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ABSTRACT

Context. We present detection and analysis of faint X-ray sources in the Chandra deep field south (CDES) using the 4 Ms Chandra
observation.

Aims. We place constraints on active galactic nuclei (AGN) luminosity functions at z = 3-7, its cosmological evolution, and high-
redshift black hole and AGN demography.

Methods. We use a new detection algorithm, using the entire three-dimensional data-cube (position and energy), and searching for
X-ray counts at the position of high-z galaxies in the GOODS-South survey.

Results. This optimized technique results in the identification of 54 AGN at z > 3, 29 of which are new detections.
Applying stringent completeness criteria, we derive AGN luminosity functions in the redshift bins 3-4, 4-5, and >5.8 and for
42.75 <log L(2-10 keV) <44.5. We combine this data with the luminous AGN luminosity functions from optical surveys and find that
the evolution of the high-z, wide luminosity range luminosity function can be modeled by pure luminosity evolution with L* decreas-
ing from 6.6 x 10% erg/s at z = 3 to L* = 2 x 10* erg/s at z = 6. We compare the high-z luminosity function with the predictions of
theoretical models using galaxy interactions as AGN triggering mechanism. We find that these models are broadly able to reproduce
the high-z AGN luminosity functions. Closer agreement is found when we assume a minimum dark matter halo mass for black hole
formation and growth. We compare our AGN luminosity functions with galaxy mass functions to derive the high-z AGN duty cycle,
using observed Eddington ratio distributions to derive black hole masses. We find that the duty cycle increases with galaxy stellar
mass and redshift by a factor of 10-30 from z = 0.25 to z = 4-5. We also report the detection of a large fraction of highly obscured,
Compton thick AGN at z > 3 (18*]7%). Their optical counterparts do not show any reddening and we thus conclude that the size of
the X-ray absorber is likely smaller than the dust sublimation radius. We finally report the discovery of a highly star-forming galaxy
at z = 3.47, arguing that its X-ray luminosity is likely dominated by stellar sources. If confirmed, this would be one of the farthest

objects in which stellar sources have been detected in X-rays.
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1. Introduction

The study of high-redshift active galactic nuclei (AGN) holds the
key to understanding early structure formation and probing the
Universe during its infancy. High-z AGN have been extensively
used to investigate key issues such as the evolution of the corre-
lations between the galaxy black hole mass and other properties
(see e.g. Lamastra et al. 2010, and references therein), the AGN
contribution to the re-ionization, heating of the inter-galactic

* Appendix A is available in electronic form at
http://www.aanda.org
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medium and its effect on structure formation (e.g. Giallongo
et al. 1997; Malkan et al. 2003; Hopkins et al. 2007; Cowie et al.
2010; Boutsia et al. 2011). However, there are other fundamen-
tal issues that can be tackled by studying high-z AGN. Firstly,
we can consider the various scenarios for the formation of the
black hole (BH) seeds that will eventually grow up to form the
super-massive black holes (SMBHs) seen in most galaxy bulges.
Two main scenarios have been proposed: the monolithic collapse
of 10*~10° M, gas clouds to form BH (Lodato & Natarajan
2006, 2007; Begelman 2010; Volonteri & Begelman 2010) and
the early generation of ~100 My BH produced by the super-
nova explosions of the first Pop III stars (Madau & Rees 2001).
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Secondly, we can investigate the physics of accretion at high-z.
One open question is whether BH growth is mainly due to rel-
atively few accretion episodes, as predicted in hierarchical sce-
narios (see e.g. Dotti et al. 2010, and references therein), or by
so-called chaotic accretion (hundreds to thousands of small ac-
cretion episodes, King et al. 2008). The two scenarios predict
different BH spin distributions, and thus different distributions
for the radiative efficiency. Thirdly, since BHs are the structures
with the fastest (exponential) growth rate, they can be used to
constrain both the expansion rate of the Universe and the growth
rate of the primordial perturbation at high-z, i.e. competing cos-
mological scenarios (Fiore 2010; Lamastra et al. 2011). Finally,
since the slopes of both the high-z AGN luminosity function and
the SMBH mass function strongly depend on the AGN duty cy-
cle, their measurements can constrain this critical parameter. In
turn, the AGN duty cycle holds information about the AGN trig-
gering mechanisms. The evaluation of the evolution of the AGN
duty cycle can thus help us to distinguish the competing sce-
narios for AGN triggering and feeding. In this paper, we dis-
cuss in more detail the fourth and final issue. Two main scenar-
ios for AGN triggering and feeding have been investigated to
date: galaxy encounters (Barnes & Hernquist 1996; Cavaliere &
Vittorini 2000; Menci et al. 2006, 2008) and recycled gas pro-
duced by normal stellar evolution in the inner bulge (Ciotti &
Ostriker 2007; Ciotti et al. 2010; Cen 2011). These have differ-
ent predictions about the AGN time scale and duty cycle. In the
former models, nuclear activation proceeds with galaxy interac-
tions, which were naturally more frequent in the past. At these
epochs more gas was also available for nuclear accretion, gas
that had not yet been locked in stars. This scenario thus predicts
a strong increase in the AGN duty cycle with redshift. In the
recycled star gas scenario, the AGN timescale is much longer,
up to Gyr, although with decreasing Eddington ratio. A less ex-
treme variation in the AGN duty cycle with redshift is thus ex-
pected. One of the goals of this paper is to assess what can be
already done with present AGN surveys to distinguish between
these competing scenarios, and which kind of surveys should be
planned to assess in the most accurate possible way the main
AGN triggering and feeding mechanisms.

Large area optical surveys such as the SDSS, the CFHQS,
and the NOAO DWFS/DLS have already been able to discover
large samples of z > 4.5 QSOs (e.g. Richards et al. 2006;
Glikman et al. 2011) and about 50 QSOs at z > 5.8 (e.g. Jiang
et al. 2009; Willott et al. 2010a). The majority of these high-z
AGN are broad-line, unobscured, high-luminosity AGN. They
are likely the tips of the iceberg of the high-z AGN popula-
tion. Lower luminosity and/or moderately obscured AGN can
and will, in principle, be detected directly in current and fu-
ture X-ray surveys. Dedicated searches for high-z AGN using
both deep and wide area X-ray surveys and a multi-band selec-
tion of suitable candidates can increase the number of high-z
AGN by a factor >10. In particular, it should be possible to find
hundreds of rare high-z, high-luminosity QSOs, in both all-sky
and deep eROSITA surveys: the 0.5-2 keV flux limit of the all-
sky survey is on the order of 10™'* erg/cm?/s , while that of
the deep survey, covering hundreds deg?, should be 2-3 times
deeper. The selection function of the eROSITA surveys should
be much less biased than that of the optical surveys, where we
recall that Tx /Top ~ (1+2)7>, and that Tx and Ty are the optical
depths in the observed-frame X-ray and optical bands, assuming
no evolution of the dust-to-gas ratio. To constrain the faint end of
the high-z AGN luminosity function, and therefore the shapes of
the luminosity function and the SMBH mass function, we need
to exploit current and future deep surveys. Unfortunately, the
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number of X-ray selected AGN at z > 3 in deep Chandra and
XMM surveys is only of a few tens, and about half a dozen at
z > 4.5 (see e.g. Brandt et al. 2004; Fontanot et al. 2007; Brusa
et al. 2009a,b; Civano et al. 2011). The difficulty in detecting
directly high-z AGN in X-ray surveys has encouraged attempts
to find an alternative approach. Analyzing the X-ray emission
at the position of known sources allows one to use a less con-
servative threshold for source detection than in a blind search,
hence reach a lower flux limit. Furthermore, a highly optimized
X-ray analysis tool is deemed mandatory to fully exploit the
richness of the data produced by Chandra and XMM. To this
purpose, we developed a new X-ray detection and photometry
tool (dubbed ephot, see the Appendix). In this paper, we search
for X-ray emission at the position of candidate high-z galaxies
selected in the HST/WFC3 ERS (early release science) area and
in the GOODS area of the Chandra deep field south (CDES)
by using ephot. We use the new 4 Ms Chandra dataset, which
represent the most sensitive X-ray exposure ever taken. We first
study the selection effects affecting our candidate high-z AGN,
and then combine our CDFS samples with other X-ray and op-
tically selected AGN samples at the same redshift to build AGN
luminosity functions at z > 3 over several luminosity decades.
By assuming appropriate bolometric corrections and appropri-
ate distributions of 4 = Ly, /Lgqq, We convert these luminosity
functions into SMBH mass functions. We then evaluate the stel-
lar mass functions of active galaxies by converting the SMBH
mass into galaxy stellar mass using the Magorrian relationship
(Ferrarese & Ford 2005; Shankar et al. 2009a, and references
therein). Finally, we estimate the AGN duty cycle as a function
of the redshift by dividing the stellar mass function of active
galaxies by the stellar mass function of all galaxies at the same
redshift. The AGN duty cycle as a function of the redshift is then
compared with the expectation of models for structure forma-
tion using galaxy interactions as an AGN triggering mechanism.
A Hy = 70 kms™' Mpc™!, Qu = 0.3, Q5 = 0.7 cosmology is
adopted throughout.

2. Candidate high-z galaxy samples

We built a catalog of z > 3 galaxy candidates in the GOODS
south and ERS fields including:

— all galaxies with high quality spectroscopic redshift >3;

— all galaxies with 68% limit of photometric redshift >3;

— all galaxies with B — V versus (vs.) V — [ or V — H colors
indicative of a redshift of 3.5 < z < 4.4;

— all galaxies with V — [ vs. I — Z or I — H colors indicative of
aredshift of 4.4 < 7 < 6.0;

— all galaxies with / —Z vs.Z—-Y or Z - Y vs. Y — J colors
indicative of a redshift of z > 6;

— all galaxies with Y —J vs. J—H colors indicative of a redshift
of z > 8.

2.1. GOODS field

We used the GOODS-MUSIC catalog (Grazian et al. 2006;
Santini et al. 2009), which includes galaxies selected in the
HST/ACS z band and Spitzer/IRAC 4.5 yum band. One hun-
dred and ninety GOODS-MUSIC galaxies have a high qual-
ity optical or near-infrared spectrum confirming that they are
z > 3 galaxies, and 26 have a spectroscopic confirmation to be
at z > 5. We found that 4284 galaxies that do not have a high
quality spectroscopic redshift zg,.. have a photometric redshift
Zphot > 3, considering the 68% upper limit. To this sample, we
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added 171 galaxies without high quality zgpec and zphoy < 3 that
lie in the 3.5 < z < 4.4 region of the ACS B—V vs. V — [ di-
agram and 143 galaxies that lie in the 4.4 < z < 6.0 region of
the ACS V — [ vs. I — Z diagram. The total number of high-z
galaxy candidates considered is thus 4788. About 10% of these
galaxies lie within a few arcsecs of an X-ray source previously
identified with a low-z AGN or galaxy or galaxy cluster. These
objects were conservatively excluded from the list, leaving us
with about 4300 high-z galaxy candidates.

2.2. ERS field

We used the GOODS-ERS catalog (Grazian et al. 2011; Santini
et al. 2011), based on the mosaics reduced as described in
Koekemoer et al. (2011, see also Windhorst et al. 2011). The cat-
alog includes 2291 galaxies selected in the HST/WFC3 H band
that have zpno > 3. Forthy-two of these objects have a confirmed
spectroscopic redshift (only two have z > 5). Again, about 10%
of these galaxies lie close to bright X-ray sources, thus limiting
the ERS candidate high-z galaxy sample to about 2000 galaxies.

There is of course an overlap between the GOODS-ERS and
the GOODS-MUSIC catalogs (the GOODS field almost com-
pletely covers the ERS field). Of the 2291 GOODS-ERS, z > 3
galaxies 570 are present in the GOODS-MUSIC catalog and
in 420 cases the GOODS-MUSIC photometric redshift is >3
Therefore, these objects are also present in the GOODS-MUSIC
high-z galaxy candidate sample.

2.3. Additional samples

We also considered 330 z > 6 galaxy candidates from the lists
of Bouwens et al. (2006), Castellano et al. (2010), McLure et al.
(2010), McLure et al. (2011), Bouwens et al. (2011), which are
not included in the above two lists.

3. Multiwavelength properties of high-z AGN
and galaxies in the CDFS

To extract statistically quantitative information from a given
sample of “detected” sources in an X-ray image, we need to
assess its reliability (i.e. number of spurious detections) and
completeness. For both purposes, we run a series of extensive
detection runs on simulated data, see the Appendix for details.
We chose a detection threshold corresponding to 1 spurious de-
tection in 5000 candidates, i.e. about 1 spurious detection in
the GOODS-MUSIC sample and <1 spurious detections in the
GOODS-ERS sample. We detected 17 sources at z > 3 from the
GOODS-ERS catalog and 41 from the GOODS-MUSIC catalog
within this threshold. As an example, Fig. 1 show the B, z,
and H band images of three Chandra-GOODS-ERS sources.
Tables 1 and 2 give the position, redshift, X-ray band that op-
timizes the detection, 0.5-2 keV flux, z band and H band mag-
nitudes, and 4.5 um fluxes for the GOODS-ERS and GOODS-
MUSIC X-ray detected sources, along with a few sources just
below the detection threshold (four from the ERS-GOODS sam-
ple, two from the GOODS-MUSIC). We did not detect any of the
candidate z ® 6 galaxies in Bouwens et al. (2006), Castellano
et al. (2010), McLure et al. (2010), McLure et al. (2011) and
Bouwens et al. (2011). One of these galaxies has an X-ray coun-
terpart just below the threshold (also reported in Table 2). At
the position of this source, there are 11 counts in the band
0.4-0.8 keV (~3 of which are background counts) in a 2 arc-
sec radius region. If the 0.4-0.8 keV emission were related to
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Fig. 1. HST ACS B band (left panel), z band (central panel) and HST
WEFC3 H band (right panel) images of three Chandra-GOODS-ERS
sources with overlaid X-ray contours in the 0.7-2.7 keV band (E2199),
0.7-1.9 keV band (E2551) and 0.4-1.5 keV band (E4956).

iron Ka emission at 6.4 keV, the redshift would be 28, which is
inconsistent with the detection in the z band. Because of these
uncertainties, we do not discuss this source any further.

Five Chandra-GOODS-ERS sources are present in the 2 Ms
direct detection list of Luo et al. (2008, Luo0O8 hereafter, search
within a circle of 1 arcsec radius). Three of them have zphot
in Luo et al. (2010, Luol0 hereafter) consistent with those in
the GOODS-ERS catalog, while in one case the LuolO zpho
is just below 3. One Chandra-GOODS-ERS source is con-
fused/blended in the LuoO8 catalog. Eight Chandra-GOODS-
ERS sources are present in the 4 Ms direct detection list of Xue
et al. (2011, Xuell hereafter). Two of the three Xuell sources
not in the Luo08 catalog have a photometric redshift, and this is
>3 in both cases. Sixteen Chandra-GOODS-MUSIC sources are
present in the LuoO8 list, 13 with photometric or spectroscopic
redshift consistent with those in the GOODS-MUSIC catalog.
Three additional sources are present in the Xuell catalog, two
which have a photometric redshift, and this is consistent with
that in the GOODS-MUSIC catalog. Source M 208 was not de-
tected by Luo08, but was detected by Xuel 1. It is extensively
discussed in Gilli et al. (2011).

The accuracy of the photometric redshifts has been greatly
improved by the near infrared bands covered by WFC3 (see
Tables 1 and 2). The WFC3 coverage also increases the high-
z candidate galaxy X-ray detection rate. The ERS area is smaller
than one third of the full GOODS area, and therefore, based
on the Chandra-GOODS-ERS detections, one would expect
254 detections in GOODS-MUSIC, while only 41 have been
found. Only half of the Chandra-GOODS-ERS detections have a
counterpart in the GOODS-MUSIC catalog. We found that 31%
and 40% of the Chandra-GOODS-MUSIC detections are also
present in the Luo08 2 Ms and Xuel1 catalogs. In addition, 28%
and 47% of the Chandra-GOODS-ERS detections are present
in the same catalogs. We study in more detail the different
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Table 1. Chandra-detected GOODS-ERS z > 3 galaxies.

ID RA Dec z Enmin-max SNR F(0.5-2keV)  zm H  Other ID*
12000 J2000 keV erg/cm?/s

E537  53.082535 -27.755245 4.29(2.9-45) 13-63 13.6  1.2E-16 25.48 2421 L184, X275, M 70139”

E737  53.050343 —27.752138 4.14 (4.0-4.4) 1.0-20 3.4 4.5E-17 25.65 2494 X177, M 70131¢

EI312  53.016602 —27.744848 3.48(3.4-3.6) 09-2.1 5.6 1.0E-16 2530 2439 L68, X100, M 133659, MY50634

E1516  53.119888 —27.743042 4.29 (4.1-6.9) 0.5-1.9 3.4 3.2E-17 27.99 2557 X392, M 70099

EI577 53.020576 -27.742151  3.462spec. 1.9-63 3.7 9.5E-17 23.62 2335 M 13549, MY51260

E1617 53.010651 -27.741613 3.38(3.3-3.4) 0.9-3.8 7.7 1.9E-16 26.33  24.58 L61°¢, X90

E2199  53.054756 -27.736839 4.71 (4.5-5.2) 0.7-2.7 2.9 3.5E-17 27.15  27.08

E2309 53.117855 —27.734295 3.61(3.3-3.8) 0.3-4.0 5.3 4.7E-17 23.81 22.93 L252, X386, M 14078

E2498  53.006237 -27.734076 6.62(5.9-7.3) 1.0-53 5.0 5.1E-17  -28.89 26.61 L57/,X85

E2551  53.158340 —27.733500 5.19 (5.1-5.5) 0.7-1.9 4.3 5.0E-17  —27.59 25.00 G557,1323, X521, M 70091

E2658  53.055538 —27.732950 3.74 (3.5-4.1) 0.4-6.0 3.8 4.2E-17 26.84 26.85

E4956  53.037708 —27.711536 7.43 (>7.0)° 0.4-1.5 32 6.3E-17  —29.20 26.97

E5165 53.038258 —27.709778 3.87 (3.6-4.2) 0.5-2.0 3.3 7.0E-17 26.80 26.94 L100¢

E6257  53.168419 —27.719418 3.22(3.2-3.5) 0.8-1.9 3.1 4.1E-17 24.64 2456 X554, M 15144/M 15156" , MY55184

E7911 53.194885 -27.699949 4.86 (4.7-5.4) 0.8-1.8 3.2 1.3E-16 99.00 25.68

E8479  53.167572 —27.694883 3.67(3.3-3.9) 1.5-32 32 7.0E-17 26.56 2627 MY58818

E10247 53.131218 -27.685293 3.95(3.6-4.0) 0.54.5 3.1 3.2E-17 26.55 26.59

EI611' 53.079372 —27.741625 3.356spec.  0.8-1.7 2.6 2.5E-17 26.15 2375 M 70107

E7840° 53.173592 -27.661259 3.68(3.3-4.0) 0.3-6.3 2.9 4.9E-16 25.04 2544 MY64565

E8439' 53.183681 -27.694748 4.91(4.8-52) 0.8-2.5 2.9 3.2E-17 99.00 25.26

E9850' 53.102806 —27.679691 3.93(3.8-4.1) 0.9-4.7 2.9 2.1E-16 2636 26.46

Notes. © L =Luo08, M = GOODS-MUSIC, MY = GOODS-MUSYC Cardamone et al. (2010); X =Xuell; ® GOODS-MUSIC 7 =

2.28;

© GOODS-MUSIC z = 2.33; “ No redshift in GOODS-MUSIC catalog; * Luol0 z = 2.123; () Luol0 z = 2.808; “ Luo08 confused with
optically bright galaxy; ™ M 15144 z = 0.15 M 15156 z = 3.07; *® Secondary solution at z ~ 2;  Just below detection threshold.

Chandra-GOODS-MUSIC and Chandra-GOODS-ERS selec-
tion effects in Sect. 3.3.

3.1. X-ray and optical spectroscopy

We now discuss the X-ray and optical spectroscopy of our
X-ray sources. Unfortunately, only one of the 17 sources in the
Chandra-GOODS-ERS sample has optical spectroscopy avail-
able. On the other hand, 11 of the 41 sources of the Chandra-
GOODS-MUSIC sample have optical spectroscopy available.
To exploit this rather large dataset, we complement the full
Chandra-GOODS-ERS sample, with the Chandra-GOODS-
MUSIC sources that have optical spectroscopy'.

We extracted X-ray spectra from the merged event file us-
ing source extraction regions of 2—6 arcsec radius, depending
on the source off-axis (the Chandra point spread function, PSF,
degrades quickly with the off-axis angle). Background spectra
were extracted from nearby source-free regions. We also used
the total background spectra at three off-axis angles (see the
Appendix for details). Background spectra are then normalized
to the source extraction region area. We report in Table 3 the
results of fitting a simple power-law model to the data. Several
Chandra-GOODS-ERS and Chandra-GOODS-MUSIC sources
have flat X-ray spectra, which provide strong evidence of large
absorbing column densities along these lines of sight. The qual-
ity of the spectra is low, but in several cases the statistics are
of high enough quality to perform a proper fit with a model in-
cluding an absorbed power-law or a reflection spectrum. In the
following, we briefly outline the main results of this analysis.

' We do not discuss here the rest of the Chandra-GOODS-MUSIC
sample because it is affected by incompleteness (see next section)
and the quality of the photometric redshift is lower than that of the
GOODS-ERS sample.
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— The source E537 has an extremely hard spectrum. A simple
power-law fit produces a negative slope of I' ~ —0.15. An ab-
sorbed power-law model with I fixed to 1.8 yields a column
density of Ny = 1.6 x 10** cm™2. A more accurate descrip-
tion of the spectral shape of the low energy spectrum is ob-
tained by adding an unabsorbed power-law (see Fig. 2). The
addition of this component provides an excellent fit to the
X-ray spectrum of many well-studied obscured AGN. The
component appears to be emission produced by the repro-
cessing of the nuclear continuum by surrounding material
and/or a portion of primary radiation leaking through the ab-
sorber (see e.g. Turner et al. 1997; Piconcelli et al. 2007).
The photon index of the soft X-ray component is fixed to
I' = 1.8, while the resulting ratio of the normalization of
the unabsorbed to the absorbed power-law is ~0.02. An al-
ternative model consisting of a Compton reflection emission
component (pexrav model in XSPEC) obscured by a col-
umn density of Ny = 5+ 2 x 10>} cm™2 is statistically equiv-
alent.

— The X-ray spectrum of M 4835 reveals additional complex-
ity when fitted with a simple absorbed (Ng = 9 = 2 X
10% cm™2) power-law model (C-stat/d.o.f.=425/442). The
best-fit model to the Chandra data includes an additional
component produced by X-ray reflection from cold circum-
nuclear matter. In this case, the primary continuum is ob-
scured by a column density of Ny ~ 1.5*0% x 10* cm™
and the normalization of the nuclear component is about five
times larger than that of the reflection component. Finally,
the limit equivalent width (EW) of the Fe Ka emission
line measured with respect to the reflection continuum is
<1.1 keV, i.e. still consistent with the expectation of a reflec-
tion model. Figure 2 shows the Chandra spectrum of M 4835
fitted by this reflection + transmission model.

— The source M 5390 is G202, the well-known, highly ob-
scured QSO discovered by Norman et al. (2002) at z = 3.7.
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Table 2. Chandra-detected GOODS-MUSIC z > 3 galaxies.

ID RA Dec z Enmin-max SNR F(0.52keV) zm  H F(4.5 um) Other ID
12000 12000 keV erg/cm?/s uly

M208"  53.122036 —27.938740 4.762spec.  1.1-4.0 3.6  1.0E-16 2499 2342 3.0 G618, X403, MY 19471

M 387  53.088505 —27.933449 3.130 (2.4-3.5) 0.5-1.3 2.7  6.7E-17  25.02 99.00 1.1

M603  53.109451 —27.928093 3.360 (2.2-3.9) 0.8-1.9 2.9  3.7E-17  25.82 2509 0.5 MY21391

M 2690  53.163532 —27.890448 3.620 (1.5-4.6) 0.7-6.0 3.0  1.1E-16 2567 2496 9.1  MY27345

M 3268 53.083511 —27.881855 3.300 (2.6-3.8) 1.7-6.3 3.2  1.0E-16 2646 2647 02  MY28191

M 3320 53.209370 —27.881086  3.470spec  0.7-5.0 41.1  25E-15 2529 99.00 45 G159, L402, X645

M 3323 53.184639 —27.880917  3.471spec.  0.5-2.1 12.7 4.5E-16 2398 2384 40  G21,L369, X588

M 4302  53.174389 —27.867350  3.610spec.  0.4-5.0 30.6 1.5B-15 2243 2244 9.6  MY30943, G24, L350, X563

M4417  53.097237 —27.865793  3.470spec  0.5-3.2 3.1  2.2E-17 2333 2315 25 MY31136

M 4835  53.078468 —27.859852  3.660 spec.  0.8-6.3 12.4  1.2E-16 2508 99.00 7.3  G263b, L180, X262

M 5390° 53.124371 —27.851633  3.700spec. ~ 0.7-6.3 18.5 2.3E-16  24.62 2344 68  G202,L265, X412, MY33403

M 5522 53.157639 —27.849911 3.690 (2.7-4.1) 0.3-3.0 3.0  24E-17 2541 243l 12 MY33385

M 5842  53.070236 —27.845531 3.830 (2.8-4.3) 0.7-1.8 3.5  3.2E-17 2520 2468 3.5 X235 MY34075

M 7305  53.072567 —27.827642 3.440 (3.1-3.7) 0.9-1.8 3.5  3.5B-17 2437 2445 1.7

M 8039  53.034122 —27.817532 3.190 (2.5-3.9)Y 0.5-5.0 3.1  1.7E-17 2695 —2624 0.1  MY38702

M 8273  53.165268 —27.814058  3.064 spec.  0.9-6.3 31.5 S8.0E-16 2451 2240 167 MY39298, G27, L341, X546

M 8728  53.069000 —27.807203 4.820 (3.9-5.5) 0.8-22 3.1  54E-17 2658 —2624 0.7

M 9350  53.167900 —27.797960 3.360 (3.2-3.5) 0.4-3.6 3.1  1.7E-17 2476 2474 08  MY4176l

M 9363  53.051006 —27.797874 3.610 (3.0-4.1)Y 13-4.0 3.2  84E-17 26.82 2624 0.1

M 10390 53.059620 —27.784552 3.210 (2.4-3.7) 0.3-3.6 2.8  2.0E-17 2632 24.90 1.0

M 10429 53.178471 —27.784035  3.193spec. ~ 0.4-4.5 22.7 7.6E-16  25.18 24.08 20  MY44068, L358, X573

M 10515 53.143574 —27.783009 5.260 (1.8-6.6) 1.0-6.0 33  7.3E-17 2540 2342  21.1

M 10548 53.021168 —27.782366  4.823 spec.  0.4-1.9 3.2 4.4E-17 2371 99.00 34  MY44369

M 13473 53.171535 —27.743347 3.210 (2.6-3.8)? 0.6-1.8 3.1  2.6E-17 2480 2423 07  MY50924

M 13549 53.020576 —27.742151  3.462spec.  1.9-63 3.7  12E-16 23.69 2333 35  MY51260, E1577

M 14078 53.117867 —27.734310 3.560 (2.8-3.8) 0.3-4.0 52  4.7E-17 2397 2269 199  E2309, L252, X386

M 70091 53.158215 —27.733717 3.200 (2.0-5.4) 0.9-2.0 42  42B-17  27.65 2455 53  E2551, G557, 1323, X521

M 70099 53.119797 —27.743099  6.220 (>2.9) 0.5-1.9 3.7  3.7E-17  27.10 2491 62  X392,EI516

M 70168 53.111530 —27.767839 5.010 (2.0-6.5) 0.84.7 11.1  1.3E-16 2597 —25.03 2.3 G518, 1245,X371

M 70340 53.040970 —27.837717 3.900 (>3.9) 0.4-4.2 9.2  1.1E-16 -27.56 2546 22  G537,L103¢, X156

M 70385 53.107418 —27.855694 3.980 (1.1-4.7) 0.6-2.0 7.3  12E-16 2649 2526 4.1  G589,1235", X354

M 70390 53.085411 —27.858023 4.180 (2.2-4.8) 0.5-1.7 3.8  3.8E-17 2620 2398 57  LI191, X285

M 70407 53.064629 —27.862434 5900 (>1.8) 0.9-1.9 2.8  2.8E-17  27.02 24.89 1.5

M 70429 53.137917 —27.868238 3.630 (1.2-4.8) 0.4-3.4 9.7  15E-16 -27.90 2541 23 G217a, L2907, X456

M 70435 53.215118 —27.870247 3.230 (>2.0) 0.7-6.0 9.8  1.2E-16 2688 2406 49 G508, L404, X651

M 70437 53.146461 —27.870945 4.420 (>2.7) 14-53 7.7  39E-17  27.62 -2535 3.5  L306", X485

M 70467 53.124233 —27.882565 4.250 (>2.0) 0.9-3.8 3.0  1.8E-17 2685 -2550 3.9

M 70481 53.189320 —27.888466 4.080 (3.3-4.5) 0.3-6.7 2.9  1.1E-16 2675 2402 8.0

M 70508 53.210999 —27.907394 3.180 (2.0-4.0) 0.3-5.7 4.6  9.7E-17 2624 99.00 75

M 70525 53.136761 —27.917326 3.280 (0.8-3.8) 0.9-6.7 3.1  1.2E-16 —27.87 2426 3.7

M 70531 53.151512 —27.926792 3.260 (>1.9) 1.7-45 3.0  1.1E-16 2607 2327 197

M 3607° 53.215858 —27.876823  3.468spec  1.0-3.8 2.9  85E-17 2493 99.00 0.9

M 70107° 53.079334 —27.741474  3.356spec  0.84.7 3.4  21E-17 2685 2377 12.8 EI6ll

216554 53.068958 —27.684222 26.0 0.4-0.8 24  14E-5" 258 - -

Notes. L =Luo08, M=GOODS-MUSIC, MY = GOODS-MUSYC Cardamone et al. (2010); X = Xuel1, G = Giacconi et al. (2002); © Gilli
et al. (2011); © Norman et al. (2002);  Secondary solution at z < 0.5; Y Luo08 z = 2.45; Luo08; " 2.71; @ Luo08 z = 2.36; ™ Luo08 z > 7.4;
@ TJust below detection threshold;  Bouwens et al. (2006); ™ Count rate.

The Chandra spectrum is consistent with the XMM one pre-
sented by Comastri et al. (2011). It is well-fitted by a power-
law model (with I = 1.8 fix) absorbed by a column den-
sity of Ny ~ 1.2 + 0.15 x 10** cm™? and Gaussian line
(E = 6.6 keV, likely a blend of the 6.4 keV neutral Fe and
6.7 keV Fe XXV Ka lines, EW = 0.8 0.4 keV), plus an en-
ergetically unimportant soft component. The quality of the fit
decreases if the continuum is modeled with a pure reflection
component.

The source M 208 was presented and discussed by Gilli et al.
(2011), and we confirm the results reported in that paper,
finding the spectrum consistent with being obscured by a
Compton thick absorber. Very similar results are obtained

for E1577, which is best fitted by a heavily absorbed (i.e.
Nu > 10%* cm™?) power-law model (see Fig. 2). We also
detected obscuration with column density values consistent
with 10?* cm~2 in the spectrum of E8479.

Large Ny values exceeding 10?2 cm™2 (but still in the
Compton-thin regime) are reported from the spectral analy-
sis of E1617, M 8273, M 4302, and M 3320. Remarkably, in
the spectrum of the latter source at z = 3.471, we found clear
evidence of an emission line with an EW = 160 + 100 eV at
a best-fit rest-frame energy of 6.97 keV and, therefore, asso-
ciated with highly ionized (i.e. Fe XXVI) iron.

In conclusion, at least 3 of the 17 Chandra-GOODS-ERS
sources are likely to be Compton thick AGN, that is 18*]/% of
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Fig. 2. The Chandra X-ray spectra of E537 (Left panel), E1577 (central panel), and M 4835 (right panel).

the AGN in the sample are Compton thick, as well as 4 of the
11 Chandra-GOODS-MUSIC AGN with spectroscopic redshift
(one of these sources is in common with the Chandra-GOODS-
ERS sample). An additiona three Chandra-GOODS-MUSIC
and one Chandra-GOODS-ERS AGN are highly obscured. The
luminosity of the Compton thick ERS and GOODS-MUSIC
AGN is in the range log (L2-10 keV) =43.5-44.5, i.e. between
bright Seyfert 2 galaxies and type 2 QSOs. The 2-10 keV
flux of the Chandra-GOODS-ERS sources is between 0.3 and
3x107'% erg/cm?/s. At these fluxes, the Gilli et al. (2007) model
for the cosmic X-ray background (CXB) predicts a fraction
of Compton thick AGN of ~20%. This is similar to the fraction
of Compton thick AGN that we find at z > 3, thus suggesting
that Compton thick AGN are probably more common at high-z
than previously predicted (also see Gilli et al. 2011).

It is instructive to compare the result of the X-ray spec-
troscopy to those of the optical spectroscopy, photometry, and
morphology in Table 3. The two CT AGN for which CIV is red-
shifted in the band covered by optical spectroscopy have nar-
row CIV lines, in addition to narrow Lya lines. One of these
(E1577/M 13549) also displays broad absorption blueward of
CIV. The highest redshift CT AGN (M 208) has a narrow Ly«
and a relatively broad (2000 km s7!) NV emission line (also
see Gilli et al. 2011). Two of the three highly obscured AGN
(M 3320 and M 8273) also have narrow Ly« emission lines and,
when redshifted to the band covered by the spectroscopy, narrow
CIV lines. In the spectrum of the third highly obscured source
(M 4302), strong and broad absorption lines are present.

Four of the ten highly obscured and Compton thick AGN
have a point-like morphology in the z band (M 13549/E1577,
M 5390, M 4302, M 208) or H band (E1577) based on the
CLASS_STAR parameter of SExTRACTOR, FWHM measurements,
and eye-ball inspection of z and H band images. This sug-
gests that the active nucleus contributes significantly to the UV
and optical rest-frame emission, as confirmed in M 4302 and
M 13549/E1577 by the detection of likely nuclear broad absorp-
tion lines in their UV rest-frame spectra.

We estimated the rest-frame UV (0.16 um) extinction of the
highly obscured and Compton thick AGN by fitting their ob-
served spectral energy distribution (SED) with galaxy templates
and the Calzetti et al. (2000) extinction law. Table 3 gives the
Lo upper limit to A(0.16 um), along with the A(0.16 um) lower
limit obtained using the 1o lower limit to the neutral gas absorp-
tion column density and assuming a Galactic dust-to-gas ratio.
We also plot for these sources the best-fit Ny and A(0.16 um)
upper limits in Fig. 3. We see that Ny measurements and the
A(0.16 pm) limits of all ten highly obscured or Compton thick
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Fig. 3. The best-fit Ny as a function of the 0.16 um extinction for the
10 z > 3 highly obscured or Compton thick AGN. Filled points are
sources with point-like optical or near infrared morphology. The two
solid lines are the expectation for a dust-to-gas ratio 100 and 1000 times
lower than the Galactic one.

AGN are completely inconsistent with a Galactic dust-to-gas
ratio. This is also true for the four objects with point-like mor-
phology. The same conclusion is reached by estimating dust ex-
tinction from the galaxy stellar masses. It is difficult to estimate
accurate stellar masses for our high-z AGN, but they likely ex-
ceed several 10'° M, The extinction expected based on the cor-
relations found by Pannella et al. (2009) in a sample of z ~ 2
BzK galaxies is of 3—6 mag at 1500 A. We conclude that, at least
for the four point-like objects, the dust-to-gas ratio of the absorb-
ing matter is likely 1/100-1/1000 that of the Galaxy. This is also
lower than in the (mostly low-z) AGN studied by Maiolino et al.
(2001) and Shi et al. (2006). The low dust-to-gas ratio can be
explained if the absorbing matter is within of close to the dust
sublimation radius. The other six highly obscured or Compton
thick AGN have extended morphologies in the z and H images,
suggesting that young stellar populations contribute significantly
to the UV and optical rest-frame emission. In these cases, little
can be said about either the nuclear extinction and the dust-to-
gas ratio.

3.2. Radio counterparts and star-formation rates

Two Chandra-GOODS-ERS sources (E2551 and E1611/
M 70107) and another five Chandra-GOODS-MUSIC sources
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Table 3. Multiwavelength properties of z > 3 galaxies.

D r log L(2-10 keV) X-ray F(1.4 GHz) SFR Morphology? A(0.16) A(0.16) Optical spectroscopy

X-ray erg/s obscuration? uly Mo/yr H band SED  X-ray
E537 -0.15+0.2 43.8 CT 19.6 £6.2 730 + 230 E <2.6  >1000
E737 1.6+1.0 43.1 15.0+6.2 360 + 150 E
E1312 1.2+0.7 43.7 P
El516 3.0120 42.8 17.8+6.4 660 =240 E
E1577 —0.9f?:2 43.6 CT P <1.1 >930 Em.: Lya narrow, CIV. Abs.: CIV broad
El1617 0.9+0.3 44.4 HO E <2.6  >190
E2199 1.6+1.3 429 P
E2309 1.7+0.7 429 E
E2498 0.9+0.5 43.9 16.3 £6.4 1500 + 590 E
E2551 1.8+0.7 432 33.5+6.49 1870 + 360 E
E2658 03x14 42.8 P
E4956 22+09 439 E
E5165 1.8+0.8 432 E
E6257 1.5+1.5 42.8 E
E7911 1.5+1.0 43.6 P
E8479 -0.1+0.9 435 CT E <1.1  >470
E10247 - 43.1 E
D r log L(2-10 keV) X-ray F(1.4 GHz) SFR Morphology? A(0.16) A(0.16) Optical

X-ray erg/s obscuration? uly Mo/yr z band SED  X-ray spec.
M 208¢ 0.1+£0.6 44.0 CT 19.4+6.5 900 + 300 P <2.0 >780 Em: Ly narrow, NV broad
M 3320 1.12+0.06 44.8 HO E <3.5  >120 Em.: Lya narrow
M 3323 1.6+£0.21 43.8 P Em.: Lya broad
M4302  1.33+0.08 444 HO 17.6 £6.1 450 + 160 P <1.8  >110 Em.:Lye, LyB, Lyy. Abs: NV, CII, OI broad
M 44174 1.8+ 1.0 42.5 153+6.3 360+ 150 E Abs: CIV, Sill, SilV, CII, OI, Sill
M4835  0.08+0.24 44.0 CT 36.0£6.29 960 + 160 E Em.: Lya, CIV narrow
M 5390° 0.18+0.16 44.3 CT 194 +6.1 530+170 P <1.1 >820 Em.: Lya, CIV, OVI, NV, CIV, Hell narrow
M8273  0.29+0.10 44.8 HO 49.6 £6.29 900+ 110 E <2.0 >380 Em.: Lya, CIV narrow
M 10429 1.40+0.10 44.0 P Em.: CIV broad
M 10548 2.75+1.30 43.0 E Em.: Lya narrow, noisy
M 13549/ —0.979% 43.6 CT P Em.: Lya narrow, CIV. Abs: CIV broad

Notes. @ X-ray obscuration: CT=Compton thick (Vg 2 10** cm™2);

HO = Highly obscured, Compton thin (10> < Ny S 10* cm™);

® Morphology: P = point-like, E = Extended; © Gilli et al. (2011);  Maiolino et al. (2008), [OI1], [OIII] HB; > Norman et al. (2002); " = E1577;

@ VLA-CDFS DR2 flux.

(M 2690, M 4835, M 8273, M 70091, and M 70340) have a
detection at 1.4 GHz in the DR2 catalog of the VLA-CDFS sur-
vey Miller et al. (2008). Radio fluxes for the Chandra-GOODS-
ERS sources and the Chandra-GOODS-MUSIC sources with
spectroscopic redshift are given in Table 3. Anther 8 sources in
Table 3 have a faint radio signal at the position of the galaxy
(signal-to-noise ratio of between 2.4 and 3.2). The probability
of this signal consisting of background fluctuations is <2%, cor-
responding to <1 spurious radio detection in the full sample of
sources in Table 3. We also report in Table 3 radio fluxes for the
additional 8 faint detections. We stress that the latter faint fluxes
may over-estimate the real radio flux because of the Eddington
bias. A more robust average flux can be obtained by stacking
together the radio images at the position of the X-ray sources.
The average flux for the Chandra-GOODS-ERS and Chandra-
GOODS-MUSIC sources without a detection in the DR2 VLA-
CDFS catalog is 6.5+ 1.5 pJy and 10.1 £ 1.1 ulJy, respectively.

The observed radio fluxes can be produced by both nuclear
and stellar processes. Using the La Franca et al. (2011) proba-
bility distributions for the X-ray to radio nuclear luminosity, we
expect a L(2-10keV)/L(1.4 GHz) ratio <3 x 10* for ~25% of the
sources in Table 3, and L(2-10 keV)/L(1.4 GHz)<10? for 5% of
the sources. We converted the radio fluxes in Table 3 into lumi-
nosities using the expression

L(1.4 GHz) = 1.19 x 10*°DL? (1.4 GHz)(1 + )™V, (1)

where DL is the luminosity distance in Mpc and f(1.4 GHz) is
in uJy and we assumed « = 0.7. We found in all cases that L(2—
10 keV)/L(1.4 GHz) < 3 x 10*, which is 41% of the full sample,
and L(2-10 keV)/L(1.4 GHz)<10? for 5 sources, i.e. 18% of the
full sample. This difference between the expected and observed
fraction of radio bright sources is not conclusive, because our ra-
dio fluxes may be over-estimated as discussed above. However,
if we associate to the sources without a detection in the DR2
VLA-CDEFS catalog the average flux measured above, the frac-
tions of sources with L(2—10 keV)/L(1.4 GHz) < 3x10* and L(2—
10 keV)/L(1.4 GHz) < 10° are 92% and 19%, respectively. We
can therefore conclude that, at least on average, radio fluxes are
higher than expected based on the X-ray fluxes and assuming a
common nuclear origin. If radio emission is dominated by stel-
lar processes (as also suggested by Padovani et al. 2011), we can
convert radio fluxes into star-formation rates (SFRs, see e.g. Yun
et al.2 2001). We used the a calibration that assumes a Chabrier
IMF

SFR =3.4x10"%L(1.4 GHz). )
In two cases, we have independent estimates of SFR, which
agree reasonably well with the values in Table 3. We find that
M 208, has a SFR ~ 1000 My/yr, as estimated from a Laboca
870 um detection (see Gilli et al. 2011), while M 4417 has

2 Assuming a Salpeter IMF would result in a SFR that is ~1.7 times
higher.
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Fig. 4. K band, MIPS 24 yim, and LABOCA 870 um images around the M 4417 galaxy with overlaid X-ray 0.5-3.2 keV contours.

SFR ~ 440 My/yr, as estimated from UV SED fitting and oxy-
gen lines (Maiolino et al. 2008).

3.2.1. A high-z star-forming galaxy?

A rather peculiar case is M 4417, a galaxy studied by Maiolino
et al. (2008) in the framework of the AMAZE program. The
X-ray luminosity corresponding to the observed SFR is log L(2—
10 keV) ~42.35 (by using the Ranalli et al. 2003 conversion fac-
tor), just a factor 40% lower than the observed X-ray luminos-
ity. We note that although the Chandra X-ray contours seems to
be centered on M 4417 (see Fig. 4), there could be some con-
tribution to the observed X-ray flux from the nearby z = 3.471
galaxy M 4414, which has a SFR that is about a quarter of that of
M 4417. Intriguingly, M 4417 is the Chandra-GOODS-MUSIC
and Chandra-GOODS-ERS object with the lowest X-ray to
z band and H band flux ratios (0.004 and 0.005 respectively),
which is lower than for typical AGN (see next section), and
implies that the X-ray emission from this object is not domi-
nated by a nuclear source. We then conclude that the observed
X-ray luminosity is likely dominated by stellar sources, making
M 4417 one of the farthest objects in which X-rays permit us to
investigate stellar processes. Alternative solutions are of course
possible, for example M 4417 may be a reflection-dominated,
heavily Compton thick AGN, where the nucleus is completely
hidden and the observed X-ray luminosity is just a fraction of
the real one. However, we are unable to justify this interpre-
tation using either X-ray colors, optical spectroscopy, infrared
spectroscopy, or broad-band UV to infrared SED (the source is
not detected at wavelengths longer than 8 um, see Fig. 4).

There are another two sources with relatively low X-ray lu-
minosity and high radio flux: E2551 and E1516. In these cases,
the X-ray luminosity corresponding to the SFR rate estimated
from the radio flux is a factor of 70% and 90% lower than the
observed X-ray luminosity. Their X-ray to H band ratio are how-
ever 210 times higher than that of M 4417 (0.06 for E2551
and 0.07 for E1516). The radio flux and luminosity of E2551
are the highest in the sample, suggesting that it may well be a
radio loud AGN.

3.3. X-ray to optical/NIR flux ratios and selection effects

The standard procedure for assembling X-ray high-z AGN sam-
ples is based on the optical identification of X-ray source cat-
alogs. In the previous section, we used a complementary ap-
proach, which involves studying the X-ray emission of either
optically or NIR selected high-z galaxies. In the first case,
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the problem is to be sure that the optical/NIR identification
of the X-ray source is correct, and that sample identifica-
tions are reasonably complete. In the latter case the problem
is the reliability and completeness of the optical/NIR sam-
ples. They should include most of the galaxies (and there-
fore most AGN) down to a reasonably low flux limit. The
GOODS-MUSIC catalog is fairly complete down to z ~ 26 and
F(4.5 uym) ~1.5 pJy and includes sources down to z ~ 27 and
F(4.5 pum)~ 0.5 pJy. The GOODS-ERS catalog is fairly com-
plete down to H ~ 26.5 and includes sources down to H ~ 27.5.
To understand how these optical and NIR flux limits translate
into X-ray flux limits, we compute the X-ray (0.5-2 keV) to
NIR (H band) flux ratio F(0.5-2 keV)/F(H) of much brighter,
and therefore likely complete, AGN samples. Figure 5 com-
pares F(0.5-2 keV)/F(H) of the z > 3 Chandra-GOODS-ERS
and Chandra-GOODS-MUSIC AGN samples to the Chandra-
COSMOS (Civano et al. 2011) and XMM-COSMOS (Brusa
et al. 2009a, 2010) z > 3 AGN samples. The COSMOS sam-
ples are X-ray selected samples with nearly complete optical
identification, because they cover X-ray and optical/NIR fluxes
that are 10—100 times brighter than the Chandra-GOODS-ERS
and Chandra-GOODS-MUSIC AGN samples, and thanks to the
massive photometric campaigns performed in this field with
HST/ACS, Subaru, and CFHT (Capak et al. 2008). As an ex-
ample, there are only two sources in the Chandra-COSMOS
catalog without either an optical or infrared counterpart, 19
without an optical counterpart, 0.1% and 1% of all Chandra-
COSMOS sources respectively, Civano et al. (2011). Most of
these sources are likely high-luminosity, highly obscured type 2
QSOs (e.g. Fiore et al. 2003). However, even assuming that all
these 19 sources are at high-z, they would be 25% of the z > 3
sources in Chandra-COSMOS. Hence this is a very conservative
upper limit to the Chandra-COSMOS completeness at high-z.
Similar numbers apply to the XMM-COSMOS survey.

The Chandra-GOODS-ERS detections cover a range of
F(0.5-2 keV)/F(H) values that are similar to the COSMOS
samples and indeed the Chandra-GOODS-ERS and COSMOS
distributions of F(0.5-2 keV)/F(H) are perfectly consistent:
the probability that the Chandra-GOODS-ERS and Chandra-
COSMOS distributions are drawn from the same parent pop-
ulation is indeed 50%, using the Kolmogorov-Smirnov test.
This suggests that the HST/WFC3 ERS H band images are
deep enough to trace high-z AGN populations at the extremely
faint X-ray flux limits reached by the Chandra 4 Ms expo-
sure, avoiding significant incompleteness, or at least with an
incompleteness comparable to that reached at much brighter
fluxes by Chandra-COSMOS and XMM-COSMOS. The same
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Fig.5. Left panel: the X-ray to NIR flux ratio F(0.5-2 keV)/F(H) as a function of the X-ray flux for the z > 3 Chandra-GOODS-ERS
AGN sample (red-filled circles), Chandra-GOODS-MUSIC sample (black-open circles), Chandra-COSMOS sample (green-filled squares) and
XMM-COSMOS sample (blue-filled triangles. Right panel: the distributions of F(0.5-2 keV)/F(H) for the Chandra-COSMOS z > 3 sample
(black histogram), Chandra-ERSVO sample (red histogram), and Chandra-GOODS-MUSIC sample (blue, dashed histogram).

Table 4. Chandra-GOODS-ERS z > 3 AGN comoving space densities.

log L(2-10 keV) 34 4-5 3.8-5.2 5.8-7.5
4275435 43729x10° -

43.5-44.0 40717 %107 -

44.0-44.5 16733 %1079 -

43-44 - 21709107 3.5 %107

43.5-44.5 - - 06671 x 10

exercise performed using the GOODS-MUSIC z band and IRAC
4.5 um selected catalog was unsuccessful: we used a subsam-
ple of the full Chandra-GOODS-MUSIC sample with deep
H band VLT/ISAAC coverage, excluding 13 sources with shal-
lower H band coverage. The Chandra-GOODS-MUSIC sample
clearly misses sources with high F(0.5-2 keV)/F(H) flux ra-
tio in comparison to the Chandra-GOODS-ERS and COSMOS
samples, and indeed the Chandra-GOODS-MUSIC F(0.5—
2 keV)/F(H) distribution is inconsistent with the Chandra-
COSMOS distribution at the 99.925% confidence level (using
the Kolmogorov-Smirnov test). This means that the GOODS
ACS and IRAC images are insufficiently deep to fully probe the
AGN population at the flux limits of the CDFS 4 Ms observation.
The F(0.5-2 keV)/F(H) distribution of the Chandra-GOODS-
MUSIC sources with F(0.5-2 keV)25 x 1077 erg/cm?/s
is consistent with the GOODS-ERS and COSMOS ones
(probability of ~30% that they can be drawn from the same
parent population), hence in the following we consider only
the 23 Chandra-GOODS-MUSIC sources brighter than this flux
limit (and outside the ERS area). These 23 sources are added to
the 17 sources of Chandra-GOODS-ERS sample to form a total
sample of 40 high-z AGN. We use this sample to constrain the
faint end of the AGN luminosity function at high redshift.

4. High-z AGN luminosity functions

Our z > 3 AGN candidate sample includes 17 Chandra-
GOODS-ERS sources and 23 Chandra-GOODS-MUSIC
sources spanning a range in luminosity of 42.5 <log L(2-
10 keV)/erg/s<44.8. They can be used to probe the faint

end of the high-z AGN luminosity functions. We calcu-
lated the comoving space densities of our high-z sample
using the 1/Vpx method (Schmidt 1968). We chose L(2-
10 keV) and z ranges to ensure completeness at the X-ray flux
limit F(0.5-2 keV)~2 x 1077 erg/cmz/s reached by our
survey. The luminosity limit at z = 4, 5, and 7.5 is log L(2—
10 keV)~42.7, 42.8, and 43.3, respectively. Accordingly, we
computed comoving space densities in the redshift bins 3-4,
4-5, and 5.8-7.5, with luminosity ranges 42.75-44.5, 4344,
and 43.5-44.5, respectively. There are a total of 30 Chandra-
GOODS-ERS and Chandra-GOODS-MUSIC AGN in these
redshift and luminosity bins. Comoving space densities are
given in Table 4. Figure 7 presents the AGN luminosity
functions in the same redshift bins. Errors are computed by
evaluating the Poisson statistics for the number of AGN in each
redshift-luminosity bin. To obtain information about the slope
of the luminosity functions, we joined the above samples to the
Chandra-COSMOS high-z sample of Civano et al. (2011), the
XMM-COSMOS sample of Brusa et al. (2009a), the GOODS
sample of Fontanot et al. (2007), the faint optical AGN sample
of Glikman et al. (2011), and the luminous optical AGN
samples of Richards et al. (2006) and Jiang et al. (2009). We
converted the rest-frame 1450 A luminosities of the optically
selected samples to the 2—10 keV band using the Marconi et al.
(2004) and Sirigu et al. 2011 luminosity-dependent conversion
factors. We assumed no intrinsic reddening in the optically
selected high-z AGN. This might underestimate the real AGN
luminosity, if significant dust is present along the high-z AGN
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Fig. 6. The UV 1450 A to X-ray 2-10 keV luminosity ratio for 12 QSOs
atz > 5.7.

lines of sight (Maiolino et al. 2004; Jiang et al. 2006; Gallerani
et al. 2010). We checked our conversion factors using real
data, that is the Chandra and XMM detections of the Jiang
et al. (2009) QSOs (Mathur et al. 2002; Shemmer et al. 2006,
and references therein). Figure 6 shows the ratio of the UV
1450 A luminosity to the 2-10 keV luminosity against 1450 A
luminosity for 12 QSOs at z > 5.7, for which we collected
X-ray data from the literature. The figure also shows the UV to
X-ray conversion adopted in this work, which agrees quite well
with the data of this high-redshift QSO sample.

We modeled the wide luminosity range high-redshift lumi-
nosity functions using the standard double power-law shape

dd(Lx)
dlogLx

= A[(Lx/LY" + (Lx/LY?] 3)

where A is the normalization factor for the AGN density, y1 and
y2 are the faint-end and bright-end slopes, and L, is the char-
acteristic break luminosity. Optical selection may miss highly
obscured AGN, which can represent a large fraction of the to-
tal in particular at low luminosity (La Franca et al. 2005). To
avoid possible incompleteness in optical surveys, we excluded
from the fit the optically selected AGN density determinations
with M50 > —26.5 (or correspondingly L(2-10 keV) <45.1).
We first fitted this simple model to the luminosity functions in
the three redshift bins. The number of points in the z = 3-4
redshift bin allows us to constrain all four parameters. This is
impossible in the redshift bins 45 and >5.8, where we fitted the
data fixing the slopes y1 and 2 to the best-fit values found in
the z = 3—4 redshift bin. The results of these fits are reported in
Table 5. As a next step, we fitted simultaneously the data in the
three redshift bins with an evolutionary model. We chose to de-
scribe the evolution of the high-z AGN luminosity function with
the LADE (luminosity and density evolution) model, introduced
by Aird et al. (2010). Thus, the evolution of L, is given by

logL.(z) = logLy + plog(1 + z) %)
and the evolution of A is given by
logA(z) = logAo + dlog(1 + z). 5
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Table 5. Modeling the high redshift AGN luminosity function.

Model zrange AorAg L, or Ly vl v2 P d x° (d.o.f)
107 Mpc™  10* erg/s
1 34 3.Of‘1‘:2 54+22 0.8+02 3.4“_’8:2 - - 4.63 (4)
2 4-5 3.2%11 35+04 08FIX 34FIX - - 2.52(2)
3 >5.8 2.4“:;:8 2.1j8:; 0.8 FIX 3.4FIX - - 1.23 (1)
4 >3 3.3 1207 08FIX 34FIX -21+02 OFIX 10.65(14)
5 >3 5200 130“_’18 0.8 FIX 3.0 FIX -24+02 O0FIX 16.09 (14)
6 >3 1.6“:8:2 70“_’%8 0.8 FIX 3.4FIX -1.8+0.2 -1 FIX 10.82 (14)
7 >3 2.61’8:3 75“:32 0.8FIX 30FIX -2.03+0.15 -1FIX 1577 (14)

We first fitted the data with the full six-parameter model. The
vl and y2 slopes were found to be similar to those obtained
fitting the z = 3-4 data only (the z = 3-4 data provides the
strongest constraint on the shape of the luminosity function).
We report in Table 5 the best-fit parameters obtained by fixing
y2 to 3.4 and 3.0 (keeping the faint-end slope y1 fixed in both
cases at 0.8). The fit with y2 = 3 produces a y” value that is
larger than for the best-fit case, but still acceptable considering
the uncertainties in the correction between the optical and X-ray
luminosities for the optically selected AGN density determina-
tions. We found that the A and d parameters are completely de-
generate. We could obtain equally good fits for combinations of
Ay and d that were inversely correlated. We report in Table 5 the
best fits obtained with d = 0 (no density evolution) and d = —1.
The data are good enough to constrain relatively well Ly and p.
Our data are thus consistent with a pure luminosity evolution,
with L, rather quickly reducing with redshift. The dashed lines
in Fig. 7 are the best-fit pure-luminosity evolution model (4) in
Table 5.

It is not straightforward to compare our high-z, wide-
luminosity-band luminosity functions with previous determina-
tions. The best-fit model of Shankar et al. (2009a) agrees quite
well with our determinations at log L(2—10 keV) < 44 but
overestimate the density of higher luminosity AGN, in partic-
ular of optically selected AGN. We note that Shankar et al.
(2009a) adopt a UV to X-ray luminosity conversion factor fixed
at 10.4, while our conversion factor varies with luminosity,
from 4.4 at log L(2-10 keV) =43 to 27 at log L(2-10 keV) = 45.
Furthermore, Shankar et al. (2009a) correct for extinction and
the fraction of Compton thick AGN. As discussed above, our
data are not corrected for the fraction of Compton thick objects,
because several have been found in our samples, and we used
optically selected AGN of high luminosity (M50 > —26.5,
L(2-10 keV)<45.1), where the fraction of obscured AGN is
likely to be small. Hopkins et al. (2007) use a luminosity-
dependent bolometric correction, but with a different calibra-
tion from ours. They correct their data for extinction and the
fraction of Compton thick AGN missed in optical, X-ray, and
infrared surveys. They convert Ny distributions evaluated from
X-ray data into optical-UV reddening using a canonical gas-to-
dust ratio, which, as discussed in the previous section (and by
e.g. Maiolino et al. 2001; Shi et al. 2006), can overestimate the
real extinction, in particular when the X-ray absorber is com-
pact, smaller than the dust sublimation radius. They find z > 3
luminosity functions with much flatter slopes than ours (or to the
Shankar et al. 2009a, ones). As an example, the Hopkins et al.
(2007) best-fit model would predict ~2—4 times more z = 3—4
and z = 4-5 AGN with log L(2-10 keV) >44.5 than actually
found in the XMM and Chandra COSMOS surveys (Brusa et al.
2009a; Civano et al. 2011).

4.1. AGN luminosity function and duty cycle evolution

We now place our findings in Sect. 4 in a context that enables
us to study the evolution of the AGN luminosity function from
the local Universe to z ~ 6. We compare in the upper panel of
Fig. 8 the best fits to both the z = 3.5,z = 45,and z = 6
AGN luminosity functions (model 4 in Table 5) and the best-fit
model luminosity functions found at lower redshift by La Franca
et al. (2005). These were computed by correcting for the in-
completeness caused by X-ray absorption, which is significant
at low redshift where the photoelectric cut-off produced by the
typical column densities observed in many AGN is well within
the X-ray selection band. The La Franca et al. (2005) luminosity
functions are consistent with the more recent determinations of
Aird et al. (2010) and Ebrero et al. (2009), which are both based
on a larger number of objects. The upper panel of Fig. 8 sum-
marizes the complex evolution of the AGN luminosity function,
which increases between z = 0 and z = 1, 2, and 3 for increasing
luminosities and then decreases at yet higher redshifts.

We converted these luminosity functions into “active”
SMBH mass functions using Monte Carlo realizations. We
simulated 108 AGN luminosities and SMBH masses in each
redshift bin according to the following procedure. We first ran-
domly chose an X-ray luminosity following the luminosity func-
tion distribution in each given redshift bin. We then converted it
into a bolometric luminosity using the Marconi et al. (2004) and
Sirigu et al. (2011) luminosity-dependent bolometric correction.
Next, we randomly chose an Eddington ratio from log-normal
distributions with parameters given in Table 6. At z < 0.3, we
used the distribution of Netzer (2009b), which are shifted to-
ward higher Eddington ratios with respect to the Kauffmann
& Heckman (2009) distributions (see the discussion in Netzer
2009b,a). At medium to high redshift, we used the distributions
of Trakhtenbrot et al. (2011), Shemmer et al. (2004), Netzer &
Trakhtenbrot (2007), and Willott et al. (2010b). This provides
a SMBH mass for each chosen X-ray luminosity and Eddington
ratio. We finally binned the resulting SMBH distributions in each
redshift bin to build SMBH mass functions. The resulting “ac-
tive” SMBH mass functions in six redshift bins are plotted in the
central panel of Fig. 8. It must be stressed that this is an empiri-
cal calculation, performed independently for each redshift bins,
using only observed quantities. It does not pretend to model the
history of SMBH growth during the cosmic time, which can be
obtained using a continuity equation and conserving the number,
as in Marconi et al. (2004); Merloni & Heinz (2008); Shankar
et al. (2009a).

Furthermore, the adopted Eddington ratio distributions all re-
fer to relatively luminous AGN. Less active SMBH, which relate
to low luminosity AGN and LINERs, are not represented in these
distributions. For this reason, we adopted a luminosity limit for
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Table 6. Parameters of log-normal Eddington ratio distributions.

z Peak  Width
dex
0-0.3 0.03 0.5
0.3-1 0.1 0.33
1.5-2.5 0.18 0.33
34 0.22 0.33
4-5 0.5 0.33
>5.8 1.0 0.25

the computed SMBH mass functions: these functions represent
“active” SMBH producing an X-ray luminosity >10* erg/s. As
a consequence, any comparison with previous calculation is not
straightforward. For example, while our SMBH mass functions
are luminosity limited, the “active” SMBH mass functions of
Merloni & Heinz (2008) are X-ray flux-limited mass functions.
The 2—10 keV luminosity corresponding to the faintest flux limit
of Merloni & Heinz (2008) is ~10% erg/s at z = 0.1, and
~10% erg/s at z = 3, while we plot the SMBH mass function
of AGN that are more luminous than ~10* erg/s in all redshift
bins. The SMBH mass functions of broad-line AGN have been
computed by Kelly et al. (2010) using about 10 000 SDSS QSOs
in the redshift range 1-4.5. Our SMBH mass functions are con-
sistent, or slightly higher than the Kelly et al. determinations at
most redshifts and black hole masses considered, as expected
since broad lines AGN are a fraction of the full active SMBH
population, even at the highest SMBH masses and/or AGN lumi-
nosities. The only regime where our estimates are significantly
higher than the Kelly et al. ones is that of the highest masses
(logM > 9.3 M) at z ~ 1, where the Kelly et al. (2010) func-
tion drops steeply, while our function decreases more smoothly.

The SMBH mass functions can be transformed into stellar
mass functions of “active” galaxies by assuming a conversion
factor between SMBH mass and host galaxy stellar mass. We as-
sumed a mean value I'y = log(Mgy/M.) = —2.8 at z ~ 0 (Haring
& Rix 2004 but also see the discussion in Lamastra et al. 2010)
and a redshift evolution ' ~ Ty X (1 + 2)° (Merloni et al. 2004;
Hopkins et al. 2006; Shankar 2009). We note that in the local
Universe the above correlation has been found and calibrated
for the bulge component of galaxies. Whether a strict distinction
between bulge and disk also exists at high-z is a matter of de-
bate. Disks of z ~ 2 galaxies are much more compact and much
thicker that in today spirals of similar mass (Genzel et al. 2006;
van der Wel et al. 2011). For the sake of simplicity, we assume
in the following calculation that the SMBH mass is proportional
to half of the total stellar mass of high-z galaxies. It is instructive
to compare the SMBH mass functions and the “active” galaxy
stellar mass functions to the stellar mass functions of all galax-
ies. The lower panel of Fig. 8 plots a collection of galaxy stellar
mass functions: we used the stellar mass functions of Fontana
et al. (2006) at z < 2, Santini et al. (2011) at z = 3-4, Caputi
etal. (2011) at z = 4-5, and Stark et al. (2009) at z = 6.

The AGN fraction, or AGN duty cycle, can finally be ob-
tained by dividing the “active” galaxy stellar mass functions by
the galaxy stellar mass functions. Following the adopted lumi-
nosity limit used to compute SMBH mass functions, we define
the AGN duty cycle as the fraction of AGN with 2-10 keV lu-
minosity greater than 10* erg/s to the total number of galax-
ies with a given stellar mass. Lower luminosity AGN do ex-
ist and are probed by the luminosity functions in Fig. 8 up to
z ~ 2-3. However, they are below the flux limit of current sur-
veys at higher redshift. Therefore, our luminosity threshold also
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Fig. 8. Top panel: a collection of AGN luminosity functions at z < 2
from La Franca et al. (2005), and z > 3 in this work. Central panel:
SMBH mass functions obtained by combining the AGN luminosity
functions in the top panel with Eddington ratio distributions (see the
text for details). Bottom panel: a collection of galaxy stellar mass func-
tions. z £ 2 from Fontana et al. (2006), z = 3—4 from Santini et al.
(2011), z = 4-5 from Caputi et al. (2011), and z = 6 from Stark et al.
(2009).

avoids problems caused by the incompleteness of the samples
at high-z. According to this definition, the AGN duty cycle can
differ from the AGN timescale, since the latter is correlated with
the total intrinsic lifetime of the AGN, which can include phases
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of luminosity <10* erg/s. The AGN duty cycle is plotted in the
upper panel of Fig. 9. It must be stressed again that this is an
empirical calculation, performed independently for each redshift
bin, using only the observed AGN and galaxy luminosity and
mass functions and the observed Eddington ratio distributions.
We found that the AGN duty cycle increases at all redshift with
the stellar mass. Similar trends have been found by Kauffmann
et al. (2003), Best et al. (2005), Bundy et al. (2008), Yamada
et al. (2009), and Brusa et al. (2009b) for optically-selected,
radio-selected, and X-ray selected AGN. At each given stellar
mass, the duty cycle increases with redshift up to z = 4-5, which
is consistent with the results of Marconi et al. (2004); Brusa et al.
(2009b), and Shankar et al. (2009a). There are 22 galaxies in the
GOODS-ERS catalog with z > 3 and stellar mass higher than
10''% Mg, 7 of which are X-ray sources in Table 1, thus con-
firming an AGN duty cycle 230% at z > 3 for these massive
galaxies. Figure 9, lower panel, plots the evolution of the AGN
duty cycle as a function of redshift for two galaxy stellar masses:
log(M;) = 11.25 and 11.75. Bands are plotted rather than curves
to emphasize the rather large uncertainties, especially at high-
z (see next section). The same figure shows the previous eval-
uations of Brusa et al. (2009b). These are consistent with the
present estimates within their rather large error bars. The expec-
tations of the Menci et al. (2008) semi-analytic model are also
shown in the lower panel of Fig. 9.

4.1.1. Error budgets

The determination of the evolution of the AGN duty cycle is
plagued by large uncertainties, especially at high redshifts. It is
therefore important to study in detail the origin of these uncer-
tainties and any way of reducing them.

The uncertainty in both the AGN comoving densities at z < 2
(at least for unobscured and moderately obscured AGN) and in
the stellar mass functions at z < 2 are relatively small, of ap-
proximately 10-20% or even smaller, thanks to large AGN and
galaxy samples used for these determinations and the use of sev-
eral different surveys, which helps in reducing the systematic
error. The largest uncertainty in the AGN luminosity function
is in the fraction of Compton thick AGN. The fraction of these
objects in the local Universe is high: 30-50% of the optically se-
lected Seyfert 2 galaxies can be Compton thick (~1/4—1/3 of the
full AGN population, Risaliti et al. (1999), Panessa et al. (20006),
a result confirmed by hard X-ray selection, see Malizia et al.
2009). At higher redshift, the fraction of Compton thick AGN is
more uncertain, but it can be as high as one third of the full AGN
population (Fiore et al. 2008, 2009), or even higher (Daddi et al.
2007; Treister et al. 2010). A fraction of Compton thick sources
about one third of the total is actually included in the model of
La Franca et al. (2005), hence we are confident that the error in
the total AGN comoving space density at z < 2 caused by un-
detected, and unaccounted-for, Compton thick sources is small
(510-20%)

At z > 3, the uncertainties in both AGN luminosity function
and galaxy mass functions are larger, in particular at low AGN
luminosities and low galaxy masses (see Table 3), they are of the
order of 30-50% for z = 3-5. At z ~ 6, the uncertainties in the
faint end of the AGN luminosity function and the galaxy stellar
mass function are extremely large, a factor of 100%. These un-
certainties are dominated by statistics in the case of AGN (only a
few detections at z > 4-5) and by systematics in the case of the
galaxy mass function (at z ~ 6, stellar masses were estimated
by Stark et al. (2009) by converting the UV luminosity into stel-
lar mass, which is a highly uncertain procedure). The uncertainty
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Fig. 9. Top panel: the AGN duty cycle as a function of the galaxy stellar
mass in six redshift bins. AGN with log L(2-10 keV) > 43 are consid-
ered only. Bottom panel: the AGN duty cycle as a function of redshift
for two galaxy stellar masses (log M. = 11.25, 11.75 M,,). Filled cir-
cles and triangles are the previous determination of Brusa et al. (2009b)
for the same masses. The black dashed (dotted) curve is the predic-
tion of the Menci et al. (2006, 2008) SAM for log M, = 11.25 M,
(log M, = 10 My).

caused by undetected or unaccounted-for Compton thick AGN at
z > 3 is smaller than the above features. We note that at z > 3 the
cut-off produced by a column density 10** cm~2 is shifted below
2.5 keV, where the effective area of Chandra and XMM reaches
a maximum. This, together with the extremely deep exposures
of the CDFS, helps us detect directly at least mildly Compton
thick sources (Georgantopoulos et al. 2009, 2011; Feruglio et al.
2011; Gilli et al. 2011; Comastri et al. 2011). About one fifth of
the Chandra-GOODS-ERS sources might indeed be Compton
thick, as well as one fourth of the Chandra-GOODS-MUSIC
sources with optical spectroscopy (see Sect. 3.2), and many are
directly detected in our z > 3 search. We are therefore confident
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that the uncertainty in the total AGN comoving density linked
to Compton thick AGN is at most ~10-20% also at z > 3. The
high luminosity end of our z > 3 luminosity functions is probed
by optical surveys. Obscured AGN may well be missed by these
surveys, and therefore these determinations may be regarded as
lower limits. We note, however, that the fraction of obscured
AGN decreases strongly with the luminosity (at least at z < 2-3
where large area X-ray surveys provided samples of high lumi-
nosity QSOs), hence the error in the comoving space density of
high luminosity AGN at z > 3 is also likely to be small (<20%).
We should consider the uncertainty in the conversion from UV
to X-ray luminosities for the optically selected AGN luminosity
functions. This uncertainty is probably of the order of 30% (see
the discussion in Shankar et al. 2009a).

Another relatively large source of error in the evaluation of
the AGN duty cycle is the uncertainty in the Eddington ratio dis-
tributions. We performed several tests using parameters slightly
different from those in Table 6. For these AGN, we found that the
duty cycle (at log M, = 11) changes by a factor of 15-30% and
~100% for distribution peak and width differing by 30% from
the assumed ones. The biggest effect is introduced by the width
of the Eddington ratio distributions: the broader the distribution,
the higher the resulting AGN duty cycle. The uncertainty in the
Eddington ratios is particularly severe for low luminosity AGN,
with log L(2-10 keV) < 43. Since this is also, roughly, the lumi-
nosity limit of our z > 3 sample, we decided to limit the analysis
to AGN with logL(2—-10 keV) > 43 erg/s only, and assume con-
servatively a 50% (total) relative error in the AGN duty cycle
arising from the uncertainty in the Eddington ratios.

Finally, we adopted both a given normalization and a given
evolution of the SMBH to galaxy stellar mass ratio I that is
identical for each object at each given redshift. However, we
know that, at least at low redshift, the SMBH-bulge mass relation
is unlikely to be universal (Mathur et al. 2001, 2011; Graham
et al. 2011, and references therein). Furthermore, Batcheldor
(2010) suggest that selection effects are important in shaping the
SMBH-bulge mass relation. Thus, the deviations in the SMBH
mass-bulge mass relations resulting from galaxy morphology,
orientation, and selection effects can affect the duty cycle cal-
culations, in particular at low galaxy masses. We assumed a red-
shift evolution (1 + z)*3, which is consistent with our present
knowledge and with expectation of several models, including
those of Lamastra et al. (2010), Hopkins et al. (2006), and
Shankar et al. (2009a). However, the uncertainty in this calibra-
tion increases with redshift, and can be rather large at z > 3-4.
Quantifying all these effects is not an easy task. For example,
if ' is half of that assumed above, the duty cycle is reduced by
a factor between 20% and 100%, depending on the galaxy stel-
lar mass and redshift. In summary, the bands plotted in Fig. 9
roughly account for the typical errors given above at each given
redshift and galaxy stellar mass.

5. Discussion

We have evaluated the comoving space density of the z > 3
faint X-ray sources in three redshift bins: 3-4, 4-5, and >5.8.
The number of AGN in the three redshift bins is small, 19,
9, and 2 respectively, thus we have had to use relatively wide
luminosity bins, to keep the statistical error reasonably small.
In particular, the comoving space density at z > 5.8 and
log L(2—10 keV) =43.5-44.5 has been computed using only two
sources. We stress that in one case a secondary solution of the
photometric redshift does exist at z ~ 2, hence our determination
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is probably an upper limit to the true space density of low lumi-
nosity AGN at >5.8. This confirms that the slope of the faint
end of the z > 5.8 AGN luminosity function is significantly flat-
ter than the bright end slope (see e.g. Shankar & Mathur 2007).
We also note that the other claimed z > 7 AGN in the CDFS
(L306, M 70437) has a 0.5-2 keV flux below our threshold for
Chandra-GOODS-MUSIC sources, and its photometric solution
for GOODS-MUSIC is broader than that of Luo et al. (2010),
with a lower limit at z = 2.7. This source is therefore not part of
the z > 5.8 sample used in Fig. 7. Treister et al. (2011) evaluated
the integrated AGN emissivity at z ~ 6 by stacking together the
CDFS and CDFN X-ray data at the position of the z ~ 6 galaxy
candidates of Bouwens et al. (2006) . They obtained a luminosity
density of 1.6 x 10% erg/s/deg” in the 2—10 keV band (but also
see Fiore et al. 2011; Willott 2011). When we integrate our z ~ 6
best-fit model above log Lx = 42 we obtain a total luminosity
density of 7.5 x 10°® erg/s/Mpc? or 5.6 x 10% erg/s/deg?, a value
~3 times smaller than that reported by Treister et al. (2011), but
consistent with the Fiore et al. (2011) limit.

Our results place some first constraints on the faint end of
the AGN luminosity function (42.75 < logL(2—-10 keV) <
44.5) at z = 3-7, which are interesting to compare with
model predictions. To constrain the shape of the AGN lumi-
nosity function, we combined our determinations with those
obtained at higher luminosities by shallower X-ray surveys
(Chandra-COSMOS, XMM-COSMOS) and optical surveys
(SDSS, NOAO DWEFS/DLS). We then compared the broad lu-
minosity range luminosity functions with the prediction of the
semi-analytic model (SAM) of Menci et al. (2006), and Menci
et al. (2008). In this model, baryonic processes are associated
with the merging histories of dark matter (DM) haloes. These
haloes contain hot gas at the virial temperature, a fraction of
which can radiatively cool down and form a disk of radius rg and
circular velocity vq. During both mergers and less violent galaxy
encounters (Cavaliere & Vittorini 2000), cold gas can loose its
angular momentum and be accreted by the nucleus. A fraction of
this gas fuels a nuclear starburst, while the rest can be accreted
to a central SMBH, giving rise to an AGN. The AGN timescale
is T = rq/vg, i.e. the crossing time for the destabilized gas.
Assuming typical values of ry ~ a few kpc and vg ~ 100 kms™!,
the AGN timescale is short, at a few 107 yr, which is compara-
ble to the Salpeter timescale. In this SAM, the AGN timescale,
as well as both the AGN SMBH masses and Eddington ratios,
are not free parameters, but are calculated self-consistently (the
model only assumes that the accretion can proceed at most at
the Eddington limit). The SAM includes a rather detailed treat-
ment of AGN “quasar mode” feedback (Menci et al. 2008), in
terms of a blast wave carrying the AGN power outwards (Lapi
et al. 2005). The SAM predicts the comuving densities of all
AGN, which are either unobscured, moderately obscured, or
Compton thick. Lamastra et al. (2010) compares the SMBH
masses and stellar masses of AGN host galaxies predicted by
this SAM with measurements for various galaxy and AGN sam-
ples at different redshifts. This SAM reproduced reasonably well
the z = 3—4 luminosity function at log L(2-10 keV) >43.5. At
lower luminosities, it predicts 2-3 times more AGN than ob-
served. However, some extreme Compton thick AGN, in which
the nuclear emission is completely blocked by photoelectric ab-
sorption and Compton scattering, leaving only reflection emis-
sion in the X-ray band, can be missed even by the deepest X-ray
surveys. The agreement is sufficiently good at high luminosities
(log L(2—-10 keV) > 45) at both z = 4-5 and z > 5.8. In these
redshift bins, the agreement between data and model is poorer at
lower luminosities, where the Menci et al. (2008) SAM predicts
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5-10 times more low luminosity AGN than in our determination
and 2-3 times more than Treister et al. (2011).

To investigate the origin of this behaviour and gain insights
into high-z AGN physics, we compared our measurements with
predictions derived from more basic models for AGN activation
through galaxy interactions. This class of models consists of two
ingredients: a DM halo merger rate compatible with cosmolog-
ical simulations, and an input AGN light curve (e.g., Wyithe &
Loeb 2003; Lapi et al. 2006; Shen 2009; Shankar 2009, 2010,
and references therein). The initial mass of the SMBH at AGN
triggering is assumed to be a fixed small fraction of its mass at
the peak of activity. The SMBH growth is regulated by a con-
dition between the peak luminosity and the mass of the host
halo at triggering, which is consistent with the local relations
between SMBHs and their host galaxies. The main advantage of
approaching AGN modeling through this simplified technique is
that not being part of a specific SAM, they can explore easily
and quickly a large space of parameters and physical recipes to
trigger AGN. Here we follow the models presented in the pre-
liminary work of Shankar (2010a) with the same parameters as
in Shen (2009). A more comprehensive and detailed analysis of
AGN merger models, that provides predictions for SMBH scal-
ing relations and AGN clustering (Shankar et al. 2010a,b) is be-
yond the scope of the present paper and will be discussed else-
where (Shankar et al., in prep.). In this model, AGN are activated
by mergers of the host DM haloes (¢ = My, /My, > 0.3 for major
mergers, ¢ > 0.1 includes minor mergers too). The AGN is trig-
gered with no dynamical friction time delay between host halo
and actual galaxy-galaxy merging (a solution close to the fly-
by hypothesis of Cavaliere & Vittorini 2000). Super-Eddington
accretion (L/Lggg = 3) is allowed in the initial phases of BH
growth, and a long, sub-Eddington post-peak phase is present in
each event. Finally, a minimum halo mass M, is assumed (see
Shen 2009, for details). We plot in the central and lower panel of
Fig. 7 four different models:

1. &£ > 03, L/Lgga = 3, Mymin = 3 x 10" My/h (blue, solid
lines, reference model);

2. ¢>0.1,L/Lgag = 1, Mumin = 3 x 10" My /h (blue, dotted
lines);

3. &> 0.3, L/Lggq = 3, Mymin = 3 x 10! My /h, without de-
scending phase (blue, thick dashed lines);

4. &> 0.3, L/Lggg = 1, Mymin = 0.1 x 10'! M /R (blue, long-
dashed lines).

The purpose of the comparison of these models with the data
is to understand whether the merger scenario produces expec-
tations in agreement with the data and to highlight which of
the underlying physical assumptions makes this match actually
possible.

The reference model (1) overpredicts by a factor of 2-3
the AGN luminosity functions at z > 4 at all luminosities but
log L(2—10 keV) = 43.5-44.5 at z > 5.8. The same model with-
out a descending phase (3) reproduces relatively well both the
z = 4-5 and the z > 5.8 luminosity functions. This suggests that
the underlying AGN light curve cannot have a too long duration,
otherwise the model would predict to many faint, sub-Eddington
AGN.

The inclusion of minor mergers steepens the AGN luminos-
ity function at both z = 4-5 and z > 5.8. Model (2) with & > 0.1
and L/Lgqq = 1 is roughly consistent with the z = 4-5 lumi-
nosity function but underpredicts the bright end of the z > 5.8
luminosity function.

Relaxing the assumption of a minimum halo mass steepens
again the AGN luminosity function at both z = 4-5 and z > 5.8.

The same model with L/Lggqg = 1 (model 4) overpredicts the
low luminosity end of the z = 4-5 luminosity function and un-
derpredicts the high luminosity end of the z > 5.8 luminosity
functions.

In conclusion, we have found that firstly the inclusion of mi-
nor mergers and secondly the exclusion of a minimum halo mass
both steepen the model luminosity function. For the first consid-
eration, minor mergers and galaxy fly-by help the formation of
stars at early times in the progenitors of today’s massive galax-
ies, thus helping to explain their observed colors (e.g. Menci
et al. 2004). They also help in closely reproducing the X-ray
AGN space densities at z < 3 (Menci et al. 2008). For the second
consideration, there could be several causes of a minimum halo
mass and/or inefficient BH formation and growth in low mass ha-
los. For example, in the SMBH formation scenario where seed
BHs are formed from the monolithic collapse of gas clouds, the
probability of a DM halo hosting a BH seed is an increasing
function of the halo mass (Volonteri et al. 2008). On the other
hand, in the SMBH scenario where BH seeds are formed from
PopllII stars, basically all DM halos with M;, > 10°71° M, at
z < 7 are populated with BHs. Therefore, at least in principle, the
faint end of the high-z AGN luminosity function could be used
to discriminate between these two scenarios. However, there are
at least three other effects that produce a minimum halo mass
for BH formation and growth. First, the gravitational recoil, giv-
ing rise to the ejection of a BH after merging, can be more im-
portant at low masses (see e.g. Volonteri et al. 2011). Second,
a truncation of mass accumulation onto galaxies in haloes with
M, < 10'" M, could depend on metallicity (Krumholz & Dekel
2011). Third, an intrinsic cut-off at low halo masses can be
due to a cut-off in the primordial power spectrum of gravita-
tional perturbation on small scales. Free streaming of warm DM
causes a suppression of structure formation on scales smaller
than the free streaming scale and therefore to a cut-off in the
power spectrum. Warm DM has often been invoked to solve dis-
agreements between the standard ACDM scenarios and observa-
tions on small scales, such as the too large predicted number of
galactic satellites, the cuspiness of galactic cores, and the large
number of small, compact galaxies predicted by these models
(see e.g. Primack 2009). However, the limits to the cut-off scale
(or, equivalently, the mass of the warm DM particle) derived
from high-z Lya forest observations are quite stringent: out to
~100 kpc no cut-off is seen (Viel et al. 2008, and references
therein). It is difficult to assess quantitatively which DM halo
mass scales are influenced by these effects. Hence, we should
include in our SAM both gravitational recoil and warm DM, and
compare its predictions with AGN and galaxy luminosity func-
tions. This is beyond the scope of this work and will be part of
a separate publication (Menci et al., in prep.). A minimum halo
mass for black hole growth implies that accretion is inhibited in
halos less massive than this threshold mass (3 x 10" M, in our
models). The BH seeds in these halos do not grow, until merge
to produce mode massive BHs in mode massive halos. As a con-
sequence, nuclear accretion occurs only during a fraction of the
merging history, and when the above threshold is reached late,
the halo population will host SMBH with low masses that are
below the Magorrian relationship. To obtain quantitative esti-
mates, we need to study the predictions of models including the
physical causes of the cut-off in the halo mass, which will be
addressed in a forthcoming pubblication.

Finally, we have combined our present determination of the
high-z AGN luminosity function with previous determinations at
lower redshift and with galaxy mass function determinations, to
empirically estimate the AGN fraction (or AGN duty cycle), as
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a function of the galaxy stellar mass and redshift. We found that
the AGN duty cycle increases with both host galaxy stellar mass
and redshift. The AGN duty cycle is computed both assuming a
given evolution of the Magorrian relationship and given distri-
butions of Eddington ratios at different redshifts (see Table 6).
Unfortunately, these are not accurately known. The distributions
of Table 6 taken from Trakhtenbrot et al. (2011), Shemmer et al.
(2004), Netzer & Trakhtenbrot (2007), and Willott et al. (2010b)
indeed show an evolution with redshift, while this is not the case
for the distributions of Kollmeier et al. (2006). However, the in-
crease in the AGN duty cycle with redshift depends marginally
on the evolution of the Eddington ratio, and depends on more ba-
sic AGN population properties, as illustrated by the significant
evolution in the AGN number density (see e.g. Menci et al. 2006,
2008; Shankar et al. 2009b, and references therein). The corre-
lation of AGN duty cycle with both stellar mass and redshift is
a rather robust result. It holds also by changing the calibration
adopted for the Magorrian relationship by a factor of 2. Our cal-
culation confirms what clustering measurements suggest (e.g.,
Shankar et al. 2010a): the large clustering signal from luminous
quasars implies that BHs reside in massive haloes that by defini-
tion are rare and thus require high duty cycles.

We compare in Fig. 9 the evolution of the AGN duty cy-
cle with the prediction of the Menci et al. (2008) SAM. We see
that this model reproduces the observed trend of increasing duty
cycle from z ~ 0 to z ~ 5, although the observed AGN duty
cycle at each redshift is somewhat smaller than predicted for the
same stellar mass. We recall again that Compton thick AGN are
present in the model, but a fraction may be missed in the data.
This rough agreement suggests that the triggering of at least rela-
tively luminous AGN (log L(2—-10 keV) = 43 erg/s), is probably
produced by galaxy interactions in the galaxy stellar mass and
redshift range investigated (up to z ~ 4-5). At higher redshifts,
the model predicts a saturation of the AGN duty cycle of galax-
ies with masses log M. > 11.25 M,, (i.e. basically all massive
galaxies at z ® 5 are expected to host an active nucleus with
log L(2—-10 keV) > 43 erg/s).

5.1. Future perspectives

The faintest sources used in the comoving space density calcula-
tion are from the Chandra-GOODS-ERS sample. We found that
the HST/WFC3 ERS H band images are deep enough to trace
high-z AGN populations at the extremely faint X-ray flux limits
reached by the Chandra 4 Ms exposure, avoiding significant in-
completeness, or at least with an incompleteness comparable to
that reached at much brighter fluxes by Chandra-COSMOS and
XMM-COSMOS. This is not the case for the HST/ACS optical
and Spitzer IRAC images from which the GOODS-MUSIC cata-
log is generated. These images are too shallow to find the coun-
terparts of all faint X-ray sources at the extremely deep CDFS
4 Ms flux limit. We conclude that to fully exploit ultradeep
Chandra data, i.e. to keep the identification rate of faint X-ray
sources comparable to that reached at brighter fluxes, a deep NIR
(H 2 26) coverage is mandatory. To avoid large incompleteness
in the GOODS area without HST/WFC3 coverage, we have had
to use only X-ray sources brighter than 5 x 1077 erg/cm?/s.
We note that the ERS area lies at relatively large off-axis angles
in the Chandra field, where the sensitivity of Chandra is lower
by a factor of at least two because of both vignetting and PSF
degradation. As a result, we have been unable to exploit in this
work the full sensitivity of the 4 Ms Chandra field. This limi-
tation should be overcome in the future, when the HST/WFC3
CANDELS survey (Grogin et al. 2011; Koekemoer et al. 2011)
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is completed. The CANDELS survey covers the central part of
the Chandra field and therefore can allow us to fully exploit
the Chandra sensitivity. On the basis of the ERS results, we ex-
pect to at least double the sample of faint high-z AGN using the
CANDELS survey of the CDFS.

The CANDELS multi-cycle HST treasury program covers
a total of five fields: the CANDELS deep fields are in the
GOODS-South and GOODS-North regions, and cover a total of
130 arcmin? to a depth of H = 27.8. The CANDELS wide sur-
vey covers the AEGIS, COSMOS and UDS fields for a total of
670 arcmin? to a depth of H ~ 26.5 (similar or slightly shallower
than in the ERS field). All of these five fields will be premiere
fields for high-z galaxy and AGN studies. If we extrapolate our
findings for the ERS field to all CANDELS fields, assuming a
Chandra coverage of ~4 Ms for the CANDELS deep fields and
of ~1 Ms for the CANDELS wide fields, we expect to discover
30-100 z = 4-5 AGN, 10-30 z = 5-6 AGN, and 3-10z > 6
AGN. This goal can be reasonably achieved by Chandra in the
next few years (i.e. adding data for ~5—6 Ms of observations to
the data for ~8 Ms already obtained for these fields). Probably
the biggest problem with this sample would be the spectroscopic
identification of these faint, high-z AGN. A fraction can be spec-
troscopically confirmed by HST/WFC3 grism spectroscopy. For
the faintest, the only viable chances are probably ALMA obser-
vations in a few years, and, at the end of the decade, JIWST and
ELTs observations. At the end of this program, we should have
a very good knowledge of the faint end of the AGN luminos-
ity function up to z = 5, but still a only rough determination of
the luminosity function at z = 5-7. To make further progress
with Chandra, i.e. quantitatively probe the first generation of
accreting SMBHs, and place strong constraints on SMBH for-
mation models (Madau & Rees 2001; Lodato & Natarajan 2006,
2007; Volonteri 2010; Volonteri & Begelman 2010; Begelman
2010), and accretion scenarios (Volonteri & Rees 2005; Dotti
et al. 2010; Fanidakis et al. 2011; King et al. 2008), would re-
quire to at least a threefold increase in the exposure times, i.e.
deep surveys of an additional 30—40 Ms. While this is not techni-
cally infeasible, it is certainly extremely expensive in terms of re-
sources to be dedicated to a single project. The Chandra limiting
problem is that its sensitivity is very good on axis, but degrades
quickly at off-axis angles higher than a few arcmin, making ex-
pensive in terms of exposure time to cover with good sensitivity
an area larger than a few hundreds arcmin®. A significant ad-
vance in this research would then be achieved by an instrument
capable of reaching the Chandra Ms exposure, on axis sensitiv-
ity (i.e flux limits in the range 1-3 x 10~!7 erg/cm?/s ) but over
a factor of >10 wider field of view. The extremely good Chandra
PSF (HPD ~ 0.5 arcsec), which is the main reason for the high
Chandra sensitivity for point sources, is beyond the reach of to-
day’s technology of thin X-ray mirrors. However, this can be
compensated for by a higher throughput, lower background, and
wider field of view with nearly constant PSF. A straw-man cal-
culation shows that a telescope with the total XMM throughput
(i.e. area ~ half square meter) and a PSF ~ 10 times worse than
Chandra (i.e. HPD ~ 5 arcsec) but which slowly degrades with
off-axis angle, feeding a detector with a half degree along its side
and 2-3 times lower internal background level would be as fast
as Chandra but with a ~20 times larger Grasp, i.e. sensitivity
times field of view. A further improvement could be achieved
by reaching an internal background similar to that of Swift XRT
on low Earth orbit (210 times smaller than the Chandra internal
background per unit solid angle).

The situation at the bright end of the luminosity function
is fortunately easier. On this side, large areas will be surveyed
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in a few years by the XMM XXL survey and by eROSITA.
The XMM XXL survey will cover ~25 deg’? of sky at a
depth of ~5 x 1071 erg/cm?/s with 10 ks effective exposure.
eROSITA will survey most of the sky down to a 0.5-2 keV
flux limit ~107'* erg/cm?/s , and hundreds deg” 2-3 times
deeper. The identification of high-z AGN in these surveys re-
quires near-infrared follow-up. This will be possible with both
present (VISTA) and future (Euclid) instrumentation. In partic-
ular, Euclid will provide H = 24 photometry over most of the
high-latitude galactic sky and H = 26 photometry over about
50 deg?. All of these surveys will enhance our knowledge of lu-
minous AGN and test the completeness of the optical large area
surveys such as SDSS. They will be extremely useful for identi-
fying rare high-z, high luminosity but highly obscured QSOs.

The present data can only place rough constraints on the
high-z AGN duty cycle. We stress that the AGN duty cycle de-
terminations are presented here for two main purposes: first we
would like to point out that this measure as a function of the
redshift is, at least in principle, a powerful tool for distinguish
the effects of different AGN triggering mechanisms. The present
data measure a rapid increase in the AGN duty cycle for mas-
sive galaxies with redshift, naively favoring galaxy encounters
as triggering mechanisms. However, the uncertainties are still
too large to draw any strong conclusions. We then use the AGN
duty cycle determination to emphasize the main areas of im-
provement in reducing these uncertainties. First, we clearly need
a tighter constraint on the AGN log L(2—10 keV) =43-44.5 den-
sity at z > 4. A major step in this direction should be achieved
by combining Chandra and HST surveys in the next few years.
Second, we need tighter constraints on the galaxy stellar mass
functions at z > 3, in particular the low mass end of the
mass functions. Efforts in this direction are ongoing, using both
ground based surveys (with VISTA and other near-infrared cam-
eras on 8m class telescopes) and from space (HST/WFC3 sur-
veys and the Spitzer SEDS survey). Third, we need tighter con-
straints on the Eddington ratio distributions as a function of red-
shift, in particular on the distribution at low L/Lgg4q. Finally,
we need to test additional physics, such as BH gravitational re-
coil, and BH formation and growth in a warm DM scenario, by
comparing model predictions with observed luminosity func-
tions and AGN duty cycle. Ongoing and future Chandra and
HST surveys, in particular those planned for the CANDELS
fields, should be able to help us to compile statistically signif-
icant samples of z * 5 and log L(2-10 keV) > 43 AGN (a few
tens), and put reliable constraints on the high-z galaxy stellar
mass function, providing in turn much tighter constraints on
the AGN duty cycle. Figure 9 also shows the prediction of the
Menci et al. (2006, 2008) SAM for low galaxy stellar masses
(M, ~ 10'° M,). At these masses, the duty cycle increase with
redshift, reaches a maximum, and then decreases at z = 4. This
is caused by a combination of two effects. First, low mass galax-
ies form in relatively low density regions, where gas cooling is
slower and lower mass gas reservoirs form than for high mass
galaxies. Second, at the highest redshifts the rate of galaxy in-
teractions is relatively low, increasing up to the redshift at which
groups form and decreasing again toward low redshift because of
either the increasingly high relative velocities or low densities.
The confirmation of this expectation would be the unambiguous
confirmation of the galaxy interaction scenario for AGN trig-
gering. While Chandra is sensitive enough to probe ~107 Mg
SMBH up to z ~ 7, the low mass end of the galaxy stellar mass
functions at z * 4 is today practically unconstrained. This latter
field of study is therefore where improvements are most needed,
but unfortunately also most difficult for the present generation of

instruments. A breakthrough in this direction will probably have
to await the next generation of infrared telescopes such as JWST
and the ELTs.

6. Summary

We have exploited the ultra-deep Chandra and HST coverage of
the CDFS to search for X-ray emission at the position of high
redshift galaxies. We have used ephot, a highly optimized tool
for X-ray source detection and photometry (see the Appendix).
We found significant emission at the positions of 17 galaxies in
the area covered by the HST/WFC3 ERS survey, and 41 galax-
ies in the full GOODS area for a total of 54 independent X-ray
sources at z > 3, 29 of which are not present in previous X-ray
catalogs. We reached a flux limit of ~1.7 x 1077 erg/cm?/s
in the 0.5-2 keV band, which corresponds to luminosities of
~10% erg/s at z = 3 and ~10* erg/s at z = 7. The present
Chandra deepest exposure is thus able to probe Seyfert-like
galaxies up to the epoch of the formation of the first galaxies
and normal star-forming galaxies up to z = 3—4. We have found
evidence that the X-ray emission of one of the faintest Chandra-
GOODS-MUSIC source, M 4417, is likely of stellar origin. This
is the source in our sample with the lowest X-ray to H and z band
flux ratio, and the X-ray luminosity expected from the SFR rate
measured from the UV rest-frame emission, oxygen lines, and
radio 1.4 GHz emission is close to the observed one. This can be
the highest redshift inactive galaxy observed in X-rays.

We analyzed the X-ray spectra of the Chandra-GOODS-
ERS sources finding hard spectra in several cases. In three cases,
the spectra can be fitted with both a reflection model or an ab-
sorption model with a column density in excess of 10** cm™2. In
an additional case, the column density is in the range 10>3—10%,
The fraction of Compton thick AGN at 0.5-2 keV fluxes be-
tween 0.3 and 3 x 1071© erg/cmz/s and at z > 3 is thus at least
18*17%. This is higher than predicted by popular models for the
CXB (Gilli et al. 2007). Similar conclusions were reached by
Gilli et al. (2011) and Treister et al. (2011). The optical coun-
terparts of the highly obscured and Compton thick AGN do not
show any reddening, and we thus conclude that the size of the
X-ray absorber is likely smaller than the dust sublimation radius
(<1 pc, at the luminosity of our AGN).

We compared the X-ray spectra of the Chandra-GOODS-
ERS and Chandra-GOODS-MUSIC sources with their optical
spectra and optical/NIR morphology. Two Compton thick or
highly obscured AGN show broad absorption lines in their UV
rest-frame spectra. Four of the ten highly obscured and Compton
thick AGN have a point-like morphology in their z and H band
images, thus suggesting that the active nucleus contributes sig-
nificantly to the UV and optical rest-frame emission. Their rest-
frame UV (0.16 um) extinction, which can be estimated by fit-
ting the observed SED with galaxy and AGN templates, turns
out to be smaller than 1-2 mag in all cases. This implies that
the X-ray absorber must be practically dust-free, a condition sat-
isfied if the X-ray absorbing matter is within or close to the
dust sublimation radius. This is a fraction of parsec for our
sources, a region more compact than the pc-scale obscuring
torus. Compact absorbers have been discovered in local Seyferts
(e.g. Risaliti et al. 2005), but they might be more common at
high redshift.

We have searched for radio emission at the position of the
Chandra-GOODS-ERS and Chandra-GOODS-MUSIC sources
in the deep VLA-CDFS maps at 1.4 GHz. We found highly
significant emission (SNR>5) in two Chandra-GOODS-ERS
sources and five Chandra-GOODS-MUSIC sources. We find
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radio emission with lower signal to noise (2.4 <SNR <3.2) in
an additional eight sources in Table 3. The presence of signifi-
cant radio emission from the faint X-ray sources is confirmed by
the analysis of the radio images obtained by stacking together
the radio images at the position of Chandra-GOODS-ERS and
Chandra-GOODS-MUSIC sources. The average flux per source
of 6-10 wJy is higher than that expected by La Franca et al.
(2011) based on the X-ray fluxes and assuming a common nu-
clear origin. This implies that there is either a strong evolution
of the AGN radio “loudness” with redshift (the La Franca et al.
2011, determination is mostly based on z < 3 AGN), or that
our high-z, X-ray detected galaxies are actively forming stars
(SFR > a few hundreds of My/yr). In two cases, the SFR evalu-
ated from the radio flux is consistent with that evaluated from
sub-mm observations (M 208) or UV SED fitting (M 4417).

We have evaluated the comoving space density of the z > 3
faint X-ray sources in three redshift bins: 3—4, 4-5, and >5.8.
We found that the wide-luminosity-range z > 3 luminosity func-
tions are consistent with a pure-luminosity evolution model,
for which L* evolves quite rapidly, decreasing by a factor 3.3
fromz = 3toz = 6, from L*(z = 3) = 6.6 x 10* erg/s to
L*(z = 6) = 2 x 10* erg/s. We compared these space densi-
ties with the predictions of the Menci et al. (2008) SAM and
with the expectations of more basic models for AGN activation
by mergers. We found that these models were broadly able to re-
produce the high-z AGN Iuminosity functions. Closer agreement
was found by assuming a minimum halo mass. We speculate that
there are at least four effects or scenarios that can produce a min-
imum halo mass for BH formation and growth: 1) if BHs are
formed from the monolithic collapse of gas clouds, the probabil-
ity for a DM halo of hosting a BH seed is an increasing function
of the halo mass; 2) gravitational recoil, giving rise to ejection
of one of the BH after merging, which can be more important
at low masses; 3) metallicity-dependent star formation; and 4) a
cut-off in the primordial power spectrum of gravitational pertur-
bation on small scales. To assess the relative importance of all
these effects, we need both better data and more complete mod-
els of galaxy and AGN formation and evolution.

Finally, we empirically evaluated the evolution of the AGN
duty cycle (fraction of AGN more luminous than 10* erg/s in
the 2-10 keV band, to the total number of galaxies of similar
mass) as a function of both host-galaxy stellar mass and red-
shift. We compared it with the expectations of a model using
galaxy interaction as an AGN triggering mechanism. The un-
certainties in the AGN duty cycle are large at all redshifts. At
7 < 4, they are dominated by the uncertainty in the Eddington ra-
tio distributions. At higher redshift, the uncertainty in both AGN
luminosity function and stellar mass functions are extremely
large, in particular at low AGN luminosities and low galaxy stel-
lar masses. Nevertheless, it is clear how the AGN duty cycle
must change substantially from z = 0-0.5 to z = 4-5, increas-
ing by 1.5 orders of magnitude for host galaxy stellar masses
1-5 x 10'! M,,. This big rate of change in the AGN duty cycle
of massive galaxies is roughly consistent with the predictions
of models using galaxy interactions as AGN triggering mech-
anism. We recall again that this applies to relatively luminous
AGN (log L(2—10 keV) =243 erg/s). The triggering of lower lu-
minosity AGN is of course not constrained by our analysis.
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Appendix A: ePhot: energy and space adaptive
filter for source detection

The standard techniques for source detections identify statisti-
cally significant brightness enhancements, derived from both un-
resolved (point) and resolved (extended) X-ray sources, in im-
ages accumulated in given energy ranges and observation times
using tools such as “celldetect”, “vptdetect” and “wavdetect”
in CIAO, “emldetect” in SAS. However, binning and projec-
tion always result in a loss of information. In contrast, present
X-ray data, and in particular Chandra/ACIS data, are incredibly
rich, containing spatial, energy and timing information at very
high resolution. Even though X-ray data are organized in event
files, preserving the information from the datacube, the scientific
analysis is usually not performed directly on the original event
files. The datacube is usually projected onto a spatial plane be-
fore performing source detection, and spectra are accumulated
at given times or given source positions before performing spec-
tral fits. To take full advantage of large datacubes, we should
be able to detect sources in multidimensional space. We have
therefore chosen to develop multidimensional source detection
techniques using spatial, spectral, and timing information. We
searched for clustering of X-ray events in a multidimensional
space (energy and time in addition to the usual spatial coordi-
nates), which allows us to efficiently detect X-ray bursty sources
and X-ray sources characterized by a peaked spectrum (strong
lines, spectra containing cut-offs), by reducing the elapsed time
and/or the energy range (and therefore the background) where
the source detection is performed.

We started by accumulating spectra at each galaxy position
using different circular source extraction regions from three to
nine pixels on cleaned event files.

As first step, we selecteded all galaxies with more that
12 background subtracted counts in the wide 0.3—4 keV band,
to exclude the faintest objects, and achieve a high reliability (see
Sect. A.2 below). At this stage, the background is evaluated from
a map obtained from the original image after the exclusion of all
bright sources (sources detected by a wavelet algorithm at a con-
servative threshold).

For all these galaxies, we searched for the source extrac-
tion region radius and contiguous energy band that minimize the
Poisson probability for background fluctuation and maximize
the signal-to-noise ratio. We adopted a logarithmically spaced
energy grid with width 0.025 dex from 0.3 to 6.5 keV.

The background signal at the position of each source is eval-
uated by normalizing an average background at the source off-
axis to the source spectrum accumulated between 7 and 11 keV,
where the contribution of faint sources is negligible, owing to the
sharp decrease in the mirror effective area. We did not use a “lo-
cal” background for two main reasons: we wish to 1) minimize
the systematic error caused by sharp background variations; and
2) search for source detections in relatively narrow energy bands,
where the “local” background counts may be small and the as-
sociated statistical uncertainty comparatively high.

A.1. Background evaluation

The study of faint X-ray sources requires the most careful possi-
ble characterization of the background. The typical level of the
CDFS background in the 0.5-7 keV band is 2-3 counts/arcsec?
or ~25-40 counts in an area of 2 arcsec radius. The spectrum of
the Chandra background is complex, with several broad and nar-
row components of both internal and cosmic origin. To charac-
terize the Chandra background, we extracted its spectrum from
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Table A.1. Chandra background lines.

Energy  Width Identification

keV keV

0.585 0.05 Blend of Fe-L and O lines
1.49 0.015  1.4867 Al Ka(+1.5575 A1 KpB)
1.78 0.010  1.7400 Si Ka (+1.8359 Si KB)
2.16 0.045 Au Mep

7.48 0.05 7.47 Ni Ker

8.26 0.16 8.28 Ni K

9.71 0.06 9.71 Au Lo

11.5 0.1 11.44 Aulp
13.6-14 0.2 13.38 Au Ly

CDFS 4Msec background spectrum

0.2

normalized counts/sec/keV
0.1
n

0.05

0.2 0.5 1 2 5 10
channel energy (keV)
Fig. A.1. The spectrum of the background in the Chandra 4 Ms expo-
sure of the CDFS. The spectrum has been extracted from a circle of
8 arcmin radius, after excluding 5 arcsec radius regions around all de-
tected sources (10-20 arcsec for bright sources and extended sources).

the following regions: 1) a circular region of radius 8 arcmin; 2)
a circular region of radius 3 arcmin; 3) an annulus of internal
radius 3 arcmin and external radius 6 arcmin; and 4) an annulus
of internal radius 6 arcmin and external radius 8 arcmin. In all
cases we excluded from the analysis circular regions of 5 arcsec
radius around all X-ray detected sources. Figure A.1 shows the
spectrum extracted from the broad 8 arcmin radius region. The
continuum above a few keV is dominated by a particle-induced
background (PIB), which has a power-law shape with a posi-
tive spectral index above 4-5 keV. We can clearly see at least
eight strong emission lines superimposed to this continuum. The
best-fit energies of the lines and their identification are given
in Table A.1. The rising background continuum and the strong
emission lines present above ~7 keV, coupled with the strongly
decreasing mirror effective area above this energy, indicate that
we should limit the analysis of faint sources to the band below
7 keV.

The low energy background spectrum peaks at ~0.5 keV
and is quite dramatically lower between ~0.6 and ~1 keV. This
continuum and the 0.585 line suggest that this part of the back-
ground spectrum is dominated by the thermal emission from the
local “superbubble”. Below 0.3 keV, the response of the instru-
ment decreases sharply and we therefore limited the analysis to
energies above 0.3 keV.

We then fitted the background spectrum between 0.3 and
7 keV with a model including: 1) three Gaussian lines to ac-
count for the features at 1.48, 1.74, and 2.16 keV; 2) one broad
Gaussian line to reproduce the broad bump between 1 and 3 keV;
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3) two power laws modified at low energy by photoelectric ab-
sorption to reproduce the broad band hard continuum, all which
were not convolved with the mirror effective area; and 4) a ther-
mal component with abundances fixed to Solar values, that was
convolved with the mirror effective area. This model provides
a good fit to the background spectrum, without any systematic
residuals. We then fitted the same model to the background spec-
tra accumulated in three different regions, adjusting only the
global normalizations of the model spectra accounting for the in-
ternal and cosmic background components. The fits are remark-
ably good above 1 keV. Below this energy, we see a deficit of
counts in both the 3 arcmin radius spectrum and the 3—-6 arcmin
radius annulus spectrum, while there is an excess in the 6-8 ar-
cmin annulus spectrum. The spectra become increasingly soft at
large off-axis angles. The relative intensity of the thermal com-
ponent is higher in the on-axis spectrum than the off-axis spec-
trum, as expected if this component is truly cosmic, because of
the larger mirror vignetting at high off-axis angles. The increase
of the strength of the low energy cut-off at smaller off-axis is
then probably due to a thicker deposition of contaminants at the
center of the ACIS-I 4 chip region.

The behavior observed for the emission lines is quite inter-
esting. While the intensity of the 1.49 keV and 2.16 keV lines
is constant with the off-axis angle, the intensity of the 1.78 keV
Si line is larger at large off-axis angles.

The variations in the background spectra accumulated in
thinner annuli becomes comparable to the statistical uncertainty.
Guided by this analysis, we decided to adopt the average back-
ground spectra accumulated in the three r < 3’, 3’ < r < 6/, and
6’ < r < 8 in the following analysis.

To evaluate the background counts in each source extrac-
tion region, we need to normalize the average background at
three off-axis angles to that at each source position. We first
extracted spectra from circular regions of 10 arcsec radii cen-
tered at each galaxy position, and then normalize the average
background to that in these spectra using the 7-11 keV faint-
source-free band. The statistical uncertainty in the background
evaluation is therefore mostly given by the 7—11 keV total num-
ber of counts at the source position. The choice of the size of the
extraction region at each galaxy position must then satisfy two
competing requirements. On the one hand, the region must be
large enough to provide enough counts to keep statistical fluc-
tuation small. On the other hand, a small region has the advan-
tage of avoiding systematic errors caused by sharp variations in
the exposure time (and so of the background) typical of mosaics
such as ACIS-I CDFS, cosmetic defects, and crowded regions
with several sources within a few arcsec. The average CDFS 7—
11 keV background in a 10 arcsec radius region is between 600
and 700 counts, ~3 times higher than the 0.5-2 keV average
background, 4 times the 1-2 keV background, and 2 times the
1-4 keV background. Therefore, a circular region of 10 arcsec
radius is a good compromise, because it collects a number of
7-11 keV counts similar to or higher than the 0.5-2, 1-2 or 1-
4 keV counts in 10-20 arcsec annulus (a typical region used
to extract a “local” background in crowded areas such as the
CDES), in a three times smaller area.

A.2. Completeness, reliability and sky coverage

To extract statistically quantitative information from a given
sample of “detected” sources, we need to first assess its com-
pleteness and reliability (number of spurious detections). We
performed a series of extensive detection runs on simulated data.

To assess the reliability of our survey, we first performed
simulations using background spectra only. We simulated about
10° spectra at the positions of the sources detected in the CDFS
to use exactly the same exposure time, vignetting, and PSF, but
including only the average background at each off-axis position.
We applied our version of ePhot to these simulations and stud-
ied the number of spurious detections as a function of various
parameters: 1) the threshold on background-subtracted counts in
a wide (0.3—4 keV) band; 2) the minimum and maximum source-
extraction regions; 3) the energy grid used to search for detec-
tions; 4) the band-width E\,,x / Enin; and 5) the Poisson probabil-
ity threshold for a source detection. We chose a combination of
parameters that keeps the number of spurious detections smaller
than one every 5000 spectra, i.e. the number of candidates in our
search (see Sect. 2): these are 0.3—4 keV background-subtracted
counts >12, Enax/Emin > 2, and Poisson probability <2 x 10%,

To study the completeness of our survey, we performed de-
tection runs on simulated source plus background spectra. We
used mock X-ray catalogs generated by Gilli, which include
about 10° AGN with a distribution of luminosities, redshifts, and
absorbing column densities in accordance with the Gilli et al.
(2007) CXB model. In particular, the mock catalogs include
sources with unabsorbed flux down to 10718 cgs, where the AGN
density is ~20 000 deg?. Source spectra are distributed over six
templates, with column densities Ny up to 3 x 10** cm™. A
pure reflection spectrum is also considered to account for heavily
Compton thick sources. The distributions of spectra is a strong
function of both luminosity and redshift (see Gilli et al. 2007,
for details). Using these mock catalogs, we simulated a 10 deg?
Chandra survey with the same characteristics of the CDFS sur-
vey. We simulated sources at the position of the sources detected
in the CDFS. We added to each simulated spectrum a back-
ground proportional to the average background at each off-axis
angle. Finally, we run on each source + background simulated
spectrum our source detection algorithm ePhot. These simula-
tions are used to study the completeness of our survey and com-
pute the corresponding sky coverage. In Fig. A.2, top panel, we
compare the 0.5-2 keV observed flux histogram of the simu-
lated sources with that of the sources detected by ePhot with the
thresholds defined above. The ratio of the two histograms gives
the completeness of our survey, or the sky coverage, when nor-
malized to the CDFS searched area. Figure A.2, bottom panel,
compares the ePhot sky coverage for the ERS area of the CDFS
to that of a traditional detection algorithm at the same probability
threshold (same fraction of spurious detections).

A.3. Photometry

Our algorithm e-phot was also run on the galaxy samples with
fixed energy bands (0.5-2 keV, thus optimizing only for the size
of the source extraction region). The X-ray fluxes in the band
0.5-2 keV are estimated from e-phot count rates in the 0.5-2 keV
band if the signal-to-noise ratio in this band is higher than 2.5
or from the count rates in the band that optimize the detection
otherwise. A simple power-law spectrum with ag = 0.4 was as-
sumed for the count rate flux conversion. To test our photometry,
we compared the 0.5-2 keV flux obtained from the event files
of the first 2 Ms observations to those in Luo08, and the 0.5—
2 keV flux obtained form the full 4 Ms observations to those
in Xuell. The agreement is remarkable, the median of the two
samples agree to within 3% and the semi-interquartile range of
their ratio is 0.06. Fluxes of faint detections can be statistically
over-estimated because of the so-called Eddington bias (Hogg
& Turner 1998; Wang 2004). We estimated the bias according to
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Fig. A.2. Top panel: the 0.5-2 keV flux histogram of the simulated
sources (black solid histogram) and of the simulated sources detected
by e-phot. Bottom panel: the Chandra sky coverage in the ERS area
obtained using a standard detection algorithm (black solid curve) and
using e-phot (red dashed curve) at the same probability threshold.

Wang (2004) and found that it is at most ~20% for our faintest
detection and negligible for most of the Chandra-GOODS-ERS
and Chandra-GOODS-MUSIC sources. Luminosities in Table 3
are calculated from fluxes that are corrected for the Eddington

bias.
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