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Ü  What triggers AGN activity at z~2?
Using host morphologies to determine 
mechanisms that fuel BH growth. 

Ü  What role do AGN play in quenching 
first generation of passive galaxies? 
Using host stellar populations to study 
SF shutdown in AGN hosts at z~2-3. 

 

CANDELS and the AGN-Galaxy Connection  
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Redshift Evolution of AGN Fueling Modes 

Ü  Two fueling modes: merger-driven accretion & stochastic accretion  

Ü  Frequency of merger-driven accretion evolves rapidly with redshift.  
At z~2, mergers expected to be dominant fueling mode. 
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Ü  Most X-ray selected AGN      
at z~2 are not found in 
interacting galaxies.   

Ü  High disk fraction suggests 
stochastic fueling more 
important than predicted   
by fueling models. 

Ü  In agreement with previous 
results: 

Ü  Grogin et al. (2005) 

Ü  Cisternas et al. (2011) 

Ü  Schawinski et al. (2011) 



New Constraints for AGN Fueling Models 
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Ü  High gas fractions at z~2 results in ubiquitous AGN activity in  
undisturbed disk galaxies.  

Ü  Substantial merger-driven Black Hole growth still predicted. 
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ABSTRACT
Recent observations have indicated that a large fraction of the low to intermediate luminosity AGN popu-
lation lives in disk-dominated hosts, while the more luminous quasars live in bulge-dominated hosts (that
may or may not be major merger remnants), in conflict with some previous model predictions. We there-
fore build and compare a semi-empirical model for AGN fueling which accounts for both merger and
non-merger “triggering.” In particular, we show that the “stochastic accretion” model – in which fueling
in disk galaxies is essentially a random process arising whenever dense gas clouds reach the nucleus –
provides a good match to the present observations at low/intermediate luminosities. However it falls short
of the high-luminosity population. We combine this with models for major merger-induced AGN fueling,
which lead to rarer but more luminous events, and predict the resulting abundance of disk-dominated and
bulge-dominated AGN host galaxies as a function of luminosity and redshift. We compile and compare
observational constraints from z ⇠ 0�2. The models and observations generically show a transition from
disk to bulge dominance in hosts near the Seyfert-quasar transition, at all redshifts. “Stochastic” fueling
dominates AGN by number (dominant at low luminosity), and dominates BH growth below the “knee” in
the present-day BH mass function (. 107 M�). However it accounts for just ⇠ 10% of BH mass growth
at masses & 108 M�. In total, fueling in disky hosts accounts for ⇠ 30% of the total AGN luminosity
density/BH mass density. The combined model also accurately predicts the AGN luminosity function and
clustering/bias as a function of luminosity and redshift; however, we argue that these are not sensitive
probes of BH fueling mechanisms.

Key words: galaxies: formation — galaxies: evolution — galaxies: active — star formation: general —
cosmology: theory

1 INTRODUCTION

The existence of tight correlations between black hole (BH) mass
and properties of the host galaxy spheroid, including spheroid
mass/luminosity (Kormendy & Richstone 1995; Magorrian et al.
1998; Kormendy et al. 2011), velocity dispersion (Ferrarese & Mer-
ritt 2000; Gebhardt et al. 2000), and binding energy/potential depth
(Aller & Richstone 2007; Hopkins et al. 2007b; Feoli et al. 2010)
have fundamental implications for the growth of BHs and – given
the Soltan (1982) argument which implies that most BH mass was
assembled in luminous quasar phases (e.g. Salucci et al. 1999; Yu
& Tremaine 2002; Hopkins et al. 2007d; Shankar et al. 2009) –
corresponding active galactic nuclei (AGN) activity.

Fueling the most luminous quasars at a level required to grow
the BH significantly involves channeling an entire typical galaxy’s
supply of gas (& 109 � 1010 M�) into the central few pc, prob-
ably requiring ⇠ 1011 M� worth of gas in the central ⇠ 100pc,
on a timescale comparable to the galaxy dynamical time. Thus,
it is commonly assumed that this necessitates an extreme violent
galaxy-wide perturbation such as a major galaxy merger. And in-
deed, gas-rich galaxy mergers are observed to fuel at least a sub-
stantial fraction of bright quasars (see e.g. Guyon et al. 2006;
Dasyra et al. 2007; Silverman et al. 2008; Bennert et al. 2008; Liu
et al. 2009; Veilleux et al. 2009; Letawe et al. 2010; Koss et al.
2010, 2012, and references therein). Such encounters also convert
disks into spheroids and further grow the bulge via centrally con-
centrated gas inflows in a merger-induced starburst (Mihos & Hern-
quist 1994; Hibbard & Yun 1999; Robertson et al. 2006b; Naab

⇤ E-mail:phopkins@astro.berkeley.edu

et al. 2006; Cox et al. 2006; Hopkins et al. 2008a,b, 2009a,c). As
argued in Hopkins et al. (2007a); Hopkins & Hernquist (2009a);
Snyder et al. (2011), this deepens the central potential, so a merger
both directly strips gas of angular momentum (providing a BH fuel
source) and also increases the binding energy of that material (and
bulge mass/velocity dispersion), meaning the BH will grow larger
even if strong feedback “resists” inflows, before “catching up” to
the BH-host relations and self-regulating.

However, recent observations of AGN host morphologies and
colors have suggested that major mergers probably do not fuel most
low and intermediate-luminosity AGN, as a large fraction appear in
“normal” disks (Gabor et al. 2009; Cisternas et al. 2011; Kocevski
et al. 2012; Rosario et al. 2011; Civano et al. 2012; Santini et al.
2012; Mullaney et al. 2012). This should perhaps not be surprising.
Unlike a bright quasar, fueling a Seyfert (bolometric L < 1012 L�
or 4⇥1045 ergs�1) for a typical ⇠ 107 yr episode (see Martini 2004)
requires a gas supply within the range of just a single or a few gi-
ant molecular clouds (GMCs). There are many alternative mecha-
nisms that could sufficiently disturb the gas in the central regions
of the galaxy to as to produce such an event. These include mi-
nor mergers (Hernquist & Mihos 1995; Woods et al. 2006; Woods
& Geller 2007; Younger et al. 2008), secular angular momentum
loss in bar/spiral arms (for a review, see Jogee 2006) or Toomre-
unstable “clumpy” disks (Bournaud et al. 2011), steady-state ac-
cretion of diffuse (low-density) hot gas (see Allen et al. 2006; Best
et al. 2007, and references therein), or multi-body interactions with
nearby star clusters or other clouds (e.g. Genzel et al. 1994). All of
these processes do occur in galaxies, and should at least indirectly
contribute to AGN fueling insofar as they help remove angular mo-
mentum from dense gas.

c� 0000 RAS
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Finding Obscured AGN via X-ray Spectroscopy 
Compton(thick(AGN:(Local(lessons(

• &Only&a&few&tens&of&CTAGN&known&in&the&
local&universe&
• &Identified&via&XFray&spectroscopy&via&flat&
‘reflection&dominated’&spectra&with&intense&
iron&Kα&emission&(Matt+96)&&
• &Often&accompanied&by&significant&soft&XF
ray&emission&
• &2F10&keV&luminosity&suppressed&by&>10&

Ü  Heavily obscured, Compton-thick 
AGN can be identified using X-ray 
spectroscopy. 

Ü  ‘Reflection dominated’ spectra 
exhibit excess soft X-ray emission     
and intense Iron Kα fluorescence line. 

Ü  Deep Chandra observations allow   
for detection of CT-AGN at high z. 

Torus Emission
Scattered Emission
Best-!t Total Emission

Figure 1: Unfolded X-ray spectra of three CTAGN detected in the EGS 800 ksec data using the torus
models of Brightman & Nandra (2011). These obscured AGN have been identified by their unique spectral
signatures, which include Thompson scattered emission at low energies and the presence of a strong Fe Kα
line. The red dashed line shows the direct torus emission from the AGN, the black dashed line shows the
Thompson scattered component, and the solid black line is the best-fit for the sum of both components.
We anticipate finding ∼ 150 CTAGN via X-ray spectral modeling in the EGS, UDS and COSMOS fields.

a profound effect on our inferences regarding the accretion history of the Universe, the physical
origin of AGN obscuration, and its relationship to the evolution of the host galaxy.

Our team has developed a spectral analysis technique to identify CTAGN based on their
reflection-dominated X-ray spectra. For this work we employ new spectral models from Brightman
& Nandra (2011), which correctly account for emission from Compton scattering, the geometry
of the absorbing material, and include a self-consistent treatment for Fe Kα emission. We have
already identified 41 CTAGN in the 4 Msec Chandra Deep Field South (CDFS) observations (29
of which were detected as obscured for the first time; Brightman & Ueda 2012). We have also
demonstrated the ability to extend this work to data of 800 ksec depth in the EGS field, where 60
CTAGN have been found. Examples of our spectral fits using the EGS data are shown in Figure 1.

Our proposed observations will provide 800 ksec depth data in UDS and COSMOS, matching
EGS and facilitating the search for CTAGN through spectral modeling in these fields. The 2.5×
increase in survey area offered by these observations is essential for probing the bright end of the
luminosity function (above L∗), as such sources are not well sampled in the ultra-deep CDFS/N
pencil-beam surveys. Together the EGS, UDS, and COSMOS datasets will provide a sample of
∼ 150 CTAGN in the intrinsic luminosity range of LX ∼ 1044 − 1045.5 erg s−1 at z = 0.5− 3. This
will effectively double our current sample of CTAGN in the redshift, luminosity and column density
range responsible for the bulk of black hole growth.

3. Scientific Goals and Key Objectives

We will use our proposed observations in conjunction with the extensive multiwavelength data
available in the CANDELS fields to address the following key issues.

3.1 The Evolution of the CTAGN Fraction
Several studies have reported an increase in the fraction of heavily obscured AGN with redshift

(e.g., Hasinger 2008), but the extent of this increase is still heavily debated (i.e., Treister et al. 2009;
Brightman & Ueda 2012). Although the spectrum of the diffuse XRB requires the presence of a
CTAGN population, the XRB spectrum alone cannot place precise constraints on the CTAGN
fraction and its evolution with redshift. For example, Akylas et al. (2012) find that statistically
acceptable fits to the XRB spectrum at the 68% confidence level can be obtained for CTAGN
fractions in the range 5-50%. Meaningful constraints to the true fraction of CTAGN can only be
obtained by the direct detection of these sources at different flux levels.

Recent progress in X-ray spectral analysis methods has made it possible to start exploring, with

2

Brightman et al. (2014) 



Host Morphology vs Obscuration 

Ü  Heavily obscured, Compton-thick 
AGN identified by their ‘reflection 
dominated’ X-ray spectra.  

Ü  Host Morphology Comparison (z~1): 

Ü  121 Heavily Obscured AGN        
with NH > 10 23.5 cm-2 

Ü  279 Moderately Obscured AGN 
with NH = 10 22 - 23.5 cm-2 

Ü  281 Unobscured AGN                   
with NH < 10 22 cm-2 
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models of Brightman & Nandra (2011). These obscured AGN have been identified by their unique spectral
signatures, which include Thompson scattered emission at low energies and the presence of a strong Fe Kα
line. The red dashed line shows the direct torus emission from the AGN, the black dashed line shows the
Thompson scattered component, and the solid black line is the best-fit for the sum of both components.
We anticipate finding ∼ 150 CTAGN via X-ray spectral modeling in the EGS, UDS and COSMOS fields.
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Mergers Hidden by Obscuration? 

Unobscured 

Obscured 

Ü  Heavily obscured AGN are more 
disturbed than their unobscured 
counterparts at fixed luminosity. 

Unobscured 
Moderately 
Obscured 

Heavily 
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Host Morphology vs Obscuration 
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Mergers Hidden by Obscuration? 

Ü  Excess of disturbed morphs vs 
obscuration consistent with 
evolutionary sequence. 

Ü  Incompleteness at high obscuration 
may explain lack of convincing   
AGN-merger connection. 

 

Heavily 
Obscured 

AGN Preferentially 
Unobscured 
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WFC3 Imaging of Obscured AGN at z~2 

Ü  Approved Cycle 22 program to obtain WFC3/F160W 
imaging of 33 Compton-thick AGN at z~2. 

Ü  25 orbits in GOODS-S, EGS, and COSMOS fields.  All 
pointings have existing ACS imaging. 

EGS

New WFC3
CANDELS WFC3

GOODS-S

New WFC3
CANDELS WFC3



What Triggers AGN Activity at z~2? 

Ü  High gas fractions at z~2 means 
secular processes more important 
than previously expected.  High     
disk fraction consistent with      
updated fueling models. 

Ü  Heavily obscured AGN are more 
disturbed than their unobscured 
counterparts at fixed luminosity. 

Ü  Conclusion: Many luminous AGN       
in disks + incompleteness at high 
obscuration may explain lack of 
convincing AGN-merger    
connection at z~2. 

 

Unobscured 
Moderately 
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Heavily 
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Ü  What triggers AGN activity at z~2?
Using host morphologies to determine 
mechanisms that fuel BH growth. 

Ü  What role do AGN play in quenching 
first generation of passive galaxies? 
Using host stellar populations to study 
SF shutdown in AGN hosts at z~2-3. 

 

CANDELS and the AGN-Galaxy Connection  
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Ü  Quenched galaxies at z~2 are 
substantially more compact than 
present day counterparts. 

Ü  Quenching pathway: galaxies need   
to shrink in size and reduce their star 
formation activity. 

Ü  CANDELS has identified the compact 
star forming progenitors of the “Red 
Nugget” population: Barro et al. (2013) 

 

AGN at the Quenching Threshold 
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Fig. 6.— Parametrized redshift evolution of the size-mass relation, from the power-law model fits shown in Figure 5. The left-hand panel
shows the evolution of the intercept, or the size evolution at fixed stellar mass of 5 × 1010 M!. Strong evolution is seen for high-mass
early-type galaxies; mild evolution for low-mass early types and for late-type galaxies. The middle and right-hand panels show the evolution
of the slope and intrinsic (model) scatter of the size-mass relation, both with no indication for changes with evolution. The parameters
shown in this figure are given in Table 1.

Fig. 7.— Evolution-corrected average sizes at M∗ = 5×1010 M!

for late-type galaxies (top panel, in blue) and early-type galaxies
(bottom panel, in red). That is, the data points shown here are
precisely the data points shown in the left-hand panel of Figure
6, divided by (1 + z)βz as indicated on the y-axis. The residuals
from the best-fitting (1+z)βz law indicate that parameterizing the
evolution as a function of the Hubble parameter (Reff ∝ h(z)βH )
instead, provides a more accurate description, particularly for the
late-type galaxies. See §3.2 for further discussion.

> 1011 M! to include this in our analytical description
presented above (§3.1). The flattening of the size-mass
relation for low-mass early types is also clearly seen. As
we showed in §3.1, the large apparent increase in the
scatter for high-redshift early types can be partially at-
tributed to contaminants and outliers.
We provide complementary sets of median size and

scatter measurements in the Appendix. These in-
clude the commonly used circularized radii: Reff,circ =
Reff

√

b/a, where b/a is the projected axis ratio. In ad-
dition, we provide the measurements for the combined

late+early-type galaxy sample, and the measurements
in bins of rest-frame V -band luminosity.
Figure 9 shows the median size evolution for galaxies

in different mass bins. We parametrize this evolution
both as a function of H(z) and of (1+ z) – see §3.1. The
results are shown as solid and dotted lines, respectively,
in Figure 9, and are also given in Table 2.
Ideally, an immediate comparison with the size-mass

distribution of nearby galaxies provides a strong con-
straint on the evolution. However, such comparisons are
fraught with systematic uncertainties. The aim here is
merely to show that our observations from CANDELS
and 3D-HST are consistent with the size-mass relation
for nearby galaxies as measured from the SDSS (Shen et
al. 2003), who provided the standard reference for this
purpose.
In order to account for possible systematic differences

we compare the size measurements from Shen et al.
(2003) with those from Guo et al. (2009) on an object-by-
object basis. The reason for using the Guo et al. (2009)
measurements as a baseline is that they are based on the
same technique – GALAPAGOS from Barden et al. (2012) –
as used in this paper. We shift the analytical descriptions
for the size-mass relations from Shen et al. (2003) accord-
ing to the measured, systematic offset between Shen et
al. (2003) and Guo et al. (2009). This amounts to a 0.1
dex shift to larger Reff compared to Shen et al. (2003)3.
In order to be conservative we also adopt 0.1 dex as the
systematic uncertainty. We show the inferred sizes for lo-
cal galaxies in Figure 9. The median size evolution traced
out by the 3D-HST/CANDELS data predicts z ∼ 0 sizes
that are consistent with our corrected Shen et al. (2003)
median sizes.
The picture provided by median size distributions is

consistent with our analytical description (§3.1), with
fast evolution for the (massive) early types and moder-
ate evolution for the late types. In addition, we see that
the flattening of the relation for low-mass early types
coincides with slower evolution. Interestingly, low-mass
early-type galaxies evolve at a similar same rate as late
types of the same mass. For the late types we see a mild

3 Note that we use major axis Reff in this paper, as opposed to
Shen et al. (2003), who use circularized radii
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Ü  Quenched galaxies at z~2 are 
substantially more compact than 
present day counterparts. 

Ü  Quenching pathway: galaxies need   
to shrink in size and reduce their star 
formation activity. 

Ü  CANDELS has identified the compact 
star forming progenitors of the “Red 
Nugget” population: Barro et al. (2013) 
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ABSTRACT

We combine high-resolution Hubble Space Telescope/WFC3 images with multi-wavelength photometry to track
the evolution of structure and activity of massive (M! > 1010 M#) galaxies at redshifts z = 1.4–3 in two fields of
the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey. We detect compact, star-forming galaxies
(cSFGs) whose number densities, masses, sizes, and star formation rates (SFRs) qualify them as likely progenitors
of compact, quiescent, massive galaxies (cQGs) at z = 1.5–3. At z ! 2, cSFGs present SFR = 100–200 M# yr−1,
yet their specific star formation rates (sSFR ∼ 10−9 yr−1) are typically half that of other massive SFGs at the same
epoch, and host X-ray luminous active galactic nuclei (AGNs) 30 times (∼30%) more frequently. These properties
suggest that cSFGs are formed by gas-rich processes (mergers or disk-instabilities) that induce a compact starburst
and feed an AGN, which, in turn, quench the star formation on dynamical timescales (few 108 yr). The cSFGs
are continuously being formed at z = 2–3 and fade to cQGs down to z ∼ 1.5. After this epoch, cSFGs are rare,
thereby truncating the formation of new cQGs. Meanwhile, down to z = 1, existing cQGs continue to enlarge to
match local QGs in size, while less-gas-rich mergers and other secular mechanisms shepherd (larger) SFGs as later
arrivals to the red sequence. In summary, we propose two evolutionary tracks of QG formation: an early (z ! 2),
formation path of rapidly quenched cSFGs fading into cQGs that later enlarge within the quiescent phase, and a
late-arrival (z " 2) path in which larger SFGs form extended QGs without passing through a compact state.

Key words: galaxies: high-redshift – galaxies: photometry – galaxies: starburst
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1. INTRODUCTION

Nearby galaxies come in two flavors (Kauffmann et al. 2003;
Baldry et al. 2004): red quiescent galaxies (QGs) with old stellar
populations, and blue young star-forming galaxies (SFGs). This
color bimodality seems to be already in place at z ∼ 2–3 (Faber
et al. 2007; Ilbert et al. 2010; Brammer et al. 2011), presenting
also strong correlations with mass, size, and morphology: SFGs
are typically larger than QGs of the same mass (Williams et al.
2010; Wuyts et al. 2011b) and disk-like, whereas QGs are
typically spheroids characterized by concentrated light profiles
(Bell et al. 2012).

A major surprise has been the discovery of smaller sizes
for massive QGs at z ∼ 2. These compact QGs (cQGs), also
colloquially known as “red nuggets” (Damjanov et al. 2009), are
∼5 times smaller than local, equal-mass analogs (Trujillo et al.
2007; Buitrago et al. 2008; Toft et al. 2007; Saracco et al. 2010;
Cassata et al. 2011; Szomoru et al. 2011). In contrast, most of the
massive SFGs at z ! 2 have relatively large disks (Kriek et al.
2009a; Förster Schreiber et al. 2009). Therefore, since there
is an evolutionary connection between these two populations
(Buitrago et al. 2013; Patel et al. 2012), the structural differences
present a puzzle. If we adopt the view that galaxy mass growth
is accompanied by size growth, as suggested by the mass–size
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Fig. 6.— Parametrized redshift evolution of the size-mass relation, from the power-law model fits shown in Figure 5. The left-hand panel
shows the evolution of the intercept, or the size evolution at fixed stellar mass of 5 × 1010 M!. Strong evolution is seen for high-mass
early-type galaxies; mild evolution for low-mass early types and for late-type galaxies. The middle and right-hand panels show the evolution
of the slope and intrinsic (model) scatter of the size-mass relation, both with no indication for changes with evolution. The parameters
shown in this figure are given in Table 1.

Fig. 7.— Evolution-corrected average sizes at M∗ = 5×1010 M!

for late-type galaxies (top panel, in blue) and early-type galaxies
(bottom panel, in red). That is, the data points shown here are
precisely the data points shown in the left-hand panel of Figure
6, divided by (1 + z)βz as indicated on the y-axis. The residuals
from the best-fitting (1+z)βz law indicate that parameterizing the
evolution as a function of the Hubble parameter (Reff ∝ h(z)βH )
instead, provides a more accurate description, particularly for the
late-type galaxies. See §3.2 for further discussion.

> 1011 M! to include this in our analytical description
presented above (§3.1). The flattening of the size-mass
relation for low-mass early types is also clearly seen. As
we showed in §3.1, the large apparent increase in the
scatter for high-redshift early types can be partially at-
tributed to contaminants and outliers.
We provide complementary sets of median size and

scatter measurements in the Appendix. These in-
clude the commonly used circularized radii: Reff,circ =
Reff

√

b/a, where b/a is the projected axis ratio. In ad-
dition, we provide the measurements for the combined

late+early-type galaxy sample, and the measurements
in bins of rest-frame V -band luminosity.
Figure 9 shows the median size evolution for galaxies

in different mass bins. We parametrize this evolution
both as a function of H(z) and of (1+ z) – see §3.1. The
results are shown as solid and dotted lines, respectively,
in Figure 9, and are also given in Table 2.
Ideally, an immediate comparison with the size-mass

distribution of nearby galaxies provides a strong con-
straint on the evolution. However, such comparisons are
fraught with systematic uncertainties. The aim here is
merely to show that our observations from CANDELS
and 3D-HST are consistent with the size-mass relation
for nearby galaxies as measured from the SDSS (Shen et
al. 2003), who provided the standard reference for this
purpose.
In order to account for possible systematic differences

we compare the size measurements from Shen et al.
(2003) with those from Guo et al. (2009) on an object-by-
object basis. The reason for using the Guo et al. (2009)
measurements as a baseline is that they are based on the
same technique – GALAPAGOS from Barden et al. (2012) –
as used in this paper. We shift the analytical descriptions
for the size-mass relations from Shen et al. (2003) accord-
ing to the measured, systematic offset between Shen et
al. (2003) and Guo et al. (2009). This amounts to a 0.1
dex shift to larger Reff compared to Shen et al. (2003)3.
In order to be conservative we also adopt 0.1 dex as the
systematic uncertainty. We show the inferred sizes for lo-
cal galaxies in Figure 9. The median size evolution traced
out by the 3D-HST/CANDELS data predicts z ∼ 0 sizes
that are consistent with our corrected Shen et al. (2003)
median sizes.
The picture provided by median size distributions is

consistent with our analytical description (§3.1), with
fast evolution for the (massive) early types and moder-
ate evolution for the late types. In addition, we see that
the flattening of the relation for low-mass early types
coincides with slower evolution. Interestingly, low-mass
early-type galaxies evolve at a similar same rate as late
types of the same mass. For the late types we see a mild

3 Note that we use major axis Reff in this paper, as opposed to
Shen et al. (2003), who use circularized radii
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AGN at the Quenching Threshold 

Ü  At log M > 10, large fraction (48%) 
of compact, star forming galaxies 
host an X-ray luminous AGN.  

Ü  First generation of quenched 
galaxies emerged directly 
following a phase of rapid         
Black Hole growth. 

Ü  Hints at possible role of AGN 
feedback in the quenching 
process. 
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Ü  What triggers AGN activity at z~2?
Using host morphologies to determine 
mechanisms that fuel BH growth. 

Ü  What role do AGN play in quenching 
first generation of passive galaxies? 
Using host stellar populations to study 
SF shutdown in AGN hosts at z~2-3. 
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Ü  What triggers AGN activity at z~2?
Using host morphologies to determine 
mechanisms that fuel BH growth. 

Ü  What role do AGN play in quenching 
first generation of passive galaxies? 
Using host stellar populations to study 
SF shutdown in AGN hosts at z~2-3. 

Ü  Future Work: The UDS XVP Survey 
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UDS XVP Survey 
Ü  Approved Cycle 16 Chandra X-ray Visionary Project                                               

PIs: G. Hasinger, D. Kocevski 

Ü  25 ACIS-I pointings covering 22’x22’ SEDS area in UKIDSS/UDS  

Ü  1.25 Msec total - average exposure of 700 ksec in CANDELS region.  

SEDS - IRAC
XVP - ACIS

CANDELS - WFC3

100100 300300 500500 700700 900900
Exposure Time (ksec)Exposure Time (ksec)



UDS XVP Survey 

Ü  XVP Science Goals: 

Ü  Nature of BH seeds at z~6-10 via 
cross-correlating X-ray and IR 
backgrounds. 

Ü  Host properties of Compton-
thick AGN selected via spectral 
modeling. 

Ü  Diffuse emission from z~1 clusters. 

Ü  Observations start Fall 2014 

the ΛCDM model density field at high-z (blue solid line in Fig. 1 left panel); this clustering is signifi-
cantly different from that of known galaxy populations at recent epochs. The same results have been 
reproduced with AKARI by Matsumoto+(2011), who showed that the fluctuations’ Spectral Energy 
Distribution (SED) has a roughly λ-3 dependence out to 2.4 µm, consistent with the superposition of Ray-
leigh-Jeans spectra from high-z sources.  

In a recent breakthrough, C13 measured a significant cross-correlation signal between the source-sub-
tracted CIB and CXB fluctuations in the Extended Groth Strip (EGS). The Chandra 0.5-2 keV unresolved 
CXB fluctuations on scales 20”−800” are highly coherent with the CIB, with an overall significance of 
~3.8σ and ~5.6σ, for the 3.6 and 4.5µm IRAC bands, respectively (Fig. 1 middle), suggesting significant 
active BH populations among the CIB sources. This measurement has been obtained thanks to the excel-
lent performance of Spitzer and Chandra, especially due to the negligible instrumental noise of the ACIS-
I detector. The measured cross-power indicates that objects associated with powerful X-ray emitters pro-
duce 15-25% of the CIB power. The coherence of the CXB−CIB cross-correlation signal is well above 
that from known sources (Helgason+2013), and it is therefore likely that a substantial growing BH 
population contributes a large fraction of the CIB in the early universe (e.g. Mirabel+2011). Cosmological 
models place the emergence of the first stars, supernovae and black holes at redshifts z~30 (see review by 
Bromm & Yoshida 2011). The shape and amplitude of the CXB-CIB auto- and cross-power depends on 
the nature of the sources producing them (e.g. Yue+2013,2014; Helgason+2012,2014), for example Pop 
III star remnants or Direct Collapse Black Holes (DCBH; Begelman+2006), but better and more detailed 
measurements are required to obtain significant constraints. A novel interpretation of the CIB/CXB cross-
correlation signal recently proposed by Yue+(2013) suggests that early, intermediate-mass (104-6 M

!
), 

accreting DCBHs simultaneously explain the observed fluctuations in the infrared and the X-ray bands. A 
population of highly obscured, CT (NH ≳1025 cm-2) DCBHs formed in metal-free high-temperature haloes 
at z ≳12 may produce the correlation signal (see also Yue+2014). Madau+(2014) proposed another sce-
nario invoking supercritical BH growth from Pop III remnants. 

The joint CXB and CIB fluctuations have been studied on scales <800” in the EGS field, but due to its 
elongated configuration of 8'x45', the scales exceeding ~300" are poorly sampled. This is unfortunate, 
because measurements on scales around 1000” are necessary to establish that these sources are high-z 
BH. In fact, if the sources responsible for the CXB and CIB fluctuations are at high redshift (i.e. z>6) and 
distributed according to the established ΛCDM model, their angular CXB/CIB fluctuation spectrum 

"
Figure 1 Left: CIB fluctuations at 4.5µm averaged over the EGS & UDS fields (K12). The shaded area shows the residual 
fluctuations predicted from known galaxy populations (Helgason+2012). The blue solid line corresponds to a high-z 
population distributed according to a ΛCDM model. Middle: The data points represent the 4.5µm vs. 0.5-2 keV cross-
power from C13. The blue dashed line shows the expected contribution from normal galaxies (Helgason+2013). The red 
dotted line represents the CIB vs. CXB cross-power estimated for a population of sources at z=8−30, assuming that the 
X-ray emission follows a constant rest-frame X-ray/optical flux ratio of log(X/O)=-2. The red solid line is the sum of the 
two components. The Grey bars indicate the cosmologically interesting regions shown in the right panel. Right: The 
signal to noise ratio due to cosmic variance with which the broad band power spectrum will be recovered is shown as 
sqrt(Nq), where Nq is the number of independent Fourier elements going into determining the power in each q-bin. The 
C13 detection at 4.5x[0.5-2]keV was at 5.6σ over the 20"-800” range with the cross-power remaining always positive 
even if the error bars were large for each individual narrow bin displayed. The q-bins over which we will now be able to 
evaluate the statistically meaningful cross-power are shown with shades in the middle and right panel. The EGS cosmic 
variance level is marked (red) and compared the new UDS configuration (brown), and co-adding the results from the new 
UDS data + the old EGS data (dark blue). The 99% confidence threshold is shown with the dotted line. 

New high-z 
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known galaxy 
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Torus Emission
Scattered Emission
Best-!t Total Emission

Figure 1: Unfolded X-ray spectra of three CTAGN detected in the EGS 800 ksec data using the torus
models of Brightman & Nandra (2011). These obscured AGN have been identified by their unique spectral
signatures, which include Thompson scattered emission at low energies and the presence of a strong Fe Kα
line. The red dashed line shows the direct torus emission from the AGN, the black dashed line shows the
Thompson scattered component, and the solid black line is the best-fit for the sum of both components.
We anticipate finding ∼ 150 CTAGN via X-ray spectral modeling in the EGS, UDS and COSMOS fields.

a profound effect on our inferences regarding the accretion history of the Universe, the physical
origin of AGN obscuration, and its relationship to the evolution of the host galaxy.

Our team has developed a spectral analysis technique to identify CTAGN based on their
reflection-dominated X-ray spectra. For this work we employ new spectral models from Brightman
& Nandra (2011), which correctly account for emission from Compton scattering, the geometry
of the absorbing material, and include a self-consistent treatment for Fe Kα emission. We have
already identified 41 CTAGN in the 4 Msec Chandra Deep Field South (CDFS) observations (29
of which were detected as obscured for the first time; Brightman & Ueda 2012). We have also
demonstrated the ability to extend this work to data of 800 ksec depth in the EGS field, where 60
CTAGN have been found. Examples of our spectral fits using the EGS data are shown in Figure 1.

Our proposed observations will provide 800 ksec depth data in UDS and COSMOS, matching
EGS and facilitating the search for CTAGN through spectral modeling in these fields. The 2.5×
increase in survey area offered by these observations is essential for probing the bright end of the
luminosity function (above L∗), as such sources are not well sampled in the ultra-deep CDFS/N
pencil-beam surveys. Together the EGS, UDS, and COSMOS datasets will provide a sample of
∼ 150 CTAGN in the intrinsic luminosity range of LX ∼ 1044 − 1045.5 erg s−1 at z = 0.5− 3. This
will effectively double our current sample of CTAGN in the redshift, luminosity and column density
range responsible for the bulk of black hole growth.

3. Scientific Goals and Key Objectives

We will use our proposed observations in conjunction with the extensive multiwavelength data
available in the CANDELS fields to address the following key issues.

3.1 The Evolution of the CTAGN Fraction
Several studies have reported an increase in the fraction of heavily obscured AGN with redshift

(e.g., Hasinger 2008), but the extent of this increase is still heavily debated (i.e., Treister et al. 2009;
Brightman & Ueda 2012). Although the spectrum of the diffuse XRB requires the presence of a
CTAGN population, the XRB spectrum alone cannot place precise constraints on the CTAGN
fraction and its evolution with redshift. For example, Akylas et al. (2012) find that statistically
acceptable fits to the XRB spectrum at the 68% confidence level can be obtained for CTAGN
fractions in the range 5-50%. Meaningful constraints to the true fraction of CTAGN can only be
obtained by the direct detection of these sources at different flux levels.

Recent progress in X-ray spectral analysis methods has made it possible to start exploring, with
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Summary 

Ü  High disk fraction at z~2 consistent    
with updated fueling models & high 
gas fractions. (Hopkins et al. 2014).  

Ü  Increasing fraction of disturbed host 
morphologies vs AGN obscuration 
(Kocevski et al. 2014a). 

Ü  CANDELS has identified the 
compact star forming progenitors   
of the first quenched galaxies         
(Barro et al. 2013). 

Ü  High fraction of AGN activity (48%) 
detected along the fast-track 
quenching pathway at z~2                          
(Kocevski et al. 2014b). 
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