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Abstract

Quasars and AGN play an important role in many aspects of théem cosmology.
Of particular interest is the issue of the interplay betw@&N activity and formation
and evolution of galaxies and structures. Studies on negalgxies revealed that most
(and possibly all) galaxy nuclei contain a super-massiaelhole (SMBH) and that
between a third and half of them are showing some evidencetiwvitg (Kormendy and
Richstone, 1995). The discovery of a tight relation betwigaok holes mass and velocity
dispersion of their host galaxy suggests that the evoluiathe growth of SMBH and
their host galaxy are linked together. In this context, giogl the evolution of AGN,
through the luminosity function (LF), is fundamental to strain the theories of galaxy
and SMBH formation and evolution. Recently, many theoriagehbeen developed to
describe physical processes possibly responsible of a conformation scenario for
galaxies and their central black hole (Volonteri et al.,2®)pringel et al., 2005a; Vittorini
et al., 2005; Hopkins et al., 2006a) and an increasing numib@servations in different
bands are focused on collecting larger and larger quasgrlsamMany issues remain
however not yet fully understood.

In the context of thevVDS (VIMOS-VLT Deep Survey), we collected and studied
an unbiased sample of spectroscopically selected fai-1yAGN with a unique and
straightforward selection function. Indeed, the VVDS isaagk, purely magnitude
limited spectroscopic survey of faint objects, free of argrpiological and/or color pre-
selection. We studied the statistical properties of thim@a and its evolution up to
redshift z~ 4.

Because of the contamination of the AGN light by their hostagas at the faint
magnitudes explored by our sample, we observed that a signiffraction of AGN in

our sample would be missed by the UV excess and morpholagitadia usually adopted
for the pre-selection of optical QSO candidates. If not proptaken into account, this
failure in selecting particular sub-classes of AGN coutdprinciple, affect some of the
conclusions drawn from samples of AGN based on these setedtiteria.

The absence of any pre-selection in the VVDS leads us to haasy@omplete sample of
AGN, including also objects with unusual colors and contimuishape. The VVDS AGN
sample shows in fact redder colors than those expected byaramg it, for example,



with the color track derived from the SDSS composite spectin particular, the faintest
objects have on average redder colors than the brightest dres can be attributed to
both a large fraction of dust-reddened objects and a significontamination from the
host galaxy. We have tested these possibilities by exaqgitme global spectral energy
distribution of each object using, in addition to the U, B,R/and I-band magnitudes,
also the UV-Galex and the IR-Spitzer bands, and fitting ibvatcombination of AGN
and galaxy emission, allowing also for the possibility otiegtion of the AGN flux.
We found that for~44% of our objects the contamination from the host galaxyois n
negligible and this fraction decreases~@1% if we restrict the analysis to a bright sub-
sample (M4s0<-22.15).

Our estimated integral surface density g k 24.0 is ~ 500 AGN per square degree,
which represents the highest surface density of a speopasdly confirmed sample of
optically selected AGN.

We derived the luminosity function in B-band forOl< z < 3.6 using the ¥Viax
estimator. Our data, more than one magnitude fainter thanaqars optical surveys, allow
us to constrain the faint part of the luminosity function aghtgh redshift. A comparison
of our data with the 2dF sample at low redshift{1z < 2.1) shows that the VDDS
data can not be well fitted with the pure luminosity evolut{@®iE) models derived by
previous optically selected samples. Qualitatively, dppears to be due to the fact that
our data suggest the presence of an excess of faint objdots ezdshift (10 < z< 1.5)
with respect to these models.

By combining our faint VVDS sample with the large sample afjbt AGN extracted
from the SDSS DR3 (Richards et al., 2006b) and testing a nurobedifferent
evolutionary models, we find that the model which better @spnts the combined
luminosity functions, over a wide range of redshift and loasity, is a luminosity
dependent density evolution (LDDE) model, similar to thdseived from the major X-
surveys. Such a parameterization allows the redshift oAthE density peak to change
as a function of luminosity, thus fitting the excess of fai@M that we find at 1.6< z <
1.5.

On the basis of this model we find, for the first time from thelgsia of optically
selected samples, that the peak of the AGN space densitg sigiificantly towards
lower redshift going to lower luminosity objects. The pamitof this peak moves from
Zz~ 2.0 for Mg <-26.0 to 2~ 0.65 for -2 Mg <-20.

This result, already found in a number of X-ray selected daspf AGN, is consistent
with a scenario of “AGN cosmic downsizing”, in which the dapf more luminous
AGN, possibly associated to more massive black holes, peakr in the history of
the Universe (i.e. at higher redshift), than that of low lnosity ones, which reaches its
maximum later (i.e. at lower redshift).

This behavior has since long been claimed to be presenfptiedl galaxies and it is not



easy to reproduce it in the hierarchical cosmogonic scenatiere more massive Dark
Matter Halos (DMH) form on average later by merging of lesssnge halos.
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Chapter 1

Introduction

Since their discovery, AGN were recognized as a remarkdhks ©f objects. They in
fact emit in the whole electromagnetic spectrum and aredaate highly variable in all
the bands in which they have been observed. Their lumiessaie~ 100 times larger
than that of normal galaxies and they are thus visible uprgldistances, where even the
brightest normal galaxies would be not visible. Moreovkardly after their discovery, it
was understood that these objects were truly remarkabi@npin their physical nature
but also in their cosmological evolution. Schmidt (1968¢@ived a very sharp decline
in the space density on quasars, over roughly a factor of df@ #~2 to z~0. This
decline was so remarkable, that it could be credibly denmatest from a small sample
(33 objects). Many studies have been later performed inrdodstudy the evolution of
this population of objects in a wide redshift range but theegal picture is not yet so
clear.

Moreover, quasars and AGN play an important role in many @spaf the modern
cosmology. Today, the main attention is focused on the is$uke interplay between
AGN activity and formation and evolution of galaxies andistures.

The currently favored cosmological model for the formataod evolution of galaxies
and structures in the Universe is theCold Dark Mattet (ACDM) model in which
structures formed hierarchically through gravitationastability, with smaller ones
originating first and then merging to produce successivailgdr bodies. As baryons
fall into the potential wells created by the dark matter, ghs is shocked but it can cool
radiatively to form stars and galaxies, in a “bottom-up”gmession (White & Rees, 1978).

Even with the many successes of this picture, the processieslying galaxy formation
and evolution are poorly understood and some observatemidénces are still not easy
to reproduce (e.g. downsizing in elliptical galaxies; Cewt al., 1996).

The difficulties in understanding these processes lie fighet in the initial conditions

1The A Cold Dark Matter Modelassumes non-relativistic Dark Matter particles and takes account the
cosmological constart. In this model the matter densi€)n, is taken smaller than 1, and a new quan@y = pa /Perit
is introduced, in order that the sum @Qf, andQp is 1. Qa has a similar meaning with respect®y, and is linked to
the value of the cosmological constant.
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or in the description of the Dark Matter, but rather in the §ibg that has been used to
model the baryons.

Observational studies have revealed significant regidanh the structure of galaxies
that identify some of the physics that has seemingly beessimg” from the theoretical
calculations. For example, it is now believed that SHBHdesat the center of most
(and possibly all) galaxies and that between a third anddfaliem are showing some
evidence of activity (Kormendy & Richstone, 1995). Moregvuehas been established
that the masses of these BH are correlated with either the (Mesgorrian et al., 1998;
McLure & Dunlop, 2002; Marconi & Hunt, 2003) or the velocitysgersion (i.e. the
Mgy — o relation: Ferrarese & Merritt, 2000; Gebhardt et al., 200@maine et al., 2002)
of spheroids, demonstrating a fundamental link betweegttwwth of SMBHs and galaxy
formation. Simulations that simultaneously follow stamfation and the growth of BH
during galaxy-galaxy collisions have been performed by Rittéo et al. (2005). They
found that, in addition to generating a burst of star foromatia merger leads to strong
inflows that feed gas to the SMBH and thereby power the QSOebdla@r, the energy
released by the QSOs can have a global impact on the struafttine merger remnant.
Applying this conclusion to spheroid formation in genethk simulations demonstrate
that models for the origin and evolution of galaxies musbacdt for black hole growth
and feedback in a fullgelf-consistentanner.

Given these evidences, a large number of theories have bmatoged to describe
physical processes possibly responsible of a common fawmstenario for galaxies and
their central black holes.

Analytical and semi-analytical models (Silk & Rees, 1998bian, 1999; Wyithe & Loeb,
2002; Steed & Weinberg, 2003) suggest that, beyond a cenia@ashold, feedback energy
from black holes can expel gas from the centers of galaximsiting down accretion
onto them and thus limiting their masses. However, theseutalons usually ignore
the impact of this process on star formation and therefomread@xplain the link between
black hole growth and spheroid formation. Springel et &0&a) have incorporated black
hole growth and feedback into simulations of galaxy merg@explore the implications
of these processes for galaxy formation and evolution. Ditdaet al. (2005) and
Springel et al. (2005b) have shown that gas inflows excitegrayitational torques during
a merger both trigger starbursts and fuel rapid black hotsvtfr. The growth of the
black hole is determined by the gas supply and terminateass gxpelled by feedback,
halting accretion, leaving a dead quasar in an ordinaryxgal&lopkins et al. (2006a)
proposed a picture for galaxy formation and evolution, inickhstarbursts, quasars,
and the simultaneous formation of spheroids and supermeabick holes represent
connected phases in the life of galaxies. In this picturegers are expected to occur
regularly in a hierarchical universe, particularly at hrglshifts.



All these models must be compared with both local and higkhiéidobservations, in
order to set significant constraints on the relative impurgaof the involved processes.
In this context, the shape and evolution of the quasar lusiipndunction (QLF) is
fundamental to constrain theories of galaxy and SMBH foromatand it is therefore
essential to obtain unbiased AGN samples at high redshiftkis requirement has
stimulated an increasing number of observations in diffebands focused on collecting
larger and larger quasar samples.

A growing number of observations at different redshiftsyadio, optical and soft and
hard X-ray bands, are suggesting that the faint end slogeeoAGN luminosity function
evolves, becoming flatter at high redshift (Page et al., 1Myaji et al., 2000, 2001; La
Franca et al., 2002; Cowie et al., 2003; Ueda et al., 2003gFeoal., 2003; Hunt et al.,
2004; Cirasuolo et al., 2005; Hasinger et al., 2005). Thadwgion, now dubbed as “AGN
cosmic downsizing” is described either as a direct evotutiothe faint end slope or as
“luminosity dependent density evolution” (LDDE), and itshbeen the subject of many
speculations since it implies that the space density of hughnosity AGN peaks earlier
in the history of the Universe (i.e. at higher redshift), lehthe density of low luminosity
ones reaches its maximum later (i.e. at lower redshift) anigular, the peak of the AGN
number density shifts fromz 0.5-0.7 at Iy ~ 10 —10%, to z~ 2.5 at Ly ~ 10%. The
same conclusion holds for the analysis of the accretioofyisif SMBHs: most massive
BHs accreted mass faster and at higher redshifts z5), while the lower mass BHs
have mostly grown at z 1.5 (Shankar et al., 2004). This behavior has been claimed to
be present also in elliptical galaxies and, as already saiht easy to reproduce in the
hierarchical cosmogonic scenario, where more massive Matker Halos (DMH) form
on average later by merging of less massive halos.

The first models of the quasars LF have relied on restrictbgeiaptions about quasar
lifetime and light curve. They generally assumed that queasaliate at a fixed luminosity
for some characteristic lifetime, or adopt simplified exgotial light curves. Under these
circumstances, the distribution of quasars with a giversmageak luminosity is trivially
related to the observed LF, and the two are essentiallyicim shape.

Recent simulations, which incorporate the BH growth andilbeek into numerical
simulations of galaxy mergers (Springel et al., 2005a,b; MAtteo et al., 2005),
reproducing the My — o relation and linking quasar activity to galaxy evolutionegict
a more complicated quasar light curves then those adopéstbpsly.

In the model of Hopkins et al. (2005a,b), quasars evolvedigpand their lifetime
depends on both their instantaneansl peak luminosities. Critically, the quasar lifetime
in this model is longer at lower luminosities; i.e. a giveragar spends more time (and is
more likely to be observed) at a luminosity well below its lp&aninosity.

The resulting quasar light curves imply a qualitativelyffeliént picture of the QLF with
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respect to what was previously considered. In this pictueesteep bright end of the QLF
consists of quasars radiating near their peak luminogiiéslington limits), while the
shallow faint end consists of quasars either growing efiityan early stages of activity
or in sub-Eddington quiescent states (with Eddington sagienerally between 0.01 and
1) going into or coming out of a period of peak activity (Hopgiet al., 2006b).

The “AGN cosmic downsizing” has not been clearly seen yehwitically selected
AGN samples. By combining results from low and high redshiit is clear from the
studies of optically selected samples that the cosmic QSfluten shows a strong
increase of the activity fromz ~ 0 out toz ~ 2, reaches a maximum arouad- 2 — 3
and then declines, but the shape of the turnover and theifeegblution of the peak in
activity as a function of luminosity is still unclear.

Most of the optically selected AGN samples studied so faoatained through various
color (e.g. UV-excess) selections of candidates, followedpectroscopic confirmation,
or grism and slitless spectroscopic surveys. These samapéesxpected to be highly
complete, at least for luminous AGN, at eithex 2.2 or z > 3.6, where AGN show
conspicuous colors in broad band color searches, but lesplete in the redshift range
2.2 <z< 3.6 (Richards et al., 2002), where the maximum of the activegnss to occur.

An improvementin the multi-color selection in optical banslithrough the simultaneous
use of many broad and medium band filters as, for example eif€CtMBO-17 survey
(Wolf et al., 2003b). Such a survey is the only optical surseyar which, in addition to
covering aredshift range large enough to see the peak of ABMty, is also deep enough
to sample up to high redshift AGN with luminosity below thesék in the luminosity
function. However, only photometric redshifts are avdedbr this sample and, because
of their selection criteria, itis incomplete for objectsa small ratio between the nuclear
flux and the total host galaxy flux and for AGN with anomalousoc®y such as, for
example, the Broad Absorption Line (BAL) QSOs , which haveaverage redder colors
and account for{ 10 + 15) % of the overall AGN population.

The VIMOS-VLT Deep Survey is a spectroscopic survey in which the target selection
is purely flux limited (in the I-band), with no additional setion criterion. This allows
us to select a spectroscopic AGN sample free of biases irettghift range G< z < 5.

An obvious advantage of such a selection is the possibditgs$t the completeness of the
most current surveys, based on morphological and/or coésselection, and to study the
evolution of AGN activity in a large redshift range.

In this thesis | will present the properties and the evolubbthe spectroscopic type-1
AGN sample collected by the VVDS. The sample consists of 16NAvith 0 < z< 5,
selected on the basis of their spectra in 3 VIMOS fields anthéenGhandra Deep Field
South (CDFS), which was partly included in the VVDS obseorat. It represents an
unprecedented complete sample of faint AGN, free of mogdio&l or color selection



bias.

The work is organized as follows:

In Chapter 2 and 3 | will give a review of the main AGN propestignd of the
methods used to select them in different bands;

In Chapter 4 | will present th€IMOS-VLT Deep Survéy/'VDS), its observational
strategy and the main scientific results obtained up to now;

In Chapter 5 | will present the VVDS type—1 AGN sample seléétem the VVDS
sample, how it has been selected and its main properties;

In Chapter 6 | will discuss the incompleteness function nfethod used to account
for it and the derived AGN number counts agl<24;

In Chapter 7 | will introduce the luminosity function and Ilinbriefly summarize
the main results obtained up to now on the evolution of AGN;

In Chapter 8 | will present the AGN luminosity function deed/from the VVDS-
sample;

Finally, in Chapter 9 | will summarize the main results ob&al through this work.
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Chapter 2

Active Galactic Nuclel

Active Galactic Nuclei (AGN) are among the most powerful ®@s of energy in the
Universe. They shine over the whole electromagnetic spectfrom the radio to the
gamma rays and in almost all of this huge energy range, AGlkharbrightest sources in
the sky.

As general definition, AGN are connected to energetic phemanoccurring at the
central regions of galaxies that could not be attributedtédlas activity. A variety
of objects are grouped under the name AGN: quasar, QSO, iBggkaxies, BL Lac,
LINERS. The origin of these classification is substantidllgtorical and not always
reflects a real difference in the physical nature of the dbjpopulating different classes.
The main sub-classes of AGN are two: QSOs and Seyfert galaRi@N are divided in
these groups depending on their luminosity.

2.1 History

Compared with the research on stars, the study of AGN is divela new field in
astronomy. The first class of AGN discovered was Seyfertxgedaalthough they are
the low luminosity class of AGN. This can be attributed toitimeorphology, in fact they
appear morphologically extended so that their extragalaetture has been more easily
discovered. Quasars and QSOs have been instead discovdyetDo/ears ago because
these objects are rare and appear in direct images like hetara.

Seyfert galaxies:In 1908, working at Lick Observatory, Fath observed the speaf
“Spiral Nebulae”. Although most of them showed an absorplie spectrum produced
by the combined light of the galaxy stars, NGC 1068 displagirdbright emission lines.
He identified the 8 line and other five lines which were known from gaseous nehula
but at that time the origin of these lines was unknown. Todakmow that these lines are
the “forbidden” lines [Q1]A3727A, [Ne11]A38694, [O111]1A4363A and [O111]AN4959,
5007A. NGC 1068 was the first AGN discovered but not recognized.dJioy 3, twelve
galaxies were known to show emission lines in their spedtrdhat year, Carl Seyfert,
studying the emission lines properties of six of these dbjEeyfert, 1943), reported that
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some of them had very bright unresolved nuclei that were tlwece of striking broad
emission lines produced by atoms in a wide range of ioninattates. In this way, he
realized that they were a special class of galaxies, knodaytas Seyfert galaxies. Later,
Khachikian & Weedman (1974) defined two sub-classes of Segédaxies, according
to their spectral properties: (i) type—1 in which the Balrtiees are broader than the
forbidden lines and (ii) type—2 in which the forbidden lirmsd Balmer lines have the
same width.

Quasar and QSOs: At the end of fifties, the increasing number of radio sources
discovered with radio telescopes introduces the probleiahenttifying them with sources
already known in other wavelength ranges. In 1960 Thomasheat & Allan Sandage
discovered that most of the radio sources present in théoga8C ¢hird Cambridge
Catalogue of Discrete Radio Sourg¢eould be optically identified with stellar objects.
Looking for the optical counterpart of the radio source 3C #@y in fact found that,
on photographic plates this object looked like a star, balhwirange emission lines in
the spectrum. This kind of spectrum, definedasird” by Sandage himself, was found
again in 1963 in another radio source with stellar appea#8C 273) by Matthews &
Sandage. Since the physical nature of these objects wasidetsiood, they were called
guasi stellar radio sourcefuasars.

The mystery was partly solved when Schmidt (1963) identiffexl lines observed in
3C 273 as Hydrogen Balmer lines severely redshifted (z8).15this redshift was due
to the Doppler effect, then 3C 273 would be receding from #réheat 14.6% of the speed
of light. According to the Hubble’s law, this places 3C 273 at a distance of about 630
Mpc; never before had been observed an object so far awage Zihsuch distances, even
the brightest normal galaxies would not be visible, thistedonclude that quasars had
luminosities never seen before (L00 times larger than a bright spiral galaxy). Particular
attention was immediately given to this class of objects atiér similar objects were
quickly discovered.

Subsequently, studies on this class of objects, based farafit selection techniques,
pointed out that most of the objects in this class did not Hagh radio luminosity. For
this reason was introduced the term QSQsidsi Stellar Objec)sreferring only to their
morphology. Quasars and QSOs are thus the same kind of slajecterned only by
the intensity of their radio emission. Today both names aexlwithout distinction to
indicate the bright sub-class of AGN. In this manuscript wik nefer them as QSO. The
distinction based on the radio emission is now betweelio loudandradio quiet QSOs
are defined as radio loud when their radio-to- optical flutoréRR) exceed a certain value
(R > 10, Kellermann et al. 1989). The remaining objects are ifladsas radio quiet.
Only 10 to 20% of type—1 AGN are classified as radio-loud. Taeyalso characterized

1given the Hubble’s lawy( = Hg d), the redshift in light coming from distant galaxies is poojonal to their
distance. The most recent calculation of the constlg) yielded a value of 73.2= 3.1 km s Mpc—1 (WMAP;
Spergel et al., 2006)
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by the presence of jets.

2.2 Properties of AGN

AGN are among the most powerful sources of energy in the Usgve They are
characterized by a very large luminosity produced in a vamglsvolume. The nucleus
can be 100 or in some cases even 1000 times brighter than shgddaxy. In the optical
band in fact, at high redshift, AGN appear as “quasi-stelkmurces while, at lower
redshift and with high resolution observations, it is pbkesto distinguish the underlying
host galaxy. The shape of the continuum emission of an AGMaae described by a
thermal spectrum. It follows approximately a power-lawmoavide range of frequencies
due to a combination of synchrotron and Compton mechanishesbroad-band Spectral
Energy distribution (SED) can indeed be described by:

R =Av® (2.1)

wherea is the power-law index, A is a constant angdib the specific flux (i.e. per unit
frequency interval), usually measured in units [ er§ sm —2 Hz1]2. Fits to QSO spectra
over large frequency ranges yield spectral indices thatiically in the range & a <1,
but different value ofx are found for different spectral ranges.

The UV-optical spectra of QSOs are distinguished by stroraadb emission lines.
The strongest observed lines are the hydrogen Balmersséines (Hx)\656$3,
HPBA4861A and H3A4340QR), hydrogen LytA12168 and prominent lines of abundant ions
(Mg 11A27994, C111A1909A4 and CivA15494). These lines appear in virtually all QSOs
spectra, but depending on the redshift of the QSO, some of thay not be observable
if they fall outside the spectral window of a particular cete.

A striking characteristic of most AGN is that they show a ahiiity in their emission
line and continuum in every wavebands in which they have Iséggied. This variation
could be on different timescales, from months to days evesinag as hours, decreasing
to tens of seconds in X-ray. Optical continuum variabilify@sOs was established even
before the emission line redshifts were understood (e.gthéas & Sandage, 1963) and
variability was one of the first properties of QSOs to be ergrdan detail (e.g. Smith &
Hoffleit, 1963). From studying the continuum variabilitytbese objects, it is known that
the region where most of the energy of an AGN is produced ieexly compact, with a
size of the order of light days or even lessThis was immediately perceived as a major
problem, since a nucleus comparable in size to the Solae®yistemitting hundreds of

2specific fluxes, particularly in the UV and optical parts of §pectrum, are often measured per unit wavelength
interval (i.e. in units of ergst cm~2 A1) rather than per unit frequency interval. The total flux nueed in any
bandpass is the same, of course, whether the band width suneekin frequency or in wavelength, so the relationship

Fvdv = F, dA always tolds. The transformation between the two sistetus: 5, = F, % = A(%) )\—Cz = A\T-2
SLarge variations in light output cannot occur on less thaiglaticrossing time; this time is related with the mass
by: t> R/ic> 2 G M/c3 =0.98x 10 3(M/M ) s
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times as much energy as the entire galaxy. Due to their lowiefity, nuclear fusion

cannot explain this high energy output from such small negjioThe only mechanism
efficient enough to explain the observational propertie&AGN is accretion of matter

onto a compact object. To produce the observed luminositiesmass of the central
compact source must be of the order of 2A.0° M, (see next Section). This range of
masses excludes a neutron star as the accreting objecinthcating the presence of a
central Black Hole (BH) as responsible for the luminositigscally observed.

In this scenario, the black hole accretes matter from therinegion of the host galaxy;
because the infalling matter possesses angular momentenflotv is organized in a
disk structure (the accretion disk) in which the matterriglitoward the black hole loses
angular momentum through viscous or turbulent torques. dnyrtases the disk flow
is confined so closely to the orbital plane that its propsrtieuld be described to a
first approximation, like a two-dimensional gas flow. Assogithe geometrically thin,
optically thick disk model proposed by Shakura (1973), ealement of the disk face
radiates roughly as a blackbody and the total emissionndetefrom the optical to the
X-ray band, is a convolution of blackbody spectra with difet temperatures, emitted at
different radii.

Summarizing, an AGN can thus be distinguished from a “notgalaxy if, at least one
of the properties described above and here listed are dakerv

e Bright semi-stellar nucleus;

High absolute nuclear luminosity;

Non-thermal continuum:;

Broad emission lines;

Variability of lines and continuum;

e Jets.

2.3 Mass of the central object

The most generally admitted interpretation given to the matsm behind the huge
amount of energy (up to #derg s 1) emitted from such a small volume (a few parsecs)
is a ‘central engine’ that consists of a hot accretion diskaunding a super-massive
black hole. Energy is generated by gravitational infall @terial which is heated to high
temperatures in a dissipative accretion disk.

Since the gravitational force by the central mass M, actinghe gas falling onto the
central engine, must balance or exceed the outward radifti@e, one can link the
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luminosity L emitted by the central engine to its mads Under the hypothesis of a

spherical symmetry:
Loe = GMmy

acrZ = 12
whereae is the Thomson cross section amg the proton mass.
From relation 2.2, a lower limit on the mass of the hypotlatBuper Massive Black
Hole (SMBH) is obtained considering that the AGN is emittiight at the Eddington
limit, i.e. the limit where the radiative pressure is balagahe gravitational potential:

(2.2)

M > 8 x 10°LasM¢ (2.3)

wherel a4 is the luminosity in units of 1¥ erg s1, typical for a luminous Seyfert galaxy.
For a typical quasar luminosity+ 10*® ergs®, a central mass of £V, is required.

2.4 Classification of AGN

Despite the common features described in the previousddeatid despite the fact that
basically the origin for the primary energetic output is #ame in all AGN, a wide
collection of different observational features has beeseoled. Depending on their
spectral properties, their luminosity and the selectioteca, AGN have been classified
in a large number of classes and sub-classes.

As already said in Section 2.1, historically, AGN have beanddd in two different
classes: QSOs and Seyfert galaxies. The only differencseleet these two classes
of objects is the luminosity contrast between the compantraksource and its host
galaxy. When they were discovered, they were not recograzqghrts of the same class
of objects because the stellar appearance of QSOs did ngestuglentification with
galaxies, since only the not-resolved nuclear source wastel with the instrumentation
available at that time. Nowadays, thanks to the improvermenamera resolution, we
know that all QSOs with redshift up to 0.5 are embedded in thdeus of a galaxy
(Floyd et al., 2004). From the similarity of their spectralanost of their properties it is
clearly established that Seyfert galaxies and QSOs formglestlass of objects, whose
properties vary continuously from the faintest Seyfertageds to the most luminous
QSOs. The conventional limit following Schmidt & Green (B)8 Mg= -23: objects
with Mp< -23 are referred to as QSOs while objects withg:M-23 are called Seyfert
galaxies.

The main division today, regarding both QSO and Seyfertgedds based on the optical
emission lines. In the AGN spectra can be identified two pp@icsystems of optical
emission lines: Broad emission lines with typi€aill Width at Half Maximun{FWHM)*

2 2000km s'and Narrow emission lines characterized by FWH# 1500km s1.

4TheFull Width at Half Maximunof a line is the width measured at half level between the oomiin and the peak
of the line. Given the relatioA\ /A = v/c, the FWHM, expressed in knr4gives a measure of the gas velocity
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Figure 2.1.(a) Composite optical spectrum of type—1 AGN. Results from$DSS (Vanden Berk et al.,
2001). (b) Composite optical spectrum of type—2 AGN. Resfitim the VVDS (Contini et al., 2007 in
prep.).
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More details about the physical properties responsibléiese two sets of lines are given
in the next Section.

On the basis of the properties of the emission lines presetiteir spectra, AGN are
classified as follow:

e type—1 or Broad Line AGN (BLAGN): Objects with broad permitted lines and
narrow forbidden lines. Their SED is dominated by the UV ascerbig blue
bump while a second important component, tRebump emerges in the- 1 - 300
pm region.

e type—2 or Narrow Line AGN (NLAGN): Objects in which both permitted and
forbidden line are narrow. Their SED does not show a strongeddéss, while the
IR component is strongly enhanced.

Summarizing, AGN are divided in QSO and Seyfert galaxies o ldasis of their
bolometric luminosity and each class is then divided in fyipand type—2 depending on
the properties of their emission lines. Figure 2.1 show &glspectrum of both classes.
In this classification, two special cases can be pointed GuiThe Broad Absorption
Line QSOs(BAL), a sub-class of type-1 AGN with optical spectra ch&edzed by
strong absorption lines; and (ii) tiBt. Lacertag(BLLac) objects with strong non-thermal
continuum and, if present, very weak emission lines.

Moreover, Osterbrock & Koski (1976) have shown that thera ontinuum of AGN,
between type—1 and type—2, covering a wide range of relatreagth of narrow to broad
components of the HI emission lines. These galaxies, widrimediate-type composite
line profiles, have been called with intermediate numbegs,tgpe—1.2, —-1.5, —1.8 AGN.
In particular, type—1.8 AGN indicate that the broad Eimission-line component is weak
and that the broad Bilcomponent, although very weak, nevertheless can be sesnlgir
on the spectral scan. On the contrary, type—1.9 AGN indichjects in which, although
the broad H is clearly evident and indeed is rather strong, bro@dcEnnot be detected
(Osterbrock, 1981).

In this thesis | will present the properties of a sample ofetyp AGN, in which no
distinction based on their luminosity has been done .

2.5 Unified Model

The classification of AGN is empirical and phenomenologida widely explained in
previous Sections, historically the term QSO has been usedfér to AGN of high
luminosity whose emission completely overwhelmed thahefhiost galaxy (thus, these
sources appeared as point sources in optical observatibog) luminosity AGN were
(and still are) referred to as “Seyfert Galaxies”. Howeesidence for any basic physical
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Figure 2.2.Unified Model of AGN according to Urry & Padovani (1995)

difference between these types of active objects has dshedithrough the years, nearly
to the vanishing point. The simple picture of dividing AGNtype—1 and type—2 has
been changed when the first type—2 AGN was observed in pethiight. Antonucci
& Miller (1985) have found that in NGC 1068, classified as aetyp Seyfert galaxy,
also broad components in the hydrogen lines were preserdlamiped light. Based on
this observations, Antonucci attributed this phenomemothé scattering of broad-line
emission above the poles of the dust torus (e.g. Antonu®82;1Antonucci & Miller,
1985) and indeed proposed a model that explains Seyfertd1Sagfert-2 as the same
kind of objects seen at different inclination angles (UnifModel; Antonucci, 1993)
According to this model, the variety of AGN properties désed above could be
reconciled. This model postulates the presence of a cemtgahe consisting in a SMBH
surrounded by an accretion disk; a toroidal region comgistainly in dust particles and
two gas clouds regions with different radii and velocityadissions. In the radio loud AGN
is present also another component: jets. Figure 2.2 surpesatiie different typologies
of AGN justified by the Unified Model.

The toroidal structure around the central engine absosbsatiiation coming from the
SMBH over a large solid angle. The bolometric luminosity #ed from the central
engine is about 1§ - 10" ergs'. The continuum emission comes from the central
source and part of this radiation photoionizes the surrmgndouds.
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Broad lines are generated inside a small region (from?1ic to 10 pc) known as
the Broad Line Regior{BLR). The strong emission lines are formed in the BLR clouds
and their broadening is interpreted as the effect of the kedbcity dispersion in these
clouds (= 2000 km s?1). The absence of forbidden broad lines means that they are
all collisionally suppressed and indicates densities efdider of 18 - 10'° cm—3. The
presence of high ionization lines in a warm medium (tempeeat 10° K) is the signature
of photoionization in the clouds. The energy source thatedrihe broad emission lines
in AGN spectra is almost certainly photoionization by thatwauum radiation from the
central source, since the emission line fluxes vary stromglgesponse to changes in
the continuum flux. Because the recombination lines arenglyovariable, it can be
concluded that a significant fraction of the BLR emissioesin clouds that are optically
thick to ionize photons of energyw > 13.6 eV. Those clouds are optically thick at UV
wavelengths, so the fact that we are able to see the contiemission from the central
source indicates that their covering anglis not very high & 0.1). The confinement
of clouds in the BLR is under debate. It is possible that theypaessure confined by
a surrounding intracloud hot medium or by their own magngéld, or it is possible
that clouds are short living system continuously createti dastroyed during the AGN
shining.

Narrow lines in AGN spectra are on the contrary, generated@gion extending from
10 pc up to 1 Kpc from the central source; tharrow Line Regior{NRL). The width of
the lines generated in this region is interpreted as thetedfiea velocity dispersion lower
than in the BLR clouds~ 1000 km s, temperature- 10* K), while the presence of
forbidden lines indicates electron densities low enouglhniany forbidden transition are
not collisionally suppressed (3010° cm—2). The estimated covering angle~s0.2. In
this framework we can understand the observed propertid&df. At polar observing
angles we observe the inner regions and BLR clouds, so weeagiignize a type—1 AGN.
If we look through the toroidal structure all BLR emissiomlsscured and we see only the
emission from the outer NLR clouds and the resulting obgeatype—2 AGN. Concerning
QSOs and Seyfert galaxies, the difference is due only todtentetric luminosity of the
source, with QSOs being the brighter part of the AGN popaofatiin the framework of
the Unified Model, a SMBH could be present at the center of emtaxy. When the
SMBH accretes mass, it gives rise to an AGN, whereas whenntagquiescent phase it
can be only seen as a Massive Dark Objects (MDO). MDO are inofiéen detected at
the center of local galaxies (and also at the center of theyWNay corresponding to the
Sagittarius region) and are commonly interpreted as gerggmaybe slowly accreting)
SMBH, the relics of the past AGN activity in their host galesi

5The fraction of solid angle covered by clouds as seen froneééral source
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Chapter 3

AGN selection techniques

The ideal AGN selection technique would produce a canditistt¢hat includes 100%
of the objects of interest and contains no contaminatingaibj In practice, usually one
tries to maximize the level of completeness (missing as fae AGN as possible) while
at the same time, minimize the number of contaminants.
AGN are observed in a large variety of forms and it is in p@hot possible to make a
census of the complete AGN population through a single surve

To pre-select AGN candidates, it is possible to use the réiffecharacteristics of this
class of objects (see previous Chapter): QSOs can be distbtreough optical surveys
by their ultraviolet colors or by their variability and lack proper motion. Moreover we
can use their radio, X-ray and infrared properties. Eachese criteria is based on a set
of properties and therefore is focused on a specific suls-ofhe AGN population. All
survey techniques have redshift- and/or luminosity- ddpanselection biases and they
have to be quantified and taken into account in the statistiaysis of a sample. In the
following paragraphs we will describe all these techniquiel particular attention to the
optical surveys.

3.1 Optical surveys

3.1.1 Optical selection of type—1 AGN

Ultraviolet-excess (UVX) and Multicolor surveys

Historically, the most common technique for QSOs seledtias been the UV-excess in
their continuum. This technique utilizes two of the main A@étuliarities in the optical
bands: (i) they appear morphologically point-like (naselved sources) and (ii) they
show remarkably smaller U-B colors (i.e. large negativei®s) with respect to normal
stars. This is often referred to as the “ultraviolet excg&b7X) of quasars. Therefore,
a natural selection of QSOs candidates can be performed dwtarpetric catalog by
selecting all the point-like sources with bluer colors wigéspect to the normal stars.

A large scale UV-excess survey is tBeight Quasar SurveyBQS), which yielded to

17
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Palomar-Green (PG) QSOs sample (Schmidt & Green, 1983).caheidate objects in
this survey were selected from digital photografic plate®eting to the criterium U - B
< -0.44. The selection limit is normally chosen for efficier(sglecting objects that are
probably QSOs) and not for completeness (selecting all th®%). Hence the selection
limit is in no way related to any intrinsic property of the Q§ut rather to the UV
emission of stars: the color limitis chosen in order to rejee great majority of stars and
thus have a high efficiency in QSO selection. In principle,aaarrelaxed color selection
would find more QSOs, but the fraction of stars among the smleabjects would be
much higher, making the spectroscopic follow-up extrenthe-consuming. ThBwvo-
Degree Field QSO Redshift survE8Qz) is the largest UV-excess-selected survey, with
an efficiency above 50% (Croom et al., 2004). It contain20000 spectrocopically
confirmed QSOs and is the second larger QSOs sample aft8idae Digital Sky Survey
(SDSS) quasar sample (see Table 3.1).

The drawback of this technique is a bias at low redshift ajaime objects for which
the host galaxy is detected and resolved. A further comjpbicaf the UVX method is
that colors are affected by emission lines as they are ri¢eldhnto and out of the filter
passbands. This effect leads to a redshift dependence obthpleteness. In particular,
at 0.5< z< 1.0, the completeness can be around 70% but at redshiftegrtsain 2.2,
Lya moves from the U passband to the B passband and the ultregialess decreases
to the point where the method is ineffective. Figure 3.1 shawexample of u—-gvs g
— r color diagram. The dashed region in both panels, indsctlite star locus while the
curve in the right panel corresponds to the evolution of ti@olors with redshift. To
extend the selection of QSO candidates also at redshiftegréean 2.2, it is possible to
use a combination of different filters. This method is knowmaulticolor technique.

The multicolor selection is an extension of the UVX techmdoy the addition of
more passbands. By the combination of different colors gassible to find QSOs at
z>2, where the UVX method fails, on the basis of segregatiomfrmrmal stars in the
multicolor space. Candidate objects are in-fact selectedilse they are separated from
the stellar locus of colors and not simply because of ultiatiexcess. Multicolor optical
selections have been used in recent surveys, like the SO@8eR3.2 is an example of
this method used by Warren et al. (1991) to select QSO catedida

Slitless spectroscopic surveys

This technique uses type—1 AGN characteristic broad lisesetection criterium. The
use of slitless spectroscopy corresponds to look for eondgie objects and since type—
1 AGN have characteristic broad lines, this technique haghadifficiency to isolate AGN
candidates in a wide range of redshifts. Using this methm rédshift QSOs, normally
missed by other optical surveys, are selected since noirdisation against extended
sources isimposed. As with other QSO survey methods, theral@erent limitations and
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selection biases that need to be understood. The basiepneblith slitless spectroscopy
are:

1.) The limiting magnitude of the survey cannot be reliabBtedmined from the
spectroscopic data. Identification of a QSO depends oftererarssion line
identification, and the continuum flux of a particular fair8Q might lie well below
the nominal detection limit without actually precludingteetion of the source. A
way around this difficulty is to obtain broad-band imageshs field to definea
priori a magnitude-limited sample.

2.) Slitless spectra have limited wavelength informatgmsometimes there are few (or
no) lines in the spectra. This is a particular problemat zwhen only MgiA27983
is redshifted into the optical spectrum.

3.) Thereis a clear bias in such surveys towards objectstidtistrongest lines relative
to the continuum (Peterson, 1988). With photografic sktlggectroscopy, weak-
lined objects are a particular problem because of their ewcontrast.

This technique has been used for a long time. The first agicaf the slitless spectral
technique to quasar was described by Hoag & Schroeder (19%9)n the case of color
surveys, spectroscopic surveys were originally carriedwath photographic detectors
and the data were inspected visually. Even when the detetitiot and the overall
efficiency were poorly known, these surveys led to importasults, such as Osmer’s
(1982) recognition that the space density of very highfdtlz < 3.5) QSOs must be
extremely low. The basic data are now either digitized frdratpgrafic plates or obtained
with CCDs, and thus sophisticated candidate-selectiooriéitgns can be employed (e.g
Hewett et al., 1985). Two recent illustrations of this teicjue are thé.arge Bright Quasar
Survey(LBQS, Hewett et al. 1995) and tiidéamburg ESO SurveHES, Wisotzki et al.
2000).

Most of the slitless spectroscopic surveys, are realizetyam several selection criteria
in parallel. For the HES, for example, the authors used twe skcriteria: (1) color
(identification of objects with blue continuum) and (2) sjpakfeatures detection.

Other selection methods

While slitless spectroscopy and color selection are prigbidde most efficient method
in isolating QSO candidates, other methods deserve atlbe@$tmention because they
provide important checks on the principal techniques.

Variability: Various classes of AGN show different variability propesti the variations
could vary from less than 0.5 mag. to more than 1 mag. on tialesdrom days to
months. However, it seems that all QSOs are variable if @leslkesn the scale of few years,
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and this distinguish them from most stars. Identificatiorcandidates on the basis of
variability has proven to be quite effective when perforroada sufficiently large number
of observations spaced over many years. This method islysisald in combination with
the multicolor method (Cimatti et al., 1993; Rengstorf ef aD04) since, even if it is
time-consuming, it allows to discover QSOs that would hagerbmissed by the other
selection criteria.

Proper motion: Proper motions were initially used by Sandage & Luyten (3967
identify white dwarfs among their blue objects. Kron & Chiil981) pointed out that the
absence of proper motion can be used to detect compact abectig objects with no bias
concerning spectral properties of the objects. With thithoe it is possible to detect all
QSOs missed by the other methods, like QSOs that do not sleouMlexcess (missed by
the UVX method) or without strong emission lines (missed hwy slitless spectroscopic
surveys). Unfortunately, this research is quite complesabse it requires to observe
two or more times the same field in different years. Moreostars with low tangential
velocity could be misclassified as QSO candidates.

This method is in general used in combination with otherciie criteria (e.g. with
variability; Brunzendorf & Meusinger, 2002), to give an emendent handle on their
completeness function.

3.1.2 Optical selection of type—2 AGN

Type—2 AGN are more difficult to select with respect to typ&&N since their spectra
show permitted and forbidden lines with similar width anch dee confused with Hil
region-like galaxies.
The Hll-region-like galaxies have emission-line spectrailar to those of HIl regions
(Huchra, 1977) and contain gas that is photoionized by lassstThe most luminous
objects of this type with the strongest emission lines ardedastarburst galaxies
(Weedman et al., 1981). The fundamental difference, whstingjuishes Seyfert galaxies
and Hll-region galaxies, is based on the mechanism by wimgks2on lines are produced.
In the HII galaxies, the gas is photoionized by young, hot @Bss whereas in the AGN,
the ionizing energy is supposed to come from accreting nadtmound a SMBH and the
ionizing energy spectrum takes the form of power law contmu
Another class of narrow-emission line AGN is made up of lenization nuclear
emission-line region (LINERs) (Heckman, 1980). Their gpednclude strong low-
ionization nuclear emission line such asI[®300A and [SII]AN6716 6731A showing a
wider range of ionization stages than the emission-linetspg@roduced in HIl region. At
present it seems most likely that their ionization is duenarily to “power law” continua
similar to those responsible for the emission-line spexfttgpe—2 AGN.

The standard method used to distinguish between this sladsebjects is based on
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et al., 2006)

diagnostic diagrams using line ratios (|[|I‘}I>\6583&/Ha, [Sll]A)\6716673]A/H0( and
[0 11]A5007A/HB) to determine the main ionizing source responsible for théssion-
line spectrum: photoionization by hot and massive stars$ (eétlions) or non-thermal
continuum from an accretion disc around a BH (AGN). This sif&sation, firstly defined
by Veilleux & Osterbrock (1987), has been revised by Kewléyale (2001; 2006)
using new photoionization models. This new method may pikea more objective
classification between star forming galaxies and AGN andasgnted in Figure 3.3.
Since these models cannot be used at higer redshift, whargNHi1]A6583A and
[S1]ANG716 67314 are out of the observed range or in low resolution spectrarevh
Ha and [N||])\6583& are not well separated, Rola et al. (1997), and DessaugesiZlay
et al. (2000) proposed new classification criteria based rdy ‘lue” emission line
(e.g. [ON1]1AN49595007A, [0 11]A3727A and HB from Dessauges-Zavadsky et al. (2000)
classification).

3.2 Radio surveys

Historically, quasars were discovered for the first timenksato their radio emission.
Thus, this property has been largely used to select quasangls, even if only a small
percentage of AGN show radio emission.

In 1943 April the “amateur” radio astronomer Grote Reberdrethe first systematic
survey in the radio band, providing the first image of the @rse outside the traditional
optical window (Reber, 1944).

Today, the two largest radio survey are MiRAO VLA Sky SurvéiVSS) and thd=aint
Images of the Radio Sky at Twenty-cm sul#@RST) (Becker et al., 1995; Condon et al.,
1998).

Using the VLA FIRST survey combined with the Automated Plsteasuring Facility
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(APM) optical catalog, a relatively large~(1000) radio-selected sample of optically
bright quasars has been constructed (the First Bright @ &asaple - FBQS). Both radio-
loud and radio-quiet QSOs have been detected with this gwamd moreover a large
population of objects of intermediate radio loudness has lfeund.

Radio surveys are very important in selecting QSO candsdatrause the radio
wavelengths are not affected by dust extinction. It is idpessible to select, in the
radio band, AGN whose optical emission is extinguished kst dad thus to construct a
complete radio selected sample free of optical color pleetien biases.

3.3 X-ray surveys

The study of AGN in the X-ray band has really began in 1978ughodeepEinstein
observations that allowed to resol®5% of the 1 — 3 keV Cosmic X-Ray Background
(CXRB) into discrete sources, a large fraction of which widemntified as AGN (Giacconi
etal., 1979).

The CXRB was discovered by Giacconi et al. (1962) in a roclkgdttfbriginally designed
to detect X-ray emission from the Moon. The data showed aiskffX-ray emission of
approximatively constant intensity from all directionssebved during the flight. The
discrete nature of the CXRB became clear only when senshigh-angular-resolution
imaging X-ray observations with Wolter telescopasecame possible.

Deep 0.5 — 2 keV surveys witROSATwere, for the first time, able to resolve the
majority (~75%) of the soft CXRB into discrete sources (e.g. Hasingal. €993, 1998)
and extensive optical follow-up spectroscopy identifiezgllthlk of these sources as AGN
(McHardy et al., 1998; Schmidt et al., 1998; Zamorani etl&l99; Lehmann et al., 2001),
demonstrating that at least at 0.5 — 2 keV, the CXRB is predantly due to accretion
onto SMBH, integrated over the cosmic time.

X-ray emission is indeed one of the most common and distie¢gature of AGN and
thanks toROSAT and more recently to tHehandraandX MM missions, the selection of
AGN in the soft 0.5 — 2 keV band yields the highest surface idiessof AGN with respect
to any other wavelengti( 780 - 870 deg? from the deefROSATsurveys (Miyaji et al.,
2000) and even larger densities in the deeper Chandra in{&asconi et al., 2002;
Alexander et al., 2003, respectively for Chandra Deep RiEldh (CDFN) and Chandra
Deep Field South (CDFS)).

Surveys at higher energy, were pioneered usisgGA(2 — 10 keV) andBeppoSAX5 —
10 keV). These observations resolved 20-30% of the 5 — 10 KEREC(e.g. Comastri
et al. 2001). The resolved fraction of the 2 — 10 keV hard X{sagkground with the
CDFN (Giacconi et al., 2002) and CDFS (Alexander et al., 2083s large as 80%
(Worsley et al., 2005), and intense effort of optical idBecition of these faint sources is

1Aplanatic system of grazing incidence mirrors designed mjt&¥ (1952), that is free of both spherical aberration
and coma.
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leading to samples of reasonable statistics with good cet@péss (Hasinger et al., 2005).
Despite this situation, the picture of the AGN population @wolution is not as clear as
expected.

The major advantage related to X-ray selected samplesatemsi their ability to select
at the same time type—1 AGN and type—2 AGN. Moreover, deegyXsurveys efficiently
select AGN less luminous than those found in optical sureeygo high redshift.

An interesting result of X-ray surveys is that while type—GN constitute the major
population of bright sources, while at fainter luminostigpe—2 AGN dominate (Barger
et al., 2005). Only a few examples of bright type—2 AGN wereawered until recently
by deep soft X-ray observations (e.g. Norman et al., 2008)s ¢an be due to the large
absorption column densities inferred for these objecis tIN10?>-24) that makes them
extremely difficult to detect or identify in soft X-ray sume

3.4 Infrared surveys

In this wavelength range, AGN are selected thanks to thé&ianed (IR) excess due to
thermal emission coming from the dust heated by the optiwdld/ fluxes emitted in the
AGN inner regions.

The first IR survey, (IRAS launched in 1982) led to a huge cgtadf IR sources
(~ 250000) of which less than 1000 seem to be QSO.
Today, the Spitzer mission is providing the possibility tdest AGN from their mid-
infrared emission (e.g. Lacy et al., 2004; Sajina et al.,.52@Mhd the first results suggest
the presence of a significant population of obscured AGNiglgrtmissed in X-rays
(Martinez-Sansigre et al., 2005; Treister et al., 2006).

The main recent AGN surveys are summarized in Table 3.1.
In this thesis | will present the properties and the evoluid an optically selected type—

1 AGN sample. No pre-selection method has been used fordbgsss; they are selected
from the VIMOS-VLT Deep Survey (see next Chapter), onlyebdkis of their spectra.



Table 3.1.Example of recent AGN surveys. The work presented in thisigtis based on the VVDS-sample.

Survey Selection technique Number of AGN Limiting flux Redshift range Reference
2Qz u,bj,r + morphology 23 338 b; <20.85 2523 Croom et al. (2004)
SDSS u,g,ri,z+ radio + morph. 76 483 i*<191forz<3 z<58 Richards et al. (2002)
i*<202forz=>3
COMBO-17 SED fitting, 17 filters: 192 R< 24 12<z<48 Wolfetal. (2003b)
UV to near-IR
LBQS SS: continuum + EL + morph. 1055 B; <185 02<z<34 Hewettetal. (1995)
HES SS: continuum + EL 415 B; <175 z< 32 Wisotzki et al. (2000)
CFRS I-band flux limited 6 lag < 225 z<5 Schade et al. (1996)
VVDS [-band flux limited 56 lag < 225 z<5 Gavignaud et al. (2006)
[-band flux limited 74 lag < 24 z<5
CDFS-N CDFS-S  Soft X-ray ~ 400 Fos__okev > 3.10°14 Alexander et al. (2003)
ergen? st Barger et al. (2003)
HELLAS Hard X-ray 38 F5__10kev > 3.10° 14 Fiore et al. (1999)
ergecm?2s1 La Franca et al. (2002)
FBQS radio + blue color 957 SiacHz > 1 mJy, z< 4 White et al. (2000)
+ optical morphology R< 17.8andR< 189 Becker et al. (2001)
PQJ radio flat spectra 379 S76Hz > 0.25 Jy z< 4 Jackson et al. (2002)

(*) Number of AGN with an optical spectral identification (extapthe case of COMBO-17 sample).
- SS:Slitless spectroscopy;
- EL: Emission lines.
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Chapter 4

The VIMOS-VLT Deep Survey

Researches on the physical nature of a class of objects cdivided in two different
areas: (i) the study of the physical properties of the siofpjects and (ii) the statistical
analysis of samples of objects.

The first area is dedicated to determine the physical camddf single objects, and in
this sense, the attention is focused on the particular palyprocesses that are taking
place in them. The aim of the second area is instead the sfutlg statistical properties
of a class of objects looking for correlations between ddif¢ observational properties
(like the surface density as a function of magnitude and tisenological evolution). The
observational techniques related to the latter kind ofaedeare the surveys. In these
studies, it is important to have large samples as complep@ssible so that the derived
properties can be considered general for that specific ofagbjects. For this reason,
the surveys have to cover large areas of the sky and readHifaiting magnitudes with
a high degree of completeness. These two characteristiushware linked to the used
instrumentation (e.g. limiting magnitudes, field of viewdaspectral resolutions), cannot
be optimized at the same time. There are indeed wide sureeysing large portion of
the sky at bright limiting magnitudes that allow to studytmarge samples, the statistical
properties of the local Universe, and deep surveys on céestiriareas with faint limiting
magnitude to follow the evolution with redshift of such peojpes.

Today, the main optical spectroscopic surveys of relatibeight galaxies are thiwvo
degree field Galaxy Redshift Survef2dFGRS, Colless et al. 2001) and Blean Digital
Sky Surve¥(SDSS, Abazajian et al. 2003). The 2dFGRS is designed toureesdshifts
for approximatively 250000 galaxies using the 2dF multdibpectrograph on the Anglo-
Australian Telescope. The survey covers 200G a@egr two declination strips (one in the
southern and the other in the northern Galactic hemisplagr@has a median depth of
z=0.11. The source catalog used to select the targets igseedeand extended version
of the APM galaxy catalog, and the targets are selected ani@gs brighter than
bj = 19.45. On the contrary, the SDSS consists of a photomatriey in five bands

Ihttp://mso.anu.edu.au/2dFGRS/
2http://ww.sdss.org/
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(u, g, 1,1, 2 that is used for the target selection in the following spEsstopic survey. The
Data Release 3 spectroscopic catalog (Abazajian et al5)2@Msists of 528640 objects
selected from 4188 déwf the imaging area. The main galaxy sample is limited to
17.77 while the QSO sample te= 19.1 (for z< 3 candidates) and= 20.2 (for higher
redshift candidates). The resulting median depth of theSS§&8axy sample is z0.1.

The 2dF and the SDSS are indeed mapping the distribution atableshing the
properties of several hundreds of thousands of galaxiekenldcal Universe (up to
z~0.3).

TheVIMOS-VLT Deep Survey (VVDS)2 aims to be the complementary deep and high
redshift counterpart of the massive efforts undertakeh thi¢ 2dF and SDSS surveys

4.1 Survey goals

The aim of the VVDS is to probe the Universe at increasing@hkr redshifts to establish
the evolutionary sequence of galaxies, AGN, clusters argelacale structures, and
provide a statistically robust dataset to challenge curagw future models, from one
single dataset.

In particular, the main astrophysical goals are:

¢ study the formation and evolution of galaxies up te b;
e study the evolution of large scale structures over AGDMpc up to z~ 5;

e measure the properties of galaxy biasing using togethaetdhematter (from weak
lensing) and the galaxy distribution;

¢ identify new high redshift clusters of galaxies;

e study high redshift Lyman-break galaxies with 3% < 4.2, using multi-color data
set of the optical and U-band survey.

¢ identify faint AGN and study their evolution.

4.2 Survey strategy

The science goals, listed above, require a large numberjetisbover large and deep
volumes. For this reason, the VVDS survey consists of twarpairts: the/VDS-Deep
Surveywhich is a magnitude limited survey reaching a limiting miagghe oflag = 24.0
in 2 fields (the VVDS-02h field and th€handra Deep Field Sout{CDFS)), and the
VVDS-Wide Surveyhich consists of objects selected in 4 fields dowmgp+ 22.5.

Shittp://ww.oamp.frivirmos/vvds.htm
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Field 02000 2000 b E(B-V) field size
center center (I-band)

0226-04 “wide” 0224™39.75 -04°30°00” -58.0 172.0 0.027 5.40
0226-04 “deep” 0226™00° -04°30°00” -58.0 172.0 0.027 1.45

1003+01 1003"39.06 +01°54'39” 42.6 237.8 0.023 4.14
1400+05 1400"00.06 +05°00'00” 62.5 342.4 0.026 4.32
2217+00 2917M50.46 +00°24°27" -44.0 63.3 0.062 3.60

Table 4.1.Survey fields

The VVDS survey is indeed based on a simple selection fumctiee sample is selected
only on the basis of I-band magnitude. The purely magniludiéed selection of
spectroscopic targets was carried out from an imagingagtzdsed on deep photometry,
performed for this purpose. The CDFS is based on thelHi&nd catalog described in
Arnouts et al. (2001).

4.2.1 The VVDS multi-wavelength imaging survey

The imaging survey has been used to select the targets fepduroscopic survey. The
survey fields have been selected with the following criteria

e along the celestial equatord( <5°) to allow for visibility from northern and
southern hemisphere observatories;

e galactic latitude higher than b =20

¢ low cirrus absorption as measured from the DIRBE maps aMailahen the survey
started in 1998;

e visibility of at least two fields at any time of the year to fithgerving nights.

The selected fields are listed in Table 4.1 and their positidine dust sky map is shown
in Figure 4.1.

The wide photometric survey covers 12 dégthree high galactic latitude fields, each
2x2 ded large: VVDS-1003+01, VVDS-1400+05, and VVDS-2217+00. Tdeep
photometric survey covers a 1.3 x 1 deg area in the VVDS-URR6-

The imaging survey consists of observations in four band¥, B and | and it has been
designed to reach a limiting magnituggs 1= 24.5 in all the area surveyed, with a smaller
area (1.3 degin the 02h field) atAg = 25.0.

The B, V, R and | observations were performed from Novemb8&818 October 2000 at
the 3.6 m Canada-France-Hawaii Telescope (CFHT), with #le¢X2K wide field mosaic
camera. The depth of this imaging survey is at least one rmatmideeper than the
limiting magnitudes of the spectroscopic survey. This essuhat the imaging survey
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Figure 4.1. Positions of the 4 VIRMOS fields on a dust map (Schlegel et1898) of the sky (Aitoff
projection in equatorial coordinates). The open squaregta center positions. One can see that the
four fields are visible from CFHT as well as the ESO ParanaltaedeSO La Silla observatories and are
separated by at least 4 hours, making the observations alptispread over the nights and over the year.
The square size are not exactly scaled according to the glgesize (2 x 2°) to ease visualization. For
comparison the open circles indicates of center positich@fCFDF fields (McCracken et al., 2001). The
CFDF field sizes are 16 times smaller than the VIRMOS. The chagt was generated using the advanced
Skyview virtual observatory tool&€tp: //http://skys4.gsfc.nasa.gov/).

doesn't introduce any bias in the galaxy samples selectethéospectroscopic survey.
Part of the deep field has been observed in additional bandRadovich et al., 2004),

J andK (lovino et al., 2005)u*,d',r’,i’,Z from the Canada-France-Hawaii Legacy Survey
(CFHTLS)* as well as in radio (1.4 GHz) on the VLA (Bondi et al., 2003)ra¢ with
XMM (Pierre et al., 2004), and UV with Galex (Morrissey et &005).

For a detailed description of the photometric catalog Irréie reader to Le Fevre et al.
(2004).

4.2.2 The VVDS spectroscopic survey

Spectroscopic observations were performed with the \@giblilti Object Spectrograph
(VIMOS) installed on Melipal, the third 8-meter telescopgdParanal Observatory. The
VIMOS instrument consists of 4 quadrants covering a totéd fod view (a pointing) of
~ 218 arcmii (each quadrant being 7 x 8 arcmirf). It allows to observe with about
600 slits simultaneously at a spectral resolutioRe# 230 (see Figure 4.2).

The area covered by the Epoch One VVDS spectroscopyis ded in the deep fields
and ~1.1 ded in the wide fields (see column 5 in Table 4.2) and the corresipon
numbers of spectra are 11564 and 9440 respectively. Thettaagnpling rate, (i.e.

“www.cfht.hawaii.edu/Science/CFHLS
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Figure 4.2. Typical layout of spectra in the 4 quadrants of a VVDS-Widéfing; more than 550 spectra
are observed on average (Le Févre et al., 2005¢)

the ratio of selected objects for spectroscopy to the tatailver of objects down to the
respective spectroscopic flux limits)4s25% in both the wide and the deep surveys (see
column 4 in Table 4.2).

Spectra are obtained using the VIMOS-LRRED grism which ce®vhe wavelength
range 5500 — 9500 with a %&/pixel dispersion. The slit width was fixed to 1 arcsec,
providing a sampling of 5 pixels per slit and a spectral nesoh of R ~ 230. The total
integration time is 4.5 hours per mask in the deep fields andifQtes in the wide fields.

The measured median signal-to-noise ratio (S/N) per résalelement at our limiting
magnitudes is 4 in both the deep and wide fields.

4.2.3 Target selection

The VVDS spectroscopic targets are selected only on the béasiband magnitude; the
resulting sample is indeed free of biases introduced bysplection methods. However,
to get a fully unbiased spectroscopic sample one would pagiabds at random from the
input catalog. Such a procedure would ensure randomnéasspbild not provide spectra
at the optimal rate for a given observing time. For this reas@pecial target selection
algorithm §lit Positioning Optimization CodeSPOC), was developed with the aim of
optimizing the use of spectroscopic follow-up time giver tlonstraints of the VIMOS
optical and mechanical layout (Bottini et al., 2005). Irstbptimization process, however,
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Table 4.2.Summary of the VVDS Epoch-1 spectroscopic fields.

Field Survey Mode  limiting TSR 4**
magn. hs [dedf]
VVDS-0226-04 deep 24.0 25%  0.48
VVDS-1003+01 wide 22.5 26%  0.33
VVDS-2217+00 wide 22.5 22% 0.81
VVDS-CDFS deep 24.0 23%  0.13

* Target Sampling Rate: Fraction of objects in the photometatalog inside our targeted
areaq which have been spectroscopically observed.

* Geometrical area in dé@f the spectroscopic first epoch data which are used in thik.wo

two biases are introduced:

(i) Objects with a small projected size along the slit argyldly favored for
spectroscopic selection, resulting in a bias against mdsnded objects.

(i) The distribution of selected targets is not isotropcSOC prevents the observation
of target closer than 2 arcmin, perpendicular to the slieaion to avoid

surperpositions of spectra.

4.2.4 Spectral classification

Data reduction was performed homogeneously by the VIMO®& taaing the VIPGI
software which was developed specifically for the VVDS syri&codeggio et al., 2005).
The redshift of each object has been then classified on the dfabe confidence level on

it. In particular:

— flag 4: a completely secure redshift, obvious spectral featurespport of redshift

measurement;
— flag 3: a very secure redshift, strong spectral features;
— flag 2: a secure redshift measurement, several features in sugpogasurement;

— flag 1. a tentative redshift measurement, weak spectral featureliding

continuum shape;

— flag 0: no redshift measurement, no apparent features;

— flag 9: one secure single spectral feature in emission;
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For each of these flags, a probability to be correct can bgrasdifrom various analyses
(e.g using the repeated observations of the same objectghertdmetric redshift up to
z ~ 1). We estimated that the probability of a solution, to bedbeect one is 53 5%,
81+ 3%, 94+ 3% and 100%, for galaxies with flags 1, 2, 3 and 4 respectively.

These flags are replicated for broad line AGN adding 1- befwedlag number (11, 12,
13, 14 and 19). We will better discuss the AGN flags in the néwder.

Examples of VVDS spectra with flags from 1 to 4 are reportedigufes 4.3, 4.4, 4.5
and 4.6 corresponding respectively to the redshift range £< 0.7, 0.7< z< 1.3,
1.3<z<22and 2.4 z<5.
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Figure 4.3.Examples of VVDS spectra in the rangedz < 0.7.
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Figure 4.5.Examples of VVDS spectra in the range XZ < 2.2.
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Figure 4.6.Examples of VVDS spectra in the range 222 < 5.0.

4.3 Deep spectroscopic sample and main survey results

4.3.1 Redshift distribution of the Iag <24 galaxy sample

The redshift distribution of the spectroscopically sedelcsample of galaxies with 175
lag < 24 from the VVDS is shown in Figure 4.7. The histogram peaks-&1.8 -
0.9 (median redshift z = 0.76; mean redshift z = 0.90) withgmidicant high redshift
tail extending up to z~ 5. This fraction of galaxies, appearing at all redshifts 2
z <5, indicates that the observations are deep enough to pheblerightest part of the
population at these redshift. There are 558 galaxies withismned redshift 1.4 z< 2.5,
258 with 2.5< z < 3.5 and 161 with 3.5< z < 5; it represents the largest deep purely
magnitude selected sample at this redshift so far. Howeseclearly visible in Figure
4.7, there is a paucity of galaxies with measured redsht<2z < 2.6 (the so called
“redshift desert”). This is due to the VVDS observed wavgttrrange (5504 - 9500&)
which contains very few faint features for galaxies at theskshifts, making the redshift
measurement very hard.

The redshift distribution of galaxies in the VVDS-02h fiekipresented in Figure 4.7
(right panel) with smaller redshift bins (dz=0.0033). Theldishows an alternance of
strong density peaks and almost empty regions, with streagpidentified all across the
redshift range, although less prominenzag 2. This is the first time that the large-scale
structure distribution of galaxies has been probed on wess scales- 30h1 Mpc at
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Figure 4.7. Left: Redshift distribution for the VVDSAg <24 sample. It consists of 9141 galaxies with
17.5< Iag < 24, extracted from the sum of the VVDS-CDFS and the VVDS-Fi@ds. Galaxies with
flags 2,3,4 and 9 are represented by the filled histogramxigalaith flag 1 by the open histogram. This
sample, including flags 2,3,4 and 9, is 93% complete. The amadidshift is z = 0.62 and the mean redshift
is z = 0.65.Right: Redshift distribution for galaxies in the VVDS-02h field twid < z < 1.7, for galaxies
with redshift quality flags 2,3,4,9. The redshift bin is d23@83

these redshifts.

4.3.2 Galaxy evolution

One of the main goals of the VVDS is the study of galaxy formatnd evolution. The
galaxy luminosity function (LF) and its evolution, has beewvestigated from the First
Epoch VVDS sample, for 17518 <24 by llbert et al. (2005). We observe a substantial
evolution with redshift of the global luminosity function i&ll bands from U to | rest
frame. Compared to the local SDSS values, we measure admiggtranging from 1.8 -
2.4 magnitudes in the U band, to 0.1-1.4 magnitudes in trenttbwhen going from
z=0.05 up to z=2. The stronger brightening toward bluerfraste wavelengths suggests
that most of the evolution of the global LF up to z=2 is relatethe star formation history,
better probed with the luminosity measured at short restéravavelengths.

The First Epoch sample allows also the derivation of the LiFefach of hte 4 galaxy
spectral types out to~z1.5 (Zucca et al., 2006). The results show striking diffessn
among the different types: the early type galaxies are orilgllynevolving with a 0.5
magnitudes brightening, while the late-irregular typeagads are~2 magnitudes brigther
and two times more numerous at¥.2-1.5. At bright magnitudesg <22.5), our
results are fully consistent with ti@anada-France Redshift Surv@FRS) results (Lilly
et al.,, 1995). Down toAs <24, we find some significant differences compared to
previous surveys based on photometric redshift (e.g. COMBOWOoIf et al. 2003a),
possibly due to the degeneracy in photometric redshiftgpeaation. Finally, combining
VVDS spectroscopic redshifts with public ACS/HST imagemirthe GOODS survey,
we investigate the LF evolution per morphological type omeal$ area of 16Grcmir?
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(Ilbert et al., 2006). From this analysis, we found a smattease of the density of red
massive galaxies from~ 1 to z~ 0.2. Since most of the massive elliptical galaxies
seems already in placeat- 1, we conclude that mergers should have been very efficient
az>1.

4.3.3 Evolution of the correlation function and bias

The First Epoch VVDS sample allows a direct estimate of eluist) evolution over the
cosmic time sampled (Le Fevre et al., 2005a). We have caedpbe correlation function
&(rp, M) andwp(rp), and the correlation lengtia(z), for the VVDS-02 and VVDS-CDFS
fields, for a total of 7155 galaxies in a 0.61 degea. The correlation functions represent
the excess probability over random distribution of findingadaxy in a given volume
and at a fixed distance from another galaxy. They are a keyndsgs of different
paradigms of galaxy formation and evolution and repredeatlink between the dark
matter distribution (obtained through models and numeésicaulations) and the observed
luminous matter. Unfortunately, their interpretation @plicated by the bias functidm
and by the differences in rest frame luminosities probedffgrdnt redshifts. We find that
the correlation length in this sample remains roughtly tamsfrom z=0.5 to z=1.1, with
ro(z) = 2.5-2.8 ' Mpc (comoving), for galaxies comparable in luminosity te thcal
2dFGRS (Colless et al., 2001) and SDSS sample (Abazajidn 2083), indicating that
the amplitude of the correlation function wa.5 times lower at 21 than that observed
at present time. The correlation length in our lowest reftibim (0.2< z <0.5) isro(2) =
2.4 ™1 Mpc, lower than for any other population at the same redshificating the low
clustering of very low luminosity galaxies (1.5 magnitudamter than in the 2dFGRS
or SDSS). The correlation length increasegd@) ~ 3.0 hr! Mpc at higher redshift
z=[1.3,2.1] (as we observe increasingly brigther galgxmsoming comparable to the
clustering length of galaxies with = -20.5 in the local Universe. This is the first time
that a consistent picture of galaxy clustering is obtainegr guch a large time whithin
the same survey. The galaxy clustering seems to evolve \@mys on the other hand
predictions on the dark matter clustering show a fasteruthaoi, therefore evidencing a
strong evolution of the bias.

We investigated also the dependence of galaxy clusteringhengalaxy intrinsic
luminosity at high redshift (Pollo et al., 2005). At the amt epoch, luminous galaxies
tend to be more clustered than faint ones, in agreement wetffigtions from hierarchical
models of galaxy formation. The difference becomes rentekabove the characteristic
luminosity L* of the Schechter luminosity function. This luminosity degence of
clustering has been so far difficult to establish becaus@efimited dynamic range in
luminosity for even the largest local galaxy redshift sys/e Even more problematic
has been to study this effect at redshifts significantly érgihan zero. Moreover, the
comparison of high redshift measurement to local valuesireg an accurate knowledge
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of the evolution of the global LF.

We observe that at the median redshi#tQz9 the clustering length has a low, nearly
constant valueg ~2.9h~! Mpc for luminositiesMg < Mg rising suddenly foMg > M3
and approaching valug~ 5 h~! Mpc similar to those of local galaxies with comparable
luminosity. An other important result of this work is the @tedetection of a systematic
steepening of the high-redshift correlation function fosalute magnitudes brighter than
Mg+0.5. This kind of behavior, in general not seen neither inlogal sample nor in
other local surveys, shows that there is a significant rédstolution of the luminosity
dependence of both the normalization and slope parametdreofjalaxy correlation
function.

To better investigate the trend of the bias function, théRibdity Distribution Function
(PDF) of galaxy fluctuations can be used. Marinoni et al. B0@aking into account
the selection function of the VVDS sample, show that the maxn of the PDF moves
toward lower density regions at high redshift. Moreover phebability for a galaxy of
being in an underdense region is higher at lower redshifies& findings strongly support
the theory of gravitational growth of structures and thel@won with cosmic time of the
bias between matter and galaxies. Comparing theoretigglatations to observed data it
is possible to study the evolution of the biasing functiorariMoni et al. (2005) inferred
that the functiorb is non linear and rises in underdense regions, implying s messity
threshold for galaxy formation, with the threshold beingiadtion of redshift. In a linear
approximation of the biasing function, the bias is an insneg function of redshift and
its evolution is stronger &> 0.8. Moreover, dividing the galaxy sample in red and blue
populations, Marinoni et al. (2005) find that red galaxies @ore biased tracers of the
total mass.

4.3.4 The large scale structure

The complete spectroscopic survey gives access to a sgnplithe high redshift
Universe at z~ 1 equivalent to the sampling of the 2dFGRS at a mean redshift z
0.1, with a mean inter-galaxy separation~ef5 Mpc (comparable to the 2dFGRS). This
allows the identification of galaxy structures in the VVDSd& Using the VVDS in
combination with other spectroscopic, photometric andiXsurveys from the literature,
several galaxy structures have been detected in this fiadr{Aet al., 2005).

For this analysis, both a friend-of-friend-based alganithpplied to the spectroscopic
redshift catalog and an adaptive kernel galaxy density aor enaps correlated with
photometric redshift estimates were used: 17 compacttategand 1 more diffuse wall
were detected. The most important are a chain-like stra@tr= 0.66 and a dense wall
atz=0.735. The chain-like structure is embedded in a quite diffugkshowing signs of
ongoing collapse and perhaps similar to the progenitorsamitgmearby elliptical galaxies.
The dense wall & = 0.735 is instead very compact in redshift space and extendsscr
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the whole field of view. The number of massive structures wealed is consistent with
what is expected for ACDM model but a larger sample, on which we are currently
working, is required to put significant cosmological coastts.

4.3.5 The high redshift Universe

One of the most important goal of the modern astrophysickeésuhderstanding of the
evolution of galaxies. To do that we need to know as accyra®lpossible how many
galaxies were present in the Universe at different epochee @©chnique to identify
galaxies in the distant Universe is to use the discontinuntyhe spectrum produced
by the photon absorption below the gﬁzyman limit to isolate high redshift galaxies
from the dominating population of foreground galaxies itoc@olor diagrams (Steidel
et al.,, 1999). This technique has led to the identificatiothef Lyman-break galaxies
(LBGs) at redshift z=2-4. However, this color-selectiooheique with its associated
uncertainties and assumptions could exclude a significactién of the high-redshift
galaxy population because their colors are the result ohgpdex mix of stars, gas, dust
or active galactic nuclei. The VVDS allowed to identify spescopically, 970 galaxies
with redshift 1.4 z <5, selected from a purely I-band flux selected sample (Led-ev
et al., 2005b). Figure 4.8 show clearly that our sample hidwoith color-color regions and
not only in the standard permitted area.
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galaxies at high redshift while small dots are galaxieslatiotedshifts. The dashed line delineates the area
where Lyman Break Gakaxies with 2.7z <3.4 would be searched for if a color-color pre-selection was
performed (Steidel et al., 1999).

The estimated number density measured from this sample3atszbetween 1.6 and
6.2 times larger than those obtained from the color-sadelcyenan-break samples. This
result therefore shows that the Universe contained moexg at redshift 1.4 to 5 than
previously reported using the color-selection technidires indicates that the bright end
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of the galaxy luminosity function at these early epochs isenpmpulated than previously
thought. Moreover, this result demonstrates that mageisedected samples, although
requiring a large number of redshift measurements, proaidere complete census of
the high-redshift galaxy population. Our discovery of ansfigantly population at high
redshift than was previously believed has important comsecges for our understanding
of galaxy evolution.



Chapter 5

The VVDS type—-1 AGN Sample

From the VVDS survey, as an integrated part of classificadiot redshift determination
of the reduced VVDS spectra, we collected a sample of typ&NL Kere | will present
the selection method and the properties derived from it.

5.1 The AGN selection

The AGN catalog considered in this thesis consists of a anfpte of objects in the
VVDS spectroscopic catalog, identified purely on the bakte®presence of at least one
broad emission line in their spectra. Given our effectivecsfal resolution, a line is here
considered broad if its FWHM is larger than 1000 kmt sOur sample consists therefore
of Broad Line AGN(BLAGN) since only type—1 AGN with aobservedroad line have
been selected.

However, through this manuscript we will refer to these otgevith both type-1 AGN
and BLAGN names. Moreover, no distinction between Seyfaldges and QSOs based
on the absolute magnitude or morphology of the objects has be#roduced. Narrow
line AGN (type—2) are not included in the present catalogabee, when only narrow
emission lines are present, it is not easy to distinguish AGiNity from starburst activity,
especially in spectra with relatively low S/N ratio and lied wavelength range. This
population has been selected on the basis of the line raisosxplained in Section 3.1.2
and will not be included in this thesis.

5.1.1 Identification and redshift quality flags

At each object we have assigned a value for the spectrosesgshbift and a spectroscopic
guality flag which quantifies our confidence level in that givedshift based on a method
similar to that used for galaxies and already explained cti&e 4.2.4. It follows these
criteria:

Flag 14: BLAGN with secure redshift measurement (i.e.: two lines ore);

41
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Flag 13: BLAGN with only one broad line detection but with the redsisécured from
other informations such as:

e there is no other possible identification for the given wamgth range;

e an intervening absorption lines system is detected ane lealy one redshift
solution for the BLAGN;

e strong iron features, so called 'bumps’, are detected,;
e a second line is marginally detected.

Flag 19: BLAGN with only one detected line and more than one possidishift;

Flag 12: Object with secure redshift but for which the broad line matis uncertain due
to the low spectral resolution, often coupled with low S/N@technical limitations
(i.e. it could be a narrow line object);

Flag 11: Both the redshift and the broad line nature of the target aceain.

Objects with uncertain broad emission lines (flags 11 andddtyesponding te- 10 -
15 % of our survey objects, are excluded from the presenysisadince we do not want to
be contaminated by normal galaxies and we don’t know whicbgreage of these objects
are really broad-line AGN.

5.2 The BLAGN catalog

The final sample of BLAGN spectra selected from the VVDS syireensists of 130

BLAGN with flag=14,13 and 19, in the redshift range<z < 5, selected in 3 VIMOS

fields (0226-04, 1003+01 and 2217-00) and in the Chandra Bexg South (CDFS),

which was partly included in the VVDS observations. We dised 74 of them in the
deep fields (62 in the 02h field and 12 in the CDFS) and 56 in tlge felds (18 in the

10h field and 38 in the 22h field). The distribution of BLAGN ass the VVDS fields

is shown with red dots in figure 5.1. The total amount of BLAGMhich consists of

130 objects, corresponds to about 0.7% of the objects inotiaé VYVDS database with
a measured redshift. This sample represents an unpreeddsornplete sample of faint
AGN, free of morphological or color selection bias.

5.2.1 Redshift degeneracy

The exact list of emission lines we expect to detect in angmspectrum is a function of

its S/N. In addition, because of the limited wavelength cage of the observations, there
are some redshift intervals where only a single broad eondsie may be detected in our
spectra (see gray portions in figure 5.2). In these cases,othmer features (e.g. narrow
emission lines, absorption systems, Lyman forest) areepteseveral interpretations of
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Figure 5.2. Visibility in the wavelength range of our data ofAGN broad emission lines along redshift:
The thick lines trace the observed wavelength as a funcfisadshift of the main AGN broad emission
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narrow redshift range filled in dark gray since no strong dremission line is visible at that redshift within
our observed wavelength window. On the right side are repdhe wavelength ranges in which each broad
emission line can be observed as a single lingdaHd Ly are not reported there since they are not affected
by the redshift degeneracy.

the broad line may be allowed, thereby leading to a degeypefaolutions for the redshift
(see an example in Figure 5.4; object 220098629).

In order to treat redshift degeneracy in a consistent way,hexe taken the SDSS
composite spectrum of BLAGN (Vanden Berk et al., 2001), odved it to our resolution,
and added noise. For each line we then determined the S/Nhwiauald provide a 3.©
detection of the line. Following this procedure we have tbthmat for a S/N lower than 4
per resolution element, we are able to detect and recogsibeoad the following lines:
HaA6563A, HRA4861A, Mg11A2799, C111]A1909R, CivA1549A and LyoA1216A.

The visibility windows of these lines within the VVDS obsetV spectral range
are shown in figure 5.2 as a function of redshift. The redstafiges where we
expect to observe a single broad emission line (in gray) &e: 0.13], [1.0 - 1.9]
and [2.4 - 2.6]. Since we always expect to detect the narmgson-line doublet
[O 1111AN4959 5007A close to H3 we consider the detection ofHo securely identify the
redshift. Consequently, for an object with a single broad,live have up to three possible
redshifts. In addition, a small gap is present at redsh@t95 (dark gray in Figure 5.2)
where no broad emission line is visible within our observes@length window.

A small fraction of spectra~{ 15%) fall outside this general scheme, due to a lower S/N

or to technical limitations such as strong fringing. Fostteason some objects have up
to four possible redshifts (see Table 5.3).
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Figure 5.3. AGN quality flags statistics. Columns (a) correspond to ougioal quality flags, before
looking for objects already existing in other spectrosca@mples and performing re-observations with
FORS. Columns (b) correspond to our current quality flagsties.

Because of these limitations, a total of 42 BLAGN in our angjisample were flagged
as having a degenerate redshift (flag 19, as defined in Segtioh). For all of them,
however, abest solutionis proposed. To solve this redshift degeneracy we have first
looked for the objects already observed in other spectmssurveys in the same areas.
From the CDFS optical spectroscopic data we found the rédsifi3 of them (Szokoly
et al., 2004).

Furthermore, additional observations have been obtaindd MDRS1 on the VLT in
March 2004 and November 2005 to extend the spectral covelage to 380G With
these additional observations we solveB7% of our 42 degeneracy, finding a secure
redshift for 24 of our AGN with ambiguous redshift deternmioa. Moreover, we found
that our proposed best solution was the correct one 17% of the cases.

As of today, we have 115 BLAGN with secure redshift, and 15 BEMwith two or
more possible values for the redshift.

The statistics of the data quality according to these flagikrb and after the FORS1
follow-up, is summarized in Figure 5.3. As we already samlj fl1 and 12 are excluded
from our sample.

The final list of BLAGN is presented in the Tables at the endh&f Chapter: Table
5.2 gives the list of BLAGN in our wide and deep samples forahhive have a secure
redshift, while Table 5.3 lists the BLAGN for which we stilake a redshift degeneracy
(flag 19) with all the possible z solutions. Best z solutiom @ported in boldface.

Figure 5.4 presents some examples of spectra across ourtagegand redshift range.
In particular, object 220567224 is the highest redshift BIM discovered with this
survey; object 020180665 is an example of a broad-absorfitie (BAL) spectrum,
while object 020302785 is instead a BLAGN at z=2.24 in whibleré are evident
intervening absorption features at z=1.727. Object 020863s an example of AGN in
which strong [Nelll], NelV and [NeV] lines are visible and &illy, object 220098629 is an
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Figure 5.4.Examples of BLAGN spectra across our magnitude and redsiniffes.
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Figure 5.5. Redshift distributions of the wide (upper panel) and thepdd@®ttom panel) VVDS BLAGN
sample. The unshaded histogram corresponds to BLAGN withreeedshift (flags 13 and 14), while the
shaded histogram includes flag 19 BLAGN with their best sofut

example of flag 19 for which the redshift was resolved usimgsipectroscopic follow-up
with FORS1@VLT-UT3.

5.3 Redshift distribution

The redshift distributions of our wide and deep samples aesgmted in Figure 5.5.
BLAGN with degenerate redshift solutions (flag 19) are pnése, in the shadow
histogram, with their best solutions. The absence of objbetween redshift 0.5 and
1 in the wide fields can be attributed to our low efficiency felesting objects in this
redshift range (see Figure 6.2).

The fraction ofz > 3 objects is~ 18% in the wide sample and 14% in the deep
sample. The mean redshiftis 1.9 in both the wide and deep samples. This shows that,
by pushing our limit in magnitude from the wide to the deeprsyywe are not increasing
our mean redshift but rather exploring the fainter part @ lliminosity function at all
redshifts.

Figure 5.6 shows the apparent magnitude versus redshiftodigson of BLAGN and
galaxies in the deep sample. We see that the VVDS objectslsatime faint magnitudes,
well inside the galaxy luminosity function. We find that35% of the objects in the deep
sample are Seyfert galaxies, rather than QSOs, havingutbsolgnitudes fainter than
Mg = —23.
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Figure 5.6. Apparent hg magnitude as a function of redshift in the VVDS deep samplalages are
plotted with small points, BLAGN with secure redshift arefped with filled dots and BLAGN with
degenerate redshift are presented at all their redshiftisaks with empty circles. The thick line gives
the apparent magnitude of a BLAGN template of absolute ntageMg = —23 and therefore corresponds
to the transition between the QSOs and Seyfert galaxies.

5.4 A-posteriori morphological analysis and color-color gagrams

As already discussed in Section 3.1.1, the classical waydate an optical BLAGN
sample is to preselect candidates from a photometric gatalguiring that the objects
are point-like and have blue colors. However, this selectiaterium introduces a bias
mainly due to two effects:

(a) It excludes objects at low redshift, for which the contribatof the host galaxy is
detected and resolved, thus introducing a bias especialigrt the faint end of the
BLAGN luminosity function;

(b) Itis not able to select QSOs with redshift larger than 2.had ya line is shifted out
the UV passband.

The fundamental property of our survey is that the targetcsen is performed only on
the basis of the I-band magnitude and indeed our BLAGN sanhgps not suffer neither
from morphological nor from color selection biases whick present in most optical
surveys. Therefore, using the VVDS deep photometric da¢sane able, a posteriori, to
guantitatively estimate the fraction of AGN missed by thetsedard selection criteria.



5.4 — APOSTERIORI MORPHOLOGICAL ANALYSIS AND COLORCOLOR DIAGRAMS 49

5.4.1 Morphological analysis

The use of a morphological selection of point-like objeasises the loss of BLAGN
candidates for two main reasons. The first is due to the fattalreliable separation
between point-like and extended sources from ground-badetdmages is possible only
for relatively bright objects. The second is linked to amiidic property of BLAGN: at
relatively low z and low intrinsic luminosity, BLAGN may appr extended or at least
slightly resolved because of significant contribution fribra host galaxy. This effect can
introduce a redshift-dependent bias in morphologicallgted AGN samples, especially
at faint magnitudes.

We have conducted a morphological analysis of our BLAGN dantprough the
study of various shape parameters, which define a chastateradius weighted by the
light distribution function (Kron, 1980). In particularpif this analysis we used the
SExtractor flux-radius parameter, denoted s which measures approximately the
radius which encloses half of the object’s total light.

This parameter is used to identify point-like sources, beeafor unresolved objects,
it is directly related to the width of the point spread fuoatiand it is independent of
luminosity (for non-saturated objects). In the plamgmeasured in I-band) versus I-
magnitude, we can distinguish two different classes of abjeunresolved sources that
occupy a well defined strip of the plane at small and approtety@onstant values ob
and resolved objects for whict varies with magnitude.

This analysis is restricted to the FO2, F10 and F22 fields. Md¢tude the CDFS for
which this parameter is not measured. Since our data, cay&arge areas in different
sky regions, have been taken with different seeing conwstithe stellar locus resulting
from the use of the measureg values is significantly broadened, thus making difficult
a clear separation between point-like and extended objettsaccount for this, we
used an “adaptive” classification technique following Ma€ken et al. (2003). After
dividing the field into many sub-areas, mainly following thattern corresponding to
different pointings, we have normalized the flux radius afeabject to the local, mode,
computed for all the objects within each sub-area. FigufesBows this normalize(l)
parameter versus I-magnitude.

The use of the normalized(l) allows us to improve our ability to distinguish poinké
from extended objects. As shown in Figure 5.7, this separappears to be feasible up to
lag ~ 22.5 (without normalization, the corresponding limiting mégde wad ag ~ 21.5).
Beyond this magnitudd (g ~ 22.5), the number of galaxies with smafi(1) parameter
increases and no reliable selection of point-like sours@®ssible.

The two horizontal lines correspond to the rangeratl) we have adopted for
our morphological classification of point-like sources. eTipper limit in this range
corresponds to about 31%f the Gaussian fit of the, normalized distribution of point-
like sources. As shown by the inset in the left part of Figuré, 3his somewhat
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Figure 5.7. Normalizedry(l) parameter versukg magnitude. The two horizontal lines correspond to
the range inry(I) we have adopted for our morphological classification of pbke sources. Large
circles are the spectroscopically confirmed BLAGN. The trsd®ws ther, distribution of objects with
21.0< Iag < 22.0, fitted with a Gaussian witti = 0.06.

conservative choice makes sure that the vast majority aftpitie sources are really
classified as point-like, allowing some contamination frextended objects, especially
at faint magnitude. Efficiency in classifying point-likewsoes has been tested on the
spectroscopically confirmed stars in the magnitude range 18, < 22.5 (the bright
limit has been set in order to exclude saturated objectdHigere 5.7)). We find that 95%
of the stars with spectroscopic flag3 are correctly classified as point-like sources.

Figure 5.7 also shows the location in this plane of the spsctpically confirmed
BLAGN. In this analysis we consider only BLAGN brighter thig = 22.5 (90 objects);
within this limit, 77% of the BLAGN are classified as poinkd, while 21 of them
(23%) are classified as extended. This percentage is sigmifychigher than that of
morphologically misclassified stars (see above).

Nineteen of these 21 extended BLAGN, have a secure redskedsurement, while the
other 2 are BLAGN with two or more possible values for z. Feg&r8 shows the redshift
distribution of BLAGN with secure redshift andg < 22.5, morphologically classified
as extended compared to those classified as point-like. Wieetdshift distributions are
significantly different (the probability that they are draivom the same distribution, as
estimated from a Kolmogorov-Smirnov (KS) test, is smallert~ 4 x 10~%), with the
extended BLAGN having on average a lower redshift. The figin@vs that sixteen out
of nineteen of these BLAGN hawe< 1.6 and in this redshift range they constitute2%
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Figure 5.8.Redshift distribution of BLAGN with secure redshift atgk < 22.5. The unshaded histogram
shows the objects classified as point-like, while the fillstidgram shows the objects classified as extended.

of the sample.

5.4.2 Color-Color diagrams analysis

The use of the UVX color preselection causes the loss of sob&GBI candidates
because colors are affected by emission lines as they astified into and out of the
filter passbands. This effect leads to a redshift dependsribe completeness. Moreover
BLAGN without a UVX excess are excluded by this method.

We investigate here what would have been the results of alsimifraviolet excess
preselection technique based on three color bands applad sample. For this purpose
we used the deep photometry obtained in the frame of the CISrd we plotted our
point-like objects in the color plang —¢',g' —r’, as shown in the left panel of figure 5.9.
We could then set a color selection criterium meant to exchadst of the main sequence
stars: (aQu* —g < 0.62; (b)g —r’ < 0.16. The exclusion area is reported in gray in
figure 5.9. Most of the objects in the exclusion area, outtiddocus delineated by the
main sequence stars are compact galaxies classified adigeiobjects.

Following the evolutionary track of a QSO template (hereSBSS composite spectrum,
Vanden Berk et al. 2001) in this color plane (middle panel gdife 5.9), we expect that
this selection criterium is efficient up to~ 2.3—2.5.

We estimate now which fraction of the optical AGN populatwith z < 2.3 would have
been missed by this selection criterium. Our AGN sample with2.3 and photometric
information in theu*,g’ andr’ band is reported in this plane (right panel of figure 5.9). We
find that~ 25% of the population of our optical BLAGN would have beenlaged by
this color selection. If we restrict now our analysis to aiting magnitude ofag < 22.5,
we find that~ 35% of our AGN do not fulfill this color selection criterium ined
with a morphological selection of point like objects. As egfed, at higher redshift this
selection criterium becomes inefficient, with 75% of aur 2.3 objects excluded.

We would like to emphasize that these completeness ratefane for our sample
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spectrum. Right panel: location of AGN withk 2.3. AGN which could not be morphologically classified
(Iag > 22.5) are plotted with open boxes. AGN classified as extendeldage circles, while AGN classified
as point-like are small circles.

which is two to three magnitude deeper than current majopsssrand do not necessary
apply to existing brighter samples. At faintest magnitudéct, both morphological and
UVX selection efficiency decreases: (a) at relatively lownd éow intrinsic luminosity,
BLAGN may appear extended and (b) faintest objects are fdonkdave on average
redder colors than the brightest ones (see Section 5.6)m Ens morphological and
color analysis we conclude that classical optical preseletechniques are significantly
under-sampling the overall BLAGN population in deep sarsple

5.5 Composite Spectrum

A useful instrument to study the mean spectral propertiea ofass of objects is the
composite spectrum. It allows to enlarge the wavelengtheaovered by single spectra
and indeed to study the mean spectral properties. Morettvapvides a reference to
study the deviation between these mean properties and thdise individual objects or
to highlight the differences between different samplesattarized by different selection
functions.

Despite differences in detail between individual objeQS§0s spectra, with respect to
stars and galaxies, bear a strong family resemblance,dimgjifeatures such as a non-
thermal power-law continuum, a UV excess and broad emidsies.

A rest-frame composite spectrum was generated accorditigetmethod described in

lobserved spectra cover a restricted wavelength range wbitbsponds to different intrinsic wavelength ranges
depending on the redshift of the objects
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Figure 5.10. Composite spectrum. Top panel: Composite spectrum of thBSBLAGN with secure
redshift (black) compared with the SDSS composite spectfgreen). Bottom panel: Number of
contributing spectra as a function of wavelength.

Francis et al. (1991). The spectra were first blue-shiftatiéir rest frame and rebinned
to 1 A. The lowest redshift spectrum was taken as a starting goirtduild the long
wavelength part of the composite. The spectra were themtekerder of increasing
redshift and for each of them the spectral range in commoh thié composite was
determined. A scaling factor was then applied to each sulesgcgspectrum to ensure
that it had a median continuum flux equal to that of the pdyt@mplete composite over
the wavelength range in common. Finally it is added to themsite. Each contribution
is weighted by the corresponding individual average S/t rdthe co-addition has been
done using a geometric mean in order to preserve the undgrtgntinuum logarithmic
slope of the quasar sample as a whole. The arithmetic mearsarihale of power law
spectra f, = v~ or, expressed in wavelength, = A~ (®*2) is not in fact, in general, a
power law with the mean index. On the contrary, considerrggeometric mean, which

is defined as:
n 1/n
(fA)gm= <H fA,i)
i=1

(wheref, ; is the flux density of spectrum numbiein the bin centered on wavelength
andn is the number of spectra contributing to the bin) we obtafR)gm 0 A~ ((@v)+2),
where(ay) is the (arithmetic) mean value of the frequency indgx Once all spectra
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are co-added, a sliding gaussian filter=€ 2 A) is applied to the composite to improve
the S/N ratio. The generation of a composite spectrum regwn accurate estimate of
the redshift of each quasar. Individual redshifts are thightty varied so as to maximize
the peaks of each main emission line, then they are averagkdoarected to fix the line
peaks close to their laboratory wavelengths. Then theeeptiocedure is iterated, the
convergence being quite fast after 2 or 3 iterations. All BLAGN spectra with secure
redshifts but one have been used to generate the compaosgarticular, BAL spectra are
included. The spectrum of the object 000029274, at red8WR252, is strongly affected
by the residual noise of the fringing pattern and contribtibea wavelength range covered
by only 5 other objects. For this reason it was excluded iregeting the composite. The
final resulting composite is shown in Figure 5.10 along wit@ humber of contributing
spectra at each wavelength. For comparison the SDSS camppsictrum obtained with
the same method over 2200 spectra is plotted over our cotep®&inden Berk et al.,
2001).

The maximum number of individual spectra contributing te tomposite is 64 near
2570A. At both wavelength ends, just few objects contribute ®¢bmposite spectrum.
The signal to noise is- 60 in the 2000~ 4000A range and decrease at both shorter and
longer wavengths. We measured the EW of the main emissies lim the composite
using the IRAF packagé Broad emission lines have been fitted by a Lorentzian profile
while narrow emission lines have been fitted by a GaussiafilgareC1v and Lya lines
have been deblended from their absorption component. Badireg EW values are given
Table 5.1 and are compared to those of the SDSS compositilgpec

Significant differences are seen in the EW ofaLand Hx. The reason for such
discrepancies is likely to be essentially due to the largeetyaof EWs for the same
line observed in QSO spectra, since very few objects argibatihg at both ends of the
VVDS composite spectrum, 5 or less below 120@nd above 505@.

We interpret the larger EW we obtain for the\G C1i1] and Mgl lines as a consequence
of the Baldwin effec® (Baldwin, 1977), our objects being a factor up to 100 timéstéa
than the ones of the SDSS sample.

The overall continuum shape of our composite spectrum iderethan the SDSS one
composite and this is particularly truedat- 3000A. We will discuss this aspectin Section
5.6.

5.6 Colors of our sample

The comparison of the VVDS and SDSS composite QSO spectrassimat the VVDS
continuum is significantly redder than the SDSS one, eslheaidong wavelengths.

2http:/firaf.noao.edu/
3Anti-correlation of high ionization line strength with dimuum luminosity.
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Line Ao EW (VVDS) EW (SDSS)
Lya+Nv  1216+1240 137.4 92.91
Siiv+O1v] 1396+1402 7.9 8.13
Civ 1549 46.0 23.78
Cin] 1909 25.5 21.19
Mg 2798 40.3 32.28
[On] 3727 3.4 1.56
[Nei] 3869 2.7 1.38
Hbd 4103 5.0 5.05
Hy 4342 21.8 12.62
HpB 4861 33.8 46.21
[O1] 4959 4.9 3.50
[O ] 5007 16.8 13.23
Ha 6562 137.5 194.52

Table 5.1.Rest-frame EWs and FWHM of the emission lines in the VVDS cosile spectrum and their
comparison to the corresponding lines of the SDSS compsiséetrum.

Figure 5.11 presents the differences as a function of réidskiween theBag — Iag
colors of our BLAGN sample and the color expected for the SD&8posite spectrum for
z< 2.8. The dispersion in color is large and most of our objectel@esignificantly redder
color than that expected from the SDSS composite spectruraredder, the faintest
objects (Seyfert galaxieMg > —23, grey points) appear to have on average redder colors
than the brightest ones (QSQ4g < —23, black points). A KS test applied on the Seyfert
galaxies and QSOs colors indicates a probability x 10~3 that these objects have the
same color distribution.

Moreover, we observe that fer 50— 60 % of our reddest AGN (objects wiilBag —
la) — (Bag — laB)spss> 0.8) we detect the extended component of the BLAGN host
galaxy in | band. This could be an indication of the fact thalbcs are reddened by the
host galaxy flux contribution.

Restricting our analysis only to the 02h deep sample, in mhie can take advantage of

the whole VVDS photometric coverage (U, B, V, R, |, J, K), weided the spectral index
a by fitting a simple power lawf (v) = v~? to our photometric data points. In figure
5.12(a),we plot the spectral indexas a function of the AGN luminosity. The choice of
the reference wavelength for the absolute magnit|2tdce,1450,&, is motivated by our
photometric coverage. In fact, for most of the objects itasgble to interpolat®l4so
directly from the observed magnitudes.
Most of the AGN witha > 1 are fainter thatM1450= —22.15, showing that the faintest
objects have on average redder colors than the brightest diee outlier (the brightest
object with largeq, i.e. very red colors, in the upper right corner of the plstaiBAL
AGN.

Figure 5.12(b) shows the histograms of the resulting poaxislopes for the same AGN
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Figure 5.11.Differences as a function of redshift between the obse®gg— 1ag colors and the color
expected for the SDSS composite spectrum. Black circlesespond to QSOs, while the gray circles
correspond to Seyfert galaxies. TBgg — | ag color histograms of these two populations are shown on the
right. Moreover small and large circles correspond resypalgtto objects morphologically classified as
poin-like and extended. Open squares are instead morpballygot classified (g >22.5).
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Figure 5.12.(a) Distribution of the spectral index as a function of Msso The spectral index is derived
here by fitting a simple power law(v) = v~ to our photometric data points. Asterisks are AGN
morphologically classified as extended. (b) Distributidrttee spectral indexx for the same sample of
AGN as in (a). All the AGN in this sample are shown in the uppeaned, while the AGN in the “bright” and
“faint” sub—samples are shown in the middle and lower pamshectively. The dotted curve in the middle
panel corresponds to the gaussian fit of the bright sub—saaml it is reported also in the lower panel to
highlight the differences in the distributions of the two sub-samples.
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sample. The total sample is plotted in the upper panel, whddright and the faint sub-
samples are plotted in the middle and bottom panels, ragplctA Gaussian curve with
(o) = 0.94 and dispersioo = 0.38 is a good representation for the distribution of about
80% of the objects in the upper panel. In addition, there igmaificant tail (~ 20%) of
redder AGN with slopes in the range from 1.8 up@.0. The average slope of the total
sample £ 0.94) is redder than the fit to the SDSS composited(44). Moreover, the
distribution ofa is shifted toward much larger values (redder continua) tharsimilar
distribution in the SDSS sample (Richards et al., 2003). é@mple, only 6% of the
objects in the SDSS sample have- 1.0, while this percentage is 57% in our sample.

The differences with respect to the SDSS sample can be ph#yo the differences in
absolute magnitude of the two samplgs< 19.9 for the SDSS sample angd <24.0 for
the VVDS sample). In fact, if we consider the VVDS “bright’tsgample, the average
spectral indexa) becomes~ 0.71, which is closer to the SDSS value (even if it is still
somewhat redder), and only two objects806 of the sample) show values not consistent
with a gaussian distribution witlh ~0.32. Moreover, only 30% of this sample have
a>10.

Most of the bright SDSS AGN witle > 1 are interpreted by Richards et al. (2003) to
be dust-reddened, although a fraction of them is likely tabe to intrinsically red AGN
(Hall et al., 2006). At fainter magnitude one would expedhbm larger fraction of dust-
reddened objects (in analogy with indications from the ¥X-data (Brandt et al., 2000;
Mushotzky et al., 2000)) and a more significant contamimeftiom the host galaxy.

Summarizing, from this first analysis we can propose difiexplanations for the
reddening observed in the colors of our AGN sample:

(a) the contamination of the host galaxy is significantlydeing the measured colors
of faint AGN;

(b) BLAGN are intrinsically redder when they are faint;
(c) the reddest color are due to the presence of dust.

We have tested these possibilities both by examining theanemblors of our sample
and by studying the global spectral energy distributionaafheobject.

Presence of dust

We computed the composite spectrum separately for thehtirggb-sample Mq450 <
—22.15) and the “faint” sub-samplé1450 > —22.15) of AGN as previously defined. In
figure 5.13 we show the comparison of these two VVDS compepietra compared with
the SDSS composite spectrum (solid curve). Even if also Itnight” VVDS composite
(dotted curve) is somewhat redder than the SDSS one, itas Giem this plot that the
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Figure 5.13. Composite spectra derived for our AGN with secure redshifthe 02h field, divided in a
“bright” (19 objects at M4s50 <-22.15, dotted curve) and a “faint” (31 objects ai4yh >-22.15, dashed
curve) sample. The SDSS composite spectrum is shown witlichlse for comparison. The two solid
lines correspond respectively to the power-law SDSS caantimfit (f, = v—%) with a = 0.44 and to the
same fit but dust-extincted according to a SMC-like dustiesed law (Prevot et al., 1984) wiy_, = 0.2.

main differences occur for faintest objects (dashed curtjreover the continuum of
the faint sub-sample composite can be well reproduced bywaemplaw with a=-0.44
(corresponding to the SDSS continuum shape) with an eximof E, , = 0.2. This test
could be an evidence in favor of the hypothesis (c): the dusigponsible for the reddest
colors of our faint objects.

Contamination by host-galaxy

The first evidence that led us to attribute the reddest ctddnest galaxy contamination is
that, for~ 50— 60 % of our reddest AGN (objects witlBas — 1ag) — (Bas — 1aB)spss>
0.8), we detect the extended component of the BLAGN host galakypand (see figure
5.11). Since, in this redshift range, the contribution fritva host galaxies is expected to
be more significant in the | band (corresponding to near U\é&-frame bands) than in
the B band (corresponding to the far U rest-frame band)/)elds us to believe that host
galaxy contamination is contributing to give a redder cadoour BLAGN.
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Figure 5.14.Difference between VVDS-AGN composite spectrum and theSDige. For comparison, the
red line shows the template of early type galaxies as defioed the VVDS data

To further check this possibility, a new composite was cotegexcluding the extended
objects found in our morphological analysis, for which w@eost the contamination of
the host galaxy to be stronger. This composite of point-Bk&AGN is indeed found to
have a bluer continuum than our composite with the comphbatepée.

Moreover, we subtracted the continuum of the SDSS compspietrum from that
of the VVDS composite; wavelength ranges correspondingris®&on lines have been
excluded. The resulting difference is shown in Figure 5digkther with the spectrum of
the template of early type galaxies as derived from the VVR@& dContini et al., 2007).
The good agreement of the overall shape of the two spectrstisag evidence about the
probable significant contamination by emission from the gataxies.

Concluding, through this first analysis we are not able te@rdisnate between the
different proposed hypotheses. Both contamination by te# alaxy and presence of
dust could explain the reddest colors of our objects.

To better investigate this property we analyzed in deta&ldpectral energy distribution
of each object.
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5.6.1 Decomposition of active galactic nucleus and host galy components

The study of the Spectral Energy Distribution (SED) has lmemducted only on the 02h
deep field. In this field a wide multi-wavelength photometaverage (from UV to IR)
is in fact available. In addition to VVDS bands, we can us® alata from GALEX,
CFHTLS, UKIDSS and Spizer.

We examined the global spectral energy distribution of eatglect and we fitted the
observed fluxed,ss with a combination of AGN and galaxy emission, allowing also
the possibility of extinction of the AGN flux. In particulare assume that:

foss= C1fagn- 107 %4 4 cofeaL (5.1)

where A, is the dust extinction. Using a library of galaxy and AGN tdates, by
minimizingx2, we find the best parametears ¢, andA, to reproduce the observed flux of
each object. Notice that we are not implying that our sangiehe whole, is composed
only by objects having all these components. The only feaitrose presence is certain
a priori is of course the nuclear component: due to our selectioar@jtall the selected
sources do contain an active nucleus.

Modeling Nucleus and Host Galaxy

We used the AGN SEDs derived by Richards et al. (2006a) fope-t¥ quasar sample
selected combining IR and optical selection (259 quasatis ath SDSS and Spitzer
photometry). They derived different AGN SEDs: for the en8®DSS quasar sample and
also for different sub-samples such as optically luminaus ém or optically red and
blue quasars. All these SEDs constitute our AGN SED library at each of them a
SMC-like dust-reddening law (Prevot et al., 1984) of theafor

= 1.39A,5° (5.2)

has been applied for differefs, , (reddening factor) values.
The absorbed AGN flux is therefore:

fRRN = fagn 107058 v A (5.3)

We show in figure 5.15 an example of AGN template (solid ling) the corresponding
dust-reddened templates obtained by applying EquatiowBh3differentEy,_, values.

The galaxy library consists of a number of galaxy templatrsvdd by the Bruzual &
Charlot (2003) models based on the Salpeter Initial Masstiam(IMF; Salpeter 1955)
and assuming solar metallicity. We used simple stellar [agjmn (SSP) models with ages
spanning from 0.5 Gyrto 2 Gyr (see below for this choice ofdhe range). Moreover,
starburst galaxies models (Devriendt et al., 1999) have be#uded to our library. No
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Figure 5.15.Example of an AGN template by Richards et al. (2006a) (safid)l The dashed curves
correspond to the same SED dust-reddened using Equatiovit.8ifferentE,_, values [0.01, 0.03, 0.05,
0.07,0.1,0.3,0.4, 0.5].
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Figure 5.16.Examples of galaxy templates derived by the Bruzual & Chd8003) models based on the
Salpeter Initial Mass Function (Salpeter, 1955) and assgsolar metallicity. The black and the red curves
correspond to assume simple stellar population modelsagigis respectively of 0.8 Gyrand 2 Gyr.
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internal dust extinction has been added in the galaxy. Ei§ut6 show two examples
of galaxy templates derived using the Bruzual & Charlot @0todels with ages of
respectively 0.8 Gyrand 2 Gyr.

Studies on type—1 AGN host galaxies (e.g. Smith et al., 188%;eod & Rieke, 1995;
Taylor et al., 1996; Schade et al., 2000; Jahnke et al., 2684¢ shown that most of
type—1 AGN are hosted by early-type galaxies. Moreovemkalet al. (2004), studying
a sample of 19 low-redshifiz(< 0.2) quasar host galaxies, found strong evidence that,
at least a sub-population of host galaxies, has signifigalifierent color properties than
their inactive counterparts. A large fraction of ellipigan fact exhibit abnormally blue
colors and SEDs not consistent with old, evolved stellarutetipns. Moreover, they
found that, for almost all their objects, the best-fittingdats are quite young( 2 Gyr).
The galaxy templates in our library are thus chosen withlsistgllar population of age
spanning from 0.5 Gyrto 2 Gyr.

We found that for~37% of the objects, the observed flux is fitted by a typical AGN
power law (pure AGN) while 44% of the sources require the gmes of the host
galaxy flux to reproduce the observed flux. In only 4% of theeoty, the presence of
dust is enough to describe the SED and, the remaining 15% jettsbshow instead
both contributions (host galaxy contamination and presesfcdust). If we restrict the
analysis to the bright sample, the percentage of pure AGMases to 68% and that of
contaminated AGN decreases to 21%, for AGN with host galaxtamination, and to
11%, for AGN contaminated by dust.

In figure 5.17 we show 4 examples of the resulting fits: (i) p&@N; (i) dust-
extincted AGN; (iii) AGN contaminated by the host galaxy;) (@ust-extincted AGN and
contaminated by the host galaxy. The blue line correspanttetAGN template, the red
line to the galaxy template and, finally, the black line is fuen of the two. Since for

A < 1216A, corresponding to the loyline (dashed line), the observed flux is expected to
decrease because of intervening absorption, all the plettandata at\ <1216A have
not been considered in the fitting. The only requested cainstis that they lie below the
fit.

Summarizing, the VVDS BLAGN have redder colors than thamsically brighter AGN
and this is particularly true for the faintest VVDS AGN. Weufal that both presence
of dust and contamination from the host galaxy are likely éorbsponsible for this
reddening, even if it is not possible to exclude that at lsaste of the faint AGN are
intrinsically redder than the brighter ones.
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Figure 5.17.Four examples of different decompositions of the obserdeDsSof our objects. Since for
A < 1216A, corresponding to the loyline (dashed line), the observed flux is expected to decteasguse
of intervening absorption, all the photometric data\at1216A have not been considered in the fitting.
The only requested constraint is that they lie below the fite Tour fits shown in this figure correspond,
from top to bottom, to pure-AGN, dust-extincted AGN, AGN dmukt galaxy, dust-extincted AGN and host
galaxy.
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Table 5.2.BLAGN with secure redshift (flags 14 and 13).

Object1D 032000 832000 z flag las Bas  Vas Rag  Morphology*)
CDFS: deep mode 10 AGN

000037103 O®2M37.47 —27°40M00.33 0.6656 14 2184 - - - -
000037399 0B2M3814° —27°39M4502 0.8366 14 204 - - - -
000073509 OB2M02.478 —27°46M0053° 1.6199 149 2362 - - - -
000023526 0%32M4325 —27°49M14.38° 19199 149 2217 - - - -
000028880 0B33N03.62° —27°45M1897 1.2574 14 2211 - - - -
000029274 0B2M30235 —27°45M04.75° 0.7352 14 2162 - - - -
000018607 0B2M1826° —27°52M41425 28010 14 231 - - - -
000025363 0OB32M50.85° —27°47M48425 25673 14 2195 - - - -
000033629 0OB32M2517° —27°42M1905 1.6207 14 224 — - - -
000031947 0OB32M00.375 —27°43M19.85 1.0401 149 2212 - - - -
0226-04 deep mode 56 AGN

020176565 025128065 —04°36M4159° 15039 14 224 2362 2361 2326 -
020158952 0226M17.81°5 —04°39M0850° 0.8738 14 2141 2282 2216 2199 extended
020086859 026M29.625 —04°49M14.415 11921 13 2007 2298 2197 2143 point-like
020213000 0226M47.885 —04°31M3520° 1.2250 13 2144 2230 2202 2176 point-like
020212038 0226M0840° —04°31M4315° 22082 14F) 2146 2291 2227 2202 extended
020131908 OR6M51.0485 —04°42M5655° 2.7813 14 2234 2308 2275 2276 extended
020210524 027M07.55° —04°32M0298 15150 14 2041 2103 2090 2064 point-like
020120394 026M59.928 —04°44M30.32 1.6120 14 2088 2127 2096 2078 point-like
020114448 0227M00.99° —04°45M16.83 1.6140 13 224 2339 2335 2297 point-like
020118986 026M5453 —04°44M37.72° 3.3018 14 23%7 2542 2398 2397 -
020118483 027M36.065 —04°44M418%° 1.2606 13 2286 2382 2344 2330 -
020188089 025M25.68° —04°35M09.45° 2.1384 14 2066 2112 2094 2095 point-like
020147295 025M29.19°5 —04°40M44.16° 1.5562 14F) 2259 2387 2344 2284 -
020169816 0225M4504° —04°373595° 35893 14F) 2214 2467 2295 2264 point-like
020190479 0254555 —04°34M4518 0.1524 14 2133 2199 2155 2164 point-like
020268754 026M09.63° —04°24M37.745 2.7187 14 2069 2056 2060 2075 point-like
020164607 025M3246° —04°38M1863 2.9220 14 2311 2392 2346 2321 -
020179116 025M34.985 —04°36M16.46° 3.3080 14F) 2389 2518 2394 2384 -
020237445 0OR5M57.385 —04°28M46.045 1.2138 14 2243 2392 2353 2306 extended
020223153 OR6M17.525 —04°30M29.27° 1.4777 14F) 2065 2118 2105 2094 point-like
020163018 026M4520° —04°38M3058° 1.3208 14F) 2311 2389 2362 2329 -
020180665 0226M4546° —04°36M1543° 3.2619 14 1814 2109 1932 1903 point-like
020177875 026M5387° —04°36M27.215 1.6821 13 2253 2401 2365 2336 -
020234610 0226M5899° —04°29M06.0° 2.1645 13 237 2605 2511 2474 -
020159510 0227M09.85° —04°39M0221°5 1.9309 14 2197 2273 2241 2244 point-like
020218399 02731345 —04°30M50.26°5 2.2255 14 2219 2291 2239 2253 point-like
020254511 027M36.93 —04°26M31.3C° 1.7466 14 2066 2076 2084 2085 point-like
020243922 0OR7M47.33 —04°27M5320° 1.1203 14 2129 2202 2171 2160 point-like
020165108 0226M59.85° —04°38M1268° 1.3219 13 239 2470 2404 2378 -
020179225 027M0215 —04°36M1596° 1.3860 13 2239 2390 2350 2301 point-like
020195823 027M24.105 —04°33M55725 24250 14F) 2338 2419 2361 2385 -
020254576 025M27.233 —04°26M31.02 3.8527 14 2115 2333 2178 2144 point-like
020200020 O25M5040° —04°33M24.00° 2.7373 13 2191 2195 2210 2173 point-like
020329650 0226M08.71°5 —04°16M34.53° 1.0498 14 2084 2152 2114 2096 point-like
020232397 O26M26.0485 —04°29M27.88° 1.6280 14F) 2269 2372 2331 2315 -
020461765 0263595 —04°23M21815 3.2831 14 2289 2462 2301 2287 -
020466135 026M4699° —04°18M37.56° 1.5806 14 2113 2129 2156 2105 point-like
020467962 0R6M59.17° —04°16M55.89° 3.3247 13 23%9 2522 2396 2380 -
020461459 027M04.255 —04°23M37.77 1.8211 13 2160 2350 2292 2241 point-like
020465339 027M06.44°5 —04°19M24.30° 3.2852 14 2109 2177 2131 2099 point-like
020467628 0227M04.066 —04°17M09.77° 1.3582 13 2135 2197 2182 2161 point-like
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Table 5.2.continued.

Object1D 032000 832000 z flag las Bas  Vas Ras _ Morphology*)
020205812 O027M2384 —04°32M3169° 2.8922 14 237 2477 2436 2452 -
020208084 027M29245 —04°32M2751°5 22850 14F) 1904 1934 1910 1912 point-like
020277536 0275385 —04°23M20.10° 3.6260 14 2%5 2525 2388 2360 -
020278210 0227M4000° —04°23M17.43 1.7574 13 2136 2268 2187 2228 point-like
020239945 OR7M31.145 —04°28M2283° 24247 14F) 2290 2365 2313 2314 -
020351846 0226M30.845 —04°13M26.09° 3.5680 14F) 2280 2505 2371 2324 -
020367106 0226M34.715 —04°11M3398° 1.3973 14F) 2242 2328 2302 2255 extended
020351277 0O25M57.415 —04°13M3943° 0.6061 14 183 2060 2039 2032 extended
020258622 026M20.066 —04°25M54.515 1.3386 14 22714 2445 2384 2346 -
020286836 026M22.17° —04°22M2162 2.0060 14 1861 1928 1911 1905 point-like
020291309 O226M31.23% —04°21M2887° 1.9930 14 2289 2395 2356 2381 -
020465540 026M44.48°5 —04°19M16.765 2.7372 14 2%H8 2415 2394 2381 -
020302785 026M24.63 —04°20M02.14°5 2.2357 14 2101 2142 2126 2134 point-like
020364478 026M4941°5 —04°11M5330° 1.1573 14 2174 2294 2274 2225 extended
020463196 0227M00.65° —04°21M49.00° 1.3875 14 227 2449 2442 2391 -
1003+01 wide mode 18 AGN

100122852 1002M1117 +01°22M2858 1.8007 14 186 - - - point-like
100110223 1002M48145 +01°20M02.2%° 1.8255 13 2130 - - - point-like
100210521 1003M27.33 +01°35M50915 1.1723 14 2159 2205 2173 2156 point-like
100139500 1002"57.375 +01°25M40.38 1.2478 13 2006 - - - point-like
100126868 1003"08.80° +01°23M1656° 2.3302 14 284 - - - point-like
100105943 1003"46.33 +01°19™11045 35553 13 2ns - - - point-like
100290682 103M1133 1+01°47M0156° 15487 14F) 2145 @ — - - extended
100327652 1003M13.815 +01°52M1397° 1.2173 14 2239 2385 2343 2290 extended
100232259 1003"30.37° +01°38M51.18° 1.7647 14 2109 2137 2130 2133 point-like
100190464 1004M25.145 +01°33M07.745 1.0760 14 2166 2298 2238 2241 extended
100168207 1004M3655° +01°30M05.86° 2.7152 14 2240 2238 2184 2214 point-like
100113463 1004M07.25 +01°20M389C° 1.8436 14 207 - - - point-like
100123590 1004M46.7 +01°22"39.10° 2.0963 13 2147 - - - point-like
100343840 104M32.08° +01°54M24.1 23666 14F) 1975 2068 2040 2015 point-like
100338914 1004M1345 +01°53M4138 1.1584 14 1973 2015 1980 1978 extended
100245809 1004M00.36° +01°40M45745 3.0789 14 2162 2271 2201 2194 point-like
100241696 1004M11.845 +01°40M06.47° 1.1112 13 2195 2259 2189 2219 point-like
100451895 1004M38.015 +02X09"2507° 1.7806 13 2003 2046 2031 2036 point-like
2217+00 wide mode 31 AGN

220586430 2214M34.8% 4+00°19"24.18 1.0285 14 285 - - - point-like
220568559 2214M4323  +00°14M16.29° 1.4980 13 2210 - - - point-like
220566905 2214M02.39° +00°13M49.58° 1.5285 13 228 - - - point-like
220554336  2214M44.175 +00°10M02545 0.4470 14 2102 - - - point-like
220001963 22135158 +00°25M01.30° 2.6801 14 2219 - - - point-like
220010371 2214M2840° +00°27M3240° 3.6952 14 2179 - - - point-like
220056847 2214M4877  +00°41M16.67° 3.0015 14 2138 — - - point-like
220567825 2215M0848 +00°14M04.38° 1.1601 13 2107 - - - point-like
220576817 2215M09.17° +00°16M42.38 3.0957 14 2181 - - - point-like
220536609 2215M31.65 +00°04M18.315 0.4970 14 2110 - - - extended
220041929 2215M09.545 +00°36M39.115 1.4751 13 104 - - - extended
220090821 2215M46.25 +00°50M58.515 1.8326 13 2040 - - - point-like
220082140 2215M3240° +00°48M36.2° 1.8484 14F) 2058 - - - point-like
220055529 2215M54.10° +00°40M5547° 3.5941 13 2142 - - - point-like
220567863 2216M27.066 +00°14M02.32 2.1610 14 280 - - - point-like
220567224 2216M44.02F +00°13M48545 5.0042 14 2007 - 2290 - point-like
220591287 26M49.05 +00°P20M46.275 1.2968 14F) 2230 2347 2332 - extended
220580912 2215M56.66° +00°17M52.28° 3.0432 13 2211 - - - point-like
220107230 2216M56.10° +00°56M00.77° 1.0937 13 2164 - - - point-like
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Table 5.2.continued.

Object1D 032000 832000 z flag las Bas  Vas Ras _ Morphology*)
220575888 2217M3655 +00°16M23.09° 3.0755 14 2125 2216 2150 - point-like
220556037 22170553 +00°10M19.85 27422 14 1946 2052 2029 - point-like
220542377 22171042 +00°P06M04.72 1.3097 13 2112 2224 2195 @ — point-like
220554600 2217M36.64° +00°10M0586° 1.3689 14F) 2065 2121 2100 - point-like
220544855 2217M39.715  +00°06M52.80° 2.2934 14F) 2091 2197 2161 - extended
220044408 2217M34.47° +00°37M3352° 2.9096 14F) 2118 2165 2154 - point-like
220093875 221748645 +00°51M50.3%° 1.3365 14F) 2183 - - - point-like
220081925 2218M00.42° +00°48M31415 1.2167 13 2168 2279 2240 - extended
220609820 2218M29.045 +00°20M24.3% 1.4794 14F) 2152 2204 2186 - extended
220610034 278M14.20° +00°P20M49.73 15135 14F) 2054 2077 2086 @ - extended
220613346 278"3373 4+00°P27M09.765 1.2530 14F) 2039 2163 2125 - extended
220098629 2218M01515 +00°53M19.83 25790 14F) 2171 - - - point-like

(+) Morphological classification for objects withg < 22.5. Objects in the VVDS-CDFS field are not classified. (See
Sect. 5.4.1);

(F) AGN re-observed in the 3800-6500 range with FORS1 in ouofollip program;

(9 Redshift confirmed by matching the catalog from Szokoly et2104).



Table 5.3. AGN with a single emission line detected (flag 19). We listladl possible redshifts depending on the line identificatée® below for more detail). Our

best z solution is reported in boldface.

ObjectID 032000 332000 AL zsolutions A& Bas Vag Rae Morphology®
CDFS: deep mode 2 AGN

000031270 0OB2"57.74 —27°43"50.12 7319 0.1150:1.6150 2352 - - - -
000017025 0OB1M54.30° —27°53"4958 6500 1.3220°2.405C 3.1960" 2370 - - - -
0226-04 : deep mode 6 AGN

020137737 0R6M47.766 —04°42"04.066 6320 1.2580°2.311C 3.080C" 2378 2458 2414 2416 -
020225567 (OR7M06.42 —04°30™14.345 6558 1.3430°2.435C 2307 2465 2426 2374 -
020281035 026M1230° —04°22"51.63 6805 0.03701.4310°2.565(0°3.393¢ 2393 2506 2439 2407 -
020375508 0225M4899° —04°10M28.04° 5963 1.130(°2.124C 2.850C" 2254 2325 2298 2304 -
020293248 (262592 —04°21™1273 7335 0.11831.621C 2325 2479 2454 2413 -
020469530 026M49.92% —04°15™17.44°5 6701 0.02131.3940°2.51003.326 2350 2469 2435 2428 -
2217+00: wide mode 7 AGN

220593613 2214M11615 +00°21M29.15 6893 0.05001.4630°2.611C 2190 - - - extended
220056092 221353815 +00°41M06.90° 6100 1.1790°2.195¢° 2208 — - - point-like
220583713 2215"34.70° +00°18M42015 7352 0.12001.627C 2188 - - - point-like
220548678 221502715 +00°P08"1056° 6766 0.031(1.4170°2.544CF 2197 - - - point-like
220023681 2217M46.44°5 +00°P31M2658 6956 0.060(F 1.4850°2.644CF 2171 2433 2325 - point-like
220551735 2218"05.78 +00°P09"1266° 8056 0.227(*1.878( 2112 2173 2172 - point-like
220234909 2718"1340° +00°48"54.05 6407 1.2890°2.356C 3.1360" 21.88 2340 2255 - extended

*J Morphological classification for objects withg < 22.5. Objects in the VVDS-CDFS field are not classified. See Sedtl
a Emission line identified as ¢l

b Emission line identified as MglI.
¢ Emission line identified as C Il1].
d Emission line identified as CIV .
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Chapter 6

AGN Number Counts

In this Chapter | will present the derived surface densityaasinction of the apparent
magnitude Ag derived for the VVDS-BLAGN sample.

To derive the real number of objects in a given observed skg,ait is important to
guantify the efficiency of the adopted selection method. dnagal, the efficiency with
which AGN can be detected by a particular observing strategynction of several
parameters (e.g. luminosity, redshift, SED).

6.1 VVDS selection function for BLAGN

Given the adopted selection method for the VVDS-BLAGN (seeti®n 5.1), to obtain
the total number of BLAGN in the VVDS fields, we have to correat sample for the
fraction of BLAGN in the photometric catalog, which have ma&en spectroscopically
observed and for those, spectroscopically observed, butamwectly identified from
their spectrum. Our incompleteness function is indeed madef two terms linked,
respectively, to the selection algorithm and to the spkatralysis: the Target Sampling
Rate (TSR) and the Spectroscopic Success Rate (SSR).

The correction is then performed applying to our BLAGN twatistical weightsy' SR
andwSSR

6.1.1 Treatment of non-targeted BLAGN:w' SR

The Target Sampling Ratis the fraction of objects in the photometric catalog inside
targeted area which have been spectroscopically observed.

As already mentioned in Section 4.2.3, SPOC (the tool forai®®matic positioning
of slits) uses the projected size of the object along thexshtradius to maximize the
number of slits. It is defined asradius= (npy +0.5) x 0.205, where 0.205 arcsec/pxl
is the VIMOS spatial resolution anal, is an integer numbemgy = 1,2,3,...) that
guantifies the projected radius size in pixels (Bottini ef 2005). The TSR of these

69



70 CHAPTER 6 — AGN NUMBER COUNTS

40 —— — — — —
20 b 02hr field g
- [ — ]
=i r _ I
Z 20F 1
& - 1
e F ]
o H H H H ]
0F L 0 S
30 10hr field B
5 F
B i 1
=20 ]
o C J
wn
= C J
o H N H ;
L | | | | | | | | | | | | | | | | | | ]
0F L B e s e B A B
0 F 22hr field B
3¢ r 0N
p F 1
=20 ]
ja= C i
wn
= C J
“F N N N N ]
ot 1| O N Y| O PO | I | H L]
0.6 0.9 12 15 18 21 2.4

x-radius (r) [arcsec]

Figure 6.1. Target Sampling Ratéatio between observed objects and the total photomaetticces) as a
function of x-radius for the 02h, 10h and 22h fields.

fields is presented in figure 6.1. As a consequence of the @gatilon process, small size
objects, like AGN, are favored against the large size ones.thiem the TSR runs from
30% to 20%. For the CDFS instead, a constant value of theiwsaeas considered. To

WTSR_ 1
balance for non-targeted BLAGN we apply to our BLAGN the weiy' "= <

6.1.2 Treatment of misclassified AGNwWSSR

The Spectroscopic Success REESR) is the probability of a spectroscopically targeted
AGN to be securely identified. It is a complex function of theA&N redshift, apparent
magnitude and intrinsic spectral energy distribution. fdeo to evaluate the SSR, we
simulated 20 Vimos pointings, for a total of 2745 spectrae Simulations incorporate
the major instrumental effects of Vimos observations udatg sensitivity curve, fringing
in the redmost part of the spectra, sky background and congion by zeroth-orders.
Each spectrum has been simulated using the SSDS composd&wsp as a template.
Redshifts and magnitudes were drawn at random in the ranges05and 175 <1 <24
respectively. The spectra were then analyzed and classifige same way as the real
spectra, except that we did not try to resolve cases wheraglesiine was present;
we simply checked whether the BLAGN nature of the object ddaé detected in the
spectrum or not.
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Figure 6.2 presents the resulting SSR as a function of ridahd apparentiag
magnitude in the deep and wide fields. To correct for missed@\ we apply to our
objects the weightSSR= <L, Objects for which the broad-line equivalent width (EW)
is larger than in the SDSS composite spectrum will be ovemesed by our method and,
on the contrary, objects with weaker broad emission lindidbsiunder-estimated.

The global correction for our selection function is obtair®y applying to each of our
objects the product of these two weights, ind SRx wSSR

6.2 Coherent sample

Our sample consists of objects found in 4 fields, with twoedt#ht limiting magnitudes,
|as=24.0 for the deep samples (02h field and CDFS) apd22.5 for the wide samples
(10h and 22h fields). In the VVDS samples, as shown in Figusethe wide and deep
samples span essentially the same redshift interval. Te®snsi1that through the deep
sample we are mainly exploring the fainter part of the lumsityofunction at each redshift.
Avni & Bahcall (1980) have shown that the most efficient waystatistically analyze
samples derived from areas with different flux limits is thgb what they caltCoherent
Analysis of Independent Samples’in this analysis it is assumed that each object,
characterized by an observed redshjftand intrinsic luminosity §, could have been
found in any of the survey areas for which its observed mageitis brighter than the
corresponding flux limit. This means that, for our total séenwe consider an area of:

Ziot(M) = Adeept+ Anide= 1.72de§  for 17.5< g <225 (6.1)

and
Ziot(M) = Ageep= 0.62 ded for 225<lag< 240 (6.2)

6.3 AGN Surface Density

Since the objects to be observed spectroscopically in thBS%re selected on the basis
of their Iag band magnitude, we have computed the BLAGN cumulative sergensity
in this band.

Taking into account the correction for the global selecfiamction, and computing the
coherent area by using Equations 6.1 and 6.2, the algorithrthé€ cumulative surface
density is the following:

1
N(<lpg)=—— W SRASSR i 1ap < 225 6.3
(< hae) = 7— ﬂdeepi,lAnglAB' | A (6.3)
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N (< lag) = N (< 225) + ! > wiSRSR it 14 >225  (6.4)

eepi,22.5<|AB,i§|AB

where 4 (deepandwide) is the geometrical area targeted by the spectroscopiegurv
(deepandwide), i.e. the area covered by the different VIMOS fields of viewrected
for the area masked in our photometric catalogs, and the suamning over all BLAGN
i with magnitudd; less or equal toag.

The upper panel of Figure 6.3 presents the cumulative sidaosity derived in the
VVDS individual fields with the corresponding Poissoniamoeibars (Gehrels, 1986).
Although some differences in the counts in different fiel@ds\asible, the surface densities
measured in all our fields §tg = 22.5, (corresponding to the magnitude limit of the wide
fields) are all consistent, within the errors, with each otiwe conclude that the error
induced by cosmic variance is smaller than our Poissonigsen®e compute a single
logA — 1ag curve by merging the data from the four fields into a singleeceht sample
(Avni & Bahcall, 1980, see Section 6.2).

At the limit of our deep fieldslas < 24.0) our measured surface density of BLAGN
is ~ 4724 48 per square degree and the correction applied for misicbab8LAGN
corresponds te- 10% of this value. The differential surface density comgddioe the total
sample is shown in Figure 6.4. In this plot the different p®iand associated errors are
independent from each other. This Figure suggests a signifitarn-over in the slope of
the counts alag ~ 21.5. At lag 2 21.5 the differential number counts are still increasing
with magnitude, but at a much lower rate than at brighter ntades. This effect is seen,
although less clearly, in the continuous flattening with magle of the integral number
counts in Figure 6.3.

Comparison with other spectroscopic surveys is not sttiighard since most of the
optical QSO surveys are based on much shallower B-band fhitelil samples and most
of them are not complete over the entire redshift range dubdw different selection
criteria. The CFRS is an exception with essentially the saatection function as the
VVDS (i.e. aflux limited sample in the | band with no color noorphological selection).
Although it contains only 6 BLAGN at a magnitude limit fg < 22.5 (see Schade et al.,
1996), the surface density resulting from these objects éxcellent agreement with our
current measurement (see Figure 6.3, lower panel).

The surface density derived from the recent SDSS Faint Quasaey (SFQS, Jiang
et al., 2006) is also reported in Figure 6.3, lower panel.sHurvey selects AGN over
0<z<5uptog=225. The surface density, corrected for completeness, is atedpn
theg band (Jiang, private communication) and approximatelysteged to thdag band
assuming the mean color term observed in our saniplg—g) = —0.7. The VVDS and
SFQS number counts b{g ~ 21.8 are in good agreement.

With a limiting magnitude similar to ours the only other caang@ble sample is the
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Figure 6.3.BLAGN cumulative surface density in the VVDS sample. Errardare the Ir Poissonian
errors. Top panel: Observed surface density in the indaliflalds and in the total sample (solid line). For
readability error bars are reported each 5 data pointsoBopianel: comparison of the VVDS total surface
density with CFRS, SFQS and COMBO-17 survey results.

las N A< la)

19 3 10
20 9 22
21 29 71
22 76 196
23 108 327
24 130 472

Table 6.1.BLAGN number counts as function dfg magnitude. N is the actual number of BLAGN in
the VVDS survey while\l (< Iag) is the cumulative surface density of BLAGN (objects / squdegree)
corrected for incompleteness.
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Figure 6.4. BLAGN differential surface density in the VVDS sample. Hrimars are the & Poissonian
errors.

COMBO-17 one (see Wolf et al., 2003b), which is however basedphotometric
selection of AGN, with a small fraction of spectroscopic fionation. For comparison
with our sample, we have obtained the complete COMBO-17 saoymulative counts,
without redshift restriction (Wisotzki, private commuatmon). Since this sample is
selected in R-band, we apply a global color term-@&f.16 magnitude to translate their
surface density to oulizg reference system. This color term corresponds to the mean
|aB — Ryega COlor observed for our objects. In addition, a dozen of BLAG@M observed

in both the VVDS and the COMBO-17 samples. The mean color tdrtinese objects is
measured to be-0.12.

The result is presented in the lower panel of Figure 6.3. Qumlrer counts are
statistically consistent with COMBO-17 for magnitudesghter than 21.5. At fainter
magnitude our counts are systematically higherb80— 40%. This can be explained
by incompleteness in the COMBO-17 at low redshift in themegivhere the host galaxy
contamination becomes non-negligible. This is the reasoyn the published version of
the COMBO-17 AGN sample was restrictedzo 1.2.

Considering different redshift ranges and computing théasa density in the R-band
(Figure 6.5), we find that, for > 1.2, A(R < 24) = 340+ 47, which compares well
with the published result of COMBO-17 sampl&/(R < 24) = 337. However,, while at
z> 2.2, our estimated surface density is in agreement with the B0M7 one, in the
intermediate redshift bin (1.2 z < 2.2) we do not observe a flattening of the number
counts towards faint magnitudes. This effect might regolinf some incompleteness of
the COMBO-17 sample in this redshift range at the faintegimitades (we detect in our
sample contribution of host galaxy upze- 1.6: see Figure 5.8). This difference is also
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Figure 6.5. Comparison of the BLAGN cumulative density of the VVDS and ®@OMBO-17 sample in
different redshift bins.

observed in the lower redshift bin of our luminosity functigGection 8.5.1).



Chapter 7

Evolution of type—1 AGN

The major aim of cosmology is to study how our Universe isewng in time. This is done
by studying the evolution of its content, from galaxies ar@@Mto large scale structures.
The discovery of a tight relation between black holes madwatocity dispersion of their
host galaxy suggests that the evolution of the growth of SMBH their host galaxy are
linked together. Hence, the understanding of the histogcofetion in the Universe and
of the formation of massive black holes and their host gakxelies on the measurement
of the AGN space density and evolution.

7.1 Luminosity function

A useful way to statistically describe the AGN activity adptne cosmic time is through
the study of their luminosity function (LF), whose shapermalization and evolution

are key observational quantities for understanding thgiroand accretion history onto
supermassive black holes, which are now believed to octwpgdnters of most galaxies.
The luminosity function corresponds to the density of otgeof a given absolute

magnitude, at a given redshift:

dN(M, z

(7.1)
where dN is the number of objects with magnitudéd € [M,M +dM] and redshift
z € [z,z+d2, this redshift interval enclosing the elementary comowofymedV. The
comoving volume at a given redshift is the volume scaled ®wuhlue it would have
today (at z=0). Since the Universe is larger today than it atas redshift z by a factor
1+z, the space density of QSOs would be greater in the pastiktteeir numbers and
luminosities have remained constant. The use of the corgaxdlume removes the effect
of the expanding Universe so, the comoving space densitycohatant number of non-
evolving objects does not change as the Universe expandshaAge in this density
implies that the number of objects is varying or that the digjare evolving (or both).
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7.1.1 TheV /Vmaxtest

Despite many difficulties encountered in the determinatbrihe space density and
luminosity function of QSOs (i.e. results are sensitive timydifferent types of selection
effects), it was clear even since the first decade of QSO m&sethat the comoving
density of QSOs varies strongly with redshift.
In 1968, Schmidt (1968) highlighted this evidence throdgh‘tuminosity-volume te'st

or more commonly, theV /Vihax test”. The basic idea of this test is the following: for
an object of absolute magnitud®l; selected in a flux limited survey, one can compute
the maximal luminosity distancémaxi for which this object could have been detected

3
in this sample. We defing = 4% as the volume enclosed by the actual distathoaf

. . 4mrd .
this object and/maxi = mg“ax' as the volume enclosed lohaxi. For a sample of objects

homogeneously distributed, the probability to observe ttijecti with V; < \@ is the
same as to observe it with > \% and hence the mean val(®/Vimax should be 0.5. In
his sample, Schmidt measuréd/Vimax ~ 0.7 and interpreted this result as an evolution
of the density of QSO with redshift. This model is referregoage density evolutianin
1976, Mathez (1976) showed that this result could be inéteplin terms of luminosity
evolution as well. In this model, referred psre luminosity evolutiorhighly luminosity
guasars observed at redshift 2 are seen as a parent populatimg with time, of today’s
guasars characterized by a lower luminosity.

This simple test provided clear evidence for evolution of QSO population per
comoving volume over cosmological time scales. This mehasthe LF is function
of redshift and it is indeed necessary to consider the Higion of luminosities or
absolute magnitudes over relatively restricted redshtftrivals. Moreover, to examine
the distribution over two parameters, L and z, a large samplabjects is required to
avoid problems of small-number statistics.

7.1.2 Computation and Parameterization of the Luminosity Finction

If AGN are drawn from a ‘volume-limited’ sample, the lumintysfunction is simply
computed from:

M-aM/2 N
OMAM = > o= M (7.2)
M*AM/z max max

whereNy is the number of AGN in the sample with absolute magnitudésdenM —
AM /2 andM +AM/2. More often AGN are drawn from ‘flux-limited” or ‘magnituele
limited’ samples. The total volume of space surveyed is théisnction of the absolute
magnitude M. We must indeed replaZgax with Vimax M) to account for the fact that
more luminous objects can be seen at larger distances thaearfaources and are thus
overrepresented in a magnitude-limited sample (Malmdpiags, Mihalas & Binney,
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1981). Weighting each individual AGN by the reciprocal oé ttolume over which it
could have been found corrects this problem. We then mustalare each QSO by its
accessible volume. Finally, as we know that the space denisRGN changes with time,
we compute the luminosity function as a function of redsdsftvell:

M+AM,/2

OM,280M = Y 1 (7.3)

As suitable samples of AGN started to be accumulated, itrhecavident that, at least
at low redshift, the QSO luminosity function is steeper ahhiuminosity than at low
luminosity. This led to a simple parameterization of the ilosity function as a two-
component power law, with different slopes at high and lomihosities and a ‘break-
point’ where the slope changes. A similar description hasnbesed in the past for
the luminosity function of normal galaxies (e.g Abell, 1962A better mathematical
formulation (since the derivative is not discontinuoustet break point) was proposed
by Marshall (1987) and, expressed in luminosity, has thevohg form:

i
NN VO E WO o
where®; is a normalization constant proportional to the number oNAGer M pc, L*
is the characteristic luminosity where the slope of the hosity function is changing
anda andf3 are the double power law slopes. Equation 7.4 can be expressdsolute
magnitude by defining
M = M*(z) — 2.5logL/L*(2) (7.5)

and using the transformation

atm, (7.6)

®(M,z)dM = P(L, 2) aM

The luminosity function, expressed in absolute magnitigius:

Py,
1004 )(M—M") | 1 Q0-AB+L)(M—M")

O(M,2) = (7.7)

where®}; = ®; - [In10-%4|.

7.2 AGN evolution: main results

In the parameterizations described in Equations 7.4 and L7.(Z) (or M*(z)) and
®*(z) are the evolutionary parameters which allow us to distisiguetween simple
evolutionary models such as Pure Luminosity Evolution (Pl#ad Pure Density
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Evolution (PDE).
This means that, for a PLE model:

L*(z) = L*(0) - e(2) (7.8)
and equivalently
M*(z) = M*(0) — 2.5loge(z), (7.9)
while for a PDE model:
®*(z) = P*(0) - e(2) (7.10)

wheree(z) (i.e. the redshift dependence) can be parameterized iereliff ways. Here
we report some of the most commonly used evolutionary laws:

@ e2=(1+2Pe (T
(1+2)° if z<z
® e(z):{ (1+2z)P <11+Lzzc)q it 2>z (7.11)

€  e(z) = 10ztke?

Although the PLE and PDE models should be mainly considesdnathematical
descriptions of the evolution of the luminosity functionwat different physical
interpretations can be associated to them: either a smaatidn of bright galaxies harbor
AGN, and the luminosities of these sources change systeatigtivith time (‘luminosity
evolution’), or all bright galaxies harbor AGN, but at any@n time most of them are in
‘inactive’ states. In the latter case, the fraction of gaaxvith AGN in an ‘active’ state
changes with time (‘density evolution’)

At z<2.5, the luminosity function of optically selected AGN ha=h well studied for
many years (Boyle et al., 1988; Hewett et al., 1991; Pei, 1B@§le et al., 2000; Croom
et al., 2004). Up to now, the PLE model is the preferred dpson for the evolution
of optically selected QSOs, at least at low redshafc(2). In Figure 7.1, we report
the optical QSO luminosity function, as derived by Croom let(2004) for the2dF
Quasar Redshift Survef2Qz) AGN sample. The luminosity function is presented in
six redshift intervals and is described by a double powervath luminosity evolution
with a quadratic dependence in redshift (as Equation 7)), 1qith L (z) 0 101-3%-0292

Studies on high redshift AGN samples (Warren et al., 1994)neéck et al., 1995;
Schmidt et al., 1995; Fan et al., 2001; Wolf et al., 2003b; tiral., 2004) have shown
that the number density of quasars declines rapidly from3 toz ~ 5. Since the size
of complete and well studied samples of quasars at high ifedshktill relatively small,
the rate of this decline and the shape of the high redshifidasity function is not yet as
well constrained as at low redshift. For example, Fan e280(), studying a sample of
39 luminous high redshift quasars ab 3 z < 5.0, selected from the commissioning data
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Figure 7.1.The optical QSO luminosity function for tH&dF Quasar Redshift Survé2Qz) AGN sample
in six redshift intervals (figure 20 of Croom et al., 2004)

of the Sloan Digital Sky Survey (SDSS), found that the slopthe quasar luminosity
function evolves with redshift, becoming flatter at high gleift, and that the quasar
evolution fromz= 2 toz= 5 cannot be described as a pure luminosity evolution. A aimil
result on the flattening at high redshift of the luminositydtion slope for luminous
guasars has been recently obtained by Richards et al. (RB66tthe analysis of a much
larger sample of SDSS quasars. 2t 3 they estimate, in agreement with Croom et al.
(2004), a bright-end slopgg~ —3.31, which progressively flattens to becofhie: —2.5
atz > 4. This result has not been confirmed by Fontanot et al. (2009) studying the
GOODS sample combined with the SDSS sample, do not find adgeee for a bright-
end flattening at redshi#z > 3.5. They attribute this discrepancy to the template spectra
used by the SDSS team to calibrate their selection critsga Fontanot et al., 2007, for
more details).

A growing number of observations at different redshiftsadio, optical, soft and hard X-
ray bands, suggested that also the faint end slope evolesnbng flatter at high redshift
(Page et al., 1997; Miyaji et al., 2000, 2001; La Franca et28l02; Cowie et al., 2003;
Ueda et al., 2003; Fiore et al., 2003; Hunt et al., 2004; Qo&set al., 2005; Hasinger
et al., 2005). This evolution, now dubbed as “AGN cosmic dexing”, is described as
“luminosity dependent density evolution” (LDDE), and ithbeen the subject of many
speculations since it implies that the space density of lonithosity AGN peaks at lower
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redshift than in bright ones.

A combined luminosity-density evolution was originallyggested by Schmidt & Green
(1983) to describe optically-selected QSOs. They sugdébis kind of evolution on the
basis of the fact that the&/ /Vmax) values, for theBright Quasar SurveyBQS) sample,
show a strong dependence o Mror the most luminous QSO&/ /Vimay is almost 0.8,
while for the least luminous ones, itis around 0.5. They aesithat the comoving space
density of QSOs was an exponential function of cosmic timiéh) & coefficient in the
exponential depending linearly ongVli.e.

® (Mg, 2) = ®(Mp,0) - elk Mo—Ms) T(2)] (7.12)

where k and M are constants ardz) is the light travel time expressed as a fraction of the
age of the Universe. In their model, they assumed k=0 fgr-MMg. This corresponds to
no evolution for low luminosity objects.

Following the more recent formulation based on X-ray sel@cdample (e.g. Hasinger
et al., 2005), the LDDE is parameterized as follows:

dd(Lx,2 d®(Ly,0)
dlogLy  dlogly
where® (Ly, 0) is the luminosity function at z=0 arg}(z Lx), the evolution function, is
expressed as:

€d(z Lx), (7.13)
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Figure 7.3. Space density of X-ray selected type—1 AGN as a function adhit in different luminosity
classes and the sum over all luminosities with lgg> 42 (Hasinger et al., 2005). Densities from the PLE
and LDDE models derived by Hasinger et al. (2005) are ovégaavith solid lines.

[ (142 (z< z)
%‘Z’LX)‘{ eo(zo)[(1+2)/(1+ 2P (2> 72) (7.14)

wherez: is a simple function oL y:

Ze(Ly) = { Zc,O(l—x/Lx,c)a (Lx < Lyx.c) (7.15)

Z:0 (Lx > Lyc)
Figure 7.2 shows the soft X—ray luminosity function derinwdHasinger et al. (2005)
for an X-ray selected sample of type—1 AGN. The best modet tbdievolution of their
luminosity function is a LDDE of the form given by 7.14 in whithey considered also a
dependence ghl andp2 on luminosity:

P1(Lx) = plas+P1 (loglx —44) (7.16)
P2(Lx) = p244+ B2 (logLx —44) (7.17)

This evolutionary trend implies an AGN differential evobrt depending on the
luminosity. As shown in Figure 7.3, more luminous AGN (QS@&gk earlier in
the history of the universe, while the low luminosity onessarlater ("AGN cosmic
downsizing”).

It has been observed that, in addition to the well known Iscale relations between
the black hole (BH) masses and the properties of their hosixigs (Kormendy &
Richstone, 1995; Magorrian et al., 1998; Ferrarese & Mer2D00), also the galaxy
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Figure 7.4.Evolution of comoving AGN space density with redshift, fofferent lower luminosity limits,
derived from the COMBO-17 sample by Wolf et al. (2003b). ddlicircles:M145 < —24; open circles:
M145 < —25; filled squaresMi45 < —26; open trianglesM145 < —27. The corresponding curves are
integrated from the best-fit PDE models.

spheroid population follows a similar pattern of “cosmionasizing” (Cimatti et al.,
2006). Various models have been proposed to explain thisrammevolutionary trend
in AGN and spheroid galaxies. The majority of them propose tihe feedback from the
black hole growth plays a key role in determining the BH-hgetaxy relations (Silk &
Rees, 1998; Di Matteo et al., 2005) and the co-evolution atllholes and their host
galaxies. Indeed, AGN feedback can shut down the growtheofrtbst massive systems
steepening the bright end slope (Scannapieco & Oh, 2004)e wie feedback-driven
guasar decay determines the shape of the faint end QSOs Igkiftcet al., 2006b).

This evolutionary trend has not been clearly seen yet wittically selected AGN
samples. By combining results from low and high redshittis, clear from the studies of
optically selected samples that the cosmic QSO evolutiowsla strong increase of the
activity fromz~ 0 out toz ~ 2, reaches a maximum around- 2 — 3 and then declines,
but the shape of the turnover and the redshift evolution@peak in activity as a function
of luminosity is still unclear.

As described in Section 3.1, most of the optically select€NAsamples studied so far
are obtained through various color (e.g. UV-excess) selexbf candidates, followed by
spectroscopic confirmation, or grism and slitless spectiois surveys. These samples
are expected to be highly complete, at least for luminous A& Mithez<2.2 orz> 3.6,
where AGN show conspicuous colors in broad band color seardut less complete in
the redshift range.2 < z < 3.6 (Richards et al. 2002).

An improvement in the multi-color selection in optical bansithrough the simultaneous
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use of many broad and medium band filters as, for example eiCtOMBO-17 survey
(Wolf et al., 2003b). Such a survey is the only optical surseyar which, in addition to
covering a redshift range large enough to see the peak of ANty (1.2 < z< 4.8),
is also deep enough to sample up to high redshift AGN with hasity below the break
in the luminosity function. However, only photometric radts are available for this
sample and, because of their selection criteria, it is irgete for objects with a small
ratio between the nuclear flux and the total host galaxy flukianAGN with anomalous
colors, such as, for example, the Broad Absorption Line (BAISOs , which have on
average redder colors and account ferl(0 +— 15) % of the overall AGN population. The
evolution of comoving AGN space density with redshift, folfetent lower luminosity
limits, derived from this sample by Wolf et al. (2003b) is simoin Figure 7.4. From this
Figure, no indication for a difference between the spacsitiepeaks of AGN of different
luminosities is visible.

In this context, the VVDS AGN sample gives the opportunitgtody the type—1 AGN
activity peak and to observe whether at low luminosity, cgdty selected AGN follow the
trend seen in X-ray surveys.
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Chapter 8

The VVDS type—1 AGN luminosity
function

In this Chapter | will present the luminosity function desd/for the VVDS type—-1 AGN
sample described in Chapter 5.

8.1 Definition of the redshift range

For the study of the LF we decided to exclude AGN vatd 1.0. This choice is due to the
fact that, given the VVDS observed wavelength range (55050923\), for05<z<1.0

the only visible broad line is Bl(see Figure 5.2). This means that all objects with narrow
or almost narrow B and broad H (type 1.8, 1.9 AGN; Osterbrock 1981; see Section
2.4) would not be included in our sample, because we inclndbae AGN sample all
the objects with at least one visible broad line. Since atllowinosities the number of
intermediate type AGN is not negligible, this redshift snlikely to be under-populated
and the results would not be meaningful. In principlez & 0.5 we have less problems,
because also ¢dis within the wavelength range of the VVDS spectra, but ontbfects
have secure redshifts in this redshift bin in the current@amFor these reasons, our
luminosity function has been computed only for- 1.0 AGN. The small fraction of
objects with an ambiguous redshift determination (seei@ebt2.1) have been included
in the computation of the luminosity function assuming tbat best estimate of their
redshift is correct.

8.2 The K-correction

The estimate of the rest frame luminosities for sources sthodogical distances requires
knowledge about the intrinsic spectral shape of each sodrceptical astronomy, this

knowledge is usually represented by a function K(z) (Oke &dzae, 1968) which gives
the redshift dependence of the magnitude of any objects ivem gvavelength band:

Mintrinsic = Mobserved— K (2) (8.1)

87



88 CHAPTER 8 — THE VVDS TYPE-1 AGN LUMINOSITY FUNCTION

The K-correction consists of two terms and it is is formalgfided as:

Jo FA)SA)dA
J5F (23) s

whereF (A) is the SED of the object observed (galaxy or QSO) &wWl) is the filter
response function. The first term in the K-correction is dutghe narrower width of the
filter in the observer’s frante The integrals in the second term of the K-correction, age th
convolution of the spectrum with the filter response in theesber’'s frame, normalized
by the value at rest. If we consider a simple AGN power gz v—? or, expressed i,

f) OA%2, the K-correction will be:

K(z) = 2.5log(1+2) +2.5log

(8.2)

K(z) = 2.5(ct — 1) log(1 + 2) (8.3)

and it vanishes foo = 1. However, QSO SED is more complex than a simple power-law.
The K-correction is a complicated function of z, since it eegs on the fact that emission
lines are shifted into the filter. Nominal K-correction amentputed by convolving a
typical AGN spectrum at different redshifts with the filtesponse.

8.3 Estimate of the absolute magnitude

We derived the absolute magnitude in the reference bandtiierapparent magnitude in
the observed band as:

M = Myps— 5|Oglo(d|(2)) — 25— K(Z) (84)

where M is computed in the band in which we want to computeuharosity function,
Mobs IS the observed band from which we want to calculate it, dgzhe luminosity
distance expressed in Mpc and K(z) is the K-correction inréference band as defined
in Section 8.2. To make easier the comparison with previesslts in the literature, we
computed the luminosity function in the B-band.

To minimize the uncertainties in the adopted K-correctiog,s for each object should
be chosen in the observed band which is sampling the restlerayth closer to the band
in which the luminosity function is computed. For our sampidich consists only of
z> 1 objects, the observed band used to compute the B-banduébswhgnitude is thus
always the I-band.

As discussed in Section 5.6, the VVDS AGN sample shows reddlers than those
typical of normal, more luminous AGN and this can be due tactirabination of the host
galaxy contribution and the presence of dust. Since, inrddshift range, the fractional
contribution from the host galaxies is expected to be mamwiitant in the I-band than in

1a spectral region of widtl\g is stretched to widtiAg(1+ 2) in the observer's frame, which is equivalent to
apparent contraction of the observer’s filter by the samfac
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Figure 8.1.Real (solid circles; AGN in the deep sample) and simulat@eifariangles; AGN in the wide
sample) B-band absolute magnitude differences as a funofidg(TOT) (left panel) and redshift (right
panel). Ms(TOT) is the absolute magnitude computed considering tia¢ dvserved flux, while M(AGN)
is the absolute magnitude computed after subtracting teededaxy contribution.

bluer bands, the luminosity derived using the I-band ole#rnaagnitude could, in some
cases, be somewhat overestimated due to the contributitwe diost galaxy component.

We estimated the possible impact of this effect on our resulthe following way. From
the results of the analysis of the SED performed on singleatbjn the deep sample (see
Section 5.6.1) we computed for each of them the differengd OT) — m (AGN) and,
consequentlyMg(TOT) — Mg(AGN). These differences are shown as solid circles in
Figure 8.1 as a function of absolute magnitude (left pana)radshift (right panel). For
most of the objects the resulting differences between tta¢ &amd the AGN magnitudes
are small AM <0.2). However, for a not negligible fraction of the faintebjects (Ms >-
22.5, K2.0) these differences can be significant (up-tbmag). For the wide sample,
for which the more restricted photometric coverage did Howea detailed SED analysis
and decomposition, we used simulated differences. Theselated differences have
been derived through a Montecarlo simulation on the basteebivariate distribution
AM(M,z) estimated from the objects in the deep sample. Theltreg simulated
differences for the objects in the wide sample are shown as tfangles in both panels
in Figure 8.1.

The AGN magnitudes and the limiting magnitudes of the sampéve been corrected
also for galactic extinction on the basis of the mean extinctalues(B —V) in each
field derived from Schlegel et al. (1998). Only for the 22hdjelvhere the extinction
is highly variable across the field, we used the extinctionh@nbasis of the position of
individual objects. The resulting corrections in the I-damagnitude aréy ~ 0.027 in the
2h and 10h fields and, = 0.0089 in the CDFS field, while the average value in the 22h
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field isA; = 0.065. These corrections have been applied also to the ligmtiagnitude of
each field.

8.4 Computation of the luminosity function: the 1/Vyax estimator

We compute the luminosity function for the whole sample oM@ all the VVDS fields.
Our sample consists of objects found in 4 fields, with twoedt#ht limiting magnitudes,
I|a=24.0 for the deep samples (02h field and CDFS) agd22.5 for the wide samples
(10h and 22h fields). As in the computation of the number cyumé combined the four
samples using the method proposed by Avni & Bahcall (198Cpherent Analysis of
Independent SamplesThis means that, for our total sample, we consider an area of

ot (M) = Adeept Anide=1.72de§  for 17.5<Iap< 225

and
Fiot(M) = Ageep= 0.62 deg for 225<Iag< 240

We derived the binned representation of the luminosity fiencusing the usual Mmnax
estimator (Schmidt, 1968), which gives the space densityitritution of individual
objects. The luminosity function, for each redshift bn+(Az/2 ; z+ Az/2), is then

computed as:
M-+AM,/2
Mer?5r

AM M—AM/2 Vimaxi

(8.5)

whereVmayi is the comoving volume within which thiéh object would still be included

in the samplew{S" andw?s" are respectively the inverse of the TSR and of the SSR (as
defined in Section 6.1), associated to ifi@bject. The statistical uncertainty @(M) is
given by (Marshall et al., 1983):

1 |Mm /2

(Wter_ssr)Z
Op= 117 3 '\/27' (8.6)
M—-AM/2 maxi

The resulting luminosity functions in different redshiéinges are plotted in Figure 8.2
and 8.3, where all bins which contain at least one object Etted. In Figure 8.2 we
assume a cosmology wifB, = 0.3,Qx = 0.7 and K = 70 km s Mpc—1, while in Figure
8.3 we assume a different cosmolo@¥{= 1, Qx = 0 and H = 50 km s Mpc—1) for
comparison with previous works. The LF values, togethehheir 1o errors and the
numbers of objects in each absolute magnitude bin are gegsanTable 8.1.

Even if the differences between the total absolute mageguahd the magnitudes
corrected for the host galaxy contribution (see Sectioheha be significant for a fraction
of the faintest objects, we have a posteriori verified thatr#sulting luminosity functions
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computed by using these two sets of absolute magnitudesoasegmificantly different.
For this reason and for a more direct comparison with previwarks, the results on
the luminosity function presented in the next Section aosd¢hobtained using the total
magnitudes.

8.5 Comparison with the results from other optical surveys

We derived the luminosity function up m= 3.6 and we compared it with the results from
other surveys at both low and high redshift.

8.5.1 The low redshift luminosity function

In Figure 8.2 we present our luminosity function upete 2.1. Both panels show our LF
data points (solid circles) derived in two redshift bin & z< 1.55and 155< z< 2.1.
The upper panel shows the comparison with the LF fits derinad the 2dF QSO sample
by Croom et al. (2004) and by Boyle et al. (2000), and from t@MBO-17 sample by
Wolf et al. (2003b), while the bottom panel shows our dataaeompared with the 2dF-
SDSS (2SLAQ) LF fit by Richards et al. (2005). In each paneltimges, computed for
the average z of the redshift range, correspond to a douklerdaw luminosity function
in which the evolution with redshift is characterized by agluminosity evolution
modeled asVl;(z) = M;(0) — 2.5(kiz + kpZ%) (see Equation 7.11(c)). Moreover, the
thick parts of the curves show the luminosity range covenethle data in each of the
comparison samples, while the thin parts are extrapolstimased on the the best fit
parameters of the models.

We start considering the comparison with the 2dF and the COMB LF fits. As shown
in Figure 8.2, our bright LF data points connect rather sinlgdo the faint part of the 2dF
data. However, our sample is more than two magnitudes déegethe 2dF sample. For
this reason, a comparison at low luminosity is possible antli the extrapolations of the
LF fit. At z> 1.55, while the Boyle’s model fits well our faint LF data poiritse Croom’s
extrapolation, being very flat, tends to underestimate owrluminosity data points. At
z< 1.55 the comparison is worse: as in the higher redshift binBthwde’s model fits our
data better than the Croom’s one but, in this redshift bingata points show an excess at
low luminosity also with respect to Boyle’s fit. This trendsisnilar to what is shown also
by the comparison with the fit of the COMBO-17 data which, eléntly from the 2dF
data, have a low luminosity limit closer to ours:zat 1.55 the agreement is very good,
but in the first redshift bin our data show again an excessvatuminosity. This excess
is likely due to the fact that, because of its selection datghe COMBO-17 sample is
expected to be significantly incomplete for objects in whtod ratio between the nuclear
flux and the total host galaxy flux is small.

In the bottom panel, we compare our data with the 2SLAQ fitavddrby Richards et al.
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Figure 8.2. Our rest-frame B-band luminosity function, derived in tleelshift bins 10 < z < 1.55 and
155< z< 2.1, compared with the 2dFQRS (Croom et al., 2004; Boyle e28D0) and COMBO-17 data
(Wolf et al., 2003b) in the upper panel and with the 2dF-SDER AQ) data (Richards et al., 2005) in the
lower panel. The curves in the Figure show the PLE fit modais e by these authors. The thick parts of
the curves correspond to the luminosity range covered byalte in each sample, while the thin parts are
extrapolations based on the best fit parameters of the models

(2005). The 2SLAQ data are derived from a sample of AGN setefirom the SDSS, at
18.0< g< 21.85 andz< 3, and observed with the 2-degree field instrument. Sinyitarl
the 2dF sample, also for this sample the LF is derived onlyg for2.1 andMpg < —22.5.
The plotted dot-dashed curve corresponds to a PLE modelictvitiey fixed most of the
parameters of the model at the values found by Croom et @4)20aving to vary only
the faint end slope and the normalization cons@ntin this case, the agreement with our
data points az < 1.55 is very good also at low luminosity. The faint end slopenidin
this case if§ = —1.45, which is similar to that found by Boyle et al. (2000)£ —1.58)
and significantly steeper than that found by Croom et al. £2(®= —1.09). Atz> 1.55,
the Richards et al. (2005) LF fit tends to overestimate owa gatnts at the faint end of
the LF, which suggest a flatter slope in this redshift bin.

The first conclusion from this comparison is that, at low refigi.e. z< 2.1), the data
from our sample, which is-2 mag fainter than the previous spectroscopically confirmed
samples, are not well fitted simultaneously in the two aredyzdshift bins by the PLE
models derived from the previous samples. Qualitativblymain reason for this appears
to be due to the fact that our data suggest a change in thedathslope of the LF,
which appears to flatten with increasing redshift. Thisdreas already said in Section
7.2, has been highlighted by previous X-ray surveys (La ¢aaet al., 2002; Ueda et al.,
2003; Fiore et al., 2003) and it suggests that a simple PLEnpaterization may not be
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a good representation of the evolution of the AGN luminoRityction over a wide range
of redshift and luminosity. Different model fits will be disgsed in Section 8.7.

8.5.2 The high redshift luminosity function

The comparison of our LF data points for 24<3.6 (solid circles) with the results
from other samples in similar redshift ranges is shown irufég.3. In this Figure an
Qn=1, Qp =0, h= 0.5 cosmology has been assumed for comparison with previous
works, and the absolute magnitude has been computed al1459 before, the thick
parts of the curves show the luminosity ranges covered bwé#neus data samples,
while the thin parts are model extrapolations. In terms aiber of objects, depth
and covered area, the only sample comparable to ours is tiMBTB17 sample (Wolf
et al., 2003b), which, in this redshift range, consists ofA&BN candidates over 0.78
square degree. At a similar depth, in terms of absolute madmi we show also the
data from the sample of Hunt et al. (2004), which however ste®f 11 AGN in the
redshift range (¢) + 0,) = (3.03£0.35) (Steidel et al., 2002). Given the small number
of objects, the corresponding Hunt model fit was derivedudicig also the Warren data
points. Moreover, they assumed the Pei (1995) luminosityugdon model, adopting the
same values fdc* and®*, leaving free to vary the two slopes, both at the faint antat t
bright end of the LF. For comparison we show also the origh®lmodel fit derived from
the empirical luminosity function estimated by Hartwick &&de (1990) and Warren
et al. (1994).

In general, the comparison of the VVDS data points with thios® other surveys shown
in Figure 8.3 shows a satisfactory agreement in the regi@mveflapping magnitudes. It
is interesting to note that, in the faint part of the LF, outadaoints appear to be higher
with respect to the Hunt et al. (2004) fit and are instead cltwsthe extrapolation of the
original Pei model fit. This difference with the Hunt et al0O(@) fit is probably due to
the fact that, having only 11 AGN in their faint sample, tHast fit to the faint-end slope
was poorly constrained.

8.6 The bolometric luminosity function

The comparison between the AGN LFs derived from samplesteelen different bands
has been for a long time a critical point in the studies of tli@&NAluminosity function.
The crucial points in the LFs transformation between twedént bands are essentially
two:

e this procedure requires an accurate knowledge of the wh8I@ §pectral energy
distribution in order to convert the luminosities between different wavebands;

e it requires an accurate knowledge of the AGN absorption gntogs to rescale and
correct the LF for the extinction in the different observeahs.
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Figure 8.3.0ur luminosity function, at 1458rest-frame, in the redshift range 2:2<3.6, compared with
data from other high-z samples (Hunt et al. (20042 at3; Combo-17 data from Wolf et al. (2003b) at
2.4 <7< 3.6; datafrom Warren et al. (1994) aPX z< 3.5 and the SDSS data from Fan et al. (2001)). The
SDSS data points at 6z <3.9 have been evolved to z=3 using the luminosity evolutioPes (1995) as

in Hunt et al. (2004). The two curves show some model fits irctvkiie thick parts of the curves correspond
to the luminosity range covered by the data samples, whiléhim parts are model extrapolation. For this
plot, anQn =1, Qa = 0,h = 0.5 cosmology has been assumed for comparison with the piewotks.

Recently, Hopkins et al. (2007), combining a large numbéfomeasurements obtained
in different redshift ranges, observed wavelength banddwaminosity intervals, derived
the Bolometric Quasar Luminosity Function in the redslafige z = 0 - 6.

For each observational band, they derived appropriatentetioc corrections, taking
into account the variation with luminosity of both the avggabsorption properties (e.g.
the quasar column densityy\from X-ray data) and the average global spectral energy
distributions. They show that, with these bolometric catimns, it is possible to find a
good agreement between results from all different setstaf. da

The bolometric corrections (with zero attenuation) detiy Hopkins et al. (2007),
by constructing a model of an “intrinsic” (un-reddened) GS&ED, can be accurately
approximated as a double power-law:

L L ke L ko
m:q(lowl_@) +C2(1010L@) !
with (cg, kg, €2, ko) are given by (6.25, -0.37, 9.00, -0.012) fo§ang= Ls, (7.40, -0.37,
10.66, -0.014) folL15,m, (17.87, 0.28, 10.03, -0.020) fdp5_2kev, and (10.83, 0.28,
6.08, -0.020) fot»_10kev- Figure 8.4 shows these corrections as a function of lunitynos
As already mentioned, in order to convert the observed losiin function to a
bolometric luminosity function, it is necessary to correetthe extinction in the different
observed bands. Essentially, the probability of obseraingiasar of a given bolometric
luminosity at some observed luminosity in a given band mosbant for the probability

(8.7)



8.6 — THE BOLOMETRIC LUMINOSITY FUNCTION 95

log(Lgoy) [erg s™
W, 9( BoL)isg ]
““““ L L L L L L B L L B AL
B-Band (0.44 pm)
Mid-IR (15 um)
Soft X-ray (0.5-2 keV)
100 a Hard X-ray (2-10 keV)

=
o
TS

Bolometric Correction (Lgo, / Lganp)

9 10 11 12 13 14
log(Lgo /Lo

Figure 8.4.Bolometric corrections foB-band, mid-IR, soft and hard X-ray bands, determined by ktapk
et al. (2007) from a number of observations, as a functiomwfihosity and given by the fitting formulae
in Equation (8.7).

of extinction or attenuation. The column density distribnt derived by Hopkins et al.
(2007), in which an “obscured fraction” as a function of lmosity was adopted, has been
parameterized as a power law:

()= AL g LI yedioglLiL) 68)

~ o(L[L]) 10%ergsl/ dlog(Lj) ’

where L; is the luminosity in some bands, ardis the corresponding bolometric
luminosity given by the bolometric corrections of Equati@7). This gives values
(f46, B) Of (0.260,0.082) for Lj = Lg (4400A), (0.438 0.068) for Lj = Ljg (15um),
(0.609,0.063) for L; = Lsx (0.5—2keV), and(1.243 0.066) for L; = Lyx (2—10keV).

We derived the bolometric LF for our sample by applying to b&rdata points the
bolometric corrections given by Egs. 8.7 and 8.8 for the BebaThe VVDS type-1
AGN Bolometric LF is shown as black dots in Figure 8.5. Thadsthe represents the
bolometric LF best fit model derived by Hopkins et al. (2007Q ¢he colored data points
correspond to different samples: green points are frontabliFs, blue and red points
are from soft-X and hard-X LFs, respectively, and finally tyan points are from the
mid-IR LFs. All these bolometric LFs data points have beerivdd following the same
procedure described in Hopkins et al. (2007).

Our data, which sample the faint part of the bolometric lumsity function better than
all previous optically selected samples, are in good agee¢mith all the other samples,
selected in different bands, and thus also with the modelefitvdd by Hopkins et al.
(2007). By trying various analytic fits to the bolometric lunosity function, Hopkins
et al. (2007) concluded that neither pure luminosity noreplgnsity evolution represent
well all the data. An improved fit can instead be obtained witlkminosity dependent
density evolution model (LDDE) or, even better, with a PLEd®bin which both the
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Figure 8.5. Bolometric luminosity function derived in three redshifind from our data (black dots),
compared with Hopkins et al. (2007) best-fit model and tha-dats used in their work. The central redshift
of each bin is indicated in each panel. Here, we adopted the salor-code as in Hopkins et al. (2007),
but for more clarity we limited the number of samples presérih the Figure. Red symbols correspond
to hard X-ray surveys (squares: Barger et al. 2005; cirdleia et al. 2003). Blue to soft X-ray surveys
(squares: Silverman et al. 2005; circles: Hasinger et &1520Cyan to infra-red surveys (circles: Brown
et al. 2006; squares: Matute et al. 2006). For the opticaleysrweshow here, with green circles, the data
from the COMBO-17 survey (Wolf et al., 2003b), which is comgdae in depth to our sample.
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bright- and the faint-end slopes evolve with redshift. Btitese models can reproduce
the observed flattening with redshift of the faint end of tlminosity function.

8.7 Model fitting

In this Section we discuss the results of a number of diffeiiento our data as a function
of luminosity and redshift. Since our data cover only thatfggart of the luminosity
function at redshift 1.0< z < 4.0 (see Section 8.1), these fits have been performed by
combining our data with the LF data points from the SDSS dd&ase 3 (DR3) (Richards
et al., 2006b) in the redshift range<0z < 4. The advantage of using the SDSS sample,
rather than, for example, the 2dF sample, is that this sgngleause of the way it is
selected, probes the luminosity function to much higheshéts. The SDSS sample
contains more than 15,000 spectroscopically confirmed A@lsicsed from an effective
area of 1622 sqg.deg. Its limiting magnitude<(i19.1 for z< 3.0 and i< 20.2 for z
> 3.0) is much brighter than the VVDS and because of this it dedssample well
the AGN in the faint part of the luminosity function. For thisason, Richards et al.
(2006b) fitted the SDSS data using only a single power lawgkisimeant to describe the
luminosity function above the break luminosity. Adding ¥#W&DS data, which instead
mainly sample the faint end of the luminosity function, amélgizing the two samples
together, allows us to cover the entire luminosity rangéaéndommon redshift range (1.0
<2< 4.0), also extending the analysis atZ..0 where only SDSS data are available.

The goodness of fit between the computed LF data points angthois models is then
determined by thg? test.

For all the analyzed models we have parameterized the lgitynfoinction as a double
power law expressed in absolute magnitude as in Equation 7.7

Py,
1004 H)(M—M") | 1 Q0AB+1)(M—M")

d(M,2) = (8.9)

8.7.1 The PLE and PDE models

The first model that we tested is a Pure Luminosity EvolutloE) with the dependence
of the characteristic luminosity described by a 2nd-oradymomial in redshift (7.11(c)):

M*(z) = M*(0) — 2.5(kyz+ koZ2). (8.10)

Following the model found by Richards et al. (2006b) for tHeSS sample, we have
allowed a change (flattening with redshift) of the bright eshope according to a linear
evolution in redshift:a(z) = a(0) + A z The resulting best fit parameters are listed in
the second line of Table 8.2 and the resulting model fit is shasva green short dashed
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line in Figure 8.6. The bright end slopederived by our fit @ywvps=-3.19 at z=2.45) is
consistent with the one found by Richards et al. (2006lpEs= -3.1).2

As shown in Figure 8.6, while this model reproduces well thghi part of the LF in the
entire redshift range, does not fit the faint part of the LFoat fedshift (1.0< z < 1.5).
This appears to be due to the fact that, given the overallfiv@stirmalization, the derived
faint end slope [§ =-1.38) is too shallow to reproduce the VVDS data in this rétish
range.

Richards et al. (2005), working on a combined 2dF-SDSS (Z3Lsample of AGN
up toz= 2.1 found that, fixing all the parameters exc@pand the normalization, to
those of Croom et al. (2004), the resulting faint end slop@ is —1.45+4+0.03. This
value would describe better our faint LF at low redshift. S'trend suggests a kind of
combined luminosity and density evolution not taken intocamt by the used model. For
this reason, we attempted to fit the data also including a térdensity evolution in the
form of:

D}y (2) = Dy (0) - 10Kz Ted? (8.11)

In this model the evolution of the LF is described by both antef luminosity evolution,
which affectavi*, and a term of density evolution, which allows for a changiénglobal
normalization®*. The derived best fit parameters of this model are listederthird line
of Table 8.2 and the model fit is shown as a blue long dashedrifégure 8.6. This
model gives a better? with respect to the previous model, describing the entirepda
better than a simple PLE (the reducetldecreases from- 1.9 to~ 1.35). However,
it still does not satisfactorily reproduce the excess aftfabjects in the redshift bin 1.0
< z< 1.5 and, moreover, it underestimates the faint end of thenltRe last redshift bin
(3.0<z<4.0).

8.7.2 The LDDE model

Recently, a growing number of observations at differensiéts, in soft and hard X-ray
bands, have found evidences of flattening of the faint engestd the LF towards high
redshift. This trend has been described through a lumipoEipendent density evolution
parameterization. Such a parameterization allows théhittas the AGN density peak
to change as a function of luminosity. This could help in exghg the excess of faint
AGN found in the VVDS sample at 1.9 z< 1.5. Therefore, we considered a luminosity
dependent density evolution model (LDDE), as computedemthjor X-surveys (Miyaji
et al. 2000; Ueda et al. 2003; Hasinger et al. 2005). In padrcfollowing Hasinger et al.
(2005), we assumed an LDDE evolution of the form:

CD(MB,Z) = CD(M,O) * ed(z7 MB) (812)

2in their parameterization £-0.40 +1) =0.84
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Figure 8.6. Filled circles correspond to our rest-frame B-band lumityoinction data points, derived
in the redshift bins D<z< 15,15<2<20,20<z<25,25<z<3.0and 30 < z< 4.0. Open
circles are the data points from the SDSS Data Release 3 (BRR)chards et al. (2006b). These data are
shown also in two redshift bins below z = 1. The red dot-dasiheccorresponds to the model fit derived by
Richards et al. (2006b) only for the SDSS data. The othes lboerespond to model fits derived considering
the combination of the VVDS and SDSS samples for differentugionary models, as listed in Table 8.2
and described in Section 8.7.
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where:
_ [+ (z<z)
azme)={ Gl /s (oo (8.43)
along with
B ZC7010_O'4V(MB_M°) (MB > Mc)

where z corresponds to the redshift at which the evolution chanbkxde that z is not
constant but it depends on the luminosity. This dependelhmesadifferent evolutions
at different luminosities and can indeed reproduce theedfitial AGN evolution as a
function of luminosity, thus modifying the shape of the lmwsity function as a function
of redshift. We also considered two different assumptiars@l and p2: (i) both
parameters constant and (ii) both linearly depending onrasity as follows:

pl(MB) = leref — 0.481 (MB — Mref) (8.15)
DZ(MB) = [:)2|\/|ref — 0.482 (MB — Mref) (816)

The corresponding? values for the two above cases are respectiygly64.6 and
X?=56.8. Given the relatively small improvement of the fit, vemsidered the addition of
the two further parameters;(ande,) unnecessary. The model with constant p1 and p2
values is shown with a solid black line in Figure 8.6 and thst lfiie parameters derived
for this model are reported in the last line of Table 8.2.

This model reproduces well the overall shape of the lumtgdsnction over the entire
redshift range, including the excess of faint AGN at £.@ < 1.5. Thex? value for the
LDDE model is in fact the best among all the analyzed modadscanresponds to a fully
acceptable value of the reducgtiof ~ 1.3

The best fit value of the faint end slope, which in this modetesponds to the slope at
z =0, isp=-2.0. This value is consistent with that derived by Hao e{2005) studying
the emission line luminosity function of a sample of Seygalaxies at very low redshift
(0 < z< 0.15), extracted from the SDSS. They in fact derived a s[dpanging from
-2.07 to -2.03, depending on the line used to compute theeautminosity. In Figure
8.7 we show the comparison between the Hao et al. (2005) hsitynfunction (red line),
derived for type—1 AGN and parameterized by a single poawy-hnd our best fit model
(black line; LLDE model). The Hao’s LF, plotted here as a fiimre of the Mg, has been
derived by the k line-luminosity function by applying the conversion, giviaa the Hao
et al. (2005) paper, between theHuminosity and the r-band PSF absolute magnitude
M. Hao et al. (2005) found in fact that the relationship betwes two variables is very

SWe note that the reducegt of our best fit model, which includes also VVDS data, is sigaifitly better than that
obtained by Richards et al. (2006b) in fitting only the SDSS3RRAta.
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Figure 8.7.Comparison between our LF best-fit model extrapolated atazvelthe model derived by Hao
et al. (2005) for a sample of Seyfert galaxies at very lowh@té0 < z < 0.15), extracted from the SDSS.

tight, demonstrating that thedHuminosities for these quasars are indeed excited by their
nuclear luminosities. A linear fit to these data gives:

log[L(Hq)/Le] = —(0.419-0.010) M, — (0.209--0.30) (8.17)

Then, M has been converted in B-band absolute magnitudes. Moreo\arther
correction factor has been applied, both in luminosity anthe normalization, to take
into account for the different assumed cosmolodies

As shown in Figure 8.7, the comparison between the two slgpesry good; this was
expected given the slope values, -2.0 for the VVDS and -2ddAlfe Hao’s sample.
Moreover, also the normalization are in good agreementfirooing our model also
in a redshift range where data are not available and indestirig us to have a good
confidence on the extrapolation of the derived model.

8.8 The AGN activity as a function of redshift

By integrating the luminosity function corresponding ta best fit model (i.e the LDDE
model; see Table 8.2), we derived the comoving AGN spaceityeas a function of
redshift for different luminosity ranges (Figure 8.8).

The existence of a peak at-z2 in the space density of bright AGN is known since
a long time, even if rarely it has been possible to precisetate the position of this
maximum within a single optical survey. Figure 8.8 shows thaour best fit model the
peak of the AGN space density shifts significantly towardaedoredshift going to lower

4They assumed a cosmology wifby, = 0.3, Qx = 0.7 and K = 100 km s Mpc~! while our LF is derived
assumingm = 0.3,Q5 = 0.7 and iy = 70 km s Mpc 1
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Figure 8.8. Evolution of the comoving AGN space density with redshift; flifferent luminosity ranges:
—220 < Mg < —20.0; —24.0 < Mg < —22.0; —26.0 < Mg < —24.0 and M5 < —26.0. Dashed lines
correspond to the redshift range in which the model has beteapmlated.

luminosity. The position of the maximum moves from 2.0 for Mg <-26.0 to z- 0.65
for -22< Mg <-20.

A similar trend has recently been found by the analysis oésd\deep X-ray selected
samples (Cowie et al., 2003; Hasinger et al., 2005) and ibkas interpreted as evidence
of AGN (i.e. black hole) “cosmic downsizing”, similar to whiaas recently been observed
in the galaxy spheroid population (Cimatti et al., 2006).e ownsizing (Cowie et al.,
1996) is a term which is used to describe the phenomenon ihéueninous activity
(star formation and accretion onto black holes) appears tcburring predominantly in
progressively lower mass objects (galaxies or BHs) as ti&hi#t decreases. As such, it
explains why the number of bright sources peaks at higheshidhan the number of
faint sources.

As already said, this effect had not been seen so far in thgsasaf optically selected
samples. This can be due to the fact that most of the opticaples, because of their
limiting magnitudes, do not reach luminosities where thigedence in the location of
the peak becomes evident. The COMBO-17 sample (Wolf et @03R), for example,
even if it covers enough redshift rangedk z < 4.8) to enclose the peak of the AGN
activity, does not probe luminosities faint enough to findgn#icant indication for a
difference between the space density peaks of AGN of diftelaminosities (see, for
example, Figure 7.4, which is analogous to our Figure 8.8inbwhich only COMBO-17
AGN, which are brighter than M- -24, are shown). The VVDS sample, being about one
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magnitude fainter than the COMBO-17 sample and not havirygoas in finding faint
AGN, allows us to detect for the first time in an optically szl sample the shift of the
maximum space density towards lower redshift for low lunsipAGN.



Table 8.1.Binned luminosity function estimate f@,=0.3, Q»=0.7 and H=70 km- s~ 1 - Mpc~1. We list the values of Log and the correspondingslerrors
in five redshift ranges, as plotted with solid circles in Fig8.6 and iMAMg=1.0 magnitude bins. We also list the number of AGN contrituto the luminosity
function estimate in each bin

1.0<z<15 I 15<z<20
AM Ngso LOg®(B)  ALog®(B) || AM Ngso Log®(B)  ALogd(B)
-19.46 -20.46 3 -5.31 +0.20 -0.3
-20.46 -21.46 11 -4.89 +0.12 -0.1p-20.28 -21.28 4 -5.29 +0.18 -0.30
-21.46 -22.46 17 -5.04 +0.09 -0.1p-21.28 -22.28 7 -5.18 +0.15 -0.22
-22.46 -23.46 9 -5.32 +0.13 -0.18-22.28 -23.28 7 -5.54 +0.14 -0.20
2346 2446 3  -578 +020 -0.38-23.28 -2428 10  -534 +0.12 -0.17
2546 -2646 1  -6.16 +0.52 -0.76-24.28 2528 2 594 +0.23 -053
20<z<25 I 25<z<30
AM Ngso Log®(B) ALog®(B) || AM Ngso Log®(B)  ALogd(B)
-20.90 -21.90 1 -5.65 +0.52 -0.7p
-21.90 -22.90 3 -5.48 +0.20 -0.38-21.55 -22.55 3 -5.45 +0.20 -0.38
-22.90 -23.90 4 -5.76 +0.18 -0.30-22.55 -23.55 4 -5.58 +0.19 -0.34
-23.90 -24.90 4 -5.81 +0.18 -0.30-23.55 -24.55 3 -5.90 +0.20 -0.38
-24.90 -25.90 2 -5.97 +0.23 -0.58-24.55 -25.55 2 -6.11 +0.23 -0.53
-25.90 -26.90 2 -6.03 +0.23 -0.56-25.55 -26.55 1 -6.26 +0.52 -0.76
3.0<z<4.0 I
AM Ngso Log®(B)  ALog®(B) ||
-21.89 -22.89 4 -5.52 +0.19 -0.
-22.89 -23.89 3 -5.86 +0.20 -O.
-23.89 -24.89 7 -5.83 +0.14 -0.
-24.89 -25.89 3 -6.12 +0.20 -O.

v0T

NOILONNS ALISONINNT NOV T—3dAL SAAA IHL — 8§ ¥ILdVHD



Table 8.2.Best fit models derived from the? analysis of the combined sample VVDS+SDSS-DR3 in the réifstnige 00 < z < 4.0 assuming a flatn+ Qa = 1)
universe withQ,, = 0.3. For comparison we list also the parameters found by Ritshat al. (2005), for the 2dF-SDSS (2SLAQ) sample in the rfidstinge

0.4 < z< 2.1, in the same cosmology.

Sample - Evolution Model «a B M* KaL koL A kip kop o* X v
2SLAQ (Rich05) -3.28 -1.78 -22.68 1.37 -0.32 - - - 5.96E-7 - -
VVDS+SDSS-PLExvar -3.83 -1.38 -2251 123 -0.26 0.26 - - 9.78E-7 130.4 69
VVDS+SDSS - PLE+PDE -3.49 -1.40 -23.40 0.68 -0.073 - -0.97 .3:0 2.15E-7 914 68
o X> v

Sample - Evolution Model «a B M* pl p2 s Z0 Mc
VVDS+SDSS - LDDE -3.29 -20 -2438 654 -137 021 2.08 -B7.2.79E-8 64.6 67

s31av] 47

=10)
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Chapter 9

Conclusion

In this work we have studied the properties and the evolutifoa spectroscopic type-1
AGN sample collected by the VVDS. The sample consists of 1BAEN at 0< z <5
and constitutes an unprecedented opportunity to expl@edhety of properties of the
entire AGN population. This sample presents two major athges with respect to other
existing samples:

e The BLAGN have been selected on the basis of only their speetrfeatures, with
no morphological and/or color selection biases.
The absence of these biases is particularly important iesrgample because the
typical non-thermal AGN continuum can be significantly masly the emission
of the host galaxy at the low intrinsic luminosity of the VVI2&N. This makes the
optical selection of the faint AGN candidates very difficuding the standard color
and morphological criteria. Only spectroscopic surveythaut any pre-selection
can therefore be considered complete in this luminositgean

e The limiting magnitudes (Iag = 22.5 and |ag = 24 for the wide and deep sample,
respectively) represent the faintest limit ever reached amwng the existing
spectroscopically selected samples of AGNh terms of number of objects, depth
and covered area, only photometric selected samples arparabie to the one
presented here.

The main results found in this study are here summarized:

(i) We tested the classical ultraviolet-excess presalad¢gchnique based on three color
bands by applying this methaa posteriorito our sample and we concluded that
classical optical preselection techniques are signifigamider-sampling the overall
BLAGN population in deep samples. In fact, by comparinguheg, g—r color
distribution of our AGN population witlz < 2.3 andlag < 22.5 with the usually
adopted photometric selection criteria on stellar-likgeots, we find thatv 35%
of the AGN present in our sample would be missed by the usuakkiéss and
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morphological criteria used for the preselection of optf@&O candidates in this
redshift range. Most of the extended VVDS BLAGN are belowrtdshiftz= 1.6,
a redshift range where 42% of VVDS BLAGN are extended.

(i) After a comprehensive analysis of our selection fumetiwe measured the surface

density of BLAGN in the sky: we find 472 48 BLAGN per ded with a magnitude
Iag < 24. A turn-over is observed in the differential number cewuattag ~ 21.5;

These results have been published in Gavignaud, I.; Bongiok. et al., 2006

(iif) Because of the absence of morphological and colorctiele, our sample shows

(iv)

(v)

redder colors than those expected, for example, on the béglse color track
derived from the SDSS composite spectrum and the differensgonger for the
intrinsically faintest objects. Thanks to the extendedtirwévelength coverage in
the deep VVDS fields in which we have, in addition to the opt\wdDS bands,
also photometric data from GALEX, CFHTLS, UKIDSS and Spitxee examined
the Spectral Energy Distribution of each object and we fiit@dth a combination
of AGN and galaxy emission, allowing also for the possipibf extinction of the
AGN flux. We found that both effects (presence of dust andaroitation from the
host galaxy) are likely to be responsible for this reddepawgn if it is not possible
to exclude that some of the faint AGN are intrinsically reddm particular, we
found that for~44% of our objects the contamination from the host galaxyois n
negligible. The fraction decreasest@1% if we restrict the analysis to a bright
sub-sample (Mys0 <-22.15).

We derived the luminosity function in the B-band foklz < 3.6, by applying the
usual I/Vmaxestimator (Schmidt, 1968), which gives the space densitjritutions

of individual objects. Moreover, using the expressionendly derived by Hopkins
et al. (2007), we computed also the bolometric luminosityction for our sample.
This allows us to compare our results also with other sangakested from different
bands. Our data sample the faint part of the bolometric lositg function better
than all previous optically selected samples and are in ggoeement with all the
other samples, selected in different bands, and thus alkkotmé model fit derived
by Hopkins et al. (2007).

Our data, more than one magnitude fainter than previquiga surveys, allow
us to constrain the faint part of the luminosity function uphigh redshift. A
comparison of our data with the 2dF sample at low redshif (2 < 2.1) shows
that the VDDS data can not be well fitted with the PLE modelsvédrby previous
samples. Qualitatively, this appears to be due to the fattdbr data suggest the
presence of an excess of faint objects at low redshi@t €1z < 1.5) with respect
to these models. This is in agreement with the results, tckund by a growing
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number of observations at different redshifts, in soft aaddhX-ray bands. They
have found in fact evidences of a similar trend and they hapeoduced it with a
luminosity-dependent density evolution parameterizatiSuch a parameterization
allows the redshift of the AGN density peak to change as atiomof luminosity
and explains the excess of faint AGN that we found atd H< 1.5.

(vi) By combining our faint VVDS sample with the large sammé bright AGN
extracted from the SDSS DR3 (Richards et al., 2006b), we dotiat the
evolutionary model which better represents the combineuiasity functions, over
a wide range of redshift and luminosity, is an LDDE model,iknto those derived
from the major X-surveys. The derived faint end slope at )+ -2.0, consistent
with the value derived by Hao et al. (2005) studying the eiarsne luminosity
function of a sample of Seyfert galaxies at very low redshift

(vii) By integrating the luminosity function correspondirto our best fit model (i.e.
the LDDE model), we derived the comoving AGN space densitg &sction of
redshift for different luminosity ranges. We found that tteenoving AGN space
density shows a shift of the peak with luminosity, in the setimt more luminous
AGN peak earlier in the history of the Universe (i.e. at higregshift), while the
density of low luminosity ones reaches its maximum latex. @t lower redshift). In
particular, in our best fit LDDE model the peak of the spacesdgmanges from z
~ 2 for Mg < -26 to z~ 0.65 for -22< Mg < -20. This effect had not been seen
so far in the analysis of optically selected samples, priyblabcause most of the
optical samples do not sample in a complete way the faintesinlosities, where
the difference in the location of the peak becomes evident.

These results are presented in Bongiorno, A.; Zamoranit @l 2007 (to be submitted)

Although the results here presented appear to be alreadgtrdbe larger AGN sample
we will have at the end of the still on-going VVDS survey 300 AGN), will allow
a better statistical analysis and a better estimate of thenpsters of the evolutionary
model.
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