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Executive summary

now probed down to a flux limit where the bulk of the X-ray backgd is

almost completely resolved into discrete sources, at laabe 2—8 keV band.
Extensive programs of multiwavelength follow-up obseirad showed that the large
majority of hard X—ray selected sources are identified witkivie Galactic Nuclei (AGN)
spanning a broad range of redshifts, luminosities and alggioperties. A sizable fraction
of relatively luminous X-ray sources hosting an active,spraably obscured, nucleus
would not have been easily recognized as such on the bagitichlobservations because
characterized by “peculiar” optical properties. In my Phiedis, | will focus the attention
on the nature of two classes of hard X-ray selected “eluseeices: those characterized
by high X-ray-to-optical flux ratios and red optical-to-néafrared colors, a fraction of
which associated with Type 2 quasars, and the X-ray brighitalfy normal galaxies,
also known aXBONGs In order to characterize the properties of these classelsisif/e
AGN, the datasets of several deep and large-area survegdawn fully exploited.

Thanks to theChandraand XMM-Newton surveys, the hard X-ray sky is

The first class of “elusive” sources is characterized by yctaoptical flux ratios (X/O)
significantly higher than what is generally observed frorohstured quasars and Seyfert
galaxies. The properties of well defined samples of high XdGrees detected at bright
X—ray fluxes suggest that X/O selection is highly efficientseimpling high—redshift
obscured quasars. At the limits of de€pandrasurveys £10716 erg cn? s71), high
X/O sources are generally characterized by extremely fgtical magnitudes, hence
their spectroscopic identification is hardly feasible ewath the largest telescopes. In
this framework, a detailed investigation of their X-ray peoties may provide useful
information on the nature of this important component of Xamy source population.
The X-ray data of the deepest X-ray observations ever paddr theChandradeep
fields, allows us to characterize the average X-ray prageedf the high X/O population.
The results of spectral analysis clearly indicate that tigh iX/O sources represent the
most obscured component of the X—ray background. Theirtspace harderl{ ~ 1)



than any other class of sources in the deep fields and alse d@RIB spectrumI{ ~ 1.4).

In order to better understand the AGN physics and evoluaanuch better knowledge
of the redshift, luminosity and spectral energy distribns (SEDs) of elusive AGN
is of paramount importance. The recent COSMOS survey pegvithe necessary
multiwavelength database to characterize the SEDs of sstatatly robust sample of
obscured sources. The combination of high X/O and red-sotdfers a powerful
tool to select obscured luminous objects at high redshift.lalye sample of X-ray
emitting extremely red objectR( K >5) has been collected and their optical-infrared
properties have been studied. In particular, using an g@pite SED fitting procedure,
the nuclear and the host galaxy components have been ddéwedwaver a large range of
wavelengths and ptical nuclear extinctions, black holesessind Eddington ratios have
been estimated. It is important to remark that the comlmnadf hard X-ray selection and
extreme red colors is highly efficient in picking up highlysaiired, luminous sources at
high redshift.

Although theXBONGsgo not present a new source population, the interest on thesna
of these sources has gained a renewed attention after ttavery of several examples
from recentChandraand XMM-Newtonsurveys. Even though several possibilities
were proposed in recent literature to explain why a relftiveminous (x = 10*2 —
10%erg s 1) hard X-ray source does not leave any significant signatfiies presence
in terms of optical emission lines, the very natureX@&ONGsis still subject of debate.
Good-quality photometric near-infrared data (ISAAC/VL3Y) 4 low-redshift XBONGs
from the HELLAS2XMM survey have been used to search for tles@nce of the putative
nucleus, applying the surface-brightness decomposigchrtique. In two out of the
four sources, the presence of a nuclear weak componentdhiogte bright galaxy has
been revealed. The results indicate that moderate amotigisscand dust, covering a
large solid angle (possiblyt@ at the nuclear source, may explain the lack of optical
emission lines. A weak nucleus not able to produce suffdiBhiphotons may provide
an alternative or additional explanation. On the basis adidmittedly small sample, we
conclude thakBONGsconstitute a mixed bag rather than a new source populatidrenwV
the presence of a nucleus is revealed, it turns out to be yrald$orbed and hosted by a
bright galaxy.
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Introduction

by complementing deep pencil-beam observations with@heal| larger area

surveys. Over the last few years, multiwavelength follop-aloservations of
X—ray sources have been performed to characterize theoabpd radio properties. A
broad diversity of source types is found: at variance wittiogly selected quasars, X-
ray selected AGN are characterized by a much larger spretigeinoptical properties.
A sizable fraction of relatively luminous X—ray sources timog an active, presumably
obscured nucleus would not have been easily recognizedcasosuthe basis of optical
observations (the so called “elusive” AGN) either becaussoaiated with very faint
counterparts or due to the lack of AGN emission featureseir thptical spectra.

The detailed study of the nature of the X-ray source populasideing pursued

1.1 The joint evolution of SMBHs and their host galaxies

It is now widely accepted that supermassive black holes (BMB8gH > 10° M..) reside
at the centers of most, if not all, nearby galaxies (Kormefaéichstone, 1995; Richstone
et al. 1998; Kormendy & Gebhardt 2001). Moreover, obseovetishow that the mass of
the central black hole (BH) is tightly correlated both witie iuminosity (Magorrian et al.
1998; McLure & Dunlop 2002; Marconi & Hunt 2003) and with thelecity dispersion
(i.e., the Msy-0o relation; Ferrarese & Merrit 2000; Gebhardt et al. 2000nTame et al.
2002) of spheroids.

These observational evidences support the direct link detwthe origin and evolution
of SMBHs and their host galaxies. The ubiquity of superma&s8Hs in galaxies
suggest that most or all galaxies experienced the AGN phasegheir cosmic history.
Following the “cosmic cycle” proposed by Hopkins et al. (BDOthe formation of
spheroids and the growth of SMBHs represent connected phiagbe galaxy life. At
high redshift, mergers between galaxies rich of gas drivean inflows, triggering
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starbursts and fueling the growth of central BHs. During trafsthis phase, quasar
activity is obscured by large amount of gas and dust. Whercéidral BH dominates

the source energetics, quasar feedback expels gas andrakshg the nuclear source
visible, probably for a short period, as a bright quasar. nivally, as the gas is further
heated and expelled, quasar activity can no longer be nia@atand the system relaxes
to a spheroid with a quiescent SMBH. The remnant will theraspassively and would

be available as seed to repeat this “cosmic cycle”. The physthind all these process
is still not clear, however numerical simulation and semadical models support the

scenario described above (e.g., Menci et al. 2004; Di Mated. 2005).

An observational approach to understand the coupling efges and SMBHSs is to trace
the history of the observed correlations, measuring thevifroates of BHs and stellar
bulges at earlier epochs. In order to constrain thg Nl ge relation at high redshift,
both quantities have to be measured independently.

At present, the only class of objects for which it is possiilestimate BH masses at
high redshift, with the reverberation mapping technigaehat of Type 1 AGN although
with large uncertainties (Vestergaard 2002, 2006), whitelar approach cannot be used
for obscured AGN, which are known to be more numerous (segoBek. 2).

The host galaxy luminosity is harder to measure but in thefeag years substantial
progresses have been made in separating the nuclear frdmghgalaxy component in
Type 1 AGN thanks to the HST capabilities, using either naremetric PSF subtraction
or 2-dimensional modeling (Peng et al. 2002; Jahnke et @428anchez et al. 2004;
Peng et al. 2006). In Type 2 AGN, the bulge component domsrater the nuclear light
and its luminosity should be easier to measure.

Even if several attempts have been performed, it is veryl@hgihg to measure high
redshift BH masses, mostly of Type 2 AGN, and host galaxy hasity independently;
indeed, the behaviour of the gj-luminosity relation is still matter of debate. Several
authors have found significant evolution of this relationof/\et al. 2006; Peng et al.
2006), while other authors found marginal or no evolutiontoE~ 2 (Shields et al.
2006; Hopkins et al. 2006).

To trace back the growth and the evolution of the SMBHs needistailed census and
characterization of AGN activity, especially for the obmaliones. The X-ray band is by
far the cleanest one for studying the accretion onto BHseénlthiverse at high redshift
in the quasar phase (obscured and unobscured). It is théantyin which the emission
due to the accretion processes clearly dominates the baakgrcosmic radiation and
moreover it is relatively insensitive to obscuration, aseat high energies.

1.2 The X-ray background

The X-ray background (XRB) was serendipitously discovebgdGiacconi and his
collaborators (Giacconi et al. 1962), during the first sgsbd rocket flight launched
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Figure 1.1: The cosmic XRB spectrum and predicted coninbidtom the population of Compton-thin and
Compton-thick AGN. The different XRB measurements are &ixgld on the top left: different instruments
on board HEAO-1 (Gruber 1992, Gruber et al. 1999); ASCA Gl8glno et al. 2002); ROSAT PSPC
(Georgantopoulos et al. 1996); two different measuremeyptXMM (Lumb et al. 2002, De Luca &
Molendi 2004); ASCA SIS (Gendreau et al. 1995); BeppoSAXcfVe et al. 1999); RXTE (Revnivtsev
et al. 2003). AtE > 100 keV, the plotted data points are from HEAO-1 A4 MED (radrigles: Gruber
1992, Gruber et al. 1999; shaded area: Kinzer et al. 199Updmeexperiments (blue triangles, Fukada et
al. 1975); SMM (green circles, Watanabe et al. 1997). The kluorbar at 0.25 keV is from shadowing
experiments by Warwick & Roberts (1998). Also shown are tiRBXractions resolved by Worsley et al.
(2005) in the Lockman Hole (red diamonds), CDFS (cyan cg)saed CDFN (black crosses). The resolved
fraction in the CDFS as measured by Tozzi et al. (2001a) sstiswn (gold datapoints). Solid lines refer
to the contribution of different AGN classes according ®thodel m2 from Gilli et al. (2007). Unobscured
AGN, obscured Compton-thin and Compton-thick AGN, totalM@lus galaxy cluster are shown with a
red, blue, black and magenta curve, respectively.

to study the X-ray emission from the Moon. The lack of any efation with the Galactic
latitude, and a dipole anisotropy consistent with that & thpole component of the
Cosmic Microwave Background, strongly argued, since tlygriméng, for a cosmological
origin of this extragalactic background radiation.

Since the discovery, a great deal of efforts has been madederstand the nature of
the XRB. Although the spectrum of the XRB resembles, in thed3keV energy range,
that of a hot plasmé&k{’ ~40 keV; Marshall et al. 1980), the possibility that a hot IG}M i
responsible for the XRB has been discarded since the hothgasgdsproduce detectable
high-frequency distortions in the cosmic microwave baokgd radiation (CMB) through
inverse-Compton scattering, which have not been observdteiCOBE satellite (Mather
etal. 1990). As a consequence, the only alternative istieaXRB is due to superposition
of extragalactic discrete sources.

After more than 40 years since its discovery, it is by now cteat the cosmic XRB is
mostly produced by the integrated emission of obscured antiscured Active Galactic
Nuclei (AGN). The summed contributions of the sources detein the deepest X-ray
surveys account for virtually the entire XRB emission amanfew keV and for about
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Figure 1.2: The 68,90,99% confidence contours on the b&sfdihdRq ratios computed for two interesting
parametersx? = 2.3,4.61,9.21, respectively) in the “m2” model of Gilli et al. (2007Rs is the ratio
between obscured Compton-thin AGN and unobscured AGN tfi& number ratio between sources with
21 < logNy < 24 and withlogNy < 21) in the Seyfert luminosity regime, whiky, is the ratio in the QSO
luminosity regime (from Gilli et al. 2007).

half of that at higher (7-10 keV) energies (Worsley et al. 200The exact fraction
depends on the absolute XRB flux normalization which is affiécted by rather large
uncertainties.

For this reason, the XRB intensity measurement is a mattegreat interest. A
compilation of XRB measurements in different energy bargdshown in Fig. 1.1
(from Gilli et al. 2007). The only broad-band (3-100 keV) rmegement of the XRB
spectrum has been performed by the HEAO1-A2 experimentgMdiret al. 1980) and
has the lowest normalization. More recent values, obtasow 10 keV with imaging
instruments, were found to be always higher, the highesthaneng been measured by
BeppoSAX (Vecchi et al. 1999). The most recent determingtiny RXTE (Revnivtsev
et al. 2003), XMM-Newton(Lumb et al. 2002; De Luca & Molendi 2004) a@handra
(Hickox & Markevitch 2006), as well as a re-analysis of theAIEL.-A2 data (Revnivtsev
et al. 2005), have been found to lay in between the originaghBIE A2 measurement and
the BeppoSAX one, comparable to those obtained a few yearbyadSCA (Gendreau
et al. 1995; Kushino et al. 2002).

Having established that the XRB is due to the emission obgztiactic sources, several
models were proposed to explain its shape. The model prdpogesetti & Woltjer
(1989) was the first able to solve the so-called “spectrahgiax”, i.e. the discrepancy
between the slope of the XRB spectrufi=(.4) and that of bright AGNI{=1.7-1.9;
Nandra & Pounds 1994) and is by now widely accepted as theeapbn of the XRB
spectrum. They showed that, within the AGN Unified Model (@micci 1993), the flat
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power-law spectral index of the XRB is due to a superpositibspectra with different
amount of obscuring matter. Following this indication, ex&l authors have developed
and refined population synthesis models in order to repm@dot only the spectral shape
and the intesity of the XRB but also other observational traitgs such as the number
counts, the redshift and the absorption distributions (Meet al. 1994; Comastri et al.
1995, 2001; Gilli et al. 2001, 2007). In Figure 1.1, the cimition of unobscured (red),
obscured Compton-thimNg = 1071 - 10?4 cm™2, blue), Compton-thick AGNNy > 1024
cm 2, black) and total AGN plus galaxy clusters {%, magenta), expected by the Gilli
et al. (2007) model, are reported. The authors show thatekefth model includes a
different evolution for obscured and unobscured sourcdsyTonclude that the ratio
between moderately obscured and unobscured AGN is founeld@dse from about 4 at
logLx < 42 to about 1 at loigy > 45 (Fig. 1.2) and that, although the fraction of obscured
AGN is found to decrease with luminosity, a non-negligibd@plation of obscured QSOs
is still required.

Since the origin of the XRB emission is how understood, mdifyrts are currently
dedicated to a better understanding of the AGN populatiaii®se cosmic accretion
history is recorded into the XRB spectrum. In particulajsats of intense research
activity are the demography and the evolution of the XRB sesirwith the aim to test the
models of formation and joint evolution of BHs and host gaaxsee previous Section).

In order to properly address all these topics, the most efficiapproach is to
combine deep pencil-beam and shallower X-ray surveys ouvehrtarger sky areas with
multiwavelength follow-up observations, to collect sditally significant samples of
objects as a function of luminosity, redshift and obscoratiMoreover, high-resolution
optical/near-infrared images are needed to study the prep@f the host galaxies.

1.3 Extragalactic Surveys

Since their launch, the two cornerstone X-ray satelliteg, NASAs Chandra X-ray
observatory Chandrg and the ESAs X-ray Multi-Mirror Newton (XMMNewtor),
are surveying the X-ray sky over a wide range of fluxes anddsafigles. Deep
surveys are able to unveil intrinsically less luminous anddbscured objects than
wide-field surveys that, on the contrary, are not biasednafjaiare objects. The
combination of both deep and shallow surveys is necessarya foomplete census
of the X-ray background sources in the 0.5-10 keV range. iMaltelength (from
radio frequencies to UV) follow-up observations of sergitdusly detected X-ray
sources are crucial to understand the properties of thenaas®bjects. Redshifts and
luminosities are provided by spectroscopic identificatt@mpaigns, which constitute
some of the most expensive and time consuming observatiohadv-ups. A list of
recent and ongoinGhandraand XMM-NewtonX-ray surveys is available at the web site
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Figure 1.3: Distribution of some well-known extragalacsierveys performed by handra (blue) and
XMM-Newton(green) and earlier mission (magenta) in the 0.5-2 keV flonitlversus solid angle plane.
Circled dotes denote surveys that are contiguous. Thecaédashed line shows the solid angle of the
whole sky (from Brandt & Hasinger 2005).

http://cxc.harvard.edu/xraysurveys/. In Figure 1.3 a pitetion of surveys is reported as
function of the flux limit (in the soft band) and the coveredarIn the following, | will
focus the attention on four different hard X-ray surveys sddata | have used during my
PhD: the two deepes&handraX-ray surveys ever performed and two shallower large-
area XMM-NewtonX-ray surveys.

1.3.1 The Chandra Deep Fields

The Chandra Deep Fields (theChandra Deep Field North and th&€handra Deep
Field South, hereafte€DFN and CDFS are two of the most studied fields in X-ray
astronomy, because of the very low Galactic absorbing coldemsities in their directions
(NH(Gal)=1.6<10?%cm~? andNy (Gal)~ 8 x 10%cm~2, respectively; Stark et al. 1992).
The CDFN (Alexander et al. 2003) is centered in one of the most stuckgtbn of
the sky, the Hubble Deep Field North. This is the deepesiB8@5keV survey ever
made, and nearly 550 X-ray sources have been detected. Tyeyss made of 20
individual exposure of the Chandra ACIS-I instruments, dototal exposure time of
2 Megaseconds. The covered area is almost 450 sg. arcmin. linitieg flux is
~25x10 " ergcm? s 1inthe soft band (0.5-2 keV) and 1.4 x 10 ¥ erg cm 2 s 1
in the hard band (0.5-8 keV).

The CDFS (Giacconi et al. 2002) is the result of the co-addition of hdlividual
ACIS-I exposures for a total of 1 Megasecond over an areambsil 400 sg. arcmin.
The limiting flux is ~ 5.5 x 10717 ergcnm? s in the soft band (0.5-2 keV) and
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Figure 1.4: The composite 2 Ms image of tdkandraDeep Field North. The image was obtained
combining three energy bands 0.5-2 keV (red), 2-4 keV (dree keV (blue; Alexander et al. 2003).
The dimension of the figure is 24x 24 arcmin.

Figure 1.5: The composite 1 Ms image of tbdandraDeep Field South. The image was obtained
combining three energy bands 0.3-1 keV (red), 1-2 keV (gre&f7 keV (blue; Rosati et al. 2001). The
dimension of the figure isc 24x 24 arcmin.
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Figure 1.6: a: Solid angle versus flux limit (SA\B) for the full (top), soft (middle), and hard (bottom)
bands. The vertical dotted lines indicate the flux limitsdararea ofs 285 arcmid, equivalent to a single
ACIS-I field of view (Alexander et al. 2003); b: The sky covgedor the soft-band image (solid line) and
the hard-band image (dashed line; Giacconi et al. 2001);he tdtal sky coverage of the survey in the
0.5-2 keV (solid line), 2-10 keV (dashed line) and 4.5-10 k&wnd (dot-dashed line; Baldi et al. 2002); d:
The sky coverage vs. flux relation in the 0.5-2, 2-10 and 56\ &nergy bands (continuous, dashed and
dash-dotted lines, respectively; Cappelluti et al. 2007).

4.5x 10 16 erg cm? s~ 1 in the hard band (2-7 keV). A total 6§350 sources have been
detected.

The true color images of the deep fields are presented in Fig.arid 1.5. The sky
coverage (covered area vs. flux limit) plots of the CDFs anthefsurveys described
below in the main bands are reported in Fig. 1.6 in order togametheir flux limits and
the surveyed area.

1.3.2 The HELLAS2XMM survey

The XMM—NewtonHigh Energy Large Area Survey (hereafter HELLAS2XMM) has
been originally conceived as the natural extension ofBBppoSAXHELLAS! survey

High Energy Large Area Survey: a very hard (5-10 keV) shallpw0~*2 erg cn2 s71) survey covering several tens of def
the sky (see, i.e., Vignali 2001, PhD thesis).



1.3 — EXTRAGALACTIC SURVEYS 11

Figure 1.7: (The image of the PKS 0312-77 field, belongind®HELLAS2XMM. The image has been
accumulated in three different energy bands 0.5-2 keV (i2d)keV (green), 4-8 keV (blue); courtesy of
C. Vignali. The dimension of the figure 48 30x 30 arcmin.

to the XMM-Newtoncapabilities, in order to fully exploit the larger throughpeffective
area and better spectral and angular resolution. At pregenHELLAS2XMM survey
sample is made by 232 X-ray sources detected over 10 XM@vorfields (~1.4 square
degrees) at fluxes in the range of 10— 10-13 erg cnm2 s~1. Optical counterparts have
been found for 214 sources (Fiore et al. 2003; Cocchia e08I72 Medium-deep optical
and near-infrared photometry, along with high signal-tise optical spectra arfspitzer
coverage have been obtained for most of the objects. The AERXMM complement
the deepChandrafields by sampling brighter fluxes over a larger area. Theyarsaand
interpretation of the multiwavelength observations (@adifrared, optical and X-ray) is
presented in several papers (Comastri et al. 2002; Bruda22@3; Mignoli et al. 2004;
Perola et al. 2004; La Franca et al. 2005; Maiolino et al. 260@&zi et al. 2007). The
image of the best studied field of this survey (around thehbvrigiasar PKS 0312-77) is
shown in Fig. 1.7. The sky coverage of the whole survey (Batl@l. 2002) is presented
in Fig. 1.6.

1.3.3 The COSMOS survey

The Cosmic Evolution Survey (COSMOS; Scoville et al. 2003)based on a
“Treasury project” of HST that observed a contiguous 2 sgugrees area with ACS,
bounded by %57.5™ <R.A.< 10"03.5™; 1927.5™ <DEC< 2957.5™. A comprehensive
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Figure 1.8: The composite image of the XMM-COSMOS survegt(f23 fields). For each of the first 23
individual pointings, the images have been accumulatearaetdifferent energy bands: 0.5-2 keV (red), 2-
4.5 keV (green) and 4.5-10 keV (blue), then combined into aaim(Hasinger et al. 2007). The dimension
of the figure is~ 2x 2 deg.

multiwavelength program is underway to observe the COSME&I8 Wwith current (VLA,
Spitzer Subaru, Galex, XMMNewtor) and future (ALMA) observatories from the radio
to the X-ray and is complemented by a dedicated redshiftegucarried on with the
VIMOS/VLT (Lilly et al. 2007) and IMACS/Magellan (Impey et.a2007) instruments.
The strength of the COSMOS survey is the unprecedented catindm of a large solid
angle and sensitivity over a broad-band frequency ranges hHigh-resolution images
allow measurements of galaxy morphologies and relate tioetbe large-scale structure,
probing the evolution of the galaxies in the Universe andctirevolution with their active
nuclei. Once completed, the database of the COSMOS surdéyeviunique in the
observational cosmology scenario to study the evolutiothefUniverse in the redshift
range z=0.5-4.

The XMM-COSMOS survey (Hasinger et al. 2007) provides the coverage of all th
COSMOS field in the 0.5-10 keV band with the XMMewtonX-ray telescope (see Fig.
1.8). The main scientific goals are to study the AGN sourcelfajon at 0.5-2 keV fluxes
larger than 10%%erg cm 2 s71, in particular the properties of X-ray selected AGN as a
function of the environment and the properties of X-ray cielé clusters and groups. The
field has been covered by 25 pointings repeated twice, eaghaft 30 ksec, for a total
exposure of 1.4 Msec. The sky coverage of the survey in th,02510 and 5-10 keV
energy bands is presented in Fig. 1.6. The results obtaisied the first half of the
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observations are reported in several papers in press inieatied ApJ Supplement issue
and available at the website http://www.mpe.mpg.de/XMMGos/PAPERS. Recently,
the COSMOS field has been awarded 1.8 MsChlandratime, the largestChandra
program ever approved. Thehandra-COSMOS project (PI: M. Elvis) will cover the
inner area (0.7 dey of the field to 200 ksec depth. Thehandrasurvey will reach
4-5 times deeper fluxes than XMM-COSMOS in both soft and hamidb The dense
tiling strategy will produce a uniform sensitivity and mamze the high-resolution area
to resolve sources with a sub-arcsecond position accuracy.

1.4 The content of X-ray surveys

A broad diversity of source types is found in deep and shabonweys. Extensive
programs of multiwavelength follow-up observations shdvileat the majority of the
hard X-ray selected sources are identified with AGN spanaibgoad range of redshifts
and luminosities. At variance with optically selected caras X-ray selected AGN are
characterized by a much larger spread in their optical ptegse

It is well known that various classes of X-ray emitters ararelterized by different
values of the X-ray-to-optical flux ratio (hereinafter X/@pd the observed X/O could
provide a first, rough indication of the source classifica(accacaro et al. 1988). The
X/O is defined as

X/O:Iogi—leogfx+C+2—Z (1.1)
R .

where fy is the X-ray flux (erg cm? s~1) in a given energy rangdr is the R-band flux
computed by converting the R-band magnitudes into monechtic fluxes (ah=65004)
and then multiplying them by the width of the R filter (Zombek390), C is a constant
which depends on the specific filter used in the optical olagiemvs. The majority of
spectroscopically identified AGN in previous soft surveR©OSAT, Hasinger et al. 1998,
Lehman et al. 2001; ASCA, Akiyama et al. 2000) are charazdrby—1 < X/O < 1.
The optical identification of the 50-70% of the sources r&agan deep and medium
surveys confirms this trend to fainter fluxes but shows alserg karge scatter around the
median value mostly in the hard band (Fig. 1.9). It is intengsto note that over three
decades of X-ray flux, the hard X-ray sources, plotted in Eif, span up to 5 decade of
optical flux, hence of optical properties.

The various source types detected in X-ray surveys can kghlpuwivided using the
X/O diagnostic as follows:

e —1 < X/O < 1: These values are typical for optically bright unobscuyedsars
and Seyfert galaxies with broad emission lines superingposea blue continuum,
therefore the easiest to be spectroscopically identifiedap- 5, and for optically
and X-ray selected Type 2 AGN at relative low redslaft(1.5).
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Figure 1.9: The R-band magnitude vs. the 2-10 keV flux for #ellsource samples from HELLAS2XMM
(green), XMM-COSMOS (red)cDFN andCDFS(blue). The dashed area represents the locus occupied
by known AGN (e.g. quasars, Seyferts, emission-line gatalong the correlation log{ffr)=X/O=0+1
(courtesy of M. Brusa).

e X/O > 1: Relatively bright X-ray sources with optically faint auterparts lie in the
upper part of the diagram; being characterized by optigat faagnitudes are thus
unaccessible to optical spectroscopy; photometric rédgtiace this sources at high
redshift ¢ > 1). This class of sources will be extensively discussed iapBdrs 2
and 3.

e X/O < —1: Starburst and normal galaxies at relatively low redggzift 0.1 — 0.5;
Hornschemeier et al. 2003) emerge at the faintest X-rayfikofés mostly in the
deep surveys. They constitute a significant fraction (up @&o0Bof the source
population detected in the soft band and thus less numenotiieihard band (see

Fig. 1.9).

e X/O ~ —1: Most X-ray bright Optically Normal Galaxies, i.e., lunoas X-ray
sources without any signature of AGN activity in their optispectrum (extensively
discussed in Chapter 4).
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1.4.1 High X-ray to optical flux ratio sources

The sources with high X/O values-(1) are, on average, characterized by optically faint
magnitudes, hence their spectroscopic classificatiorabesiging, if notimpossible. The
fraction of high X/O in hard X-ray samples is about 20%, apprately constant over the
entire range of X-ray fluxes sampled by deep and shallow gankgnder the assumption
that a high X/O ratio is a proxy of high redshift or high abg@p or both, the study
of the sources detected at relatively bright X-ray fluxes hright optical magnitudes
(R~24) could give important constraints on the entire class.ef defined sample of high
X/O sources detected in tH#ELLAS2XMMsurveys at X-ray fluxes brighter thas 014
erg cn 2 s~1 has been the subject of massive FORS/VLT optical spectpys€iore et
al. 2003) and near-infrard¢s ISAAC/VLT photometry (Mignoli et al. 2004). The results
clearly indicate that most of the targets are high-redghift 1), luminous & 10* erg

s 1) X-ray obscured (N= 10?2-10** cm2) AGN (Perola et al. 2004). When the X-ray
and multiwavelength properties of the faint tail of thissdaare considered (Alexander et
al. 2001; Barger et al. 2003; Fiore et al. 2003; Mignoli etz004; Civano et al. 2005;
Mainieri et al. 2005; Pozzi et al. 2007), the findings at britiiixes are confirmed. The
X/0O selection is thus highly efficient in sampling high-rbid obscured quasars.

A further argument which suggests that obscured accretibigh redshifts is a likely
explanation of high X/O ratios, has been discussed by Coma&stusa and Mignoli
(2003). Moving (Fig. 1.10) the spectral energy distribot{®ED) of an X-ray absorbed
AGN to progressively higher redshifts, the K-correctionghe optical and X-ray band
work in the opposite direction. The shape of the hard X-ragcspm is responsible for
the strong positive K-correction which increases the Xfhay and favours the detection
of high-redshift sources. Conversely, the weak rest-fraleemission is shifted in the R
band and the observed faint magnitudes are mainly due tiaghtan the host galaxies.
The observed high values of the X/O are therefore at leaditaingely consistent with
those expected for a population of high-redshift, absorB€N with X-ray column
densities in the rangeiN-107%-10%4 cm2.

Some extreme objects have no optical detections at all, ievéep optical images, and
are termed EXOs (i.e., extremely X-ray objects; Koekemoat.e2004). A few objects
have been detected in t®FN, but a larger-area and medium-deep survey, as COSMOS,
is the best suited for the search of these rare objects. EA@be plausibly explained as
high-redshift AGN in dusty evolved hosts, and a minoritylein may lie az > 7, where
the intragalactic medium absorbs essentially all of theeplesd-frame optical emission.

1.4.2 X-ray emitting EROs

Extremely Red Objects (EROR— K > 5, Elston et al. 1988) have the colors expected
for high-redshift passive elliptical galaxies. They caruksed as tracers of distant and old
spheroids, in order to understand if the massive elligigalthe local Universe formed
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Figure 1.10: The 2-10 keV versus the R band magnitude for #re X-ray sources detected in the
HELLAS2XMM survey and in theChandradeep fields. Filled squares represent high X/O sources. The
dash-dotted lines represent the redshift tracks (from p=£-1..5) computed for the SED of an absorbed
object normalized to the observed X-ray flux and optical nitagle of NGC 6240 and IRAS 091104+4109,
two well known Compton-thick objects (M. Brusa, PhD Thesis)

at early cosmological epochs through a relatively shoda@ge of intense star formation
or, conversely, if they built up more recently through hreracal merging of pre-existing
disk galaxies. However, several evidence have shown th@skERnstitute a heterogenous
class of extragalactic sources, therefore the understgrafithe different subclasses is
a key parameter in the study of the galaxy evolution and oflitilebetween massive
ellipticals and AGN activity (Menci et al. 2006). Some seslhave shown that the ERO
population is equally made by old passively evolving systeand dusty star-forming
galaxies over the same redshift range (Cimatti et al. 20828)gnificant fraction may also
be constituted by AGN strongly reddened by dust extinctitiarfe et al. 2001; Mignoli et
al. 2004; Maiolino et al. 2006). Other results suggestetttt®@AGN population among
EROs, although not dominant, share the same X-ray propeafti@gh-luminosity, highly-
obscured AGN at high redshift (Mainieri et al. 2002; Alexandt al. 2002; Brusa et al.
2005; Severgnini et al. 2005). Moreover, among the X-ragctetl EROs, a significant
fraction of sources show a high X/O. This confirms that a seleon the basis of the
high X/O ratio is a powerful tool to detect highly-obscurashgars and is even stronger
when coupled with the selection on the basis of extremelyodars (Brusa et al. 2005).
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1.4.3 X-ray Bright Optically Normal Galaxies

This class of sources is variously termed as “optically“duloptically normal” or
XBONGSs(X-ray Bright Optically Normal Galaxies; Comastri et al.). The common
meaning of these definitions is that they lack evidence ofetion-driven activity in
optical spectroscopy in contrast with “normal” Seyfertagaés and quasars. The X-ray
luminosities & 10*2 — 10 erg cmr? s 1), X-ray spectral shape and X/O ratio —1
suggest AGN activity of moderate strength. Originally digered in earlyEinstein
observations (Elvis et al. 1981) and named optically dulagas, the interest on the
nature of these sources has gained a renewed attentionttadteliscovery of several
examples in XMMNewtonand Chandrasurveys (Fiore et al. 2000; Comastri et al.
2002a,b; Georgantopoulos et al. 2005; Kim et al. 2005). S¢\ossibilities were
proposed in the literature in order to explain why a reldgtheminous, hard X-ray source
does not leave any significant signature of its presenceeifottm of emission lines.

An appealing and simple explanation, put forward by Moramlet (2002) for faint
sources in th&Chandradeep fields (see also Severgnini et al. 2003 for brighterfayear
XMM-Newtonsources), is dilution by the host galaxy starlight. The coration of
optical fainteness and lack of strong lines in the obseneedje for distanChandra
sources or the inadequate observing set-up among brigageby objects (Severgnini
et al. 2003) may account for tiéBONG properties. However, it has been shown that
this is not the case for a significant fraction of “locXIBONGson the basis of the upper
limits on the O[III]5007A° luminosity (Cocchia et al. 2007) as well as for more distant z
1 sources, for which the optical-to-X-ray luminosity ratsofully consistent with that of
“normal” Seyferts and quasars (Rigby et al. 2006).

For those sources for which the dilution hypothesis can fedysailed out, the alternative
possibilities could be grouped in two classebscurecandexotic

The first one is thaKkBONGsare merely obscured AGN:

e In order to explain the multiwavelength properties of tKBONG prototype
PKS 0312017, also known as P3, Comastri et al. (2002) sudggesty obscuration
by Compton-thick gas covering almosit 4t the nuclear X-ray sources. In this way no
ionizing photons can escape to produce the narrow emissies Which are observed in
“normal” Type 2 AGN (NLAGN, narrow-line AGN) which are thotgto have a lower
covering fraction in the AGN Unified scheme. See Chapter 4afogcent re-analysis of
the X-ray data of P3.

e According to a detailed multiwavelength analysis of “optig-dull” galaxies in the
Chandradeep fields, Rigby et al. (2006) conclude that extranuclest th the host
galaxy plays an important role in hiding the emission lines.

More intriguingly, XBONGsmay be members of a class, or classegxafticobjects:

¢ Radiatively Inefficient Accretion Flows (RIAFs) are expattat accretion rates well
below those inferred for Seyferts and quasars. A distiegiroperty of low accretion-rate
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flows is that the standard Shakura-Sunyaev accretion diskrisated at a relatively large
inner radius. As a consequence, it cannot generate the llbggdump” and enough UV
photons to photoionize the line-emitting circumnucleas.géhe infalling gas is heated to
high temperatures and emits a hard X-ray power-law by upesaag of low-energy seed
photons. According to Yuan & Narayan (2004), the SED of sei®8 could be fitted by
a RIAF model.

e XBONGscould be extreme BL Lac objects in which the featureless thenmal
continuum is much weaker than the host galaxy starlightolahg Fossati at al. (1998),
XBONGscould belong to the low-luminosity tail of the blazar spattequence based on
the anti-correlation between luminosity and frequencyhefgynchrotron peak.

e A highly speculative possibility is that of a transient AGNh the process of tidally
disrupting a star. If this were the case, the X-ray emissiooukl be witnessing the
transient accretion phenomenon (see Komossa et al. 20@kti@me variability events
in ROSAT observations; se also Gezari et al. 2006 for a luosritare observed in the
GALEX Deep Imaging Survey). The transient is most likely owesubsequent follow
up optical observations.

It should also be noted that diffuse emission from a galarmyigrwhose X-ray extended
emission may have escaped detection in low signal-to-néisgy observations, is also
possible and indeed observed in a few cases (Georgantapeidd 2005).

Although some of the explanations mentioned above provigleaal description of the
observed properties for a few objects, the very natudB®MNGSs still subject of debate.



Chapter 2

X—ray spectral analysis of optically faint
sources

by extremely faint optical magnitudes and spectroscopentification is

not feasible even with the largest telescopes. In this freonie a detailed
investigation of their X—ray properties may provide usdfifbrmation on the nature
of this important component of the X—ray source populatiom. the following are
presented the results of detailed X-ray spectral analysisbimed with the available
multiwavelength information for a large sample of high X/@usces in th&ChandraDeep
Field North (Alexander et al. 2003) a@handraDeep Field South (Giacconi et al. 2002).

Q t the limits of deepChandrasurveys, high X/O sources are characterized

2.1 Sample selection

We have selected 127 hard X-ray sources inGhandraDeep Fields (63 in th€DFN
and 64 in theCDF§ with an X—ray to optical flux ratio logfx/fr) > 1 defined as in
equation 1.1. In order to be consistent with the publishetalratalogues for the costant
in equation 1.1, we used C=5.5 for tt®FN and C=5.71 for th&€DFS The hard band
(2—-8 keV) fluxes and the basic X—ray source properties (positcounts, exposure times)
have been compiled from the Alexander et al. (2003) X-ray®ouoatalogue foCDFN
andCDFS The R—band magnitudes, along with optical identificatiod alassification
(when available), have been retrieved from Barger et aD32fbr theCDFN, Giacconi et
al. (2002), Szokoly et al. (2004) and Zheng et al. (2004)teiGDFS Figure 2.1 shows
the R—band magnitude versus the 2—8 keV flux for the 127 highs¥urces discussed in
this work.

For each source we report in Table 2.1 and 2.2 the X-ray ififmatton number (col. 1),
the X—ray coordinates (col. 2 and 3), the hard X-ray flux (d)).the optical R—band

19
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Figure 2.1: The R—band magnitude vs. the 2-8 keV flux for theHigh X/O sources selected from the
CDFN (squares) an@DFS(triangles) samples. Filled symbols are objects with rdtlistentification. The
dashed area represents the locus occupied by known AGNq@agars, Seyferts, emission—line galaxies)
along the correlation X/O=01. Two upper boundaries at X/O=1 are reported as we used tiferatit
constants for th€DFN and theCDFS(see Sect. 2 for details). The vertical lines are the boueslar the

4 flux bins discussed in Section 2.3.1.

magnitude in the Vega sistem (col. 5), the magnitude reteréor CDFS(col. 6) and the
X/O from equation 1.1 (col. 7 and 6, respectively). Souraegetected in the R band are
reported as lower limits in Tables 2.1 and 2.2 and in thesesctge X/O ratio has to be
considered a lower limit. All the high X/O objects represen23% of the hard X—ray
sources revealed in both deep fields.

2.2 Data reduction

TheCDFS1 Megasecond dataset is the result of the co-addition ofditidual Chandra
ACIS—I exposures whose aimpoints are at a few arcsec frorh etter. The total
area covered i5-392 arcmiR; this field was selected in a patch of the southern sky
(nominal aim pointizgog = 03"32M285.0 e 5900 = —27°4830") characterized by a very
low Galactic neutral hydrogen column density<@B0® cm~2) and by the lack of bright
stars (Rosati et al. 2002).

The CDFN has been observed by about 2 Megaseconds over a period of @h,mo
and is the result of the co-addition of 20 individ@handraACIS-I exposures centered
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Table 2.1: Properties of high X/O sources in ®BFS

XID RA DEC fx 2 R Ref?  X/O z ztype®
3 3330585 2746502 318 >26.10 G >165 N -
8  3:3301.44 -27:41:42.0 9.40  23.43
20a  3:32:144.47 -27:49:1402 534  23.99
23 3:32:41.85 -27:4359.9 262  24.93
25  3:32:40.84 -27:55:46.6 9.34  24.64
26 3:32:39.73 -27:46:11.2 278 2455
27  3:32:39.68 -27:48:50.7 7.06  24.54
31 3:32:37.77 -27:52:12.4 878 2457

1.06 0.99  phot (0.9)
1.03 1.016 spec
1.10 0.73  phot (0.5)
1.54 2.26  phot (0.5)
0.97 1.624  phot (0.5)
1.37 3.064 spec
1.48 1.603 spec

35 3:32:34.37  -27:39:13.1 14.2 24.32 1.59 1.51 spec
45 3:32:25.68  -27:43:05.8 4.94 25.35 1.54 2.291 spec
48 3:32:24.84  -27:56:00.0 4.86 24.89 1.35 0.841 Phot

5la 3:32:17.18  -27:52:20.9 20.2 23.22 1.30 1.097 spec

54 3:32:14.57  -27:54:21.6 2.85 25.69
57 3:32:12.95  -27:52:36.7 4.69 24.04

1.44 2.561 spec
1.00 2.562 spec

58 3:32:11.77  -27:46:28.2 1.96 26.00 1.40 *
59 3:32:11.41  -27:52:13.5 6.21 26.47 2.09 s
61 3:32:10.50 -27:43:09.0 10.5 23.98 1.32 *
64 3:32:08.00 -27:46:57.2 5.52 24.77 1.36 . *

>155 110  phot(0.5)
1.07 1.616 spec
107 .. o+

65 3:32:03.90  -27:53:28.9 217 >26.26 S
67 3:32:02.46  -27:46:00.3 8.61 23.56
69a 3:32:01.43  -27:41:38.6 5.63 24.02
70a 3:32:01.42 -27:46:47.1 15.9 23.62
72a 3:31:58.29  -27:50:41.6 7.48 26.07
76 3:31:52.50 -27:50:17.5 8.64 24.50
79 3:32:38.03  -27:46:26.2 1.55 26.55
81 3:32:25.96  -27:45:14.3 0.95 26.04

1.36 *

2.01 1.99 phot (0.5)

1.45 2.394 spec

1.52 191 phot (0.5)

1.11 2.59 phot (0.5)
>1.33 *

VW LOLLOLOO VOO nnmom

82a 3:32:14.87  -27:51:03.8 151 >26.1 S

99 3:32:05.17  -27:53:54.7 5.87 25.22 1.57 0.79 phot (0.5)
108a  3:32:05.77  -27:44:46.6 1.01 25.94 1.09 *

112 3:31:51.98  -27:53:26.7 2.47 24.83 1.03 2.942 spec

133 3:32:02.52  -27:44:29.8 0.67 >26.74 G >1.23 A

145 3:32:22.54  -27:46:03.9 4.56 24.78 1.28 1.50 phot (0.5)
146 3:32:47.05  -27:53:33.3 2.55 >26.76 G >1.82 2.67 phot (0.5)
147 3:32:46.35  -27:46:31.9 7.26 25.14 0.99 phot (0.5)
148 3:32:35.23  -27:53:17.8 2.85 >27 S >1.96 1.74 phot (0.5)
153 3:32:18.34  -27:50:55.2 7.45 24.20 1.26 1.536 spec
159 3:32:50.23  -27:52:51.7 7.53 23.30 0.90 33 phot (0.5)
179 3:31:49.49  -27:50:34.0 0.97 >26.10 G >1.14 2.73 phot (0.5)

(7]
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@
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20la  3:32:39.06  -27:44:39.1 2.14 26.11 S 1.48

205a  3:32:17.11  -27:41:36.6 1.44 25.99 S 1.26 A

207a  3:32:.07.96  -27:37:35.1  122.0 24.03 S 241 *

209 3:31:47.30  -27:53:13.3 10.2 24.63 S 1.57 1.32 phot (0.5)
213a  3:32:00.56  -27:53:53.0 3.47 25.65 S 151 i

219 3315043 2751518 396 2610 G  >175 ..
207 3320535 2746441 362  26.67 .
243 332:0839 -27:4047.0 405 >2572 G >161 256  phot(0.3)

wn
=
©
N

253 3:32:20.07  -27:44:47.0 4.22 24.94 S 1.31 1.89 spec
256 3:32:43.05  -27:48:45.0 4.07 24.36 S 1.06 1.53 phot (0.5)
259 3:32:06.13  -27:49:27.7 4.50 24.44 S 1.14 1.76 phot (0.5)

261 3:31:57.03  -27:51:08.6 3.55 >26.10 G >1.70
263b  3:32:18.89  -27:51:35.4 1.40 25.33 S 6.99 3.66 spec
265 3:32:33.27  -27:42:36.1 4.08 >26.00 G >1.72 1.16 phot (0.5)

501 3:33:10.18  -27:48:41.8 12.2 22.99 S 0.99 0.81 phot (0.6)
503 3:33:07.61  -27:51:26.6 9.48 23.26 S 0.99 .. +

505a  3:33:04.83 -27:47:31.9 191 25.48 S 1.18 0.981 dphot
506 3:33:02.97  -27:51:46.4 0.93 >26.10 G >1.12 *

508 3:32:51.64  -27:52:12.8 1.20 >26.76 G >1.49 25 phot (0.5)
513a  3:32:34.03  -27:48:59.9 0.76 26.06 S 1.01 3.53 phoy (0.5
515 3:32:32.17  -27:46:51.4 1.51 >26.67 G >1.56 2.19 phot (0.5)
518 3:32:26.75  -27:46:04.3 0.67 >26.76 G >1.21 A

524 3:32:19.96  -27:42:43.2 1.29 >25.72 G >1.11 *

533 3:32:13.90  -27:56:00.1 2.05 >26.10 G >1.46 0.54 phot (0.5)
595 3:32:15.75  -27:39:53.8 1.52 25.71 S 1.18 0.36 phot (0.5)
606a  3:32:24.97  -27:50:08.2 1.58 25.26 S 1.01 1.037 spec

a|n units of 10 1% erg cm2 s~1. P G = Giacconi et al. 2002, S = Szokoly et al. 2004Che photo—z quality
flag (QF) from Zheng et al. (2004) is reported in brackets; @B=means that the redshift is from the BPZ
code; QF=0.5 means that two indipendent codes (BPZ and Hypeturn consistent values; QF=0.6 means
that HyperZ code returns the same value of COMBO-17 catalo@&=0.9 means that the value returned by
BPZ and HyperZ is confirmed in the COMBO-17 catalogti®hotometric redshift from COMBO-17 survey
catalogue (Wolf et al. 2004}. Although QF=0.3, the detection of aoKline (Gilli, private communication) at
the best—fit photo—z makes us confident on this valuiEhe 5 sources with X/O slightly lower than 1 would
have X/O> 1 if the X—ray flux quoted in Giacconi et al. (2001) is conseter™ Sources with QE0.4 in
Zheng et al. (2004)" " QF=0.5 but with a large error on redshift estimake £1.0).* The optical counterpart
presented in Zheng et al. (2004) liessaR” from the Alexander et al. (2003) positioif: Source 261 is not
present in Zheng et al. (2004).
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Table 2.2: Properties of high X/O sources in @BFN.

XID RA DEC fx 2 R XI0 z ztypeP
7 12:35:21.71  +62:15:01.6 2.11 27.2 1.704
9 12:35:24.92 +62:15:24.8 4.77 25.5 1.378
10 12:35:28.77 +62:14:27.8 4.58 26.2 1.640
12 12:35:29.45 +62:18:22.8 3.36 25.8 1.346
28 12:35:46.07 +62:15:59.9  2.48 27.2 1.774 1.93 phot
29 12:35:46.25 +62:17:29.8 1.93 27.1 1.625
36 12:35:50.42 +62:18:08.6 12.3 25.3 1.71 0.52 a K
38 12:35:51.75 +62:17:57.1 15.0 26.5 2.276
42 12:35:54.11 +62:20:12.3 0.86 26.5 1.035
48 12:35:56.14  +62:12:19.2 18.8 23.7 1.25 113 a K
71 12:36:05.62 +62:06:54.0 1.95 25.8 1.11
73 12:36:05.83 +62:08:38.0 2.78 26.4 1.50
91 12:36:11.40 +62:21:49.9 9.44 25.1 1.51
98 12:36:13.02 +62:12:24.1 1.97 25.6 1.03
92 12:36:11.80  +62:10:14.5  2.69 25.8 1.24
98 12:36:13.02 +62:12:24.1 1.97 25.6 1.03

100 12:36:14.14 +62:10:17.7 0.93 28.9 2.028

102 12:36:14.45 +62:10:45.0 3.54 24.9 1.00

107 12:36:15.83 +62:15:15.5 1.85 27.0 1.567 2.06 phot

108 12:36:16.03 +62:11:07.7 15.2 255 1.88 1.25 phot

129 12:36:21.94 +62:16:03.8 1.32 26.8 1.34 2.26 phot

134 12:36:22.65 +62:10:28.5 2.89 25.1 1.00

140 12:36:23.66 +62:10:08.7 0.47 27.3 1.09

146 12:36:25.33 +62:17:37.7  2.21 25.6 1.084 1.28 phot

151 12:36:27.53 +62:12:18.0 0.24 >27.9 >1.04 . .

154 12:36:28.65 +62:21:39.5 14.9 25 1.673

156 12:36:28.78 +62:11:40.0 0.38 >30.8 >2.39

165 12:36:30.15 +62:26:20.1 11.1 23.7 1.025 1.46 phot

186 12:36:34.71 +62:04:37.9  2.08 25.7 1.098

195 12:36:36.85 +62:22:27.4  2.13 26.4 1.38

196 12:36:36.90 +62:13:20.0 0.38 28.1 1.32

204 12:36:38.94 +62:10:41.5 0.37 >27.9 >1.22

232 12:36:44.95 +62:26:51.0 4.91 24.7 1.07

246 12:36:47.94 +62:10:19.9 1.94 27.0 1.58 2.52 phot

250 12:36:48.28 +62:14:56.2 1.34 275 1.62 2.09 phot

253 12:36:48.73 +62:21:53.9 2.59 255 1.11

259 12:36:49.66 +62:07:38.3 21.8 23.2 1.11 1.609 spec

290 12:36:56.56 +62:15:13.1  0.75 26.8 1.09

318 12:37:01.76 +62:07:20.8  0.98 27.7 1.57

321 12:37:02.43 +62:19:26.1  3.05 25.3 1.10

334 12:37:04.87 +62:16:01.6 6.40 25.9 1.66

335 12:37:05.12 +62:16:34.8 1.03 27.1 1.35

336 12:37:05.31 +62:24:54.8  3.12 26.6 1.63

350 12:37:07.70 +62:05:34.6 1.83 26 1.16

357 12:37:09.40 +62:22:14.4 6.94 24.6 1.18 1.43 phot

374 12:37:13.84 +62:18:26.2 1.19 27.1 1.41

382 12:37:15.19 +62:02:31.0 6.76 25.8 1.64

390 12:37:16.65 +62:17:33.3 17.3 23.2 1.01 1.146 spec

400 12:37:20.26 +62:07:26.7  0.89 26.5 1.05

406 12:37:22.44 +62:05:36.1 3.37 27.8 2.14

412 12:37:24.00 +62:13:04.3 6.13 24.5 1.08

413 12:37:24.29 +62:13:59.7 5.09 24.8 1.13 0.474 spec

444 12:37:36.85 +62:14:29.2  5.16 25.9 1.57

445 12:37:37.04 +62:18:34.4  3.58 26.7 1.73

452 12:37:39.46 +62:22:39.2 3.49 >28.7 >2.52

456 12:37:41.13 +62:10:47.9 1.09 26.6 1.77 1.60 phot

463 12:37:45.02 +62:07:18.9  7.20 26.7 2.03 2.50 phot

465 12:37:46.78 +62:07:12.6 1.17 26.1 1.00

470 12:37:50.22 +62:13:59.3  2.17 26.0 1.23 0.23 spec

490 12:38:10.56 +62:17:29.6 14.8 24.2 1.35 1.02 phot

495 12:38:22.30 +62:14:16.7 34.4 22.7 1.11 0.986 spec

498 12:38:23.66 +62:09:42.4  5.03 25.2 1.28

497 12:38:23.21 +62:15:18.3  6.54 26.8 2.03

501 12:38:34.29 +62:14:40.9 13.6 25.9 1.99

2 n units of 10°1® erg cm? s 1. P Redshift type: spectroscopic,
photometric or from the K iron line.
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(nominal aim poiniioggg = 12'36™M49%5.4 8y000 = 62°1258") close to the Hubble Deep
Field North (HDF-N, Williams et al. 1996), the most studiedion of the sky with a low
Galactic neutral hydrogen column density (£387° cm 2, Stark et al. 1992). Due to the
different pointings, required to keep the HDF—N near the jpiimt and theChandraroll
angle constraints, the area covered is 447.8 areémin

The X-ray data have been retrieved from the public archidgaocessed with standard
tools making use of the calibrations associated with@h&O! software (version 3.0).
All the observations of both fields have been registered erl#epest one and have been
aligned usinglign_eve.

2.2.1 Stacking procedure

Since the main aim of the present work concerns the averagetrap properties of
relatively faint sources, the issue of co-adding spectreinbd from observations
performed with different aim points and roll angles has tareated appropriately. In
principle, for each pointing and each object the source aclidround spectra, along with
the detector position—dependent response matrix andigéearea should be computed
and then summed together (“standard” procedure). In pgcsuch an approach results
to be extremely time consuming. In order to compute, fromttit@l merged event file,
all the relevant files needed for the spectral analysis, tanmrative approach has been
devised.

This approach is based on tv@AO tools (nmkwarf, mkrmf) developed to properly
extract spectral data from multiple regions either fromdame or different observations.
Given that both the spectral response and the effectivevargavith the position in the
detector plane, the above mentioned tools allow us to coenpeighted response and
effective area files taking into account the position on teector, the shape and area of
the sources extraction regions.

In order to test whether these tools could be applied to plalextraction regions in
co-added observations, we proceeded as follows.

We considered several different samples of N sources, ralyddistributed over the
detector and detected in each single exposure aCEN and theCDFS The extraction
regions were chosen according to the number of counts ofsagice and to the off—axis
angle of the source in each exposure and tuned to enclos@¥he®Bthe PSF at 6.4 keV.
This energy has been chosen since our sources have bedrdeatabe hard band (82.1).
Several background spectra were extracted from a staclgain® nearby each source
and varied in size and shape. The stacked spectra of N-souage been extracted using
the well suited region files, as already described, from tbeged event files of the DFN
and theCDFS Making use ofmkwarfand mkrmf the relevant matriceBRF and RMF

Lhttp://cxc.harvard.edu/ciao/
“http://cxc.harvard.edu/cal/ASPECT/aligwt/
3see webpage for a detailed description of the tools
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have beeen extracted from the merged event files too. Thikeapcesponse file has been
corrected for the well known degradation of th€1Squantum efficiency using the latest
version of theACISABSool 4.

In order to check the reliability of our procedure we have pated the average stacked
spectrum of 30 X-ray sources in t@DFN and 35 in theCDFS spectroscopically
identified as broad—line AGN by Barger et al. (2003) and Skoled al. (2004),
respectively (see Fig. 2.2). The best—fit parameters of glesiabsorbed power law
are:M=1.73£0.03,Ny (z= 0)=7+1x10?° cm~2 in the CDFN andl=1.82+0.04,Ny (z=
0)=4.7+1.44x 10°° cm~? in the CDFS, slightly flatter A" ~0.1-0.2) than the “canonical”
value (e.g.l'=1.9-2.0; Nandra & Pounds 1994), but fully consistent whi fiact that no
reflection component has been included in the spectraldittdoreover, in th&€DFN our
results are in excellent agreement with those reported lgBet al. (2002) for a sample
of broad-line AGN largely overlapping with ours. Given thia Bauer et al. results have
been obtained applying a rather different (IDL based) detkction procedure (ACIS-
Extract), we are confident of the reliability of our method.

2.3 Spectral analysis

The stacked spectra have been extracted in the 0.7—7 keV\, bmmainimize residual
calibration uncertainties of the low energy instrumenéslponse, and rebinned to have
at least 20 counts per bin. X—ray spectral fitting was peréatmsing XSPEC (version
11.3.0; Arnaud 1996); errors are reported at the 90% cordelvel for one interesting
parameter&x?=2.71). In all the fits, a “negative” edge £ —0.17) at 2.07 keV has been
included to take into account calibration uncertaintiesuad the instrumental Iridium
edge (Vikhlinin, private communicatio?).

2.3.1 Average spectra

The stacked spectra of the high X/O sources in botfabB&N (about 30000 net counts)
andCDFS(about 19500 net counts) were fitted with an absorbed poawrrodel with
absorption fixed at the Galactic value (hereinafter MODEL 1)

The resulting best—fit slopes afe(CDFN)=0.770.02 and'(CDFS=0.97+-0.03.
Although the residuals (Fig. 2.3) indicate a more complexed shape, these extremely
hard spectra strongly suggest that high X/O sources reprabe most obscured
component of the X-ray background below 5-6 keV. Even momscwied, possibly
Compton-thick AGN, so far undetected in deep surveys, nfighesponsible of the XRB
at higher energies (Worsley et al. 2004). The measured valgesignificantly flatter than
the average spectrum of the toBIDFSsample in the 1-10 keV rangd()=1.375£0.015;
Rosati et al. 2002) as well as of the average XRB sldpe L.4) in the same energy range.

4http://chandra.ledas.ac.uk/ciao3.0/threads/agigabs/
Shttp://asc.harvard.edu/ccw/proceedingsfi8c/presentations/zhao/index.html
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Figure 2.2: Stacked spectra of X—ray sources spectrosapidentified as broad—line AGN in theéDFS
and in theCDFN. The best—fit parameters of a single absorbed power law pogtesl in the text.
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Figure 2.3: Stacked spectra of all the high X/O source€WFS (64 sources) an€DFN (63 sources),
fitted in the 0.7-7 keV energy band with a power—law spectrM@®DEL 1). The best-fit spectral slopes

are reported in Table 2.3. The solid line is the best-fit modhlile the lower panel shows the data-to-model
ratio.
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Figure 2.4: Stacked spectra of all the high X/O sources talein CDFS (64 sources) an€DFN (63
sources), fitted in the 0.7-7 keV energy band with an absoposeer—law spectrum (MODEL 2). The
best—fit column densities and spectral slopes are reparféahile 2.3. The solid line is the best-fit model ,
while the lower panel shows the data-to-model ratio.
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Figure 2.5: Spectral indeix vs. hard X-ray flux obtained with MODEL 1 (open symbols) and DE). 2
(filled symbols) for the 4 subsamples GDFN (squares, top panel) af@DFS (triangles, bottom panel).
The errors on the slope are at the 90% confidence level; thedmbal bars represent the bin width.

Leaving the absorption free to vary (hereinafter MODEL 2je tquality of the fit
improves significantly (Fig. 2.4). The best—fit slopes anduirm densities are:
=1.34£0.04,Ny (z= 0)=4.14+0.3x 10! cm2 for the CDFN andl=1.34+0.03,Ny (z=
0)=2.44+0.4x10%! cm~2 for the CDFS Given that the stacked objects are likely to be
distributed over a range of redshifts and that no redshgeddence has been considered,
the Ny values have to be considered as lower limits to any absargtionponent. For
the same reason, the intrinsic power—law slope might wediteeper, the observed value
being the result of a distribution of column densities cdwed with redshift.

The accumulated source counts in the stacked spectra ficéesufto further investigate
the spectral properties of high X/O sources and, in padicth search for the progressive
hardening of the mean spectral slope towards faint fluxéshtirdening has been clearly
established both in theDFS(Rosati et al. 2002) an@DFN (Alexander et al. 2003) full
samples.

The high X/O sources of our sample were divided in four 2—8 Ke intervals (see
Fig. 2.1). The bin width was optimized to keep the total numifecounts in each
bin adequate to perform spectral analysis. The flux interwadre defined as follows:
bright (A, > 10~ erg cm? s~1), medium (B, 410 1°-1014 erg cnm? s 1), faint (C,
2x101%-4x 1071 erg cm? s71) and very faint (D,<2x1071° erg cmm? s71). Stacked
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Figure 2.6: Top panel: Spectral indExvs. hard X-ray flux obtained with MODEL 1 for high X/ODFN
subsamples (squares) compared with the valuds @ obtained from band ratios for the entCZ®FN
sample (stars, Alexander et al. 2001, 2003). Bottom pardctal indeX™ vs hard X-ray flux obtained
with MODEL 1 for high X/OCDFSsubsamples (triangles) compared with the values obtaoredl{CDFS
hard sample (stars, Rosati et al. 2002)

spectra in each subsample were extracted following thespoe described in Sect. 2.2.1
and fitted with both MODEL 1 and MODEL 2: the best—fit paramet@re reported in
Table 2.3, and shown in Figure 2.5. There is no clear evidehe@espectral flattening
as a function of the X-ray flux, with a possible exception toe CDFN sources fitted
with MODEL 2. The average spectrum of high X/O sources resiaanstant with a very
hard slopel{ < 1) over about two decades of X—ray flux and definitely flattentkthat
measured for the entirl€ DFS and CDFN samples down to comparable limiting fluxes
(see Fig. 2.6). The difference is more pronounc®d {0.7) at fluxes brighter than

5x 10 1% erg cm?2 s, which are dominated by unobscured quasars with a soft X—ray
spectrum, decreasing td° ~0.15 at fainter fluxes, where the contribution of obscured
sources with X/O< 1 to the total sample is much higher.

A very flat 2—-10 keV spectrum may also be the signature of aagt@ompton reflection
component and is expected for column densities in the Camyitack regime Ky > 2x
10?4 cm2). Spectral fits performed with a pure reflection spectrumdehpexravin
XSPEQG do not provide a statistically acceptable descriptiomefdata leaving significant
residuals at low energy. The most straightforward explanaif the observed flat slope
in the stacked spectra is in terms of the superposition éreift photoelectric cut-offs
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Table 2.3: Spectral fit parameters obtained with MODEL 1 and
MODEL 2.
Samplé  Model r Nq(z=0)®  x?/d.o.f.
CDFS all(64) MODEL1 0.970.03 Galacti€  429.2/261
MODEL2 1.34:0.03 0.24:0.04  255.8/260
A(7) MODEL1 0.96t0.05 Galactic  133.6/109
MODEL2 1.18:0.1 0.15:0.05 115.9/108
B(25) MODEL1 1.08:0.03 Galactic  368.3/254
MODEL2 1.38:0.05 0.25:0.04 259.1/253
C(14) MODEL1 0.920.07 Galactic  137.2/125
MODEL2 14159 02733  107.3/124
D(18) MODEL1 0.90:0.11 Galactic 105.9/99
MODEL2 13791  0.31317  92.3/98
CDFN all(63) MODEL1 0.720.02 Galact€ 1137.7/374
MODEL2 1.34:0.04 0.41-0.03 473.2/373
A(11) MODEL1 0.76:0.05 Galactic  1091.0/257
MODEL2 1.50:0.05 0.53:0.03 361.7/256
B(13) MODEL1 0.79:0.04 Galactic  279.0/168
MODEL2 1.24799%  0.30+0.05 196.7/167
C(17) MODEL1 0.9%0.06 Galactic ~ 180.2/151
MODEL2 1.259%%  0.23733%  146.0/150
D(22) MODEL1 0.56:0.08 Galactic  133.4/109
MODEL2 0.99-0.19 0.33313  113.6/108

2 The number of sources in each bin is reported in brack®tdnits

of 10?2 cm 2. °Ny(Gal)(CDFS = 8x10™ cm 2. 9Ny (Gal)(CDFN)
=1.6x10°° cm~2. © The quality of the fit is not good due to features
around 3 keV.

due to Compton-thin absorption likely spread over a broageaf redshifts.

2.3.2 The Ko iron line

The strongest emission feature in the hard X-ray spectruam @fctive galactic nucleus
(AGN) is the fluorescent FeK emission line at 6.4—7 keV. The line properties —
in particular the centroid energy, intensity and profile +rgamportant diagnostic
information about the dynamics and physics of the regionrerktiee emission originates.
For example, the best fit line energy is a measure of the ibaizatatus of the gas, the
line equivalent width (EW) is strongly correlated with thra@unt of fluorescing material,
while the detection of a broad asymmetric profile, first resdlin the bright Seyfert 1
galaxy MCG-6-30-1 (Tanaka et al. 1995) , is considered thet digect evidence of the
presence of an accretion disc extending down to a few gtawii@ radii of the central
black hole. The detailed study of the iron line propertiegurees a large collecting area
and good energy resolution. For this reason, most of thdtseshtained so far are limited
to nearby, low luminosity Seyfert galaxies (e.g., Turnealet2002; Fabian et al. 2002;
Dewangan, Griffiths & Schurch 2003; Miniutti et al. 2006; ZQ0Jiménez-Bailon et al.
2007). The search for iron line emission at high redshiftampered by the statistical
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guality of the X—ray spectra and only a few tentative detexdiat the & level have been
reported. (e.g., Vignali et al. 1999; Reeves et al. 2001;nor et al. 2002; Gandhi
et al. 2004). Deep, sensitive X—ray observations offer ghgoctunity to search for the
presence of iron emission line.

Redshift determination through Ka iron line

The residuals of a single power—law fit to the average spectitithe CDFN bright
subsample (A) are highly indicative of the presence of aike feature. Given that
the Fekx line is the strongest emission feature, it can be used asifedwdicator.
The eleven sources in subsample A have a counting statikiichws such to allow us
for individual spectral analysis: spectra were extractedtiese sources and fitted with
MODEL 2. A clear excess suggesting the presence of an ino@-Has been found in

4 of them (XID 36, 48, 259, 390). The Ke line of source 390 will be discuss in the
next section. A spectroscopic redshift {g=1.609) has been measured by Barger et al.
(2003) for source 259; this value is fully consistent witattinferred from the irorKa

line (zx—ray =1.60+ 0.05).

The addition of a narrow Gaussian line due to cold irBr4 = 6.4 keV) in MODEL 2
improves the fit byAx? ~ 9 and~ 15 for source 36 and 48, respectively. The observed line
energy corresponds to an X—ray redshifzef 0.52"9 52 andz= 1.13+0.05, respectively.

In figure 2.7 and 2.8, the spectra and the confidence contdumsdshift versus line
intensity are shown. The rest-frame equivalent widths &&t204 eV and 40023
eV, respectively. Assuming the redshift estimated by tba line, the inferred column
densities arély = (1.204+0.15) x 10??cm 2 andNy = (3.2+0.3) x 10?°cm 2,
respectively. The absorption corrected 2-10 keV luminesiare 1.%10* erg s'1
and 1.1x10* erg s'1, respectively. The measured values of intrinsic absampind
luminosity classify source 48 as a Type 2 quasar candidate.

A high redshift broad iron K a line

A strong emission feature due to thelkton line (see Fig. 2.9) has been clearly detected
in the X-ray spectrum of the relatively bright source 390.e Bpectroscopic redshift
(z=1.146) is based on a sing|®lIl] 3797 line (Barger et al. 2002). The compact optical
morphology, the hard X-ray spectrum and the presence ofi@sadrce coincident with
the X-ray position (Richards 2000) leaves no doubt aboufA@N nature of this object.
On the basis of the available optical spectrum, it is not ips$o determine whether the
object is a Type 1 or a Type 2 AGN. Unfortunately, at the expebig II2798& position,
the optical spectrum is contaminated by strong atmospharids and night-sky emission
lines. The broad—band 0.6—7 k&@handraspectrum is best described by a relatively hard
(I ~ 1.5) power law plus significant intrinsic absorptidg ~ 1.8x 10°? cm 2.

The line profile is not consistent with a narrow feature, gesignificantly broader than
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Figure 2.7: Left panel: the X—ray spectrum of source GBEN), fitted with an absorbed power—law plus
a Feka line (the best fit column density and spectral slopeie = 1.20+0.15 x 10?2 cm 2 and

I = 1.56+ 0.07) and residuals of the fit. Right panel: 68, 90, 99% confidesantours of the redshift
versus line intensity.
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Figure 2.8: Left panel: the X—ray spectrum of source @®EN), fitted with an absorbed power—law
plus a FeKt line (the best—fit column density and spectral slopeNwe= 3.2+0.3 x 10?3 cm 2 and
I =1.88+0.07). Right panel: 68, 90, 99% confidence contours of the iiidsrsus the line intensity.
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Figure 2.9: The unfolded spectrum, rebinned with at least@ts per channel, fitted with an absorbed
power law " ~ 1.5;Ny ~ 1.7 x 10?2 cm2) plus a relativistic disk line.

the ACIS-1 CCDresolution at that energy. Such a result does not dependecadibpted
shape of the underlying continuum.

In order to reproduce both the observed width and the opsigattroscopic redshift,
most of the line flux has to originate in a red wing. An adequiatgcription of the overall
line shape has been obtained with a relativistic line moddéhough the quality of the
data is not such to break the degeneracy between the vaineysdrameters, the present
observation suggests an almost face—on orientation ofdtretion disk. The results of
the spectral analysis are reported in Table 2.4. More detailinterpretation of the line
shape are reported in Comastri et al. (2004).

Table 2.4: Spectral fit parameters

Model r N3 Zine o (keV) EW (eV) x?/d.o.f.
Absorbed power law 1.480.07 1.80.3 .. 134.6/110

Absorbed power law + K line  1.50:0.08  1.20.3 120305 0.28'015 350'1%  94.8/107

Absorbed power law + K line  1.52:0.09 1.20.3 1.146() 06'03 4341172 104.4/108

a units of 162 cm2; (f) fixed parameter

2.3.3 Average spectra as a function of redshift

The hypothesis that strong obscuration is ubiquitous anfigig X/O sources could be
guantified once a redshift estimate is available.

In theCDFS after a careful check of the optical X—ray associationsWwhiere found to
be discrepant between the published X-ray and opticalaguals (Giacconi et al. 2002;
Alexander et al. 2003; Szokoly et al. 2004; Zheng et al. 2004) have considered
28 photo-z, in addition to the 15 spectroscopic redshiftestvf them (25) have been
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Table 2.5: Redshift values for each redshift
bin: in col. 1 the mean redshift weighted
by the counts of the sources in each bin, in
col. 2 and 3 the maximum and minimum
redshift of the sources in each bin.
meanz minz maxz
CDFS 0.80 0.36  0.99
1.15 1.016 1.32
1.68 1.51 1.99
2.46 219 2.942
3.12 3.064 3.66
CDFN 049 0.474 0.52
1.09 0.986 1.146
1.46 1.25 1.609
2.27 1.93 2.52

selected from the Zheng et al. (2004) compilation requidnguality flag>0.5®, two
from the COMBO-17 survey (Wolf et al. 2004) and for one furtbbject, though the
photo—z quality flag is 0.3, the detection of an iron line & same redshift (Gilli, private
communication) makes us confident on the redshift estinfate. sources satisfying the
quality—flag criterion have been excluded due to the extheraege errors quoted by
Zheng et al. (2004). In th€DFN we consider all the available redshifts, 5 spectroscopic
plus 12 reliable photo—z (according to Barger et al. 2008)mated with the BPZ code.
Not surprisingly, the sources without a redshift measurgraee, on average, optically
fainter (most of them with B25). For two sources in thEDFN a reliable redshift
estimate has been obtained directly from the X—ray datakthamthe detection of a &
line (see Sect. 2.3.2).

All the redshifts considered for the spectral analysis eperted in column 8 of Table 2.1
and in column 7 of Table 2.2, along with a flag in column 9 ande8pectively (phot =
photometric, spec = spectroscopiay kK iron line).

The 62 sources with spectroscopic (20), photometric (4@)>X&rray (2) redshift were
subdivided in 9 redshift bins, 5 faCDFSand 4 forCDFN (see Table 2.5 for details).
Each bin is centered at the redshift value obtained by wigighihe source counts for a
given interval.

Stacked spectra of the sources in each redshift bin weraat&tt and fitted with a a

6A quality flag 0.5 means that two independent codes (the BRgesian Photometric Redshift estimation, Benitez 200,
Bolzonella et al. 2000) return consistent values.
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Table 2.6: Spectral fit parameters of the spectra in redsinistobtained
with a power law model plus intrinsic absorption at the meaashift
(the two entries for each bin correspond to a fit witfree to vary and
to a fit with '=1.8).

2 number r NP (1) x?/d.o.f.
of sources

CDFS 0.80 9 1.290.09 0.4453; 117.0/111
1.8 1.32:0.23  144.0/112

1.15 6 0.900% 25611  76.7/74

1.8 8.39:0.8  147.1/75

1.68 12 1.440.06 1.51338  184.7/161

1.8 3.2954%  218.3/162

2.46 12 1.350713 12.9832  97.1/102

1.8 19.9855%  114.1/103

3.12 4 1.20512  8.86'525  44.6/50

1.8 20.6252  65.0/51

CDFN 0.49 3 1.230.12 139558  83.6/80
1.8 2480958  103.4/81

1.09 4 1.180.06 27453 286.6/190

1.8 5.54:0.36  403.4/191

1.46 6 1.580.05 5.6208 278.7/215

1.8 6.9203%  295.9/216

2.27 6 0.980.15 4.32%0>  72.6/63

1.8 12.913%  104.9/64

a Mean value weighted by the counts of the sources in each bin.
Units of 16> cm~2. © The statistical quality of the fit is bad due to the
presence of a strong Fetkron line at E=2.9 keV (Comastri, Brusa &

Civano 2004) and to another iron line atB.0 keV.
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Figure 2.10: Intrinsid\y rest frame distribution for the stacked spectra in différedshift bins. Symbols
as in figure 2.5. The dashed line represents the detectiondimtained by the simulations described in
Section 4.3.

power—law model plus intrinsic absorption at the mean riédsh

At first, Ny andl” were free to vary, then the power—law slope has been fixéd-108
in order to better constrain the intrinsic absorption catuhensity. The 95% confidence
level errors on the photo—z of eigBDFSsources is larger than the bin width. We have
verified that excluding these sources does not significantidify the results and thus
all of them were included and assigned at the redshift binesponding to the best fit
photo—z. The best—fitl; values are reported in Table 2.6, and plotted in Figure 2.10.

The results in both fields unambiguously confirm that high X@urces are highly
obscured with rest—frame column densities larger th&t &t 2. The average value
of the column density at~ 3 is of the order of 210?23 cm~2. As an independent check,
the individual spectra of the brightest objects, spread the entire redshift range and
with enough counts> 200) to perform moderate—quality spectral analysis, haenb
fitted with al'=1.8 power—law plus rest—frame absorption. In all the ctsefittedNy is
consistent with the value obtained for the stacked specinttire corresponding redshift
bin.

A clear trend is evident in Fig. 2.10 suggesting an incredste average column
density towards high redshifts. Such a correlation might beedue to a selection effect.
Obscured sources at low redshift could have been missedysbapause were too faint.
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At higher redshifts, the photoelectric cut—off is moved &ods lower energies where the
Chandraeffective area is higher, favouring the detection of higt@umn densities.

In order to verify whether the observed trend is due to a seleeffect, extensive
Montecarlo simulations have been performed usingféikeit routine withinXSPEC A
power—law spectrum witli=1.8, normalized to encompass the observed range of 2-8
keV fluxes, is simulated for different values of the columnsigy (172235 cm~2) over
the redshift intervak=0.1-3.5. For each redshift, the maximiNp value for which a
source could be detected at the faintest flux of our samplbdws computed. The results
(Fig. 2.10) indicate that obscured sourcli{ 10?2 cm~2) at relatively low redshift
(z~1) would have been detected in the dé€dpandrafield. It should be noted that the
dashed curve in Fig. 2.10 would be shifted towards loigrvalues, if the power law
slope is left free to vary in the rande~ 1-1.4. However, also the observied value,
with I free to vary, moves to lower values (see Table ), leaving atmonchanged the bias
estimated witH =1.8.

As a further check, we have simulated the expected distoibdf counts in the very
hard 4-7 keV band for the range of column densities and riédstunsidered here. The
results indicate a change in the number of counts®0-20% (at most) at the highest
column densities and lowest redshifts. Overall, this calisiribution is consistent with
the one observed in the 4-7 keV energy range in the stackettaé different redshift
bins. Although we are confident that the present findings atetnongly biased against
low—redshift absorbed sources, such a possibility canmobimpletely ruled out. Indeed,
the simulations suggest that the sensitivity limit to aption decreases, as expected, at
low redshifts. As a result, for a given column denshy & 102 cm~2), faint sources are
more easily missed if they are at lower redshift.

2.4 Discussion

The results of spectral analysis of a large sample of highs¢@ces in th€handradeep
fields leave no doubts about the presence of X—ray absordiomlar results have been
recently obtained for a sample of high X/O sources detedtedighter fluxes & 10714
erg cnm? s~ 1) in theHELLAS2XMMsurvey (Perola et al. 2004; Comastri & Fiore 2004).
The shape of the stacked spectrum in b6MFN and CDFS and the residuals with
respect to a single power—law fit are consistent with thopeebed by obscured sources
spread over a range of redshifts. The very hard average Elop8.9-1.0 in theCDFS
andl ~ 0.6-0.9 in theCDFN is consistent with that obtained for a sample of hard (2—7
keV) and ultrahard (4—7 keV) selected sourdes«(1.0-1.1) in theChandraGroth Strip
survey (Nandra et al. 2004). Surprisingly, the fractiontod high X/O sources in the
Chandradeep fields (about 23%) is comparable to that (about 25%) af spectrum
objects in the Groth Strip sample. The most straightforwexplanation would imply
that most of the hard sources in the Groth Strip survey hayle Ki-ray to optical flux
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ratios. Such a possibility could be easily tested thankiseorultiband imaging including

HST/ACS observations. It is also worth noting that the agerspectrum of the sources
in the Groth Strip survey has been computed with the hardiag¢isstechnique and thus
affected by larger uncertainties.

Most interesting, the average spectral shape of our sars@danction of the hard X—
ray flux is approximately constant. Such a behaviour is §icamtly different from the
well established trend observed in the sadhandrafields (Rosati et al. 2002; Alexander
et al. 2001, 2003) without a specific selection on the X—rayeptical flux ratio. Given
that fainter X—ray sources are most likely at higher redshthe observed shape can be
explained if more distant sources are, on average, moraumdaic Indeed, such a trend
seems to be present for those sources (about half of the spfoplwhich a redshift
estimate has been considered. Though potentially integgstuch a correlation needs
to be confirmed by a larger sample, with a larger fraction eicswscopic identification,
allowing to keep the observational biases under controfottumately, the spectroscopic
identification of obscured high X/O sources is already @mjing the capabilities of
large 8—10 m class telescopes. An alternative method tdlmaol optical/near—infrared
photometry and Fe & line X—ray spectroscopy has been put forward by Fiore et al.
(2003). The X/O ratio and 2—-10 keV luminosity of a large saenpil spectroscopically
identified hard X—ray selected sources follow a linear retat

logLy_10=10gf(2—10keV)/f(R)+43.05. (2.1)

The correlation holds for optically obscured sources,(hen broad—line AGN) and has
been calibrated combining the optical and X-ray data oHBELAS2XMMsurvey with
well defined subsamples of identified sources in the d&legndrafields at fluxes larger
than 3<10 ® erg cnmm2 s~1, and optical magnitudes brighter than the ®—25. Though
characterized by a not—negligible dispersion (about 04, dkis relation can be used to
compute X—ray luminosities, and then redshifts of obscwmdces, from the observed
X /O value. The accuracy in the redshift estimate (“X—photo-+tre 2004) is fairly
good [o(Az/(1+2)) ~0.2].

In order to check whether the Fiore et al. relation could bedus infer redshifts for
the unidentified sources in our sample, we have plotted tiievalues and luminosities
for the 61 sourcésin our sample with redshift information. The two panels aj.F2.11
show the unabsorbed 2—-10 keV luminosity, calculated fromptiblished 2—8 keV counts
and exposure times (Alexander et. al 2003) assuming a ptavwemodel with[=1.8
plus Galactic absorption, versus the X/O ratio for souragghter and fainter of R=25,
respectively. In each panel, sources with spectroscopmtometric and X—ray redshifts
are plotted with different symbols and the Fiore et al. reflais also reported. While
for the bright subsample there is a fairly good agreememtigh characterized by a
significant dispersion, with the correlation, at faintergniaudes high X/O sources have

"We did not include 1 broad line AGN because the Fiore et atetation does not hold for Type 1 AGN.



2.4 — DISCUSSION 39

100 £ =
10 =
o c ]
~ C 7
< C ]
e E
0.1 :
41 42 43 44 45
log L, (2-10 keV)

100 | UNES .
: v OB z
I A ]
PN e W S |
o f A A/ a 3
~ C _
< C ]
L R225 .

0.1 N 74 S B S R

41 42 43 44 45

log L, (2-10 keV)
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optically faint objects (R25). The extrapolation of the Fiore et al. (2003) relatioraiso reported
(continuous line).
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lower luminosities than expected. Such a discrepancyadyrenoted by Bauer et al.
(2004) and Barger et al. (2005), may indicate that the redatbntribution of the host
galaxy emission to the measured optical luminosityRat 24-25 is different than at
brighter magnitudes. As a consequence, some caution sheulded when the Fiore et
al. relation is extrapolated to optically faint objects.

The X/O vs. X-ray luminosity relation has been employed bgidvani et al. (2004)
to search for Type 2 quasars combining d€dyandraexposure with HST/ACS imaging
within the GOODS project. Almost by definition, a large fiactof the candidate Type 2
quasarsNy > 10?2 cm2, Lx > 10* erg s'1) of the Padovani et al. (2004) sample have
X/O > 1. Given that most of them have faint R—band magnitudes,ititedpace density
of Type 2 quasars obtained by Padovani et al. (2004) shoutbbsidered as an upper
limit.

Although the observed trend seems to indicate that the X/Quusinosity relation does
not hold atR > 25, it is important to note that at faint optical magnitudas probability
to find by chance a galaxy in the X—ray error box increases dtiaally (i.e. up to
about 0.25-0.30 for R=26 and an error circle radius of 2 arcadthout considering
source clustering). Furthermore, photo—z estimates aftarive the determination of the
magnitudes of the sources in images of very different quédilg., space— versus ground—
based telescopes) and, as a consequence, are affecteddigayserrors (see Zheng et
al. 2004 for a discussion on the accuracy of redshift eseémigit theCDFS).

2.5 Summary

The most important results obtained from the spectral @mabf a large sample of high
X/O sources selected fro@handradeep fields can be summarized as follows:

e The average slope obtained by fitting the stacked spectraangingle power—law
model in bothCDFN andCDFSis extremely flat{[ ~1). The shape of the residuals
strongly suggests that such a hard slope may well be the gk superpositions
of sources with different intrinsic column densities ovdiraad range of redshifts.

e The average slope of the stacked spectrum is almost indepefrdm the 2—-8 keV
flux. The high X/O sources represent the most obscured coempari the X—ray
background. Their spectra are harder{ 1) than any other class of sources in the
deep fields and also of the XRB spectrum.

e The redshift estimates, mainly obtained by multiband @btend near—infrared
imaging, available for about half of the sample, allowedaisivestigate the amount
of intrinsic absorption in the stacked spectra for a few h@tisanges. A trend
of increasing absorption with redshift has been uncovexgd= 1072235 cm~2).
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While observational biases could not be completely rulededensive simulations
suggest that the observed trend may well be real. Also, ttieraonstant hard

spectrum over more than two orders of magnitude of X—ray #Buxonsistent with
such a behaviour.

e Two new X-ray redshifts, obtained from theaKron line, have been discovered.
One object satisfy the criterion of an X-ray Type 2 QSO.

e Though the X/O ratio is a fairly good estimator of the soutgwrihosity and redshift
(Fiore et al. 2003), at faint optical magnitudes{R5) a departure from the X/O vs.
luminosity relation is emerging.






Chapter 3

Multiwavelength analysis of optically
faint sources

narrow-line objects, X-ray luminous>(10* erg s') and with substantial

(Ny > 10?2 cm~2) absorption. Even though the optical identification of X-ra
sources has been pushed to faint optical magnitudes, ordpdfil of “bona fide” Type
2 QSOs has been discovered so far (e.g., Norman et all. 2082y & al. 2002; Fiore et
al. 2003; Caccianiga et al. 2004; Gandhi et al. 2004, Petadh 2004, Szokoly et al.
2004; Mainieri et al. 2005; Maiolino et al. 2006; Vignali ét 2006). A large fraction of
faint X-ray sources does not show optical emission lineggesting that Type 2 quasars
may be different in the optical band from what expected. Muee the spectroscopic
identification of these faint objects is very difficult, tirlmensuming and challenging the
capabilities of current 8-10m class ground-based telescop powerful tool to detect
high-luminosity, highly obscured sources is the selecbonthe basis of the X/91,
as already discussed in the previous Chapter (82). The catidn of medium-deep
X-ray observation with K-band imaging offers a further nothto pick up this elusive
population. Among hard X-ray sources, one must select thagecounterparts with
extremely redR— K >5, EROs) color, which is an indication of high redshift(@.8) and
obscuration. Brusa et al. (2005) and Severgnini et al. (R060Bvincingly demonstrated
that the combination of these two selection criteria is a gréw tool to select Type 2
quasar.

Thanks to the COSMOS multiwavelength database, it has bepassible to build up a
large and homogeneously selected sample of X-ray emittR@<£ The combination of
optical, near-infrared and X-ray data of a complete sampleR®s is crucial to study the
relationship between EROs, high X/O and QSO2 and to quémétainvestigate the link
between the formation of massive ellipticals and the on§alActivity.

On the basis of the unified schemes, Type 2 quasars are expediedoptical

43
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3.1 The XMM-COSMOS sample

The XMM-COSMOS X-ray source catalogue comprises 1390 pbk# sources detected
over an area ofv 2 ded in the the first-year of XMMNewtonobservations of the
COSMOS field (23-field catalog; Hasinger et al. 2007; Cappiedt al. 2007). A total
of 1281 sources are detected in the soft band (0.5-2 keV),i78#e medium band (2-
4.5 keV), and 186 in the hard band (4.5-10 keV), down to lingjtiluxes of 7.% 1016
ergem?2s 1 4.7x10 P ergcnm? st and 9. %10 1% erg cm? s1 respectively. The
minimum number of net counts for the detected sources2$, 17 and 27 in the three
bands, respectively. The number of sources detected orthei®.5-2 keV, 2-4.5 keV,
4.5-10 keV bands are 661, 89 and 3, respectively.

Brusa et al. (2007) presented the optical identificatioa {tk-field catalogue) of the 695
X—ray sources detected in the first 12 fields (de8f). The same process for the optical
identification described in Brusa et al. (2007) has beeniegpb the 23-field sample.
The identification process is based on the “likelihood fatexhnique (Sutherland &
Saunders 1992; Ciliegi et al. 2003; Brusa et al. 2005; 200%.a first step in the
identification process, the I-band CFHT/Megacam catalog (vacken et al. 2007)
has been used, which, although slightly shallower thanrcgkeilable data (e.g., the
Subaru B,g,V,R,I and z photometric data, see Capak et al.7)20@s the advantage
of having reliable photometry even at bright magnitudeg & 19), where the Subaru
photometry starts to be significantly affected by uncetiesndue to saturation. Then,
the optical counterparts have been cross—correlated mattmiulticolor photo-z catalog
(January 3rd 2006 release; Capak et al. 2007). As a secopdthktelikelihood has
been performed using as input catalog the K-band (KPNO/Q@#®a extracted from the
multicolor catalog. The main advantage of using also ther#n&rared catalog is due
to the fact that the X-ray-to-near-infrared correlation &GN is much tighter than the
one in the optical bands (Mainieri et al. 2002; Brusa et al05)0 Moreover, although
the available K—band data are shallower than the opticas,otfeir use is potentially
important to find the reddest optical counterparts, whigéhanot negligible fraction of
the identifications of faint X—ray sources (Alexander e2&l01). As a third step, a visual
inspection of theSpitzefIRAC (Sanders et al. 2007) cut-outs around the X-ray s@urce
has been performed. The identifications have been furthédet in “reliablé” and
“ambiguous”: 89% have a reliable identification, 7% have arbiguous identification,
while 4% still remain unidentified.

At the time of writing, the XMM-COSMOS observations have beempleted and the
53-field catalogue has been released to the XMM-COSMO Shmmitdion along with the
optical identification of the sources. A total of 1749 pdk#lsources have been detected

1in this class are included the sources witg 16, the sources for which either there is only one object With- LRy, (where
LRy, is the chosen threshold for the maximum likelihood) or therhetween the highest and the second highest LR value ih the
or K-band is greater than 3, and the sources identified onilgerK—band; see Brusa et al. (2007) for a detailed descnitfache
identification method.
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Figure 3.1: Redshift distribution of the X-ray emitting ER&@mple; the red line is the distribution of
the sources with photometric redshift (108), while the klace is the distribution of the sources with
spectroscopic redshift (11).

in the 0.5-2 keV (1638 sources), 2-4.5 keV (1129 sourcesyamd 0 keV (374 sources)
bands. The process of optical and NIR identification foundil1gecure sources (82% of
the sample), 287 ambiguous sources (16% of the sample) andi@éntified sources (2
% of the sample).

The results reported in the following concern samples s&dea the 53-field catalogue.

3.2 XEROs sample selection

In order to study the multiwavelength properties of presbipnabscured AGN, a sample
of hard X—ray sources with reliable counterparts and ex¢fgmed colorsR— K > 5
in Vega magnitude) has been selected from the 53-field ataloA total of 119 hard
X—ray emitting EROs (hereafter XEROSs) are included in tlaisiple with a magnitude
limit Kyega ~19.2; to date this is the largest sample of XEROs with homogsn
multiwavelength coverage. These XEROs consititE0% of the total hard X-ray
detected sample with reliable counterparts, while high X#@rces constitute the 20%
of the hard sample. The multiwavelength available dataiohel u band photometry from
the CFHT/Megacam catalogue (Mc Cracken et al. 2007), thetsuB, g, V, R, I and z
band photometry (Capak et al. 2007), the K-band photom&RBNO/CTIO; Capak et
al. 2007), the ACS catalogue and images (Leauthaud et a¥.; K@@kemoer et al. 2007)
and theSpitzer(IRAC and MIPS) catalogues (Sanders et al. 2007).

Photometric redshifts are available for all the sources ddber et al. 2007),
while spectroscopic redshifts are available for 11 soufoe® the Magellan/IMACS
observation campaign (Trump et al. 2007). The majority X28) of the sources are
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Figure 3.2: Optical spectrum of source XID 43at 1.162 is shown in the rest frame. A strong Oll line at
3727As visible along with a Mgll line at 2808.

in the rangez=1— 1.8 (Fig. 3.1). The photometric redshifts, obtained throuigé t
fitting of the optical photometry using galaxy templatesgyide a good estimate of the
redshift of our sources, since their optical continuum isndmated by the host galaxy
light. The few optical spectra available show either thespnee of emission lines typical
of AGN (Mgll, O[lll] and Fell lines) or that of a strong galaxgontinuum, and confirm
the reliability of the photometric redshifts. As an exampte optical spectrum of source
XID 43 atz= 1.162 is shown in Fig. 3.2. A strong Oll line at 37&7is visible along
with a faint Mgll line at 2800A. We note, however, that the guality of the optical spectra
available at present for our XEROs is much lower than thatl@rf X3.

The main properties of the sources are reported in Table riafnely: the X-ray
identification number, the X-ray right ascension and detion, the hard X-ray flux,
the hardness ratio, the R band magnitude (in the AB systdra)Rt- K color (in the
Vega system), the X/O ratio, the hard X-ray luminosity, the reéfisind final a flag on
the redshift nature (photometric=1, spectroscopic=2) .

3.3 X-ray to optical properties

The R-band magnitudes versus hard X-ray fluxes of XEROs (rek&s) are reported in

Figure 3.3 (left panel), along with the sources of the cotegdi@ard sample (black circles).
Spectroscopically identified broad-line AGN (BLAGN) argogted as blue circles. The
average X-ray-to-optical ratio of XERO$X/O)=1.2) is significantly higher than that of
spectroscopically identified BLAGN(X/O)=0.06), in agreement with previous findings

2The conversion from the Vega to AB sistem af@fR = Rag — 0.2 and K/ega= Kag — 1.8
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Figure 3.3: Left: R-band magnitude vs. hard X-ray flux fortak hard XMM-COSMOS sample with
reliable counterparts; red circles are the XEROs; bludeasrcepresent the spectroscopically identified
BLAGN. The dashed region is that defined in the introducti@n, the locus occupies by optically selected
AGN. Right: R— K color vs. the X/O for all the hard detected XMM-COSMOS samplth reliable
counterparts. Simbols are as in the left figure. The vertlaghed line represents the X/O=1 limit.

(Brusa et al. 2005; Georgantopoulos et al. 2006). More@lsut 75% of the XEROs

(88/119) belong to the high X/O population (right panel of.F3.3). There is a strong

correlation between the X/O and red color, in the sense tloat of the reddest sources
have high X/O (right panel of Fig. 3.3).

In the previous Chapter it has been shown that the high X/Gtén@ssociated with
significant obscuration. Given the low counting statisti¢th® sources, it is impossible
to perform spectral analysis on individual objects, anakgithe high background of the
XMM-Newtondata, the stacking analysis, similarly to that performethwhe Chandra
data in the deep fields (Chapter 2), is much more uncertaia héhdness ratio (HR) may
provide a first rough indication of the shape of the sourcestspm. HR is defined as
HR= (H—-9)/(H+S), where H is the number of counts in the hard band (2-10 keV)
and S is the number of counts in the soft (0.5-2 keV) band. Maiet al. (2007)
found a clear correlation between the hardness ratio andnhthiesic column density
derived from a proper spectral analysis for a selected auipke of sources belonging to
the XMM-COSMOS 12-field sample. They also found that HR=-8.8n appropriate
value to separate obscureddN10?2 cm~2) and unobscured sources (see their Fig. 11).
Therefore, although one has to remember that the HR is aifumof redshift, it is still
possible to use HR for statistical studies. In Figure 3.#)(l¢he HR versus the X/O of
all the hard detected sample is shown (symbols as in Fig. Bi& average hardness ratio
for XEROs is(HR)~—0.07, significantly higher than that of BLAGNHR)~—0.6) and
well above the mean HR threshold defined by Mainieri et al. olescured sources. It
means that XEROs are harder than BLAGN, in agreement witfindengs of the X-ray
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Redshift

Figure 3.4: Left: Hardness ratio vs. X/O of all the hard seusample with reliable counterparts; simbols
are as in Figure 3.3. The vertical dashed line representXf@e1 limit. Right: HR distribution as a
function of redshift for all the XERO sample (red circlesprad) with the BLAGN sample (blue circles).
The dashed lines represent different column densitigs=(8k 107, 1072, 10?3, 5x 10°% cm~?), assuming

a power-law spectrum with=1.8.

spectral analysis discussed in Chapter 2, and on averagdscared in the X-ray band.
However, there is a conspicuous population of sources wgh K/O and hard colour
not belonging to the EROs sample. Indeed, as found in prewarks, red color and
high X/O are strongly coupled with obscuration, but not alrXy obscured sources are
extremely red.

In order to derive an estimate of the rest-frame column derisr each source, we
performed spectral simulations with XSPEC to convert HR iNt; taking into account
the redshift. The input parameters of the simulations a@eplaw spectrum with slope
=1.8, column density in the rangey& 3x 10%° — 10?4 cm~2 and redshift in the interval
z=0.2—-3. In the right panel of Figure 3.4, XEROs and BLAGN are compawith
the iso-Ny curves as a function of redshift obtained from simulatidnsthe figure, up-
wards pointing arrows represent the limits for the souraedetected in the soft band.
At the face value, the inferred Nvalues of XEROs are significantly higher than that
of BLAGN, as expected. About 70% (84/119) of XEROs are cdasiswith intrinsic
column densities in excess of 2cm~2, and actually are heavily obscured AGN. This
study statistically confirms previous works based on HRyamsalAlexander et al. 2002)
and spectral analysis (Vignali et al. 2003; Willott et al03)Stevens et al. 2003; Ghandi
et al. 2004; Severgnini et al. 2005; Brusa et al. 2005) andnbiguously indicates that
large columns of cold gas are common in X-ray emitting EROCsweéler, there is a non
negligible fraction (30%, 35/119) of sources with negligii-ray absorption.

For all the sources we have also estimated the 2-10 keV Iwsities from the observed
fluxes. The X-ray luminosities are corrected for the effefctlosorption derived as
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Figure 3.5: Logarithm of the absorbing rest frame columnsitgrversus the logarithm of the absorbed
X—ray luminosity in the hard band. The boxy region indicates locus of QSO2 (N >10%? cm 2 and
Lx > 10*erg s1).

described above. Given the high redshift and the relatilaiye X—ray fluxes of the
sources, it is not surprising that 78% (93/119) of the saihae high X—ray luminosity
Lx > 10*erg s (see Fig. 3.5) and are therefore in the quasar regime. Mergbalf
(55%, 64/119) of the sources in our sample show NL0?2 cm~2 and Ly > 10* erg
s~land are thus classified as Type 2 quasars (Fig. 3.5).

3.4 Mid - infrared properties

While the R— K colors of our objects are typical of red elliptical galaxersd dusty
systems at high redshift (e.g., Cimatti et al. 2002), exitegnthe photometric coverage to
the Spitzerbands may give additional clues on the properties of ourcgsurAccording
to Lacy et al. (2004), most of the luminous IRAC-selected AGd¢upy a well defined
region in a IRAC color-color plotfg/fss vs. fsg/f36, See solid line in Fig. 3.6). A
similar conclusion is reached by Stern et al. (2005), Hatzwglou et al. (2005) and
Barmby et al. (2006) using a different combination of IRACars. AGN occupy
preferentially this region because of their red power-lawd-iR SED, while normal
galaxies lie in the blue part of the diagram, clustering atbdig — f45 = —0.5 and
fs.g— f36 = —0.5. The spectroscopically identified BLAGN (blue circles axpected to
show a steep power-law spectrum and indeed occupy the AQk locthe IRAC color-
color (Fig. 3.6). XEROs occupy a transition region in betw#ee locus of AGN and that
of galaxies. For a large fraction of sources the AGN contidbpuis rising in the mid-IR,
while for a non negligible fraction, the AGN light is stillwisible or probably mixed with
the host galaxy light at the IRAC wavelength (Mignoli et aD02; Pozzi et al. 2007).
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Figure 3.6:SpitzerlRAC color - color plot. The solid line denotes the color stilen criterion used to pick
out luminous AGN according to Lacy et al. (2004). XEROs amttpld as red circles, BLAGN as blue
circles.

Therefore, if on one hand the mid-IR diagnostic used by Ldayl.eis efficient for the
selection of luminous AGN, on the other hand X-ray select&NAoccupy both red and
blue colors, because of the contamination by their hosixgedaespecially for the lower
luminosity AGN (Barmby et al. 2006).

3.5 Morphology of XEROs

The COSMOS survey was awarded a total of 590 orbits of HSTrahsens to cover
the COSMOS field using the Advanced Camera fo Surveys (AC83eWield Channel
(WFC) detector, together with the F814W (“Broad I”) filter ggkemoer et al. 2007).
This filter has been chosen in order to obtain the best pe@sselst-frame morphological
information on galaxies atzl. The astrometry of all the HST images is accuratefo
milliarcseconds. The images reach a point-source limidiepth AB(F814W)=27.2 &).
Since most of the XEROs have very faint magnitude, in theedpg= 21— 26.5, it is
quite difficult to perform a detailed morphological ana/sWe have performed a visual
inspection of HST cut-outs of all the sources (excluding @érees which do not have
HST coverage) with the aim to derive a rough classificatian,(point-like vs. extended).
This “eyeball” classification should not be strongly biassdthe redshift information,
because most of the sources of the sample are wathid — 1.8 (Fig. 3.1). The majority
of the sample (90%) present extended morphology, and ortfy 4@0the objects in the
sample appears point-like. We note that the redshift distion of the objects classified
as point-like is shifted at high redshift: 4 objects are at2 (see Fig. 3.1) therefore they
could either be high-redshift AGN, or their host galaxy exted emission is very faint
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and below the ACS resolution.

3.6 Broad-band Spectral Energy Distributions of XEROs

An important issue in AGN studies is the determination of gf@bal SEDs, over the
widest possible frequency range. While the average SED tadadly and radio selected
bright quasars is well known since more than a decade (Elais 2994, see also Richards
et al. 2006 for an update based on SDSS broad-line quastis)sistill known about the
SEDs of X-ray selected AGNSs, especially for the obscuredoiie optical continuum
in obscured AGN is heavily absorbed by dust and then retedliat longer wavelength.
Moreover, the obscured sources are generally hosted byigalith significant bulge
components, making more difficult the characterizationhaf huclear emission at the
optical and near-infrared wavelengths. Therefore, abldiastimate of the bolometric
luminosities of obscured AGN is limited by the actual cajpibs of disentangling the
nuclear emission from that of the host galaxy.

In this section, by exploiting the multiwavelength databasthe COSMOS survey, we
provide an analysis of the SEDs of the XEROs in order to dehge energy distributions
cleaned by the host galaxy component, and to understanchertte red colors of
XEROs are due to the host galaxy stellar emission or to theatis®rption of the nuclear
light.

In the following procedure, we use optical (u, b, g, v, r, kgand IRAC (3.6, 4.5,5.8, 8
pum) photometric data. In order to reproduce the observed phetiec data, we performed
a double-component (host galaxy plus nucleus) fitting patarized by

fy(observed = A x f,(host) +B x fy(nucleus,

where A and B are the relative normalization of the host andean components, that
minimize thex?. For the latter component, we adopted a Type 1 AGN SED fronsElv
et al. (1994) reddened using a suitable dust-reddeningraive formA, /E(B—V) =
1.39A~12 (Small Magellanic Cloud, SMC; Prevot et al. 1984) and assgnai grid of
extinction values in the rang&(B—V) = 0.1 — 10 (with steps o\gg_y)=0.01). For the
galaxy component, we collected several templates of eégpg{Bruzual & Charlot 2003)
and starforming (Devriendt et al. 1999) galaxies. The MIBSrizcron flux density has
not been included in the fitting as, at the time of writing, towerage of the COSMOS
field is limited to shallow fluxes. Nevertheless, the MIPS filensity has been reported
in each plot with the aim to check the agreement with the peletion of the fit at that
wavelength.

In the following, we concentrate on the subsample of 63 smyrdor which the
multiwavelength coverage is such to provide robust restite global properties (colors,
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Figure 3.7: (Left) Rest-frame SEDs of representative XERIOsiinated in the K-band by the nuclear
component, compared with the best-fit model obtained asuime(ed line) of a host galaxy (early-type or
SO or Sa, dotted line) and a nuclear component, the latteroboed with the extinction law described in
the text (dashed line). The MIPS flux density is reported asvandvard-pointing arrow if only an upper
limit at 24 umis available. (Middle) The 132 10” ACS images for each source are presented. (Right) The
20"x 20" 3.6umimages with overlaid the 2@mcontours (cyan; courtesy of H. Aussel) are shown. From
top to bottom, the SEDs present a decreasing nuclear cotidribto the total light.
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Figure 3.8: (Left) Rest-frame SEDs of representative XERG®inated in the K-band by the host galaxy
component, compared with the best-fit model obtained asutme(ged line) of a host galaxy (early-type or
SO or Sa, dotted line) and a nuclear component, the latterobeed with the extinction law described in
the text (dashed line). The MIPS flux density is reported asvandvard-pointing arrow if only an upper
limit at 24 umis available. (Middle) The 132 10” ACS images for each source are presented. (Right) The
20"x20” 3.6umimages with overlaid the 2dmcontours (cyan; courtesy of H. Aussel) are shown.
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Figure 3.9: Contribution of the nuclear component (uppés)and of the host galaxy (lower axis) light in
three rest frame band (R, K,18n) to the total emission.

redshift distribution, X-ray luminosity, absorption calm density) of this subsample
reflect the properties of the entire XEROs sample.

The SEDs of a few sources ina(erg cnt2 s 1 Hz 1) vs. v (Hz, rest frame) plot along
with 10”x10” postage-stamp ACS and 2020” IRAC (3.6um) images are shown in
Figures 3.7 and 3.8. The 2dncontours from the shallow MIPS observations are overlaid
on the IRAC 3.6umimages (courtesy of H. Aussel). In the left-most panel, totedl
line represents the best-fit galaxy template, the dashedditihe best-fit nuclear template
folded with the extinction law and the thick red line is thersaf the two components.
In each plot the(gof is reported. The fitting procedure described above prowadgsod
representation of the observed data. The best fit galaxylédespare mostly SO or Sa,
while the average extinction obtained for the nuclear camepbis(E(B—V)) ~ 0.8.

Thanks to the procedure described above based on a two-oemipGtting of the
observed SEDs, we were able to estimate the relative catitibof the host galaxy
and nuclear component as a function of wavelength. Theilisiton of percentage
contribution to the total light due to the nuclear (uppesaand host (lower axis) emission
is shown in Fig. 3.9 in three rest-frame bands (R, Kur§. Given the relatively narrow
redshift range, we are looking at almost the same part of &@ fr all the sources.
The distribution of the host galaxy contribution in the R d4left panel) is spread over
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Figure 3.10: (Left) Rest-frame SED of a XERO dominated awailelengths by the host-galaxy component,
compared with the best-fit model obtained as the sum (redl iha host galaxy (early type or SO or Sa,
dotted line) and a nuclear component, the latter convolvitd thie extinction law described in the text
(dashed line). The MIPS flux is reported as a downward paindirrow. (Middle) The 10%10” ACS
image is presented. We note the clearly extended morphatothe ACS image. (Right) The 2620”
3.6umimage with overlaid the 2dmcontours (cyan; courtesy of H. Aussel) is shown.

a large range, however, in 60% of the sources the galaxy ibation is >45%. In
the K band (middle panel), the AGN contribution to the obsdrtotal light for about
70% of the sources ig50% of the observed total flux (i.e.x (AGN)<0.5xfk (tot)).
Therefore, thdR — K colors of a large fraction (70%) of the XEROs are mostly duthéo
superposition of the host galaxy light to the nuclear canim. Only 18/63 sources (30%
of the sample) are completely dominated in the K band by thaean light, showing
a power-law infrared SED (i.e.c{AGN)~0.9x fk(tot)); 5 of them have also compact
morphology. Several examples of the sources completelyrdiisd in the K band by the
nuclear component are shown in Fig. 3.7 ( ordered from topottoln by a decreasing
percentage of the nuclear component). As evident in the IR&buts, the sources are
clearly detected at both 3.6 and ghwavelengths. Moving towards longer wavelengths
(IRAC bands), the contribution of the galaxy light to thealatmission slowly decreases
and at im(right panel) the nuclear component is responsible fordked emission in all
but two sources. A few examples of sources in which the nucleaponent dominates
only at IRAC wavelengths are shown in Fig. 3.8. The first sestwows a power-law SED
and the 24umflux is fully in agreement with the SED extrapolation; the @set source
presents a red and fainter nuclear component that arisgsabldnger wavelengths and
also a fainter MIPS counterpart; the third source, with arckxtended morphology, is
more extreme than the previous one and is undetectedpah 24he best-fitting SED
obtained for source XID 5324 does not require any nucleatrition (Fig. 3.10). The
results obtained from the SED deconvolution reflect and oortfhose obtained with the
Lacy et al. (2004) diagram. As shown in Fig. 3.11, only a feyeots (filled circles), that
occupy the reddest part of the Lacy et al. region, are comlgldominated at all infrared
wavelengths by the nuclear component showing a power-lal@, S#ile for most of
objects (open circles) the infrared SED is due to the mixedrdmition of nuclear and
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Figure 3.11: SpitzerIRAC color - color plot as in Fig. 3.6. The solid line denotég tcolor selection
criterion used to pick out luminous AGN according to Lacyle{2004). XEROs dominates in the K band
by the galaxy light are reported as open circles; converselyrces dominated by the nuclear component
in the K band are plotted as filled circles.

galaxy light. When the galaxy light contribution is hightére sources move towards the
blue part of the diagram.

3.6.1 Dustto gas ratio

The gas absorption column density can be determined frotd-tlag spectrum, while the
the dust extinction can be obtained from the ratio of the simisline fluxes (typically the
Balmer lines), if visible. An output of the double-compoh&ED fitting is the nuclear
extinction in the optical. Therefore, for each source weshev estimate of the(B—V);
the best-fit extinctions found are in the rangéB —V) = 0.25-1.60. By comparing
the reddening of the nuclear optical continuum and the Xafagorbing column density,
we find that theE(B —V)/Ny ratio is always lower (except for a few cases) than the
Galactic standard valu& (B —V)/Ny= 1.7x 10722, Bohlin et al. 1978), in agreement
with previous findings (Maiolino et al. 2001a,b; Georgakasi al. 2006; Frank et al.
2007). This is shown in Fig. 3.12 where tB¢B — V) /Ny ratio relative to the Galactic
value is plotted as a function of the 2-10 keV luminosity. €t with luminosities and
absorption column densities in the QSO 2 regimg . 10* erg st and Ny >10%?
cm?) are plotted as encircled dots. In the same figure, the Muaiait al. (2001a)
sample, that includes different types of local Seyfert gieks with X-ray luminosities
lower than in our sample, is also plotted. Our sample extémdisgher luminosity the
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Figure 3.12: E(B-V)/N, ratio as a function of the 2-10 keV luminosity for the objeict®ur sample (red
filled circles) compared with the Maiolino et al. (2001) sdenfblack squares). Objects with luminosities
and absorption column densities in the QSO 2 regimeXL10* erg s tand Ny >10°2 cm™?) are plotted
as encircled dots. The Galactic standard ratio is repodethahed line.

previous findings: there is a large spread which is appareotirelated to other obvious
properties. A physical explanation for this discrepancy imareferred to the fact that the
properties of dust grains in the circumnuclear region of AG@Nven the intense radiation
field, are different in location and composition from thefae interstellar medium of our
Galaxy (Maiolino et al. 2001b). In other words, larger dustigs can produce the effect
observed in our objects.

3.7 Black hole masses

The BH masses of obscured AGN at high redshift are not addessiith direct

measurement methods. In obscured sources, the host giglakgverwhelms the nuclear
emission and thus can be used to estimate the BH mass, agstimairelation derived
locally between the host galaxy luminosity and the BH masg.,(éMarconi & Hunt

2003). This relation has not been tested at high redshiftintdehaviour at earlier
epochs is still poorly known (see the Introduction and tHeremces therein). Given
that the fitting procedure performed in this Chapter allowsta determine the flux,
and thus the luminosity, of the host galaxy at each frequeweycan convert the host
galaxy luminosity into BH mass. To do this, we take advantaigihe Marconi & Hunt

(2003) relation. Given the uncertainties on the evolutibthe Mgy-Lk relation, we have
estimated the BH masses under two different hypotheses:tfiesrelation is higher than
local one by a factor two in the redshift range of our sour€@8<(z<2), in agreement
with the finding of Peng et al. (2006); secondly, the relatdoes not evolve with redshift.
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Figure 3.13: Black hole masses vs. hard X-ray luminositiesgtie XEROSs (red circles) of our sample;
starred symbols represent a sample of highly-obscurel;feidshift objects from Pozzi et al. (2007). The
dimension of the red circles increases with the redshifhefdources. The two dashed lines represent the
expected correlation between the two plotted quantitiesvio different assumptions on the bolometric
correction and foA=0.1 - 1.

In both cases, the results imply very massive BHs, with msaBséhe range~4x10'—
3x10° M, under the assumption of no evolution with redshift (Fig33red circles). Our
estimated My are consistent with the results derived by Pozzi et al. (R6f7a sample
of sources (starred symbols in Fig. 3.13) sharing the saoyepties (colors, redshift and
luminosities) of our sources and whose masses were estiraaieg a similar approach.
The Pozzi et al. values reported in the figure are those cad@ssuming no evolution of
the Mgy-Lk relation. Similar results have been found by Brusa et al0$2@omputing
the BHs masses for a sample of X-ray emitting EROs detectttifDaddi Field”.

The absorption-corrected X-ray luminosity could be tratesd into a bolometric
luminosity assuming a bolometric correction fadigg = kol < Lx. From the bolometric
luminosity, it is possible to estimate the Eddington rale=(Lpo/Leqqg)- A bolometric
correction in the rangegk) > 10kev=15-30 is consistent with the model of Marconi et al.
(2004), with the widely adopted value of Elvis et al. (199)d also with the findings of
Pozzietal. (2007; o1 2—10kev=35%9). In Fig. 3.13, the dashed lines represent the relation
between the BH mass and X-ray luminosity computed for Eddimdgjmited accretion
(A =1) and sub-Eddington accretioh £0.1) and assuming two bolometric corrections
(Kbol,2—10kev=15, 30). There is a spread in the Eddington ratios of ourcesun the range
A =0.08— 1, with a median value 0f = 0.16 with kyo| 2—10kev=30 and a factor two lower
(A = 0.08) if we consider ) 2—10kev=15. Both the BH masses and the Eddington ratios
derived above are consistent with a scenario in which XER@sohscured luminous
guasars emitting at relatively high Eddington ratios.
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3.8 Summary

Thanks to the multiwavelength database offered by the COSMrvey, it has
been possible to collect a large sample of X-ray emittingez®ely red objects with
homogeneous and good multiwavelength coverage. The msultseare reported in the
following.

e The analysis of their global properties (X-ray to opticad aear-infrared colors) has
confirmed previous results on the basis of which the selectidnard X-ray sources
(namely sources with high X/O) with extremely red colors fsceent in picking
up high-luminosity, highly obscured sources. It should b&d that not all X-ray
obscured QSOs are EROs. Among the XEROs of our sample, thehab&othe
properties of Type 2 QSOs.

e A rough morphological classification, obtained by the visumspection of the
HST/ACS images, suggests that most of the XEROs (90%) preseextended
morphology due to a prominent host galaxy. Although it iseetpd, it has not been
previously proven as it requires very good optical imagiRgrther morphological
analyses will be performed on the brightest sources.

e Thanks to theSpitzercoverage, additional clues on the nature of these sources ca
be provided by their mid-IR properties. The mid-IR color arlot suggests that
most of our sources are contaminated by the host galaxy lighto the infrared
bands.

e Thanks to the multiwavelength fitting performed in the opitend near-infrared for a
representative subsample of the XEROs population, we caredhat the red colors
of the majority (70%) of the sources can be explained by th& balaxy stellar
emission significantly contributing to the total continuumith the AGN emission is
most likely blocked by the obscuring screen of gas and dustziiy towards longer
wavelengths, the host galaxy contribution slowly decreaseouring the arising of
the nuclear light. Nuclear extinctions, black hole massesEddington ratios are
provided as output of the SED approach.

e A comparison between the effective hydrogen column dessiterived by the X-ray
hardness ratio and the nuclear extinction derived by fittiregbroad-band optical
and infrared continuum reveals that there is no a stand&atiae between the two
quantities, i.e., th&(B—V) /Ny ratio is always lower than the Galactic one.

e Thanks to the independent estimates of the galaxy and mualgs, the masses
of the central BHs have been estimated using thg Mk relation. Under the
hypothesis of no evolution with redshift for this relati@ur XEROs have masses in
the range~4x10"-3x10° M, and are characterized by relatively high Eddington
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ratios @ = 0.08— 1, with a median value\=0.16 if a bolometric correction
Kpol,2—10kev=30 is assumed).

Table 3.1: Properties of XEROs.

XID RA DEC fx @ HR R R-K  XIO LxP z ztype®
2-10 keV AB Vega 2-10 keV

18 150.1330279  2.3032356  5.68e-14 -0.38 2399 520 1.77 5645. 1.810
43 149.8341836  2.3086705  2.77e-14  -0.46 2351 566 1.27 6644. 1.162
55 150.0850192  2.1536439  1.79e-14 -0.35 2432 508 140 3844. 1.090
80 150.4029812 2.3900175 1.03e-14 -0.62 24.55 5.46 1.25 2644. 1.190
81 150.2731798 1.9340075 3.53e-14 -0.47 23.78 5.72 1.48 4544, 0.915
106 150.1584952  2.4154924  1.57e-14  -0.23 2472 572 150 .7843 0.710
108 150.1221429  1.9130143  1.33e-14 -0.46 2493 528 152 .6344 1.450
145 150.0199831 2.3493176 1.79e-14 -0.12 24.95 5.84 1.65 .0445 1.790
155 150.4467058 2.7495897 2.50e-14 -0.20 23.25 5.31 1.12 .7844 1.320
175 149.7207740 2.3490901 2.97e-14 -0.60 23.77 5.28 1.40 .0845 1.560
181 150.2674805  2.0555416  1.26e-14 -0.51 2549 536 1.72 .5544 1.390
223 150.2118511  2.1865278  5.36e-15 -0.53 2530 5.64 1.27 .5944 1.890
237 150.1825281 2.2474814 3.99e-15 -0.45 23.82 5.36 0.55 .8344 2472
240 150.0030587 2.1569762 6.10e-15 -0.29 23.39 5.00 0.56 .8743 1.050
266 150.2521018 2.5258517 1.18e-14 0.22 25.02 5.55 1.50 5644. 1.430
280 150.4722099  2.3249136  1.17e-14 1.00 2469 6.19 1.36 5944. 1.470
291 150.0593471  2.1122085  9.74e-15 0.07 23.67 526 0.88 6644. 1.640
294 149.9063062 1.9172077 1.50e-14 -0.54 23.78 5.42 1.11 .6144 1.370
348 149.8422877 2.3239684 1.01e-14 1.00 24.61 5.87 1.27 0044. 0.980
371 150.1988567  2.5975452  7.25e-15 0.03 2315 515 054 7643. 0.910
380 150.4606715  2.3589955  5.73e-15  -0.23 2454 528 0.99 .7943 1.010
390 149.9918428  2.5899649  9.46e-15 -0.10 2532 593 1.52 .4744 1.440
393 150.2434117 2.0774925 1.06e-14 0.17 24.76 5.46 1.35 3944. 1.300
400 149.8182715 2.0527178 9.04e-15 -0.37 24.68 5.17 1.25 .4244 1.400
428 150.2421154  1.8591031  7.35e-15  -0.47 2553 582 150 .8544 2.070
442 150.3787361  2.7345663  7.00e-15  -0.12 2461 553 1.11 .8643 1.000
472 150.3498860  2.8268949  6.50e-15 -0.25 2242 517 0.20 .7543 0.940
480 150.4261133 2.6089709 4.06e-15 -0.55 24.31 5.43 0.75 .8043 1.140
492 150.3425217 2.3926921 6.31e-15 -0.41 25.79 5.71 1.54 .3244 1.460
507 150.3074579  2.3681264  5.10e-15 1.00 2390 511 0.69 5643. 0.879
2028 150.5470301  1.6186942  7.46e-14 -0.49 23.68 6.24 1.76 5514 1590
2050 150.0641291 1.5294941 1.27e-13 -0.41 23.42 5.48 1.89 5.214 1.070
2208 150.4746579 2.0939209 6.12e-14 0.16 23.83 5.55 1.74 .3945 1.560
2226 150.6066231 1.9352445 1.51e-14 -0.38 23.17 5.10 0.87 3.984 0.844
2253 150.5056379  2.2258002  6.57e-14  -0.56 22.63 513 1.29 4.694 0.890
2258 149.6116364  2.3537292  1.47e-14 -0.56 24.87 557 1544784 1570
2318 150.7576442 1.7856554 2.13e-14 0.02 25.09 5.52 1.78 .0245 1.670
2336 150.6022876 1.7689283 1.23e-14 -0.01 24.66 5.07 1.37 4.824 1.710
2382 150.4599660 1.9769763 1.11e-14 -0.46 24.52 5.48 1.27 4.704 1.620
2440 150.6717461  1.7608536  6.92e-15  -0.47 23.88 538 0.813.884 1.020
2464 150.5401256  2.1676988  1.13e-14  -0.40 2392 515 1.044.824 1.750
2465 150.6945874 1.8873349 1.29e-14 0.18 25.18 5.90 1.60 .5044 1.330
2480 150.7562136 1.8069437 1.40e-14 0.03 23.67 5.10 1.03 .0744 0.930
2543 150.3435868  2.1404188  8.32e-15 -0.46 25.09 525 1.384.834 1.960
2594 149.6882260  2.4780705  4.31le-15 -0.50 24.03 516 0.67 3.824  1.140
2668 150.2475256  1.5425366  2.96e-14 0.34 2405 530 151 .3344 0.886
2772 150.6543577 1.5354332 1.03e-14 -0.49 24.58 5.37 1.26 4.664 1.610
5006 149.7412679 2.5849184 7.57e-15 0.20 24.71 5.94 1.18 .6444 1.760
5009 149.8326074  2.1333117  5.84e-15 1.00 2446 510 0.97 .7543 0.970
5039 150.4871763  2.0157803  5.47e-15 -0.44 2524 523 1.254.204 1.400
5053 150.3708983  1.9531653  1.49e-14 1.00 2519 6.04 1.67 .6144 1.380
5056 149.6722220 1.9413358 1.27e-14 -0.31 24.59 5.56 1.36 4.444 1.280
5070 149.8762007 2.5687332 1.54e-14 -0.03 24.49 5.45 1.40 4.724 1.480
5084 149.5742439  2.8832552  7.37e-15 -0.30 25.22 581 1.384.334 1.400
5124 150.6448633  2.3506722  1.17e-14  -0.34 2417 568 1.16 4.484  1.350
5153 149.5865469 1.7692322 3.21e-14 0.44 22.88 5.25 1.08 .0945 1.540
5178 149.8240028 2.3849568 5.90e-15 0.00 25.25 5.82 1.29 .0744 1.240
5205 150.4911023 1.7940780 8.34e-15 -0.16 24.51 5.38 1.15 4.384 1.400
5231 150.5382012  2.7156869  6.04e-15 -0.42 2517 542 127 4114 1.270
5263 149.8266392  1.9408160  8.4le-15 1.00 2412 510 0.99 .9743 1.020
5283 149.7653162 2.6484907 1.07e-14 -0.06 25.41 5.32 1.61 4.764 1.710
5288 149.5705340 1.9904480 1.30e-14 -0.42 23.36 5.14 0.88 4.244 1.090
5294 149.5059033  2.6422235 3.53e-15 -0.60 2555 518 < 1.19 4.484  1.990
5321 150.7869826  2.1510475  1.55e-13  -0.48 2290 6.27 1.77 5684  1.430
5324 149.5251398  2.7448496  1.72e-14  -0.57 23.83 529 1.19 4204 0.960
5357 149.5384170 2.7213310 6.63e-15 0.11 25.21 5.02 1.33 .5544 1.710
5368 149.8917052 2.5786874 8.09e-15 -0.48 24.00 5.44 0.93 4.314 1.340
5408 150.5341251  1.9525828  6.17e-15 -0.21 2352 519 0.623.854 1.030
5412 150.5403743  1.9695623  6.38e-15 -0.43 23.05 516 0.44 4.084 1.220
5414 150.5960050 2.3358836  9.18e-15 -0.41 24.00 511 0.98 4.224  1.200
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Table 3.1: Properties of XEROs (continued).

XID RA DEC fx @ HR R-K  X/O Ig(Lx)° z ztype®
2-10 keV AB Vega 2-10 keV

5430 150.0978401 2.8021366 5.41e-15 -0.58 25.12 5.56 1.20 4.264 1.470 1
5438 150.7437507 2.2011513 2.53e-14 -0.47 24.62 5.03 1.67 4.864 1.400 1
5441 150.3690292 1.7922443 6.94e-15 -0.28 23.92 5.10 0.83 4.284 1.380 1
5467 150.6430892  2.5293023  7.74e-15  -0.18 2445 5.03 1.09 4.014 1.080 1
5469 150.4496595  2.3193975  4.37e-15 -0.33 2420 519 0.743.974 1.270 1
5487 149.5977808 2.8030775 5.20e-15 -0.68 25.52 6.29 1.34 4.204 1.430 1
5511 149.6207450 2.6145431 7.18e-15 0.10 24.13 5.27 0.93 .6743 0.850 1
5530 149.5173383 1.8636898 1.15e-14 -0.50 26.04 5.83 1.90 4.804 1.720 1
5533 149.5940248  2.6145721  1.12e-14  -0.37 2422 564 1165114 2.190 1
5549 149.6839912  1.9328868  1.56e-14 -0.49 26.05 6.34 2.034.864 1.630 1
5569 150.7904589 2.5504768 1.94e-14 -0.27 25.19 5.45 1.78 4.944 1.620 1
5573 149.5298775 1.7856366 2.3%-14 -0.35 24.46 5.46 1.58 4.964 1.540 1
10184  149.4905063  2.8684680  1.46e-14 1.00 2556 512 1.814.824 1.620 1
10498  150.4966988  2.0890306  5.28e-15 -0.23 23.19 5.00 0.4244.08 1.300 1
10597  150.6806496  2.8369197  7.65e-15 -0.36 25.21 5.88  1.3%44.67 1.790 1
10662 149.5500075 2.4786970 9.42e-15 -0.27 24.57 5.57 1.2244.52 1.490 1
10747 149.4226065 2.4456759 1.37e-14 -0.32 25.29 5.37 1.6744.78 1.610 1
10764  150.0369857  2.3581252  5.65e-15 1.00 2548 513 1.364.414 1.630 1
30342  150.5501210 2.5258689  4.87e-15 -0.16 24.94 514  1.0844.33 1.180 1
30361  150.4371453  2.7208718  5.03e-15 -0.24 25.06 521  1.1%45.08 2.160 1
31313 149.8884228 2.8437660 3.27e-14 -0.55 24.67 5.93 1.8044.75 1.190 1
31340 150.4336615 2.2255135 5.29e-15 -0.32 25.35 5.28 1.2844.61 1.190 1
31357  150.3958540  2.6352743  8.02e-15 0.07 24.84 581 1.264.144 1.150 1
53565 150.7660085  1.7931335  7.18e-15 -0.36 24.20 593 0.9644.12 1.280 1
54020 150.0643982 2.4175678 7.81e-15 -0.23 24.90 5.72 1.2744.13 1.340 1
54055 149.8992188 2.6941535 9.13e-15 -0.17 23.65 5.46 0.8444.27 1.100 1
54279 149.4643204 1.5952553 1.81e-14 -0.54 24.41 5.13 1.4444.66 1.340 1
54461  150.7642207  2.4658377  2.08e-14 1.00 2396 552 1.324.484 1.190 1
54464  150.7234012  2.4087660  1.12e-14 1.00 2527 556 1.584.514 1.660 1
54466 150.6059254 2.4366181 7.00e-15 1.00 24.16 5.43 0.93 4.064 1.020 1
54480 150.2070346 1.6798477 1.17e-14 0.11 24.22 5.64 1.18 4.564 0.713 2
54486 150.1567529 2.0893113 5.88e-15 1.00 25.48 5.33 1.38 3.844 1.140 1
54540  149.4211432  1.8562607  1.63e-14 0.02 2378 550 1143914 1.190 1
60023  150.4831504  2.8287263  1.10e-14 0.03 2338 506 0.814.194 0.950 1
60024 150.2983545 2.2133297 5.31e-15 1.00 24.34 5.20 0.88 3.964 1.147 2
60031 150.7255228 2.8271887 8.27e-15 -0.21 24.87 5.79 1.2943.91 1.120 1
60044  150.6455567  2.2940700 4.51e-15 -0.18 24.74 519  0.9743.87 1.240 1
60049  150.2756408  2.4769144  4.65e-15 -0.02 24.02 5.09 0.7043.79 0.930 1
60084  150.7708507  2.4094437  1.45e-14 1.00 2419 523 1.264.434  1.090 1
60133 150.2964289 1.8918033 5.54e-15 -0.25 25.47 5.14 1.3%43.96 2.790 1
60144 150.6605614 1.8340781 7.14e-15 1.00 25.34 5.95 1.41 4.104 1.740 1
60174  150.2798858  2.1835692  4.21e-15 -0.16 24.53 529  0.8644.79 1.241 2
60206  150.4298759  1.9883259  5.73e-15 0.09 2458 505 1.014.374 0.990 1
60261  149.8552445  2.7674143  6.24e-15 1.00 26.24 6.26 1.714.104 1.240 1
60312 149.4640825 2.7761522 5.91e-15 -0.31 25.74 6.02 1.4943.81 1.150 1
60335 149.5728865 2.7103444 4.62e-15 1.00 23.47 5.13 0.47 3.914 0.990 1
60452  149.5121372  1.7635162  7.14e-15 1.00 2589 574 1.634.084 1.260 1
332 150.2854990  2.3094721  4.57e-15 -0.44 27.15 7.17 194 .8043 1.730 1
2814 150.3838225 2.0667613 7.32e-15 -0.20 25.77 6.13 1.59 4.434 2.970 1

2 |n units of 10 erg cn? s7; ® In units of erg s?; ¢ 1=photometric redshift, 2= spectroscopic redshift






Chapter 4

Unvelling the nature of XBONGs

hile a unique solution may not necessarily hold for all tKBONGs
Wobserved in different surveys and thus they may constituteixed

population, they represent a useful benchmark for a betigenstanding of
the AGN activity and, as such, deserve further studies.lligeme would need sensitive,
high-spatial resolution, multiwavelength observatioref radio to X-rays. As a first
step, in the following we use good-quality photometric Ae&ared data obtained with
ISAAC at VLT of four low-redshiftXBONGs selected in the HELLAS2XMM survey to
search for the presence of a putative nucleus which has esdchgtection in the optical
spectroscopy. The rather obvious advantage of near-@tfidata is that the effects of dust
reddening are minimized. At the same time, the excellenlityuaf the near-IR images
make possible to apply a surface brightness decomposéamique to search for weak
unresolved nuclear emission down to faint magnitudes.

4.1 Multiwavelength data analysis

The fourXBONGswere serendipitously detected in the HELLAS2XMM 1 squargrde
field (1dF) sample (see Baldi et al. 2002 for a descriptiomefX-ray data and Fiore et al.
2003 for the optical identification process). The multinlangth analysis of th&BONG
prototype PKS 03120018 (also known as P3) is presented iraSonet al. (2002). All
four sources have hard (2-10 keV) X-ray luminosities latian~ 10*2 erg s 1, while
the optical spectra are characterized by a red continuumssetlar absorption lines (Fig.
4.1).

The spectroscopic observations were obtained at the ES® &scope equipped
with EFOSC2 during different observing runs in 2001. White telatively large slit
width (2 arcsec) used in the spectroscopic observationsadopreserve us from a
galaxy light contamination (and consequent line dilutjdhg good signal-to-noise ratio

63
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Figure 4.1: Rest frame optical spectra of the sources PKQ@RI7, PKS 03120018 (top), Abell 2690013
and Abell 1835140 (bottom) taken with the ESO 3.6m telescope

(S/Nsooo§ >13-20) and the well suited spectral range (including thesetgul position
of the [0””50072( andHa .- lines, with the exception of Abell 1835140) allow us to
place firm constraints on the line fluxes. The correspondimgnosity upper limit for
the O[Il] line of the fourXBONGsis in the range 139-10*0 erg s'1, about one order of
magnitude fainter than that measured in the optical spetti&ELLAS2XMM broad-line
(BLAGN) and narrow-line (NLAGN) AGN with comparable X-rayminosity (see Fig.
4.2 and Cocchia et al. 2007). The redshifts obtained fronptsition of the principal
absorption lines are = 0.319 0.159 0.154, 0.251 for PKS 03120017, PKS 03120018,
Abell 2690013 and Abell 1835140, respectively. Radio oketgons at 5 and 8.7 GHz
are available for the two objects in the PKS 0312-77 field. ré®KS 03120017 was
detected with a flux density of 1.3 mJy at 5 GHz and of 0.5 mJy@aGHz, while source

PKS 03120018 remains undetectegdj, < 0.15 mJy at 3 sigma).

4.1.1 X-ray spectral analysis

The results of the spectral analysis of the X-ray sourcekarltlF sample are presented
in Perola et al. (2004) with particular emphasis towardsstiagistical properties of the
sample. The X-ray spectra of the foXiBONGgaliscussed here were re-analyzed including
an additional observation of the Abell 18350140 field (nauded in the Perola et al.
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Figure 4.2: The[OIII]5OO7A° luminosity versus the 2-10 keV luminosity for 59 sources bE t

HELLAS2XMM sample as presented in Cocchia et al. (2007)rr8thsymbols mark the foulXBONGs

discussed in this paper; filled circles = narrow-line AGNgogircles = broad-line AGN; open triangles
and open squares = emission-line and early-type galaxisgectively.

paper) using the most recent calibrations. The data werepsed using standasa st

v6.1.0 and=TooLstasks.
The pn spectra were grouped with a minimum of 10 counts pefforPKS 03120018
and PKS 03120017) and 15 counts per bin (for Abell 2690001BAtrell 18350140)

using the tasiGRPPHA and fitted withxspec v11.3.0 (Arnaud 1996), while MOS1 and

MOS2 data, having much lower counting statistics, wereueftinned and fitted with the

C-statistic (Cash 1979). We checked and found the consigtegtween the pn and MOS
data, although the X-ray spectral results (Table 4.1) aad#st-fitting spectra (Fig. 4.3)

are referred to the pn data alone.
In the following we summarize the main X-ray spectral result

IXMM-NewtonScience Analysis System; see http:/xmm.vilspa.esatesfml/xmmsw._cal/sasframe.shtml.

Table 4.1: X-ray spectral analysis parameters.

Src. ID kT r NH x2/d.o.f F10kev Lo 10kev
(keV) (cm?) (ergem?s1)  (ergs?)

PKS 03120017 240%  <211x107  3.7/11 14101 50x10%
PKS 03120018 2105 6.867/28x 107t 9.6/9 1.5¢10°%  1.1x10%
Abell 26900013  0.730.06  1.64053 34.4/25  1.%10°%  9.6x10%
Abell 18350140 150081  4.25742 =107 14.012  5%10%  9.0x10%
1717030 6.467550x 107t 32.9/35  1.&10%  3.3x10%
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Figure 4.3: XMM-Newton (pn) spectra of the sources PKS 08170 PKS 03120018, Abell 2690013 and
Abell 1835140 (from top-left to bottom-right), fitted in tl@e5-8 keV range. The solid line represents the
best-fitting model. The spectral parameters are report€abite 4.1. For source Abell 1835140, the spectra
of the two available observations are reported.

Two sources, PKS 03120018 and Abell 18350140, are best biteth absorbed power
law with photon index in the range ~ 1.5-2.1 and column densitieBlf ~ 4—7 x
10?1 cm~2), typical of a mildly obscured AGN. Despite the relativelyde errors in the
determination of the X-ray spectral parameters, this amseems to rule out Compton-
thick absorption, at least in the energy range covered by XMbWwton The radio-loud
source PKS 03120017 is best fitted by a relatively steep2.4 spectrum (but consistent
with ' ~ 2) and no absorption in excess to the Galactic value (see fab).

Abell 26900013 is well fitted using a thermah€kAL) model at soft energies and a
weakly constrained power-law tail at highefsZ keV) energies. The thermal spectrum is
consistent with the extended appearance of the X-ray emnisas shown by the overlay
of the X-ray contours on the &band image (see Fig. 4.4).

Significant X-ray flux variability (a factor about 3) is preséetween the two XMM—
Newton observations of Abell 18350140. This object was also oleskrwice and
detected byChandra(in 1999 and 2000, forz 20 and 10 ks, respectively). Unfortunately,
it was at very large off-axis radii, making it impossible teadnvolve the X-ray emission
from the two optical close nuclei (less than 1 arcsec, se@\)eNeverthelesChandra
data (especially the data of the first and longer observatiomfirmed the XMM-Newton
spectral results and allowed for a long-term variabilitydst of this source. Over 3
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Figure 4.4: X-ray contours obtained from the 0.5-10 keV aealy smoothed pn image of source
Abell 2690013 overlaid on the&band image. The image 4 60" x60".

and half years, Abell 18350140 was found to be variable byctofaof ~ 7.5, with

its 2-10 keV flux increasing from the value of 2.4 x 10 1%erg cm? s~ 1 in 1999 to

~ 1.8 x 10 1%erg cn? s~ in 2003, with no evidence for significant changes in the X-
ray spectral parameters.

4.2 Near-Infrared data analysis

4.2.1 Near-Infrared imaging observations

Deep near-infrared observations have been carried oug) tisenInfrared Spectrometer
and Array Cameral SAAQ mounted on the ESO VLT (Very Large Telescop&§AAC

is equipped with a Rockwell Hawaii 1024024 HgCdTe array, with a pixel scale of
0.147/pixel and a field of view of 5 x 2/5. The observations have been collected in
service mode over several nights during September 2002 @ubel seeing conditions
(<0”8). The ISAAC images were taken in two near-IR bands {thed K filters) and
were reduced using the DIMSUMpackage, following standard procedures. A detailed
discussion on the data reduction of similar images takeotfogr sources revealed in the
HELLLAS2XMM 1dF is reported in Mignoli et al. (2004). The tdtexposure times for
each galaxy is 600 sec thand 1800 sec in Kband. The effective seeing on final frames
ranges between 0.5 and 0.8 arcsec (FWHM). The magnitudss lioripoint-like sources
are aboutl(lim)=22 and K(lim)=21.5 in all the images. TheKband images of all the
four sources are shown in Figure 4.5.

2The Ks (K-short) filter is centered at shorter wavelenght than thadardK filter in order to reduce thermal background.
3Deep Infrared Mosaicing Software, developed by P.Eisetihit.Dickinson, A.Stanford and J.Ward., and availablehat site
ftp://iraf .noao.edu/contrib/dimsumV2.
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Figure 4.5: K-band images: PKS 03120018, PKS 03120017, Abell 2690012\betl 1835140, from top
left to bottom right; the size of the images is 285", 20"x 20", 30"x 30", 15"x 15", respectively.
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4.2.2 The fitting procedure

The surface brightness decomposition has been performted3ALFIT (Version 2.0.3b,
Peng et al. 2002), a two-dimensional algorithm designecti@et structural parameters
directly from galaxy images combining several analyticabi®ls and by convolving them
with the image Point Spread Function (PSF). The PSF has bedalad adopting several
field stars in each ISAAC image.

The fitting procedure was performed separately in kloéimd K5 bands, allowing us to
cross-check the results and test for a possible color tdenakder to better constrain the
galaxy structural parameters (magnitude and effectiveisadfirst we fitted each object
in theJ band where the AGN contribution to the total light was expddb be lower, as
actually found in our analysis. Then we applied GALFIT tokheband images, using the
galaxy parameters obtained in thband as start-up values for the nuclear decomposition.

As a first guess of the profile of the host galaxy, we appliedrai model (Sérsic 1968)
of the form:

u(r) = pe & 1)1 (4.1)

where is the effective surface brightnesg,the effective radiusn the Sérsic index,
andk a constant determined fromin order to have half of the integrated flux withig
The Seérsic index assume valuel in case of exponential profile and valoe- 4 in case
of a de Vaucouleurs profile (de Vaucouleurs 1948). Sincerttiex was found to be >4
for all the sources, in the second step of the fitting we adbptde Vaucouleurs profile,
hereafter referred to as MODEL 1.

If residual emission in the innermost region was still presafter fitting the galaxy
with MODEL 1, the contribution of a point-like source (MODE2) was added. The
latter contribution is modeled using the PSF profile obtdiinem several field stars. The
centroid of the unresolved component and that of the hosixgdiave been linked with
each other in the fitting procedure. We considered the uhresacomponent detected if
thex? improves with the inclusion of the nuclear component antlig brighter than the
image magnitude limit for point-like sources.

In order to check the GALFIT capabilities to detect a faintasolved source at the center
of a bright galaxy, accurate simulations were performedgithhe IRAF taskmkobject
We started with a bulge ¥/4) profile and then has been added a point-like source. In the
simulations we adopted a grid of magnitudes in the rangel K — 22 for the host galaxy
and Ks=17 — 22 for the point-like component; different effectiadii (from 30 to 120
pixels) for the host component have been used. The inputieteas have been chosen in
an appropriate range to reproduce the observed data antbagan a wider but realistic
parameter space. The simulated images have been convathatiesseeing and the noise
of our images; the PSF has been modeled with the parametersnileed from the field
stars. We ran GALFIT on the simulated sources first applyitig daucouleurs profile and
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Table 4.2: Results of the fits performed with Galfit in thand in the K band; the two entries for each
source in each band correspond to the fitting with MODEL 1 aitd MODEL 2, respectively.

id band  Model Most retf (kpc) Mucleus X1
PKS03120017 J 1 16.94:0.03  4.7%0.51 0.94
J 2 16.92:0.05 5.64:0.86 20.75:0.29  0.93

Ks 1 15.24:0.01  4.96-0.17 1.1

Ks 2 15.210.01 6.50:0.10 18.3¢:0.24 1.0
PKS03120018 J 1 16.510.02  3.73-0.30 1.50
J 2 16.52:0.01 4.03:0.40 20.3@:0.35  1.40

Ks 1 15.25:0.01  3.30:0.05 1.7

Ks 2 15.20:0.01 5.04-0.20 18.09-0.10 1.4

Abell2690013  J 1 15.410.01  7.84:0.10 1.05
Ks 1 14.29:0.01  6.86-0.20 2.15

then adding a central unresolved component, as performaddXBONGs The fitting
results are fully consistent with the input parameters. agtaenties { mag~ 0.02) on
the determination of the nuclear magnitude have been fautigticase of a very faint (K
>22.5) unresolved source hosted by a brigh§ (KL5) galaxy. We conclude that at the
magnitude limit of our images for point-like sources, theoes on the parameters due to
the GALFIT detection capabilities are not affecting ounulées

4.2.3 The fitting results

The best-fitting parameters (g2 radiué, Mhucleus Obtained in each band for MODEL 1
and MODEL 2 are reported in Table 4.2. Since the uncertamfieted by GALFIT are
very small (see Peng et al. 2002), the errors reported ineTald have been estimated
comparing the best-fitting results obtained adopting dhffié stars to model the PSF in
the fitting; therefore, the errors quoted in the Table areniyalue to the uncertainties on
the PSF shape.

e In two out of the four sources we found clear evidence of ahtrrtunresolved
component on top of the elliptical galaxy profile. The-Band residual images of
PKS 03120018 and PKS 03120017, obtained by subtractingtted fnodels from the
original images, are shown in Fig. 4.6; the residuals okethiwith MODEL 1 are shown
in the left panels, while those obtained with MODEL 2 in thghtipanels. Introducing an
unresolved component improves the quality of the fit, mastlhe Ks band, as evident
from the residual images and tiyé in the Table. The excess with respect to the bulge
profile in the innermost region increases towards longerelesngths. The host galaxy
parameters obtained with MODEL 2 are cleaned by the nuctaponent.

e The fitting procedure found no evidence for a central compbimreAbell 2690013.
The residual images obtained with MODEL 1 in bdtland Ks bands show no need for
a central unresolved source in the fitting model; the ressdmathe Ks band are shown
in Fig. 4.7. If a nuclear component is present, its magniiadainter than the limits of
our observations. The absence of a central unresolved auenpis also supported by the

4The radius reported in Table 4.2 is the effective radius.
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Figure 4.6: Residual images (galaxy - model) of PKS 0312¢@48 and PKS 03120017 (bottom) obtained
applying a model without (on the left) and with (on the rigatjentral unresolved component.

X-ray analysis: the X-ray emission is well fitted by a thermmaddel consistent with the
extended appearance, as shown in Figure 4.4.

e Thanks to the high quality of the ISAAC images with sub-accseeing, it has
been possible to unveil the complex morphology of sourcellAb&35140. It is a
close interacting system, composed by two nearby bulgessédad in a common
envelope. The angular separation of the two nuclei-i8.9 arcsec. The high X-ray
variability (a factor of~ 7.5 in almost 3 years) could be connect with this morphology.
The morphological fitting was performed including simukansly the two components
despite the small angular separation. We fitted a Sersic hiadboth galaxies: in the
J band the fit did not provide a statistically reasonable smiufi.e., by means of?),
while in the Ks band we obtained a steep profile for the northern nucleus dfadter
profile for the southern one. Therefore we performed a nevaditing an unresolved
component only to the northern source and a de Vaucouleaofgepto both the bulges,
as performed for the othexBONGs The results are suggestive of the presence of a
point-like component in the northern source of the doubltesy. Since the fitting does
not provide a statistically acceptable description of thie sources, leaving significant
residuals because of their low spatial separation, thidtreBould be considered as just



72 CHAPTER4 — XBONGs

200

150

100

3k

50

Figure 4.7: Residual image of source Abell2690013 obtaapgdying MODEL 1.

gualitative. Observations with, e.g., Integral Field UiiRU) could provide further clues
on the nature and properties of this source.

4.2.4 Near-Infrared color

The surface brightness decomposition technique allowed asparate the galaxy from
the unresolved nuclear contribution in two out of fodBONGs The host galaxy
parameters (s, fe) and theJ—Ks colors are in good agreement with the-Band
luminosity vs. radius relation (Pahre 1999) and the colpidyl of elliptical galaxies
(Cutri et al. 2000), respectively, lending further supgorthe morphological analysis.
The nuclear near-infrared colors of PKS 03120018-K=2.21 + 0.36) and
PKS 03120017J-Ks=2.36+4 0.37) are reported in Figure 4.8 along with literature data.
Red triangles represent the optically selected quasabsneitr-infrared counterparts in
the 2MASS (Barkhouse et al. 2001), while the open black sare the 2MASS selected
red quasars from Hutchings et al. (2003) in a redshift ra@ge < z < 0.3) similar to
that of our sources. Even if affected by large uncertaintieginly due to the extremely
faint J-band magnitudes, the-Ks colors of the twoXBONGsare consistent with those of
2MASS red quasars at the same redshift. The tracks plotteidi.8 represent the color-
redshift relations for a composite quasar template from_tivge Bright Quasar Survey
(Francis et al. 1991) extended to the near-IR using the madin-quiet quasar energy
distribution (SED) by Elvis et al. 1994 (see also Maiolin@kt2000). We have included
the effect of internal dust attenuation on the LBQS templateg a dust screen model and
the SMC extinction law (Pei at al. 1992). The curves repreg#ierent extinction values
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Figure 4.8: Near-infrared color obtained for the AGNs hdsie PKS 03120017 and PKS 03120018
compared with literature data. Red triangles are the dpticelected quasars with near-infrared
counterparts in the 2MASS (Barkhouse et al. 2001), whileoghen black squares are the 2MASS selected
red quasars from Hutchings et al. (2003). The tracks platgdesent the color-redshift relations for a
composite quasar template with different extinction val@#&B — V)=0, 0.5, 0.8, from bottom to top).

(E(B—V)=0, 0.5, 0.8 from bottom to top). At the face value, the besi-+Ks color of
the nuclei implies€(B—V) ~ 0.5— 0.8 which corresponds thly ~ 3 —5 x 10°t cm2 if

we use a standard Galactic dust-to-gas Padi® a conversion factor. The comparison of
the extinction with the gas absorption obtained from thea)(analysis will be discussed
in section 4.4.

4.3 Simulated optical spectra

In order to check whether the extinction values, estimatewh the nuclear near-infrared
colors J—Ksg), could explain the lack of the optical emission lines, wenpared the
observed optical spectra of oXBONGswith simulated optical spectra. We adopted
the LBQS quasar average spectra extended to the near thfisee previous section) to
reproduce the nuclear component.

The approach we used is as follows:

1. using the IRAF taslkderedden the quasar template was reddened with different
extinction valuesg(B—-V)=0, 0.2, 0.4, 0.6, 0.8;

2. the templates were redshifted to the redshift of the ssurcsing the IRAF task
dopcor,

SE(B—V)=1.7x 10722 x Ny cm~2 (Bohlin et al. 1978).
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3. the spectra were normalized to thel&nd on the basis of the estimated magnitude
for the unresolved central source;

4. the nuclear simulated spectra were summed to the obs¥B@#Goptical spectra.

We performed simulated spectra for both sources PKS 0312804 PKS 03120018. In
spite of the good signal-to-noise ratio of the observed tsaeme[OIll]5007A° emission
line is not visible in all the summed spectra, even in the cgisleout reddening. On
the contrary, it is possible to reveal the presence of ansamdine at the expected
wavelength of the redshiftdda6563& in the spectra witl (B —V)=0.

In order to quantify the emission-line detection limits atuaction of E(B—V), we
measured the equivalent width (EW) of tHer in the simulated spectra. Since the EW is
defined as the ratio between the line flux and the continuumafluke line wavelength,
its value does not change applying the extinction in theearcsimulated spectra. On the
contrary, the EW in the total spectra depends from both tleéeau and the steady host
galaxy continuum, thus decreasing at growing extinctiogufe 4.9 shows the equivalent
width measured in the summed spectra as a function oE{Be- V) along with the &
level of detectability (dot-dashed line) for both the s@a&cThe EW detection limit has
been estimated following the relation presented in Migabhl. 2005:

SLxA
(S/N)cont
whereA is the resolution element (iﬁ\) of our spectraSLis the significance level of the
detectable line, expressed in terms of sigma above thermzanti noise, an&/N is the
signal-to-noise ratio of the continuum in the total speciitae extinction values for which
theHa equivalent width is lower than the estimated detectiontlimE(B—V) ~ 0.5, in
fair agreement with the values found with the near-inframeatphological analysis. In
the next section we will compare all the extinction valuasio so far.

EW(detection limi) = 4.2)

4.4 Discussion

The surface brightness decomposition technique allowetb weconvolve the nuclear
from the galaxy contribution in two (PKS 03120018 and PKSZIBI17) out of the four
XBONGs

There is no evidence for the presence of a significant nuctesmponent in
Abell 2690013; the magnitude and the effective radius ofidaxy are in good agreement
with the Kormendy relation extended to theland (Pahre 1999). Moreover, the presence
of an active nucleus could be also ruled out thanks to a moedudanalysis of the X-ray
image. The X-ray source is clearly extended (Fig. 4.4) aredXtray spectrum is well
fitted by a thermal model.

The presence of two closd 0.9 arcsec) galaxies embedded in a common halo with
disturbed morphology in source Abell 1835140 preventedrosi fa detailed analysis



4.4 — DISCUSSION 75

_—
30LF PKS 03120017 i

20 - -

EW(H,)

10 L  PKS 03120018 |

-

1 L L L L 1 L L L] L
0 0.5 1
E(B-V)

Figure 4.9: The observed equivalent width of tHe line plotted against th&(B —V) of the simulated
spectra; stars represent PKS 03120017 and filled square98KX018. The dot-dashed lines represent
the EW detection limit curves as estimated following Migratlal. (2005).

with GALFIT. A qualitative analysis reveals the presenceafuclear component in the
northern source of the system, possibly associated witK i@/ emission.

The estimated nucledrKg colors, even affected by large errors due to the uncerésinti
on the nuclead-band magnitudes, are consistent, at the face value, withotion values
of E(B—V)= 0.5 and 0.8 for PKS 03120018 and PKS 03120017, respectivedy
both of them, the lower limit computed with the procedurelaiped in Section 4.3 is
E(B—V) ~ 0.5. These values are in agreement with the gas absorptiomoalensities
found with the X-ray spectral analysis, assuming a Galatit-to-gas ratio (Bohlin et
al. 1978).

The SEDs of PKS 03120017 and PKS 03120018 are reported irefigp and 4.11.
Open circles represent the host galaxy and the filled squlaeesuclear emission. The
X-ray spectra are the same as Figure 4.3, taking into ac¢bemrrors on the X-ray flux.
We note that source PKS 03120017 has been detected at 5 aaHBwith fluxes of 1.29
and 0.55 mJy, respectively. In the left panels the data argeaced with the Type 1 AGN
template from Elvis et al. (1994), normalized to match thee¥ kest-frame luminosity
for both sources as well as the 5 GHz rest frame luminosityPidE 03120017. The
X-ray to near-infrared ratio of both sources is consisteitt that of a Type 1 AGN. The
radio spectral index of source PKS 03120017 is very steep 1.7), at variance with the
value expected for an active nucleus<{ 0.5). However the radio observations are not
simultaneous and thus the variability may affect the abstienates.

Whether the observed broad band SEDs are consistent withromere of the alternative
possibilities on the nature ¥BONGspresented in the Introduction (Section 1.4.3) it is
discussed in the following.
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Figure 4.10: The broad-band spectral energy distributf@oarce PKS 03120017compared with the Type
1 AGN SED (Elvis et al. 1994; left panel) and with a blazar SEithwadio luminosity consistent with that
of our object (Fossati et al. 1998; right panel). The AGN SEDadrmalized both to the radio and the X-ray
data (rest frame 5 GHz and 5 keV, respectively).

The detection of PKS 03120017 in the radio band suggestséBeti al. 2003) that
it could be an example of a high-energy-peaked BL Lac (theatleat HBL). To shed
light on the nature of the broad-band emission of PKS 03120@#& report in Fig. 4.10
(right panel) the SED with the lowest radio luminosity bejorg to the “blazar sequence”
(Fossati et al. 1998), roughly matching the observed 5 GHednsity of our source.
The X-ray-to-radio luminosity ratio of PKS 03120017 is orréer of magnitude lower
than that expected for HBL. The HBL SED does not adequatelpditnuclear data of
PKS 03120017 suggesting that either the Blazar sequenak #ogvn at low luminosities
or “more likely” that PKS 03120017 is not a BL Lac object.

The presence of Compton-thick absorption for source PKQ0318 was favoured by
Comastri et al. (2002), on the basis of the comparison of thece SED (including
the host galaxy) with that of NGC 6240, the prototype of th&ss of objects (see their
Fig. 5). The near-infrared nuclear fluxes obtained with thesent analysis along with
a re-analysis of the X-ray spectrum, consistent with Comyphan obscuration (N~5
x 107 cm~2), make the Compton-thick hypothesis no more tenable (Fid.,4eft panel).

A multiwavelength spectral fit to the total emission of seuRKS 03120018 with a
RIAF plus thin-disk model was presented by Yuan & Narayard@OEven if a detailed
analysis of ADAF model is beyond the scope of this paper,timaidel is reported in
Fig. 4.11 (right panel). We note that the solution proposgditan & Narayan (2004)
does not provide a good fit to the nuclear data; however, givemarge number of free
parameters in RIAF models, we cannot rule out that inefficdecretion may explain the
PKS 03120018 SED.
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Figure 4.11: The broad-band spectral energy distributiosnarce PKS 03120018 is compared with the
Type 1 AGN SED (Elvis et al. 1994) normalized to the X-ray d@edt panel) and with that of the highly
obscured Seyfert 2 galaxy NGC 6240 (continuous line) antd ¢ RIAF model (dot-dashed line; Yuan
and Narayan 2004, right panel).

To explain the properties of more than half of KBONGsselected in th€handradeep
fields at high redshift, Rigby et al. (2006) proposed thegmes of extranuclear dust and
gas distributed on large scales (i.e., kpc dust lanes). [Bass have been observed in HST
images of nearby galaxies hosting a Seyfert 2 nucleus (Makal. 1998) and seem also
to be ubiquitous in nearby early-type active galaxies, ftomHo et al. (1995) sample,
analyzed by Lopes et al. (2007). X-ray observations of gatalzelonging to the Malkan
et al. sample suggest a strong correlation between thenuesé dust lanes and X-ray
absorption (Guainazzi et al. 2001, 2005). In those obj¢ltspresence of extranuclear
dust lanes is always associated with optical emission Etesriance with theXBONG
definition. If dust lanes are responsible of XBONGclassification as proposed by Rigby
et al. they should be visible in the optical in our sourcesohlaire much brighter. We have
retrieved from the HST archive two ACS/HRC images of sour€& 3120018 taken in
the F475W and F625W filters. The optical images do not showoényous large-scale
dust structure.

Having ruled out heavy nuclear absorption and absorptiate to the presence of dust
lanes, the lack of optical emission lines in PKS 03120017R#8 03120018 requires an
alternative explanation. One possibility is that the iamiflux does not reach the narrow
line region either because absorbed by intervening dusgasdwith E(B-V)=0.5 and
Ny ~10%cm2, covering 4t at the central engine, or simply because the central source
is weak and not enough UV photons are produced, or a combimatiboth.

Having estimated the host galaxy magnitude, it is possibleompute the black hole
mass adopting the Marconi & Hunt (2003) relation, safelyuassag that it remains



78 CHAPTER4 — XBONGs

1010 [

10° - !

MBH <Msun)

108 - 4

s

7

10% 104 10%
2—10 keV Luminosity

L
1042

Figure 4.12: Black Hole masses (in units of solar mass) wettsel 2-10 keV luminosity. The continuous
lines represents the expected correlation between the lotieg quantities for two different assumptions
on the bolometric correctiorkgo = 15 andkyo = 30, solid and dashed line, respectively) andddi=1.0-
103,

constant up to the low redshift of the sources (see the digmusn section 3.7). The
rest frame K-band luminosity has been computed using an evolving elipgalaxy
template (Bruzual & Charlot 2003) to properly account foe t-corrections. The
black hole masses obtained ar& & 10°M., and 14 x 108M., for PKS 03120017 and
PKS 03120018, respectively. Assuming a bolometric cowwactalue appropriate for the
X-ray luminosity of XBONGnhuclei (1— 5 x 10*? erg sec?), it is possible to derive the
bolometric luminosity and, therefore, to estimate the Bdthn ratio Lo /Lgqq) Of the
two sources. For a bolometric correction in the range 156304 et al. 1994; Marconi
et al. 2004), the resulting Eddington ratio is clos&gg /Lgqq ~ 1073.

In Fig. 4.12 the black hole masses as a function of the X-ranjrosity (filled squares)
are reported along with literature data. Open trianglestaeX-ray emitting EROs from
Brusa et al. (2005), starred symbols are the highly obsayuadars at high redshift from
Pozzi etal. (2007) and open squares are the low-luminosiif LLAGN) from Panessa
et al. (2006). Keeping in mind the uncertainties on our est&®, even if at the same X-
ray luminosity, the black holes that reside in our objecesrapre massive than those of
the LLAGN of Panessa et al (2006). The t@ ONGsappear to be characterized by a
rather low Eddington ratio, much lower than in the comparisamples. Thus, the lack
of optical emission lines may be explained by an intringycaleak nucleus that, at this
low Eddington ratio, is not able to produce enough UV lumityo® ionize the narrow
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line regions.

4.5 Conclusion

We presented a multiwavelength analysis of fMBONGs For these sources, deep
near-infrared images taken with ISAAC at VLT, good-quatiptical spectra and XMM—
Newtondata are available. Applying the morphological decompasitechnique, we
were able to detect in two out of the four sources the presehaenuclear component
(PKS 03120017 and PKS 03120018). Source Abell 269001 3mieese nuclear emission
and X-ray appearance consistent with an extended sourceobe Abell 1835140, the
near-infrared images reveal a complex morphology wherestwnces are embedded in a
common envelope. The main issue aboutXiBONGnature is whether they represent a
truly distinct class or, rather, they are a mixed bag of seswr@®ur results point towards
the latter hypothesis.

The results regarding the nature of the nuckBONGsand the lack of optical emission
lines can be summarized as follows.

e Source PKS 03120017 and PKS 03120018 are well described liglg obscured
(E(B—V) = 0.5—0.8) optically weak nucleus responsible for the X-ray emissio
hosted by a bright galaxy (m@f'—-madi®t ~ 4).

e The lack of optical emission lines cannot be attributed teeptational effects as
suggested by several authors, at least as far as the higaksagnoise ratio of our
spectra are concerned.

e The exotic hypotheses that were proposed to explain theoaekiission lines have
been discussed. We can safely discard for the two objects @@ompton-thick
scenario and an important blazar contribution. The inefficaccretion could not be
completely ruled out, because of the high number of freematers in the model
that can be tuned in order to reproduce the broad band SBONGs Moreover
a nuclear source which is not efficient in the production of photons would be
consistent with the lack of optical emission lines.

e The presence of a thin nuclear gas and dust structure (ascalguCocchia et al.
2007) covering # at the nuclear source, combined with the low level of actiwit
the BH, could prevent the ionization of the narrow line regi@and produce also the
extinction we measured.

e Upcoming observations with VLT/VIMOS-IFU (Integral Fieldnit) could help in
the detection of the typical AGN emission lines down to a viamgt flux limit and
in the study of the kinematics of the interacting system.






Conclusions

The most important results obtained in this PhD Thesis aontiee multiwavelength
properties of elusive, obscured hard X-ray selected AGNddrideir host galaxies. The
attention has been focused on the high X-ray-to-opticalrdibo sources, X-ray emitting
extremely-red objects and X-ray bright optically normdbgées. In order to characterize
their broad-band properties, the multiwavelength datedatseveral deep and large-area
surveys have been exploited.

e A high X-ray-to-optical flux ratio (X/O) is often a signatucd significant X-ray
obscuration or high redshift or both. At the flux limits of ti&handra Deep
Fields, the high X/O sources are typically characterizedxyemely faint optical
magnitudes and are therefore challenging targets for @apsjgectroscopy. In this
framework, a detailed investigation of their X-ray propestmay provides further
clues on the nature of this important component accountn@lbout 20% of the
X-ray background. A sample of 127 X/O sources have beentselec the deep
fields.

— Given the low-counting statistics of most of the sourcesuigable procedure
to appropriately extract average spectra and relativeoresp matrices, from
observations performed with different aim points and esijles, has been
developed and tested.

— The average spectrum of the high X/O sources selected aetqefields is very
flat (Fr ~1). The measured value is significantly flatter than the aetatal
spectrum of the X-ray sources detected in @eandradeep fields, as well as
of the average XRB slope in the 0.5-8 keV range, strongly sstijgg that high
X/O sources represent the most obscured component of thebeRBy 6 keV.

— To search for a trend of the spectral slope as a function xf $iiacked spectra
in different flux intervals have been analyzed. The spedlabe remains
constant and very hard over about two decades of X-ray flux'eta0-14
erg cnm 2 s~ 1), definitely flatter than that measured for the en@®FN and
CDFSsamples. The most straightforward explanation of the oesespectral
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slope is in terms of superposition of different photoelectut-offs due to
Compton-thin absorption, most likely spread over a rangeashifts.

— With the aim to quantify the amount of obscuration, we stacthe observed
X-ray spectra in relatively narrow redshift bins, usinghbepectroscopic (20)
and photometric (40) redshifts. The results unambiguocshfirm that high
X/O have rest-frame column densities larger thafftn 2 at z~1 and of the
order of 2<10?° cm2 at z~3.

The main conclusion is that obscuration is ubiquitous anXi@sources; although
it is somewhat expected, it has not been previously provetraguires very good
quality X-ray data.

Originally selected in K-band imaging surveys, extremedyg robjects (EROSs,
R—K >5) are now identified as the counterparts of hard X-ray saudceparticular,

it has been shown that the combined selection of extremdlgators and high X/O

is highly efficient in picking up luminousx 10* erg s1) and obscured (N >
1072 cm~2) sources at high redshiftg & 0.8), i.e., Type 2 QSO. The database of the
COSMOS survey offers the possibility to characterize thdtimavelength (from
infrared to X-rays) properties of a statistically signifit@ample of more than 100
X-ray emitting EROs (XEROS) in the redshift range: 0.8 — 2.

— There is a strong correlation between red colors and high X/the sense that
most of the reddest sources have high X/O ratios. At varisspectroscopically
confirmed BLAGN have lower X/O and blue colors.

— Based upon the hardness ratio, we have estimated the Xssaylang column
density, using both spectroscopic and photometric redshift the face
value, 70% of XEROs are consistent with absorption in exo€4€?? cm 2,
Moreover, half of the sample (55%) have properties simathbse expected
for Type 2 QSO.

— Thanks to the multiwavelength fitting performed in the ogltiand infrared
bands for a representative subsample of the XEROs populdtieas possible
to deconvolve the nuclear emission from that associateth@chbst galaxy.
We can argue that the red colors of the majority (70%) of the&rces can
be explained by the host galaxy stellar emission signiflgastntributing to
the total continuum, while the AGN emission is most likelypdked by the
obscuring screen of gas and dust. Moving towards longer lesagths, the host
galaxy contribution slowly decreases, favouring the agf the nuclear light,
reprocessed in the infrared band by the torus postulatederAGN Unified
Model.

— A comparison between the effective hydrogen column dessand the nuclear
optical extinction reveals that there is no correlatiomssn the two quantities,
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but rather theE(B —V)/Ny ratio is always lower than the Galactic one. A
possible explanation for this discrepancy ma be ascribéuetpresence of dust
grains in the circumnuclear region of AGNs larger than thioséhe diffuse
interstellar medium of our Galaxy.

— Thanks to the independent estimates of the galaxy andanljét, the masses
of the central BHs have been estimated using thg Mg relation. Under
the hypothesis of no evolution with redshift for this redatj our XEROs have
masses in the range4x10°—3x10° M., and are characterized by Eddington
ratios in the range = 0.08— 1 (with a median value o& 0.16 if a X-ray
bolometric correction of 30 is assumed), consistent witltenario in which
XEROs are obscured quasars emitting at relatively highigtdn ratio.

e X-ray bright optically normal galaxies are characterizgdte lack of evident AGN
signatures in high-quality spectra, although X-ray obagons provide indications
for the presence of moderately luminous (& 10*2 —10*3 erg s1), not necessarly
obscured AGN. Even though several interpretations have pesposed to explain
the observed properties XBONGS their nature is still matter of debate. In the
hypothesis that an active nucleus is poweXBONG we searched for its emission
in the near-infrared by applying to deep ISAAC/VLT images -@iensional
modeling technique (GALFIT).

On an admittedly small sample of sources{BONGsfrom the HELLAS2XMM
survey), we were able to detect the presence of a putatiteusiesponsible for the
X-ray emission in 2 out of 4 sources.

— The two nuclear XBONGs (PKS 03120017 and PKS 03120018) are
characterized by the presence of a bright bulge-dominatéskyg and a faint
nuclear component moderately obscured, both in terms adyXebscuration
(Nh ~ 10?* cm~2) and optical extinctionE (B —V)=0.5-0.8).

— Among the several hypotheses proposed in the literaturggiaia the nature
of XBONGswe were able, on the basis of the broad-band properties divine
nuclear sources, to rule out Compton-thick absorption dazil contribution.

— We argue that the presence of a thin nuclear gas and dudisafigly covering
(4m) the nuclear source, combined with a low level of activitytioé massive
BHs (Mg ~1.4 x 10° — 6.5x 10® M), could prevent the ionization of the
narrow line regions and produce also the extinction we nreds\lternatively,
a weak nucleus inefficient in the UV-photons production wioé consistent
with the lack of optical emission lines.

— There is no evidence of a nuclear component in the sourct 26@0013; this
is supported by the extended appearance in the X-ray banthatite X-ray
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emission well fitted by a thermal model.

— The presence of two close nuclei £0.9 arcsec) in source Abell 1835140
embedded in a common envelope, revealed thanks the deepnfrased
images, prevents us from performing a detailed decomposénalysis. A
qualitative analysis revealed the possible presence otcke@ucomponent in
one of the two sources, possibly associated to the vatiatfi the X-ray
emission.

Future Perspectives

This thesis has been successful in studying the multiwagéheproperties of elusive
sources. However, the work to understand these objectsriagust begun. For what
concern obscured hard X-ray sources (X/O and XEROS), théiared, especially at
24um and radio properties will be investigated in more detailrtRer clues on the host
galaxies of these objects, will be provided by a more detai®rphological analysis
combined with the results obtained with the SED deconvofutipproach. Upcoming
deep near-infrared spectroscopic observations (MOIRQS) $ubsample of XEROs will
provide a complete redshift coverage and will allow us talgtonore distant objects and,
in turn, to obtain a more detailed picture of the galaxy-AGHation in the obscured
phase.

In the COSMOS survey, a larger sampleXd8ONGswill be collected and the radio to
X-ray properties will be investigated on a statisticallyanagful sample oiXBONGs
thus making possible to better test the nature of this pépnla The analysis of
VLT/VIMOS-IFU (Integral Field Unit) observations obtaiddor the XBONG sample
discussed above will allow to search for extremely faint A@Hission lines and to study
the gas kinematics.
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