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ABSTRACT

In order to study the evolution of the relative fraction of obscured active galactic nuclei (AGNSs), we constructed
the largest sample to date of AGNs selected in hard X-rays. The full sample contains 2341 X-ray—selected AGNs,
roughly 4 times the largest previous samples studied in this connection. Of these, 1229 (53%) have optical
counterparts for which redshifts are available; these span the redshiftzaade-4 . The observed fraction of
obscured AGNs declines only slightly with redshift. Correcting for selection bias, we find that the intrinsic fraction
of obscured AGNs must actually increase with redshift(ls- 2)« , with 0.4+ 0.1 . This evolution is
consistent with the integrated X-ray background, which provides the strongest constraints at relatively low redshift,
z~ 1. Summing over all AGNs, we estimate the bolometric AGN light to be 3.8 nW¥ nT* sr <8 of the
total extragalactic light. Together with the observed black hole mass density in the local universe, this implies
an accretion efficiency of ~ 0.1-0.2 , consistent with the values typically assumed.

Subject headings: galaxies: active — galaxies: evolution — X-rays: diffuse background

1. INTRODUCTION nosities. Similarly, if the dust content of the AGN host galaxy
. is important for the obscuration of the central engine, a de-
Itis now clear from the deepeghandra andXMM-Newton pendence of the obscured AGN fraction on redshift would be

observations (e.g., Giacconi et al. 2001; Brandt et al. 2001) .
that a combination of obscured and unobscured active galacticexloemed (e.g., Ballantyne et al. 2006 and references therein),

nuclei (AGNs) are needed to explain the observed propertiesﬁqlven t:]emevrilutfl?r:] ?; thg :;m?urt\)t of rd L:js'to\lglgala:éei?. Thusi,b?
of the extragalactic X-ray background (XRB). While unobscu- ceasurement of Ine Iraction ot 0bscure s anaits possibie

d AGN dilv detected using. f I tical col dependence on critical parameters can be used to study AGN
red ALINS are readily detected using, tor example, oplical Color o eryre and to probe the connection between AGN activity
selection techniques, the optical-UV-soft X-ray signatures of

- AR : - and the formation of the host galaxy.
nuclear activity are not visible in obscured AGNs, making their The XRB also constrains the fraction of obscured AGNSs
detection and identification much harder. The effects of ob- ’

scuration are less important at high energies; hence deep hargarly AGN population synthesis models for the XRB (e.g,
X-ray (210 keV) surveys witiChandra and XMM-Newton omastri et al. 1995; Gilli et al. 1999) required a strong increase

h led a biased Vi f the AGN lati of the fraction with redshift, while recent versions (e.g., Ueda
ave revealed a 1ess biased view of the population (e.g, et al. 2003; Treister & Urry 2005) assume only a decrease with

E1ncrea\sing luminosity, although Ballantyne et al. (2006) con-

still insensitive to the most obscured sources, like Compton- - : :
. ! cluded that an evolving obscured AGN fraction provides a
thick AGNs (e.g., Worsley et al. 2005). However, these surveys better fit. Deep X-ray surveys confirm that the obscured AGN

rely mostly on optical spectroscopy to find redshifts and thus fraction depends on Iluminosity (Ueda et al. 2003; Steffen et

!&ngl'\lnos't'ﬁsk Eencef, .t?ey ptreftlarentlatlly e>iclu$e . ?bSCLt”eld al. 2003), while the dependence on redshift is less clear. Using
s, which have fainter optical counterparts (Treister et al. a larger heterogeneous sample and X-ray spectral fitting to

2004 and references therein). This means the observed spe sqin AGNs, La Franca et al. (2005) concluded that the
troscopically identified population is not representative of the relative fraction of obscured AGNSs increases with redshift.

underlying AGN population. However, although Akylas et al. (2006) found a similar evo-

One fundamental ingredient in our understanding of the | . ; : ;
o ; ution, they concluded from simulations that such a correlation
AGN population is the ratio of obscured to unobscured AGNs, can be induced by th&-correction of the X-ray spectra.

and whether this ratio depends on parameters like intrinsic In this work, we generate an AGN sample with high optical

luminosity or redshift. According to the unification paradigm -

. ) X . spectroscopic completeness, the largest such sample to date by

(Anttﬁnucu 19?3' L:cr;?]’ & Padovanll 1995%' the. ratio dtep.e?dls a factor of~4, in order to study the evolution of the obscured

?hn € gleortne ry o fe c!;purpnuctﬁgr ot_sc'ur!ng ma ij”ai ?AGN fraction. Using optical spectroscopy we characterize
€ simplest version of unitication, this ratio 1S iIndependent ot A5 55 unobscured if they have broad emission lines, and

source properties like luminosity or redshlft.. However, there we measure the dependence of the obscured fraction on redshift.
are physical reasons to expect a dependence; for example, mor?hroughout this Letter we assunhg, = 70 km's  Mpc
luminous accretion disk emission may correspond to a largerg, " _" 3 andQ, = 0.7 '

m = 0. , = 0.7.

dust sublimation radius (Lawrence 1991; Simpson 2005), thus

increasing the fraction of unobscured AGNs at higher lumi- 5 THE SAMPLE

* European Southern Observatory, Casilla 19001, Santiago 19, Chile; etreiste @ To distinguish between the effects of redshift and Iuminosity,

©50.0rg. our sample needs to probe a range of luminosities at each redshift
? Departamento de Astronden Universidad de Chile, Casilla 36-D, San-  over a reasonable a range of redshifts. Wide area, shallow X-ray
t'aggv ICh(':'e- or for Ast d Astrophvsics. Yale University. P.o. Box  SUrVEYS sample moderate-luminosity AGNs at low redshifts and
gle enter for AsTonomy and Astrophysics, Yaie Universtty, 7.8. 80X gnly high-luminosity sources up to high redshifts, while deep
208121, New Haven, CT 06520. : .
“Department of Physics, Yale University, P.O. Box 208120, New Haven, Pencil-beam surveys are useful to study the moderate-luminosity
CT 06520. population at high redshifts but only provide a small number of
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Fic. 1.—Top left: Area vs. hard X-ray flux relation for the surveys used in this waigh{ lines) and for the total sampléHick line). Bottom left: Total effective
area as a function of X-ray flux and optical magnitude, taking into account the spectroscopic incompleteness of each survey (see text for &etail®}, for
26, and 28. These curves are used to compute the expected fraction of identified obscured AGN for an intrinsically nonevoRigit:raticay luminosity vs.
redshift relation for the sources in our sample from the CDRil\eg circles), CDF-S ppen circles), SEXSI open triangles), CYDER ffilled triangles), CLASXS
(stars), HELLAS2XMM (crosses), and AMSS équares) surveys.

the more rare, high-luminosity sources. Combining the two coversDeep Field—South (CDF-S), where the photometric classifi-
the luminosity-redshift plane effectively (see Fig. 1). Here we cation by Zheng et al. (2004) was used when spectroscopic
combine seven wide and deep surveys, for a total sample of 234lnformation was not available (i.e., for about half the 227 ob-
AGNs selected in the hard X-ray band. (We define an AGN as jects; the photometric redshifts include Combo-17 data and thus
an X-ray source more luminous thén ,,.., = 10**  ergs)s are quite accurate). Sources were classified as unobscured
Table 1 summarizes the surveys used in this work and their mainAGNs when broad emission lines were present in the optical
characteristics. When necessary, hard X-ray fluxes in the 2—8 keVspectrum (or using the optical/IR continuum shape for the CDF-
band were converted to the 2—10 keV range assuming a powerS AGN with photometry only); the 631 sources (51%) without
law spectrum of the forrdN/dE o<« E™"  witl® = 1.7 , consistent broad emission lines and with X-ray luminosities greater than
with the average observed AGN spectrum (e.g., Nandra et al.10* ergs s* were classified as obscured AGNSs. This is a more
1997). The total area of this supersample as a function of X-rayrobust classification scheme than using X-ray—determied
flux is shown in Figure 1. because there are Kocorrection effects, since lines are present
To classify the sample by optical spectroscopy requires highin the optical spectrum at most redshifts (line dilution by the
spectroscopic completeness; all the constituent surveys usedhost galaxy is not important; Barger et al. 2005).
here are at least 40% complete (most are much higher) and a For obvious reasons, the spectroscopic completeness of any
total of 1229 sources (53% of our sample) have reliable red- survey depends on the brightness of the optical counterparts.
shifts. These are spectroscopic redshifts except in the Chandrdo describe this effect quantitatively, we characterize the iden-

TABLE 1
CONSTITUENT SURVEYS
MaxiMum
AREA Frux Limit SOURCES SPECTROSCOPIC COMPLETENESS
SURVEY (degd) (ergscm? s') TotaP ID® ObscS COMPLETENESS M me (%) REFERENCE
AMSS......... 101.99 3 x 10°*= 79 79 16 100 100 1
SEXSI......... 225 5x 10 1016 405 194 40 205 26.0 68 2
H2XMM ...... 0.9 2x 10 122 94 33 79 235 28.0 100 3
CLASXS ...... 0.28 4 x10™ 466 232 129 52 215 270 100 4
CYDER ....... 012 2x10%* 124 59 23 50 23.0 27.0 77 5
CDF-S ........ 0.11 7x 107 231 227 137 99 100 6
CDF-N ........ 0.12 3 x 10 303 133 99 66 23.0 275 100 7

@ Sources selected in the hard X-ray band.

® Including only sources with known redshifts ahg> 10> erg& s

¢ Sources with no broad lines in the optical spectrum.

4 Break magnitudes for a simple fit to spectroscopically identified fraction as a function of optical magnitude.

¢ Limiting magnitudes for a simple fit to spectroscopically identified fraction as a function of optical magnitude.

REFERENCES. — (1) Akiyama et al. (2003); (2) Eckart et al. (2006); (3) Fiore et al. (2003); (4) Steffen et al. (2004); (5) Treister et al. (2005);
(6) Zheng et al. (2004); (7) Barger et al. (2003).
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tified fraction of each constituent survey by a simple three-
parameter function that is constant at bright magnitudes and
declines linearly to faint magnitudes. These three independent
parameters (break and limiting magnitudes in fhkand, and
maximum completeness at bright fluxes) provide a very good
description of the identified fraction in all seven surveys, with
values for the reduce@?® lower than 0.5 in each case. The
fitted parameters for each survey are given in Table 1. The
effective area as a function of X-ray flux and optical magnitude
was then calculated by weighting the area versus X-ray flux
relation for each survey by its sensitivity (i.e., the fraction of
identified AGNs) at each optical magnitude and summing the
results. The total effective area for the supersample is shown
in Figure 1.

With the selection function of the supersample quantified, we
can now interpret the observed demographics of X-ray sources.
The observed fraction of obscured AGNSs as a function of redshift
is shown @lata points) in the top panel of Figure 2. This fraction
remains almost constant at a value~df.6—0.7 up toz = 1.5
and drops te-0.2—-0.3 at higher redshifts. A much steeper decline r
is expected because the measured redshifts require an optical ol = '0'5' = i — '1'5' = é = 2'5 — :',, = 3'5 = '4
spectrum. For obscured AGNs the optical emission is dominated ‘ " Redshift ‘

by the host galaxy, which can be studied spectroscopically up ] ) )
toz ~ 1 but then becomes too faint for even 8 m class telescopes Fi6. 2.—Top: Observed fraction of obscured AGN as a function of redshift.
. . . . Data points: Direct measurements from our supersample of 1229 optically

hence the decline at_ h'gh redshift (TrelSter _et al. 2004). classified AGNsSolid line: Expected fraction as a function of redshift for an

To account quantitatively for this selection effect, we cal- intrinsically nonevolving ratio, taking into account the effects of spectroscopic
culate the ratio one should observe for an intrinsically none- incompleteness and effective area as a function of X-ray Bottom: Fraction
volving population, taking into account the effects of the sen- of obscured AGNs relative to the expectations for a nonevolving obscured
sivity and completeness of each survey. This was done using/n /4. ccrboraing e efects of specirosconc noompieences. g
the AGN population synthesis model of Treister et al. (2004) form (1 + 2)+, the thick dashed line shows= 0.4 and the thin dashed lines
as modified by Treister & Urry (2005). This model explains showa = 0.5 top) and 0.3 bottom).
at the same time the X-ray, optical, and infrared number counts
of AGNs in the Great Observatories Origins Deep Survey The XRB also constrains the relative fraction of obscured
(Treister et al. 2004, 2006b) and the spectral shape and intensityAGNs and their evolution. The strongest constraints come from
of the extragalactic XRB (Treister & Urry 2005). In practice, 1 to 10 keV, since at high energies the effects of obscuration
most of the model parameters are irrelevant to the present calare less important, and fortunately, the spectrum of the XRB
culation, as it depends mainly on the host galaxy luminosity in this energy range has been well measured. On the basis of
and evolution. We assumed &n luminosity and a Sc-like XMM-Newton observations, De Luca & Molendi (2004) re-
evolution as given by Poggianti (1997). (We checked that the ported an integrated XRB flux in the 2-10 keV band of
results do not depend significantly on the type of host-galaxy (2.24+ 0.16) x 10 ** ergs cm? §' . Integrating our AGN
evolution assumed.) We also assume a local ratio of obscuredpopulation synthesis model gives, for= 0  (i.e., a nonevolv-
to unobscured AGNs o3 : 1, in agreement with observations ing obscured AGN fraction)2.3 x 10* ergs ¢ ~'s . In-
(e.g., Risaliti et al. 1999), and this ratio was assumed to declinecorporating the evolution with redshift, we obtain 2.1, 2.04,
with increasing luminosity but to remain constant with redshift. and 2.00 x 10°** ergs cn? 8 fow = 0.3 , 0.4, and 0.5,
The expected fraction of obscured AGNSs as a function of red- respectively. (Larger values of imply a lower integrated flux
shift for the observational parameters of our supersample de-at low energies because of a higher relative fraction of obscured
clines sharply above~ 1 (Fig. &yp panel, solid line), mainly AGNSs, in which most of the soft X-ray emission is absorbed.)
because of spectroscopic incompleteness. Similarly, usingChandra observations, Hickox & Markev-
itch (2006) report an integrated flux value of (170.2) x
10 " ergs cm? s' for the 2—8 keV band. In comparison, for
a = 0wefind1.8x 10 ™ ergscm® $ inthe 2-8 keV band,

The observed fraction of obscured AGNs at high redshift is and 1.7, 1.6, and.5 x 10** ergs ¢ 's far= 0.3 , 0.4,
higher than that expected if the intrinsic fraction does not and 0.5, respectively. We conclude that the XRB fawers
evolve. In the bottom panel of Figure 2 we show the obscured 0.3 in good agreement with the value found from the observed
AGN fraction relative to the expected value. Clearly, it in- fraction.
creases significantly with redshift, roughly ék+ z)* , with Since forming galaxies may be expected to have more dust,
o = 0.3-0.5(Fig. 2, bottom panel, thin dashed lines; best fit, the increase in the relative fraction of obscured AGNSs at high
« = 0.4, thick dashed line). This value ef does not change redshift may be due to an increase in the contribution to ob-
significantly if a different host galaxy evolution is assumed, scuration by galactic dust. Combining hard X-ray and mid-
and it is consistent with the value of 0.3 reported by Ballantyne infrared observations, Lutz et al. (2004) found a similar ratio
et al. (2006). Similar evolution was found by La Franca et al. of hard X-ray to mid-infrared flux for obscured and unobscured
(2005) and Akylas et al. (2006) based on a much smaller sam-AGNs, contrary to the predictions of the simplest AGN uni-
ple, but we classify AGNSs via optical spectroscopy rather than fication paradigm, in which the obscuration comes from the
X-ray spectral fitting and thus avoid thé{rcorrection bias. dusty torus and therefore the mid-infrared emission is reduced

/Total AGN

Obsc
0.1

—
o

Obsc/Total AGN (rel to constant)

3. RESULTS AND DISCUSSION
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due to self-absorption. This result can be explained if the ob- sr* (Madau & Pozzetti 2000), while Hauser & Dwek (2001)
scuration comes from a much more extended region, i.e., kilo-found values in the range 45-170 nWm “’sr . Hence, the
parsec, galactic scales rather than a compact parsec-scale torusontribution of AGNSs to the total extragalactic light is at most
Furthermore, signatures for extended absorbing regions have-8%. This contribution can be larger by2 times if a large
been detected in nearby galaxies like NGC 1068 (e.g., Bocknumber of Compton-thick AGNs are missed by current X-ray
et al. 1998) and NGC 4151 (Radomski et al. 2003). Heavy surveys; however, this is unlikely based on hard X-ray obser-
absorption at kiloparsec scales has routinely been found invations withINTEGRAL andSwift (Treister et al. 2006a; Mark-
ultraluminous infrared galaxies (ULIRGS), which suffer a very wardt et al. 2005).

strong evolution (e.g., Saunders et al. 1990). Hence, it seems According to the Soltan argument (Soltan 1982), AGN lu-
likely that the change in the relative fraction of obscured AGNs minosity traces the accretion of mass onto the central black
could be related to galactic-scale absorption, in particular sincehole. The conversion factor between the emitted luminosity

some ULIRGs also contain an obscured AGN (e.g., Arp 220; and the accreted mass is the efficiengylJsing our estimate

Iwasawa et al. 2005).

The contribution of AGNs to the bolometric energy budget local black hole mass density,= 4.6°}3 x 10° M
of the universe is a matter of debate. While it is now clear that (Marconi et al. 2004), we fing = 0.11'393
AGNs are the major contributor in X-rays, they only constitute the observed value @f = (2.9 + 0.46) x 10° M

of the integrated AGN luminosity together with the observed
Mpc

. If instead we use
Mpe re-

~5%-10%, depending on wavelength, of the total infrared ported by Yu & Tremaine (2002), we get= 0.17+ 0.02 .
emission (e.g., Treister et al. 2006b). Here we calculate theThe derived accretion efficiency is thus comparable to the typ-
total light from AGNSs integrated across all wavelengths; bo- ically assumed value; ~ 0.1

lometric corrections to the 2—-10 keV luminosity are derived

from the AGN spectral energy distributions of Treister et al.

In summary, the fraction of obscured AGNs increases with
redshift, following an evolution of the forl + 2)>*°* . This

(2004) as described by Treister et al. (2006a). This leads toevolution could be related to an increase in the dust content

luminosity-dependent corrections that range fre® for low-
luminosity AGNSs to~100 for quasars, in good agreement with

of host galaxies at earlier epochs. The AGN contribution to
the total extragalactic light is smalk8%. Combining this

observations (e.g., Kuraszkiewicz et al. 2003; Barger et al. estimate with the observed local black hole mass density, we

2005). Integrating over the full AGN population, the total bo-
lometric light from AGNs is 3.8 nW n? st . This value is

independent of the obscured AGN fraction, since we are cal-

find an average radiative efficiency pf~ 0.1-0.2
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