N
N

N

HAL

open science

X-ray Spectral Constraints for z ~2 Massive Galaxies:
The Identification of Reflection-Dominated Active
Galactic Nuclei
D. M. Alexander, F. E. Bauer, W. N. Brandt, Emanuele Daddi, R. C. Hickox,
B. D. Lehmer, B. Luo, Y. Q. Xue, M. Young, A. Comastri, et al.

» To cite this version:

D. M. Alexander, F. E. Bauer, W. N. Brandt, Emanuele Daddi, R. C. Hickox, et al.. X-ray Spectral
Constraints for z ~2 Massive Galaxies: The Identification of Reflection-Dominated Active Galac-

tic Nuclei. The Astrophysical Journal, 2011, 738 (1), pp.44. 10.1088/0004-637X/738/1/44 .

00998762

HAL Id: cea-00998762
https://cea.hal.science/cea-00998762
Submitted on 3 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-00998762
https://hal.archives-ouvertes.fr

arxXiv:1106.1443v1 [astro-ph.CO] 7 Jun 2011

DRAFT VERSIONNOVEMBER 15, 2018
Preprint typeset usingTgX style emulateapj v. 7/8/03

X-RAY SPECTRAL CONSTRAINTS FOR ~ 2 MASSIVE GALAXIES:
THE IDENTIFICATION OF REFLECTION-DOMINATED ACTIVE GALACTIC NUCLEI

D. M. ALEXANDER,! F. E. BAUER,23 W. N. BRANDT,*5 E. DaDDI,® R. C. Hickox,! B. D. LEHMER,”8B. LU0,%® Y. Q. XUE,*®
M. YouNnG,*% A. ComasTRI,® A. DEL MORO,* A. C. FaBIAN,1OR. GILLI,® A. D. GouLDING, 11 V. MAINIERI,? J. R.
MULLANEY,28 M. PaoLiLLO 23 D. A. RAFFERTY,* D. P. SCHNEIDER,* O. SHEMMER, 4 AND C. VIGNALI1®
1Department of Physics, Durham University, Durham DH1 3LE, U
2Pontificia Universidad Catolica de Chile, Departament@donomia y Astrofisica, Casilla 306, Santiago 22, €hil
3Space Science Institute, 4750 Walnut Street, Suite 205dBgiColorado 80301
4Department of Astronomy and Astrophysics, 525 Davey LahnBgvania State University, University Park, PA 16802
S|nstitute for Gravitation and the Cosmos, The Pennsylvaitede University, University Park, PA 16802
6Laboratoire AIM, CEA/DSM-CNRS-Universite Paris Diderofu/SAp, Orme des Merisiers, F-91191 Gif-sur-Yvette, @
“The Johns Hopkins University, Homewood Campus, Baltimbt®,21218
8NASA Goddard Space Flight Centre, Code 662, Greenbelt, MIY20
SINAF-Osservatorio Astronomico di Bologna, Via Ranzani-DA127 Bologna, Italy
1O1nstitute of Astronomy, Madingley Road, Cambridge CB3 OHU
1Harvard-Smithsonian Center for Astrophysics, 60 GardeseftCambridge, MA 02138
2European Southern Observatory, Karl-SchwarzschildsS¢r&, D-85748 Garching, Germany
13Dipartimento di Scienze Fisiche, Universita di Napoli “Eeido 11,” Complesso Universitario di Monte S. Angelo V. @ifa, 9, 1-80126, Napoli, Italy
14Department of Physics, University of North Texas, DentoX,76203 and
15Dipartimento di Astronomia, Universita degli Studi di Bglwa, Via Ranzani 1, 40127 Bologna, ltaly
Draft version November 15, 2018

ABSTRACT

We use the 4 MhandraDeep Field-South (CDF-S) survey to place direct constsaamt the ubiquity of
z= 2 heavily obscured AGNs iK < 22 BzK-selected galaxies. Forty sevea 21%) of the 22BzK-selected
galaxies in the central region of the CDF-S are detected myXenergies, 11~ 5%) of which have hard
X-ray spectral slopes (< 1) indicating the presence of heavily obscured AGN actifhly =, 3 x 1073 cm2).
The other 36 X-ray detectd8izK galaxies appear to be relatively unobscured AGNs and stirgalaxies; we
use X-ray variability analyses over a rest-frame baselfrre 8 years to further confirm the presence of AGN
activity in many of these systems. The majority (seven outlgfof the heavily obscured AGNs have excess
infrared emission over that expected from star formatiemged “infrared-excess galaxies”). However, we find
that X-ray detected heavily obscured AGNs only compris25% of the infrared-excess galaxy population,
which is otherwise composed of relatively unobscured AGh starburst galaxies. We find that the typical
X-ray spectrum of the heavily obscured AGNs is better charazed by a pure reflection model than an ab-
sorbed power-law model, suggesting extreme Compton-titislorption Kl = 107 cm~2) in some systems.
We verify this result by producing a composite rest-fram2@keV spectrum, which has a similar shape as a
reflection-dominated X-ray spectrum and reveals an enmigsimture at rest-frame energy6.4 keV, likely to
be due to Fe K. These heavily obscured AGNSs are likely to baligtant analogs of the reflection-dominated
AGNSs recently identified at ~ 0 with > 10 keV observatories. On the basis of these analyses weagstim
the space density for typical (intrinsic X-ray luminosstief Lo_1okev 2 10*2 erg s'1) heavily obscured and
Compton-thick AGNs at~ 2. Our space-density constraints are conservative lomwétslbut they are already
consistent with the range of predictions from X-ray backagwmodels.
Subject headingsgalaxies: active — galaxies: high-redshift — infrared: agéés — X-rays: galaxies —
ultraviolet: galaxies

1. INTRODUCTION enshrouded galaxies, where the rapidly growing central su-
permassive black hole (BH) is hidden from view (e.g., Fabian
1999; Granato etal. 2006; Hopkins et al. 2006). Therefage th
identification of the most heavily obscured AGNs could be

Deep X-ray surveys have provided a penetrating probe of
Active Galactic Nuclei (AGN) out tz=~ 5 (e.g., Brandt &
Hasinger 2005; Silverman et al. 2008; Brusa et al. 2009; . - , ; ,
Brandt & Alexander 2010), identifying obscured and unob- MOre than just a book-keeping exercise — without having ob-
scured AGN activity in a modest fraction of the field-galaxy servations sensitive to their identification we may missLa cr

population (% 5-10%: e.g., Lehmer etal. 2005, 2008; Xue Cia! BH growth phase. . .
etal. 2010). However, there is overwhelming evidence that _ WWeaK (faint or undetected) X-ray emission from luminous

a large fraction of the heavily obscured AGN population AGNS is likely to be due to the presence of large amounts of
(Ng 2 3x 10°%cm2) remains undetected in even the deep- dUSUgas, sometimes exceedMg <, 10° cm* (i.e., Comp-

est X-ray surveys (e.g., Worsley et al. 2005; Hickox & Marke- ton thick; e..g., Matt etal. 2000; Comastri 2004; Della Ceca
vitch 2006; Tozzi etal. 2006; Treister etal. 2006; §aeof ~ ©t @l 2008; Murphy & Yaqoob 2009). Strong support for
Alexander etal. 2008). Distant heavily obscured AGNs are this statement comes from the tight correlation between the

; ; ; ; tical and X-ray emission of unobscured quasars (e.g-, Vig
predicted by many theoretical models and simulations te rep °P!! X ) 2
resent an important phase in the evolution of distant dust-"all, Brandt, & Schneider 2003; Steffen et al. 2006; Gibson

etal. 2008), which suggests that all luminous AGNsiatren-
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sicallybright at X-ray energies. Although weak at X-ray ener- etal. 1999; Krabbe etal. 2001; Lutz etal. 2004; Alexander
gies, these heavily obscured AGNs should still be detected i etal. 2005b, 2008; Heckman etal. 2005; Gandhi etal. 2009;
deep mid-to-far infrared (IR; rest-frame wavelengtt2 um) Bauer etal. 2010; Donley etal. 2010; Gilli etal. 2010; Vigna
observations due to the presence of dust heated by the hidetal. 2010; Goulding etal. 2011). Greater reliability ireth
den AGN. Indeed, a number of studies have revealed largeidentification of heavily obscured and Compton-thick AGNs
populations of X-ray undetected IR-bright galaxiez at 2, is made when considering multiple diagnostics that cross-
which may host heavily obscured, potentially Compton thick check each other, particularly those that probe differéBNA
AGN activity (e.g., Daddi etal. 2007a; Fiore etal. 2008,200 regions.
Georgantopoulos etal. 2008, 2011; Treister etal. 2009r-Geo  In this paper we use the deepest X-ray observations avail-
gakakis et al. 2010). Many of these studies have employedable (the 4 MsChandra exposure of theChandra Deep
X-ray stacking analyses of X-ray undetected IR galaxies to Field-South; CDF-S; Xue etal.2011) to extend the analy-
identify hidden AGN populations statistically, where thed ses of Daddi etal. (2007a), which employed X-ray stack-
tection of a hard X-ray spectral slopE £ 1) in the stacked ing techniques to study X-ray undetected IR-bright 2
data provides compelling evidence for the presence of heav-galaxies in the shallower 1 Ms CDF-S observations. Daddi
ily obscured AGN activity in at least a fraction of the stadke etal. (2007b) utilized theBzK photometric-selection tech-
sources. Under the assumption that all of these X-ray unde- nique (Daddi etal.2004) to identif)k < 22 galaxies at
tected IR galaxies host Compton-thick AGN activity, the im- z~ 1.4-2.6 and classified objects based on the ratio of
plied space density of these hidden AGNs would exceed thosemid-IR (24 um) to extinction-corrected ultra-violet (UV;
of the Compton-thin AGN population by a factor &f 2, im- rest-frame 1500) star-formation rates (SFRs). ThazK
plying that a much larger fraction of distant luminous AGNs photometric-selection technique provides an effectivanid
are Compton thick than found locallyy( 25-50% of local tification of massive galaxies(10'°-10'* M.; see Daddi
AGNs appear to be Compton thick; see Table 2 in Burlon et al. etal. 2007b; McCracken et al. 2018zK galaxies with a sig-
2010; Risaliti et al. 1999; Guainazzi et al. 2005). These dis hificant excess of IR emission over that predicted from the
coveries provide some support for the hypothesis that the maextinction-corrected UV SFRs were classified as “IR-excess
jority of distant BH growth was more heavily obscured than galaxies” [log(SFR(mid-IR+UV)/SFR(UV,corr)) 0.5] while
that found locally (e.g., La Franca etal. 2005; Treister &Ur BzK galaxies with comparable mid-IR and extinction-
2006; Hasinger 2008). corrected UV SFRs were classified as “IR-normal galax-
However, results from X-ray stacking analyses need to beies” [log(SFR(mid-IR+UV)/SFR(UV,corr 0.5].  From
treated with caution since they only provide an average sig-Stacking the X-ray data of the X-ray undetected galaxies,
nal, leaving significant uncertainties about the overatréi Daddi etal. (2007a) obtained distinctly different X-rayesp
bution of source properties. Therefore, before strongleenc  tral slopes for the IR-excess galaxiels £ 0.9) and IR-
sions can be derived from these studies, at least two key queshormal galaxiesI{ ~ 1.8). The flat X-ray spectral slope
tions need to be addressed: (1) what fraction of the X-ray found for the IR-excess galaxies indicates that a fraction o
stacked signal is “contaminated” by star-forming galaxies the X-ray undetected IR-excess galaxy population host-heav
which are found to comprise at least a fraction of the can- ily obscured AGN activity, some of which may be Comp-
didate heavily obscured AGN population (e.g., Donley et al. ton thick; by comparison, the stacked X-ray emission from
2008; Murphy et al. 2009; Fadda et al. 2010)? (2) what frac- the X-ray undetected IR-normal galaxies is consistent with
tion of the heavily obscured AGNs are absorbed by Comp-that expected from star formation. Under the assumption
ton thick (as opposed to Compton thin) material? The mostthat all of the IR-excess galaxies are Compton-thick AGNs,
direct way to address these questions is with deeper X-rayDaddi etal. (2007a) estimated a space densitpet 2.6 x
data, which will (1) reveal the X-ray properties of individ- 10~* Mpc 2 for za 2 Compton-thick AGNs with.o_1gkev >
ual IR-bright galaxies that were previously contributinghe ~ 10*2-10" erg s'1. With the deeperChandradata from
stacked X-ray signal, (2) allow for more detailed X-ray spec Xue etal.(2011) we can now better characterize the X-ray
tral investigations of the X-ray detected IR-bright gatesxto properties of both the X-ray detected and X-ray undetected
search for the signatures of heavily obscured and Compton-BzK galaxies and improve constraints on the ubiquity of dis-
thick absorption (e.g., the identification of a strong ref@c tant heavily obscured and Compton-thick AGNs. We adopt
component at rest-frame 10 keV; the detection of a high  Ho=71km s Mpc?, Qu =0.27, andQ, = 0.73 through-
equivalent width Fe K emission line; e.g., Matt etal. 1996, out. The Galactic absorption toward the CDF-S region is
2000; Tozzi et al. 2006; Georgantopoulos etal. 2009; Co-Ny = 8.8 x10'° cm~2 (Stark et al. 1992). All given mag-
mastri etal. 2011; Feruglio etal. 2011; see Murphy & Yaqoob nitudes are based on the Vega-magnitude system.
2009)? and (3) improve stacking constraints of X-ray un-
detected populations. The presence of large amounts of ab- 2. DATA AND STACKING PROCEDURES
sorption can also be indirectly inferred from the identifica
tion of luminous AGN emission lines and an IR-emitting hot- 2.1. Galaxy sample
dust AGN continuum in X-ray weak systems (e.g., Bassani We use an updated version of thez 2 galaxy samples
generated by Daddi etal. (2007b) in the CDF-S field. Due
1 The spectral slopes of X-ray emission from star-formatimcpsses are ~ to small refinements in the optical-mid-IR photometry and

Iwasawa et al. 2009). . . i
2 We note that high signal-to-noise ratio data is requirecctueately dis- ferent to that used in Daddi etal. (2007a’b)‘ However, qual

tinguish between the X-ray spectral properties of Comphim-AGNs with itatively, these samples are the same as those u_sed in Daddi
Ny = (5-10) x 10?2 cm~2 and Compton-thick AGNs withy 2 1024 cm2 etal. (2007a,b) and have the same global properties.

(e.g., Murphy & Yagoob 2009; Yaqoob etal. 2010). Therefoue adopted To provide a good compromise between excellent X-ray
definition of an Compton-thick AGN is not comprehensive s iconven- sensitivity and a large number of galaxies, we have only ex-

tional; see the MYT: | at www.mytorus.com for a itietaeview. \ :
onal; see the MYTorus manual at www.mytorus.com for alsraeview plored the X-ray properties &zK galaxies that lie within %
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of the averag€handraaimpoint. Within this region there are
76 objects classified as IR-excess galaxies and 146 objectsooo
classified as IR-normal galaxies.

T T T T T T T T T T
A X-ray detected BzK galaxy
X Hard spectrum BzK galaxy
O BzK galaxy (Daddi 07)
C—thick AGN (Alexander 08)

Lo

2.2. X-ray matching

We matched the pareBzK galaxy sample of 222 objects — \( X
to the 4 MsChandracatalogs of Xue etal. (2011) using 481 5 190 4

V, co

search radius. In total, 48zK galaxies have an X-ray coun- o A A
terpart, 28 of which are classified as IR-excess galaxies and | |R excess ° A ]
19 of which are classified as IR-normal galaxies. The media@ 3 A .

X-ray—K-band position offset is /04, which agrees with the >
median uncertainty of the X-ray source positions (which cor 5
respond to the 68% confidence level; see Fig. 6a and Eqgn. 2 i@
Xue etal. 2011); on the basis of our matching parameters we,
expect~ 1.6 spurious matches. Twenty of théBeK galax- &
ies were detected in the 1 Ms CDF-S catalogs of AIexandeE 1
etal. (2003) and a further 27 are now detected in the 4 M&”
CDF-S catalogs of Xue etal.(2011). The properties of the
X-ray detectedzK galaxies are presented in Table 1.

10

|

L N Rl

L

T T T T
Lol

! . o IR normal
Thirty of the X-ray detectedBzK galaxies have spectro-
scopic redshifts: 27 from optical spectroscopy (predomi- 0.1 L L L
nantly from VLT observations with the FORS1, FORS2, and 101 101 101 101
VIMOS instruments; Appenzeller et al. 1998; Le Févre Rest—frame 8um luminosity [Lg]

et al. 2003) and 3 fronSpitzerIRS mid-IR spectroscopy;

see Table 1 for the spectroscopic-redshift references. The FIé. 1.— Ratio of star-formation rates (SFRs; mid-IR and extime
P P corrected UV) for thez =~ 2 galaxies studied by Daddi etal. (2007a,b) ver-

. . . . 3
median spectroscopic redshift Igpec= 1.78+£0.35: The sus rest-frame fm luminosity. Triangles correspond to X-ray detecBxK
other 17 X-ray detecteBzK galaxies have photometric red- galaxies, crosses indicate tBeK galaxies with hard X-ray spectral slopes
shifts and a median redshift @§noto = 2.18+ 0.50; see Ta- (h%a\glytotc)écltéfeﬂ AGNs; SS?hFlg- 2), Opeln squares COg?SFtlﬁme X-r;y
P ; .~ - undetectedBzK galaxies, and the open circles correspond to the specposco
ble 1 for the phqtometrlc redshift references.‘ The median ically identified (optical and mid-IR wavelengths) Comptiick AGNs at
abso]ute uncertainty between the pho_tometrlc and SPECtroz ~ 2 from Alexander etal. (2008) in the 2 M3handraDeep Field-North
scopic redshifts for the X-ray sources with spectroscoguiic r  survey (Alexander etal. 2003). The threshold between IRexand IR nor-
shifts iS|AZ|/(1—|— Zspec) = 0.02, whereAz = Zohoto — Zspeg WE mal galaxies defined by Daddi etal. (2007a,b) is indicatethbylashed line.
get comparable results if we use the Cardamone etal. (2010)

photometric-redshift catalog/z /(1 + zsped = 0.02).

2.3. X-ray spectroscopy long: 2000, 2007, 2010a (March - May), and 2010b (May -

We extracted and analysed the X-ray spectra of the X-rayJuly). Within each epoch, the observations were merged and
detectedBzK galaxies to provide greater insight into their photometry was measured usirgiS_EXTRACT (Broos et al.
intrinsic properties. The X-ray spectra were extracted us-2010), as described in detail in Xue et al. (2011).
ing ACIS_EXTRACT (Broos et al. 2010) as part of the X-ray ~ We apply ax? test to determine if a source is variable by
catalog construction in Xue etal. (2011); sg&2 of Xue comparing the variability observed between observations t
etal. (2011) for more details. that expected from Poisson statistics. The test statistic w

Due to the limited counting statistics for the majority oéth ~ follow a x? distribution except at low count rates, where the
heavily obscured AGNs{ 80 counts inthe 0.5-8 keV band; errors are larger than expected from a Gaussian distriutio
see Table 2), which are the primary focus of this paper, theln the low-count regime, the test statistic is smaller then e
X-ray spectral analyses were predominantly performedgusin pected and does not follow the distribution. We construct
the C-statistic (Cash 1979). Th@-statistic is calculated on ~a Monte Carlo simulation to determine what distribution the
the unbinned data and is therefore ideally suited to lowatou test statistic should follow for each source, following ire-
sources (e.g., Nousek & Shue 1989). However, to providecedure of Paolillo et al. (2004). The observed test statisti
consistency checks on these results, we also performeg X-racompared to the simulated distribution to determine thépro
spectral analyses of the brightest X-ray source2Q0 counts  ability (P,2) that the observed variability is due to Poisson

in the 0.5-8 keV band) using? statistics; in these analyses noise. They? andP,2 values are listed in Table 2. A source

we grouped the X-ray data into 20 counts per bin. All fit pa- 5 considered variable if it has 20 counts in the 0.5-8 keV
rameter uncertainties are quoted at the 90% confidence levehzq andP,> < 5%.

(Avni 1976). The normalized excess varianeg{; Nandra et al. 1997)

2.4. X-ray variability measures how strongly each source varies in excess of mea-
surement error. Since it is more likely that a variable galax
harbors an AGN if the observed variability exceeds that ex-
pected from a population of X-ray binaries, we estimate the
amount of variability expected from high-mass X-ray bina-

3 The error on the median is the median absolute deviation (MAMBich rnes (HMXBS)' HMXB Va”ablllty can be estimated from

is a robust estimator of the spread of the sample: MAD48 x mediar({|x— a galaxy’s star formation rate (see Fig. 8 of Gilfanov et al.
mediar{x)|); see§1.2 of Maronna etal. (2006). 2004). To use this relation we adagf,s = 0.09 as the typical

We analysed the X-ray variability of the X-ray detecBzK
galaxies to look for nuclear activity. The CDF-S observa-
tions were split into four epochs, each approximately 1 Ms
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variability for an individual X-ray binary (equivalent td0%6

fractional rms; seg6 of Gilfanov 2010). This value is the | o [ T T Ty Lo e 1T
maximum variability expected for a HMXB population. Vari- FAGN Unobsoured
ability strength will increase with the length of the timake  — r — ]
over which it is measured (e.g., Nandra etal. 1997), so adopts ;s L g % HMXBs |
ing the maximum HMXB variability is appropriate for CDF-S & ULXs/LMXBs 3
sources az ~ 2, where rest-frame timescales are3 years. r ' ]
The SFR of theBzK galaxies was estimated from their UV 2 jgu L 0o 3 @ 4
and IR luminosities (Xue et al. 2010). Applying tiog, g E O ! (e%? S 0_A L8 E
SFR relations (Gilfanov et al. 2004), we calculate an upperE [ n 2: 1e e lE A ]
limit to the HMXB contribution to the variability, reporteas = 104 L BN SR 4
0Zuxg in Table 2. A source is considered to be an X-ray vari-E g | = @5 TVEN E
able AGN ifitis found to be variable, as prescribed abovd, an o F 0 S A A ]
also has excess variability over that expected from HMXBs.| 10+ | %( 8 =
On the basis of these criteria, 13 of the 27 sources wit0 F = ]
counts in the 0.5-8 keV band are found to be variable AGN. E i ! N3256 1
&104 =

2.5. X-ray stacking analyses - E >‘< ’é;iiysiiifﬁiff BBZZ}}: ::11::;’ EL;} MB2

We used X-ray stacking analyses to constrain the avers 0 *g SMG (Alexander 05) 1
age X-ray properties of the X-ray undetectBdK galaxy Ty 3
populations. In our X-ray stacking analyses we adopted [ O lLocal Cothick AGN | * NEDS 3
the procedure of Lehmer etal. (2008), which takes a differ- -2 -15 -1 —-05 0 05 1 15 2 25 3

ent approach from the Worsley etal. (2005) method used by
Daddi etal. (2007a). Both procedures stack the X-ray data o _
of the selected sources but Lehmer et al. (2008) determéne th . Ftlﬁ 25— Rezt-fframe 025108kke\</lttlml,r10ﬁlty vetr?us X-&a% I;sg\c/e)cﬂ%be Cis

; _ in the observed-frame 0.5-8 keV, typically rest-frame 2¢ . The prop-
bacrliground COE!’IIISVL\J/SIHQI] Iarq[e ISO;(;%% frdeet ape_rtur?hs ﬂ%calk erties ofz~ 2 SMGs hosting AGN activity (open pentagons; from Alexan-
each source while Worsley etal. ( ) determine the back-ger etal. 2005a) and X-ray detect@tK galaxies (filled triangles; identi-
ground counts from a large number of randomly placed aper-fied here) are compared to well-studied local starburster(aars) and lo-
tures around the source (i.e., a Monte-Carlo approach). Wegd BoaRer g 2ot et e e o Roetal (2003,
tested bOt.h procedures on our d_atasets and aChIeVEdI'StatIStlt\)Aatt etal. (1997), and Vignati etal. (1999). The verticashied Iineé indi_cat’e
cally consistent results. The major advantage of the Lehm_erthe difference between the observed X-ray luminosity amdathsorption-
etal. (2008) approach over that of Worsley etal. (2005) is corrected luminosity for the SMGs and Compton-thick AGNwrti Matt
computationalspeed. I the stacking analyses, we uset fxeell 1997 Vanat ot 1959, Nerance ) 20052 omet 2, 2011
ap//erture//Of 15 radius and_determmed baCkground counts in uglio et al. (2011), which is one of the heavily obscured AGiNsur sample.
25" x 25" source-free regions local to each source. We ap- The range of X-ray spectral slopes found for typical AGNs stad-forming

plied aperture corrections to the net stacked count rales fo galaxies are illustrated (horizontal solid lines; coristsaderived from Kim
lowing §4.2 in Lehmer etal. (2008). etal. 1992; Nandra & Pounds 1994; Maiolino etal. 1998; Ptzd.&999;

A | in stacki | is that a f Berghea etal. 2008). Eleven of the X-ray detecBzK galaxies have flat
general concern in stacking analySes 1S that a Tew SOUrCesSy_ay spectral slopesi(< 1) and are classifed as heavily obscured AGNs
can dominate the stacked signal. To guard against this, wqcrosses).

randomly selected 80% of the objects in each stacking analy-

sis 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 distri- [yminosity. However, when compared to the X-ray unde-
bution of the stacked properties. We found that the overall tectedBzK galaxies, the X-ray detected systems have char-

Effective Photon Index (I')

properties obtained from the stacking analyses were in goodacteristically higher median SFR ratios and rest-framer8

agreement with the overall properties found from the stagki
analysis trials, indicating that bright sources do not dwate
the stacked signal.

3. ANALYSES AND RESULTS

We focus our analyses toward (1) characterizing the X-ray
spectral and variability properties of X-ray detectBdK
galaxies to identify the presence of AGN activity ($&el),
and (2) performing X-ray stacking analyses of the X-ray un-
detectedBzK galaxies in the 4 Ms CDF-S observations (see
§3.2). With the results of these investigations we re-evalua
estimates of the space density of distant heavily obscurdd a
Compton-thick AGNs (seg3.3).

3.1. X-ray detected BzK galaxies

In Fig. 1 we compare the properties of the X-ray detected
BzK galaxies to the overalBzK galaxy population. The
X-ray detectedBzK galaxies cover a wide range in SFR ratio
(log(SFR(mid-IR+UV)/SFR(UV,corr)) and rest-frameén

luminosities (X-ray detected: SFR ratio ef4.5+4.9 and
log(Ls ym/Le) ~ 1114+ 0.4; X-ray undetected: SFR ratio
of ~ 1.4+ 14 and loglsym/Lo) ~ 106+ 0.4)* Over-

all, =~ 37% of the IR-excess galaxy population ard13%

of the IR-normal galaxy population are now detected in the
4 Ms Chandraexposure, indicating a close connection be-
tween the production of X-ray emission and the presence of
excess (or luminous) IR emission. Indeed, the X-ray detecte
fraction rises as a function of rest-frameug luminosity:

~ 3%, ~ 14%, and= 51% of the loglg ym/Lo) = 10.0-10.5,
log(Lg ym/Le) = 10.5-11.0, and lodig ym/L~) > 11.0 sys-
tems are detected at X-ray energies, respectively. Giveseth
results, X-ray observations an order of magnitude deeper th
those obtained here (only likely to be attainable with thetne
generation of X-ray observatories; e.Generation-XWolk

et al. 2008) are required to individually detect X-ray ernuigs

4 Lgum 2 10* L, is comparable tdr 2 10'2 L, for the spectral energy
distribution corrections adopted in Daddi et al. (2007b).
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etal. (2007a).
On the basis of the X-ray luminosity and X-ray spectral

> |

106 = A X-ray detected BzK gal = L ..
; - : slope, the X-ray emission from the majority of the other 36
— [ X Hard spectrum BzK galaxy 3 X-ray detectedBzK galaxies is likely to be due to either rel-
g . C-thick AGN (Alexander 08) R atively unobscured AGN activityNy < 10721072 cm2) or
S Local starburst galaxy o E . . . 3 1
F O Local C—thick AGN a0 x star formation. Nine of these objects haye> 104 ergs -,
oy re ] five of which are identified as AGNs based on optical spec-

a troscopy (see Table 1), and are classified here as “luminous
AGNSs”". The other 27 X-ray detectdBizK galaxies are likely
to be lower-luminosity AGNs or X-ray luminous starbursts
< and are classified here as “low-luminosity X-ray systems”; a
A A /%i shown in Fig. 3 and3.1.2, the X-ray—IR luminosity ratios of

b a4 & 1 these systems are also similar to those expected for ssarbur
galaxies oz~ 2 AGNs withLyx ~ 10*-10* erg s* (e.g.,
Krabbe etal. 2001; Mullaney etal.2010; Shao etal.2010).

1044

T T
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T T
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» >
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Rest—frame 2—10 keV luminosity [erg

) {5% P Twenty one of these low-luminosity X-ray systems are not
104 O oh 3 detected in the 1 Ms CDF-S data used in Daddi etal. (2007a).
F _,,&Oo;\\o‘&‘M?z P ° ] ~ Four of the 27 low-luminosity X-ray systems are detected
*Q‘&g‘l o = > 1 in both the 2-8 keV and 0.5-2 keV bands and their X-ray
10% G N27§3/C§\% 3 spectral slopes afe~ 1.2—2.0. The other 23 low-luminosity
TP L i i ] X-ray systems are undetected at 2—-8 keV and we can only
109 1010 101 1012 provide accurate constraints on their X-ray spectral sase
Rest—frame 8um luminosity [L,] ing X-ray stacking analyses. Stacking the X-ray data fas¢he
23 systems, following the procedure outlinedih5, we ob-
FiG. 3.—Rest-frame 2-10 keV luminosity versus rest-framgsluminos- tain significant detections in both the 2-8 keV (S/N = 8.3)

ity. The symbols have the same meaning as in Figs. 1 & 2; intiaddithe . - ;
small filled circles show the X-ray detect®&¥K galaxies withSpitzerIRS and 0.5-2 keV bands (S/N 29'7)’ which CorreSpondS to an

spectroscopy. The X-ray-im luminosity ratio for local starburst galaxies ~ average X-ray spectral slope bf= 1.5+ 0.1. The compar-
(long-dashed line) is taken from the X-ray—{i luminosity ratio of Krabbe  atively steep X-ray spectral slope from this populationldou
gt "t".'- (ZOT%l) .a’t“.j Cf.’”‘;(e”ed é?n?l‘ as?“m.'t’;/g tft‘.e ?" 8|2 Sﬁ?gﬁl' e(“efl%yl_d'sgf" be due to either star formation or AGN activity and does not
ution. € INrinsIC X-ray— uminosity ratio Tor local S (solid line H : e : H H e
is taken from Lutz etal. (2004) and converted tpr8l, assuming the AGN- provide _S|gn_|f|cant new insight into the composition of the
dominated galaxy NGC 1068; the dotted line indicates theles! X-ray— low-luminosity X-ray systems.
8 um luminosity ratio predicted for Compton-thick AGNs. Thest:frame We can further characterize the X-ray detedBz galax-
8 um luminosity for the X-ray detecteBzK galaxies is calculated from the  jag using X-ray variability ana|yses The identification of
24 um flux density, with smalK-corrections applied (see Daddi etal. 2007a), _. . . L e :
while the rest-frame §m luminosity for the local starburst galaxies is cal- 5|gn|f|c_ant X-ray Va“ablllt_y over that expected from star-
culated using the mid-IR spectroscopy of Rigopoulou e8199) and Lutz ~ formation processes will indicate the presence of an AGN;
etal. (2003). The vertical dashed lines indicate the difiee between the  see$2.4. Overall, we find that 13¥ 48%) of the 27 X-ray de-
observed and intrinsic X-ray luminosity for tlzex 2 Compton-thick AGNs tectedBzK galaxies with reasonable-quality X-ray dataZ0
from Alexander et al. (2008) and Feruglio et al. (2011); thiginsic X-ray X h iabili h thf
luminosity constraint for J033235.7—274916 is from Feiugt al. (2011), -ray counts) show excess variability over that expectechfr
which is one of the heavily obscured AGNs in our sample. star-formation processes; the sources show variabilitfiaby
tors of ~ 1.4-4.3 (see Table 2). Nine of these 13 systems
had already been classified as AGNs: six are luminous AGNs
and four are heavily obscured AGNs. However, three of the
variable sources are classified as low-luminosity X-ray sys
tems & 40% of those with reasonable-quality X-ray data),
unambiguously identifying the presence of AGNs in at least a
In Fig. 2 we plot the rest-frame 2—10 keV luminosity ver- fraction of the low-luminosity X-ray systems.
sus X-ray spectral slope of the X-ray detec®zK galax-
ies and compare them to well-studied local starburst galax-
ies, Compton-thick AGNs, anzl~ 2 submillimeter-emitting _ o
galaxies (SMGs) hosting AGN activity; the rest-frame  InFig. 3 we plot the rest-frame 2—10 keV luminosity versus
2-10 keV luminosities are calculated from the observed- rest-frame §im luminosity of the X-ray detecteizK galax-
frame 0.5-2 keV fluxes assumidg= 1.8 for the small K ies and compare them to well-studied local starburst gedaxi
corrections. Elevens{ 23%) of the 47 X-ray detectedzK and Compton-thick AGNs. This figure can help character-
galaxies have flat X-ray spectral slopes withS 1 (eight ize the X-ray—8um luminosity ratio and provide constraints
havel < 0.5) and are classified here as “heavily obscured on the intrinsic luminosity of t_he heavily obscprgd AGNsr Fo
AGNs”. On the basis of the X-ray properties of thes 2 example, under the assumption that thex8emission is dom-
SMGs hosting AGN activity (Alexander etal. 2005a), the flat inated by AGN activity, the X-ray—fim luminosity ratios of
X-ray spectral slopes for these heavily obscured AGNs sug-the heavily obscured AGNs suggest that they have intrinsic
gest absorbing column densitiesN = 3 x 10?3 cm~2 and X-ray luminosities oflL,_1gkev ~ 3 x 10*3-10" erg s (see
some may be Compton thick; see Fig. 2. The absorption cor-Fig. 3). The presence of absorption au®, as predicted
rections for such heavily obscured AGNs in the rest-frame by radiative-transfer modeling of clumpy AGN obscuration
2-10 keV band are large and would imply intrinsic luminosi- (e.g., Nenkova etal. 2008), will increase these instringic
ties ofLo_10kev 2 10*3 erg s'1. Six of these heavily obscured ray luminosity estimates; however, see Lutz etal. (2004) an
AGNs are not detected in the 1 Ms CDF-S data used in DaddiGandhi etal. (2009) for observational constraints sugogst

from the majority of the lowest-luminosity systems.

3.1.1. Classification of the X-ray emission

3.1.2. X-ray—infrared properties
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that obscured AGNSs do not typically suffer significant nacle
absorption at infared wavelengths. Under the assumptain th
the 8um emission is AGN dominated, the X-raygf lumi-
nosity ratios for all of the heavily obscured AGNs, except fo Low luminosity X-ray systems
J033222.5-274603, are also consistent with those expected
for Compton-thick AGNs.

However, the interpretation of the X-rayHén luminosity
ratio is complicated by the absence of mid-IR spectroscopy
for the majority of the X-ray detecteBzK galaxies, which
would directly measure the contributions from star forimati -
and AGN activity at rest-frame @m. Nine of the X-ray -k .
detectedBzK galaxies haveSpitzerlRS spectroscopy, three

of which are classified as X-ray luminous AGNs and six of
which are classified as low-luminosity X-ray sources; see Ta
ble 1 and Fig. 3. With the exception of the luminous AGN _ Heavily obscured AGNs

J033237.7-275212 (which is AGN-dominated at8; Don-
ley et al. 2010), all of the other 8 systems are star-formatio

dominated at 8im, including two of the luminous AGNs T T T
(Teplitz et al. 2007; Fadda et al. 2010). If the heav- Ny (1072 cnm?)

ily obscured AGNs are the absorbed counterparts of the lu- Fic. 4.— Best-fit parameters (versusNy) from jointly fitting the X-ray
minous AGNSs, as suggested by the X-ray spectral analysespectraof the heavily obscured AGNs and low-luminositya-systems with

an absorbed power-law model. The contours refer to the 68%,&nd 99%
(See§3'1'3)’ then we would expect many of them to also be confidence limits and the crosses indicate the best-fittemgmeters. The

star-formation dominated at @m and, therefore, the range pestfittingr for the heavily obscured AGNS is inconsistent with the it
of intrinsic X-ray luminosities estimated abovie,(1gkev ~ X-ray spectral slope found for AGN activity (~ 1.3-2.5; see Fig. 2), sug-
3% 10%3-10% erg gl) are upper limits: seg3.1.4 for further gesting that the observed X-ray emission for the overallpdaris not well
estimates of the intrinsic X-ray luminosities characterized by absorbed power-law emission.

The majority of the heavily obscured AGNs are identified as
IR-excess galaxies (seven of the 11 systems); see Fig. 1- How

ever, the majority of the X-ray detected IR-excess galaaies  with those expected for relatively unobscured AGNs<{1.8
not heavily obscured AGNs: only A&(25%) of the 28 X-ray  andNy < 107° cm~2). To provide tighter overall constraints
detected systems are heavily obscured AGNsy 23%) are  we also performed joint spectral fitting for all of the solgce
luminous AGNs, and 14~{ 50%) are low-luminosity X-ray  which determines the best-fitting and Ny for the whole

systems (one of which has been found to be an X-ray vari-sample. Jointly fitting” andNy but leaving the normalisa-
able AGN: J033246.8-275120; see Tables 1-2). This showSjon of each source to vary, we obtainBd= 1-71+8'83 with

that the IR-excess galaxy population is heterogenous,ak qu S . _ 10.06 o o,
itative agreement with several studies of IR-excess galax-loW |n.tr|.nS|c absorptioniy - (0'6570-12) X 10%2 cm )'(;[246
ies (e.g., Teplitz etal. 2007; Alexander etal.2008; Murphy best-fitting parameters obtained froghfitting (7 = 1.7873.3,
etal. 2009; Fadda etal. 2010; Georgakakis etal. 2010; GeorandNy = (0.79"313) x 1072 cm2) are statistically consistent

gantopoulos etal. 2011). with those obtained using th@ statistic. These constraints
) can help interpret the X-ray spectral properties of the heav
) 3.'1'3_' X ray spec?tra! ar.1alyses ) ily obscured AGNs. The results obtained for the 27 low-
To gain more insightinto the intrinsic AGN properties (€.9. Juminosity X-ray systems are similar to those obtained for
Ny, I, reflection components, Fe K emission) of the X-ray the luminous AGNs but with considerably larger uncertain-
detectedBzK galaxies we fitted the X-ray data using physi- ties (~ 3—180 net counts; mean ef 30 net counts); the best-
cally motivated AGN models. Our main focus here is to con- fitting parameters from jointly fitting the X-ray spectra are
'sa\t(r;allln t?e )é raty spectral ﬁ)ro;ge[tgs of tthe }tﬁ'hl??&/(l‘l)ll\lomu ] r— 2-22833 with Ny = (1.463%:21) ><.1022 cm~2 (see Fig. 4).

s to identify any potential Compton-thic signa- e now focus on the results obtained for the 11 heavily ob-
tures (dominant reflection component; strong Fe K emission) gc\;red AGNs. The only heavily obscured AGN that is bright
However, we also explored the X-ray spectral properties of enough for reasonable-quality individual X-ray spectiai-c
all ?(f the X-rayldetecte@zK g(alaxiei to provide constraigts straints is J033222.5-274603 660 net counts), which has
on key spectral parameters (e.g., the intrinsic X-ray spect _ +0.28 _ 0.41 3 =2 :
slope;I) and search for further heavily obscured AGNs not I' B 0.937 2 and Ny . (0.82753,) .><.102 cm™=; the boezsg
identified using the simple X-ray spectral slope criteriae W fitting parameters obtained frof fitting arel” = 1.03°355
extracted the X-ray spectra of each source followjag and  and Ny = (1.80°533) x 10%® cm2, with a reducedy? of
initially fitted each X-ray spectrum over the observed-feam 1.13 for 24 degrees of freedom. The absorbing column den-
0.5-8 keV energy band with an absorbed power-law modelsity of this object suggests that it is Compton thin; how-
(the model components akABS* ZWABS* POW in XSPEQ ever, the best-fitting X-ray spectral slope is flat. Examaorat
using theC statistic (Cash 1979). of the residuals shows that the model significantly deviates

We first focus on the results obtained for the nine lumi- from the data at observed-framel.5 keV. Fitting the X-ray
nous AGNs [x > 10" erg s ) since the good photon statis- data between observed-frame 1.5-8 keV gives 1.40"3.3
tics (= 220-4600 net counts; mean of 1600 net counts) Ny = (2.05f%§1) x 102 cm™2; the bestitting param-
provide accurate constraints on the intrinsic X-ray spectr ) N 052
slope and the presence of any absorption. The individual€ters obtained fronx® fitting are " = 1.597;35 and Ny =
best-fitting parameters for the luminous AGNs are consisten (2.68"}8%) x 107 cm~2, with a reduceg? of 1.03 for 20 de-

o~ i
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FIG. 5.— Flux density versus rest-frame energy showing the amiterest-frame 2—-20 keV spectra for the heavily obscu@dlg\(filled circles; all objects
except the X-ray bright AGN J033222.5-274603) and low-hmsity X-ray systems (open triangles) as compared to ansanbéd power-law model (dotted
line; I = 2.0), a pure reflection model (solid curvé;= 1.7), and the best-fitting model to the reflection-dominated 0 AGN Swift J0601.9-8636 (dot-dashed
curve; Ueda etal. 2007); s€8.1.4. The inset panel shows the stacked X-ray spectratafraase 2—10 keV of the heavily obscured AGNs with spectopsc
redshifts (filled squares: all objects; open circles: aJeots except J033235.7-274916, which has been individidghtified with Fe Kx emission; Feruglio
et al. 2011); the dashed line shows the expected rest-fragrgyeof Fe Ki. The properties of the heavily obscured AGNSs are consistéhtthose expected for
reflection-dominated systems andl0-50% are likely to be Compton-thick AGNs (s§1.4).

grees of freedom. These best-fitting parameters now pravide fitting the X-ray spectra of the heavily obscured AGNs with a
better characterisation of the data and are consistentdth  reflection-dominated spectrum (thexRAv model inXSPEG
expected for an obscured Compton-thin AGN. The X-ray— Magdziarz & Zdziarski 1995), leaving the intrinsic X-ray
8 um luminosity ratio of~ 0.02 is also consistent with that spectral slope as the jointly fitted parameter but allowhngy t
expected for a Compton-thin AGN and is an order of mag- normalisation of each source to vary, we obfaia 1.69"0.55;
nitude larger than the luminosity ratio for the other heavil the reflection parameter iREXRAV is fixed toR= —1 (to
obscured AGNs (see Fig. 3). produce only the reflection component), the cut-off enesgy i

The best-fitting parameters for the other heavily obscuredfixed to Eccut = 128 keV (e.g., Malizia etal. 2003), and alll
AGNs (~ 20-120 net counts; mean ef 60 net counts) of the other parameters (inclination angle, elemental abun
are determined from jointly fitting the X-ray spectra. Us- dances) are fixed at their default values. The best-fittimgy-
ing the absorbed power-law model, the best-fitting parame-spectral slope is now in good agreement with that found for
ters arel” = 0.35' 033 with Ny = (5.79"3%3%) x 10?2 cm™2;,  the luminous AGNSs, providing evidence that these systems
see Fig. 4. Such a flat intrinsic X-ray spectral slope is are the heavily obscured reflection-dominated counteséirt
inconsistent with that found for typical AGNs and is also the luminous AGNs.
inconsistent with that expected from the inverse Compton
scattering of accretion-disk photons (i.e., the X-ray éngt
“corona”; Haardt & Maraschi 1993; Mushotzky, Done, & To explore further whether the reflection-dominated model
Pounds 1993; Reynolds & Nowak 2003). However, these provides a good description of the X-ray spectra of the
properties are consistent with a reflection-dominated -spec heavily obscured AGNs, we also produced a composite
trum, such as that typically identified in Compton-thick A&GN rest-frame 2-20 keV spectrum followirf.4 of Alexander
and some heavily obscured Compton-thin AGNs (e.g., Georgeetal. (2005a). Briefly, the unbinned spectrum of each oligect
& Fabian 1991; Matt etal. 1996, 2000; Ueda etal.2007; fitted using a simple power-law model and an unfolded spec-
Eguchi etal. 2009; Comastri etal. 2010). Indeed, from Jpint  trum is produced, taking into account thandraeffective

area and exposure time. Each spectrum is then converted to

3.1.4. Reflection-dominated heavily obscured AGNs
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rest-frame energies and all of the spectra are combined andnate the intrinsic X-ray luminosity of the heavily obscured
binned to increase the signal-to-noise ratio. The composit AGNs under the reasonable assumption that they are the ab-
X-ray spectrum of the heavily obscured AGNSs is shown in sorbed counterparts of the luminous AGNs ($8¢l.3 for

Fig. 5 and is compared to ttreXRAV model withlF = 1.7. some evidence). Using the average X-rap8 luminos-
The similarity between the composite X-ray spectrum and theity ratio of the luminous AGNs# 0.07; a factorx 3 less
pure reflection model is striking, directly showing that tiye- than the intrinsic ratio of~ 0.21), we estimate an aver-

ical X-ray spectrum of the heavily obscured AGNs is reflec- age intrinsic luminosity for the heavily obscured AGNs of
tion dominated. The composite X-ray spectrum is also censis log(Lo_10kev/€rg s 1)~ 43.5. On the basis of this approach
tent with that of reflection-dominated AGNs, such as those re we predict a rest-frame 2—-10 keV luminosity within a factor
cently identified az ~ 0 using> 10 keV observatorieSSiwift; ~ 2 of that measured from the optical and X-ray spectroscopy
Suzaku e.g., Ueda etal. 2007; Eguchi etal. 2009; Comastri for the Compton-thick AGN J033235.7-274916 (Feruglio
etal. 2010); see Fig. 5. The similarity between the compos-etal. 2011; see Fig. 3), one of the heavily obscured AGNs in

ite spectrum of the low-luminosity X-ray sources anid & 2 our sample. Since the average X-ray8 luminosity ratio
power-law spectrum suggests that many of these sources aref the luminous AGNs is lower than that expected for AGN-
either intrinsically weak AGNs (s€§3.1.1 for X-ray variabil- dominated systems, a natural prediction of this final apgroa

ity constraints) or dominated by HMXBs; see Fig. 2 for the is that the rest-frame m emission from many of the heav-

typical range of X-ray spectral slopes for AGNs and HMXBs. ily obscured AGNs is dominated by star-formation activity,
If the X-ray emission of the heavily obscured AGNs is dom- in agreement with that found froBpitzerIRS spectroscopy

inated by reflection then we would also expect to identify (e.g., Murphy et al. 2009; Donley et al. 2010; Fadda et al.

strong Fe K emission (e.g., Reynolds & Nowak 2003). There 2010).

is no clear evidence for Fe K emission in the stacked spectrum

but since half of heavily obscured AGNs have photometric 3.2. X-ray undetected BzK galaxies

redshifts,.the Fe K emission may be smeared out. To test this The majority of theBzK galaxy population remains unde-
hypothesis we only stacked the X-ray spectra of the heavily ecieq in the 4 MChandraobservation (se€3.1) but may
obscured AGNs with spectroscopic redshifts; see insetlpanep gt x-ray weak AGN activity below the detection limit. We

in Fig. 5. Encouragingly, we now identify a strong emission can place constraints on the presence of heavily obscured
feature & 1 keV rest-frame equivalent width) at 6.4 keV,  AGN activity in these systems using X-ray stacking analyses
which is likely to be due to Fe K emission and suggests the e stacked the X-ray data of the X-ray undete@eH galax-
presence of Compton-thick AGNs, which typically have Fe K e adopting the procedure§.5. The X-ray stacking results
emission with an equivalent width of 1 keV (e.g., George g1 presented in Table 3. As previously found from the X-

& Fabian 1991; Matt et al. 1996, 2000; Della Ceca et al. 5y stacking analyses &zK galaxies in Daddi etal. (2007a),
2008). However, this feature is weaker 0.5 keV rest-frame  ha result for the IR-excess galaxies differs from that @f th
equivalent width) when we remove J033235.7-274916, which 3

el A 440, :
has been individually identified with strong Fe K emission IR-normal %%IfX'es'r = 14703 for the_IR-excess galaxies
(Feruglio et al. 2011). Since Compton-thin AGNs have lower andl" = 2.0757 for the IR-normal galaxies; see Table 3. The
equivalent width Fe K emission than Compton-thick AGNs Stacked X-ray spectral slope for the IR-normal galaxiesis c
(< 0.5 keV; Mushotzky, Done, & Pounds 1993; Risaliti Sistent with that found by Daddi et al. (2007a) using the 1 Ms
et al. 2002; Dadina et al. 2008), the weaker Fe K emis- Chandradata (" ~ 1.8) but the X-ray spectral slope for the
sion with J033235.7-274916 removed suggests that the heaR-excess galaxies is significantly steeper 0.9 was ob-

ily obscured AGNs comprise a combination of reflection- tained by Daddi etal. 2007a).

dominated Compton-thick and Compton-thin AGNs (e.g., The lack of a flat X-ray spectral slope for the IR-excess
Matt etal. 2000; Ueda et al. 2007; Eguchi etal. 2009; Comas-9alaxies appears to suggest that we have now individually de
tri etal. 2010). Under the assumption that the Comptorkthic tected many of the heavily obscured AGNs that were origi-
AGNs have Fe K equivalent widths of, 1 keV, this sug- nally contributing to the stacked data in Daddi etal. (2Q07a
gests thatS 50% of the heavily obscured AGNs are absorbed However, we must be careful when interpreting X-ray stack-
by Compton-thick material; conversely, a lower limit to the ing analyses of X-ray undetected source populations shece t
Compton-thick AGN fraction isv 10% due to the identifi-  effects of Eddington bias and source variability (§8el.1)
cation of J033235.7—274916 (Feruglio etal. 2011). Qualita can dominate over the X-ray signal produced by the major-

tively similar results have been obtained by Georgakalas et ity of the source population. For example, in going from
(2010) for IR-excess galaxies at- 1. the 1 MsChandradata to the 4 Mhandradata, the same

Accurate measurements of the intrinsic X-ray luminosity nUmber of heavily obscured AGNs were identified in the IR-
are difficult in reflection-dominated AGNs due to large uncer €xcess (three of the 13 X-ray detected sources) and IR-iorma
tainties on the reflecting geometry. We therefore employ sev (three of the 14 X-ray detected sources) galaxy populations
eral different approaches that should bracket the likehgea ~ despite there being little evidence for heavily obscuredV&G
in intrinsic X-ray luminosities. Clearly, a lower limit isbe inthe IR-normal galaxies from the 1 Ms stacked data of Daddi
tained from theobserved—8 keV luminosities, which gives ~ &tal- (2007a). 1t is therefore likely that further heavilp-o
an average luminosity of lobg/erg s 1)~ 43.1 at the av- scured AGNs W|_II be |_dent|f|ed with deep@handradata but
erage rest-frame energy of 6-24 keV. Conversely, an up- W€ cannot provide direct X-ray constraints from the current
per limit is obtained by assuming that the rest-frampn8 dataset.
emission is dominated by AGN activity (i.e., on the basis

of the AGN-dominated line in Fig. 3); following this ap- 3.3. Re-evaluation of the space density of distant
proach we obtain an average intrinsic X-ray luminosity of Compton-thick AGNs
log(Lo—10kev/erg s 1)~ 44.0 for the median rest-framep8n Distant Compton-thick AGNs are of great scientific in-

luminosity of loglsum/Lo) ~ 11.1. Lastly, we can esti- terest since they may produce a large fraction of the unre-
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constraints derived from X-ray stacking analyses of X-ray

(B X—ray spertra: this paper T T undetected IR-bright galaxy populations (Daddi etal. 2007
" A X ray spectra: Tozzi ot al. (2006)| Lyx>10% erg/s 1 Fiore etal.2008): our space density estimates Arel0
8 sy Siecsme times lower than those of Daddi etal. (2007a), who used the

same object-selection approach as that adopted here ieat rel
only on X-ray stacking analyses of X-ray undetected galax-

(Daddi et al. 2007) ] ies. Our space-density constraints are also broadly densis
_% 1 with those of Tozzi etal. (2006), who identified reflection-

0.001 | 4

dominated AGNs using X-ray spectral analyses of sources
detected in the 1 Ms CDF-S observations; we have plot-

00001 E  (Fiore et_al. 2008) E ted the Tozzi etal. (2006) space density in Fig. 5 assuming
. ST ] that 100% of the reflection-dominated AGNs are Compton
I T~ ] thick and therefore this represents the maximum space den-
) =~ Gl ] sity from that study. However, our space-density estimate
50 |~ -el is also a lower limit on the true Compton-thick AGN space
density since (1) there may be further Compton-thick AGNs
with intrinsic Lo_1okev 2 102,3 erg s'! that lie below our X-
oS ray detection limit (i.e., those withly > 107 cm2 and a
o lyon 1 weak reflection component; e.g., Matt etal. 2000), and (2) ou
1 sample does not include distant Compton-thick AGNs not se-
T T T B lected using th&zKtechnique. An example of the latter is the
0 1 2 3 4 z= 153 X-ray bright AGN CXO J033218.3-275055, which
Redshift has strong Fe K emission identified in the 3 XIgIM-Newton
observations of the CDF-S (Comastri etal. 2011) but is not
FiG. 6.— Space density of heavily obscured AGNs withz, 10*3 erg s . selected as BzK galaxy® A more complete AGN selection
detedied heavly obseured AGNS identfied here (fled segrcandidge  Con D€ derived using mid-to-far-infrared selection, whigh
Compton-thick %\GNS identified from X-ray spectral analy§eshe CDF- the focus of a future paper _(A' Del Moro et al. in prep). .
S (filled triangles; Tozzi et al. 2006), and X-ray stackingalgsis results Many studies have predicted the space density of distant
of X-ray undetected candidate Compton-thick AGNs wigh, 103 erg 51 Compton-thick AGNs from the X-ray luminosity functions
(open squares; Daddi et al. 2007a; Fiore et al. 2008; Treistd. 2009). The of relatively unobscured AGNs and X-ray background con-

solid bar indicates the space-density estimates for a rahGempton-thick ; ;
AGN percentages for the heavily obscured AGNs identifiee h@hese re- straints (See Ba”antyne etal. 2011 fora comparison of many

sults are compared to the space-density predictions forgBmrthick AGNs of the current studies). In Fig. 6 we compare our space-
with Lx 2 10* erg s’ based on the models of Gilli et al. (2007; dashed density constraints with the predictions from Gilli et &007)
curve) and Triester, Urry, & Virani (2009; dotted curve). and Treister, Urry, & Virani (2009) fot.x 2 103 erg s,
which broadly represent the most optimistic and pessimisti
estimates, respectively. The model predictions are ajread
broad agreement with our range of space-density measure-
solved> 8 keV background (e.g., Worsley et al. 2005; Gilli ments, despite our conservative source-selection approac
et al. 2007; Treister, Urry, & Virani 2009). 1§3.1 we  However, given the significant uncertainties in the fractio
used a variety of analyses (strong reflected-dominated specof Compton-thick AGNs and sample incompleteness, strong
trum, identification of Fe K, small X-ray—@m luminosity  conclusions cannot be derived from the current data.
ratios) to infer that~x 10-50% of the X-ray detected heav- We can also compare our derived Compton-thick AGN
ily obscured AGNs are Compton thick; the lower limit on the space density to constraints for other distant AGN popu-
Compton-thick AGN fraction corresponds to the clear iden- |ations. From a variety of studies, the measured space
tification of the Compton-thick AGN in J033235.7-274916 density of Lx 2 1043 erg sl AGNs at z ~ 2 ranges

(Feruglio etal. 2011) while the upper limit corresponddte t  from ~ (1-2)x10~5 Mpc—3 for unobscured AGNsNy <
constraints derived from the stacked X-ray spectrum whenq 2 cm ) to ~ (1-7) x10-5 Mpc2 for all AGNs (e.g.

J033235.7-274916 is removed. We can use these constrainigager et al. 2005; Hasinger etal. 2005; La Franca etal. 2005
to better estimate the space density of distant Compt@k-thi - gjyerman etal. 2008; Aird etal.2010). On the basis of
AGNs. In this calculation we have assumed a broad red-ihese studies, our constraints imply that the space deoiity
shift range ofz = 1.4-2.6, which gives a comoving volume  compion-thick AGNs az ~ 2 is comparable to that of unob-
of ~ 0.7 Gpé for the 5.5 arcmin radius region explored here. ¢¢\,red AGNs az ~ 2 and also suggests that Compton-thick
We have taken into account the 10% incompleteness in theagNs comprise a non-negligible fraction of the AGN popula-
BzK galaxy selection due to blende3pitzerIRAC sources  ion atz~ 2. However, our constraints do not yet support the
and the 30% incompleteness due to unreliable UV slopes (Se‘?]ypothesis that Compton-thick AGNs outnumber Compton-
§5.1in Daddietal. 2007). = thin AGNs at high redshift. The direct identification of in-
Following the procedure outlined above, we calculate a gjyigual Compton-thick AGN signatures from X-ray, optical
Compton-thick AGN space density @c_ick ~ x4 x and mid-IR spectroscopy (e.g., Alexander etal. 2008; Cemas

10> Mpc® at z~ 1.4-2.6, where f corresponds to the 1 etal. 2011; Feruglio etal. 2011: Goulding etal. 2011) in
Compton-thlck AGN fraction in our heaV”y obscured AGN a Statistica”y Significant number of Objectg( 10-20 ob-

sample; see Fig. 6. As argued §3.1.4, the average in-

trinsic X-ray Iuminosit%/ of these heavily obscured AGNs iS 5 we also note as an aside that only five 45%) of the 11 X-ray de-
Lo_10kev 2 1043 erg s-. Although undoubtably uncertain, tected_ heav_ily pbscured AGNs would be selected using the [eical. (2008)
our most optimistic space-density estimates lie below the Selection criteria 0R—K > 4.5 and faaum/ fr > 1000.

/
/

Comoving Space Density (Mpc-3)

3 percentdge

10- |
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jects) are required to provide more reliable constraintswN
facilities such adNuSTAR(high-energy 6—78 keV imaging;
Harrison et al. 2010) antiWST(optical-mid-IR spectroscopy;
Gardiner etal. 2006) may also provide improved constraints
along with deepeChandraXMM-Newtonobservations and
future proposed X-ray observatories such/ésXT (Murray
etal. 2010).

4. SUMMARY

We have used the 4 MShandraDeep Field-South obser-
vation to constrain the ubiquity of heavily obscured AGNs in
thez= 2 BzK galaxy population. Our main results are:

e Forty seven of the 22BzK galaxies are X-ray de-
tected in the central region of the 4 Ms CDF-S field:
11 are heavily obscured AGNE € 1), 9 are luminous
AGNSs (Lx 2 10 erg s'1), and 27 are low-luminosity
X-ray systems (relatively unobscured AGNs and star-
burst galaxies). Thirteern{48%) of the 27 X-ray de-
tectedBzK galaxies with reasonable-quality X-ray data
(> 20 counts in the 0.5-8 keV band) are found to be
variable in the X-ray band, including 6 luminous AGNs,

is otherwise composed of relatively unobscured AGNs
and starburst galaxies. Sg&1.2.

e X-ray stacking analyses of the X-ray undetecB=aK
galaxies do not clearly reveal the presence of further
X-ray undetected AGNs below theéhandradetection
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
§2.5 and§3.2.

e We estimate a Compton-thick AGN space density of
Dc_thick ~ f x 4x 1072 Mpc 2 atz~ 1.4-2.6, where
f lies betweers 0.1-0.5. Although highly uncertain,
these constraints are already consistent with the range
of predictions from X-ray background models and im-
ply that the space density of Compton-thick AGNs at
z= 2 is comparable to that of unobscured AGNs at
z=~ 2. Sees3.1.4 ancg3.3.

gor:ﬁ?e/!y ggéﬁcuzr%%,ZG;\lns&gnldf low-luminosity X-ray We acknowledge financial support from the Royal Soci-
' e B ety (DMA; ACF), a Philip Leverhulme Prize (DMA; JRM),
The overall X-ray spectra of the heavily obscured the Science and Technology Facilities Council (DMA; RCH;
AGNSs are better characterized by a pure reflection ADG; AD), the Chilean CONICYT grants of FONDE-
model than an absorbed power-law model, sug%estingCYT 1101024 (FEB) and FONDAP CATA 15010003 (FEB),
extreme Compton-thick absorptioNi{ 2 1024 cm~2) the Chandra X-ray Center grants G09-0134B (FEB), SP1-
in many systems. The identification of an emission- 12007A (WNB; BL; YQX), and SP1-12007B (FEB), the
line feature at rest-frame’ 6.4 keV in the composite ~ NASA ADP grant NNX10AC99G (WNB; BL; YQX; MY),
2-20 keV Spectrum and the small X_ray.HB-] lumi- the ERC-StG grant UPGAL 240039 (ED), the Fl‘el’]Ch ANR
nosity ratios for the majority of these systems provide Under contract ANR-08-JCJC-008 (ED), and the Italian Space
further support for this interpretation. S¢&1.2-3.1.4.  Agency (ASI) under the ASI-INAF contracts 1/009/10/0 and
1/088/06/0 (AC, RG, CV). We thank the referee for a prompt
Many of the heavily obscured AGNs are IR-excess and considered report and we thank Y. Ueda for providing

galaxies. However, only 25% of the X-ray detected

theSuzakudata and best-fitting model f@wift J0601.9-8636

IR-excess galaxies are heavily obscured AGNs, which used in Fig. 5.
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TABLE 1. OVERALL PROPERTIES OF THEX-RAY DETECTED BZK GALAXIES

K-band XK Kvega Luv Lo—10kev vigum SFR 1Ms

32006 33200 (arcsed) £ (magf XIDY log(L.)® logergs)? log(L.)® Exces8 rd Source® Noted
03321095 -274856.1 048 281 202 167  12.04 43.96 11.72 3 17.1685% Y
033212555 -2749382 029 245 213 185 1154 42.14 10.64 1.3 > 053 N
03321412 -2749102 059 218 206 202  11.33 42.06 1120 0 15. >057 N
03321442 -2751107 039 1544 192 205 1211 41.98 10.72 5 0.013"223 Y Heavily obscured AGN; optical AGN
03321479 -2744025  0.67 156 207 208  10.80 42.33 10.37 2.91.25+049 N
033216.94 -275004.0 035 1.613 206 236  11.40 41.59 1050 1 1. >060 N
033217.81 -275210.3  0.57 1.76 217 247  10.98 <41.95 10.47 2.7 - N
03321824 -2752412 045 2801 214 254  11.35 43.41 10.74 9 2. 17938 Y Optical AGN
033221.30 -275101.5  0.52 1.84 202 293 1170 41.68 11.10 4.50.36105% N Heavily obscured AGN
033221.99 -275111.9 028  3.64 212 298 1139 42.76 11.85 .6124001°52} Y Heavily obscured AGN
03322254 -274603.8 044 1730 204 308  11.26 42.90 11.00 7 8. 01739 Y Heavily obscured AGN
03322255 -2748149  0.48 254 204 310  11.63 41.90 11.20 7.4059]55° N Heavily obscured AGN
033224.84 -275050.1 038 228 207 337 1147 41.91 11.14 8.7 > 043 N
033225.98 -274751.3 0.69 1.90i 20.5 360 11.47 41.91 11.12 0 8. >094 N IRS: s/burst dominated
03322879 -2747555 095 1.383 19.3 394 12,07 41.59 10.75 6 0. >064 N
033229.09 -274629.0 034 2227 198 399  11.89 41.91 1127 2 5. >042 N
033229.48 -2743220 056  1.609 19.8 405  11.66 <41.90 10.66 1.1 <009 N Heavily obscured AGN
033229.99 -274529.9 038 1218 183 417  11.69 43.74 11.03 6 3. 1440% Y Optical AGN
03323147 -2746232 043 2223 190 435 1241 42.43 1171 2 7.100%032 Y Heavily obscured AGN
03323152 -2748538 043  1.879 203 437  11.66 42.41 1125 3 8. 1317032 Y IRS: s/burst dominated
03323155 -275028.6 0.76 1.613 18.9 436 12.14 <41.64 11.01 1.2 <0.70 N Heavily obscured AGN
03323293 -275040.5 082 250 205 451  11.96 41.92 11.08 2.3 >0.23 N
033234.04 -275028.7 044 1384 195 467 1176 41.42 1071 0 1. >046 N
03323446 -275004.9 021 214 205 474 1146 41.99 1141 5 22. >0.77 N
033234.98 -274931.9 097 255 219 481 1144 42.03 11.30 1 16. >051 Y
03323572 -2749161 031 2578 200 490  11.85 4251 12.25 1.017 Q44132 Y Heavily obscured AGN; optical AGN
03323597 -2748504 031 1309 191 493  11.93 42.24 10.55 4 0. 19870% Y
03323617 -2751265 037 1613 200 499  11.69 42.67 10.80 6 1. 127;9% Y
03323618 -274627.6 043 248 209 501  11.96 41.99 11.03 1.9 > 041 N
033237.36 -2746455 062  1.843 200 512 1171 41.74 11.00 0 3. >042 N
033237.74 -275000.6 081  1.619 192 517 1223 41.71 1116 6 1. >064 N
03323777 -2752123 027 1603 188 518  11.98 44.16 1164 .1 15 1714383 Y Optical AGN; IRS: AGN dominated
033237.96 -275307.9  0.26 1.97 212 520 1144 42.60 10.55 1.2 > 141 Y
03323855 —274634.2 0.77 2.55i 21.3 525 11.68 42.27 11.77 .7 46 >0.86 N IRS: s/burst dominated
033239.08 -2746021 017 1216 183 537  11.85 43.22 10.82 2 1. 113738 Y Optical AGN
033239.74 -2746115 008 1552 194 549  11.63 43.24 11.08 9 4. 116"0%7 Y IRS: s/burst dominated
033240.06 -274755.4 0.45 1.998 195 552 12.08 41.99 1158 8 9. >0.63 N IRS: s/burst dominated
03324076 -2749262 040 2130 197 555  11.85 42.05 1134 2 7. >065 N IRS: s/burst dominated
033241.80 -2751353  0.20 1.63 202 562  11.54 41.90 10.94 3.70.77+05% N Heavily obscured AGN
03324325 -2749143 020 1.920 195 577 1131 43.96 1110 .9 10 1557532 Y Optical AGN
03324346 -274901.8 046 178 202 579  11.76 42.00 1127 0 7. >0.88 Y IRS: s/burst dominated
033243.61 -274659.0 020 1570 204 580  11.46 41.86 1066 7 1. >0.83 N
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TABLE 1. OVERALL PROPERTIES OF THEX-RAY DETECTED BzK GALAXIES— Con-

tinued
K-band XK KVega Luv Lo_10kev VLgum SFR 1Ms
32006 332008 (arcsed) £ (magf XIDY log(L.)® logergs)? log(L.)® Exces8 rd Source® Noted
033244.02 -2746349 100 2688 209 583 1175 43.63 1169 .1 31 200131 Y IRS: s/burst dominated
033244.37 -274911.3 053 213 204 589 1125 <42.03 11.44 405  >060 N
03324460 -2748360 0.18 2593 214 593 1155 43.38 11.11 6 6. 119012 Y
033246.84 -2751209 025 2292 204 617 1174 42.42 11.06 6 3. >0.73 N
03324772 2750380 040 163 192 625  12.06 41.94 11.21 2.80.33'229 N Heavily obscured AGN

S3AIXVIVO IAISSVIN ¢ ®ZNI SNOV d31VNINOA-NOILD3 1434

a BzK galaxy properties taken from Daddi etal. (2007b). Co-atiin correspond to tHé-band position of théBzK galaxy. The UV luminosity corresponds to rest-frame 180and has been corrected for
extinction (se€3.6 of Daddi etal. 2007b). The rest-frameu® luminosity is calculated using the 2#n flux density, with small K-corrections applied (881 of Daddi etal. 2007b). The SFR excess corresponds to
the ratio of star-formation rates (mid-IR+UV versus extioe-corrected UV; seg2.2 of Daddi etal. 2007a).

b Offset between the position of the X-ray source andkHeandBzK counterpart in arcseconds.

¢ BzK galaxy redshifts. Optical spectroscopic redshifts aretihby having three decimal places and come from Szokoly €@04), Mignoli et al. (2005), Cimatti et al. (2008), Vaita et al. (2008), Popesso
et al. (2009), and Balestra et al. (2010). All other redshdite either photometric (from Grazian etal. 2006; Luo eRall0; Rafferty et al. 2011) or fror8pitzerIRS 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 itfieation number in Xue et al. (2011). The X-ray spectral si@p) determined from the band ratio (2—8 keV to 0.5-2 keV coaie-ratio) plus
1 o uncertainty are taken from Xue etal. (201L)is re-calculated from the band ratio for the low-count searlisted in Xue etal. (2011) with = 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 copdetd rest-frame 2—10 keV assuming= 1.8.

€ Indicates if the source was detected in the 1 Ms CDF-S caalbdlexander et al. (2003); otherwise the source was detdntthe 4 Ms CDF-S catalogs of Xue et al. (2011).

f Notes and classifications. Objects classified as “Heavicoted AGN” havd™ < 1 and objects classified as optical AGN have optical spemtigis signatures from Szokoly et al. (2004) indicating AGihty.
We have also indicated which sources h@pétzerIRS spectroscopy, available either from Teplitz et al020Q Donley et al. (2010), or Fadda etal. (2010).

€T
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TABLE 2. X-RAY PROPERTIES OF THEX-RAY DETECTEDBzK GALAXIES

X-ray X-ray variability constrainfs Variable
032000 332008 Net count® X2 sz Grzms 0I2—|MXB AGNA

033210.98 -274856.5 844 4.09 0.004 0.014 0.0054 Y
03321257 -274938.2 9
033214.15 -274910.6 18
03321443 -275111.0 82 430 0.005 0.141 0.0011 Y
033214.80 -274403.2 89 0.371 0.723 -0.034 N/A N
033216.96 -275004.2 5
033217.84 -275210.8 27 0.952 0.289 -0.001 0.0030 N
033218.24 -275241.6 215 146 0.183 0.009 0.0019 N
033221.31 -275102.0 22 0.688 0.416 -0.092 0.0110 N
033222.00 -2751121 80 0.106 0.952 -0.058 0.0110 N
03322256 -274604.2 564 6.47 0.000 0.036 0.0005 Y
03322258 -274815.2 58 0.228 0.842 -0.073 0.0110 N
03322485 -275050.4 7
033226.01 -274751.8 8
033228.85 -274756.0 17
033229.11 -274629.3 12
033229.50 -2743225 54 0.682 0.451 -0.038 N/A N
033229.99 -274530.3 3916 130 0.000 0.163 0.0003 Y
03323148 -274623.6 59 0.870 0.352 -0.017 0.0000 N
03323155 -274854.0 61 0.670 0.481 -0.046 0.0081 N
03323151 -275029.0 16
03323295 -275041.3 10
033234.03 -275029.1 12
03323447 -275005.1 10
033235.04 -2749325 4
033235.72 -274916.4 70 164 0.144 0.019 0.0110 N
033235.98 -274850.7 84 5.26 0.001 0.300 0.0014 Y
033236.18 -275126.8 179 213 0.067 0.027 0.0009 N
033236.19 -274628.0 3
033237.38 -274646.1 11
033237.75 -275001.4 14
033237.77 -275212.6 4600 250 0.000 0.021 0.0001 Y
033237.96 -275308.2 71 3.38 0.014 0.141 0.0004 Y
033238.52 -274634.9 14
033239.09 -274602.1 1331 134 0.000 0.346 0.0005 Y
033239.74 -2746115 760 0.833 0.453 -0.001 0.0003 N
033240.05 -274755.8 26 150 0.145 -0.014 0.0110 N
033240.77 -274926.6 13
03324182 -275135.4 37 4.09 0.007 0.508 0.0007 Y
033243.24 -2749145 2117 39.2 0.000 0.077 0.0004 Y
03324345 -274902.2 19
033243.61 -274659.2 16
033244.04 -274635.9 380 1.13 0.281 0.001 N/A N
03324441 -274911.3 7
033244.61 -274836.2 333 340 0.011 0.033 0.0003 Y
033246.86 -275121.0 43 434 0.006 0.335 0.0056 Y
033247.73 -275038.4 118 104 0.000 0.210 0.0002 Y

a Co-ordinates correspond to the X-ray position from Xue e(2011).

b Background-subtracted (net) counts in the 0.5-8.0 keV hased in the X-ray spectral analyses and X-ray variabiliglygses.

¢ X-ray variability constraints for the sources with readuraquality X-ray data % 20 counts in the 0.5-8 keV band). TR@ statistic is calculated by
comparing the variability observed between observatiorntbat expected from Poisson statistiBg: gives the probability that the observed variability is doe t
Poisson noiseg?,s gives the normalized excess variance (Nandra et al. 1996;;%“)(8 gives the upper limit to the HMXB contribution to the varilityi N/A
indicates that no SFR information was available and so ot was made to estimacbé,MXB: this does not affect any significantly variable sources §2e4.

d Indicates if the source was found to show excess X-ray \ititiabver that expected from the HMXB population; sg24.
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TABLE 3. X-RAY STACKING ANALYSES OF THEX-RAY UNDETECTEDBZK GALAXIES

0.5-2 keV 2-8 keV L2-10kev

Luv vlgum
(10 %ctssh? (10 %ctss1)P Band rati§ re log(erg s 1)

Sample N 2 log(Ls)? log(Ls)?

IR excess galaxie <22 47 197+0.34 1145+046 1101+0.33 1.47 (12.6) 0.84 (3.9) B57+0.15 14+03 41.40
1053+0.30 1.19 (15.8) 0.42 (2.8) .B3+0.12 20+04 41.32

IR normal galaxiesK <22 116 193+0.44 1148+0.26

2 Median galaxy properties and MAD (see Footnote 3): redshKinction-corrected UV luminosity (rest-frame 1580 see §3.6 of Daddi etal. 2007b),
rest-frame §um luminosity (calculated using the 24n flux density, with small K-corrections applied; &1 of Daddi et al. 2007b).

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

¢ X-ray spectral properties: band ratio (2-8 keV to 0.5-2 keunt-rate ratio) and X-ray spectral sloge (derived from the band ratio, andsluncertainties.

Calculated following Xue et al. (2011).
d Rest-frame 2—10 keV luminosity calculated from the 0.5-\2 ftex and converted to rest-frame 2—10 keV assunfing 1.8; the 0.5-2 keV flux is calculated

following Xue etal. (2011).



