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ABSTRACT

We use the 4 Ms Chandra Deep Field-South (CDF-S) survey to place direct constraints on the ubiquity of z & 2
heavily obscured active galactic nuclei (AGNs) in K < 22 Bz K -selected galaxies. Forty-seven (*21%) of the 222
BzK-selected galaxies in the central region of the CDF-S are detected at X-ray energies, 11 (*5%) of which have
hard X-ray spectral slopes (I" < 1), indicating the presence of heavily obscured AGN activity (Ny = 3 x 10%* cm™2).
The other 36 X-ray detected Bz K galaxies appear to be relatively unobscured AGNs and starburst galaxies; we use
X-ray variability analyses over a rest-frame baseline of ~3 years to further confirm the presence of AGN activity in
many of these systems. The majority (7 out of 11) of the heavily obscured AGNs have excess infrared emission over
that expected from star formation (termed “infrared-excess galaxies”). However, we find that X-ray detected heavily
obscured AGNs only comprise *25% of the infrared-excess galaxy population, which is otherwise composed of
relatively unobscured AGNs and starburst galaxies. We find that the typical X-ray spectrum of the heavily obscured
AGNs is better characterized by a pure reflection model than an absorbed power-law model, suggesting extreme
Compton-thick absorption (Ny > 10?* cm™?) in some systems. We verify this result by producing a composite
rest-frame 2-20 keV spectrum, which has a similar shape as a reflection-dominated X-ray spectrum and reveals
an emission feature at rest-frame energy ~6.4 keV, likely to be due to Fe K. These heavily obscured AGNs are
likely to be the distant analogs of the reflection-dominated AGNs recently identified at z ~ 0 with >10 keV
observatories. On the basis of these analyses, we estimate the space density for typical (intrinsic X-ray luminosities
of Ly_jgrey = 10 erg s7!) heavily obscured and Compton-thick AGNs at z & 2. Our space-density constraints
are conservative lower limits but they are already consistent with the range of predictions from X-ray background
models.
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1. INTRODUCTION

Deep X-ray surveys have provided a penetrating probe of
active galactic nuclei (AGNs) out to z ~ 5 (e.g., Brandt &
Hasinger 2005; Silverman et al. 2008; Brusa et al. 2009; Brandt
& Alexander 2010), identifying obscured and unobscured AGN
activity in a modest fraction of the field-galaxy population
(Z5%—-10%; e.g., Lehmer et al. 2005, 2008; Xue et al. 2010).
However, there is overwhelming evidence that a large fraction
of the heavily obscured AGN population (Ny 2> 3 x 10?3 cm™2)
remains undetected in even the deepest X-ray surveys (e.g.,
Worsley et al. 2005; Hickox & Markevitch 2006; Tozzi et al.
2006; Treister et al. 2006; see Section 1 of Alexander et al.
2008). Distant heavily obscured AGNs are predicted by many
theoretical models and simulations to represent an important

phase in the evolution of distant dust-enshrouded galaxies,
where the rapidly growing central supermassive black hole
(BH) is hidden from view (e.g., Fabian 1999; Granato et al.
2006; Hopkins et al. 2006). Therefore, the identification of the
most heavily obscured AGNs could be more than just a book-
keeping exercise—without having observations sensitive to their
identification we may miss a crucial BH growth phase.

Weak (faint or undetected) X-ray emission from luminous
AGN:s is likely to be due to the presence of large amounts
of dust/gas, sometimes exceeding Ny > 10%* cm™? (ie.,
Compton thick; e.g., Matt et al. 2000; Comastri 2004; Della Ceca
et al. 2008; Murphy & Yaqoob 2009). Strong support for this
statement comes from the tight correlation between the optical
and X-ray emission of unobscured quasars (e.g., Vignali et al.
2003; Steffen et al. 2006; Gibson et al. 2008), which suggests
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that all luminous AGNs are intrinsically bright at X-ray energies.
Although weak at X-ray energies, these heavily obscured AGNs
should still be detected in deep mid-to-far-infrared (IR; rest-
frame wavelength >2 um) observations due to the presence of
dust heated by the hidden AGN. Indeed, a number of studies
have revealed large populations of X-ray undetected IR-bright
galaxies at z &~ 2, which may host heavily obscured, potentially
Compton thick, AGN activity (e.g., Daddi et al. 2007a; Fiore
et al. 2008, 2009; Georgantopoulos et al. 2008, 2011; Treister
et al. 2009b; Georgakakis et al. 2010). Many of these studies
have employed X-ray stacking analyses of X-ray undetected
IR galaxies to identify hidden AGN populations statistically,
where the detection of a hard X-ray spectral slope (I' < 1) in
the stacked data provides compelling evidence for the presence
of heavily obscured AGN activity in at least a fraction of
the stacked sources.'® Under the assumption that all of these
X-ray undetected IR galaxies host Compton-thick AGN activity,
the implied space density of these hidden AGNs would exceed
those of the Compton-thin AGN population by a factor of =2,
implying that a much larger fraction of distant luminous AGNs
are Compton thick than found locally (<$25%-50% of local
AGNs appear to be Compton thick; see Table 2 in Burlon
et al. 2010; Risaliti et al. 1999; Guainazzi et al. 2005). These
discoveries provide some support for the hypothesis that the
majority of distant BH growth was more heavily obscured than
that found locally (e.g., La Franca et al. 2005; Treister & Urry
2006; Hasinger 2008).

However, results from X-ray stacking analyses need to be
treated with caution since they only provide an average signal,
leaving significant uncertainties about the overall distribution
of source properties. Therefore, before strong conclusions can
be derived from these studies, at least two key questions need
to be addressed: (1) what fraction of the X-ray stacked signal
is “contaminated” by star-forming galaxies, which are found to
comprise at least a fraction of the candidate heavily obscured
AGN population (e.g., Donley et al. 2008; Murphy et al. 2009;
Faddaetal. 2010)? (2), and what fraction of the heavily obscured
AGNss are absorbed by Compton-thick (as opposed to Compton-
thin) material? The most direct way to address these questions
is with deeper X-ray data, which will (1) reveal the X-ray
properties of individual IR-bright galaxies that were previously
contributing to the stacked X-ray signal, (2) allow for more
detailed X-ray spectral investigations of the X-ray detected
IR-bright galaxies to search for the signatures of heavily
obscured and Compton-thick absorption (e.g., the identification
of a strong reflection component at rest-frame >10 keV; the
detection of a high equivalent width Fe K emission line; e.g.,
Matt et al. 1996, 2000; Tozzi et al. 2006; Georgantopoulos et al.
2009; Comastri et al. 2011; Feruglio et al. 2011; see Murphy
& Yaqoob 2009),'” and (3) improve stacking constraints of
X-ray undetected populations. The presence of large amounts of
absorption can also be indirectly inferred from the identification
of luminous AGN emission lines and an IR-emitting hot-dust
AGN continuum in X-ray weak systems (e.g., Bassani et al.
1999; Krabbe et al. 2001; Lutz et al. 2004; Alexander et al.

16 The spectral slopes of X-ray emission from star formation processes are
typically I' 2 1 (e.g., Kim et al. 1992; Ptak et al. 1999; Berghea et al. 2008;
Iwasawa et al. 2009).

17 We note that high signal-to-noise ratio (S/N) data are required to accurately
distinguish between the X-ray spectral properties of Compton-thin AGNs with
Ny =~ (5-10) x10?* cm~2 and Compton-thick AGNs with Ny > 10** cm—2
(e.g., Murphy & Yaqoob 2009; Yaqoob et al. 2010). Therefore, our adopted
definition of a Compton-thick AGN is not comprehensive but is conventional;
see the MY Torus manual at www.mytorus.com for a detailed review.
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2005b, 2008; Heckman et al. 2005; Gandhi et al. 2009; Bauer
et al. 2010; Donley et al. 2010; Gilli et al. 2010; Vignali
et al. 2010; Goulding et al. 2011). Greater reliability in the
identification of heavily obscured and Compton-thick AGNs is
made when considering multiple diagnostics that cross check
each other, particularly those that probe different AGN regions.

In this paper, we use the deepest X-ray observations available
(the 4 Ms Chandra exposure of the Chandra Deep Field-South;
CDF-S; Xue et al. 2011) to extend the analyses of Daddi et al.
(2007a), which employed X-ray stacking techniques to study
X-ray undetected IR-bright z = 2 galaxies in the shallower
1 Ms CDF-S observations. Daddi et al. (2007b) utilized the
Bz K photometric-selection technique (Daddi et al. 2004) to
identify K < 22 galaxies at z & 1.4-2.6 and classified objects
based on the ratio of mid-IR (24 um) to extinction-corrected
ultraviolet (UV; rest-frame 1500 A) star formation rates (SFRs).
The BzK photometric-selection technique provides an effec-
tive identification of massive galaxies (~10'°-10'' My; see
Daddi et al. 2007b; McCracken et al. 2010). BzK galax-
ies with a significant excess of IR emission over that pre-
dicted from the extinction-corrected UV SFRs were classified as
“IR-excess’ galaxies” [log(SFR(mid-IR+UV)/SFR(UV,corr))
>0.5], while BzK galaxies with comparable mid-IR and
extinction-corrected UV SFRs were classified as “IR-normal
galaxies” [log(SFR(mid-IR+UV)/SFR(UV,corr)) < 0.5]. From
stacking the X-ray data of the X-ray undetected galaxies, Daddi
et al. (2007a) obtained distinctly different X-ray spectral slopes
for the IR-excess galaxies (I' ~ 0.9) and IR-normal galax-
ies (I' ~ 1.8). The flat X-ray spectral slope found for the
IR-excess galaxies indicates that a fraction of the X-ray unde-
tected IR-excess galaxy population host heavily obscured AGN
activity, some of which may be Compton thick; by compar-
ison, the stacked X-ray emission from the X-ray undetected
IR-normal galaxies is consistent with that expected from star
formation. Under the assumption that all of the IR-excess galax-
ies are Compton-thick AGNs, Daddi et al. (2007a) estimated a
space density of @ ~ 2.6 x 10~* Mpc~> for z ~ 2 Compton-
thick AGNs with Ly_ ey > 10¥—10% erg s~—!. With the deeper
Chandra data from Xue et al. (2011), we can now better char-
acterize the X-ray properties of both the X-ray detected and
X-ray undetected Bz K galaxies and improve constraints on the
ubiquity of distant heavily obscured and Compton-thick AGNSs.
We adopt Hy = 71 km s~1 Mpc’l, Qv = 0.27,and Q) = 0.73
throughout. The Galactic absorption toward the CDF-S region is
Nu = 8.8 x 10" cm™2 (Stark et al. 1992). All given magnitudes
are based on the Vega-magnitude system.

2. DATA AND STACKING PROCEDURES
2.1. Galaxy Sample

We use an updated version of the z ~ 2 galaxy samples
generated by Daddi et al. (2007b) in the CDF-S field. Due to
small refinements in the optical-mid-IR photometry and revised
redshift estimates, our updated sample is slightly different to
that used in Daddi et al. (2007a, 2007b). However, qualitatively,
these samples are the same as those used in Daddi et al. (2007a,
2007b) and have the same global properties.

To provide a good compromise between excellent X-ray
sensitivity and a large number of galaxies, we have only explored
the X-ray properties of BzK galaxies that lie within 5!5 of
the average Chandra aimpoint. Within this region there are
76 objects classified as IR-excess galaxies and 146 objects
classified as IR-normal galaxies.
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2.2. X-Ray Matching

‘We matched the parent BzK galaxy sample of 222 objects to
the 4 Ms Chandra catalogs of Xue etal. (2011) using a 1”5 search
radius. In total, 47 Bz K galaxies have an X-ray counterpart, 28
of which are classified as IR-excess galaxies and 19 of which
are classified as IR-normal galaxies. The median X-ray—K-band
position offset is 074, which agrees with the median uncertainty
of the X-ray source positions (which correspond to the 68%
confidence level; see Figure 6(a) and Equation (2) in Xue et al.
2011); on the basis of our matching parameters we expect ~1.6
spurious matches. Twenty of these BzK galaxies were detected
in the 1 Ms CDF-S catalogs of Alexander et al. (2003) and a
further 27 are now detected in the 4 Ms CDF-S catalogs of Xue
etal. (2011). The properties of the X-ray detected Bz K galaxies
are presented in Table 1.

Thirty of the X-ray detected Bz K galaxies have spectroscopic
redshifts: 27 from optical spectroscopy (predominantly from
Very Large Telescope observations with the FORS1, FORS2,
and VIMOS instruments; Appenzeller et al. 1998; Le Fevre
et al. 2003) and 3 from Spitzer-IRS mid-IR spectroscopy; see
Table 1 for the spectroscopic-redshift references. The median
spectroscopic redshift is zgpee = 1.78 & 0.35.'8 The other
17 X-ray detected BzK galaxies have photometric redshifts
and a median redshift of zppe = 2.18 & 0.50; see Table 1
for the photometric-redshift references. The median absolute
uncertainty between the photometric and spectroscopic redshifts
for the X-ray sources with spectroscopic redshifts is |Az|/(1 +
Zspec) = 0.02, where Az = Zphoto — Zspec; WE get comparable
results if we use the Cardamone et al. (2010) photometric-
redshift catalog (|Az|/(1 + zgpec) = 0.02).

2.3. X-Ray Spectroscopy

We extracted and analyzed the X-ray spectra of the X-ray
detected BzK galaxies to provide greater insight into their
intrinsic properties. The X-ray spectra were extracted using
ACIS_EXTRACT (Broos et al. 2010) as part of the X-ray catalog
construction in Xue et al. (2011); see Section 3.2 of Xue et al.
(2011) for more details.

Due to the limited counting statistics for the majority of the
heavily obscured AGNs (<80 counts in the 0.5-8 keV band,;
see Table 2), which are the primary focus of this paper, the
X-ray spectral analyses were predominantly performed using
the C-statistic (Cash 1979). The C-statistic is calculated on
the unbinned data and is therefore ideally suited to low-count
sources (e.g., Nousek & Shue 1989). However, to provide
consistency checks on these results, we also performed X-ray
spectral analyses of the brightest X-ray sources (>200 counts
in the 0.5-8 keV band) using x? statistics; in these analyses
we grouped the X-ray data into 20 counts per bin. All fit
parameter uncertainties are quoted at the 90% confidence level
(Avni 1976).

2.4. X-Ray Variability

We analyzed the X-ray variability of the X-ray detected BzK
galaxies to look for nuclear activity. The CDF-S observations
were split into four epochs, each approximately 1 Ms long: 2000,
2007, 2010a (March—May), and 2010b (May-July). Within
each epoch, the observations were merged and photometry was

I8 The error on the median is the median absolute deviation (MAD), which is
a robust estimator of the spread of the sample: MAD = 1.48 x median(|x —
median(x)|); see Section 1.2 of Maronna et al. (2006).
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measured using ACIS_EXTRACT (Broos et al. 2010), as described
in detail in Xue et al. (2011).

We apply a x? test to determine if a source is variable by
comparing the variability observed between observations to that
expected from Poisson statistics. The test statistic will follow
a x? distribution except at low count rates, where the errors
are larger than expected from a Gaussian distribution. In the
low-count regime, the test statistic is smaller than expected and
does not follow the x? distribution. We construct a Monte Carlo
simulation to determine what distribution the test statistic should
follow for each source, following the procedure of Paolillo et al.
(2004). The observed test statistic is compared to the simulated
distribution to determine the probability (P,2) that the observed
variability is due to Poisson noise. The x? and P, values
are listed in Table 2. A source is considered variable if it has
>20 counts in the 0.5-8 keV band and P,> < 5%.

The normalized excess variance (o2 ; Nandra et al. 1997)
measures how strongly each source varies in excess of measure-
ment error. Since it is more likely that a variable galaxy harbors
an AGN if the observed variability exceeds that expected from a
population of X-ray binaries, we estimate the amount of variabil-
ity expected from high-mass X-ray binaries (HMXBs). HMXB
variability can be estimated from a galaxy’s SFR (see Figure 8 of
Gilfanov et al. 2004). To use this relation we adopt 0.2, = 0.09
as the typical variability for an individual X-ray binary (equiva-
lent to 30% fractional rms; see Section 6 of Gilfanov 2010). This
value is the maximum variability expected for an HMXB pop-
ulation. Variability strength will increase with the length of the
timescale over which it is measured (e.g., Nandra et al. 1997);
hence adopting the maximum HMXB variability is appropriate
for CDF-S sources at z &~ 2, where rest-frame timescales are
~3 years. The SFR of the BzK galaxies was estimated from
their UV and IR luminosities (Xue et al. 2010). Applying the
o2 —SFR relations (Gilfanov et al. 2004), we calculate an upper
limit to the HMXB contribution to the variability, reported as
ofnxg in Table 2. A source is considered to be an X-ray variable
AGN if it is found to be variable, as prescribed above, and also
has excess variability over that expected from HMXBs. On the
basis of these criteria, 13 of the 27 sources with >20 counts in
the 0.5-8 keV band are found to be variable AGN.

2.5. X-Ray Stacking Analyses

We used X-ray stacking analyses to constrain the average
X-ray properties of the X-ray undetected Bz K galaxy popula-
tions. In our X-ray stacking analyses we adopted the procedure
of Lehmer et al. (2008), which takes a different approach from
the Worsley et al. (2005) method used by Daddi et al. (2007a).
Both procedures stack the X-ray data of the selected sources
but Lehmer et al. (2008) determine the background counts
using large source-free apertures local to each source, while
Worsley et al. (2005) determine the background counts from a
large number of randomly placed apertures around the source
(i.e., a Monte Carlo approach). We tested both procedures on
our data sets and achieved statistically consistent results. The
major advantage of the Lehmer et al. (2008) approach over that
of Worsley et al. (2005) is computational speed. In the stacking
analyses, we used a fixed aperture of 1”5 radius and determined
background counts in 25” x 25” source-free regions local to
each source. We applied aperture corrections to the net stacked
count rates following Section 4.2 in Lehmer et al. (2008).

A general concern in stacking analyses is that a few sources
can dominate the stacked signal. To guard against this, we
randomly selected 80% of the objects in each stacking analysis
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Table 1
Overall Properties of the X-Ray Detected BzK Galaxies
K-band X-K Kvega Luv Lo_10kev vLgum SFR I 1 Ms Notes"
2000 812000 (arcsec)® z° (mag)* XIDY log(Lp)* loglergs~")¢ log(Ly)*  Excess? Source?®
03321095 —274856.1 048 281 202 167 12.04 43.96 11.72 17.3 1.68*4% Y
03321255 —2749382 029 245 213 185 11.54 42.14 10.64 1.3 > 0.53 N
03321412 -2749102 059 218 206 202 11.33 42.06 11.20 15.0 > 0.57 N
03321442 -2751107 039 1544 192 205 12.11 41.98 10.72 0.5 0.13*%) Y Heavily obscured AGN; optical AGN
03321479 —2744025 0.67 1.56 207 208 10.80 4233 10.37 2.9 1.2540%% N
03321694 —2750040 035 1613 206 236 11.40 41.59 10.50 1.1 > 0.60 N
03321781 —2752103 057 1.76 217 247 10.98 <41.95 10.47 2.7 - N
03321824 2752412 045 2801 214 254 11.35 4341 10.74 2.9 1.79%%% Y Optical AGN
03322130 -275101.5 052 184 202 293 11.70 41.68 11.10 45 0.36*%%, N Heavily obscured AGN
03322199 —275111.9 028 364 212 298 11.39 4276 11.85 124.6 0.01792} Y Heavily obscured AGN
03322254 2746038 044 1730 204 308 11.26 42.90 11.00 8.7 0.17+%%% Y Heavily obscured AGN
03322255 —2748149 048 254 204 310 11.63 41.90 11.20 74 —0.595%3¢ N Heavily obscured AGN
03322484 —275050.1 038 228 207 337 11.47 41.91 11.14 8.7 > 043 N
03322598 —2747513  0.69 1.90i 205 360 11.47 41.91 1112 8.0 > 0.94 N IRS: s/burst dominated
03322879 —2747555 095 1383 193 394 12.07 41.59 10.75 0.6 > 0.64 N
033229.09 —274629.0 034 2227 198 399 11.89 41.91 11.27 5.2 > 0.42 N
03322948 —274322.0 0.56 1.609 19.8 405 11.66 <41.90 10.66 1.1 < 0.09 N Heavily obscured AGN
03322999 —2745299 038 1218 183 417 11.69 43.74 11.03 3.6 1.444G0% Y Optical AGN
03323147 —2746232 043 2223 190 435 12.41 4243 11.71 7.2 1.007%% Y Heavily obscured AGN
03323152 —2748538 043 1.879 203 437 11.66 42.41 11.25 8.3 131793 Y IRS: s/burst dominated
03323155 —2750286 076 1613 189 436 12.14 <41.64 11.01 12 <0.70 N Heavily obscured AGN
03323293 -2750405 082 250 205 451 11.96 41.92 11.08 23 >0.23 N
03323404 -275028.7 044 1.384 195 467 11.76 41.42 10.71 1.0 > 0.46 N
03323446 —2750049 021 214 205 474 11.46 41.99 11.41 225 >0.77 N
03323498 —274931.9 097 255 219 481 11.44 42.03 11.30 16.1 >0.51 Y
03323572 —274916.1 0.31 2578 200 490 11.85 4251 12.25 171.0 0.44*4% Y Heavily obscured AGN; optical AGN
03323597 —2748504 031 1309  19.1 493 11.93 4224 10.55 0.4 198444 Y
03323617 —2751265 037 1613 200 499 11.69 42.67 10.80 1.6 1.273528 Y
033236.18 —274627.6 043 248 209 501 11.96 41.99 11.03 1.9 > 0.41 N
03323736 —2746455 062  1.843 200 512 11.71 41.74 11.00 3.0 > 0.42 N
03323774 -275000.6  0.81 1619 192 517 12.23 41.71 11.16 1.6 > 0.64 N
033237.77 2752123 027 1603 188 518 11.98 44.16 11.64 15.1 17149 Y Optical AGN; IRS: AGN dominated
03323796 —275307.9 026 197 212 520 11.44 42.60 10.55 1.2 > 141 Y
03323855 —2746342 077 255 213 525 11.68 4227 11.77 46.7 > 0.86 N IRS: s/burst dominated
033239.08 —274602.1  0.17 1216 183 537 11.85 43.22 10.82 1.2 1.134%, Y Optical AGN
03323974 2746115  0.08 1552 194 549 11.63 4324 11.08 4.9 116445, Y IRS: s/burst dominated
033240.06 —2747554 045 1.998 195 552 12.08 41.99 11.58 9.8 > 0.63 N IRS: s/burst dominated
03324076 —2749262 040 2130 197 555 11.85 42.05 11.34 7.2 > 0.65 N IRS: s/burst dominated
03324180 —2751353 020  1.63 202 562 11.54 41.90 10.94 3.7 0.77%%% N Heavily obscured AGN
03324325 -2749143 020 1.920 195 577 11.31 43.96 11.10 10.9 1.55+%%" Y Optical AGN
03324346 —274901.8 046 178 202 579 11.76 42.00 11.27 7.0 > 0.88 Y IRS: s/burst dominated
03324361 —274659.0 020 1570 204 580 11.46 41.86 10.66 1.7 >0.83 N
033244.02 —274634.9 100 2688 209 583 11.75 43.63 11.69 31.1 2.00*%1% Y IRS: s/burst dominated
03324437 -2749113 053 213 204 589 11.25 <42.03 11.44 40.5 > 0.60 N
03324460 —274836.0 018 2593 214 593 11.55 43.38 1111 6.6 1.19%%12 Y
03324684 -2751209 025 2292 204 617 11.74 4242 11.06 36 >0.73 N
03324772 -275038.0 040  1.63 192 625 12.06 41.94 11.21 28 —0.33%4% N Heavily obscured AGN

Notes. * BzK galaxy properties taken from Daddi et al. (2007b). Coordinates correspond to the K-band position of the BzK galaxy. The UV luminosity corresponds to rest-frame 1500 A
and has been corrected for extinction (see Section 3.6 of Daddi et al. 2007b). The rest-frame 8 ;um luminosity is calculated using the 24 pum flux density, with small K-corrections applied (see
Section 3.1 of Daddi et al. 2007b). The SFR excess corresponds to the ratio of star formation rates (mid-IR+UV vs. extinction-corrected UV; see Section 2.2 of Daddi et al. 2007a).

b Offset between the position of the X-ray source and the K-band BzK counterpart in arcseconds.

¢ BzK galaxy redshifts. Optical spectroscopic redshifts are denoted by having three decimal places and come from Szokoly et al. (2004), Mignoli et al. (2005), Cimatti et al. (2008), Vanzella
et al. (2008), Popesso et al. (2009), and Balestra et al. (2010). All other redshifts are either photometric (from Grazian et al. 2006; Luo et al. 2010; Rafferty et al. 2011) or from Spitzer-IRS
spectroscopy (highlighted with “i” and from Teplitz et al. 2007 and Fadda et al. 2010).

d X-ray source properties. XID corresponds to the X-ray identification number in Xue et al. (2011). The X-ray spectral slope (I') determined from the band ratio (2-8 keV to 0.5-2 keV
count-rate ratio) plus lo uncertainty are taken from Xue et al. (2011); T is re-calculated from the band ratio for the low-count sources listed in Xue et al. (2011) with T = 1.4. The rest-frame
2-10 keV luminosity is calculated from the observed-frame 0.5-2 keV flux in Xue et al. (2011) and converted to rest-frame 2—10 keV assuming I" = 1.8.

¢ Indicates if the source was detected in the 1 Ms CDEF-S catalogs of Alexander et al. (2003); otherwise, the source was detected in the 4 Ms CDF-S catalogs of Xue et al. (2011).

f Notes and classifications. Objects classified as “Heavily obscured AGN” have I < 1 and objects classified as optical AGN have optical spectroscopic signatures from Szokoly et al. (2004)
indicating AGN activity. We have also indicated which sources have Spitzer-IRS spectroscopy, available either from Teplitz et al. (2007), Donley et al. (2010), or Fadda et al. (2010).
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Table 2
X-Ray Properties of the X-Ray Detected BzK Galaxies

ALEXANDER ET AL.

X-Ray Net Counts® X-Ray Variability Constraints® Variable
ay000” 812000" x2 P 02ns OPMXB AGN?
033210.98 —274856.5 844 4.09 0.004 0.014 0.0054 Y
0332 12.57 —274938.2 9
03 32 14.15 —274910.6 18
0332 14.43 —275111.0 82 4.30 0.005 0.141 0.0011 Y
03 32 14.80 —274403.2 89 0.371 0.723 —0.034 N/A N
03 32 16.96 —275004.2 5
033217.84 —275210.8 27 0.952 0.289 —0.001 0.0030 N
03321824 —275241.6 215 1.46 0.183 0.009 0.0019 N
03 3221.31 —275102.0 22 0.688 0416 —0.092 0.0110 N
03 32 22.00 —275112.1 80 0.106 0.952 —0.058 0.0110 N
03 3222.56 —2746 04.2 564 6.47 0.000 0.036 0.0005 Y
03 3222.58 —274815.2 58 0.228 0.842 —0.073 0.0110 N
03 3224.85 —275050.4 7
03 3226.01 —274751.8 8
03 32 28.85 —274756.0 17
033229.11 —27 46 29.3 12
03 3229.50 —2743225 54 0.682 0.451 —0.038 N/A N
03 3229.99 —274530.3 3916 130 0.000 0.163 0.0003 Y
033231.48 —274623.6 59 0.870 0.352 —0.017 0.0000 N
03 3231.55 —27 48 54.0 61 0.670 0.481 —0.046 0.0081 N
0332 31.51 —275029.0 16
03323295 —275041.3 10
03 32 34.03 —275029.1 12
03 3234.47 —275005.1 10
0332 35.04 2749325 4
03 3235.72 —274916.4 70 1.64 0.144 0.019 0.0110 N
03323598 —27 48 50.7 84 5.26 0.001 0.300 0.0014 Y
03 3236.18 —275126.8 179 2.13 0.067 0.027 0.0009 N
03 3236.19 —27 46 28.0 3
0332 37.38 —27 46 46.1 11
03 3237.75 —275001.4 14
03 3237.77 —275212.6 4600 250 0.000 0.021 0.0001 Y
03 3237.96 —275308.2 71 3.38 0.014 0.141 0.0004 Y
03 32 38.52 —2746 349 14
03 32 39.09 —27 46 02.1 1331 134 0.000 0.346 0.0005 Y
03 32 39.74 2746115 760 0.833 0.453 —0.001 0.0003 N
03 32 40.05 —274755.8 26 1.50 0.145 —0.014 0.0110 N
03 32 40.77 —2749 26.6 13
033241.82 —2751354 37 4.09 0.007 0.508 0.0007 Y
03324324 —2749 14.5 2117 39.2 0.000 0.077 0.0004 Y
03 3243.45 —274902.2 19
03 3243.61 —274659.2 16
03 3244.04 —274635.9 380 1.13 0.281 0.001 N/A N
03324441 —274911.3 7
03 3244.61 —27 48 36.2 333 3.40 0.011 0.033 0.0003 Y
03 32 46.86 —275121.0 43 434 0.006 0.335 0.0056 Y
03 3247.73 —275038.4 118 104 0.000 0.210 0.0002 Y

Notes. * Coordinates correspond to the X-ray position from Xue et al. (2011).
b Background-subtracted (net) counts in the 0.5-8.0 keV band used in the X-ray spectral analyses and X-ray variability analyses.
¢ X-ray variability constraints for the sources with reasonable-quality X-ray data (> 20 counts in the 0.5-8 keV band). The x>
statistic is calculated by comparing the variability observed between observations to that expected from Poisson statistics. P2

gives the probability that the observed variability is due to Poisson noise, orzms gives the normalized excess variance (Nandra et al.
1997), and (II?IMXB gives the upper limit to the HMXB contribution to the variability. N/A indicates that no SFR information was
available and so no attempt was made to estimate JI-ZIMXB: this does not affect any significantly variable sources. See Section 2.4.
94 Indicates if the source was found to show excess X-ray variability over that expected from the HMXB population; see Section 2.4.

sample and stacked their properties. For each sample we
performed this procedure 10,000 times, randomly selecting 80%
of the objects for each iteration, to generate a distribution of
the stacked properties. We found that the overall properties

obtained from the stacking analyses were in good agreement
with the overall properties found from the stacking analysis
trials, indicating that bright sources do not dominate the stacked

signal.
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Figure 1. Ratio of star formation rates (SFRs; mid-IR and extinction-corrected
UV) for the z ~ 2 galaxies studied by Daddi et al. (2007a, 2007b) vs. rest-
frame 8 wm luminosity. Triangles correspond to X-ray detected Bz K galaxies,
crosses indicate the BzK galaxies with hard X-ray spectral slopes (heavily
obscured AGNSs; see Figure 2), open squares correspond to the X-ray undetected
BzK galaxies, and the open circles correspond to the spectroscopically
identified (optical and mid-IR wavelengths) Compton-thick AGNs at z ~ 2
from Alexander et al. (2008) in the 2 Ms Chandra Deep Field-North survey
(Alexander et al. 2003). The threshold between IR excess and IR normal galaxies
defined by Daddi et al. (2007a, 2007b) is indicated by the dashed line.

(A color version of this figure is available in the online journal.)

3. ANALYSES AND RESULTS

We focus our analyses toward (1) characterizing the X-ray
spectral and variability properties of X-ray detected Bz K galax-
ies to identify the presence of AGN activity (see Section 3.1),
and (2) performing X-ray stacking analyses of the X-ray un-
detected BzK galaxies in the 4 Ms CDF-S observations (see
Section 3.2). With the results of these investigations, we re-
evaluate estimates of the space density of distant heavily ob-
scured and Compton-thick AGNs (see Section 3.3).

3.1. X-Ray Detected BzK Galaxies

In Figure 1, we compare the properties of the X-ray de-
tected BzK galaxies to the overall BzK galaxy population. The
X-ray detected BzK galaxies cover a wide range in SFR ratio
(log(SFR(mid-IR+UV)/SFR(UV,corr)) and rest-frame 8 yum lu-
minosity. However, when compared to the X-ray undetected
BzK galaxies, the X-ray detected systems have character-
istically higher median SFR ratios and rest-frame 8 um lu-
minosities (X-ray detected: SFR ratio of ~4.5 + 4.9 and
log(Lg,m/Le) ~ 11.1 & 0.4; X-ray undetected: SFR ratio of
~1.4+ 1.4 andlog(Lg m/Lo) ~ 10.6 £0.4).1° Overall, ~37%
of the IR-excess galaxy population and ~13% of the IR-normal
galaxy population are now detected in the 4 Ms Chandra ex-
posure, indicating a close connection between the production
of X-ray emission and the presence of excess (or luminous) IR
emission. Indeed, the X-ray detected fraction rises as a function

19 Lgum = 10" L is comparable to Lir 2 10'2 L, for the spectral energy
distribution corrections adopted in Daddi et al. (2007b).
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Figure 2. Rest-frame 2—10 keV luminosity vs. X-ray spectral slope (I" is in the
observed-frame 0.5-8 keV, typically rest-frame 1.5-24 keV). The properties of
z ~ 2 SMGs hosting AGN activity (open pentagons; from Alexander et al.
2005a) and X-ray detected BzK galaxies (filled triangles; identified here)
are compared to well-studied local starbursts (open stars) and local Compton-
thick AGNs (open squares). The properties of the local starburst galaxies and
Compton-thick AGNSs are taken from Ranalli et al. (2003), Matt et al. (1997), and
Vignati et al. (1999). The vertical dashed lines indicate the difference between
the observed X-ray luminosity and the absorption-corrected luminosity for the
SMGs and Compton-thick AGNs (from Matt et al. 1997; Vignati et al. 1999;
Alexander et al. 2005a; Feruglio et al. 2011); the intrinsic X-ray luminosity
constraint for J033235.7-274916 is from Feruglio et al. (2011), which is one of
the heavily obscured AGNs in our sample. The range of X-ray spectral slopes
found for typical AGNs and star-forming galaxies are illustrated (horizontal
solid lines; constraints derived from Kim et al. 1992; Nandra & Pounds 1994;
Maiolino et al. 1998; Ptak et al. 1999; Berghea et al. 2008). Eleven of the X-ray
detected BzK galaxies have flat X-ray spectral slopes (I' < 1) and are classified
as heavily obscured AGNs (crosses).

(A color version of this figure is available in the online journal.)

of rest-frame 8 um luminosity: ~3%, ~14%, and ~51% of the
log(Lgum/Le) = 10.0-10.5, log(Lg ym/Lo) = 10.5-11.0, and
log(Lg,m/Le) > 11.0 systems are detected at X-ray energies,
respectively. Given these results, X-ray observations an order
of magnitude deeper than those obtained here (only likely to be
attainable with the next generation of X-ray observatories; e.g.,
Generation-X; Wolk et al. 2008) are required to individually de-
tect X-ray emission from the majority of the lowest-luminosity
systems.

3.1.1. Classification of the X-Ray Emission

In Figure 2, we plot the rest-frame 2—10 keV luminosity ver-
sus X-ray spectral slope of the X-ray detected BzK galaxies and
compare them to well-studied local starburst galaxies, Compton-
thick AGNSs, and z & 2 submillimeter-emitting galaxies (SMGs)
hosting AGN activity; the rest-frame 2—10 keV luminosities are
calculated from the observed-frame 0.5-2 keV fluxes assuming
I' = 1.8 for the small K corrections. Eleven (23%) of the 47 X-
ray detected BzK galaxies have flat X-ray spectral slopes with
I' < 1 (eight have I" < 0.5) and are classified here as “heavily
obscured AGNs.” On the basis of the X-ray properties of the
z ~ 2 SMGs hosting AGN activity (Alexander et al. 2005a),
the flat X-ray spectral slopes for these heavily obscured AGNs
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Figure 3. Rest-frame 2—10 keV luminosity vs. rest-frame 8 ;um luminosity. The
symbols have the same meaning as in Figures 1 and 2; in addition, the small filled
circles show the X-ray detected BzK galaxies with Spitzer-IRS spectroscopy.
The X-ray—8 um luminosity ratio for local starburst galaxies (long-dashed line)
is taken from the X-ray—12 um luminosity ratio of Krabbe et al. (2001) and
converted to 8 ;um assuming the M 82 spectral energy distribution. The intrinsic
X-ray-8 um luminosity ratio for local AGNs (solid line) is taken from Lutz
et al. (2004) and converted to 8 um, assuming the AGN-dominated galaxy
NGC 1068; the dotted line indicates the observed X-ray—8 um luminosity ratio
predicted for Compton-thick AGNs. The rest-frame 8 um luminosity for the
X-ray detected BzK galaxies is calculated from the 24 um flux density, with
small K-corrections applied (see Daddi et al. 2007a), while the rest-frame
8 um luminosity for the local starburst galaxies is calculated using the mid-
IR spectroscopy of Rigopoulou et al. (1999) and Lutz et al. (2003). The
vertical dashed lines indicate the difference between the observed and intrinsic
X-ray luminosity for the z ~ 2 Compton-thick AGNs from Alexander et al.
(2008) and Feruglio et al. (2011); the intrinsic X-ray luminosity constraint for
J033235.7-274916 is from Feruglio et al. (2011), which is one of the heavily
obscured AGNSs in our sample.

(A color version of this figure is available in the online journal.)

suggest absorbing column densities of Ny > 3 x 10%* cm™2

and some may be Compton thick; see Figure 2. The absorption
corrections for such heavily obscured AGNSs in the rest-frame
2-10 keV band are large and would imply intrinsic luminosi-
ties of Lo_jorev = 10 erg s=!. Six of these heavily obscured
AGNs are not detected in the 1 Ms CDF-S data used in Daddi
et al. (2007a).

On the basis of the X-ray luminosity and X-ray spectral slope,
the X-ray emission from the majority of the other 36 X-ray
detected BzK galaxies is likely to be due to either relatively
unobscured AGN activity (Ng < 10%2-10** cm™2) or star
formation. Nine of these objects have Lx > 10* erg s7!, five
of which are identified as AGNs based on optical spectroscopy
(see Table 1), and are classified here as “luminous AGNs.” The
other 27 X-ray detected BzK galaxies are likely to be lower-
luminosity AGNs or X-ray luminous starbursts and are classified
here as “low-luminosity X-ray systems;” as shown in Figure 3
and Section 3.1.2, the X-ray—IR luminosity ratios of these
systems are also similar to those expected for starburst galaxies
or z ~ 2 AGNs with Lx &~ 10¥-10" erg s~! (e.g., Krabbe et al.
2001; Mullaney et al. 2010; Shao et al. 2010). Twenty-one of
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these low-luminosity X-ray systems are not detected in the 1 Ms
CDF-S data used in Daddi et al. (2007a).

Four of the 27 low-luminosity X-ray systems are detected in
both the 2-8 keV and 0.5-2 keV bands and their X-ray spectral
slopes are I" & 1.2-2.0. The other 23 low-luminosity X-ray
systems are undetected at 2—-8 keV and we can only provide
accurate constraints on their X-ray spectral slopes using X-ray
stacking analyses. Stacking the X-ray data for these 23 systems,
following the procedure outlined in Section 2.5, we obtain
significant detections in both the 2-8 keV (S/N = 8.3) and
0.5-2 keV bands (S/N = 29.7), which correspond to an average
X-ray spectral slope of I' = 1.5 & 0.1. The comparatively steep
X-ray spectral slope from this population could be due to either
star formation or AGN activity and does not provide significant
new insight into the composition of the low-luminosity X-ray
systems.

We can further characterize the X-ray detected BzK galaxies
using X-ray variability analyses. The identification of signif-
icant X-ray variability over that expected from star formation
processes will indicate the presence of an AGN; see Section 2.4.
Overall, we find that 13 (~48%) of the 27 X-ray detected BzK
galaxies with reasonable-quality X-ray data (>20 X-ray counts)
show excess variability over that expected from star formation
processes; the sources show variability by factors of ~1.4-4.3
(see Table 2). Nine of these 13 systems had already been clas-
sified as AGNs: six are luminous AGNs and four are heav-
ily obscured AGNs. However, three of the variable sources are
classified as low-luminosity X-ray systems (=40% of those with
reasonable-quality X-ray data), unambiguously identifying the
presence of AGNs in at least a fraction of the low-luminosity
X-ray systems.

3.1.2. X-Ray-Infrared Properties

In Figure 3, we plot the rest-frame 2—-10 keV luminosity
versus rest-frame 8 um luminosity of the X-ray detected Bz K
galaxies and compare them to well-studied local starburst galax-
ies and Compton-thick AGNs. This figure can help characterize
the X-ray—8 um luminosity ratio and provide constraints on the
intrinsic luminosity of the heavily obscured AGNs. For example,
under the assumption that the 8 um emission is dominated by
AGN activity, the X-ray—8 pm luminosity ratios of the heavily
obscured AGNs suggest that they have intrinsic X-ray lumi-
nosities of Ly_jorev ~ 3 x 10¥-10% erg s~ (see Figure 3).
The presence of absorption at 8 um, as predicted by radiative-
transfer modeling of clumpy AGN obscuration (e.g., Nenkova
et al. 2008), will increase these intrinsic X-ray luminosity esti-
mates; however, see Lutz et al. (2004) and Gandhi et al. (2009)
for observational constraints suggesting that obscured AGNs
do not typically suffer significant nuclear absorption at infrared
wavelengths. Under the assumption that the 8 um emission is
AGN dominated, the X-ray—8 um luminosity ratios for all of
the heavily obscured AGNs, except for J033222.5-274603, are
also consistent with those expected for Compton-thick AGNSs.

However, the interpretation of the X-ray—8 pm luminosity ra-
tio is complicated by the absence of mid-IR spectroscopy for the
majority of the X-ray detected Bz K galaxies, which would di-
rectly measure the contributions from star formation and AGN
activity at rest-frame 8 um. Nine of the X-ray detected BzK
galaxies have Spitzer-IRS spectroscopy, three of which are clas-
sified as X-ray luminous AGNs and six of which are classified
as low-luminosity X-ray sources; see Table 1 and Figure 3.
With the exception of the luminous AGN J033237.7-275212
(which is AGN-dominated at 8 um; Donley et al. 2010), all
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of the other eight systems are star formation dominated at
8 um, including two of the luminous AGNs (Teplitz et al. 2007,
Fadda et al. 2010). If the heavily obscured AGNs are the ab-
sorbed counterparts of the luminous AGNSs, as suggested by the
X-ray spectral analyses (see Section 3.1.3), then we would ex-
pect many of them to also be star formation dominated at 8 um
and, therefore, the range of intrinsic X-ray luminosities esti-
mated above (Lo_joev = 3 x 10%-10% erg s~!) are upper
limits; see Section 3.1.4 for further estimates of the intrinsic
X-ray luminosities.

The majority of the heavily obscured AGNs are identified
as IR-excess galaxies (7 of the 11 systems); see Figure 1.
However, the majority of the X-ray detected IR-excess galaxies
are not heavily obscured AGNs: only 7 (*25%) of the 28
X-ray detected systems are heavily obscured AGNs, 7 (*25%)
are luminous AGNs, and 14 (=50%) are low-luminosity X-ray
systems (one of which has been found to be an X-ray variable
AGN: J033246.8-275120; see Tables 1 and 2). This shows that
the IR-excess galaxy population is heterogenous, in qualitative
agreement with several studies of IR-excess galaxies (e.g.,
Teplitz et al. 2007; Alexander et al. 2008; Murphy et al. 2009;
Fadda et al. 2010; Georgakakis et al. 2010; Georgantopoulos
et al. 2011).

3.1.3. X-Ray Spectral Analyses

To gain more insight into the intrinsic AGN properties (e.g.,
Ny, T, reflection components, Fe K emission) of the X-ray de-
tected BzK galaxies, we fitted the X-ray data using physically
motivated AGN models. Our main focus here is to constrain the
X-ray spectral properties of the 11 heavily obscured AGNs to
identify any potential Compton-thick AGN signatures (domi-
nant reflection component; strong Fe K emission). However, we
also explored the X-ray spectral properties of all of the X-ray
detected Bz K galaxies to provide constraints on key spectral pa-
rameters (e.g., the intrinsic X-ray spectral slope; I') and search
for further heavily obscured AGNs not identified using the sim-
ple X-ray spectral slope criteria. We extracted the X-ray spectra
of each source following Section 2.3 and initially fitted each
X-ray spectrum over the observed-frame 0.5-8 keV energy band
with an absorbed power-law model (the model components are
WABS*ZWABS*POW in XSPEC) using the C statistic (Cash 1979).

We first focus on the results obtained for the nine luminous
AGNs (Lx > 10% erg s7') since the good photon statistics
(A220-4600 net counts; mean of ~1600 net counts) provide
accurate constraints on the intrinsic X-ray spectral slope and
the presence of any absorption. The individual best-fitting
parameters for the luminous AGNs are consistent with those
expected for relatively unobscured AGNs (I' ~ 1.8 and Ny <
10> cm=2). To provide tighter overall constraints we also
performed joint spectral fitting for all of the sources, which
determines the best-fitting I" and Ny for the whole sample.
Jointly fitting I' and Ny but leaving the normalization of
each source to vary, we obtained I' = 1.717% with low
intrinsic absorption (Ny = (0.651%%62) x 1022 cm™2); the best-

fitting parameters obtained from x? fitting (I' = 1.78"%%} and

Ny = (0.79’:%.1150) x 10?2 cm™2) are statistically consistent with
those obtained using the C statistic. These constraints can help
interpret the X-ray spectral properties of the heavily obscured
AGNSs. The results obtained for the 27 low-luminosity X-ray
systems are similar to those obtained for the luminous AGNs
but with considerably larger uncertainties (*3—180 net counts;
mean of ~30 net counts); the best-fitting parameters from
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Figure 4. Best-fit parameters (I" vs. Niy) from jointly fitting the X-ray spectra of
the heavily obscured AGNs and low-luminosity X-ray systems with an absorbed
power-law model. The contours refer to the 68%, 95%, and 99% confidence
limits and the crosses indicate the best-fitting parameters. The best-fitting "
for the heavily obscured AGN:ss is inconsistent with the intrinsic X-ray spectral
slope found for AGN activity (I" & 1.3-2.5; see Figure 2), suggesting that the
observed X-ray emission for the overall sample is not well characterized by
absorbed power-law emission.

jointly fitting the X-ray spectra are I’ = 2.22t%?239 with Ny =
(1.46*5%) x 10%? cm=2 (see Figure 4).

We now focus on the results obtained for the 11 heavily
obscured AGNs. The only heavily obscured AGN that is
bright enough for reasonable-quality individual X-ray spectral
constraints is J033222.5-274603 (=560 net counts), which has
I = 0.93%9% and Ny = (0.827%%,) x 102 cm~2; the best-

fitting parameters obtained from x? fitting are I' = 1.03*%%%

and Ny = (1.801%5?2) x 108 em~2, with a reduced XZ of 1.13
for 24 degrees of freedom. The absorbing column density of this
object suggests that it is Compton thin; however, the best-fitting
X-ray spectral slope is flat. Examination of the residuals shows
that the model significantly deviates from the data at observed-
frame <1.5 keV. Fitting the X-ray data between observed-
frame 1.5-8 keV gives ' = 1.40"%% and Ny = (2.05*%%)) x
10%* cm~2; the best-fitting parameters obtained from yx? fitting
are I = 1.59*%°% and Ny = (2.68"%%) x 10* cm~2, with a
reduced x? of 1.03 for 20 degrees of freedom. These best-fitting
parameters now provide a better characterization of the data
and are consistent with that expected for an obscured Compton-
thin AGN. The X-ray—8 um luminosity ratio of ~0.02 is also
consistent with that expected for a Compton-thin AGN and is
an order of magnitude larger than the luminosity ratio for the
other heavily obscured AGNs (see Figure 3).

The best-fitting parameters for the other heavily obscured
AGNs (~20-120 net counts; mean of ~60 net counts) are
determined from jointly fitting the X-ray spectra. Using the
absorbed power-law model, the best-fitting parameters are I =
0.35Jj(2)'.4239 with Ny = (5.79113?93()4) x 1022 cm~2; see Figure 4. Such
aflatintrinsic X-ray spectral slope is inconsistent with that found
for typical AGNs and is also inconsistent with that expected
from the inverse Compton scattering of accretion-disk photons
(i.e., the X-ray emitting “corona”; Haardt & Maraschi 1993;
Mushotzky et al. 1993; Reynolds & Nowak 2003). However,
these properties are consistent with a reflection-dominated
spectrum, such as that typically identified in Compton-thick
AGNSs and some heavily obscured Compton-thin AGNs (e.g.,
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George & Fabian 1991; Matt et al. 1996, 2000; Ueda et al.
2007; Eguchi et al. 2009; Comastri et al. 2010). Indeed, from
jointly fitting the X-ray spectra of the heavily obscured AGNs
with a reflection-dominated spectrum (the PEXRAV model in
XSPEC; Magdziarz & Zdziarski 1995), leaving the intrinsic
X-ray spectral slope as the jointly fitted parameter but allowing
the normalization of each source to vary, we obtain I' =
1.69*9%,13; the reflection parameter in PEXRAV is fixed to R = —1
(to produce only the reflection component), the cutoff energy is
fixed to E_cut = 128 keV (e.g., Malizia et al. 2003), and all of
the other parameters (inclination angle, elemental abundances)
are fixed at their default values. The best-fitting X-ray spectral
slope is now in good agreement with that found for the luminous
AGN:Ss, providing evidence that these systems are the heavily
obscured reflection-dominated counterparts of the luminous
AGN:S.

3.1.4. Reflection-dominated Heavily Obscured AGNs

To explore further whether the reflection-dominated model
provides a good description of the X-ray spectra of the heavily
obscured AGNs, we also produced a composite rest-frame
2-20 keV spectrum following Section 3.4 of Alexander et al.
(2005a). Briefly, the unbinned spectrum of each object is fitted
using a simple power-law model and an unfolded spectrum
is produced, taking into account the Chandra effective area
and exposure time. Each spectrum is then converted to rest-
frame energies and all of the spectra are combined and binned
to increase the signal-to-noise ratio. The composite X-ray
spectrum of the heavily obscured AGNs is shown in Figure 5
and is compared to the PEXRAV model with I' = 1.7. The
similarity between the composite X-ray spectrum and the pure
reflection model is striking, directly showing that the typical
X-ray spectrum of the heavily obscured AGNs is reflection
dominated. The composite X-ray spectrum is also consistent
with that of reflection-dominated AGNs, such as those recently
identified at z ~ 0 using > 10 keV observatories (Swift; Suzaku;
e.g., Ueda et al. 2007; Eguchi et al. 2009; Comastri et al. 2010);
see Figure 5. The similarity between the composite spectrum
of the low-luminosity X-ray sources and a I' = 2 power-
law spectrum suggests that many of these sources are either
intrinsically weak AGNSs (see Section 3.1.1 for X-ray variability
constraints) or dominated by HMXBs; see Figure 2 for the
typical range of X-ray spectral slopes for AGNs and HMXBs.

If the X-ray emission of the heavily obscured AGNs is
dominated by reflection then we would also expect to identify
strong Fe K emission (e.g., Reynolds & Nowak 2003). There is
no clear evidence for Fe K emission in the stacked spectrum but
since half of heavily obscured AGNs have photometric redshifts,
the Fe K emission may be smeared out. To test this hypothesis we
only stacked the X-ray spectra of the heavily obscured AGNs
with spectroscopic redshifts; see the inset panel in Figure 5.
Encouragingly, we now identify a strong emission feature
(&1 keV rest-frame equivalent width) at ~6.4 keV, which is
likely to be due to Fe K emission and suggests the presence of
Compton-thick AGNs, which typically have Fe K emission with
an equivalent width of 2 1 keV (e.g., George & Fabian 1991;
Matt et al. 1996, 2000; Della Ceca et al. 2008). However, this
feature is weaker (=0.5 keV rest-frame equivalent width) when
we remove J033235.7-274916, which has been individually
identified with strong Fe K emission (Feruglio et al. 2011).
Since Compton-thin AGNs have lower equivalent width Fe K
emission than Compton-thick AGNs (< 0.5 keV; Mushotzky
et al. 1993; Risaliti 2002; Dadina 2008), the weaker Fe K
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Figure 5. Flux density vs. rest-frame energy showing the composite rest-frame
2-20 keV spectra for the heavily obscured AGNs (filled circles; all objects
except the X-ray bright AGN J033222.5-274603) and low-luminosity X-ray
systems (open triangles) as compared to an unabsorbed power-law model (dotted
line; I' = 2.0), a pure reflection model (solid curve; I' = 1.7), and the best-
fitting model to the reflection-dominated z &~ 0 AGN Swift J0601.9-8636 (dot-
dashed curve; Ueda et al. 2007); see Section 3.1.4. The inset panel shows the
stacked X-ray spectra at rest-frame 2—10 keV of the heavily obscured AGNs
with spectroscopic redshifts (filled squares: all objects; open circles: all objects
except J033235.7-274916, which has been individually identified with Fe Ko
emission; Feruglio et al. 2011); the dashed line shows the expected rest-frame
energy of Fe K. The properties of the heavily obscured AGNs are consistent
with those expected for reflection-dominated systems and ~10%-50% are likely
to be Compton-thick AGNs (see Section 3.1.4).

(A color version of this figure is available in the online journal.)

emission with J033235.7-274916 removed suggests that the
heavily obscured AGNs comprise a combination of reflection-
dominated Compton-thick and Compton-thin AGNs (e.g., Matt
et al. 2000; Ueda et al. 2007; Eguchi et al. 2009; Comastri et al.
2010). Under the assumption that the Compton-thick AGNs
have Fe K equivalent widths of 21 keV, this suggests that <50%
of the heavily obscured AGNs are absorbed by Compton-thick
material; conversely, a lower limit to the Compton-thick AGN
fraction is &~ 10% due to the identification of J033235.7-274916
(Feruglio et al. 2011). Qualitatively similar results have been
obtained by Georgakakis et al. (2010) for IR-excess galaxies at
7z~ 1.

Accurate measurements of the intrinsic X-ray luminosity are
difficultin reflection-dominated AGNs due to large uncertainties
on the reflecting geometry. We therefore employ several differ-
ent approaches that should bracket the likely range in intrinsic
X-ray luminosities. Clearly, a lower limit is obtained from the
observed 2—8 keV luminosities, which gives an average luminos-
ity of log(Lx /erg s~!) & 43.1 at the average rest-frame energy of
~6—24 keV. Conversely, an upper limit is obtained by assuming
that the rest-frame 8 um emission is dominated by AGN activ-
ity (i.e., on the basis of the AGN-dominated line in Figure 3);
following this approach we obtain an average intrinsic X-ray
luminosity of log(L>_jokev/erg s~!) & 44.0 for the median rest-
frame 8 um luminosity of log(Lg,m/Le) ~ 11.1. Lastly, we
can estimate the intrinsic X-ray luminosity of the heavily ob-
scured AGNSs under the reasonable assumption that they are the
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Figure 6. Space density of heavily obscured AGNs with Lx 2 10% erg s~ 1.
The plotted data only correspond to the results derived from the X-ray detected
heavily obscured AGNs identified here (filled squares), candidate Compton-
thick AGNs identified from X-ray spectral analyses in the CDF-S (filled
triangles; Tozzi et al. 2006), and X-ray stacking analysis results of X-ray
undetected candidate Compton-thick AGNs with Lx 2 10% erg s~! (open
squares; Daddi et al. 2007a; Fiore et al. 2008; Treister et al. 2009b). The
solid bar indicates the space-density estimates for a range of Compton-thick
AGN percentages for the heavily obscured AGNs identified here. These results
are compared to the space-density predictions for Compton-thick AGNs with
Lx Z 10% erg s~! based on the models of Gilli et al. (2007; dashed curve) and
Treister et al. (2009a; dotted curve).

(A color version of this figure is available in the online journal.)

absorbed counterparts of the luminous AGNs (see Section 3.1.3
for some evidence). Using the average X-ray—8 pm luminosity
ratio of the luminous AGNs (/0.07; a factor ~3 less than the
intrinsic ratio of ~0.21), we estimate an average intrinsic lumi-
nosity for the heavily obscured AGNs of log(L;—_jokev/erg s7h
~43.5. On the basis of this approach we predict a rest-frame
2-10 keV luminosity within a factor ~2 of that measured from
the optical and X-ray spectroscopy for the Compton-thick AGN
J033235.7-274916 (Feruglio et al. 2011; see Figure 3), one of
the heavily obscured AGNs in our sample. Since the average
X-ray—8 um luminosity ratio of the luminous AGNs is lower
than that expected for AGN-dominated systems, a natural pre-
diction of this final approach is that the rest-frame 8 ;xm emission
from many of the heavily obscured AGNs is dominated by star
formation activity, in agreement with that found from Spitzer-
IRS spectroscopy (e.g., Murphy et al. 2009; Donley et al. 2010;
Fadda et al. 2010).

3.2. X-Ray Undetected BzK Galaxies

The majority of the BzK galaxy population remains unde-
tected in the 4 Ms Chandra observation (see Section 3.1) but
may host X-ray weak AGN activity below the detection limit.
We can place constraints on the presence of heavily obscured
AGN activity in these systems using X-ray stacking analyses.
We stacked the X-ray data of the X-ray undetected Bz K galax-
ies adopting the procedure in Section 2.5. The X-ray stacking
results are presented in Table 3. As previously found from the
X-ray stacking analyses of Bz K galaxies in Daddi et al. (2007a),
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the result for the IR-excess galaxies differs from that of the
IR-normal galaxies: I' = 1.4*33 for the IR-excess galaxies and

" = 2.0*}4, for the IR-normal galaxies; see Table 3. The stacked
X-ray spectral slope for the IR-normal galaxies is consistent with
that found by Daddi et al. (2007a) using the 1 Ms Chandra data
(I" & 1.8) but the X-ray spectral slope for the IR-excess galaxies
is significantly steeper (I" &~ 0.9 was obtained by Daddi et al.
2007a).

The lack of a flat X-ray spectral slope for the IR-excess galax-
ies appears to suggest that we have now individually detected
many of the heavily obscured AGNs that were originally con-
tributing to the stacked data in Daddi et al. (2007a). However,
we must be careful when interpreting X-ray stacking analyses
of X-ray undetected source populations, since the effects of
Eddington bias and source variability (see Section 3.1.1) can
dominate over the X-ray signal produced by the majority of
the source population. For example, in going from the 1 Ms
Chandra data to the 4 Ms Chandra data, the same number of
heavily obscured AGNs were identified in the IR-excess (3 of
the 13 X-ray detected sources) and IR-normal (3 of the 14 X-ray
detected sources) galaxy populations despite there being little
evidence for heavily obscured AGNs in the IR-normal galaxies
from the 1 Ms stacked data of Daddi et al. (2007a). It is there-
fore likely that further heavily obscured AGNs will be identified
with deeper Chandra data but we cannot provide direct X-ray
constraints from the current data set.

3.3. Re-evaluation of the Space Density of Distant
Compton-thick AGNs

Distant Compton-thick AGNs are of great scientific interest
since they may produce a large fraction of the unresolved
> 8 keV background (e.g., Worsley et al. 2005; Gilli et al.
2007; Treister et al. 2009a). In Section 3.1 we used a variety of
analyses (strong reflected-dominated spectrum, identification
of Fe K, small X-ray—8 um luminosity ratios) to infer that
~10%-50% of the X-ray detected heavily obscured AGNs are
Compton thick; the lower limit on the Compton-thick AGN
fraction corresponds to the clear identification of the Compton-
thick AGN in J033235.7-274916 (Feruglio et al. 2011), while
the upper limit corresponds to the constraints derived from the
stacked X-ray spectrum when J033235.7-274916 is removed.
We can use these constraints to better estimate the space density
of distant Compton-thick AGNs. In this calculation we have
assumed a broad redshift range of z = 1.4-2.6, which gives
a comoving volume of ~0.7 Gpc® for the 5.5 arcmin radius
region explored here. We have taken into account the 10%
incompleteness in the BzK galaxy selection due to blended
Spitzer-IRAC sources and the 30% incompleteness due to
unreliable UV slopes (see Section 5.1 in Daddi et al. 2007a).

Following the procedure outlined above, we calculate a
Compton-thick AGN space density of @c-pmick ~ f X 4 X
107> Mpc™ at z &~ 1.4-2.6, where f corresponds to the
Compton-thick AGN fraction in our heavily obscured AGN
sample; see Figure 6. As argued in Section 3.1.4, the average
intrinsic X-ray luminosity of these heavily obscured AGNs is
Ly_10kev = 10% erg s~!. Although undoubtedly uncertain, our
most optimistic space-density estimates lie below the constraints
derived from X-ray stacking analyses of X-ray undetected IR-
bright galaxy populations (Daddi et al. 2007a; Fiore et al.
2008): our space-density estimates are 210 times lower than
those of Daddi et al. (2007a), who used the same object-
selection approach as that adopted here but relied only on
X-ray stacking analyses of X-ray undetected galaxies. Our



THE ASTROPHYSICAL JOURNAL, 738:44 (13pp), 2011 September 1 ALEXANDER ET AL.

Table 3
X-Ray Stacking Analyses of the X-Ray Undetected BzK Galaxies
Sample N i Lyv vLgum 0.5-2 keV 2-8 keV Band Ratio® Ire Ly 10kev
log(Lg)? log(Lo)* (1076 counts s~1)®  (107° counts s~1)P log(erg s~1)d
IR excess galaxies: K <22 47 197+0.34 11.454+046 11.01+£0.33 1.47 (12.6) 0.84 (3.9) 0.57+0.15 1.4+£0.3 41.40
IR normal galaxies: K <22 116 1.93+0.44 11.48+0.26 10.53 +0.30 1.19 (15.8) 0.42 (2.8) 0.33+0.12 2.0+04 41.32
Notes.

2 Median galaxy properties and MAD (see Footnote “18”): redshift, extinction-corrected UV luminosity (rest-frame 1500 A see Section 3.6 of Daddi et al. 2007b),
rest-frame 8 yum luminosity (calculated using the 24 um flux density, with small K-corrections applied; see Section 3.1 of Daddi et al. 2007b).

b Count rates in the 0.5-2 keV and 2-8 keV bands; the numbers in parentheses correspond to the S/N.

¢ X-ray spectral properties: band ratio (2-8 keV to 0.5-2 keV count-rate ratio) and X-ray spectral slope (I'), derived from the band ratio, and 1o uncertainties.
Calculated following Xue et al. (2011).

d Rest-frame 210 keV luminosity calculated from the 0.5-2 keV flux and converted to rest-frame 2—10 keV assuming I’ = 1.8; the 0.5-2 keV flux is calculated
following Xue et al. (2011).

space-density constraints are also broadly consistent with those AGNs at z &~ 2 is comparable to that of unobscured AGNs
of Tozzi et al. (2006), who identified reflection-dominated at z ~ 2 and also suggests that Compton-thick AGNs com-
AGNs using X-ray spectral analyses of sources detected in prise a non-negligible fraction of the AGN population at z ~
the 1 Ms CDF-S observations; we have plotted the Tozzi 2. However, our constraints do not yet support the hypothesis
et al. (2006) space density in Figure 5 assuming that 100% that Compton-thick AGNs outnumber Compton-thin AGNs at
of the reflection-dominated AGNs are Compton thick and high redshift. The direct identification of individual Compton-
therefore this represents the maximum space density from that thick AGN signatures from X-ray, optical, and mid-IR spec-
study. However, our space-density estimate is also a lower troscopy (e.g., Alexander et al. 2008; Comastri et al. 2011;
limit on the true Compton-thick AGN space density since Feruglio et al. 2011; Goulding et al. 2011) in a statistically
(1) there may be further Compton-thick AGNs with intrinsic significant number of objects (=10-20 objects) are required to
Ly 10kev = 10% erg s7! that lie below our X-ray detection provide more reliable constraints. New facilities such as NuS-

limit (i.e., those with Ny > 10?* cm™2 and a weak reflection TAR (high-energy 6-78 keV imaging; Harrison et al. 2010)
component; e.g., Matt et al. 2000) and (2) our sample does and JWST (optical-mid-IR spectroscopy; Gardner et al. 2006)
not include distant Compton-thick AGNs not selected using the may also provide improved constraints, along with deeper
BzK technique. An example of the latter is the z = 1.53 X-ray Chandra/XMM-Newton observations and future proposed
bright AGN CXO J033218.3-275055, which has strong Fe K X-ray observatories such as WFXT (Murray et al. 2010).
emission identified in the 3 Ms XMM-Newton observations of

the CDF-S (Comastri et al. 2011) but is not selected as a BzK 4. SUMMARY
galaxy.”’ A more complete AGN selection can be derived using )
mid-to-far-infrared selection, which is the focus of a future paper ~ We have used the 4 Ms Chandra Deep Field-South observa-
(A. Del Moro et al. 2011, in preparation). tion to constrain the ublqu{ty of heavﬂy obscured AGNs in the
Many studies have predicted the space density of distant 2~ 2 BzK galaxy population. Our main results are as follows.
Compton-thick AGNs from the X-ray luminosity functi0n§ of 1. Forty-seven of the 222 BzK galaxies are X-ray detected
relatively unobscured AGNs and X-ray background constraints in the central region of the 4 Ms CDF-S field: 11 are
(see Ballantyne et al. 2011 for a comparison of many of the heavily obscured AGNs (' < 1), 9 are luminous AGNs
current studies). In Figure 6 we compare our space-density con- (Lx > 10% erg s~'), and 27 are low-luminosity X-ray
Zirzm?z\ggg;)h f}grrezhcu;)nsl (f)agn;r(gﬂsh_?t ah(iigoggozrﬁ;rg;zr systems (relatively unobscured AGNs and starburst galax-
: X = ’ g ies). Thirteen (=48%) of the 27 X-ray detected BzK galax-
sent the most optimistic and pessimistic estimates, respectively. ies)with reasoglable-a)uality X-ray da);a (> 20 counts%n the
The model predictions are already in broad agreement with our 0.5-8 keV band) are found to be variable in the X-ray
range of space-density measurements, despite our conservative band, including six luminous AGNSs, four heavily ob-
source-selection approach. However, given the significant un- scure,d AGNSs, and three low-luminosity, X-ray sources. See
certainties in the fraction of Compton-thick AGNs and sample Sections 2.2. 2.4. and 3.1.1.
incompleteness, strong conclusions cannot be derived from the 2. The overall X-ray spectra of the heavily obscured AGNs

current data.

We can also compare our derived Compton-thick AGN
space density to constraints for other distant AGN popula-
tions. From a variety of studies, the measured space density
of Lx > 10% erg s™' AGNs at z ~ 2 ranges from ~(1-2)
x 107 Mpc~? for unobscured AGNs (Ny < 10% cm™) to small X-ray—8 um luminosity ratios for the majority of

~ -5 -3 .
N(l,_7) x 107 Mpc™ for all AGNs (e.g., B arger et al. 2005; these systems provide further support for this interpretation.
Hasinger et al. 2005; La Franca et al. 2005; Silverman et al. See Sections 3.1.2-3.1.4.

2008; Aird et al. 2010). On the basis of these studies, our 3
constraints imply that the space density of Compton-thick

are better characterized by a pure reflection model than an
absorbed power-law model, suggesting extreme Compton-
thick absorption (Ng = 10** cm™2) in many systems.

The identification of an emission-line feature at rest-frame
~6.4 keV in the composite 2-20 keV spectrum and the

. Many of the heavily obscured AGNs are IR-excess galaxies.

However, only ~25% of the X-ray detected IR-excess
20 We also note as an aside that only 5 (~45%) of the 11 X-ray detected galast are heaVﬂ.y obscured AGNs, which is otherwise
heavily obscured AGNs would be selected using the Fiore et al. (2008) composed of relatively unobscured AGNs and starburst
selection criteria of R — K > 4.5 and fo4 um/fr > 1000. galaxies. See Section 3.1.2.
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4. X-ray stacking analyses of the X-ray undetected BzK
galaxies do not clearly reveal the presence of further X-ray
undetected AGNs below the Chandra detection limit.
This does not rule out the possibility that many other
heavily obscured AGNs will be detected with deeper
X-ray observations but it does suggest that they are not the
dominant X-ray undetected population. See Sections 2.5
and 3.2.

5. We estimate a Compton-thick AGN space density of
Peopick ~ f x 4 x 107 Mpc’3 at z =~ 1.4-2.6, where
f lies between 0.1 and 0.5. Although highly uncertain,
these constraints are already consistent with the range of
predictions from X-ray background models and imply that
the space density of Compton-thick AGNs at z =~ 2 is
comparable to that of unobscured AGNs at z ~ 2. See
Sections 3.1.4 and 3.3.
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