Masters D,
Miyaji T, Mignoli M, Puccetti S, Shankar F, Silverman J, Vignali C, Zezas
A, Koekemoer AM (2011) The Population of High-redshift Active Galactic
Nuclei in the Chandra-COSMOS Survey. Astrophys J 741:91, 1103.2570

Civano F, Elvis M, Brusa M, Comastri A, Salvato M, Zamorani G, Aldcroft
T, Bongiorno A, Capak P, Cappelluti N, Cisternas M, Fiore F, Fruscione
A, Hao H, Kartaltepe J, Koekemoer A, Gilli R, Impey CD, Lanzuisi G,
Lusso E, Mainieri V, Miyaji T, Lilly S, Masters D, Puccetti S, Schawinski
K, Scoville NZ, Silverman J, Trump J, Urry M, Vignali C, Wright NJ (2012)
The Chandra COSMOS Survey. III. Optical and Infrared Identification of
X-Ray Point Sources. Astrophys J Supp 201:30, 1205.5030

Coil AL, Georgakakis A, Newman JA, Cooper MC, Croton D, Davis M, Koo
DC, Laird ES, Nandra K, Weiner BJ, Willmer CNA, Yan R (2009) AEGIS:
The Clustering of X-Ray Active Galactic Nucleus Relative to Galaxies at
z ˜ 1. Astrophys J 701:1484–1499, DOI 10.1088/0004-637X/701/2/1484,
0902.0363

Cole S, Norberg P, Baugh CM, Frenk CS, Bland-Hawthorn J, Bridges T,
Cannon R, Colless M, Collins C, Couch W, Cross N, Dalton G, De Propris
R, Driver SP, Efstathiou G, Ellis RS, Glazebrook K, Jackson C, Lahav
O, Lewis I, Lumsden S, Maddox S, Madgwick D, Peacock JA, Peterson
BA, Sutherland W, Taylor K (2001) The 2dF galaxy redshift survey: near-
infrared galaxy luminosity functions. MNRAS 326:255–273, DOI 10.1046/j.
1365-8711.2001.04591.x, astro-ph/0012429

Comastri A (2004) Compton-Thick AGN: The Dark Side of the X-Ray
Background. In: Barger AJ (ed) Supermassive Black Holes in the Dis-
tant Universe, Astrophysics and Space Science Library, vol 308, p 245,
astro-ph/0403693

Comastri A, Setti G, Zamorani G, Hasinger G (1995) The contribution
of AGNs to the X-ray background. Astron Astrophys 296:1, astro-ph/

9409067

Condon JJ, Cotton WD, Greisen EW, Yin QF, Perley RA, Taylor GB, Brod-

1009.3265
1409.2871
1103.2570
1205.5030
0902.0363
astro-ph/0012429
astro-ph/0403693
astro-ph/9409067
astro-ph/9409067


74 W.N. Brandt, D.M. Alexander

erick JJ (1998) The NRAO VLA Sky Survey. Astron J 115:1693–1716, DOI
10.1086/300337

Conroy C (2013) Modeling the Panchromatic Spectral Energy Distribu-
tions of Galaxies. Ann Rev Astron Astrophys 51:393–455, DOI 10.1146/
annurev-astro-082812-141017, 1301.7095

Cotini S, Ripamonti E, Caccianiga A, Colpi M, Della Ceca R, Mapelli M,
Severgnini P, Segreto A (2013) The merger fraction of active and inactive
galaxies in the local Universe through an improved non-parametric classifi-
cation. MNRAS 431:2661–2672, DOI 10.1093/mnras/stt358, 1303.0036

Cowie LL, Songaila A, Hu EM, Cohen JG (1996) New Insight on Galaxy For-
mation and Evolution From Keck Spectroscopy of the Hawaii Deep Fields.
Astron J 112:839, astro-ph/9606079

Cowie LL, Barger AJ, Bautz MW, Capak P, Crawford CS, Fabian AC,
Hu EM, Iwamuro F, Kneib JP, Maihara T, Motohara K (2001) De-
tecting High-Redshift Evolved Galaxies as the Hosts of Optically Faint
Hard X-Ray Sources. Astrophys J Let 551:L9–L12, DOI 10.1086/319839,
astro-ph/0102306

Cowie LL, Barger AJ, Bautz MW, Brandt WN, Garmire GP (2003) The Red-
shift Evolution of the 2-8 keV X-Ray Luminosity Function. Astrophys J Let
584:L57–L60, astro-ph/0301231

Cowie LL, Barger AJ, Hasinger G (2012) The Faintest X-Ray Sources from z
= 0 TO 8. Astrophys J 748:50, 1110.3326

Cristiani S, Alexander DM, Bauer F, Brandt WN, Chatzichristou ET,
Fontanot F, Grazian A, Koekemoer A, Lucas RA, Monaco P, Nonino M,
Padovani P, Stern D, Tozzi P, Treister E, Urry CM, Vanzella E (2004) The
Space Density of High-redshift QSOs in the Great Observatories Origins
Deep Survey. Astrophys J Let 600:L119–L122, astro-ph/0309049

Croom SM, Richards GT, Shanks T, Boyle BJ, Strauss MA, Myers AD, Nichol
RC, Pimbblet KA, Ross NP, Schneider DP, Sharp RG, Wake DA (2009) The
2dF-SDSS LRG and QSO survey: the QSO luminosity function at 0.4 < z <
2.6. MNRAS 399:1755–1772, 0907.2727

Croton DJ (2009) A simple model to link the properties of quasars to the
properties of dark matter haloes out to high redshift. MNRAS 394:1109–
1119, DOI 10.1111/j.1365-2966.2009.14429.x, 0901.4104

Daddi E, Alexander DM, Dickinson M, Gilli R, Renzini A, Elbaz D, Cimatti
A, Chary R, Frayer D, Bauer FE, Brandt WN, Giavalisco M, Grogin
NA, Huynh M, Kurk J, Mignoli M, Morrison G, Pope A, Ravindranath S
(2007a) Multiwavelength Study of Massive Galaxies at z˜2. II. Widespread
Compton-thick Active Galactic Nuclei and the Concurrent Growth of Black
Holes and Bulges. Astrophys J 670:173–189, 0705.2832

Daddi E, Dickinson M, Morrison G, Chary R, Cimatti A, Elbaz D, Frayer
D, Renzini A, Pope A, Alexander DM, Bauer FE, Giavalisco M, Huynh
M, Kurk J, Mignoli M (2007b) Multiwavelength Study of Massive Galaxies
at z˜2. I. Star Formation and Galaxy Growth. Astrophys J 670:156–172,
DOI 10.1086/521818, 0705.2831

Daddi E, Bournaud F, Walter F, Dannerbauer H, Carilli CL, Dickinson M,

1301.7095
1303.0036
astro-ph/9606079
astro-ph/0102306
astro-ph/0301231
1110.3326
astro-ph/0309049
0907.2727
0901.4104
0705.2832
0705.2831


Cosmic X-ray surveys of distant active galaxies 75

Elbaz D, Morrison GE, Riechers D, Onodera M, Salmi F, Krips M, Stern
D (2010) Very High Gas Fractions and Extended Gas Reservoirs in z = 1.5
Disk Galaxies. Astrophys J 713:686–707, DOI 10.1088/0004-637X/713/1/
686, 0911.2776

de Jong RS, Bellido-Tirado O, Chiappini C, Depagne É, Haynes R, Johl D,
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Le Févre O, Lilly S, Mainieri V, Renzini A, Scodeggio M (2014) Tracing the
cosmic growth of supermassive black holes to z ∼ 3 with Herschel. MNRAS
439:2736–2754, DOI 10.1093/mnras/stu130, 1401.4503

Dewdney PE, Hall PJ, Schilizzi RT, Lazio TJLW (2009) The Square Kilometre
Array. IEEE Proceedings 97:1482–1496, DOI 10.1109/JPROC.2009.2021005

Digby-North JA, Nandra K, Laird ES, Steidel CC, Georgakakis A, Bogosavl-
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Lutz D, Nandra K, Coil A, Cooper MC, Newman JA, Berta S, Magnelli
B, Popesso P, Pozzi F (2014a) Large-scale clustering measurements with
photometric redshifts: comparing the dark matter haloes of X-ray AGN,
star-forming and passive galaxies at z ≈ 1. MNRAS 443:3327–3340, DOI
10.1093/mnras/stu1326, 1407.1863
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Peng Y, Perez Montero E, Ricciardelli E, Tanaka M, Tasca L, Tresse L,
Vergani D, Zucca E, Abbas U, Bottini D, Cappi A, Cassata P, Fumana M,
Guzzo L, Leauthaud A, Maccagni D, Marinoni C, Memeo P, Meneux B,
Oesch P, Scaramella R, Walcher J (2009) The spatial clustering of X-ray
selected AGN in the XMM-COSMOS field. Astron Astrophys 494:33–48,
DOI 10.1051/0004-6361:200810821, 0810.4769

Gilli R, Su J, Norman C, Vignali C, Comastri A, Tozzi P, Rosati P, Stiavelli M,
Brandt WN, Xue YQ, Luo B, Castellano M, Fontana A, Fiore F, Mainieri
V, Ptak A (2011) A Compton-thick Active Galactic Nucleus at z ˜ 5 in the
4 Ms Chandra Deep Field South. Astrophys J Let 730:L28, 1102.4714

Goulding AD, Forman WR, Hickox RC, Jones C, Kraft R, Murray SS,
Vikhlinin A, Coil AL, Cooper MC, Davis M, Newman JA (2012) The Chan-
dra X-Ray Point-source Catalog in the DEEP2 Galaxy Redshift Survey
Fields. Astrophys J Supp 202:6, 1206.6884

Goulding AD, Forman WR, Hickox RC, Jones C, Murray SS, Paggi A, Ashby
MLN, Coil AL, Cooper MC, Huang JS, Kraft R, Newman JA, Weiner BJ,
Willner SP (2014) Tracing the Evolution of Active Galactic Nuclei Host
Galaxies over the Last 9 Gyr of Cosmic Time. Astrophys J 783:40, DOI
10.1088/0004-637X/783/1/40, 1310.8298

Green PJ, Aldcroft TL, Richards GT, Barkhouse WA, Constantin A, Haggard
D, Karovska M, Kim DW, Kim M, Vikhlinin A, Anderson SF, Mossman A,
Kashyap V, Myers AC, Silverman JD, Wilkes BJ, Tananbaum H (2009) A
Full Year’s Chandra Exposure on Sloan Digital Sky Survey Quasars from the
Chandra Multiwavelength Project. Astrophys J 690:644–669, 0809.1058

1206.2950
1110.5341
0808.2603
astro-ph/0303115
astro-ph/0610939
0810.4769
1102.4714
1206.6884
1310.8298
0809.1058


Cosmic X-ray surveys of distant active galaxies 83

Grissom RL, Ballantyne DR, Wise JH (2014) On the contribution of active
galactic nuclei to reionization. Astron Astrophys 561:A90, 1312.1358

Grogin NA, Conselice CJ, Chatzichristou E, Alexander DM, Bauer FE, Horn-
schemeier AE, Jogee S, Koekemoer AM, Laidler VG, Livio M, Lucas RA,
Paolillo M, Ravindranath S, Schreier EJ, Simmons BD, Urry CM (2005)
AGN Host Galaxies at z˜0.4-1.3: Bulge-dominated and Lacking Merger-
AGN Connection. Astrophys J Let 627:L97–L100, DOI 10.1086/432256,
arXiv:astro-ph/0507091

Gunn KF, Shanks T (1999) Implications of an Obscured AGN Model for the
X-ray Background at Sub-mm and Far Infra-Red Wavelengths. ArXiv As-
trophysics e-prints astro-ph/9909089

Haiman Z, Loeb A (1999) X-Ray Emission from the First Quasars. Astrophys
J Let 521:L9–L12, astro-ph/9904340

Hambly NC, MacGillivray HT, Read MA, Tritton SB, Thomson EB, Kelly
BD, Morgan DH, Smith RE, Driver SP, Williamson J, Parker QA, Hawkins
MRS, Williams PM, Lawrence A (2001) The SuperCOSMOS Sky Survey
- I. Introduction and description. MNRAS 326:1279–1294, DOI 10.1111/j.
1365-8711.2001.04660.x, astro-ph/0108286

Hao H, Elvis M, Civano F, Zamorani G, Ho LC, Comastri A, Brusa M, Bon-
giorno A, Merloni A, Trump JR, Salvato M, Impey CD, Koekemoer AM,
Lanzuisi G, Celotti A, Jahnke K, Vignali C, Silverman JD, Urry CM, Schaw-
inski K, Capak P (2014) Spectral energy distributions of type 1 AGN in
XMM-COSMOS - II. Shape evolution. MNRAS 438:1288–1304, 1210.3033

Harrison CM, Alexander DM, Mullaney JR, Altieri B, Coia D, Charmandaris
V, Daddi E, Dannerbauer H, Dasyra K, Del Moro A, Dickinson M, Hickox
RC, Ivison RJ, Kartaltepe J, Le Floc’h E, Leiton R, Magnelli B, Popesso P,
Rovilos E, Rosario D, Swinbank AM (2012) No Clear Submillimeter Signa-
ture of Suppressed Star Formation among X-Ray Luminous Active Galac-
tic Nuclei. Astrophys J Let 760:L15, DOI 10.1088/2041-8205/760/1/L15,
1209.3016

Harrison FA, Eckart ME, Mao PH, Helfand DJ, Stern D (2003) The Serendip-
itous Extragalactic X-Ray Source Identification Program. I. Characteristics
of the Hard X-Ray Sample. Astrophys J 596:944–956, astro-ph/0306610

Harrison FA, Craig WW, Christensen FE, Hailey CJ, Zhang WW, Boggs
SE, Stern D, Cook WR, Forster K, Giommi P, Grefenstette BW, Kim Y,
Kitaguchi T, Koglin JE, Madsen KK, Mao PH, Miyasaka H, Mori K, Perri
M, Pivovaroff MJ, Puccetti S, Rana VR, Westergaard NJ, Willis J, Zoglauer
A, An H, Bachetti M, Barrière NM, Bellm EC, Bhalerao V, Brejnholt NF,
Fuerst F, Liebe CC, Markwardt CB, Nynka M, Vogel JK, Walton DJ, Wik
DR, Alexander DM, Cominsky LR, Hornschemeier AE, Hornstrup A, Kaspi
VM, Madejski GM, Matt G, Molendi S, Smith DM, Tomsick JA, Ajello M,
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scured Quasars in the Boötes Field: Placing Rapidly Growing Black Holes in

1301.7307
0808.0260
astro-ph/9709142
astro-ph/0506118
astro-ph/0105539
astro-ph/0406218
1404.2056
astro-ph/0512542
0708.3678
0901.4121


Cosmic X-ray surveys of distant active galaxies 85

the Cosmic Web. Astrophys J 731:117, DOI 10.1088/0004-637X/731/2/117,
1102.4850

Hickox RC, Wardlow JL, Smail I, Myers AD, Alexander DM, Swinbank AM,
Danielson ALR, Stott JP, Chapman SC, Coppin KEK, Dunlop JS, Gawiser
E, Lutz D, van der Werf P, Weiß A (2012) The LABOCA survey of the
Extended Chandra Deep Field-South: clustering of submillimetre galaxies.
MNRAS 421:284–295, DOI 10.1111/j.1365-2966.2011.20303.x, 1112.0321

Hickox RC, Mullaney JR, Alexander DM, Chen CTJ, Civano FM, Goulding
AD, Hainline KN (2014) Black Hole Variability and the Star Formation-
Active Galactic Nucleus Connection: Do All Star-forming Galaxies Host an
Active Galactic Nucleus? Astrophys J 782:9, DOI 10.1088/0004-637X/782/
1/9, 1306.3218

Hiroi K, Ueda Y, Akiyama M, Watson MG (2012) Comoving Space Den-
sity and Obscured Fraction of High-redshift Active Galactic Nuclei in the
Subaru/XMM-Newton Deep Survey. Astrophys J 758:49, 1208.5050

Hirschmann M, Somerville RS, Naab T, Burkert A (2012) Origin of the anti-
hierarchical growth of black holes. MNRAS 426:237–257, 1206.6112

Hirschmann M, Dolag K, Saro A, Bachmann L, Borgani S, Burkert A (2014)
Cosmological simulations of black hole growth: AGN luminosities and down-
sizing. MNRAS 442:2304–2324, 1308.0333

Hopkins PF, Richards GT, Hernquist L (2007) An Observational Determina-
tion of the Bolometric Quasar Luminosity Function. Astrophys J 654:731–
753, DOI 10.1086/509629, arXiv:astro-ph/0605678

Hopkins PF, Hernquist L, Cox TJ, Kereš D (2008) A Cosmological Frame-
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Smolčić V (2009) The COSMOS Active Galactic Nucleus Spectroscopic Sur-
vey. I. XMM-Newton Counterparts. Astrophys J 696:1195–1212, 0811.3977

Trump JR, Impey CD, Kelly BC, Civano F, Gabor JM, Diamond-Stanic AM,
Merloni A, Urry CM, Hao H, Jahnke K, Nagao T, Taniguchi Y, Koeke-
moer AM, Lanzuisi G, Liu C, Mainieri V, Salvato M, Scoville NZ (2011a)
Accretion Rate and the Physical Nature of Unobscured Active Galaxies.
Astrophys J 733:60, 1103.0276

Trump JR, Weiner BJ, Scarlata C, Kocevski DD, Bell EF, McGrath EJ, Koo
DC, Faber SM, Laird ES, Mozena M, Rangel C, Yan R, Yesuf H, Atek H,
Dickinson M, Donley JL, Dunlop JS, Ferguson HC, Finkelstein SL, Grogin
NA, Hathi NP, Juneau S, Kartaltepe JS, Koekemoer AM, Nandra K, New-
man JA, Rodney SA, Straughn AN, Teplitz HI (2011b) A CANDELS WFC3
Grism Study of Emission-line Galaxies at z ˜ 2: A Mix of Nuclear Activity
and Low-metallicity Star Formation. Astrophys J 743:144, 1108.6075

Trump JR, Barro G, Juneau S, Weiner BJ, Luo B, Brammer GB, Bell EF,
Brandt WN, Dekel A, Guo Y, Hopkins PF, Koo DC, Kocevski DD, McIn-
tosh DH, Momcheva I, Faber SM, Ferguson HC, Grogin NA, Kartaltepe
J, Koekemoer AM, Lotz J, Maseda M, Mozena M, Nandra K, Rosario
DJ, Zeimann GR (2014) No More Active Galactic Nuclei in Clumpy Disks
Than in Smooth Galaxies at z˜2 in CANDELS / 3D-HST. ArXiv e-prints
1407.7525

Tueller J, Baumgartner WH, Markwardt CB, Skinner GK, Mushotzky RF,
Ajello M, Barthelmy S, Beardmore A, Brandt WN, Burrows D, Chincarini
G, Campana S, Cummings J, Cusumano G, Evans P, Fenimore E, Gehrels
N, Godet O, Grupe D, Holland S, Kennea J, Krimm HA, Koss M, Moretti A,
Mukai K, Osborne JP, Okajima T, Pagani C, Page K, Palmer D, Parsons A,
Schneider DP, Sakamoto T, Sambruna R, Sato G, Stamatikos M, Stroh M,

0906.4938
1204.5148
0811.0824
0908.0002
0811.3977
1103.0276
1108.6075
1407.7525


Cosmic X-ray surveys of distant active galaxies 115

Ukwata T, Winter L (2010) The 22 Month Swift-BAT All-Sky Hard X-ray
Survey. Astrophys J Supp 186:378–405, DOI 10.1088/0067-0049/186/2/378,
0903.3037

Turner MJL, Abbey A, Arnaud M, Balasini M, Barbera M, Belsole E, Bennie
PJ, Bernard JP, Bignami GF, Boer M, Briel U, Butler I, Cara C, Chabaud
C, Cole R, Collura A, Conte M, Cros A, Denby M, Dhez P, Di Coco G, Dow-
son J, Ferrando P, Ghizzardi S, Gianotti F, Goodall CV, Gretton L, Grif-
fiths RG, Hainaut O, Hochedez JF, Holland AD, Jourdain E, Kendziorra E,
Lagostina A, Laine R, La Palombara N, Lortholary M, Lumb D, Marty P,
Molendi S, Pigot C, Poindron E, Pounds KA, Reeves JN, Reppin C, Rothen-
flug R, Salvetat P, Sauvageot JL, Schmitt D, Sembay S, Short ADT, Spragg
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Watson MG, Schröder AC, Fyfe D, Page CG, Lamer G, Mateos S, Pye J,
Sakano M, Rosen S, Ballet J, Barcons X, Barret D, Boller T, Brunner H,
Brusa M, Caccianiga A, Carrera FJ, Ceballos M, Della Ceca R, Denby M,
Denkinson G, Dupuy S, Farrell S, Fraschetti F, Freyberg MJ, Guillout P,
Hambaryan V, Maccacaro T, Mathiesen B, McMahon R, Michel L, Motch
C, Osborne JP, Page M, Pakull MW, Pietsch W, Saxton R, Schwope A,
Severgnini P, Simpson M, Sironi G, Stewart G, Stewart IM, Stobbart AM,
Tedds J, Warwick R, Webb N, West R, Worrall D, Yuan W (2009) The
XMM-Newton serendipitous survey. V. The Second XMM-Newton serendip-
itous source catalogue. Astron Astrophys 493:339–373, 0807.1067

Webb NA, Barret D, Godet O, Servillat M, Farrell SA, Oates SR (2010) Chan-
dra and Swift Follow-up Observations of the Intermediate-mass Black Hole
in ESO 243-49. Astrophys J Let 712:L107–L110, 1002.3625

Weisskopf MC, Tananbaum HD, Van Speybroeck LP, O’Dell SL (2000) Chan-
dra X-ray Observatory (CXO): overview. In: Truemper JE, Aschenbach B
(eds) X-Ray Optics, Instruments, and Missions III, Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, vol 4012, pp 2–16,
astro-ph/0004127

1103.1644
1210.1025
astro-ph/0408122
astro-ph/0309705
0707.3239
1310.6364
1210.3992
0807.1067
1002.3625
astro-ph/0004127


118 W.N. Brandt, D.M. Alexander

Werner MW, Roellig TL, Low FJ, Rieke GH, Rieke M, Hoffmann WF, Young
E, Houck JR, Brandl B, Fazio GG, Hora JL, Gehrz RD, Helou G, Soifer
BT, Stauffer J, Keene J, Eisenhardt P, Gallagher D, Gautier TN, Irace W,
Lawrence CR, Simmons L, Van Cleve JE, Jura M, Wright EL, Cruikshank
DP (2004) The Spitzer Space Telescope Mission. Astrophys J Supp 154:1–9,
astro-ph/0406223

Wilkes BJ, Tananbaum H, Worrall DM, Avni Y, Oey MS, Flanagan J (1994)
The Einstein database of IPC x-ray observations of optically selected and
radio-selected quasars, 1. Astrophys J Supp 92:53–109

Wilms J, Allen A, McCray R (2000) On the Absorption of X-Rays in the
Interstellar Medium. Astrophys J 542:914–924, astro-ph/0008425

Winkler C, Courvoisier TJL, Di Cocco G, Gehrels N, Giménez A, Grebenev
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