THE ASTROPHYSICAL JOURNAL, 677:127—136, 2008 April 10
© 2008. The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE HOST GALAXIES AND BLACK HOLES OF TYPICAL z ~0.5-1.4 AGNs

ALMUDENA ALONSO-HERRERO,I’Z PasLo G. PéRliZ-GONzALlaz,Z’3 GEeorGE H. RIEKE,2 Davip M. ALEXANDER,4
] 5 2 2 6
ANE R. RiGBY,” Casey Parovich,” JENNIFER L. DoNLEY,” AND DimiTrRA RicopouLou
Received 2007 August 27; accepted 2007 December 17

ABSTRACT

We study the stellar and star formation properties of the host galaxies of 58 X-ray—selected AGNs in the GOODS
portion of the Chandra Deep Field South (CDF-S) region atz ~ 0.5—1.4. The AGNs are selected such that their rest-
frame UV to near-infrared spectral energy distributions (SEDs) are dominated by stellar emission,; i.e., they show a
prominent 1.6 ym bump, thus minimizing the AGN emission “contamination.” This AGN population comprises
approximately 50% of the X-ray—selected AGNs at these redshifts. We find that AGNs reside in the most massive
galaxies at the redshifts probed here. Their characteristic stellar masses (M, ~ 7.8 x 10'" and M, ~ 1.2 x 10! M, at
median redshifts of 0.67 and 1.07, respectively) appear to be representative of the X-ray—selected AGN population at
these redshifts and are intermediate between those of local type 2 AGNs and high-redshift (z ~ 2) AGNs. The
inferred black hole masses (Mpy ~ 2 x 10% M..) of typical AGNs are similar to those of optically identified quasars at
similar redshifts. Since the AGNs in our sample are much less luminous (L;_jgkev < 10% erg s_l) than quasars,
typical AGNs have low Eddington ratios (n ~ 0.01-0.001). This suggests that, at least at intermediate redshifts, the
cosmic AGN “downsizing” is due to both a decrease in the characteristic stellar mass of typical host galaxies and less
efficient accretion. Finally, there is no strong evidence in AGN host galaxies for either highly suppressed star for-
mation (expected if AGNs played a role in quenching star formation) or elevated star formation when compared to
mass-selected (i.e., IRAC-selected) galaxies of similar stellar masses and redshifts.

Subject headings: galaxies: active — galaxies: evolution — galaxies: high-redshift — galaxies: stellar content —

infrared: galaxies
Online material: color figures

1. INTRODUCTION

One of the challenges faced by galaxy formation models is to
explain the population of today’s red massive quiescent elliptical
galaxies. In the current hierarchical galaxy formation paradigm,
massive galaxies are formed via mergers of less massive gal-
axies, which in turn fuel intense star formation and feed massive
black holes. One of the main difficulties is to find mechanisms to
stop the processes of intense star formation and to allow galaxies
to migrate from the so-called blue cloud, or late-type star-forming
galaxies, to the so-called red sequence, or early-type quiescent gal-
axies (see, e.g., Bell et al. 2004, 2007). Feedback from active ga-
lactic nuclei (AGNs) has been proposed as an efficient process for
suppressing any further star formation during the late stages of
galaxy evolution, while still allowing black holes to continue to
grow (see, e.g., Springel et al. 2005; Croton et al. 2006). See
Hopkins et al. (2007 and references therein) for a detailed dis-
cussion of this and other related issues.

Some tantalizing evidence of the possible role of AGNs in
galaxy evolution is the location of local optically selected AGNs
(e.g., Salim et al. 2007; Martin et al. 2007) and moderate-z
X-ray—selected AGNs (Sanchez et al. 2004; Nandra et al. 2007)
in the transition between the red sequence and the top of the blue
cloud, which is the region also known as the “green valley.”
These intermediate colors may indicate that AGNs play a role in
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causing or maintaining the quenching of star formation. How-
ever, in the local universe, AGNs with strongly accreting black
holes tend to be hosted in massive galaxies with blue (i.e., star-
forming) disks and young bulges (Kauffmann et al. 2003b, 2007),
which implies a close link between the growth of black holes and
bulges. Clearly, the relationship between AGNs and star forma-
tion is a matter of strong debate.

About half of the sources with X-ray luminosities of = 10* ergs~'
(i.e., that are suggestive of the presence of a moderately luminous
AGN) that have been detected in deep (>1 Ms) X-ray surveys do
not show broad lines or high-excitation lines characteristic of
AGN:s in their optical spectra (see, e.g., Barger et al. 2003; Cohen
2003; Szokoly et al. 2004; review by Brandt & Hasinger 2005).
Since the AGN emission of these optically dull AGNs does not
dominate their rest-frame UV to near-infrared (NIR) emission
(Rigby et al. 20006), they are the ideal targets with which to study
their host galaxies and investigate the role of AGNs in galaxy
evolution.

In this paper we study the host galaxies of X-ray—selected
AGNSs with stellar-dominated spectral energy distributions (SEDs)
at intermediate redshifts (0.5 < z < 1.4) in the Chandra Deep
Field South (CDF-S), using UV, optical, NIR, and Spitzer data.
The AGN host galaxy properties are then compared with those
of IRAC-selected (i.e., stellar mass—selected) galaxies at simi-
lar distances that were studied by Pérez-Gonzalez et al. (2008).
Throughout this work, we assumed the following cosmology:
Hy=70km s~ ! Mpc™!, Q) = 0.3, and Q, = 0.7.

2. SAMPLE SELECTION AND DATA

We first started with all the CDF-S X-ray sources (Giacconi et al.
2002; Alexander et al. 2003) with spectroscopic and photometric
redshifts in the range 0.5 < z < 1.4 (Zheng et al. 2004). Then we
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Fic. 1.—Top: Rest-frame SEDs, normalized at ~1-2 pm, of CDF-S AGNs at 0.5 < z < 0.8, whose integrated UV through NIR SEDs are dominated by stellar emis-
sion. The numbers given next to the symbols in the upper left corners of the plots are the Giacconi et al. (2002) IDs. From left to right, galaxies are plotted for decreasing IR
luminosity—to—stellar mass ratios relative to the mass dependence found for IRAC-selected galaxies (see more details in § 5.2). These ratios are a measure of the specific
SFR if the IR luminosity is not dominated by AGN emission. Bottom: Same as above, but for AGNs at 0.8 <z < 1.4.

restricted our sample to those X-ray sources in the Great Obser-
vatories Origins Deep Survey (GOODS) portion of the CDF-S
region that has the deepest Spitzer IRAC (Fazio et al. 2004) and
MIPS (Rieke et al. 2004) observations (see Pérez-Gonzalez et al.
2008). We cross-correlated the positions of the X-ray sources
with the IRAC-selected (for simultaneous detections at 3.6 and
4.5 pm) galaxies of Pérez-Gonzalez et al. (2008), using a separa-
tion of <1.5”. The 75% completeness limits for the CDF-S field
in this sample are 1.6 and 1.4 uJy at 3.5 and 4.5 pm, respectively.

We also used the CDF-S photometric catalogs of Pérez-Gonzalez
et al. (2008) to construct the SEDs of the X-ray sources. These
catalogs include data from the two other IRAC bands, as well as
UV, optical, NIR, and Spitzer MIPS 24 um data (see Pérez-
Gonzalez et al. [2005, 2008] for a complete description of the
data set and source matching). The MIPS 24 um catalog is 75%
complete down to 80 pJy. Finally, we cross-correlated the X-ray
sources with the Spitzer MIPS 70 pm catalog for the CDF-S
(Papovich et al. 2007), which is 50% complete for sources with
flux densities down to £,(70 pum) ~ 3.9 mly.

Out of the 112 X-ray sources with IRAC detections in the field
described above, we selected for this study AGNs with stellar-
dominated UV through NIR SEDs, and in particular those with a
strong 1.6 um bump. Our selection thus excluded X-ray sources
with AGN-dominated SEDs, such as IR power-law galaxies
(Alonso-Herrero et al. 2006; Donley et al. 2007), IRAC color-
color—selected AGNs (Lacy et al. 2004; Stern et al. 2005), and
galaxies without a prominent 1.6 ym bump (e.g., Daddi et al.

2007). We also removed from our sample X-ray sources with
nearby companions of similar brightness that could contaminate
the observed mid-IR (MIR) SEDs, particularly the IRAC bands.
The final sample contains 58 AGNSs.

Most (52 out of 58) of the AGNs in our sample have spec-
troscopic redshifts and type classifications (Szokoly et al. 2004;
Vanzella et al. 2006). The majority (46 out of 52) are classified as
optically dull; that is, AGNs that do not show any evidence for
accretion from their optical spectra. These include AGNs clas-
sified as low-excitation and absorption-line AGNs (see Szokoly
et al. 2004). The remaining six AGNs with spectroscopic infor-
mation show high-excitation lines or broad lines (Szokoly et al.
2004) and will be referred to as optically active AGNs. For the
six AGNs in our sample that do not have spectroscopic informa-
tion, we estimated photometric redshifts (see § 3).

The rest-frame SEDs of the 58 AGNs are shown in Figure 1
for two different redshift bins: 0.5 <z < 0.8and 0.8 <z < 1.4,
which correspond to approximately similar ranges of cosmic
times for the assumed cosmology.

The selected AGNs have rest-frame absorption-corrected hard
(2—-10keV) X-ray luminosities that are above 10*! erg s~! (from
Tozzi et al. 2006). Figure 2 compares the X-ray column densities
with the absorption-corrected hard X-ray luminosities (from
Tozzi et al. 2006) for all the X-ray sources (circles) detected by
IRAC in the GOODS field. We marked the AGNss with stellar-
dominated SEDs that were selected for this study with filled
circles.
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FiG. 2.— X-ray column density vs. rest-frame absorption-corrected hard X-ray
luminosity (both from Tozzi et al. 2006) for the X-ray—selected AGNs (circles) in
GOODS that were detected by Spitzer at 0.5 < z < 1.4. Our sample of AGNs
with stellar-dominated SEDs are shown as filled circles. We also mark with
crosses the optically dull AGNs with nearby companions that were not included
in the present analysis. When the X-ray column densities were estimated by Tozzi
et al. (2006) to be zero, we plot them at 10?° cm™~2. [See the electronic edition of
the Journal for a color version of this figure.]

Figure 2 clearly shows that a large fraction of AGNs with hard
X-ray luminosities below ~10% erg s~! have SEDs that are dom-
inated by stellar emission (see also Donley et al. 2007). At higher
hard X-ray luminosities, only those AGNs with large X-ray col-
umn densities have stellar SEDs (see also Polletta et al. 2006,
2007). At low absorptions (Vg < 10?2 cm~2), the AGN emission
becomes more apparent in the integrated SEDs, but there are some
X-ray sources that have both low values of Ny and stellar-dominated
SEDs. These sources will be studied in more detail in § 4.1.

The X-ray properties of our sample of AGNs (Fig. 2) are
consistent with recent findings on the nature of optically dull
AGNS. Rigby et al. (2006) estimated that in ~50% of all optically
dull AGNs, the AGN emission lines could be diluted by the stel-
lar emission from the host galaxy (see also Moran et al. 2002),
whereas in the rest, extinction from the host galaxy may be re-
sponsible for hiding the AGN optical lines. The latter conclusion
was based on a comparison of the inclination angle distributions
of the host galaxies of optically dull and optically active AGNS.
Recently, Caccianiga et al. (2007) proposed that the most likely
explanation for optical dullness at low X-ray luminosities is dilu-
tion by a massive host galaxy, while at high X-ray luminosities
the dullness is due to absorption.

3. MODELING OF THE STELLAR
EMISSION AT Agest < 4 pm

This section describes briefly (see Pérez-Gonzalez et al. 2008
for a full description) the procedure for modeling the SEDs at
wavelengths of A,y < 4 pm. This modeling is general to the
IRAC-selected sample of Pérez-Gonzalez et al. (2008) from
which we extracted the stellar masses (this section) and the star
formation rates (§ 4.2) for our sample of AGNs. The method in-
volves a two-step process in which the galaxies with spectro-
scopic redshifts are fitted first and are then used as templates to fit
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the SEDs (and photometric redshifts) of those galaxies without
spectroscopic redshifts.

For galaxies with spectroscopic redshifts, the stellar emission
is generated with the PEGASE code (Fioc & Rocca-Volmerange
1997), under the assumption of a Salpeter initial mass function
(IMF; Salpeter 1955) between 0.1 and 100 M. We assumed that
the stellar emission of the galaxies can be described with one or
two stellar populations. In the case of the model with one stellar
population, the star formation rate (SFR) is modeled with a de-
clining exponential [SFR(¢) oc exp~""]. The four free parame-
ters to be fitted are the extinction (using the Calzetti et al. 2000
law), the metallicity, the timescale of the exponential law (7),
and the age (¢) of the stellar population. In the case with two
stellar populations, the old stellar population is described as for
the model with one stellar population (four free parameters), and
the young stellar population is assumed to have been formed in
an instantaneous burst, with three free parameters: extinction,
metallicity, and age. For the models with two stellar populations,
the burst strength is another free parameter that relates the mass
of the young stars to the total mass of the galaxy. In addition to
the stellar emission, we include the hydrogen gas emission in the
form of nebular continuum and emission lines.

Once the galaxies with spectroscopic redshifts are fitted, they
are used as templates for fitting the SEDs of those galaxies
without a spectroscopic redshift. With the best model and best
photometric redshift established, the stellar mass of the galaxy is
obtained by scaling the models to the observed SED. The value
of the stellar mass (M, ) is computed as the average of the stellar
masses computed for each observed photometric band. Although
most (52 out of 58) of the AGNs in our sample have spectro-
scopic redshifts (Szokoly et al. 2004; Vanzella et al. 2006), we
refitted their SEDs using the library of templates. The stellar
masses derived with the photometric redshift were then rescaled
to the spectroscopic redshift.

As is discussed in great detail by Pérez-Gonzalez et al. (2008),
there are a variety of effects that can introduce systematic errors
in the determination of stellar masses. In addition to the intrinsic
uncertainties associated with fitting the SEDs (typically a factor
of 2-3), other effects include the choices of stellar population
libraries, extinction law, and IMF, as well as the number of stel-
lar populations (in our case, one population vs. two populations).
These effects introduce uncertainties that are on the order of or
smaller than those intrinsic to the SED fitting.

Even though we selected our AGNSs such that their SEDs are
clearly dominated by stellar emission, the possible effect of the
AGN emission in the determination of the stellar masses is a
valid concern. In particular, such a concern was raised by Daddi
et al. (2007) when estimating the stellar masses of z ~ 2 galaxies
with MIR excesses that were thought to host obscured AGNS.
These authors argued that the possible AGN contribution in the
form of hot dust at A,y > 1.6 um might cause overestimation of
the stellar masses, but only at a modest level and generally within
the systematic errors.

Daddi et al. (2007) estimated the stellar masses using empir-
ical calibrations based on B-, z-, and K-band photometry. We
believe our method is less susceptible to the effects of AGNs be-
cause we use population synthesis models to fit the entire ob-
served SEDs, and the stellar masses are computed as the average
of the stellar masses in all the photometric points. Pérez-Gonzalez
et al. (2008) discussed in detail the effects of the presence of a hot
dust component (which could be associated with an AGN) in the
determination of the stellar masses of AGNs. They concluded that
the AGN effects on the estimated stellar masses are negligible for
X-ray sources with observed (i.e., not corrected for absorption)
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FiG. 3.— Left: Examples of rest-frame observed SEDs (in units of Jy; filled squares) of optically dull AGNs with low X-ray absorptions (N < 10%?> cm~2). For each
galaxy, the Elvis et al. (1994) median quasar template (solid line in the same color as the galaxy data points) is plotted, scaled to the hard X-ray flux. These are those
optically dull AGNs with low values of Ny for which the predicted AGN emission accounts for between approximately 30% and 100% of the observed 24 ym flux density.
Middle and right: Examples of optically active AGNs in the same redshift interval studied here, also with low X-ray absorptions (N < 10?' cm~2). In the middle panel,
three AGNs (objects 52, 53, and 78 in Szokoly et al. 2004) are included in our sample of AGNs. Again, the Elvis et al. (1994) template is scaled to the observed hard X-ray

flux of each AGN.

luminosities of Lx < 10* erg s~! (see also Donley et al. 2007).
All the AGNs in our sample are well below this limit.

4. THE IR EMISSION

In this section, we evaluate whether the MIR emission of our
sample of AGNs is likely to be due to the AGNs or to star for-
mation. We then use the Spitzer data to model the total IR (8—
1000 pm) luminosity (Lir) and to derive SFRs.

4.1. The Observed 24 pum Emission of Low-Ny AGNs

The X-ray column density can be used to classify AGNs into
type 1 (direct view of the AGN; Ny < 10?> cm~?) and type 2
(obscured view of the AGN). Rigby et al. (2004), using local AGN
templates, showed that for low column densities, the 24 um to
hard X-ray flux ratio should remain approximately constant,
whereas for high column densities this ratio varies by factors of
a few. We test whether the 24 ;sm emission can be solely explained
as being produced by dust heated by the putative AGN, or
whether an additional mechanism (i.e., star formation) is needed.
This is tested for the 18 optically dull AGNs (that is, those with-
out evidence for accretion from the optical spectra) in our sample
that have values of Ny < 1022 cm~2. To do so, we scaled the me-
dian quasar template of Elvis et al. (1994) to the 2—10 keV flux
(from Tozzi et al. 2006) for each of the 18 optically dull AGNs
with low values of Ny. The predicted AGN 24 ym flux densities
were then compared with observed values.

We only find five optically dull AGNs with low values of Ny
(Fig. 3, left) for which between 30% and 100% of their observed
24 um flux densities could be accounted for with the predic-
tions from their AGN hard X-ray fluxes. These five AGNs show
the highest X-ray fluxes among the optically dull AGNs with low
values of Ny. For the rest (including some galaxies with Ages¢ ~
3-5 pum excesses), the predicted AGN 24 pm flux densities are
below approximately 15% of the observed value, and thus most
of their MIR emission is probably produced by star formation.
In our analysis, we will assume that star formation dominates
the 24 pm emission of these galaxies and of those that are simi-
lar except for having larger absorbing columns for their X-ray
sources.

For comparison, the middle and right panels of Figure 3 show
afew examples of the SEDs of optically active AGNs with Ny <

10?! cm~2 and their corresponding scaled quasar templates. The
middle panel includes three optically active AGNs in our sample
(objects 52, 53, and 78 in Szokoly et al. 2004). Only the MIR
emission of one of them (object 53) is fully accounted for by the
predictions from the AGN X-ray flux. From the right panel of Fig-
ure 3, it is clear that the AGN signatures (the UV bump and hot
dust emission around A ~ 2—5 pm and beyond) become dom-
inant for the most X-ray—luminous AGNss (see, e.g., Barmby et al.
2006; Polletta et al. 2006, 2007; Donley et al. 2007).

4.2. Modeling of the IR Emission

After the stellar emission was modeled, as is described in § 3,
the predicted stellar fluxes were subtracted from the observed
photometric data points at ..t > 4 pm. The resulting dust emis-
sion out to the MIPS 24 pm photometric point was then fitted
using the Chary & Elbaz (2001) models to derive the IR lumi-
nosity. For the 24 pm nondetections (10 out of the 58 AGNs in
our sample), the value of L was computed by assuming an
upper limit to the 24 pm flux density of 60 pJy, which is the 50%
completeness limit of our catalog. The unobscured star forma-
tion is assumed to be traced by the UV monochromatic 2800 A
luminosity, as fitted by the stellar model. The total SFRs were
computed as the sum of the IR and UV luminosities, which were
converted to SFRs using the prescriptions of Kennicutt (1998).

Although we do not use the MIPS 70 um photometric points
to model the IR luminosities, we can check whether or not the
f,(70 um)/f,(24 pm) ratios or upper limits are consistent with
star formation, as assumed. Only three optically dull AGNs are
detected at 70 pum, all of which are in the 0.5 < z < 0.8 bin (see
Papovich etal. 2007 for more details). None of these three sources
with 70 pm detections have observed f,(70 pm)/f,,(24 pm) ratios
that are consistent with those expected from hot dust arising from
a vf,, = constant distribution [ £,(70 pm)/f,(24 pm) = 2.9, simi-
lar to optically selected quasars; Elvis et al. 1994; see Fig. 3; or
AGN-dominated SEDs; see, e.g., Alonso-Herrero et al. 2006].
Neither are these colors consistent with those of IR-bright AGN's
such as Mrk 231 [ /(70 pm)/f,(24 pum) ~ 7-9, for our redshift
range]. The behavior of the £,(70 yum)/f,(24 pm) ratio of opti-
cally dull AGNs is, however, similar to other sources (both de-
tected and undetected in X-rays) in the same redshift range (see
Papovich et al. 2007), as well as to empirical templates of local
star-forming galaxies.
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Since most of the optically dull AGNs with low absorptions have
only modest X-ray luminosities (Ly_jg ey < 2—3 X 10% erg sl
see Fig. 2), we consider the possibility that they do not contain an
AGN, and thus that their X-ray luminosities could be produced
by star formation. To do so, we can compare our total UV+IR SFRs
with the SFRs predicted from their hard X-ray luminosities using
the relation inferred by Ranalli et al. (2003). In all but one galaxy
(object 577 in Szokoly et al. 2004, which is one of the galaxies with
a high Lir/M., ratio), the X-ray—based SFRs would be between 3
and 10 times higher than our inferred value of SFRyy g, indi-
cating that in these galaxies most of the hard X-ray emission is
not produced by star formation and that indeed they do contain a
(low-luminosity) AGN.

4.3. The Average Stellar Ages of the Host Galaxies

In Figure 1, the observed SEDs (normalized at Aoy = 1-2 pum)
are shown for the two redshift bins and are sorted according to
their fitted Lir/M, ratios. If the AGN contribution to the MIR emis-
sion is small, these ratios are a good proxy for the specific SFRs
(i.e., star formation rate per unit stellar mass). From the modeling of
the stellar SEDs (see § 3), we find that most galaxies with high
Lir/M, ratios are fitted with younger models than those with low
Lir/M, ratios.

An independent way to estimate the average ages of the
host galaxy stellar populations is to measure the 4000 A break
(see Kauffmann et al. 2003a, 2003b and references therein). The
optical spectra (from Szokoly etal. 2004) of some 0.5 < z < 0.8
AGNSs with high and low Lir /M, ratios (as in Fig. 1) are shown in
Figure 4.7 The average D, (4000)-values for the AGNs in Figure 4
with high and low Lir/M, ratios are ~1.4 and ~1.7, respectively.
Thus, there is some marginal evidence for the AGN host galaxies
with the lowest Ljgr/M, ratios to show larger 4000 A breaks (i.e.,
older stellar populations) than the galaxies with high Lir/M, ra-
tios. These D, (4000)-values are similar to those of high-z AGNs
identified by Kriek et al. (2007).

The measured D,(4000)-values for our sample of AGNs in-
dicate relatively young ages of between 0.8 and 2.5 Gyr for an
instantaneous burst (using Fig. 2 of Kauffmann et al. 2003a).
These ages, as well as the ages of local-universe type 2 AGNs
(Kauffmann et al. 2003b) and intermediate-z type 1 AGNs (Sanchez
et al. 2004), are younger than those of local quiescent massive gal-
axies, but consistent with the ages of IRAC-selected galaxies of
similar masses (see Pérez-Gonzalez et al. 2008).

Those galaxies in our sample (about one-third) with high
Lir/M, ratios (Fig. 1, lefi) tend to show an excess of At ~ 3—5 um
emission over the expectations of the stellar emission for an
evolved stellar population. Although in most cases these MIR
excesses can be accounted for by the gas + stellar emission asso-
ciated with a young stellar population, we cannot rule out some
contribution from warm dust emission associated with the putative
AGN:Ss. By our selection criteria (i.e., a prominent 1.6 pm stellar
bump), the MIR excesses in our galaxies occur at Agegy > 3 pm,
unlike the MIR-excess galaxies of Daddi etal. (2007) and IR power-
law galaxies (Alonso-Herrero et al. 2006; Donley et al. 2007), in
which the MIR excesses appear at e ~1.6 um. However, a large
fraction (two-thirds) of the sample show no MIR excesses out to
Arest ~ 5 um, with their MIR emission being entirely consistent
with that of an evolved stellar population. Thus, in these galaxies
the AGN emission appears to be completely buried out to Arest <
5 pum, and possibly to longer wavelengths.

7" At higher redshifts this feature is too close to the edge of their optical
spectra.
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Fic. 4—Normalized rest-frame spectra (from Szokoly et al. 2004) showing
the spectral region of the [O 11] 23727 line and the 4000 A break for AGNs in our
sample at 0.5 < z < 0.8. The shaded regions indicate the bandpasses that were
defined by Balogh et al. (1999) to measure the D,,(4000) index and that were used
by Kauffmann et al. (2003a, 2003b) to derive the star formation histories of local
AGNSs. The thick lines in the bandpasses are plotted to guide the eye and cor-
respond to the approximate average continuum level. The top and bottom panels
show AGNs with high and low Lir/M. ratios (galaxies from the top left and top right
panels of Fig. 1), respectively.

5. HOST GALAXY PROPERTIES
5.1. Stellar Masses

Figure 5 shows the stellar masses versus redshift for our sam-
ple of AGNs, compared with the distribution of stellar masses
for the IRAC-selected sample of galaxies of Pérez-Gonzalez et al.
(2008). At the redshifts probed here, the IRAC-selected com-
parison sample is essentially a stellar mass—selected sample.
Clearly, X-ray—selected AGNs reside in galaxies with a range
of about an order of magnitude in mass, including some that
are among the most massive at these intermediate redshifts. The
characteristic stellar masses (measured as the median of the dis-
tributions) are 7.8 x 10'° M, (36 galaxies) at 0.5 < z < 0.8 (me-
dian redshift of 0.67) and 1.2 x 10! M, (22 galaxies) at 0.8 <
z < 1.4 (median redshift of 1.07). We also plot in Figure 5 as solid
lines the redshift evolution of the quenching mass (the mass above
which star formation should be mostly suppressed) inferred by
Bundy et al. (2006), using two different methods. The fraction of
AGNs above the line is small, perhaps indicating that star for-
mation has not been fully suppressed yet in these galaxies (but
see also § 5.2).

It is important to stress that the AGNs studied here comprise
~50% of the X-ray—selected AGN populationat 0.5 < z < 1.4.
A pressing question is whether the derived stellar masses are rep-
resentative of the overall population of X-ray—selected AGNS.
One possibility is that AGNs with stellar-dominated SEDs (mostly
optically dull AGNs) might be hosted by massive galaxies (e.g.,
Moran et al. 2002; Severgnini et al. 2003; Caccianiga et al. 2007),
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FiG. 5.— Top: Redshift evolution of the stellar mass of our sample of AGNs in
the CDF-S (circles). We marked with small filled circles those optically dull AGNs
with M, > 10! M, and that have specific SFRs that are similar to or below the
median specific SFRs for IRAC-selected galaxies (see more details in § 5.2). The
open circles indicate the stellar masses for the six optically active AGNs in our
sample with stellar SEDs. The dotted line indicates the completeness limit of the
sample of Pérez-Gonzalez et al. (2008) for a maximally old passively evolving gal-
axy. The two solid lines show two empirical determinations (color and morphol-
ogy) of the redshift evolution of the quenching mass (converted to a Salpeter IMF)
from Bundy et al. (2006). Bottom: Redshift evolution of the stellar mass of IRAC-
selected galaxies (Pérez-Gonzalez et al. 2008) in the same field as our sample of
CDF-S AGNs. The IRAC sample includes all the AGNs plotted in the top panel.
Only galaxies with M, > 10° M, are plotted in this comparison. [See the electronic
edition of the Journal for a color version of this figure.]

causing the AGN emission lines to be buried by the galaxy emis-
sion. To test this possibility, in Figure 6, which is similar to Figure 2,
the AGNs in our sample are sorted according to their stellar masses.
There is no clear tendency for the most X-ray—luminous sources
to be hosted by the most massive galaxies. As demonstrated by
Rigby et al. (2006), extinction on large scales produced by the
host galaxy might also be responsible for hiding the AGN lines
in these galaxies.

Ideally, we would like to estimate the stellar masses for all
optically active AGNs at intermediate redshifts, but this becomes
increasingly more uncertain (see Pérez-Gonzalez et al. 2008), as for
more luminous X-ray sources the AGN emission in the optical—
NIR becomes more dominant (e.g., Barmby et al. 2006; Polletta
et al. 2006, 2007; Donley et al. 2007; see also § 4.1). The masses
of the six optically active AGNs in our sample do not appear to
be fundamentally different from those of optically dull AGNs
(see Fig. 5), although the number statistics are very small.

Another way to determine if the stellar masses of optically
dull AGNs are representative is to compare their absolute mag-
nitudes with those of optically active AGNS. If both types of AGNs
reside in similar systems, then optically active AGNs should be
more luminous in the optical and near-IR because they should have
the contributions from the host galaxy and the AGN. Rigby et al.
(2006; see their Fig. 8) already made this comparison, and they
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Fic. 6.—Similar to Fig. 2, but for only the AGNs selected for this study, which
are coded according to their derived stellar masses for the two redshift bins
considered here (0.5 < z < 0.8, circles; 0.8 < z < 1.4, stars). We also marked
with squares those optically dull AGNs with A ~ 3—5 pum excesses over pure
stellar emission from an old stellar population (Fig. 1, left). [See the electronic
edition of the Journal for a color version of this figure.)

found that broad-line AGNs (BLAGNs) with Lx > 10% erg s~!
tend to show brighter optical magnitudes than do optically dull
AGN:s of similar luminosities. Again, the number statistics are
small, but both comparisons seem to suggest that the stellar masses
of optically dull AGNs are representative of the whole X-ray—
selected AGN population at these redshifts.

Optically selected type 2 AGNs at z < 0.3 are also found to
reside in the most massive galaxies. Kauffmann et al. (2003b)
inferred a characteristic stellar mass of ~4-5 x 10" M, (for a
Salpeter IMF) for bright type 2 AGNSs (see also Heckman et al.
2004). Athigh redshifts (z ~ 2), X-ray—selected AGNs appear to
be hosted by even more massive galaxies (M, ~ 1-2 x 10! M),
although the mass estimates have only been done for a few
galaxies (see Borys et al. 2005; Daddi et al. 2007; but see also
caveats discussed by Alexander et al. 2007). Similarly, Kriek
etal. (2007) find thatz ~ 2.3 AGNs identified in K band—selected
galaxies are hosted by very massive galaxies, but, as they point
out, itis likely that their results are biased toward the most massive
objects. The stellar masses of AGNs atz ~ 0.7 and z ~ 1.1 are
thus intermediate between those of local AGNs and high-z AGNs.

Since the stellar masses of our sample of AGNs appear to be
representative of the whole population of X-ray—selected AGNs
(see Fig. 5), we infer that approximately 25% of massive galaxies
(M, > 10! M) at the redshifts probed here contain an X-ray—
identified AGN. We also took into account AGNs not included in
this study, assuming that they have stellar masses similar to the
AGNs with stellar-dominated SEDs. This fraction is similar for
the two redshift bins considered here and is consistent with the
AGN fraction in massive galaxies at higher redshifts (z > 1;
Alexander et al. 2005; Daddi et al. 2005; Papovich et al. 2006;
Kriek et al. 2007). Our estimated AGN fraction in intermediate-z
massive galaxies is only a lower limit, because presumably most
Compton-thick AGNs are missed by current X-ray surveys. At
z ~ 2 the fraction of AGNs in massive galaxies appears to be as
high as 50%—60% (Daddi et al. 2007), consistent with the view
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Fic. 7.— Redshift evolution of the specific SFR for IRAC-selected galaxies in
a number of cosmological fields. This figure is an updated version (it now in-
cludes additional data for the extended Groth strip; P. Pérez-Gonzalez et al. 2008,
in preparation) of Fig. 10 by Pérez-Gonzalez et al. (2008), but here we only show the
mass intervals that are of interest for our sample of AGNs. The dashed and dotted
lines represent the median specific SFRs for the 2 x 1010 M, < M, < 10" M,
and 1011 M, < M, < 5x10'" M, mass ranges, respectively. We also show the
quartiles of the distribution of specific SFRs of IRAC-selected galaxies for each
of the two mass ranges as the shaded regions. The median specific SFRs for
AGNs are shown by the filled squares and triangles plotted at the median redshift.
The horizontal bars represent the ranges of redshifts. We excluded AGNs that had
MIR excesses or that were classified as optically active. [See the electronic
edition of the Journal for a color version of this figure.]

that massive black hole growth was higher when the universe
was younger.

5.2. Star Formation Activity

In this section we quantify the star formation activity of AGNs
with stellar-dominated SEDs in relation to that of IRAC-selected
galaxies of similar stellar masses and at similar redshifts. We use
the specific SFRs as an indicator of the star formation activity
rather than the absolute SFRs, as the specific SFR measures the
rate at which new stars add to the assembled mass of the galaxy
(Brinchmann & Ellis 2000). Moreover, galaxies show distinct spe-
cific SFRs, depending on their stellar masses and redshifts (e.g.,
Brinchmann et al. 2004; Zheng et al. 2007; Pérez-Gonzalez et al.
2008), so the comparison needs to be made with this taken into
account.

Figure 7 compares the median specific SFRs for intermediate-z
AGNSs with those of the IRAC-selected sample of Pérez-Gonzalez
et al. (2008). In this comparison we excluded MIR-excess galaxies
and the six optically active AGNSs, as they may have an important
AGN contribution to their observed MIR emission that would cause
us to overestimate their IR-based SFRs. The comparison between
AGNSs and IRAC-selected galaxies is done for the two relevant
stellar mass ranges of the AGN hosts (see Fig. 5): 2 x 1010 M, <
M, < 10" M, and 10" Mo < M, < 5x10" M.

As can be seen from Figure 7, the AGN specific SFRs (at both
redshift and mass intervals) do not appear to be fundamentally
different from those of IRAC-selected galaxies. Moreover, Zheng
etal. (2007) argued against AGN feedback as the main process for
quenching star formation. Their model predicted that AGN feed-
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back would be more effective for more massive galaxies (see also
Croton et al. 2006). This would imply a more rapid decline of the
specific SFR for massive galaxies (>10'' M) than for less mas-
sive galaxies (see also Springel et al. 2005), which is observed
neither for the Zheng et al. (2007) sample nor for the IRAC-
selected sample of Pérez-Gonzalez et al. (2008; see Fig. 7).

In contrast, Kriek et al. (2007) found evidence for a relation
between the suppression of star formation and the AGN phase
for K band—selected galaxies. Kriek et al. (2007), however, pointed
out that their AGN sample may be biased toward quiescent galaxies
where AGNSs are easier to identify. In fact, if we consider their two
samples of galaxies (UV- and K band—selected), then the AGNs
have specific SFRs that are within the range observed for their
non-AGNs. In the local universe, AGNs tend to be hosted in
massive galaxies with younger stellar ages than do non-AGNs of
similar morphological types (early type) and stellar masses
(Kauffmann et al. 2003a, 2007). This was interpreted as evi-
dence that enhanced star formation is a requisite for feeding the
AGNSs. Atz ~ 1, galaxies (presumably both AGNs and non-AGNSs)
with M, ~ 1019-5 x 10!! M, are still being assembled (see Pérez-
Gonzalez et al. 2008), so perhaps it is not surprising that their star
formation rates are not significantly different.

5.2.1. Caveats

There are a number of caveats that we must consider when
trying to assess the star formation activity of our sample of AGNs.
Ashas been discussed in previous sections, there is the exact AGN
contribution to the MIR emission, although it is found generally
not to be large (§ 4.1). Also, the AGNs in the 0.8 < z < 1.4 red-
shift range tend to be more luminous in X-rays, so the AGNs
become more apparent. Even though we excluded galaxies with
MIR excesses (as we cannot rule out that these excesses might be
due to dust heated by the AGNG), the specific SFRs are formally
upper limits. Another largely unknown effect in the comparison
between AGNs and IRAC-selected galaxies is the possible
“contamination” by X-ray—identified AGNSs, as well as obscured
AGNSs, in the most massive (M, > 10'! M) systems (see § 5.1;
Daddi et al. 2007; Kriek et al. 2007) in the comparison sample.

Another concern is the possibility that the obscuring material,
which may be responsible in part for the optical dullness, might
be associated with star formation activity within the host galaxy
(e.g., Ballantyne et al. 2006; Martinez-Sansigre et al. 2006). This
would bias our sample toward star-forming galaxies when com-
pared to the most optically active AGNs not included in our
sample. Figure 8 shows a comparison between the derived UV+IR
SFRs and the X-ray absorption for our sample of AGNs. This figure
suggests a weak connection, if any, between star formation and
obscuration. It is also clear that a number of highly obscured
AGNs (Ng > 10?> cm™2) do not present high SFRs, and in these
cases the obscuration is probably not associated with extranu-
clear dust in the host galaxy.

To summarize, at intermediate z we do not find strong evidence
for either highly suppressed star formation activity or increased star
formation activity in AGNs when compared to IRAC-selected gal-
axies of similar stellar masses. We only observe that the most mas-
sive galaxies with low specific SFRs (see Fig. 5) follow the redshift
evolution of the quenching mass inferred by Bundy et al. (2000).
This may only indicate that the most massive systems hosting an
AGN are close to being fully assembled at these redshifts.

6. BLACK HOLE MASSES AND ACCRETION
RATES OF TYPICAL AGNs

The relation between the black hole mass and the bulge luminos-
ity and in particular the bulge stellar mass is now well established
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AGNSs. Symbols are as in Fig. 6 for the two redshift bins. The SFRs of galaxies
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[See the electronic edition of the Journal for a color version of this figure.]

in the local universe (e.g., Merritt & Ferrarese 2001; Marconi &
Hunt 2003). This relationship appears to hold out to z ~ 1 (Peng
et al. 2006), indicating that massive bulges were fully assembled
at this redshift (see, e.g., Glazebrook et al. 2004; Cimatti et al. 2004;
Papovich et al. 2006; Pérez-Gonzalez et al. 2008). Since the AGN
activity outtoz ~ 1.3 seems to be associated with bulge-dominated
galaxies (see Sanchez et al. 2004; Grogin et al. 2005; Pierce et al.
2007), we can use the local relationship and our stellar masses to
estimate the black hole masses of intermediate-z AGNSs.

Using the Marconi & Hunt (2003) relation and assuming that
Myuige = M., we find black hole masses for typical AGNs of ap-
proximately between 4 x 107 and 10° M, with a median value
of Mgy ~ 2 x 108 M_... These are in good agreement with the es-
timates of Babi¢ et al. (2007) for CDF-S z ~ 0.7 AGNs, which
were based on stellar masses and stellar velocity dispersions. The
resulting values of Mgy for optically dull AGNs are plotted in
Figure 9 against the absorption-corrected rest-frame hard X-ray
luminosities.

In Figure 9 we also show the Eddington ratios (1 = Lpo1/LEdq)
calculated using the bolometric corrections (Lyo/Lx ~ 30) de-
rived for Palomar-Green (PG) quasars by Elvis et al. (1994). Op-
tically dull AGNs at 0.5 < z < 1.4 with X-ray luminosities above
10% erg s~! have Eddington ratios close to those of broad-line
AGNs (~0.16; Barger et al. 2005). However, for X-ray luminos-
ities below 10 erg s~! (comparable to local Seyfert galaxies), the
Eddington ratios are much lower ( ~ 0.01-0.001, similar to the
findings of Babi¢ et al. 2007).

8 The sizes of the symbols are proportional to their rest-frame monochromatic
24 pm luminosities. If most of the MIR emission was produced by dust heated by
an AGN, one would expect a proportionality between the absorption-corrected
X-ray luminosities (a proxy for the AGN luminosity) and the MIR luminosities,
which is not observed in general for optically dull AGNs (see also Rigby et al.
2006). This again suggests that a large fraction of the MIR emission relative to the
AGN luminosity could be due to star formation.
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with the assumption of a bolometric correction of Lyo/Lx ~ 30 as derived by
Elvis etal. (1994). [See the electronic edition of the Journal for a color version of
this figure.]

One possibility for the low Eddington ratios is that we were
significantly overestimating the black hole masses: for instance,
if these galaxies were not bulge-dominated. However, the correc-
tions to the bulge masses (and thus the black hole masses) would
be on the order of ~2 and ~5-6 if the morphological types were
S0/a and Sc, respectively (see, e.g., Marconi et al. 2004; Dong &
De Robertis 2006), if we assume that the NIR luminosity traces
the stellar mass. Recently, Ballo et al. (2007) derived bulge mag-
nitudes for X-ray sources in the CDF-S and found that in general,
in the ACS z band, the ratios of bulge luminosity to total luminos-
ity are between 0.4 and 1. For the two sources in our sample that
are in common with theirs, these ratios are 0.6—0.8. From this, the
black hole masses quoted here should be taken as upper limits and
the Eddington ratios as lower limits, although the corrections are
likely to be relatively small.

The AGN hosts in our sample follow very well the redshift
evolution of the quasar host mass derived by Hopkins et al. (2007)
from the quasar optical luminosity function. This is interesting,
because our AGNs are not X-ray quasars (i.e., Lx < 10* ergs—!
see Fig. 2). This is also indirect evidence that the accretion rates
of optically dull AGNs are lower than those of bright quasars. In
§ 5.1, on the other hand, we found that the characteristic stellar
masses of intermediate-z AGNs are between those of local AGNs
and high-z (z > 2) AGNs. This would appear to support the in-
terpretation of Heckman et al. (2004) for the AGN “downsizing”
phenomenon. In this scenario, the fact that the space density of
low-luminosity AGNs peaks at lower redshifts than that of more
luminous AGNs (see Ueda et al. 2003) is explained by a decrease
of the characteristic mass of actively accreting black holes (and
thus the stellar mass of the host) rather than by a decreasing ac-
cretion rate (see also Barger etal. 2005). Since it is these low X-ray
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luminosity AGNs that dominate the X-ray background at the red-
shifts considered here, the AGN “downsizing” is not only due to a
decrease in the characteristic stellar mass (see § 5.1), but also to
lower Eddington ratios.

7. SUMMARY AND CONCLUSIONS

We studied a sample of 58 X-ray—selected AGNs at inter-
mediate redshifts (z ~ 0.5—1.4) in the GOODS portion of the
CDF-S. The AGNs were selected such that their rest-frame UV
to NIR SEDs were dominated by stellar emission and, in partic-
ular, showed a prominent 1.6 ;zm bump. This selection minimized
the AGN contamination, which is essential when studying the
properties of their host galaxies. Since AGNs with stellar-
dominated SEDs comprise approximately 50% of the population
of X-ray—selected AGNSs, they are a cosmologically important
class of AGNs. We fitted their rest-frame UV through MIR
SEDs, using stellar and dust models to derive the stellar masses,
as well as the total (UV+IR) SFRs.

As previously discussed in other works (e.g., Severgnini et al.
2003; Rigby et al. 2006; Caccianiga et al. 2007), the optical
dullness might be due to various causes. We find that dilution by
a massive host galaxy is only in part responsible, as the mass of
the host galaxy is independent of the X-ray luminosity and ab-
sorption of the AGN. Extinction on large scales may also play a
role, and this is presumably relatively prevalent in the lower
mass optically dull AGN hosts. From this and the derived stellar
masses of a few optically active AGNs with stellar SEDs, we
conclude that the derived stellar masses of our sample of AGNs
are representative of the entire X-ray—selected AGN population
at these redshifts.

About one-third of our AGNs show At ~ 3—5 pum excesses
above the expected stellar emission from an old stellar popula-
tion, together with high Lir/M, ratios. Although these MIR ex-
cesses could be interpreted as evidence for the putative AGNs
(i.e., hot dust), these galaxies tend to have smaller 4000 A breaks.
That is, galaxies with MIR excesses have younger average stellar
populations (an indication of recent or ongoing star formation)
than do galaxies with low Lir/M, ratios. This may indicate that
AGN emission is responsible for most of the MIR emission only
in some galaxies. For the rest of the sample, there is no evidence
for AGN emission out to approximately Ages ~ 5 pm, and the
MIR emission of these galaxies is likely to be produced mostly
by star formation.

X-ray—identified AGNs are found to reside in galaxies with a
range of stellar masses (M, ~ 2 x 10'°-5 x 10! M, for a Salpeter
IMF), including the most massive galaxies at intermediate redshifts.
We infer characteristic (median) stellar masses of M, ~ 7.8 x 10'°

HOST GALAXIES AND BLACK HOLES OF TYPICAL AGNs 135

and M, ~ 1.2 x 10" M, at median redshifts of 0.67 and 1.07,
respectively. These stellar masses are intermediate between those
of local type 2 AGNs (~4 x 10'% M_; Kauffmann et al. 2003b)
and high-z AGNs (~1-3 x 10'! M_; Kriek et al. 2007; Daddi et al.
2007; Alexander et al. 2007). From a comparison with the IRAC-
selected sample of Pérez-Gonzalez et al. (2008), we find that ap-
proximately 25% of massive (M, > 10'! M) galaxies at these
redshifts contain an X-ray—identified AGN.

Using the local relation between Myyee and Mpy of Marconi
& Hunt (2003), we find that the inferred black hole masses
(Mg ~ 2 x 108 M) are similar to those of broad-line AGNSs,
although with lower Eddington ratios (n ~ 0.01-0.001) than lu-
minous quasars. Both findings suggest that, at least at interme-
diate redshifts, the cosmic AGN “downsizing” is probably due
not only to a decrease in the characteristic stellar mass of the host
galaxy (as proposed by Heckman et al. 2004), but also to less
efficient accretion, as was also found by Babic et al. (2007).

Finally, we do not find strong evidence in AGN host galaxies
for either highly suppressed star formation (which would be ex-
pected if AGNs played a role in quenching star formation) or in-
tense star formation when compared to IRAC-selected galaxies
of similar stellar masses and redshifts. This can be understood if
we take into account the fact that the host galaxies of AGNs (and
non-AGNs of similar mass) are still being assembled at the red-
shifts probed here. The main caveats regarding this conclusion
are the possible influence on it of the AGN contribution to the
observed MIR emission (although this is found generally not to
be large) and the possible bias toward intense star formation,
which could be in part responsible for obscuring the AGNs in
these objects.
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