The sub-mJy radio population in the
Extended Chandra Deep Field South

Margherita Bonzini

Menchen 2014






The sub-mJy radio population in the
Extended Chandra Deep Field South

Margherita Bonzini

Dissertation
an der Fakulat fer Physik
der Ludwig{Maximilians{Universsit
Meinchen

vorgelegt von
Margherita Bonzini
aus Mailand, Italien

Meinchen, den 2 Juni 2014



Erstgutachter: Prof. Dr. Joseph Mohr
Zweitgutachter: PD Dr. Klaus Dolag
Tag der meindlichen Prafung: 17 Juli 2014



Ad M.D.G.



Vi




Contents

1.2 Thefaint radio SKY . . . . . oo v 5
[1.2.1 _Astrophysical continuum radio emission mechanisms . . . . . . .. 5
lL.2.2  Active galactic nUCIi . . . . . . . ... 6
[L.2.3 Star forming galaxi€s . . . . . .. ... 16
1.3 AGN-host galaxy connectidn . . . . . .. ... ... 2
' S e 27
2_Radio observations and source catalog | 31
24 ntroductiod . . . ... ... 32

N e e e e 41
V2 42
[2.3.3  Multiple Component SOUICES . . . . « v v v v e e 47

2.3.4 _Source FIUXDENSIY . . . . o oo v 48
235 FinalCatalof . . . . . oo ve e 49

2.4 Summary and DISCUSSION . . . . . o v v v e 52

2.A_Multiple-Component Source Images . . . . . . . .o oo oo 58




viii CONTENTS




Contents iX




Contents




List of Figures

1.2_Radio number counts at 1.4 GHz. . . . . . . . 4
lL.3__Synchrotron spectral energy distribution. . . . . . . ... ..o ... 5
1.4 Radio and FIR emission in M82. . . . . . ... ................ 7
[1.5__AGN continuum SPECIIUMN . . . « « v v o e e e e e 8
1.6 Unied model of AGNS. . . . . i it it it 12
11.7_X-ray spectra of AGNs with increasing absorption. . . ... ....... 13
1.8 [Lacy et al. (2004) IRAC COIOF SPACE. . . « « « o s e 15
1.9 |Stern et al. |(200|5) IRAC color spade. . . . 15
Y. 17
11.11 Optical-to-FIR SED of a typical forming galaxy. . . . .. ... 18

11.13 Cosmic history of black hole and stellar mass growth. . . . ... ...... 23
11.14 Bimodality of galaxy optical colors. . . . . . .. ............... 24

1.15 Chandra X-ray image of the Perseus cluster core.. . . . . . ... ....... 25
11.16 Example of detection of kpc scale AGN driven outows. . . . . . ..... 26

12.5__Number of radio sources as a function of SNR. . . . . . . .. .. .. .. 55
2.6 _Images of multi-component SOUICES. . . . . . v v v v v vt 58
13.1 _ Flux density distribution) . . . . . . . . . o 65

3.5__Multi-wavelengths cutouts at the position of the radio sources. . . . . . . 75

13.6__Cutouts of radio sources with complex radio morphology. . . . . .... .. 77




Xii List of Figures

xamples of the optical-to-FIR D ftingl . .. ... ... ........ 135
Radio power versu R luminosity fo detected berschel . ... 137
omparison of the SFR derived from FIR and radio luminosity. . . . . . 140
5.4 SFR from the full photometry and UV-to- ontlcal dataratiol . ... . ... 142

Relative fraction of source s a faction oflog R) M 151

[5.10 SER comparison for the mock cata ag .......... [ 153




List of Tables




Xiv List of Tables




Zusammenfassung

Tiefe Beobachtungen im Radiobereich ermeglichen einen Blick auf @kt schwarze Lecher
(.black holes\, BH) und auch Gebiete aktiver Sternentstehung, 6tar formation\, SF),
ohne dass die Beobachtungen durch den Staub in Galaxien beeintusgerden. Daher
sind Radiobeobachtungen ideal, um deren Entwicklung und eine medie gegenseitige
Beein ussung von BH und SF Aktivilat uber kosmische Zeiten hinwg zu untersuchen.
Radioastronomie gewinnt darum fur die Erforschung von Galaxiemévicklung zunehmend
an Bedeutung. Dies ist auch bedingt durch die zahlreichen neuen Raahlagen, die im
Bau oder in Planung sind. Um das Potential dieser neuen Instrumentzu maximieren, ist
es essentiell Vorhersagen damndber zu machen, was wir beobacdhtverden und zu erfahren,
wie wir die Radiodaten am besten mit Multiwellenlangendaten erganze

Das ist die Motivation meiner Doktorarbeit, in der ich eine Auswahl vor900 Ra-
dioquellen untersucht habe, die in einer der tiefsten jemals durctigierten Radiodurch-
musterungen detektiert wurden. Die Beobachtungen wurden bé&i4 GHz mit dem Very
Large Array auf dem,Extended Chandra Deep Field South\durchgefahrt. Ich habe em
Multiwellenangenmethode entwickelt, um die optischen und infrar@n Pendants dieser
Radioquellen zu identi zieren und sie als radiolaute ¢adio loud\, RL) aktive galaktische
Kerne (,active galactic nuclei\, AGNSs), radioleise (radio quiet\, RQ) AGNs und Galaxien
mit aktiver Sternentstehung (,star forming galaxies\,SFGs) zu klassi zieren. Als erste war
es mir meglich, die jeweiligen Anteile dieser verschiedenen Klassen aneflen bis zu einer
Flussdichte von nur 30 Jy zu bestimmen.

Ich charakterisierte die Galaxieneigenschaften (Sternmassetisghe Farben, Morpholo-
gie) der Radioquellen; RQ AGN Galaxien und SFGs sind ahnlich bezagliother Scheiben-
morphologie und der blauen Farben, wahrend RL AGN Galaxien masgk, mter und meist
elliptisch sind. Dies legt nahe, dass RQ und RL Aktivitat auf zwei vershiedenen Entwick-
lungsstufen der BH Galaxien Koevolution statt ndet. Die RQ Phase ndet frsher statt,
wenn die Galaxie noch gasreich ist und aktiv Sterne bildet, wahrendHB& erst als Radio-
guelle aktiv werden, wenn die Galaxie bereits den Groteil ihrer Sterppulation gebildet
hat, der Gasvorrat gesunken ist und die SF erheblich zunackgeggen ist.

Ich quanti zierte die Sternentstehungsrate (star formation rate\, SFR) der Radio-
quellen durch zwei unabhangige Indikatoren, die Radio- und die Fanfrarotleuchtkraft.
Ich habe Belege gefunden, dass der Hauptanteil der Radioemission RQ AGNs durch die
SF Aktiviiat der Galaxie entsteht. Dieses Ergebnis em net die benerkenswerte Meglichkeit,
den Radiobereich des Spektrums zu benutzen um die SFR auch in Gaaxmit hellen,
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RQ AGNs abzuschatzen, bei denen die optische bis mittlere Infrair Emission vom AGN
dominiert sein kann. Ich habe gezeigt, dass tiefe Radiodurchmustegen benutzt werden
kennen um die kosmische Sternentstehungsgeschichte zu esétren; Ich habe den Antell
des sogenannten, Starburst\-Modus an der gesamten SFR-Dichte abgeschatztnal das
Vorkommen von AGNSs in Galaxien mit verschiedenem Grad an SF quantiert.



Abstract

Deep radio observations provide a dust unbiased view of both blackld (BH) and star
formation (SF) activity and therefore represent a powerful toldo investigate their evolution
and their possible mutual in uence across cosmic time. Radio astromy is therefore
becoming increasingly important for galaxy evolution studies thankalso to the many new
radio facilities under construction or being planned. To maximise thegbentiality of these
new instruments it is crucial to make predictions on what they will oberve and to see how
best to complement the radio data with multi-wavelength information

These are the motivations of my Thesis in which | studied a sample of ®@@ources
detected in one of the deepest radio surveys ever made. The osgons have been
performed at 1.4 GHz with the Very Large Array on the Extended Candra Deep Field
South. | developed a multi-wavelength method to identify the optidainfrared counterparts
of the radio sources and to classify them as radio-loud active galechuclei (RL AGNS),
radio-quiet (RQ) AGNs, and star forming galaxies (SFGs). | was abl®r the rst time to
guantify the relative contribution of these di erent classes of sages down to a radio ux
density limit of 30 Jy.

| characterized the host galaxy properties (stellar masses, oglacolors, and morphol-
ogy) of the radio sources; RQ AGN hosts and SFGs have similar prapes with disk
morphology and blue colors while radio-loud AGN hosts are more massivedder and
mostly ellipticals. This suggests that the RQ and RL activity occurs atwo di erent evo-
lutionary stages of the BH-host galaxy co-evolution. The RQ phaseccurs at earlier times
when the galaxy is still gas rich and actively forming stars while the raaol activity of the
BH appears when the galaxy has already formed the bulk of its stellpppulation, the gas
supply is lower, and the SF is considerably reduced.

| quanti ed the star formation rate (SFR) of the radio sources usg two independent
tracers, the radio and far-infrared luminosities. | found evidendhat the main contribution
to the radio emission of RQ AGNSs is the SF activity in their host galaxy. Tis result
demonstrates the remarkable possibility of using the radio band te&mate the SFR even in
the hosts of bright RQ AGNs where the optical-to-mid-infrared emson can be dominated
by the AGN. | have shown that deep radio surveys can be used tously the cosmic star
formation history; | estimated the contribution of the so-called "g&rburst" mode to the
total SFR density and quanti ed the AGN occurrence in galaxies withdi erent levels of
SF.
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Chapter 1

Introduction

Understanding the role of active galactic nuclei (AGNSs) in shaping thproperties of their
host galaxies is one of the crucial issues in galaxies formation andlation studies. Many
di erent approaches are possible to tackle this problem; some warlconcentrate on a
limited number of objects investigated in great details, while othersave a more statistical
approach studying large samples, like the one considered in this TisesA key ingredient for
both methods is a multi-wavelength analysis as di erent spectral wdows reveal di erent
physical processes and are therefore crucial for a comprehemyiew of the problem. For
this reason, in this introduction | will present the multi-wavelength poperties of AGNs
and active galaxies and the evidences for their coeval growth assocosmic time.

Moreover, since the sample studied in this Thesis has been selectennf one of the
deepest radio survey up to date, | will rst summarize the history bextragalactic radio
astronomy. We are at the beginning of a "golden era" for radio agsinomy as many new
radio facilities have been planned or are currently under construoh. Therefore, the multi-
wavelength analysis presented in this Thesis represents an impartaeference showing the
issues and the potentiality of the upcoming radio surveys, in synsgrgvith panchromatic
studies, in studying the evolution of active galaxies and black holes.

1.1 Extragalactic radio sources

1.1.1 Historical introduction

The beginning of radio astronomy corresponds to the Karl Janskyserendipitous discovery
of a strong radio signal from the center of the Milky Way, back in thesarly 30s', while
he was studying the causes of disturbances to radio telephone ocaumications. However,
it was only after the end of the Second World War that radio detects were used and
built speci cally for studying the cosmic radio emission. After our galetic center, the rst
resolved radio source was Cygnus A in 1946 (Hey, 1946) but its asation with a distant
galaxy was recognized only some years later (Baade & Minkowskib%9. Indeed, the major
challenge for radio astronomers at that epoch was to identify theptcal counterparts
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Figure 1.1: Optical image of 3C 273 with contours showing the radio jet.

of the radio sources in order to understand their nature. The iswork suggesting an
extragalactic origin of the radio emission is Bolton et al. (1949) wher®vo bright radio
sources were identi ed with external galaxies. However, progsesvas slow because of the
poor source position accuracy and only in the mid '50s, the associatiof high latitude
radio sources with "radio galaxies" was widely accepted.

Starting in the 60s', with the increased used of interferometric tedeopes, large samples
of radio galaxies were matched with optical observations and useat tosmological studies.
In particular, radio astronomers realized they could use faint radisources to discover the
highest redshift objects. The radio source 3C 295 at z=0.46 (Minkskl, 11960) remained
for ten years the most distant galaxy known and only forty years tar the record of the
highest redshift source was obtained in surveys other than at radwavelengths (e.@n,

).

The year 1963 represents an important cornerstone for radiotesomy; the optical

counterpart of a bright radio source, 3C 273 (Fig[_1l1), was iden&d with a 13 magni-

tude object at a redshift of 0.16 |(Schmidt, 1963; Hazard et al., 19% Its corresponding
optical luminosity was some hundred times brighter than any radio dgxies previously
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identi ed. Also the spectrum of 3C 273 was peculiar showing a broadle of the Balmer
series lines and a "ultraviolet excess" when compared with normalass. Hence, it was
soon realized that the source of this unusual emission must be a nastrophysical object
(Hoyle & Fowler,!1963) later identi ed with an active galactic nucleus AGN; Lynden-Bell,
1969). After 3C 273, many other "quasi-stellar objects” (QSOr "quasars" were discov-
ered both as radio counterparts or thanks to their ultraviolet (UV excess|(Sandage et al.,
1965). Because of their huge luminosity they could be detected up high redshift and
became crucial for cosmological studies. One example was the rdleasly radio surveys in
the debate on the Steady State versus evolving Universe, as | witptain in the following
section.

1.1.2 Radio source number counts

One of the easiest cosmological tests is the measurement of tharse counts, i.e. the
cumulative distribution of the number of sources ) brighter than a given ux density

limit ( S). Indeed, in a static and uniformly lled (Euclidean) Universe, the nunber of
sources out to a distanc&® would beN / R® and the ux density would scale asS/ R 2.

This implies that N / S 32 and in di erential form dN=dS/ S 2.

Early radio surveys (e.g. the Cambridge 2C survey; Shakeshaft at, [1955) measured
instead a steeper slope of the source counts; this implied an evolatidn number or
luminosity, of the sources and therefore it provided evidence againthe non-evolving,
Steady State cosmological models (Ryle & Scheuer, 1955).

These rst observations were sensitive only to the most luminousd# sources &1 .J)E])
and it was only with the development of new radio facilities, the best exple of which is
the Very Large Array (VLA), that radio surveys reached unpreedented sensitivity down
to the sub-mJy level (Windhorst et al.,| 1984| Fomalont et al., 1984; @don, 1984). At
such depth, the shape of the source counts does not depend amythe cosmology, but it
is the result of the sum of the contributions from the di erent radiopopulations, each of
which can have an independent evolution (Wall, 1994).

To illustrate that, a recent compilation of several radio surveys ai.4 GHz down to
the sub-mJy level is shown in Fig. [1]2; the dierential counts are naomalized to the
"Euclidean" form, i.e. multiplied by S?®. Reading the plot from right to left, the rise
above 1 Jy is due to the strong evolution of powerful radio sources discussed above.
The presence of a peak is a combination of the evolution reaching aape@tz 3 and the
geometry of the Universe[(Wall, 1994). Below 1 mJy a attening in theaumber counts
has been observed (Windhorst et al., 1984; Fomalont et|al., 1984;r@on,|1984) and was
interpreted as the signature of the rise of another radio populatio star forming galaxies
(SFGs). However, determining the relative contribution of radio ABls and SFGs in the
sub-mJy regime remained an open issued for more than twenty ysaand it was one of
the key goals of this Thesis. Deep radio observations as well as ayvgood understanding

1The Jansky (Jy) is the ux density unit used in radio astronomy corr espondingto 1026 Wm 2 Hz 1
inSlor10 2 ergs*cm 2 Hz !incgs.
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Figure 1.2: Euclidean normalized number counts of radio sources at 1.4 Bz combining di erent

radio surveys (adapted from| de Zotti et all,[2010).
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Figure 1.3: Synchrotron SED: at low frequency self-absorption is impotant and the spectral
index is =5=2, after the turnover at 1 the spectrum decline as (P =2 peing in the optically
thin regime.

of the multi-wavelength properties of both SFGs and AGNs are regqed to tackle this
problem.

Therefore, in the next section | will rst brie y describe the radio emission mechanisms
that contribute to the continuum radio emission in the di erent astrophysical sources. |
will then summarize the observational characteristics of active dio sources across the
electromagnetic spectrum, and illustrate the main physical modelsgposed to explain the
observations.

1.2 The faint radio sky

1.2.1 Astrophysical continuum radio emission mechanisms

The main mechanism of radio continuum emission in both AGNs and SFGstise syn-
chrotron emission. Synchrotron radiation is produced when relatstic particles (usually
electrons) are accelerated in a magnetic eld. In SFGs cosmic-raetrons are accelerated
in supernova (SN) explosions of massivéi(> 8 M ) stars, while in AGNs the electrons
are accelerated in relativistic jets powered by the accretion ontosaipermassive black hole.
The resulting spectrum of a population of electrons depends on thenergy distribution
N (E). The typical energy distribution of the cosmic-rays electrons is power-law of the
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form:
dN(E) = CE PdE (1.2)

where p is the spectral index. In a constant magnetic eld, that produces synchrotron
spectrumF () that is also a power-law:

p 1

F()/ = (1.2)

The observed ux density S( ) of astrophysical system emitting synchrotron radiation in
the optically thin regime is thereforeS( ) / , with = (p 1)=2 (see right side of
Fig. [L.3). In the wavelength range 1{100 am, the median value ofobserved in SFGs and
AGNs is 0.7.

At low frequencies the emission becomes optically thick and synchram self-absorption
causes a turnover in the spectral energy distribution (SED). Inhe optically thick regime,
the spectrum starts decreasing with decreasing frequency 86 ) / 2% (see left side
of Fig. [1.3). The typical frequency of the turnover in astronomidaradio sources ranges
from 0.1-10 GHz. At the opposite side, at high frequencies, a spedtsteepening has been
observed in some AGNs. The reason is that the highest-energy &legs radiate away their
energy via synchrotron radiation most rapidly { E?), thus depleting the high-energy end
of the emitted spectrum.

In SFGs, thermal Bremsstrahlung (or free-free) radiation alsaatributes about 10% of
the total radio emission (see Condon, 1992, for a review) . The Bmestrahlung emission
is due to the energy loss of a free charge accelerated in the poi&nof protons or ions.
It arises from HIl regions ionized by massiveM > 15M ) stars and as it falls down less
rapidly (/ 1) than the synchrotron emission, it becomes dominant at mm-waveigths
(see Fig.[T.H).

For a more detailed description of the astrophysical radiation meahisms see Shu
(1992).

1.2.2 Active galactic nuclei

Active Galactic Nuclei (AGNs) are a class of objects that, from the@bservational point
of view, can be de ned as apparently stellar sources with non-theal spectra and high
bolometric luminosity (& 10* erg s ') that, in some cases, can exceed that of the host
galaxy. The source of energy is the accretion of material onto apgrmassive black hole
(SMBH) located in the central region of the host galaxy. An AGN emé radiation at all
wavelengths, from radio to X/ -rays. Thanks to their brightness, they can be detected
up to cosmological distances and, for this reason, they o er thepportunity of studying
the Universe up to ten billions years ago and of tracing their evolutioacross most of the
Hubble time.

AGNs display a variety of properties, which explains the historical c#si cation in
several classes often without recognizing the common physicalgor. Many of the ob-
served di erences were then explained as the result of their di emé orientation with re-
spect to the observer, leading to the so called AGNs Uni cation Scivee (Antonucci, 1993;
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Figure 1.4: The observed radio-to-far-infrared SED of the star forminggalaxy M82 (symbols)
modelled as the sum (solid line) of synchrotron (dot-dashedine), free-free (dashed line), and
dust (dotted line) emissions.
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Urry & Padovani, 1995). More recently, as AGN studies have beesxtended to higher
redshift and to a wide range of luminosities, it has been suggestecatrsome properties
might also depend on their evolutionary stage and on the rate of filiag on their central
engine. The extent to which these various factors play a role is cently a topic of active
research.

In the following | will rst present the main features of the typical pectral energy distri-
bution (SED) of an AGN and later discuss the di erent structural @mponents responsible
for the wide range of phenomena observed.

AGN spectral energy distribution

The AGN emission spans from -rays to the radio, with almost equal power per decade
of frequency. Closer inspection reveals a number of features agsdand bumps in their
SED; the most notable ones, ordered by decreasing frequency, (are the following (see
Fig. I.5):

100 pm 10 um 1 pm 1000 & 100 & 124 keV  124keV  124keV
I I I I I I I I

—— AGN confinuum
------ STHT‘"!'['I et cn T‘I"Ipﬂ'l"l ant
0.5
---- Dusy torus
—-——-  Accretion disc

— — llotcorona

|
- l(
\.
i
I.I'
//l 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

_E 0.0 —-—--  Reflectior fromdisc
]
£
m:b
> 05 kY
O )
. \ BN
-1.0 ! .
; ; L x./ Vg
:I .'II l,.". 1,I 1
Co ; =| | "5 ; (N
1 H ' J |
-1.5 ) . : 1l L . l ) L L] L
12 14 16 18 20
log v (Hz)

Figure 1.5: Schematic representation of an AGN continuum spectrum inaliding a possible source
for each emission component. Image obtained by J. Manners atle basis of the mean spectrum
of a sample of quasars from_Elvis et &l.[(1994).

The X-rays continuum above 2 keV can be modelled to rst order with a power law
of the form F / , With 0:7. Here,F is the source ux density (measured
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inergcm 2sec! Hz ) and s the spectral index. An excess of emission, relative
to an extrapolation from the previous power law, between 0.2-1 keV is observed
in some AGNSs. It is referred to as \soft X-rays excess" whose aingis still matter

of debate: either thermal emission, as expected by gas heateddhypcks induced by
AGN out ows or episodes of intense star formation, or emission fmgas photoionized
by the AGN primary emission. At about 200 keV an exponential eneygcut-o is
often present (Perola et al., 2002). Harder spectra (i.e. with laeg ) are observed
in case of absorption due to gas along the line of sight. The X-ray speim shows
heavy elements emission lines at low-ionization stage. The most proem is the
iron feature at 6.4keV.

The so called \Big Blue Bump" dominates the SED from 1000A to at least 4000
A. Whether this feature extends further into the extreme UV is unlear because
our Galaxy becomes opaque at wavelengths between100 A and 912 A due to

absorption by neutral hydrogen. Beyond the peak, the spectnu declines in the
optical towards the IR as a power law with spectral index 1=3. AGNs can

present rich atomic emission and absorption lines spectra. Based ttve di erences

in the optical-UV regime AGNs can be divided into two categories, typé& and type

2 AGNSs. In type 1 AGNSs, the UV bump is clearly visible and some emission éa

have a broad component. In Type 2 galaxies, the spectrum appsaedder and the
host galaxy stellar light dominates these wavelengths. Moreovehd emission lines
in type 2 AGNs lack the broad component.

The \near-infrared in ection" appears as a dip between 1 m and 1.5 m and is
almost the only continuum feature with a well de ned wavelength (Negebauer et al.,
1987).

The \infrared bump" is a broad feature between the 1 m in ection and 100 m,
whose emission is generally comparable in strength to the Big Blue Bump

The \submillimeter break" marks a sharp drop in emission at & 100 m. The exact
location of this feature and the size of the drop vary within the AGN ppulation.

A small fraction of AGNs (< 10%) have also strong radio emission in many cases with
extended double-lobes morphology.

AGN structural components

The large amount of energy necessary to reach the extreme boéint luminosity (Lyo)
observed in the brightest AGNs [,  10% erg s ) and the wide frequency range covered
by the emission require an extremely e cient mechanism of energy @duction. Moreover,
the short time-scale variability observed in optical and especially in thX-rays bands (e.g.
Turner, 1988) suggests that energy is generated in a very conspaegion.
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Among the models proposed, the most commonly accepted one ide the central
engine of the nuclear activity with the gravitational accretion of m#ter onto a SMBH
(Mgy > 10°M ).

In the optically thick case, accretion takes place in a geometrically ith disc of plasma
which extends from the last stable orbit around the black hole outwds. The plasma ro-
tates around the black hole following approximately circular orbits| (Rakura & Sunyaev,
1973) and dissipative processes redistribute the angular momemtwvithin the disc caus-
ing the disc material to move to progressively narrower orbits untilt is accreted on the
central compact object. The accretion disc has a radial tempétae pro le of the form
T / R 3#(Shakura & Sunyaev, 1973; Lynden-Bell & Pringle, 1974) and the\Woptical
emission in AGNs can be in rst approximation be interpreted as theria disc emission
with a power-law shape:F / 123 More complex models suggest that the UV-optical
emission arise from reprocessing X-rays in the disc (Begelman, 1994

In the inner regions, a corona of hot optically thin plasma above theigst can scatter
photons from the accretion disc through inverse-Compton scaiting up to X-ray energies,
thus potentially explaining the emission in the X-ray band|(Maraschiteal., 1991).

In some AGNSs relativistic jets originate close to the BH and extend ufp tens of kpc,
and, in some cases, up to Mpc scales. Jets can have di erent emstics; the weaker ones
decelerate closer to the central SMBH, often still inside the hostafaxy, while the most
powerful jets propagate into the interstellar and intergalactic méium before originating
large scale radio lobes. The physical origin of the radio jets and theason why they
are so powerful in some AGN and absent in others is one of the fumdental problems of
high-energy extragalactic astrophysics.

Most of the AGNs also show high ionization lines in their spectra, whicheveal the
presence of gas, probably photo-ionized by the radiation comingifn the accretion disc.
This gas is supposed to be arranged in optically thick clouds that swund the central
black hole. The clouds motion is governed by the gravitational potéal of the SMBH.
The direction of this motion is randomly oriented, causing a Gaussiarrdmdening of the
emission lines. The line width is proportional to the mean velocity of thgas clouds. Based
on the width of the observed emission lines, two distinct regions car identi ed around
the AGN core:

The Broad Line Region (BLR); it is composed of clouds which are close the
accretion disc (1 parsec). The ionized gas has relatively high orbital velocity and
thus is associated with the broad emission lines component obseruedype 1 AGNSs.
The BLR is characterized by high temperaturesT  10°K, and electron column
densities, Ne 10° *?cm 3. Since the gas is prevalently Hydrogen this density is
equivalent to the number density of atoms. In such a condition no ffieidden line can
be observed since the frequent collisions cause their de-excitation

The Narrow Line Region (NLR); it is made of clouds situated at larger idtances
from the nucleus (10-1000 parsec). Here the clouds have smallelogities providing
the narrow lines component in the spectra observed in both type hatype 2 AGNs.
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Typical values for temperatures and densities are 3& and 10> 4 cm 3, respectively.
Narrow permitted lines and forbidden lines are supposed to be emittén this NLR.

To explain the strong emission in the IR (infrared bump), many modelpropose the
existence of large amounts of dust that, heated up by the accrat disc, thermally re-
emits the received energy at these wavelengths. The exact distriton and characteristics
of this dust are still unclear. | Antonucci (1993); Urry & Padovani(1995) proposed that
this obscuring material could be present in all AGN types and that is rasotropically
distributed around the SMBH. This anisotropic dust structure is ugally referred to as
dusty or molecular torus. When the accretion disc and the BLR areeen directly the
object is classied as type 1 AGN. Only when the line of sight from theare to the
observer intercepts the torus, the nucleus is obscured and th&A is classi ed as type 2.
As the dust is optically thick the emission from the accretion disc andhe hot corona will
be absorbed producing a suppression of both the big blue bump artX-rays emission in
these sources. The lack of broad lines in obscured sources suggdhat the dust surrounds
also the BLR. This model was referred to as \uni cation scheme" lause it was the rst
attempt to explain the di erent AGN classes as manifestation of di eent aspects of the
same phenomenon. A schematic visualization of the model is reprasd in Fig. [L.6.

A separate category of AGNs that is worthy to mention are the soalled "low-excitation”
radio AGNs (see Heckman & Best, 2014, for a review). In these soes, the accretion onto
the SMBH occurs at a low rate and it is radiatively ine cient. It has been proposed that
the optically thick accretion disk described above is absent or truated in the inner regions
of these AGNs. The accretion take place in a geometrically thick adst@n-dominated ac-
cretion ow (e.g.,Narayan & Yi, 1994 ,1995; Narayan & Quataert, @05;Ho/2008) and the
bulk of the energetic output is released from relativistic radio jetsThe radiative emission
is low but can partly ionize the NLR and weak, low-ionization lines are sagtimes observed
in the optical spectra.

AGN selection methods

As described in the previous sections AGNs emit across the whole gl@magnetic spectrum
with almost constant energy density. However, AGN samples seledtin di erent spectral
windows can be very di erent and with little overlap between each ottr. The main reasons
for that are: (i) the possible presence of dust, in the torus or in & host galaxy, along
the line of sight that obscure part of the AGN emission, especially at\WJoptical and soft
X-ray frequencies. Therefore, AGN samples selected from thesgectral windows tend to
be biased towards type 1 objects. (ii) The intrinsic di erences in AGNbroperties, like the
presence of radio jets. (iii) The contamination from stellar light that especially in low
luminosity AGNs, can hide the presence of the active BH. Therefqror a complete AGNs
census a multi-wavelength approach is needed.

Here, we summarize the most commonly used methods for selectinGMs, from the
longer to the shortest wavelength, underlying the strengths ankmnitations of each.

X-ray:
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Figure 1.6: Schematic representation of the main elements of an AGN aceding to the uni cation

scheme (adopted from |(Urry & Padovani, 1995)).

The most complete and less biased way of identifying AGNs is the hardrdy se-

lection. AGNs are the only astrophysical sources that can reactery high X-ray

luminosity. Hence, usually a cut in unabsorbed X-ray luminosity at 18 erg s ! is

considered as a threshold dividing AGNs and SFGs (e.g., Szokoly et aD0#). Even

in the current deepest X-ray observations (4 Mdhandra exposure_Xue et al., 2011)
only 35% of the detected sources are non-AGNSs.

However, when optically thick dust is present along the line of sighthe soft (0.5-2
keV) X-ray emission is progressively suppressed for increasingabation and the X-
ray spectrum become "harder" (see Fid._1.7). Some sources, #wecalled "Compton
thick" (CT) AGNSs, are so obscured that they cannot be detectedeither in the hard
(2-10 keV) X-ray band (e.g.. Comastri & Fiore| 2004; Brandt & Hasger, 2005) and

higher energy surveys would be necessary.

The major problem of selecting AGNs in the X-ray is that to reach thesensitivity
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Figure 1.7: X-ray spectra of AGNs with increasing absorption; di erent colors correspond, from
top to bottom, to a logarithm of the column density of 20.5, 21.5, 22.5, 23.5, 24.5, 25.5 cn?,
respectively (fromUeda et al., 2014).

necessary to detect moderately luminosity AGNs at high redshifiz( 2), very long
observing time is needed. Therefore, deep X-ray observationg amly available in
pencil beam observation on small area of the sky.

Optical:

As mentioned in sectiorn_1.1]1, one of the rst methods used to identibright quasars
was based on their optical colors| (Sandage & Luyten, 1969). Irete AGNs are
usually bluer compared to normal galaxies and a combination of multimy optical
data can be used to select large samples of AGNs candidate fromiogt surveys like
the Sloan Digital Sky Survey (SDSS Fan, 1999; Richards et al., 200This selection
method is biased towards type 1 sources and it is strongly depentdem the AGN
luminosity relative to its host galaxy. Moreover, the contamination fom stars can
be high and therefore spectroscopic follows up are often needed.

The gas in the BLR and NLR, photo-ionized by the accretion disc radii@n, emits
strong emission lines that can be used to identify AGNs. The presenof broad
lines in the optical spectra is a clear AGN signature since only in the pamity of
the BH the gas clouds can have such high velocities. However, in typeAGNSs the
view to the BLR is blocked by the dusty torus and only narrow lines argisible in
the spectra. As also young stars can photo-ionize the surroundigas, the detection
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of narrow emission lines is not su cient to conclude on the presencd an AGN.

However, SFGs and AGNs have di erent relative line strengths andao therefore be
distinguished. Many diagnostic methods based on line ratios, such the Baldwin,

Phillips & Terlevich (BPT) diagram (Baldwin et al.; 1981), have been propsed in
the literature (e.g., \Kau mann et al., 2003; Smott et al!, [2006;Best & Heckman,
2012). However, the spectral coverage of the optical spectraakes the BPT selec-
tion possible only for local sourcesz(. 0:5). Moreover, in case of low luminosity
type 2 AGNs these methods become highly incomplete as the host gglamission
dominates at optical wavelength.

Mid-infrared:

The MIR bands can be used to select AGNs because the radiation etmit by the ac-
cretion disk is absorbed by the surrounding dust and thermally rendtted at longer
wavelength. The pick emission is around 20-30m that is at higher frequency com-
pared to the emission from star heated dust, at few hundredsm, as the AGN
radiation is so intense that heats the dust grains up to their sublimain tempera-
ture. As a consequence, the AGN spectrum in the 2-20 rest frame wavelength
range has a power-law behaviour.

Instruments particularly powerful in identifying AGNs thanks to their MIR spectral
shape are the Infrared Array Camera (IRAC;_Fazio et al., 2004) anthe Multi-band
Imaging Photometer for Spitzer (MIPS; Rieke et al.,|2004) both on board of the
Spitzer space telescope launched in 2003. IRAC observes in four bands .&t 3.5,
5.8, and 8.0 m and MIPS at 24, 70 and 160 m, thus probing the full AGN heated
dust emission regimes Selection methods that employ color cuts in trepresentation
of IRAC color-colr space have been proposed by Lacy et al. (20@4)d |Stern et al.
(2005) and are widely used in the literature (see Fig.—1.8 afd1.9).

Other diagnostics are based on the MIR to optical ux ratios and h&e been shown
to be powerful tool for identifying CT AGNSs that, as explained abog, are elu-
sive to X-ray selections/(Martnez-Sansigre et al., 2005; Yan et @aR007; Daddi et al.,
2007b; Fiore et al., 2008; Polletta et al., 2008; Pope etlal., 2008; Fiateal., |2009;
Luo et al/,12011).

The major problem of these traditional MIR diagnostics is the containation from
non-AGN sources|(Hatziminaoglou et al., 2005; Donley et &l., 2008)amly high red-
shift SFGs (see Fig[[1l8 and1l.9). Therefore, more strict criteria select AGNs using
the IRAC color space have been de ned and provide relatively cleanGAN samples
(e.g., Donley et al., 2012, and reference therein). However, thiswmenethod has a
completeness that is a strong function of the AGN luminosity goingdm 75% for
AGN with X-ray luminosity > 10* erg s ! to <20% as the AGN luminosity decrease
(Donley et all,2012).

Radio:
As already discussed in sectian_1.1.2, the bright radio sky is dominatieg jet emission
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from AGNs. Therefore, large radio surveys can provide numerogamples of RL
AGNs. However, RL AGNs are only a tiny fraction € 10%) of the AGN population
and therefore the bright radio sky o ers a highly biased prospects On the other
hand, some AGNs (low-excitation sources) do not show any othegsature of activity

in other bands rather than the radio (e.g., Evans et al., 2006; Hardstle et al., 2007a)
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and hence a radio identi cation is the only way to select them. Del Mar et ali (2013)
have interestingly pointed out that the selection of "radio excess$ources, that is
sources with a smaller far-infrared-to-radio ratio compared to mmal galaxies, can
be a powerful way to nd the most obscured CT objects that eludalso X-ray surveys
(see above), as the radio band is almost una ected by dust extinonh. At low ux
densities & 1 mJy), a radio selected sample becomes strongly contaminated G
and identifying AGNs using only the radio information becomes more alienging
(e.g., [Padovani et al., 2009; Bonzini et al., 2013). However, it is only e sub-
mJy regime that the bulk of the AGN population, the radio quiet AGNs,become an
important fraction of the radio source population. | refer to Chager 4! for a detailed
discussion on the classi cation of faint radio sources.

In summary, optical surveys are used to select large samples of M&as deep opti-
cal observation are less challenging compared to other wavelergythHowever, they are
highly biased towards dust unobscured sources and thereforeetmost e cient and clean-
est method to identify AGNs remains the hard X-ray band selectionNevertheless, MIR
and radio observation are necessary to complement the AGN ceasmith heavily obscured
sources. In addition, low excitation radio-loud AGNs can often be gnidenti ed via the
detection of their radio jets as the emission from both the accretiodisk and the corona
can be extremely low or absent.

1.2.3 Star forming galaxies

As described in Section1.112, deep radio surveys belowl mJy detect not only radio
AGN but also SFGs.

A SFG is a galaxy with recent or ongoing formation of new stellar popuians from
the collapse of dense gas clouds. Since the most massive stéts> 8M ) of a stellar
population are short lived, with typical lifetime of 3 10’ years, they progressively disap-
pear as the galaxy ages if they are not continuously replaced by ngenerations of stars.
Therefore, the observation of massive stars is a direct evidenderecent episodes of star
formation activity in the galaxy.

These young massive stars leave several imprints in the overall SEDa galaxy; as
they are hotter (10,000{30,000 K) compared to low-mass starshey emit the bulk of
their radiation in the optical-UV. Consequently, SFGs appear bluerampared to "passive"
galaxies which are dominated by an older stellar population (see Fig.I)10Moreover,
the strong radiation from hot stars ionizes the surrounding gas riming HIl regions and
generating strong recombination lines (mainlyH ,H ) and forbidden lines ([Oll] and
[Olll]) often observed in the optical spectra.

However, as SFGs are usually rich in gas and dust, the materials frowhich stars
form, both the UV radiation and the line ux can be obscured to the bserver. In case of
strong dust extinction, the continuum appear redder with restsme optical colors similar
to those of passive galaxies. The dust is also responsible for anotineportant feature of
the SED of typical SFGs, that is a prominent peak of emission betwee0 and 200 m
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Figure 1.10: Model of spectral evolution of a single stellar population glaxy with solar compo-

sition (Bruzual & Charlot, 2003). Ages from top to bottom are 4 Myr, 10 Myr, 50 Myr, 200 Myr,
1 Gyr, 3 Gyr, and 10 Gyr. As the galaxy gets older, the optical pectrum become progressively

redder.

(see Fig.[1.10). It is due to the reprocessed UV star light that is absbed by the dust and
re-radiated at longer wavelength, in the FIR.

Other typical characteristics of the SFG SED are: (i) the presercof emission features
associated with the polycyclic aromatic hydrocarbons (PAHS), pduced in star forming
regions and observable at =3.3, 6.2, 7.7, 8.6, 11.3 and 12./m in the MIR rest frame
(@13). (i) A power law shape, without signi cant intrinsic absorption in the X-ray bands
(0.5{10 keV; e.g.LN_QLman_e_t_dl.L_ZQ_dM). This X-ray emission is mainly due the combined
emission of young SN remnants, hot plasma associated with starrfong regions, and the
accretion in low and high mass X-ray binaries (LXRB and HXRB) (e.g., Aabiano,19809;
Grimm et al/, 2003; Fabbiano| 2006).

Finally, as already described in Section1.2.1, the radio continuum of 66 is dominated
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Figure 1.11: Optical-to-FIR SED of the star forming galaxy M82; the optical continuum is
reddened by dust attenuation and the NIR (around 1 m) is dominated by the emission from
more evolved stars. Inthe MIR ( 3 12 m), prominent PAH features are present and, at longer
wavelength, the peak of the dust emission is observed arounto0 m (SED from [Polletta et al.|

2007, library).

by the synchrotron radiation ( 90%) associated with SN remnants and by the free-free
emission ( 10%) of gas photo-ionized by massive stars (see Hig.]11.4).

From the morphological point of view, SFGs have typically disk-like m@hology, with
rotationally supported stellar kinematic. At higher redshift z > 1), the SFG disks are
often characterized by a clumpy structure as, being richer in gabdn in the local Universe,
gravitational instability naturally leads to large turbulence and giantstar-forming clumps
(Genzel et al., 2011, and reference therein).

Star formation rate indicators

The star formation rate (SFR) is the rate at which stars are beingofmed in a galaxy.
The typical SFR of local SFGs is a few solar masses per year, butrexhe systems with
thousands of solar masses per year are also observed, especialiyga redshift (see next
section). Measuring the SFR of galaxies across cosmic time is impaoittéo study how and
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when galaxies build up their stellar mass (see also Sectlonl1.3). Mostled methods used
by astronomers to measure the SFR are aimed estimating the youstgrs abundance in a
galaxy. Assuming an initial mass function (IMF), that is the mass disibution of the stars
formed from a gas cloud, it is then possible to convert it to the totaBFR of the galaxy
(Kennicutt] 1983). As described in the previous section, youngast leave direct or indirect
signatures at almost all wavelengths and therefore, in principle, arspectral window could
be used as SFR indicator. However, converting the information deed from one band to
the intrinsic SFR is all but trivial and it is further complicated by some gstematics such
as the contamination from AGNs or the uncertainties on the IMF (e.g Calzetti, 2008;
Kennicutt & Evans, 2012;/ Lutz,/2014, for reviews.).

Here, | briey summarize the SFR indicators most commonly used in #hliterature,
highlighting strengths and possible weaknesses of each of them.

Ultraviolet continuum emission: only hot, short-lived, young stars mit a signi cant
fraction of their radiation in the UV. Hence, the UV luminosity is in prindple a
good tracer of recent star formation (e.gl, Wuyts et al!, 2011b). ddvever, dust at-
tenuation also peaks in the UV and causes both extinction and speait reddening
and it is therefore necessary to correct for these e ects. In difion, a correlation
between dust attenuation and SFR has been observed, implying tithe most active
galaxies requires the largest corrections (Wang & Heckman, 19%eckman et al.,
1998;| Calzetti,| 2001; Hopkins et al., 2001; Sullivan etlal., 2001; Buettall, 12002;
Calzetti et all, 12007; Buat et al., 2010).

Another strong source of uncertainty in UV-based SFR measuremis is the possible
contamination from AGNSs radiation as the accretion disk emission algeaks at these
wavelengths.

Optical lines: the strength of recombination lines produced in HIl igions, and in par-
ticular of the H that is usually the strongest, is a measure of the ionizing radiation
from young stars. Optical spectroscopy has been therefore wig used to estimate
the SFR and the conversion factor between line uxes and SFR haween carefully
calibrated (e.g., Kennicutt, 1998a; Rosa-Gonalez et al., 2002; Heicutt & Evans,
2012). However, the major limitation of these methods is that line eéssion must be
corrected for dust attenuation and, in the case of forbidden lingfor variations in ex-
citation and metallicity (e.g., Moustakas et al.| 2006). In addition, thee diagnostics
are usually limited to low redshifts (z. 0.5) unless using near-infrared spectroscopy
(Roseboom et al., 2012, 2013)

Infrared thermal emission: this method is somehow complementaty the previous
ones as it is based on the measurements of the UV light absorbed I tdust and
re-emitted in the FIR. The total FIR luminosity, de ned as the integrated luminos-
ity between 8 and 1000m, is therefore a calorimetric measurement of the SFR (e.g.,
Kennicutt, 1998a). Infrared telescopes likéRAS , Spitzer, and in particular Her-
sche] have been used to measure the peak of the dust emission in largesas of
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galaxies, both at low and high redshift, allowing a good calibration of th method
(e.g.,.Domnguez Sanchez et al., 2012; Rodighiero et lal., 2011; Non et al.,|201B).
However, a fraction of UV light might escape the dust without being lzsorbed and
hence the FIR must be added to the uncorrected UV emission to @bh the total
SFR.

Nevertheless, recent work based dferschel observations has shown that the FIR
luminosity provides a good estimate of the SFR especially for the higkdshift Uni-
verse where, due to the larger fraction of dust in SFG, the fractioof escaping UV
photons is often negligible (e.gl, Lutz, 2014, and reference therein

The two major sources of contamination come from the contributroto the total FIR
luminosity from dust heated by the AGN or by more evolved stars (e.gNetzer et al.,
2007;/ Hatziminaoglou et al., 2010; Mullaney et al., 2012; Mor & Netze2012). An-
other possible problem associated with this method is the relatively po angular
resolution of single-dish, space-based telescopes that leads fmidaource confusion
when used for deep surveys.

Radio continuum emission: The synchrotron emission associated witiN remnants
is also linked to the young stars|(Helou et all, 1985; Condon, 1992).vea if not

completely understood from the theoretical point of view, a veryight empirical

correlation between the radio and FIR luminosity, known as radio{FR correlation

(RFC), has been observed (Kennicutt, 1998b) and hence the uskthe radio lumi-

nosity as SFR indicator has been well calibrated (e.g., Yun et al., 2008ell, 2003)
The advantages of the radio band are that it is almost una ected bgust extinction

compared to UV-optical bands and that its higher angular resolutio compared to
current FIR images reduces the source confusion. One possiblelgpem is the con-
tamination from the AGN emission, as for almost all the other methasl | addressed
this issue in my Thesis and | refer to Chaptel]5 for a more detailed disgsion.

Hard X-ray emission: The hard (2{10 keV) X-ray band is also almostna ected by
dust extinction and the emission in this band in SFGs comes mainly fromdh mass
X-ray binaries, which couples to young stellar population (e.g., Normeet all,|2004).
Therefore, it can be used as SFR tracers even if the scatter is largcompared to
other SFRs indicators like the FIR or the radio (e.g., Ranalli et all, 200®addi et al.,
2007b; Vattakunnel et al., 2012, and Chapterl5). Since AGNs argang emitters in
the hard X-ray band, this method can be applied only to galaxies with active black
holes.

Main sequence and starburst galaxies

In the large majority of local SFGs, the SFR correlates tightly with he stellar mass of
the galaxy, over more than two decades in stellar mass and with only30dex dispersion
(e.g.,.Salim et al., 2007; Noeske et al., 2007). These galaxies are tloeescharacterized
by the same speci c SFR (sSFR), that is the SFR divided by the stellamass, and form
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the so-called "main-sequence” (MS) of star forming galaxies. Also ligher redshift, the
correlation holds with almost the same slope as in the local Universetlithe normalization
of the MS is about a factor of 7 higher at redshift 1 and a factor of 20 higher az 2
(e.g.,Daddi et al., 2007a; Elbaz et all, 2007; Pannella et al., 2009; Rddego et all,[2011;
Wuyts et al), 2011aj Peng et dl,, 2010). This implies that the typicalSFR has rapidly de-
clined with cosmic time causing the dramatic drop in the overall star fmation rate density
(SFRD) of the Universe (e.g.,| Lilly et al.; 1996; Madau et al., 1998; Le Fith et all,[2005;
Magnelli et all,|2009). One of the biggest astrophysical open issig understand what is
responsible for such fast decline. The simplest approach is to assuthnat the level of SF is
regulated by the amount of cold gas available in the galaxy, which impli¢isat the decrease
of the normalization of the main sequence corresponds to the aattrdecrease of cold gas
in galaxies (e.g., Boucte et al., 2010; Lilly et al|, 2013). For the causé the decrease in
gas content the main mechanisms proposed in the literature are kae-driven winds, AGN
mechanical or radiative feedback (see next section for more déty or a combination of
the two.
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Figure 1.12:SFR versus stellar mass for a large sample of galaxies dividén three redshift bins.
The color code represents the Sersic inde@ 3n parameter that describes the intensity
pro le of a galaxy, which is generally lower for disk-like gdaxies and larger in elliptical galaxies.
In all panels, the MS of SFGs, characterized by disk morpholgy, is clearly visible and well
approximated by a constant slope that increases with lookbek time (white line). Below the MS,
a Eoiulation of passive, mostly elliptical galaxies is obswed at all epochs. (from,

).

A minority of SFGs are characterized by very high sSFR compared tbe MS galaxies
and are often refereed to as "starburst" galaxies. They wereigmnally identi ed through
their extreme IR or mm luminosity (e.g., Sanders & Mirabel 6) andra hence some-
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times referred to as luminous IR galaxies (LIRGL,g 10 10'L ), ultra-luminous IR
galaxies (ULIRG;L,g > 10'L ) or, at higher redshift, as sub-millimetre galaxies (SMG)
(e.g., Tacconi et al., 2008). These galaxies are often associatedhwdisturbed morphol-
ogy, signature of the occurrence of a recent major merger ($igns et al.| 1988; Elbaz et al.,
2007; Tacconi et al., 2008; Daddi et al., 2007a, 2010b; Engel et @D.10).

These observations suggest the existence of two di erent modefstar formation: in
MS galaxies star formation occurs on long time-scales L 2 Gyr) and is usually extended
over the whole galaxy disk. In starbursts instead the consumptioof gas is much faster
( 0:01 01 Gyr), possibly triggered by episodic violent events like major mergeand
star formation is concentrated in dense regions (Daddi et ial., 208,0Genzel et al.| 2010).

What is the contribution of the starburst mode to the total SFRD is another open
guestion. Recent work based ohrlerschel observation has shown that starburst galaxies
represent only 2% of the star forming galaxy population at I5< z < 2:5 and contribute
to less than 10% to the total SFRD |(Rodighiero et al., 2011)/ Gruppio et al. (2013)
estimated a starburst contribution about two times larger but thisresult was based on
shallower observations. In the same work, the evolution of the réike contribution of MS
and starburst to the SFRD is found in qualitative agreement with thaexpected from the
models of Sargent et al. (2012) and Bethermin et al. (2012). Thesmodels predict a fast
rising of the starburst contribution up to z 1 followed by a attening at higher redshift.
However, stronger observational constrains are still needed.

In this Thesis, | demonstrated how deep radio surveys can repeges a powerful tool to
study the evolution of the SFRD, as will be detailed in Chaptel]5.

1.3 AGN-host galaxy connection

As already mentioned above, one fundamental question in modersti@physics is whether
AGN activity may play a role in shaping the properties of its host galaxy From the
energetic point of view, an AGN has a binding energy that largely exeds the one of its
host galaxy. If only a few per cent of the AGN energy output could @ently couple to
the surrounding material, then the whole galaxy could be blown awabik & Rees, 1998).

There are many observational evidences of a coeval growth oetlSMBH and their
hosts. The most famous is the tight correlation observed in the lolcbiniverse between
the mass of the BH and the mass of its host galaxy bulge (see Kormdgn& Ho, 2013, for
a review),thus suggesting some mechanisms of AGN feedback thelf-segulate the BH
growth or in uence the conversion of gas in stars, for example guehing or triggering the
SF.

AGN feedback is also invoked to solve problems in galaxy formation sikations (e.g.
Springel et al.,| 2005). For example, the mass function (MF) of galees, i.e. the total
number of sources with stellar mass in a certain mass bin as a functiohmass, predicted
by cosmological simulation shows an excess of galaxies at the high snasd compared
to the observed distribution (e.g., llbert et al., 2010, 2013). In théeedback scenario, the
AGN may inject momentum and radiation in the inter-stellar medium (I9) preventing
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the cold gas to further collapse and form stars thus reconciling tbeetical predictions and
observations.
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Figure 1.13: The cosmic history of black hole growth and stellar mass groth. The average
black hole accretion rate is compared to the SFR as a functiorof redshift, where the latter is
given by Hopkins & Beacom (2006) and Fardal et al. (2007), sdad by the factor 0.8 10 3. The

shaded grey area shows the 3uncertainty region from Hopkins & Beacom (2006). Figure fran
Shankar et al. (2009)

The cosmic histories of SFG and AGN also show many similarities; bothd¢lAGN and
SF activity peaked atz 2 and then progressively decline (see Fig. 1113 and previous
section). In addition, the evolution of both seems to follow the scatted "downsizing"
meaning that the most massive galaxies and most luminous QSOs fodmest while smaller
systems and less luminous AGN are more common at lower redshift aeet all, | 2003;
Hasinger et al., 2005; Barger et al., 2005).

Furthermore, AGN feedback has been proposed to explain the eipged strong bi-
modality in the galaxy population optical colors (Strateva et al., 2001Hogg et al.,| 2002;
Baldry et al., 2004 Peng et al., 2010; Schawinski etlel., 2014). Indeevhen optical colors
are plotted against stellar masses as shown in Fig._1.14, galaxies divitd@ so-called "red
sequence" with passive and relatively more massive galaxies and a &tloud" populated
by smaller galaxies with younger stellar population. The much lower numer density of
galaxies in the region in between, the "green valley", implies the existee of a mechanism
that rapidly quenches the SF in blue clouds galaxies and bring them intbe red sequence.
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AGN feedback seemed a good candidate given the large fraction @Ms detected in the
"green valley" (e.g.,.Nandra et al., 2007; Schawinski et al., 2007).
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Figure 1.14: Optical U{R color vs. stellar mass for SDSS galaxies. A strog bimodality is
observed with red massive galaxies forming the so-called &d sequence" in the upper part of the
plot and less massive, bluer galaxies in the "blue cloud" ontie bottom left.

Finally, another observational evidence supporting the idea of a moection between
the AGN and SF activity is the correlation of the AGN fraction with the IR luminosity,
and consequently with the SFR, of its host. While AGNs are a small feéion of the overall
galaxy population atL ;g < 10, they are more than 50% in ULIRG (e.g/, Kartaltepe et al.,
2010) suggesting that the AGN activity is linked to the strongest strburst events. A pos-
sible scenario explaining these observations has been proposed biBtteo et al. (2005)
and (Hopkins et al., 2008). Both the AGN and the intense SF are trigged by a gas rich
major merger that provides fuel both to form new stars and to & the black hole. In this
phase, due to the large amount of dust present in the system, t&N is often heavily
obscured. The strong radiation from the AGN will then clean the swoundings quenching
on one hand the star formation and on the other hand removing thebscuration of the
AGN itself.

So far, | described only indirect evidences of possible AGN feedbduk more direct
observations of the in uence of the AGN on the surroundings haselen detected. They are
usually divided in two categories according to the source of energyat could be either
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mechanical, often referred to as "radio"” mode, or radiative and inhis case it is called
"quasar" mode feedback.

Radio mode feedback

Figure 1.15: Chandra X-ray image of the Perseus cluster core.

In the radio mode the source of feedback are radio jets. They cprovide mechanical
energy, which shocks onto the surrounding material, removing oreéting it and hence
preventing its collapse. Radio mode feedback as been observed loa $cale of galaxy
clusters where the radio jets from the central elliptical galaxy in & cavities into the X-
ray emitting hot gas halo that lls the potential well of the cluster (see,Z, for
a review and Fig.1.1b).

However, it is less clear if radio jets can e ciently deposit their enengon kpc scales and
hence impact the SF activity of the galaxy. IFU spectroscopy hagvealed that the jets of
powerful (> 10?® W Hz! at 1.4 GHz) RL AGNs can drive massive out ows of ionized and
cold gas in the proximity of the AGN (< 10kpc) (Nesvadba et al., 2006, 2007, 2008, 2010).
However, as jets are collimated, it is still a matter of debate if theyan have an impact
on large scales especially in the direction perpendicular to the jet pragation direction.
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Recently, simulations of radio jets propagating in a structured, niti-phase I1SM predict
that the radio jet can deposit signi cant amounts of energy on kpscales and therefore
can be responsible for the SF suppression in the galaxy (Wagner & Biell, 2011).

Quasar mode feedback

The source of energy in the so-called quasar mode feedback is tH@NAradiation. Sev-
eral models predict the presence of fast winds launched from theceetion disk of the
AGN that generate shocks against the surrounding gas (King, 2B0Menci et al.,| 2008;
Zubovas & King, 12012). The shocks drive out ows which could proggte out to large
(kpc) distances and may clear galaxies of most interstellar gas, peating star forma-
tion (Zubovas & King, 2012), or over-compress the dense gas atrtgger a starburst
(Zubovas et al., 2013), depending on the characteristics of thersaunding material.

Figure 1.16: Example of detection of kpc scale AGN driven out ows. The VLT-SINFONI map
shows the narrow component of H with contours tracing the [OIlll] velocity shift (left panel )
and velocity dispersion (right panel) in the luminous quasa 2QZJ002830.4-281706 at z = 2.4.
Star formation, traced by H , is heavily suppressed in the region where the strongest oww is
traced by [OIlll] (from Cano-Daz et al.,| 2012)

Several observations have con rmed that out ows are ubiquitosiin AGN hosts. How-
ever, as also star formation processes can drive out ows, vialtie winds of SN explosions,
it is often di cult to disentangle these phenomena from AGN-driven wnds. X-ray and UV
absorption line studies revealed out ows with velocities of thousasdkm/s or even higher
in the proximity of high-accreating AGNs (e.g., Crenshaw et al., 199€hartas et al., 2002;
Tombesi et al., 2010). It is unlikely that stellar processes can a¢emte the gas up to these
very high velocities and it is believed that AGN activity is required to driwe these out ows.
However, these winds are con ned on pc scales and therefore it & wbvious the impact
they may have on the overall SF of the host galaxy. More recentlAGN-driven out ows
have been observed on scale of several kpc (see Hig. 11.16) via héglelution IR and
mm spectroscopic studies (Alexander et al., 2010; Feruglio et al., 20Bturm et all,[2011;
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Rupke & Veilleux, 2011; Cano-Daz et al., 2012; Harrison et al., 201&icone et al., 2014,
Ferster Schreiber et al., 2014; Harrison et al., 2014) Hence, tlgeis accumulating evidence
that radiatively-driven winds powered by AGNs can have an impact othe global SF in

their host. What is still poorly understood is the link between AGN prperties, e.g. its

accretion rate or radio luminosity, and the characteristics of theud ows.

1.4 The content of this Thesis

In the following, | briey summarize the content of the next Chaptes, highlighting the
original results of this Thesis.

Chapter 2 This Chapter presents the radio survey and the sample used in this
Thesis. The Very Large Array (VLA) observations of the Extendd Chandra Deep
Field South (E-CDFS) are described, and particular attention is dedated to the
compilation of the 5 rms source catalog. It includes 883 sources down to a ux
density limit of 32.5 Jy and therefore represents one of the deepest radio samples
up to date. | signi cantly contributed to the identi cation of the ex tended and multi-
component sources. It required an analysis of the sources masfgy and the search
for their multi-wavelength counterpart. The compilation of the souce catalog, the
rejection of spurious sources, and an accurate computation detsource ux densities
are essential to investigate the populations that contribute to th radio sky.

Chapter 3 A multi-wavelength approach is crucial when dealing with deep radio
images as most of the sources are unresolved and little informaticencbe extracted
by a single frequency catalog. Therefore, at the beginning of Chap 3, | describe
the wealth of multi-wavelength data available in the E-CDFS, from theX-ray to
the MIR. The main topic of this Chapter is the identi cation of the optical-to-MIR
counterparts of the radio sources. | adopted a likelihood ratio thnique in order to
minimize the number of spurious matches. As a result, | found a caenpart for
94% of the radio sources. Interestingly, 26% of them are not deted in the optical
and 21% are only detected in the MIR. These sources are particulaimportant as
they might represent a population of high redshift, heavily obscudesources that are
easily missed by optical or X-ray surveys. Being the radio band almasa ected by
dust obscuration, it provides a more complete census of the dusiscured Universe.

Once identi ed the counterpart of the radio sources, it is then exemely important
to associate a redshift to each object. Indeed, only knowing thésthnce of the radio
source it is possible to derive its intrinsic properties like the radio poweTherefore, |
collected and combined spectroscopic and photometric redshift anfation from the
literature, together with newly acquired spectra. That allowed med reach a redshift
completeness of 81% for the identi ed source, with 35% of specompic redshifts.
Finally, in this Chapter | also describe the X-ray properties of the rdio sources
and the stacking analysis performed for the X-ray undetected waes. | found that



28

1. Introduction

objects with counterpart only in the MIR tend to have hard X-ray gectra supporting
the hypothesis that they are heavily obscured objects.

Chapter 4 The method developed to disentangle the di erent classes of soescthat
populate the radio sky is described in this Chapter. In more details,dassify sources
as SFGs, RQ AGNs and RL AGNs combining radio, MIR and X-ray data. Aseries
of other methods commonly used to identify AGNs (e.g., optical spiea and colors,
X-ray variability, etc.) are considered and used to validate my appexh. The VLA
sample splits in 60% of SFGs and 40% of AGNSs further divided in about half of
RQ and half of RL AGNs. The relative contribution of the di erent classes to the
total radio population is investigated as a function of radio ux densy. As expected,
while at high ux densities the RL AGNs constitute the large majority, SFGs become
the dominant population below 0.1 mJy. For the rst time, | also caretlly quantify
the contribution of RQ AGNSs to the total of the AGNs nding that it is increasingly
important going to fainter ux densities becoming the majority below0.1 mJy.

| also derived the physical properties of the radio sources in terna§ morphology,

stellar masses and optical colors. | found that SFGs and RQ AGNs Ve similar

galaxy properties being preferentially characterized by lower massand bluer colors
compared to RL AGNs. They have late type morphology while the RL AGSs are

more likely to be hosted by elliptical galaxies. This suggests that RQ drRL AGNs

represent two di erent stages of an evolutionary scenario whetee RQ phase occurs
at earlier times when the host galaxy is gas rich and is still actively forimg stars

while the onset of the RL activity happens later in an already quenchegalaxy.

Chapter 5 The Chapter focuses on the study of the star formation activity irthe
host galaxies of the radio selected sources. In the rst part, | @hated the SFR from
their FIR luminosity, constrained usingHerschelphotometry. This is then compared
with the SFR as traced by the radio power. | found very good agreeent, with 0.2
dex of dispersion, between the two independent SFR tracers assofour orders of
magnitude in luminosity for both SFGs and, more interestingly, for RQAGNs. With
this result | con rmed the hypothesis that the major contribution to the radio power
in RQ AGNs comes from the SF activity in their host galaxies rather tha from the
accretion onto the BH. This is not the case for RL AGNSs that indeedcsitter o the
correlation due to the strong contribution from radio jets to the adio luminosity.

In the second part of the Chapter, | estimated the occurrence starburst galaxies
and its evolution across cosmic time both in my radio ux density limited ample
and, using an empirical model, for the underlying stellar mass seledgtpopulation.
In the latter, starburst galaxies represent a tiny fraction of theotal SFGs population
(< 10%) but their importance increases with redshift. Moreover, | tond that while
the majority of the RQ AGNSs live in main sequence galaxies, their relagvfraction
increases in the starburst sources. This is consistent with the segio of a common
triggering mechanism of both the burst of the SF and the BH activityby an episodic
event like a major merger.
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Chapter 6 In this last Chapter | summarize the main results and propose furtr
developments of this Thesis.
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Chapter 2

The VLA 1.4 GHz Survey of the
Extended Chandra Deep Field South:
Second Data Release

Published as Miller, N. A.;Bonzini, M. ; Fomalont, E. B.; Kellermann, K. 1,;
Mainieri, V.; Padovani, P.; Rosati, P.; Tozzi, P.; Vattakunnel, S., 2013, Astrophysical
Journal Supplement Series, 205, 13

Abstract

Deep radio observations at 1.4 GHz for the Extended Chandra Deéjeld South were
performed in June through September of 2007 and presented in &t data release (Miller
et al. 2008). The survey was made using six separate pointings oétiery Large Array
(VLA) with over 40 hours of observation per pointing. In the currat paper, we improve
on the data reduction to produce a second data release (DR2) masimage. This DR2
image covers an area of about a third of a square degree and resch best rms sensitivity
of 6 Jy and has a typical sensitivity of 7.4 Jy per 28 by 16 beam. We also present a
more comprehensive catalog, including sources down to peak uxndgies of ve or more
times the local rms noise along with information on source sizes andemant pointing
data. We discuss in some detail the consideration of whether soesare resolved under the
complication of a radio image created as a mosaic of separate poinirgach su ering some
degree of bandwidth smearing, and the accurate evaluation of thex densities of such
sources. Finally, the radio morphologies and optical/near-IR couetpart identi cations
(Bonzini et al., 2012) are used to identify 17 likely multiple-componergources and arrive
at a catalog of 883 radio sources, which is roughly double the numbrsources contained
in the rst data release.
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2.1 Introduction

The ChandraDeep Field South (CDF-S) continues to be one of the most importanteep
elds for multiwavelength investigation of the cosmological evolutionf galaxies. Originally
devoted 1 Msec ofChandra integration (Giacconi et al., 2002), subsequent observations
have pushed ever deeper in X-ray ux by increasing the net expasu rst to 2 Msec
(Luo et al., 2008) and recently to 4 Msec (Xue et al., 2011). This makehe CDF-S the
most sensitive X-ray view of the universe, reaching sources withllfband (0.5 - 8.0 keV)
uxes down to 32 10 " erg s! cm 2. The area covered by relatively deep X-ray
observations has also increased over the initial survey, with an atidnal one Msec divided
among fourChandra pointings to produce the Extended CDF-S (E-CDF-S; Lehmer et al.,
2005). Likewise,XMM-Newton has observed the eld in increments over the past nine
years and has now accumulated over 3 Msec of integration in a regithat covers much
of the E-CDF-S. These data will provide quality X-ray spectra of dected sources (e.g.,
Comastri et al., 2011).

In addition to X-ray coverage,Hubbleand Spitzer have produced deep near-ultraviolet
through infrared data for the eld. The deepest images ever obiteed with Hubble are
located in the CDF-S, with the Hubble Ultra Deep Field using the Advanced Camera
for Surveys (ACS) to obtain deepF435V ( B), F606N ( V), F779V ( i), and
F850LP ( z)images (Beckwith et al., 2006) and more recently the Wide Field Caneer
3 (WFC3) instrument exploring the near-IR F109V (Y), F125V ( J), and F 160NV
( H) with a 192-orbit \Treasury" program (PI G. lllingworth). The Gre at Observatories
Origins Deep Survey (GOODS; Giavalisco et al., 2004) targets the CB& as one of its
two elds, using both Hubbleand Spitzerimages to study galaxy evolution across cosmic
time. Analogous to the widening of the CDF-S to the E-CDF-S in X-ragurveys, programs
have expanded the covered area usirtdubble (Galaxy Evolution from Morphologies and
SEDs, GEMS; Rix et al., 2004) andSpitzer (the Spitzer IRAC/MUSYC Public Legacy
Survey, SIMPLE, at near-IR wavelengths and the Far-Infraredeep Extragalactic Legacy
survey, FIDEL, in mid-IR; Damen et al., 2011; Magnelli et al., 2011). st recently, the
\Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey" (CRDELS) is capitalizing
on Hubbles WFC3 camera to provide deep near-IR imaging of several elds incling
the CDF-S (Grogin et al., 2011; Koekemoer et al., 2011). In terms aflocated orbits,
CANDELS is the largest project in the history of Hubbleand its three near-IR lters
will identify and characterize galaxies over the approximate redshifange 15 z
8. Spitzer observations continue with warm missiorSpitzer activity (e.g., the \ Spitzer
Extragalactic Representative Volume Survey," or SERVS Mauduit et al., 2012). Finally,
Herschelhas pushed the deep IR data into the far-IR portion of the speaim with the
GOODSHerschelprogram (Elbaz et al., 2011) and thederschelMultitiered Extragalactic
Survey (\HerMES;" Oliver et al., 2012).

Ground-based observatories have also supplied much ancillary datsoptical and near-
IR wavelengths. These programs includé H K ¢ imaging (Retzla et al., 2010) with the

1See also theSpitzer Extended Deep Survey, SEDSIfttp://www.cfa.harvard.edu/SEDS/index.html ).
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Infrared Spectrometer And Array Camera (ISAAC) of the Eurogan Southern Observa-
tory's Very Large Telescope (VLT) andU B V R | imaging from the Garching-Bonn Deep
Survey (Hildebrandt et al., 2006) using the Wide Field Imager (WFI) athe 2.2m La Silla
telescope. The E-CDF-S is also one of four elds covered by the Mwavelength Survey
by Yale-Chile (MUSYC; Gawiser et al., 2006), with this program using tl Cerro Tololo
Inter-American Observatory (CTIO) 4 m telescope and the MOSAT Il and ISPI instru-
ments to obtain deep coverage of the E-CDF-S region &t BV R 1 z°J H K. The
MUSYC project has also acquired medium-band imaging in 18 Iters usinthe Subaru
Telescope and used these along with the broad-band a8ditzerIRAC photometry to pro-
duce accurate photometric redshifts for tens of thousands oélgxies (Cardamone et al.,
2010). In addition to photometric redshifts, there are a host ofpectroscopic programs
providing critical spectroscopic redshifts and source classi catis. These have often been
associated with the GOODS program and capitalized on the VLT with tt FORS2 and
VIMOS instruments (Vanzella et al., 2008; Balestra et al., 2010, andssociated papers).
Many other spectroscopic campaigns have also targeted the eidcluding speci c target-
ing of radio-selected sources (e.g., Mao et al., 2012) and recentrésao expand the area
from the well-sampled GOODS region (essentially the CDF-S) to the ft80°by 30° E-CDF-
S (e.g., Cooper et al., 2012, using the Inamori-Magellan Areal Cameaad Spectrograph,
IMACS, on the Magellan-Baade telescope).

The eld has also received extensive attention at radio wavelengthslorris et al. (2006)
used the Australia Telescope Compact Array (ATCA) at 1.4 GHz to okerve a large (3.7
deg) area, with the E-CDF-S region reaching down to an rms sensitivityfo 15 Jy
per 17° 7%peam. Kellermann et al. (2008, hereafter KO8) used the Nationala@io
Astronomy Observatory (NRAO) Very Large Array (VLA) to obtain deeper and higher
resolution 1.4 GHz data (8 Jy rms noise per % 3% beam) in a eld centered on the
CDF-S. These latter data were exploited in a sequence of papers aptical counterparts
(Mainieri et al., 2008), radio-X-ray properties (Tozzi et al., 2009)and source populations
and evolution (Padovani et al., 2009, 2011a). In addition to 1.4 GHa/LA observations
at 5 GHz are presented in KO8 with an rms sensitivity of :8 Jy rms for a 35%° 3:5%
beam and Huynh et al. (2012) present an ATCA 5.5 GHz survey of the-CDF-S with a

12 Jy rms per 49%° 2:0%beam. At longer wavelengths, Ivison et al. (2010a) included
Giant Metre-Wave Radio Telescope data at 610 MHz (40 Jy rms noise for a &% 5:4%
beam) in their investigation of evolution in the FIR-radio correlation.

In June through September 2007, we observed the E-CDF-S withe National Radio
Astronomy Observatory (NRAO)? Very Large Array (VLA) under program code AM889.
The observations were performed at a frequency of 1.4 GHz anadhsisted of over 250 hours
of time (about 690 ksec time on source) spread across six separabintings. The survey
description, strategy, and initial image and catalog were presewten Miller et al. (2008).
The rapid turnaround time between data collection and publication wa motivated by the
strong community interest in the eld, which has been justi ed by the number of studies

2The National Radio Astronomy Observatory is a facility of the Nation al Science Foundation operated
under cooperative agreement by Associated Universities, Inc.
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which have relied upon the data to set or con rm the astrometry foobservations made at
other wavelengths (e.g., Truch et al., 2009; Wei et al., 2009; Scott al., 2010; Xue et al.,
2011), identify counterparts to sub-millimeter surveys (Coppin eél., 2009; Dye et al.,
2009; Biggs et al., 2011; Yun et al., 2012), extend the far-infrareddio correlation out
to cosmological redshifts (Ivison et al., 2010a; Bourne et al., 20IMao et al., 2011), and
identify and study star-forming galaxies and active galactic nucleiMoncelsi et al., 2011,
Vattakunnel et al., 2012; Fiore et al., 2012; Danielson et al., 2012).aNurally, this rapid
release of the calibrated radio images necessitated some minor compses. In regards
to the imaging of the data, these amounted to postponing some timand computational-
intensive techniques that produce slight improvements to the delptand cosmetics of the
resulting images. Similarly, the initial catalog was conservative in onlyajng to a 7
point-source detection limit and providing little detail about source morphology. In the
current paper, we present the second data release (DR2) asated with this program. It
incorporates these ner imaging techniques yielding a typical redtion in the rms noise
of about 0.5 Jy across the full E-CDF-S area, and this improvement plus movingta
5 detection threshold produces a deeper and more comprehensiug giill highly-reliable
source catalog.

We describe the details associated with the improvements to the imag in Section
2.2. In Section 2.3 we discuss the detection and characterizationsoiurces applied in the
construction of a source catalog, and brie y discuss the cataloga future directions in
Section 2.4.

2.2 Improved Imaging

2.2.1 Background

To x our terminology for the ensuing discussion, we provide a briefusnmary of the
observations. In order to cover the full E-CDF-S area at nearaiform sensitivity, we
pointed the VLA at six separate coordinate locations arranged in aelxagonal grid around
the adopted center of the CDF-S, (J2000) 032"28.0° 27 4830.00°° We refer to these as
\pointings" and often reference them with a numerical designatiofrom 1 to 6 starting due
east of the center coordinate and proceeding clockwise; Table 2.tlinles the numerical
designations and coordinate centers. Our observations were el over many days on
account of the low declination of the eld and typically amounted to ve hours of time per
calendar date. Thus, the full program consists of about fty of hese \tracks." We opted
to observe a single pointing on any given calendar date, meaning thedch pointing was
observed on at least eight separate dates. While this was done ldyg®r e ciency and
convenience, it also allows for a deep investigation of possible radiartsient populations
(Frail et al., in preparation). We refer those interested in the sumy strategy and design
to Miller et al. (2008, hereafter M08).



2.2 Improved Imaging

35

Table 2.1. Pointing Coordinates
Pointing ID RA(J2000) Dec(J2000) RMS
ECDFS 1 03:33:22.25 -27:48:30.0 10.9y
ECDFS 2 03:32:55.12 -27:38:03.0 9.4y
ECDFS 3 03:32:00.88 -27:38:03.0 9.7y
ECDFS 4 03:31:33.75 -27:48:30.0 9.9y
ECDFS 5 03:32:00.88 -27:58:57.0 10.0y
ECDFS 6 03:32:55.12 -27:58:57.0 9.3y

aRMS sensitivity for nal image associated with all
data for that pointing, prior to correction for primary
beam.

bOne observation intended for this position was er-
roneously o set to 03:33:22.25 -27:47:30.0. This o -
set observation is not included in the pointing 1 data
imaged to produce the indicated RMS sensitivity.

2.2.2 General Procedure

At the time of the observations the VLA was undergoing improvemes paving the way
toward full \Expanded" VLA (Perley et al., 2011) operations, a nowcomplete process that
includes the o cial renaming as the Karl G. Jansky Very Large Arrg. In general, these
modi cations to the array had little e ect, and the procedures forcalibrating and imag-
ing the data followed the standard prescriptions for deep, multi-emnel continuum VLA
observations at 1.4 GHz using NRAO's Astronomical Image Procesgirbystem (AIPS).
The most notable exception was the retirement of the original VLA antrol computers
on 2007 June 27, which led to slight errors in how theu(v;w) coordinates were written
at various times during the range of dates covering our observati®. For the rst data
release, we relied upon the AIPS task UVFIX to recalculate theu(v; w) data based on the
antenna positions which are included among the data tables assoe@twith each observa-
tion. Several of the observations were also aicted by a glitch whicleversed the channel
indexing for brief periods of time, and we xed this error using a seguce of existing AIPS
procedures. Finally, in a few instances the most-recently retra¢d EVLA antenna had
incorrect system temperature values which produced spuriouslyrdge weights that we had
to manually adjust down to more representative values.

Each of these problems has now been corrected in the NRAO Datachive, and in this

second pass at data calibration and imaging we essentially starteddm scratch.” We re-
obtained the raw (u; v; w) data from the Archive, and followed the same general procedure
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of data editing, calibration, and imaging as was described in M08. Onemor improvement

was the inclusion of a very small amount of extra data relative to thgprevious reduction.

As VLA antennas are retrot to become EVLA antennas, they areplaced on a \master
pad" for testing. There were some times during the course of oubgervations when such
antennas were included in the array and we were able to calibrate budata and include

it in our current imaging. Although we mainly started from scratch awl paralleled the

previous reduction procedure, we did have one signi cant savinghe presence of rst data
release deep images associated with each pointing. These were tsesklf-calibrate the

(u; v; w) data after the initial data edits and amplitude and phase calibration

The basic sequence of initial steps is identical to that presented inQ8. For each
observing track, we inspected and edited the calibratou(v; w) data (3C48 and J0340-213).
These data were then used to establish the bandpass calibratiorsifuy 3C48), ux density
scale (from 3C48, with J0340-213 bootstrapped to 3C48), and gge calibration (using
J0340-213) for the target data. After application of the calibrabns, the (u;v;w) data for
the target were inspected and edited to remove obvious errorshé@ resulting (u; v; w) data
were then self-calibrated on phase using the deep individual pointiriglages created for
the rst data release. We proceeded to then image the data, subtt the determined clean
components, edit the resulting source-removedi;(v; w) le to ag obvious interference and
data errors, and then return the clean components. Once all thiata associated with an
individual pointing were thus calibrated and edited, we combined thermto single, deep
(u; v; w) data set associated with that pointing.

These combined single-pointing datasets were then imaged and sdbgd to further
self-calibration and editing. First, we applied a strong taper to the \(;v;w) data and
generated a wide- eld, low resolution map. Over this image we laid theid of 127 facets
arranged in a \ ys-eye" pattern that would be used in our imaging, vth these smaller
facets allowing for correction of image distortions caused by skyreature. Each of these
facets was 512 512 @% pixels, and the ys-eye thus covered about 82n diameter { not
quite out to the rst null of the VLA primary beam at 1.4 GHz. We were thus able to
search the wide- eld image for additional faint sources outside ofup principal imaged
area, including a small number within the primary beam and a larger nuber within the
sidelobes. While these same basic steps were performed previouslyndividual tracks of
data, repeating them on the deeper combined datasets warradtan increase in the radial
coverage of individual facets (previously 91 were used) and relhadditional faint sources
outside the ys-eye coverage. We identi ed about 30 such additi@ah small elds to image
for each pointing. Finally, we searched within the main 127-facet cerage for particularly
bright sources (those with ux densities uncorrected for primarjpeam response of a few
mJy and higher). This identi ed between seven and 10 additional sidacets for imaging,
and thus in total each pointing was imaged as the combination of bedéen about 160 and
175 facets.

Successive rounds of imaging and self-calibration were then penfed, with each newer
set of images used as the source model for self-calibration in botihh@itude and phase.
Our nal steps of self-calibration on the full data for each pointingused the AIPS task
peelr , which \peels" o individual bright sources to improve the overall cdibration. These
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sources are returned to the data once all corrections are madgetween one and four bright
sources per eld were subjected tpeelr , with these sources typically having an apparent
ux density (uncorrected for primary beam attenuation) of abou 7.5 mJy and greater.

The nal imaging was done in segments of the fullu;v;w) data. This provides a
ne correction to several e ects, each of which relates to the sipe of the primary beam
and how it can dier slightly for di erent portions of the data. These minor di erences
cause the response to sources to vary over the course of aneoliag track. First, the
VLA observed in a pair of frequency bands (intermediate frequeies, or IFs) that bracket
1.4 GHz. These separate IFs imply slightly di erent resolutions. Send, the feeds for
the right and left circular polarization are not coincident and thus hge slightly di erent
pointing centers. Third, the power pattern of the VLA primary bean is not perfectly
circular and over the course of observations as the hour anglessolurces change their
responses vary. We consequently separated the data into 12reegts, consisting of three
ranges in hour angle and separately for each IF and polarization. A®fore, we imaged
each segment of the data and performed a round of self-calibration that segment before
producing the nal image for that segment. The images correspdimg to the 12 segments
for each pointing were then combined using variance weighting based their individual
rms sensitivities. Relative to the rst data release, the nal images$or the six pointings had
net improvements in sensitivity ranging from about @ Jy to 0:7 Jy. Table 2.1 includes
the achieved rms sensitivity per pointing.

2.2.3 Summary of Final Data and Images

The images corresponding to the six individual pointings were then mbined to form
the nal mosaic image. The mosaic step corrects for the power pgatn of the primary
beam, and data out to the radial distance where the power patteris 33% of that at the
pointing center were included (i.e., just under 20n radius). This choice of radial cuto is
somewhat arbitrary but was motivated by the consideration that dta this distant from a
pointing center are de-weighted by about an order of magnitude irreation of the mosaic
image. It is also consistent with that used in other radio surveys (e,gHuynh et al., 2005;
Schinnerer et al., 2010). The contribution at each point in the outpumosaic is weighted
by the inverse of the power pattern squared at that point. We alsmcluded a single track of
data from early in the observing campaign where we had inadvertdaytshifted the pointing
center by . The area covered by the nal mosaic is 34° 34°(0.324 square degrees),
being 4096 4096 8% square pixels. This is the main image associated with this second
data release and is shown in Figure 2.1. It will be used in subsequeniardcterization
and compilation of a source catalog. We note that the actual covage of the individual
pointings extends well beyond the boundaries of this mosaic imagetlexperiences the
drop-o0 in sensitivity associated with the power pattern of the VLA primary beam. Users
interested in sources that fall within the coverage of such pointisgbut outside the nal
mosaic image are directed to the individual pointing images and a largerosaic image
that incorporates all of the data.

The sensitivity and coverage thereof was evaluated via the consttion of an rms
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Figure 2.1: Greyscale depiction of the DR2 mosaic image, with overlaidntours of constant
RMS noise. From the center, these contours represent 6.9y, 7.0 Jy, 7.5 Jy, 8.0 Jy, 9

Jy, 10 Jy, 11 Jy, and 12 Jy per beam. The six pointing centers for the observations
(Table 2.1) are indicated by crosses.
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sensitivity map. To construct this map, we took the nal mosaic imag and removed all
sources with peak ux densities greater than 150Jy, chosen as approximately 20 point
source detections. The rms noise at each pixel in the mosaic map whaen determined
from this bright-source-removed map, based on the value calcugatwithin a 13%%diameter
circle centered on that pixel. This \background mesh" size is considdly larger than some
other radio surveys which suggest that sizes on the order of jusin beam widths across
are su cient (Schinnerer et al., 2010; Huynh et al., 2012, e.g.,). We timd that, given the
resolution of our survey and the existence of extended sourcémtt approached the size
of these smaller background mesh apertures, their usage proélddnaccurate small-scale
variations in rms sensitivity maps. The larger size that we used was alsonsistent with
what was used in the rst data release, although in that release theackground mesh was
square but of the same equivalent area. The evaluation of the rmgige in constructing
the rms sensitivity map was iterative, with points di ering by more than three times the
calculated rms noise removed prior to re-calculation until convergee was achieved. The
nal sensitivity map, hereafter called the RMS map, is relatively smahh as seen by the
overlaid contours of constant rms included in Figure 2.1.

Figure 2.2 depicts the area covered at a given sensitivity or bettembed on this RMS
map. The most sensitive regions of the mosaic image have an rms noké Jy per beam,
and half of the full mosaic image has an rms noise of 7.4y per beam or better. This
represents an improvement of about 0.5Jy over the rst data release mosaic image. The
regions at the center of the mosaic where all six individual pointingsan contribute are
the most sensitive, and these correspond to the CDF-S coveragéhe CDF-S 4 Msec X-
ray data correspond to 54 separat€handraimages collected using ACIS-1 and thus each
having a eld size of about 18 by 169. The exposure-weighted center of these data is
(J2000) 0332"2806° 27 4826:4%(Xue et al., 2011), and for the range of roll angles and
slight shifts in aim point of the separate exposures it is reasonableassume approximately
uniform coverage out to about 7in radius from this central point. Within this restricted
area of the deepest X-ray coverage (0.043 square degrees 366 bf the mosaic image) the
radio mosaic image has a typical rms noise of 6.3y and is never worse than 6.7 Jy.
This is depicted with the dotted line in Figure 2.2. We also de ne a subsaeif the full
mosaic over which there are enough ancillary multiwvavelength data fwovide counterpart
identi cation and spectroscopic redshifts or reasonable photorime redshifts (Padovani
et al., in preparation; this region amounts to 0.282 square degrees8Y% of the mosaic
image). The rms sensitivity as a function of area for this restrictedegion is depicted by
the dashed line in Figure 2.2, and is used in correcting the source ctaufor investigation
of contributions by source type.

Our data release consists of the sixi(v; w) data sets, nine images, and one catalog. The
(u; v; w) data are the nal combined and edited collections for each of theéxspointings, and
allow interested users to perform imaging with their own choices of igating parameters.
The nine images correspond to the nal mosaic image and its assoedtRMS map, the
nal images corresponding to each of the six individual pointings (ea with an rms near
10 Jy at the eld center), and a large mosaic map made from these six imilual pointing
images and representing the full imaging coverage (i.e., out past theverage of the main
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Figure 2.2: Fractional area covered at a given sensitivity or bettefor the released mosaic
image of 341 by 341. The image described in this paper is shown in black, while the
results presented in the rst data release are shown in grey. The provement is about
0.5 Jy across the entire area. Also shown are the fractional areasvered at a given
sensitivity or better for two smaller regions within the mosaic image,ocresponding to a
large region with multiwavelength data for quality photometric redslkits (dashed line) and
a small central region corresponding to the deepest uniform coage within the CDF-S
4 Msec data (dotted line).
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nal mosaic image). The catalog is based entirely on the nal mosaic ap, and will be
discussed now in greater detail.

2.3 Source Catalog

2.3.1 Source Detection

The basis for the detection of sources was a signal-to-noise rat®NR) map, constructed
by dividing the nal mosaic image by its corresponding RMS map. The AS task sad
was used to pick out all sources in thiSNR map with peaks above above 3, and thus
three times the local noise. We note that the e ect of using an RMS ap generated
with a larger background mesh size is to slightly increase the numbefrsmurces above the
detection threshold by smoothing over small-scale variation proded by the presence of
bright sources and the more rapid fall-o in sensitivity at the edges fothe mosaic. sad
ts Gaussians to the sources above the 3threshold and subtracts them from theSNR
map to produce a residual image which may then be inspected to naugrces that were
either missed or poorly t. These include sources with extended rammorphologies as
well as blends of multiple and possibly independent radio sources. Tiesidual image was
inspected by eye with the help of overlaid contours to reveal suchiseed or poorly t
sources (indicated by large positive or negative values) and theseres manually added to
the list for subsequent analysis.

We then proceeded to evaluate all sources with peaks aboveidenti ed in the SNR
image by eithersad or our manual inspection. Our initial choice of 3 was based on prior
knowledge that sometimes single faint sources might be incorrectlplis into a pair of
fainter sources, and we used thgad list to recover these objects as multiplec 4 objects
at nearly identical position. In this round of source cataloging, wesed the AIPS task
jmfit  to t Gaussians to the sources on the nal mosaic image in order tovaluate source
peak and integrated ux densities. jmfit was provided with a guess for the peak ux
density and its position (based on manual inspection of the image)ubno corrections for
primary beam attenuation or bandwidth smearing were applied. A coection for the former
was explicitly applied in construction of the mosaic image, while the lattds complicated
by the lack of a single pointing center for the image. The output paraeters of jmfit
included the source coordinates, major and minor axis size and pasit angle, and the
peak and integrated ux density. We used the RMS map to determinéhe local noise at
the coordinates of the tted source, and accepted those soex with peak ux density
greater than ve times their local noise value for inclusion in the nalcatalog. For those
sources poorly t by Gaussians in the initial investigation using th&NR map, we directed
jmfit to t multiple components where applicable and performed aperturphotometry on
the more extended sources using thestat task.

For some work correlating the radio catalog with other wavelengthst might seem
of value to release the initial automated catalog that extended toaivn 3 . However,
we deem the danger of misinterpretation of such low-signi cance wsoes outweighs the
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possible utility of such a catalog. In addition to some issues already dissed (i.e., false
decomposition of single faint sources), we note here that if the nads image were truly
described by Gaussian noise there would be over 1,100 noise peakatgr than 3 across
its large area. This number becomes reasonable at,4vhere about 26 noise peaks would
be expected. Using the traditional 5 detection threshold the number of anticipated false
sources has dropped to less than one across the full area of tlmal mosaic. The true
noise distribution is not perfectly Gaussian as a result of the presas of real sources and
their sidelobes, so these numbers may be considered lower limits t@ tbstimate of the
number of false sources at these thresholds. Finally, we note thiie availability of the
actual mosaic image allows users to directly assess possible low-siance radio sources
at their positions of interest.

2.3.2 Source Morphology

Source morphology is an important aspect of source catalogs,esftproviding a coarse way
to discriminate between emission mechanisms at appropriate resatuts. Radio emission
associated with star formation is generally extended across galadigks, and thus resolved
at arcsecond scales even for sources at high redshifts (Muxlowaét 2005). Evaluation
of the true ux density of a source is also often dependent on sa#& morphology, with
compact sources at lower signal-to-noise ratio better describey their peak ux density
than by their integrated ux density (e.g., see Owen & Morrison, 208).

Unfortunately, the careful consideration of source morphologig complicated by the
mosaic nature of the nal image. Every location in the output mosaiés the combination
of the contributions of up to six separate pointings, and thus up tgsix separate corrections
each dependent on di ering values of angle and radial distance. Ifigse corrections do
not alter the apparent morphology of a source but only its apparénux density, they are
easily applied. This is the case for primary beam attenuation, and tr@mpli cation that
the power pattern is radially symmetric is applied and accounted in thereation of the
mosaic map. However, other e ects such as bandwidth smearingeamot so easily handled.
A given location in the output mosaic is the combination of up to six sepate images
each of which su ers some degree of smearing in the radial directigrative to its relevant
pointing center, and while corrections for this e ect may be made osources extracted
from single-pointing data they are not so easily achieved when multiplgointings are
combined. Bandwidth smearing does not change the integrated udensity in the limit
of a noiseless image, and in MO8 we con rmed that for the E-CDF-Sd@ survey the
standard Gaussian tting for source integrated ux densities preided consistent results
with aperture photometry. However, the combination of up to six eparate bandwidth
smearing corrections does a ect source morphology and the detgnation of whether a
source is resolved.

In light of this complication, we performed multiple tests of source miphology that
are encapsulated in the source catalog. The simplest of these is thect t to the mosaic
image, which produces a major axis, minor axis, and position angle bktGaussian which
best ts the source in the mosaic image. In addition to ignoring e e such as bandwidth
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smearing, these results are also still the convolution of the primakyeam and the intrinsic
morphology of the source. As such, they are not tremendouslyeiisl except in the very
general sense of providing a quick handle on which sources are dyearsolved (i.e., those
with axial sizes well above the ®B by 16 beam size). Similarly, sources in the mosaic
image which were poorly t were identi ed in the residual maps produed as the di erence
between the mosaic image and the best Gaussian ts to sources. eThresence of large
residuals is strongly suggestive of an extended source, and theegrated ux density
for these sources was evaluated using manually-sized aperturefametry with the task
tvstat

For single pointing data we can incorporate the e ect of bandwidthreearing into the
source tting. The distances between each source and the six aegte pointing centers was
determined, and when such distances were less than the 33% popeint of the primary
beam these pointings were noted. This provides a listing of the poinge which directly
contributed to the mosaic image at the location of each source. Whan determined the
rms sensitivity of each contributing pointing at the coordinates of &ch source in order to
determine which individual pointing provided the best signal-to-noiséor source measure-
ment. This is usually the pointing nearest to the source, but slight dierences in achieved
depth per pointing did occasionally mean a more distant pointing provet a marginally
lower rms sensitivity. We then evaluated the Gaussian t to each s@oe using just this
\best" single pointing, incorporating the e ects of both primary beam attenuation and
bandwidth smearing. The parameters of these ts, deconvolved tremove the primary
beam geometry, are included in the source catalog. The major andnor axis parameters
are provided as 1 ranges, so that sources with tted axes di ering from zero may be
identi ed and thus provide an evaluation that a source is resolved (i.ethe minimum size
for its major axis is greater than zero). This represents the rsof our two tests on whether
a source is resolved.

A second technique to evaluate whether a source is resolved invel@mparison of
the tted integrated and peak ux densities. A comparison of the atio of integrated to
peak ux density as a function of signal-to-noise ratio (de ned ashe peak ux density
divided by the local rms sensitivity) is an empirical estimate of the ears in source tting,
and can be used to identify resolved sources as those for which ihegrated ux density
is clearly in excess of the peak ux density after accounting for thdting errors (e.g.,
Huynh et al., 2005). Although this method does not provide direct mlicators of source
sizes and morphologies, it is quite helpful in the determination of theeltter estimate of
a source's true ux density. In Figure 2.3 we plot the ratio of the intgrated to peak ux
densities as a function of signal-to-noise based on the Gaussiantassources in the mosaic
image. Situations where the integrated ux density is less than thegak ux density are
clearly the result of errors inherent to source tting, and we can etermine a function which
bounds these cases. Under the assumption that it is equally likely thauch errors can
result in ts for which the integrated ux density is greater than the peak ux density, we
can mirror this function above the line where the peak ux density egpls the integrated
ux density and thus de ne an envelope which contains sources thare consistent with
being unresolved. Sources for which the ratio of integrated to peaux density is greater
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Figure 2.3: Analysis of whether sources are resolved, based ®NR and the ratio of
integrated to peak ux densities from the mosaic image. The dashdohes show the en-
velope within which sources are assumed to be unresolved, with ssag above the upper
dashed line being resolved according to this approach. Grey astksisare sources which
are unresolved by both this method and investigation of their ttedaxes in single-pointing
data (including corrections for primary beam response and bandwidsmearing), and open
circles are objects for which each method indicates a resolved s@urSources whose classi-
cation di ers between the two methods are shown by lled black poits, with lled circles
being resolved according to this method but not by the Gaussian td their individual
pointing data and lled triangles being the opposite.
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than this envelope are those that are likely to be resolved.
We follow the functional form presented in Huynh et al. (2005) to tthe lower envelope
of the distribution in Figure 2.3 as

S _ 1
S, 1+(200=SNR®)

(2.1)

where S, and S, represent the integrated and peak ux densities an®&NR is the signal-
to-noise ratio, de ned as the peak ux density divided by the local ms sensitivity. We
determined the constant, 200, by nding its value such that 95% dll sources with§;=S, <
1 are bound by the function.

It is clear from Figure 2.3 that the distribution of the ratio of peak tointegrated ux
density is not centered on unity. This is the aforementioned e ectfacombining separate
pointings each with their own degrees of bandwidth smearing and thereation of the
mosaic image not explicitly accounting for this bandwidth smearing. Tresulting source
will appear to have a core representing the region for which eachiptiing contributes to
the ux density and a much fainter irregular extended halo consistig of the bandwidth-
smeared ux densities of the separate pointings. The net e ect ishat sources with high
signal-to-noise will always have an integrated ux density greaterhian their peak ux
density, although due to the mosaic nature of the map such souscare not unambiguously
resolved.

We can model the expected size of this e ect using reasonable asptions. The spatial
distribution of VLA antennas and our weighting of the resulting (1; v; w) data imply that
our (u; v; w) coverage is approximately a circularly-symmetric Gaussian, andehndividual
3.125 MHz channels after bandpass calibration can be assumed toéhanearly square
response. Under these simpli cations, the reduction in measurednalitude of a point
source caused by bandwidth smearing relative to its true amplitude:is

I

o —erf7 (2.2)
(Bridle et al., 1994), wﬂgtielo is the amplitude of the point source in the absence of band-
width smearing, 2 In2,and = —— This latter term is the fractional band-
width of the observations (in our case, 3.125 MHz divided by 1.4 GHzes the distance
from the pointing center expressed in number of beams (the sepion divided by the
FWHM of the beam, rwnwm ). For simplicity in our estimation of the e ect of bandwidth
smearing we \circularize" the beam and assume it is symmetric with a FIAM of 2°4. We
can then apply Equation 2.2 to determine the reduction in peak respse associated with
each pointing that contributes to the mosaic image at the position ofach source, and
weight these per-pointing responses in the same manner that wesed to generate the mo-
saic image. This yields the reduction in peak response caused by barmtih smearing, and
since in the absence of noise the net ux density is conserved, theense of the left-hand
side of Equation 2.2 is the ratio of the integrated ux density to the gak ux density: the
ratio examined in Figure 2.3.
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Figure 2.4: Histogram of modeled bandwidth smearing at the positiortd sources in the
mosaic image. Bandwidth smearing reduces the peak ux density ajlgces but conserves
the total ux density, so the ratio S=S, is greater than 1. The dashed vertical line marks
the average,5=S, = 1:089. By design of the survey, most sources lie reasonably close
to a pointing center and thus the histogram peaks at a value &=S, 1:07. Near the
center of the pointing ring the sensitivity is best because all six poiimgs contribute to the
mosaic image, but the distance to each pointing is relatively large sormwidth smearing

is greater. This causes the large tail to values & =S, . 1:14. The small number of
sources with higherS;=S, fall at the corners of the mosaic image.
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We plot a histogram of the modeled e ect of bandwidth smearing in Fige 2.4, which is
based on the positions of actual sources in our mosaic image. Theules are consistent with
the o set seen in Figure 2.3, with the mean ratio of; to S, being 109 with a dispersion of
0:02. For perspective, the range in values is understood by considerlimiting cases. The
least possible bandwidth smearing occurs for a source coincident lwa single pointing
center, for which the mosaic map is dominated by data associated twithat pointing
but also includes contributions from its two adjacent pointings. In his case, the ratio
of S to S, is 1.06. At the other extreme, a source directly in the center of thmosaic
image is equidistant from all six pointings and thus su ers modest balwidth smearing
from each. For such a source, the ratio d to S, is 1.14. It can be seen in Figure 2.4
that these values do indeed bracket the majority of sources anble peak in the histogram
aroundS§;=S, 1:07 indicates that, by design, most sources fall reasonably closeatsingle
pointing center. The small number of sources &;=S, > 1:14 correspond to the corners of
the mosaic image.

Returning to Figure 2.3 and the evaluation of whether a source is @ged, instead of
simply mirroring Equation 2.1 aboutS;=S, = 1 we include an o set to account for band-
width smearing. Based on the spread of values f&=S, from bandwidth smearing shown
in Figure 2.4 and its consistency with that measured for sources thappear unresolved
based on the Gaussian source tting to their single best pointing, weet the upper envelope
for evaluating whether a source is resolved at

S

s - 1:2 + (200=SNR?®) (2.3)
P

Sources for which5;=S, is above this signal-to-noise based threshhold are thus considered
to be resolved using this approach. This is indicated by a ag in the soee catalog, and
additional justi cation for the 20% o set in the upper envelope is povided in Section 2.3.4
when we compare our ux densities with those of single-pointing data

The points in Figure 2.3 are coded to re ect whether individual souses appear to be
resolved under each of the two techniques. Grey asterisks reg@et all sources for which
both tted axes have minimum values of zero and the ratio of peak tmtegrated ux density
lies below the curve described by Equation 2.3; these points wereasated with unresolved
sources in each technique. Similarly, open circles represent thoserses that appear to
be resolved when evaluated using both techniques. The lled blackrsiols represent the
less conclusive cases, with lled triangles signifying sources that agay resolved in their
best single-pointing data yet do not lie above the tted relationship bEquation 2.3 and
lled circles signifying sources that appear unresolved in their singf@sinting data yet lie
above the tted relationship thus suggesting that they are resoid.

2.3.3 Multiple Component Sources

Powerful radio galaxies are often resolved into multiple componentwith the classic ex-
ample being FRII sources typically composed of a pair of bright, extded radio lobes
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surrounding the progenitor galaxy which sometimes is also coincidenith a distinct ra-
dio core (Fanaro & Riley, 1974). The sensitivity and resolution of tle survey can also
\break up" the contiguous radio emission associated with a single genitor galaxy into
multiple apparently separate components. Possible associationg @enerally made by the
experienced radio astronomers who collect, reduce, and analybe radio data and are
thus inherently subjective, although usually accurate. In M08, weelied upon the listing
of identi ed multiple component sources from K08 and added new psible components
that the slightly higher resolution of our survey provided.

In the present work, we take advantage of the outstanding avaldée multiwavelength
coverage to assess multiple component sources. Bonzini et al.120use a likelihood ratio
technique to identify counterparts for the radio sources assotea with this survey, relying
on deep optical, near- and mid-infrared data. This is highly e ective taassessing pos-
sible multiple component sources, as sometimes radio sources thdug be components
associated with a nearby but spatially-separate galaxy are shown have much stronger as-
sociations with a unique, fainter coincident galaxy. Similarly, the outanding depth of the
optical and IR data make radio sources without a coincident courgart very rare. This
means that close positional coincidence of a radio source with anigpt or IR counterpart
is almost certainly an association with a single galaxy rather than a cqgonent associated
to a neighboring galaxy. Our radio catalog is thus guided by the couetpart identi cation.

If a single galaxy has multiple associated radio components, we list theombined prop-
erties as a single entry in the main catalog and provide a ag indicatinghait the source
consists of multiple components. A subsequent catalog then incldéhe information on

each separate component of the combined source. There are déhsmultiple-component
sources, with a total of 49 individual components ascribed to themWe stress that no
information is lost by this approach; every distinct peak in the radio mission of the nal

image is included in one of the two catalogs, and users interested irettotal radio emission
associated with a given galaxy will nd such information in the rst catlog. Images of
the 17 multiple-component sources are provided in the Appendix.

2.3.4 Source Flux Density

Of greater practical importance to most users is the question ofhat ux density should
be used for each source? As previously discussed, this is relatedh® issue of source
morphology even if such detail is not needed by the user. In MO8 wencrmed the general
consistency of our ux density scale with prior radio observationsfahis region, particularly
the deep single-pointing data of KO8. We also con rmed that the uxdensities based on
Gaussian tting were consistent with simple aperture photometryindicating that although
considerations such as bandwidth smearing do a ect the apparentorphology of sources
the standard approach of using Gaussian ts to evaluate ux deriges was still appropriate.
We rely on the same basic approach here to specify which ux densityeasurement, peak
or integrated, should be adopted in order to most accurately reat the true ux density
of a source. This was accomplished by calculating the mean and dispen of the ratio
of ux density from our catalog with that of KO8, using various presriptions to choose
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between peak and integrated ux density measurements. In geaag these prescriptions
paralleled the discussion of source morphology and the two evaluatsothereof, one based
on whether the tted deconvolved axial sizes were consistent withero and one based
on the ratio of integrated to peak ux density and the parametrizd envelope bounding
unresolved sources. These will henceforth be referred to as ed Axis" and \Envelope,"
respectively. For resolved sources we used the integrated uxrdgty measurement while
for unresolved sources we used the peak ux density measuremeWe also explored the
use of a threshold iNSNR, using integrated ux densities for sources above the threshold
and peak ux densities for those below. Combinations of these vaus prescriptions were
also examined and Table 2.2 summarizes the ndings.

The ux densities associated with the Fitted Axis method are slightly laver than those
reported in KO8 (< S=Sk og >= 0:985), while the Envelope method yields slightly higher
ux densities (< S=Sk g >= 1:020). After performing a single round of 3 clipping to
remove outliers (for example, sources with intrinsic variability overte 6 years between
the KO8 observations and this survey), the dispersions associsith the two methods are
similar at 0:218 and 0225, respectively. At this point we note that adding the 20% o set
to the upper curve in the Envelope method and using this to evaluatehether sources
are resolved and hence whether to adopt their integrated ux deity measurements has a
large e ect. Simply mirroring the envelope determined fo%;=S, < 1 without including the
0 set produces ux densities that are about 7% higher than thosén K08. This is just a
consequence of the convergence$p=S, 1:1 for brighter unresolved sources (see Figures
2.3 and 2.4). Since the two methods have opposing e ects relativettte KO8 ux density
scale, we investigated logical combinations of \OR" (if either methodhdicated a source
was resolved, its integrated ux density was adopted) and \AND" & source was assumed
to be resolved only if both methods agreed that it was). Neither ofhese produced an
improvement on simply adopting one of the two methods, although ¢hdispersion with the
\AND" combination after clipping outliers was the lowest we found.

These ndings led us to identify a \Hybrid" solution. The \Hybrid" met hod applies a
cut of SNR = 20, with all sources detected at greater than this threshold begrepresented
by their integrated ux density measurement. For sources with loar SNR, the peak ux
density measurement is adopted unless both the Fitted Axis and Eelope methods indicate
the source is resolved in which case its integrated ux density is usedhis prescription
yields ux densities nearly identical to those of the KO8 survey< S=Sx s >= 1:005 and
< S=Skog >= 0:997 before and after clipping. The dispersion in the ratio of the ux
densities after the clipping is also very low. We recommend this Hybriclsition for the
selection of peak or integrated ux density, and indicate its selectioin the nal source
table.

2.3.5 Final Catalog

The nal source catalog is presented in Tables 2.3 and 2.4 and encalpses all of the
above discussion. Table 2.3 is the main catalog of radio sources, velrerthe 17 sources
thought to consist of multiple components associated with a single $toobject are listed
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Table 2.2. Flux Density Comparisons

Full Sample Clipped Sample
Method Mean Disp Mean Disp Ngjp

Fitted Axis 0.985 0.248 0.978 0.218 6

Envelope 1.085 0.290 1.071 0.256 6
Envelope+20 1.020 0.276 0.994 0.225 10
Both-OR 1.041 0.278 1.013 0.227 11
Both-AND 0.964 0.241 0.960 0.213 5
SNR 0.938 0.421 0.938 0.421 0
Hybrid 1.005 0.258 0.997 0.220 6
Note. | Columns: (1) Method used to select between

peak and integrated ux density measurement. For each
method, sources considered to be resolved are described by
their integrated ux density while unresolved sources are de-
scribed by their peak ux density. In \Fitted Axis," sources
for which the tted minimum of the major axis is greater
than zero are considered resolved; in \Envelope," sources
with integrated to peak ux density ratios above the enve-
lope described by the re ection of Equation 2.1 above inte-
grated equals peak ux density are considered resolved; in
\Envelope+20," sources with integrated to peak ux den-
sity ratios above the envelope described by Equation 2.3
(i.e., the re ected envelope of Equation 2.1 o set upward
by 20%) are considered resolved; in \Both-OR" and \Both-
AND" the two methods are combined with logical opera-
tors, so that a source is considered resolved if either method
indicates that it is (\OR") or only if both methods indi-
cate that it is \AND"); in \SNR" sources with SNR > 10
have their integrated ux densities adopted, while sources
below this threshhold use peak ux densities; and in \Hy-
brid" a mix of the methods is adopted, such that for sources
with SNR > 20 the integrated ux density is used while for
sources below this threshhold the peak ux density is used
unless both methods indicate a resolved source, in which case
the integrated ux density is used. Numbers in Columns (2)
through (5) refer to the statistics based on the ratio of ux
density from the current catalog to that of the KO8 catalog,
with (2) and (3) being the mean and dispersion based on all
common objects and (4) and (5) being the mean and disper-
sion after clipping of sources that di er from the mean by
more than 3 . Column (6) indicates the number of outlier
objects removed by this single iteration of clipping.
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with a single aggregate integrated ux density. Gaussian ts to thendividual components
associated with these sources are listed in full detail in Table 2.4. Thiata columns for
each table are identical, and are summarized as follows:

(1) - (6) Source position(J2000). In most cases, the listed position is that of the center
of the Gaussian that best ts the data. The typical position erros for strong, unresolved
sources observed with the VLA at 1.4 GHz are®@, and position errors attributed to the
Gaussian tting in the presence of noise are on the order of the bmasize divided by
twice the signal-to-noise ratio ((E)ondon, 1997). Thus, the positioerror in Right Ascension
for a 5 -point source would be 0:12+ £1:6=2 5)g> 0?2 while the position error in
declination for the same source would be 0:12+ f2:8=(2 5)g?2 (?3. For some resolved
sources, the radio emission is poorly t by a Gaussian and the sourseevaluated using an
irregularly-shaped aperture that covers the apparent emissioAlPS task tvstat ). These
sources are agged (column 29) and their positions are usually jutite location of the
maximum emission within the aperture.

(7) Signal-to-noise ratia This is de ned as the tted peak ux density divided by the
local rms noise (i.e., column 8 divided by column 9).

(8) Peak ux densityin units of Jy per beam.

(9) Local rms noisein units of Jy per beam. This is evaluated using the RMS map and
thus represents the local noise within a 18&liameter circle around the source position.

(10) - (11) Integrated ux density and associated error, in units of Jy. As with the prior
columns, these values represent the Gaussian t to the sourceless otherwise noted. For
the extended sources poorly t by a Gaussian, the total ux derity within the irregularly-
shaped aperture is indicated and its error is just the square roof the number of beams
covering the aperture times the local rms noise.

(12) - (14) Source size and position angle from mosaic imgg@ units of arcsec and
degrees. These represent the tted source size including cont@n with the 2°8 by 1°6
beam, with the position angle measured in degrees east from northd., the beam has
PA = 0). In addition, these parameters include the di ering contributions of bandwidth
smearing from each of the pointings contributing to the mosaic imags the position of
the source. Note that these columns are only present in the onlinergion of the tables.

(15) Best pointing The index number of the individual pointing which has the lowest
rms noise at the position of the source. The pointings are numberédthrough 6 starting
due east of the center of the mosaic and progressing clockwisee ($able 2.1).

(16) rms noise in best pointingn units of Jy per beam.

(17) - (21) Source size and position angle from best pointing units of arcsec and
degrees. The sizes are presented ag range for the major axis (columns 17 and 18)
and minor axis (columns 19 and 20), while the position angle (column 29 just the
nominal value. Since these values are based on Gaussian tting tcetBource in the single
pointing with the lowest rms, they have accounted for bandwidth searing and have been
deconvolved to remove the synthesized beam.

(22) Extended ag If the source was found to be extended using the \envelope" nietd
(see Section 2.3.2), this column is set to 1. Sources that were umieed under this test
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have a value of O in this column.

(23) Flux density choice ag The recommended ux density measurement to use for
the source (see Section 2.3.4). If the value in this column is \P" the xidensity is better
represented by the peak ux density (column 8) whereas if it is \I" he integrated ux
density (column 10) is recommended.

(24) Pointings contributing to mosaic image This is a listing of the pointings that
contribute to the mosaic image at the position of the source. Thu#, the source position
falls within the 33% power point of the primary beam (about 29 associated with an
individual pointing that pointing is noted here. This information allows tsers to inspect
the images associated with the individual pointings to further assesource morphology
and characteristics. This column is only available in the online version die tables.

(25) - (28) Source information from Kellermann et al. (2008) For sources that were
identi ed in KO8, the associated identi cation number (column 25), ux density and error
(columns 26 and 27) in units of Jy, and deconvolved source size (column 28, including
upper limits) are provided. These columns are only available in the onlinersion of the
tables.

(29) Notes Flags indicating details such as extended source morphologies artideo
source tting details. Multiple-component sources are indicated me (Table 2.3) and cross
referenced to their individual tted components (Table 2.4), with gures provided in the
Appendix.

2.4 Summary and Discussion

Table 2.3 provides a listing of 883 distinct radio sources, 17 of whicheasingle entries for
multiple-component sources where the total radio emission appedo be associated with a
single host galaxy. The details on the individual separate componerfior these 17 sources
form the basis for the second table, which contains a total of 49ps@ate components for
these sources. To summarize, the nal mosaic image consists 0b Sgparate peaks in radio
emission (883 in Table 2.3 minus the 17 multiple component sources, pllas 49 individual
components of these sources listed in Table 2.4). For comparisohe tearly data release
catalog of M08 consisted of 495 unique components. Figure 2.5 edgdhe primary reason
for this greatly increased number, as th&NR limit for inclusion has decreased from 7 to
5 for this catalog relative to the rst data release. In addition, theSNR for any given
source will usually be increased in the present catalog on accountloé improved imaging,
which typically amounts to an rms noise that is 0.5 Jy lower than that of the rst data
release at any point in the mosaic image.

In addition to the catalogs, this second data release consists of %iges and 6 calibrated
(u; v; w) datasets. There are individual images and calibratedi(v; w) les for each of the
six pointing centers (refer to Table 2.1), along with the main mosaic ingge that uses all six
pointings and its associated RMS image. The nal released image is agar area mosaic
that incorporates all data out to the 33% power point of the VLA pimary beam. While
there is no catalog associated with the additional area provided byis larger mosaic, it is



Table 2.3. Main Catalog of Radio Sources
RA Dec SNR S»p RMS Sj e_S; Best RMS  peqt Maj pest Min pest PA pest Ext? Choice Notes
(J2000) (J2000) [ Jdybm 1 [Jdybm ' [ Jl  Ptg [ Jybm ] o o []
(O] (©) @ 6 © ™ ®) 9) (10) (11 (15) (16) 17 1y (19) (20 (1) (22) (23) (29)
3 31 10.69 -28 03 22.8 18.7 207.5 10.6 365.2 26.9 5 14.6 14 2.3 0 .0 0.7 169 1 |
3 31 10.81 -27 55 52.8 13.8 123.1 8.8 156.6 18.0 4 11.8 0.0 2.0 0. 0 1.4 120 0 P
3 31 10.83 -27 55 57.8 53 47.3 8.9 32.7 12.1 4 11.9 0.0 3.1 0.0 0. 0 2 0 P
3 31 10.93 -27 49 55.5 51 40.8 8.0 35.3 12.6 4 10.2 0.0 2.6 0.0 2. 7 168 0 P
3 31 10.95 -27 58 10.4 12.7 121.2 9.5 136.9 17.9 4 12.9 0.0 1.3 0. 0 1.5 21 0 P
3 31 11.48 -27 52 59.0 12.8 105.9 8.0 185.8 20.5 4 10.9 0.0 2.7 0. 0 1.9 165 1 P
3 31 11.63 -27 55 06.3 5.4 47.1 8.7 69.0 20.1 4 11.4 0.0 4.7 0.0 1. 6 49 0 P
3 31 11.69 -27 31 44.2 211.2 2555.0 12.1 3232.0 65.4 3 15.2 0.2 0 5 0.0 0.0 29 1 | a
3 31 11.84 -27 58 18.0 8.1 77.2 9.4 92.5 18.4 4 12.7 0.0 2.9 0.0 1. 3 162 0 P
3 31 11.89 -27 59 52.3 6.8 65.8 9.5 90.3 20.5 5 13.7 0.0 2.7 0.0 0. 6 22 0 P
Note. | Only ten rows of data are displayed here to demonstrat e the format, and columns (12) - (14) and (24) - (28) are omitte d in this print version. The full table is available in the ele ctronic

version of the journal. See text for description of columns.
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Table 2.4. Individual Components of Multiple-Component Radio Soues
RA Dec SNR Sp RMS Si e_S; Best RMS  pest Maj pest Min pest PA pest Ext? Choice Notes
(J2000) (32000) [ Jdybm 1 [ Jybm 1] [ [ 3] Pig Jybm 1] o 0 [
o @ (©)) @ © (6) v ®) 9 (10) (11) (15 (16) (17 @9 (19 (20 (21) (22) (23) (29)
3 31 13.99 -27 55 19.9 144.4 1242.0 8.6 7180.0 57.3 4 11.3 7.1 7. 2 2.0 2.1 81 1 P 1
3 31 15.06 -27 55 18.9 120.9 1040.0 8.6 1206.0 16.5 4 11.2 0.0 0. 6 0.0 0.7 42 1 P 1
3 31 17.05 -27 55 15. 103.6 870.0 8.4 3650.0 43.0 4 11.0 4.6 4.7 3 .0 3.1 157 1 P 1
3 31 14.69 -28 01 51.7 8.7 90.1 10.4 1367.0 168.5 5 13.6 16.0 20. 9 1.2 2.8 77 1 P 2
3 31 17.35 -28 01 47.4 26.5 270.2 10.2 358.8 21.0 5 12.9 0.0 1.6 0 .0 1.0 48 1 P 2
3 31 20.16 -28 01 46.2 9.9 98.5 9.9 856.7 95.5 5 12.4 5.1 6.7 3.1 4 .6 100 1 P 2
3 31 24.83 -27 52 08.9 1043.0 8032.0 7.7 24670.0 30.5 4 10.2 4.0 41 1.7 1.7 64 1 P 3
3 31 25.01 -27 52 07.7 960.5 7396.0 7.7 15380.0 22.3 4 10.2 2.1 2 2 2.0 2.0 179 1 P 3
Note. | Only eight rows of data are displayed here to demonstr ate the format, and columns (12) - (14) and (24) - (28) are omit ted in this print version. The full table is available in the e lectronic

version of the journal. See text for description of columns.
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Figure 2.5: Histogram of number of radio sources as a function ofrsadrto-noise ratio, cre-
ated using all detected peaks in the mosaic image (i.e., inclusive of indivad components
of multiple-component sources). The main histogram uses a bin siZe0ol, and the inset
for higher signal-to-noise ratios uses a bin size of 5. There are ardiéidnal 47 sources
with SNR > 100.
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useful for identi cation and measurement of sources found in o# wide-area surveys.

The depth of the survey makes the surface density of radio soasccompetitive with that
determined in X-rays. For the full mosaic image (0.324 square degjeand its associated
5 catalog presented in Table 2.3, there are over 2,700 sources perasg degree. This is
over 30 times the source density associated to the Faint Imagestd Radio Sky at Twenty
centimeters survey (FIRST; White et al., 1997). Because the sdingty is fairly uniform
across the mosaic image this gure increases only slightly towardsetimage center. For the
portion of the mosaic image with good multiwavelength coverage to guide photometric
redshifts (refer to Section 2.2.3 and Figure 2.2) the source dens#pproaches 2,800 sources
per square degree, and for the region of deep and uniform coggrdrom the CDF-S 4 Msec
observations (i.e., the 7radius about the exposure-weighted center point) it is nearly 3,100
sources per square degree. In the centrdl&ound the center of the mosaic (i.e., the center
of the pointing ring) where the rms sensitivity ranges from 6 Jy per beam to 6.6 Jy per
beam, the density is over 3,500 sources per square degree. Faongaxison, the X-ray
source density within the inner 8 of the 4 Msec CDF-S is roughly 16,700 sources per
square degree (Xue et al., 2011) but over the full CDF-S coveragéas only about twice
the surface density of radio sources although the observing tina the radio observations
was about a factor of six less than for the X-ray observations.

Similarly, simple positional matching of X-ray and radio catalogs provies some illu-
minating numbers. Considering just the region of deep and unifornroeerage from the
CDF-S 4 Msec observations, 16.8% (80/475) of the Xue et al. (2Q014-ray sources have
matches in the radio catalog using a simple positional match of2The detection fraction
within this same area only rises slightly as th&€handra integration time declines, being
18.2% (50/274) for the CDF-S 2 Msec catalog of Luo et al. (2008)9.0% (38/200) for
the CDF-S 1 Msec catalog of Giacconi et al. (2002), and 21.8% (1%9)8or the shallower
E-CDF-S catalog of Lehmer et al. (2005). Looking at this from thetber direction, the
increasing integrations withChandra are gradually producing larger detection fractions of
the radio sources. While only 14.5% of the radio sources within this feg are detected
in the E-CDF-S observations (19/131), 29.0% (38/131) are detied in the 1 Msec data,
38.2% (50/131) are detected in the 2 Msec data, and 61.1% (80/)3re detected in the
full 4 Msec data. At this rate of increase, should the CDF-S be expded to 10 Msec (e.g.,
Lehmer et al., 2012) we can expect X-ray detections for over 90%dloe radio sources from
within this central area.

Emphasis on the E-CDF-S continues with additional radio surveys &igér in process
or planned. The rebirth of the VLA as the Karl G. Jansky Very Larg Array, with new
receivers and electronics as well as a wide-bandwidth, many chanc@relator, will greatly
advance this objective. The RMS sensitivity of a radio image is invetgeproportional to
the square root of the bandwidth, meaning the new correlator pduces a dramatic im-
provement in the depth that VLA images can achieve in reasonable dion programs.
Consequently, future deep elds will routinely achieve RMS sensitivds of 1 Jy at
frequencies near 1.4 GHz (e.g., Condon et al., 2012). This will trangtato thousands of
detected radio sources in the E-CDF-S, and the wide bandwidth willso provide spectral
indices for brighter sources where signal-to-noise is high. One okttradeo s in survey
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imaging is the size of the primary beam (and hence eld of view), which iaversely pro-
portional to the frequency of observation. This means that dodimg the frequency of
observation requires four times as many pointings to cover the samrea, and the atten-
dant increase in program duration has greatly limited the number of ie- eld surveys
performed at frequencies above 1.4 GHz. The vast improvement iensitivity arising from

increased bandwidth will counteract this problem, and deep survet higher observing fre-
guencies will also be achievable in reasonable observing times. Theskeprovide spectral

measurements for a large fraction of the sources.
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2.A Multiple-Component Source Images

Figures for each of the 17 multiple-component sources describedSiection 2.3.3 and listed
in Table 2.4 are presented here. Unless otherwise noted, each imigé® by 1° with the
greyscale ranging from 35 Jy beam ! to 105 Jy beam !. Contours are depicted at 5,
8, 13, 21, ... , and 987 times the local RMS noise. Information regard distinct sources
may be found in Bonzini et al. (2012).
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Figure 2.6: Left: Multiple-component source at 033115.0-275519, consisting ofdarcom-
ponents (core, east and west lobes). Note that the point sourgest to the edge of the
western lobe (033113.53-275524.3) is a separate source assuciaith a counterpart in
Bonzini et al. (2012). Right: Multiple-component source at 033117.3-280147, consisting of
three components (core, east and west lobes). The size of this gads 2 by 2°
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Figure 2.6: (Continued). Top left: Multiple-component source at 033124.9-275208, con-
sisting of two blended components.Top right: Multiple-component source at 033130.0-
273814, consisting of four components. These correspond te ttore, the extended lobe
to the northwest, and a pair of blended components comprising treastern lobe.Bottom
left: Multiple-component source at 033130.1-275603, consisting oféarcomponents (core,
northwest and southeast lobes).Bottom right: Multiple-component source at 033150.1-
273948, consisting of three components. The source has bednateled into a main com-
ponent and an extension to the north, along with a third componergxtending to the west.
The bright source at the northeast corner of the image is unrelate
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Figure 2.6: (Continued). Top left: Multiple-component source at 033152.0-274322, consist-
ing of three components. The core has been deblended into a mainecand an extension
to the southeast, with the third component being the faint emissiorio the northwest.
Top right: Multiple-component source at 033201.4-274648, consisting of anpact double
with overlapping lobes to the east and westBottom left: Multiple-component source at
033206.1-273236. This is almost certainly a single bright (11 mJy) source with side-
lobes. The decreased dynamic range of the image is caused by thigtirsource lying
near the northern edge of the mosaic imageBottom right: Multiple-component source
at 033210.2-275938, consisting of three components (core plastimvest and southeast
lobes).



2.A Multiple-Component Source Images 61

-275345 [— il -274315

30 -
5400 [— 1 -
\ N

45 =

15— A /\ - |2 \?f
' ’© @

15— Ll

30— — ‘@
|

30—
| | | | | | | | | 1 |

DECLINATION (J2000)
DECLINATION (J2000)

| | 1 |

033221.0 20.5 20.0 19.5 19.0 18.5 18.0 17.5 17.0 033232 31 30 29 28 26
RIGHT ASCENSION (J2000) RIGHT ASCENSION (J2000)
T T T T T T T T T T T T T T T T T T
-280245 [— |
-273800 (— =1
s 0300 — E s
o o
o o
N N
2 2
4 4
o o 15— i
= =
< <
z z
0 15— = 0
w w
[a} [a}
30— 1
30— =
| | | | | | | | | 45 B | | | | | | | | |
03 32 34.0 335 33.0 325 32.0 315 31.0 30.5 30.0 0332445 44.0 435 43.0 425 42.0 415 41.0 40.5
RIGHT ASCENSION (J2000) RIGHT ASCENSION (J2000)

Figure 2.6: (Continued). Top left: Multiple-component source at 033219.2-275407, consist-
ing of three components (core plus northeast and southwest I&)e Top right: Multiple-
component source at 033228.8-274356, consisting of four congrts. This image is
by 15, and consists of a core, a component associated with the nortiget, the di use
northern lobe, and the brighter southern lobe. Note that the paiof bright sources to the
east and south are individual sources with counterpart identi cabns (Bonzini et al., 2012)
and not components of this sourceBottom left: Multiple-component source at 033232.0-
280310, consisting of four components. These are the core, tbbe to the north, and
the lobe to the south deblended from its di use emission extendingward the east. The
bright source just to the northeast is associated with a unique caterpart (Bonzini et al.,
2012) and is thus unrelated to the multiple-component sourceBottom right: Multiple-
component source at 033242.6-273816. This is the brightest radmurce in the eld and
it consists of a pair of bright radio lobes. The apparent low-level sictures at the edges
of the source are imaging artifacts. The point source just to theoath is associated with
a separate galaxy, and is thus unassociated with this complex.
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Figure 2.6: Continued). Top left: Multiple-component source at 033245.4-280450, which
has been deblended into a pair of components (core and extensianthe northwest).
Top right: Multiple-component source at 033257.1-280210, consisting ofrffeaomponents.
These are a core, a western lobe, and the deblending of the eastibe into a pair of
components. Bottom: Multiple-component source at 033335.2-274549, which has been
deblended into a pair of faint components. These are both assoedtwith disk emission

in a spiral galaxy (Bonzini et al., 2012).



Chapter 3

Optical and infrared counterpart
identi cation.

3.1 Introduction

Published asBonzini, M. ; Mainieri, V.; Padovani, P.; Kellermann, K. I.; Miller, N.;
Rosati, P.; Tozzi, P.; Vattakunnel, S.; Balestra, I.; Brand, W. N.; Luo, B.; Xue, Y. Q.,
2012, Astrophysical Journal Supplement Series, 203, 15

Deep radio observations provide a powerful opportunity to invemtate the high redshift
Universe. Moreover, since radio observations are almost una ect by dust extinction,
they allow us to observe objects, which are heavily obscured in otHeands. While bright
radio sources are mostly powerful radio galaxies and radio-loud (R&ctive galactic nuclei
(AGN), at lower ux densities we observe an increasing fraction oftar-forming galaxies
(SFG) and radio-quiet (RQ) AGN (e.g., Padovani et al., 2009, and refences therein).

Source classi cation of deep radio surveys is not easy and requimaslti-frequency
data. This approach was adopted in a series of papers, which stutlia radio selected
sample of 266 objects in the Chandra Deep Field South (CDFS; Kellearm et al., 2008;
Mainieri et al., 2008; Tozzi et al., 2009; Padovani et al., 2009, 20)1&ombining the in-
formation from di erent wavelengths, these authors were able st to classify the sources
as SFG, RQ AGN and RL AGN and then to study the properties and thesvolution of
the di erent classes separately. The promising results of this wotkave encouraged us to
apply it to a new radio catalog (Miller et al., 2013) that reaches a lowerux density limit
and has a more uniform coverage of the Extended-CDFS (E-CDE3s a consequence, we
have three times more objects, with most of the new sources in tkab-mJy regime (at
1.4 GHz).

This paper focuses on the identi cation of the optical and IR coumrparts of the radio
sources. Our main goal is to assign a redshift to the radio sourcesddo associate them
with the correct photometry. This information will be then used in fuure papers to
classify the sources and study their evolutionary properties. Asentioned above, a faint
radio selected sample includes sources of widely di erent nature: GRwvith a blue stellar
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population together with radio galaxies commonly hosted in redder gérts, and obscured
AGN together with bright unobscured quasars. For this reason, it important to consider a
large wavelength range, from the ultraviolet to the mid-infrared (NR). Faint radio sources
often correspond to faint optical counterparts. Therefore, @kp optical observations are
needed. This has animpact on the methodology that should be adeptin the identi cation
process.

The structure of the paper is as follows: in Section 3.2 we presentetllatasets, while
in Section 3.3 we describe the likelihood ratio method we used to identitye counterparts
of our sources and the results of the identi cation process, includy an estimate of the
spurious association fraction and a comparison with the cross-telation method. Section
3.4 discusses the redshift distribution (spectroscopic and photetnic) of our sample. In
Section 3.5 we deal with the X-ray counterparts of the radio sougs, while the description
of the released catalog is given in Section 3.6. In Section 3.7 we discmssresults and
report our conclusions. Finally, in Appendix 3.A we present new redsts and spectra for
the optical counterparts of 13 Very Large Array (VLA) sourcesand in Appendix 3.B we
report on some peculiar sources. In this paper we use magnitudesha AB system, if not
otherwise stated, and we assume a cosmology wkhy =70 kms * Mpc 1, y =0:3 and

=0:7.

3.2 Data

3.2.1 The radio catalog

The E-CDFS was observed at 1.4 GHz with the VLA between 2007 Juiae&d September
(Miller et al., 2008). The mosaic image covers an area of about 384 arcmin with near-
uniform sensitivity. The typical rms is 7.4 Jy for a 2.8° 1:6°°beam. The second data
release (Miller et al., 2013) provides a new source catalog with a point-source detection
limit, for a total of 883 sources. We assigned a progressive idenatton number (RID)
to the sources ordered by increasing right ascension. The ux dgty distribution of the
sample is shown in Fig. 3.1, where we use the peak ux density or the egrated ux
density according to the speci cations of Miller et al. (2013). The nuwian value of the
distribution is 58.5 Jy and the median signal to noise ratio (S/N) is 7.6. We note that

90% of the sample has ux density below 1 mJy, a regime where RQ AGN SFG
become the dominant populations (e.g., Padovani et al. 2009, 20)11& classi cation of
the radio sources will be presented in Bonzini et al. (2013).

3.2.2 Auxiliary data

The E-CDFS is one of the most studied patches of the sky and hasameobserved in many
wavebands. As we will discuss in the following sections, this wealth cditd is crucial to
select the correct counterpart of a radio source. Here we daberthe large amount of optical
and IR data used in this work. We considered a total of ten catalog3he complete list is
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the sample described in Kellermann et al. (2008) (dashed l@). The 5 sample is about three
times larger and the majority of the sources have sub-mJy uxdensities.
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reported in Table 3.1 together with some basic information: the inatiment used (column
2), the e ective wavelength (column 3), the typical point spread dnction (PSF) (column
4), the 5 AB magnitude limit (column 5), and the total area covered (column &) The
latter is also shown in Fig. 3.2, where the footprint of each mosaic imags plotted over the
VLA image. For details on the di erent data sets, we refer to the ppers listed in column 7.
We divide the auxiliary catalogs in three groups according to their selgon band: optical,
near-infrared (NIR) and mid-infrared (MIR). The rst group inclu des U-VIMOS, v-GEMS,
R-WFI, and z-GOODS. We note that the Wide Field Imager (WFI) obsevations are the
only optical images covering the whole VLA area. Therefore, eventifey are shallower
than the others and with a lower spatial resolution, they were crual in the identi cation
process. The U-VIMOS catalog has been produced by us using thEx8actor software
(Bertin & Arnouts, 1996) from the original images. In the NIR, we sed the H-GNS,
H-SOFI, Ks-MUSYC and Ks-ISAAC catalogs. The H-GNS data, comsting of 30 pointed
observations, cover a very small area of the E-CDFS but have atte resolution compared
to the ground-based observations. At longer wavelengths, the ®DFS was mapped with
the Spitzer Space Telescopas part of the SIMPLE and FIDEL surveys. These data are
particularly useful to identify high redshift sources (see Sec. 3.4fdr details).



Table 3.1: Auxiliary catalogs used for the identi cation of the radio sorces counterparts. A description of the columns is

given in Section 3.2.2.

1) (2) 3) (4) () (6) (7)
Catalog? Instrument off P PSF FWHM  AB mag Area References
( m) (arcsec) (5 limit) (arcmin 2)
U-VIMOS VIMOS/ESO VLT 0.390 0.2 28.0 800 Nonino et al. (2009)
Optical v-GEMS ACS/HST 0.578 0.1 28.5 800 Rix et al. (2004)
Caldwell et al. (2008)
R-WFI WFI/ESO 2.2m 0.654 0.8 25.5 >1100 Giavalisco et al. (2004)
z-GOODS ACS/HST 0.912 0.1 28.2 160 Dickinson et al. (2003)
Giavalisco et al. (2004)
H-GNS NICMOS/ HST 1.607 0.2 26.5 43 Conselice et al. (2011)
NIR H-SOFI SOFI/ESO NTT 1.636 0.55 22.0 800 Olsen et al. (2006)
Ks-ISAAC ISAAC/ESO VLT 2.745 0.4 24.7 131 Retzla et al. (2010)
Ks-MUSYC ISPI/CTIO 4m 3.323 0.3 22.3 900 Taylor et al. (2009)
MIR IRAC-SIMPLE IRAC/ Spitzer 3.507-4.436 1.7 23.8-23.6 >1100 Damen et al. (2011)
24um-FIDEL MIPS/ Spitzer 23.209 6 20.2 >1100 Dickinson & FIDEL Team (2007)

& Name used in the text to refer to a speci ¢ catalog.

b Filter e ective wavelength.

¢ The catalog is obtained from a combined image of 3.6m and 4.5 m IRAC bands.

eledg ¢'c
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Figure 3.2: Multi-wavelength coverages overplotted on the VLA image. Left: Optical catalogs
(from outside): v-GEMS (solid line), U-VIMOS (dot-dashed line), and z-GOODS (dashed line).
The R-WFI catalog coverage exceeds the VLA image and therefe is not plotted. Middle: NIR
catalogs (from outside): Ks-MUSYC (dot-dashed line), H-SQFI (solid line), Ks-ISAAC (dashed
line) and H-GNS (small squares).Right: MIR catalogs: IRAC-SIMPLE (dashed line) and 24um-
FIDEL (solid line). The dot-dashed line encloses the area wth photometric redshift catalogs
coverage (see Section 3.4).

3.3 Counterpart identi cation method

3.3.1 Likelihood ratio technique

The rst step in the identi cation process consisted of registeringeach auxiliary catalog
to the astrometric frame of the radio image, correcting for the naéan o sets between

the radio and the auxiliary catalogs. An average number of 400 s@es was used to
perform this registration and the typical median o set is 0.2° As already mentioned, a
simple cross-correlation method, where the counterpart is seledtas the closest object to
the radio source given a threshold matching radius, can lead to a largumber of spurious
association when dealing with deep optical images. Therefore, weopted a likelihood ratio

technique (e.g., Sutherland & Saunders, 1992; Ciliegi et al., 2003)hi$ method allows us
to take into account not only the position of the counterpart, butalso the background
source magnitude distribution and the presence of multiple possibleunterparts for the

same radio source. Here we brie y describe this technique followirngetformalism described
in Ciliegi et al. (2003). It consists of three main steps:

(a) Compute the surface density of background sourcegm) as a function of magnitude
m.

(b) Evaluate the likelihood ratio (LR) for each possible counterpart.
(c) Compute the reliability (rel) of each association.

(&) The magnitude distribution of background sources is obtainedybcounting all the
sources within a 3®radius around each radio object and dividing them in magnitude
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Figure 3.3: Background source distribution, n(m), multiplied for the searching area ( (2°§2

N radio sources ) (dashed line) and the background subtracted distribution of counterparts, real(m),

(solid line) for the v-GEMS catalog (on the left), the Ks-MUSYC catalog (in the middle) and

the IRAC-SIMPLE catalog (on the right). The dotted dashed li ne is obtained by smoothing the
real(m) distribution and it is used to compute gq(m).

bins ( m = 0:5). The size of the searching radius is set to contain, on averagestj one
radio source and a substantial numberx100) of background sources for the deep optical
catalogs. The surface density of background objectgm) is then computed dividing the
obtained distribution by the total searching area ( (30°92  Nadio sources )-

(b) The likelihood ratio for a counterpart candidate is de ned as theatio between the
probability that the source is the correct identi cation and the coresponding probability
for an unrelated background source. Therefore we compui® as:

_ am)f () 6

LR n(m)

where f (r) is the probability distribution function of the positional errors and g(m) is
the expected distribution of the counterparts as a function om. As for f (r) we adopt a
two-dimensional Gaussian distribution of the form:

2
(1= 5 exn(5y) (3.2)

where is the average between, = P erl,+erzand = P er2, + er’. er ander
are the radio positional errors given by the beam size:@L 2:8 arcsec) divided by two times
the S/N ratio of the considered source. To account for furtherncertainties on the VLA
position, we added in quadrature 0%%o the radio positional error (Miller et al., 2013). The
average positional erroer,,, for the optical catalog is 01°°%and 0.3%or the others, with the
exception of H-GNS ér,. = 0:2° and 24 m-FIDEL (eray = 0:6% (see references given in
Table 3.1). To derive an estimate fog(m), we rst counted all the objects in the auxiliary
catalog within a radius of 2%around each radio source. Then, we subtracted the distribution
of background objects computed on the same area(() (2")2  Niadio sources )- The
latter is shown in Fig. 3.3 (dashed line), from left to right, for an optial, NIR and MIR
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catalog, respectively. The background subtracted distributionreal(m), is plotted in the
same gure as a solid line. Finally, we normalized the distribution functio as:

q(m) =

real(m)
; real(m);

Q (3.3)

where the sum runs over the total number of objects in theeal(m) and Q represents
the probability that the real counterpart is above the catalog detction limit. As already
veri ed by Ciliegi et al. (2003) and Mainieri et al. (2008), the numberof identi cations
and the associated reliabilities have a mild dependence @ Therefore, we adopted a
xed value Q = 0:8 for all the auxiliary catalogs as it corresponds to the average exqted
fraction of identi cations. Finally, combining g(m), f (r) and n(m) according to eq. 3.1,
we computed the LR for each source in the auxiliary catalogs.

(c) The LR does not contain information about the possible preseacof many coun-
terpart candidates in the surrounding of a specic radio source.t is therefore useful to
de ne the reliability of each association as (Sutherland & Saunder$992):

LR);
rel; = P (LR)
(LR)i+(1 Q)
where the sum is over all the candidate counterparts for the samadio source.

(3.4)

3.3.2 Identi cation results

Following the method described in the previous section, we built a list gfossible coun-
terparts for each auxiliary catalog. Initially, we set a very low likelihod threshold (10 ©)
to be sure not to lose any counterpart. After a careful analysisye decided to consider
as reliable only counterparts with reliability greater than 0.6. This theshold ensures that
the expected number of spurious associations is below 5% for eadkileary catalog (see
Section 3.3.5), and at the same time maximizes the number of identi esources. The
identi cation rate for each auxiliary catalog is reported in column (3)of Table 3.2. The
number of identi ed sources is weighted by the number of radio sates inside the area
covered by each survey reported in column (2). We note that thaumber of identi cations
increases with wavelength, from 65% in the optical catalogs up to 87% in the MIR.
That means that most of the radio sources have a counterpart mdidate in more than
one auxiliary catalog, and that there is a fraction of sources thatra not detected in the
optical but only in the IR. In more detail, there are 652 radio source(74%) that have a
counterpart in at least one of the four optical catalogs, 76 (9%htat have no counterpart
in any of the optical catalogs, but that are identi ed in at least one 6the NIR catalogs,
and 111 (12%) that have a counterpart only in the MIR. We will referto these three
groups as optical, NIR and MIR selected counterparts, respeatily. We anticipate that
they have di erent redshift distributions, with NIR and MIR selected sources having on
average higher redshift (see Section 3.4.4). High redshift objectisanks to their positive
K-correction, are more easily observed in the IR than in the opticand this explains the
higher identi cation rate observed in the MIR catalogs.



Table 3.2: Counterparts identi ed in each catalog and spurious assodition estimate for both the likelihood and cross-correlaton
methods. In column 2 we report the number of radio sources inde the area of the survey (see Fig. 3.2).

LR method cross-correlation
1) ) ®3) 4) ®) (6) Q)
Catalog Radio sources| % counterparts (#) 90% inside 2 % spurious | % counterparts (#) % spurious
(arcsec)
U-VIMOS 540 64% (347) 0.7 5% 64% (346) 12%
Obtical v-GEMS 646 67% (432) 0.7 5% 67% (435) 11%
P R-WFI 877 68% (600) 0.7 3% 67% (587) 6%
z-GOODS 164 65% (107) 0.5 4% 58% (95) 6%
H-GNS 34 70% (24) 0.5 <1% 62% (21) 6%
NIR H-SOFI 523 69% (363) 0.7 2% 65% (339) 1%
Ks-ISAAC 135 81% (109) 0.7 4% 76% (102) 3%
Ks-MUSYC 724 77% (556) 0.7 3% 71% (515) 1%
MIR IRAC-SIMPLE 858 87% (746) 0.7 3% 79% (674) 3%
24um-FIDEL 878 85% (745) 11 4% 79% (692) 2%

@ Radius within 90% of the counterparts are included.

poylaw uoired nuapl yediauno)d €'

T
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Figure 3.4: Spitzer/IRAC images of objects RID 018 (top) and 866 (bottom). They represent

examples of IRAC sources not present in the SIMPLE catalog whse position has been manually
extracted (see Section 3.3.4 for details): RID 018 has beenbserved only in two of the four

channels, and RID 866 is blended by a nearby source. The po#in of the radio source is marked
by a cross. Each image is 10 arcsec on a side.



Table 3.3: Radio information and identi cation process results. A description of the table content is given in Section 3.6. (This
Table is available in its entirety in a machine-readable fom in the online journal. A portion in shown here for guidance regarding
its form and content.)

) @ ®3) 4 (5) (6) 7 (10)
RID RAradio Dec radio Sr S/IN  RA counterpart Dec counterpart Reliability Distance Counterpart
(J2000) (J2000) (Jy) (J2000) (J200) (arcsec) catalog

360 3:32:13.09 -27:43:50.9 1380.26.6 115.8 | | | unidenti ed

361 3:32:13.24 -27:40:43.7 58.%.4 9.0 03:32:13.24 -27:40:43.39 0.97 0.2 R-WFI
362 3:32:13.25 -27:42:41.3 86.46.4 13.5 03:32:13.25 -27:42:40.86 1.00 0.2 z-GOODS
363 3:32:13.36 -27:39:35.2 48.%.9 7.0 03:32:13.32 -27:39:35.03 1.00 0.2 24um-FIDEL
364 3:32:13.41 -27:33:04.9 48.4.8 6.2 03:32:13.39 -27:33:04.93 0.97 0.3 R-WFI
365 3:32:13.50 -27:49:53.1 44.®.4 6.9 03:32:13.48 -27:49:52.82 1.00 0.1 z-GOODS
366 3:32:13.61 -27:34:.04.3 102.485 8.3 03:32:13.58 -27:34:04.37 1.00 0.4 R-WFI
367 3:32:13.65 -28:01:01.2 35.8.9 5.1 03:32:13.62 -28:01:01.06 1.00 0.3 v-GEMS
368 3:32:13.85 -27:56:00.3 44.%.4 6.9 03:32:13.85 -27:55:59.95 1.00 0.2 24um-FIDEL
369 3:32:14.17 -27:49:10.6 95.46.4 14.9 03:32:14.14 -27:49:10.09 0.98 0.4 U-VIMOS
370 3:32:14.46 -27:45:40.8 34.%.2 5.6 03:32:14.43 -27:45:40.72 1.00 0.3 z-GOODS
371 3:32:14.60 -27:43:05.8 32.6.4 5.0 03:32:14.60 -27:43:06.10 9.00 0.3 manual
372 3:32:14.69 -28:02:20.2 44.9.1 6.0 03:32:14.65 -28:02:19.97 1.00 0.4 v-GEMS
373 3:32:14.85 -27:56:40.9 109.B.5 16.9 03:32:14.83 -27:56:40.49 1.00 0.2 v-GEMS
374 3:32:15.17 -28:05:22.7 50..9 6.3 03:32:15.14 -28:05:22.24 1.00 0.3 R-WFI
375 3:32:15.34 -27:50:37.6 43.5.4 6.7 03:32:15.32 -27:50:37.25 1.00 0.1 H-GNS

poylaw uoired nuapl yediauno)d €'
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In Table 3.3, we report the complete list of the counterparts of theadio sources (see
Section 3.6). The counterpart position is taken from an optical catog, when available,
since these observations have the highest spatial resolution. larpcular, we chose the
catalog in which the counterpart has the highest reliability. Accordig to this criterion,
we selected 104 counterparts from U-VIMOS, 150 from v-GEMSQ3 from R-WFI, and 96
from z-GOODS. If there was no optical counterpart above the liability threshold, we used
the coordinates of the most reliable counterpart found in the NIRatalogs. This happened
for 4 sources from H-GNS, 24 from H-SOFI, 4 from Ks-ISAAC, andl7 from Ks-MUSYC.
For the remaining counterparts, we used the position from the IRB-SIMPLE catalog (25
sources) and from the 24um-FIDEL one (74 sources). Finally, treeare 10 radio sources
(RID: 18, 19, 36, 371, 430, 457, 463, 698, 795, and 866) whaseterpart is clearly visible
in the IRAC images but is not listed in the SIMPLE catalog (or in any othe catalog). The
reason is that, since the SIMPLE catalog is extracted from the cdrimed 3.6 and 4.5 m
images, either the source was observed only in the rst or the sexbIRAC channel and
therefore not included in the catalog, or it was not deblended from mearby object (see
Fig. 3.4). In these cases we have extracted the position of the aterpart from the IRAC
image.

As a further check, we extracted 1010 arcsec cutouts centered at the radio source
position of the images in the various bands, to visually inspect the coterpart associations.
Examples are presented in Fig. 3.5 where the position of the radio so& and of its
counterpart are marked by a cross and a square, respectivelyn the left panels, radio
contours are plotted over a 20 20 arcsec R band image, after the latter has been registered
on the astrometric frame of the radio image. This larger size is chostr a better view of
the radio contours. In most cases the selected counterpart isally visible in one or more
cutouts. In 12 cases, we found a more convincing counterpartcatherefore we revisited
the association; these cases are discussed in more details in Se&idm.

A total of 44 sources are unidenti ed: most of them are either vgrfaint radio sources
or lie at the edge of the eld, where the multi-wavelength coverage lsss rich. They are
blank elds in all the available images (see, e.g., RID 360 in Fig. 3.5). We meact only few
of them to be spurious radio detections since the radio catalog is ledson a mosaic image
and therefore each object was observed by more than one poigtiMiller et al., 2013). If
an object were spurious and due to instrumental e ects (e.g., a €lbbe of a nearby bright
source) it would not be the same in each pointing. Similarly, if it were jis chance noise
spike you would expect to see it in only one pointing. Therefore we pem source ts
in the individual pointings for the unidenti ed radio sources with low SN and we believe
that the radio detections are real, with one or two possible exceptis.

In summary, we found a reliable counterpart for 839 out of 883 ramlsources (95%).

3.3.3 Multiple component radio systems

A multi-wavelength approach is crucial to identifying multiple-compoent systems. Indeed,
the analysis of the radio morphology alone cannot distinguish betwepairs of radio sources
which are close in projection, or physically connected radio compane of the same source.
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Figure 3.5: Left panels: radio contours plotted over a 20 20 arcsec R band image. The RID is
shown on the top right of each image.Other panels: cutouts of the images in the various bands
centered at the position of the radio source (marked by a crag). Each image is 10 arcsec on a side.
The corresponding catalog is indicated on the bottom left. The square indicates the position of
the selected counterpart. The image from which the counterprt is selected has a black border.
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In our sample there are 24 systems, whose radio morphology caniftterpreted as multi-
component radio sources. Their radio contours are plotted oveind R image in Fig. 3.6.

We perform the likelihood ratio analysis described in Section 3.3.1 to lofdr a possible
counterpart of each single radio component. For seven such gmss (panels (d), (i), (n),
(0), (p), (), (u) in Fig. 3.6), we nd highly reliable counterparts for each component.
Therefore, we claim that they represent distinct sources. The loér 17 are con rmed
to be multiple-component systems. They have extended radio emdss in most of the
cases characterized by a core (not always visible in the radio) anddra lobes. The radio
lobes have usually comparable radio power and are not associatedhwétny optical or
IR counterpart. There are some cases where we cannot excludeassible contribution
to the radio ux density from a superimposed unrelated object like irsources with RID
38, 73, 209, 283, and 647. The complete list of these system witle throperties of each
radio component is given in Miller et al. (2013). In Appendix 3.B we discasome peculiar
sources.

3.3.4 Revisited associations

In section 3.3.1, we described our method to select the optical an@ ktounterpart for

the radio sources using a likelihood ratio technique. Visually inspectirtge results of the

identi cation process, we con rm the association obtained followinghis procedure in 99%
of the cases. In this section, we describe the reasons why we ligadsthe counterpart

association for some peculiar sources. In these cases, the mostlilcounterpart has a
reliability under our threshold and was therefore rejected. The twmain reasons for this
are: (i) the radio source is in a crowded eld and therefore all the ggible counterparts
have low reliability (RID 70, 407, 417, 458, 561, and 797). We basedrahoice of the
counterpart on the radio morphology and on the overall object pperties in the various
bands (as an example, see the notes on RID 407 in Appendix 3.B). (iilh& radio source is
extended, hence the exact position of the radio emission is not weditdrmined or does not
correspond to the optical/IR peak emission (RID 407, 420, 521, 40828, and 830). As a
consequence, there is an o set between the position of the radmusce and the counterpart
that has therefore a low reliability.

3.3.5 Estimation of spurious associations and comparison w ith
the cross-correlation method

For each auxiliary catalog, we estimate the rate of spurious assaaas by randomly
shifting the position of the radio sources and computing again the liability for all the

possible counterparts. We apply only shifts between 5 and 15 arcse order not to exceed
the eld coverage. We then compute the likelihood ratio value for eacone of the shifted
sources using equation 3.1, whegfém) and n(m) are the probability distributions derived
for the original catalog (see Section 3.3.1). The same reliability thiesld of 0.6 is adopted.
The average fraction of false association over 50 di erent shiftsiisported in Table 3.2 for
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Figure 3.6: Cutouts of radio sources with complex radio morphology. Themajority of them
(17=24) are con rmed as multiple-component system, while for tke remaining we nd reliable
counterparts for each radio component (see Section 3.3.3rfdetails). Radio contours are plotted
over the R band WFI image. The scale of the cutout is given in acsec on the bottom right and

the RID on the top left.
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each auxiliary catalog. We nd spurious fractions from 3% up to 5% fahe deep optical
catalogs. In the case of H-GNS the fraction is very low but it could benderestimated due
to the small area covered by this catalog and the consequent smsthtistics.

We compare these results with the number of spurious associationistained using a
simple cross-correlation method. The matching radius chosen fdrig test is equal to the
radius which includes 90% of the counterparts identi ed with the likelibod-ratio method.
These radii are listed in column (4) of Table 3.2. We nd that the two m#&ods identify
a similar fraction of sources for the optical catalogs and a someviHawer one for the IR
catalogs. We estimate the fraction of spurious associations similar what has been done
for the likelihood method, namely shifting the radio catalog with respe to the auxiliary
one. We used the same set of displacements as in the previous cAseshown in Table 3.2,
our likelihood ratio technique is generally less a ected by spurious damination especially
when applied to the deep optical catalogs. In particular, in the casef the U-VIMOS and
v-GEMS catalogs the spurious fraction exceeds 10% with the crassrelation method. If
we decrease the searching radius from 0.7 to 0.5 arcsec for all tipgical catalogs, the
fraction of false counterparts becomes lower (8%, 7%, 3%, foetb)-VIMOS, v-GEMS and
R-WFI catalogs, respectively), but we also miss a signi cant fractio of real identi cation
(19%, 23% and 14%, respectively). For NIR and MIR catalogs, the/d methods are almost
equivalent. We obtain slightly higher fractions of fake associationsithr the likelihood ratio
technique but with the cross-correlation method we miss a larger mbber of counterparts.
This is mainly due to the lower source surface density with respect the optical catalogs.
We note that the shift-and-rematch method tends to overestinta the number of false
matches as it ignores the fact that there are a large fraction of ¢hsources that do have
counterparts (see Bross et al., 2007; Broos et al., 2011; Xue et aD11, for details.). Our
estimates should therefore be considered as upper limits. Since thiect is the same
both for the likelihood and the cross-correlation method, it does ha ect our conclusions.
Finally, we assume that the fraction of spurious association in the al catalog is equal
to the weighted average of the spurious fraction of each catalogsing the number of
counterparts selected from each catalog as weight. We then egpat most 4% spurious
counterparts.

3.3.6  Comparison with previous work

The brighter sources of the present catalog were already includéd the radio catalog
described in Kellermann et al. (2008). We have compared the courgarts found in

Mainieri et al. (2008) (M08, hereafter) with those selected in this evk for the sources
in common. We nd that in 90% of the cases the same counterpart i®lected. For the
remaining 10%, we select a di erent counterpart compared to M0O8In most cases the
counterparts were identi ed in the optical band by M08 while we nd amore convincing
counterpart in newly acquired MIR observations. For eight out of welve objects that
were unidenti ed or under the threshold in M08, we now have a reliableounterpart. One
example is RID 625 (ID in the Kellermann et al. (2008) catalog KID=20Rthat was in

an empty eld in MO8 while we identify it at 24 m. The criteria to identify the best
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counterpart candidate of a radio source are slightly di erent beteen the two works. In
MO8 a likelihood ratio threshold of 0.2 was adopted, while we use a cut ieliability to
take into account the presence of multiple counterpart candidaseof the same radio source.
Our reliability threshold of 0.6 is a bit more conservative (it correspahto a LR threshold
of 0:3) and it is aimed at reducing the number of spurious identi cations. Aother
di erence between the two works is that in M08 the best counterpawas chosen according
to an a priori ranking of the auxiliary catalogs. The priority was set acording to the depth
of the optical/NIR survey and to the wavelength. Given the larger nmber of auxiliary
catalogs used in this work we use a di erent approach: between a#dgs in the same wave-
length range (optical, NIR and MIR), we select the counterpart wit the highest reliability
(see Section 3.3.1). This allows us to fully exploit the information givenylthe probabil-
ity distributions obtained with the likelihood ratio technique. Moreove, we minimize the
number of tentative associations selected in a high priority optical/NR catalog yet with
a reliability just above the threshold. As a consequence, with our weapproach 90% of
the counterparts have a reliability greater than 0.96, in contrastd 0.83 obtained in MO8
(see Fig. 4 in M08). Moreover, we observe a signi cant decrease Iretaverage separation
between the radio source and its counterpart compared to M08n this work, we nd 90%
of the counterparts within 0.7 arcsec around the radio position, vith is about half of the
radius found in M08 (see Fig. 3.7). This is partially due to the change iresolution of
the two radio surveys (from 3.8° 3:5%in Kellermann et al. (2008) to 2.8° 1:6%in this
work).

In summary, using the new MIR imaging in the E-CDFS area, we reacthé same
fraction of identi cation (95%) as in M08, although we adopt a highereliability threshold
and a larger fraction of the radio sources is in the outer part of theld, where the multi-
wavelength coverage is poorer. There is only one source previoudbnti ed that we now
consider unidenti ed: RID 101 (see details in Appendix 3.B).

3.4 Redshift associations

3.4.1 New VIMOS spectra and redshifts

We acquired new optical spectra with the Visible Multi-Object Spectsigraph (VIMOS,;
Le Fevre et al., 2004) at Very Large Telescope (VLT). We carriedut one pointing in the
central region of the VLA survey using the low-resolution (LR) bluegrism (R=180, dis-
persion=5.7 Apixel 1) that covers the wavelength range 3700-670% The total exposure
time of ve hours was set to identify faint optical counterparts toa limiting point-source
magnitude of R 25. The mask was designed with the VIMOS Mask Preparation Soft-
ware (VMMPS; Bottini et al., 2005) that optimizes the slit assignmert based on our input
catalog. We observed a total of 32 VLA sources. The data weredueed using the VI-
MOS Interactive Pipeline and Graphical Interface (VIPGI; Scodegjo et al., 2005), and
the redshifts were estimated using the EZsoftware that cross-correlates each spectrum

Lhttp://cosmos.iasf-milano.inaf.it/pandora/EZ.html
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Figure 3.7: Cumulative distribution of the separation between a radio ource and its counterpart
for the radio catalog presented in this work (solid line) andin Mainieri et al. (2008) (dot-dashed
line). The vertical lines mark the separation within 90% of the counterparts are located.
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Table 3.4: List of the spectroscopic catalogs considered in this workhe instrument used
to obtain the spectra is reported in column (2) and details on the obsvation and data
reduction can be found in the references given in the rst column. hie label in column
(3) are used in the nal catalog to identify the source for the spé&mscopic redshift. The
last column reports the number of spectroscopic redshift adoptérom each catalog in this

work.

1) ) ®3) (4)
Reference Instrument Label Number of z-spec adopted
This work VIMOS P81 13
Szokoly et al. (2004) FORS1/FORS2 S04 38
Vanzella et al. (2008) FORS2 FORS 20
Silverman et al. (2010) VIMOS VJB 37
Silverman et al. (2010) VIMOS P80 3
Silverman et al. (2010) Keck K07 32
Silverman et al. (2010) Keck K08 18
Treister et al. (2009) VIMOS T0O9 20
Balestra et al. (2010) VIMOS-LR VLR 24
Balestra et al. (2010) VIMOS-MR VMR 23
Le Fevre et al. (2004) VIMOS VVDS 19
Ravikumar et al. (2007) VIMOS RO7 12
Szokoly et al. (2004) FORS1/FORS2  SO4F 1
J. Kurk et al., 2012 (Submitted) FORS2 GMASS 4
Norris et al. (2006) 2dF NO6 10
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with a template spectrum, and via visual inspection to validate the ult. We derived a
spectroscopic redshift for 13 VLA sources for which previously viead only a photometric
redshift estimate. The spectra of these 13 radio sources arewhdn Appendix 3.A.

3.4.2 Spectroscopic redshifts

Many spectroscopic campaigns have been conducted in the E-CDRScomplete reference
list for those used in this work can be found in Table 3.4. We combine tlpeiblicly available
redshifts with our own newly acquired spectra (see Sec. 3.4.1). Wesi@gn a quality ag
(QF) to each redshift by mapping the ones in the original catalogs ta uniform scale.
We use QF=3 to indicate a secure redshift, QF=2 for reasonable rshift, and QF=1
for tentative redshift or for single line detection. The coordinate®f the counterparts,
identi ed as described in Sec. 3.3.1, are cross-correlated with theusces reported in the
spectroscopic catalogs within 0.2 arcsec. Such a small radius is emogo minimize the
confusion with nearby sources. We nd a spectroscopic redshitirf274 sources. If a source
has a match in more than one spectroscopic catalog, we verify thensistency between
the corresponding redshifts. For 22 sources, multiple spectropec redshifts di er by more
than 0.1. In all but three of these cases, the QF of the spectragic measurements allows
us to select the highest qualityz. For sources RID= 83, 569, and 706, where the QF
in the various spectroscopic catalogs are equivalent, we visually cked the spectra to
select the more reliable redshift value. The spectroscopic redshifssociated with each
radio source is reported in the column 7 of Table 3.5, with the QF, andh¢ reference in
columns 8 and 9, respectively. In summary, 33% of the radio sousceith counterpart
have a spectroscopic redshift, 74% of which are secure redshp=£3), 18% have QF=2
and 8% have a tentative redshift measurement (QF=1).

3.4.3 Photometric redshifts

In order to increase the redshift completeness of our sample, wecause photometric red-
shift estimates. We use the photometric redshift catalog compiled/iuo et al. (2010) and
Ra erty et al. (2011). These redshifts are based on a large numbef photometric bands:
the COMBO-17 optical catalog (Wolf et al., 2004, 2008), the GOODS-MUSIC catalog
(Grazian et al., 2006), the MUSYC BVR-detected catalog (Gawisett al., 2006), the deep
GOODS-S VIMOS U-band catalog (Nonino et al., 2009), the GALEX Dat Release % the
MUSYC near-infrared catalogue (Taylor et al., 2009), and the SIMEE mid-infrared one
(Damen et al., 2011). Starting from this photometric data set, th@ublicly available Zurich
Extragalactic Bayesian Redshift Analyzer (ZEBRA; Feldmann et al., @06) code was used
to derive photometric redshifts via a maximum likelihood technique. Té set of templates
used includes: 259 galaxy templates constructed from PEGASE l&e population synthe-
sis models, a set of hybrid (galaxy+AGN) templates and ten empiriceéAGN templates
from Polletta et al. (2007). We refer the reader to Luo et al. (2030and Ra erty et al.

2http://galex.stsci.edu/GR4/
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(2011) for a more detailed description of the procedure adopted tstimate photomet-
ric redshifts. We cross-correlate the photometric redshift caliag with the radio source
counterparts, selected as described in 3.3.2. Given the high baakgnd surface density
distribution of the photometric catalog, we adopt a matching radiusf 0.2 arcsec. This way
we minimize the risk of associating to the radio counterpart the retigit of a nearby source.
We nd 623 matches out of the 839 identi ed radio sources. The maaseparation between
the radio counterparts and the corresponding photometric retigt coordinates is 0.03 arc-
sec. For the remaining 216 objects we consider three other compdas of photometric
redshifts: the MUSYC-E-CDFS catalog (Cardamone et al.,, 2010jhe GOODS-MUSIC
catalog (Santini et al., 2009), and the K-selected MUSYC catalog &Jlor et al., 2009).
The latter is based on a NIR selected catalog, and therefore is patlarly useful to as-
sign a redshift to radio sources with no counterpart in the optical. & nd 13, 4, and 35
additional redshifts, respectively. In Summary, we associate a @iometric redshift to 673
(80%) out of the 839 identi ed radio sources.

For the sub-sample with available secure spectroscopic redshiftREB), we compute
the normalized median absolute scatter,

] z median( 2z)j

=1:48 median
NMAD 1 + Zspec

; (3.5)

where z = zZynot  Zspec, Which is an estimate of the quality of the photometric redshift
which is less sensitive to outliers than the standard deviation (Bramen et al., 2008).
We nd nmap = 0:01 that is comparable, and even slightly better, to what found for
the same indicator in the photometric redshift catalogs considerg@@antini et al., 2009;
Taylor et al., 2009; Cardamone et al., 2010; Ra erty et al., 2011). Tdrefore, we conclude
that the accuracy of the photometric redshifts for our radio seteed sample is comparable
to what estimated for the overall population in the photometric caélogs. We note that this
indicator assumes that the spectroscopic sub-sample is repraaéme of the full sample.
This assumption is likely not entirely true and consequently it gives anverestimation of
the accuracy of the photo-z for the whole sample. Luo et al. (2016stimated that the
uncertainties on the photometric redshifts for the full sample ara factor of six higher.
We also note that the photometric redshift errors given in column 6fdable 3.5 from the
Ra erty et al. (2011) catalog are known to be underestimated (geLuo et al. (2010)). A
more realistic estimate is given by the ywap parameter, which is around 6% as discussed
above.

3.4.4 Redshift distribution

In the case where both spectroscopic and photometric redshitise available, we use the
spectroscopic one if QF 2 and the photometric redshift otherwise. For spectroscopic
redshifts with QF=1 we nd ymap = 0:28, which we interpret as an indication of the
poor quality of these spectroscopic redshifts. Combining specsmpic and photometric
information, we assign a redshift to 678 objects, 81% of the radiowsces with counterpart
(252 spectroscopic redshifts and 426 photometric redshifts).his fraction underestimates
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the redshift completeness of our sample since in the outermost paf the eld there
are no redshift measurements available. Therefore, we restriauroredshift distribution
analysis to the sources in the area covered by the photometric sdft catalogs. This
region is plotted with a dot-dashed line in the right panel of Fig. 3.2. T& number of radio
sources included is 779, and 87% of them have a redshift. The totatishift distribution
is plotted in Fig. 3.8, where the lled histogram represents the distribtion of sources
with spectroscopic redshifts. The top panel shows the fractiorf photometric redshifts.
We note that photometric redshift measurements become incraagly important at higher
redshifts where optical spectroscopic observations become mahallenging. The mean
redshift for the whole sample is 1.1 and the median is 0.9. Fig. 3.9 showse tadio power
as a function of redshift for sources with either spectroscopidr@e) or photometric (cross)
redshift. The solid line represents the ux density limit of the survey If we divide the radio
sources based on their identi cation band, we observe an increasethe mean (median)
redshift from 1.0 (0.8) for the optical identi ed sources to 2.5 (2.1jor the MIR ones (see
Table 3.6 and Fig. 3.10). The statistical signi cance of the di erent edshift distributions
is examined with the Kolmogorov-Smirnov (K-S) test. The di erencebetween the optical
and NIR distributions and that between the optical and MIR distributions are con rmed
with a signi cance level 99%. For the NIR and MIR redshift distributions the K-S test
gives a signi cance of 99%. Both spectroscopic and photometridshift estimates become
more challenging moving to high redshift objects and this is the reasavhy the fraction of
sources with a redshift estimate drops from 88% for the optical ideé ed sources to 25%
for the MIR ones (see Table 3.6).

30nly three sources outside this region have a spectroscopic redh



Table 3.5: Main characteristics and redshift information of the radisource counterparts. A description of the table
content is given in Section 3.6. (This table is available in its entirety in a n@ine-readable form in the online journal. A
portion in shown here for guidance regarding its form and content.)
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Table 3.6: Redshift distribution of the counterparts divided accorieg to their wavelength
selection. The number in column (1) is the number of radio sources @ge counterpart is
found in the group of catalogs of the corresponding row.

1) () ®) (4) ®)

Identi ed sources With z Fraction | Mean z Median z

Optical 652 575 88% 1.0 0.8
NIR 76 75 98% 1.6 15
MIR 111 28 25% 2.5 2.1

3.5 X-ray counterparts

Chandra has imaged in the X-ray the area of the E-CDFS as part of two di erd programs.
The rst is a 250 ks exposure observation that covers almost thehwale eld (0.28 ded)
(Lehmer et al., 2005). The survey reaches sensitivity limits ofL. 10 ¢ and 67 10 ©
ergs cm? s ! for the soft (0.5 { 2.0 keV) and hard (2 { 10 keV) bands, respectilg
The second set is a much deeper 4 M3handra observation covering only the central
part of the eld ( 0:1 ded). The on-axis ux limits are 9:1 10 8 for the soft band
and 55 10 " ergs cm? s ! for the hard band (Xue et al., 2011). We cross-correlated
the radio source catalog with the X-ray ones. Due to the low surfacdensity of X-ray
sources a simple positional match is almost equivalent to the likelihooatro technique.
The searching radius was set to three times the sum in quadraturé the errors on the
radio and X-ray positions. In case of multiple counterpart candidais, we selected the one
closest to the radio source position. We nd 129 radio sources with-bay detection from
the 4 Ms Chandra catalog, and 99 sources from the 250 ks catalog. Combining the two
lists, we have X-ray detection for 25% of our radio sources. Theiux in the soft and hard
band are reported in columns 10 and 11 of Table 3.5. We refer the dea to Section 4.2
of Vattakunnel et al. (2012) for a description of the properties fothe radio sources with
X-ray counterpart. In the following section we focus our attentin on the sources for which
we obtain only upper limits on their X-ray ux.

3.5.1 Average X-ray properties of radio-only detected sour ces

The majority (75%) of our radio sources has no X-ray counterpar Even in the region
covered by the 4 MsSChandra observation, the fraction of identi ed sources is only 60%
(Vattakunnel et al., 2012). For the radio-only sources we perfor aperture photometry
on the X-ray images at the position of the radio source. The X-rayedected sources are
masked and replaced with a Poissonian background based on the eabf the measured
local background. The photometry is done separately in the sof0 ({2 keV) and in the
hard (2{10 keV) bands. To derive the average properties of thesbjects, we perform a
stacking analysis of theChandra images. In particular, we stack separately sources with
counterparts selected from an optical catalog, from a NIR catajoand from a MIR one.
The net counts obtained in both hard and soft X-ray bands are repted in Table 3.7.
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Table 3.7: Net counts andHR for radio sources without X-ray detection. The number in

column (1) is the number of radio sources which have a optical/IR caterpart but not
detected in the X-ray.

1) ) 3) (4)
Number of sources 0.5{2 keV cts 2{10 keV cts HR

Optical 426 676 68 374 97 -03 0.1
NIR 59 78 24 | |

MIR 86 79 33 227 50 04 0.2
logP;, < 22.9 122 231 36 162 51 02 02
22.9 logP, <235 121 194 35 98 50 -0.3 0.2
logP, 23.5 97 120 31 52 43 04 04

The detection for the optical selected sources is highly signi cant iboth bands, while
for the MIR ones it is only marginal in the soft band. The NIR selectedources have
marginal detection only in the soft band and are not detected in thbard band. For each
group, we evaluate the average hardness ratio dened BR = (H S)=(H + S), where

H and S are the total net counts in the hard and soft band, respectivelycblumn 4 in

Table 3.7). In particular we note that MIR selected sources have aald hardness ratio,
HR =0:4 0:2, supporting the hypothesis that these objects are obscuredusces. This
HR value corresponds to an e ective X-ray photon indices = G07'}14.

We also split the sample of X-ray undetected sources in radio powen$ to investigate
if there are any changes in the average X-ray spectral properi@s a function of radio
power. We consider only sources with < 1.5, where we have a more uniform distribution
in radio power, from 16° to 10?” W Hz 1. The radio power bins, the net counts, and the
HR are reported in Table 3.7. We nd a roughly constant value oHR and therefore no
signi cant change in the average X-ray spectral properties as arfction of radio power.

3.6 Catalog description

In this section we describe the catalog containing the results of tlaptical and IR coun-
terpart identi cation process. The information is divided into two tables. In Table 3.3 we
include the radio data from Miller et al. (2013) that were used in this wik and the results
of the identi cation process. In Table 3.5 we list the main characterigcs of the optical

or IR counterpart, the redshift information and the X-ray data. The catalog columns are
organized as follows. In Table 3.3:

(1) Identi cation number of the radio source (RID).
(2) and (3) Right ascension and declination of the radio source.
(4) Radio ux density and 1 error in Jy.

(5) Signal to noise ratio.
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(6)and (7) Right ascension and declination of the counterpart.
(8) Reliability of the associatiorf.
(9) Distance between the radio source and the counterpart in aec.

(10) Catalog from which the counterpart is selected (see Table 3.1)

In Table 3.5:
(1) Identi cation number of the radio source (RID).

(2) R-band AB magnitude of the counterpart from the WFI catalogand associated
error.

(3) K-band AB magnitude of the counterpart from the MUSYC catdog and associ-
ated error.

(4) Flux density at 3.6 m of the counterpart from the SIMPLE catalog and associated
error.

(5) Best redshift of the counterpart: spectroscopic QF 2, photometric otherwise.
(6) Photometric redshift with upper and lower 68% con dence level.
(7) Spectroscopic redshift.

(8) Quality ag (QF): 3 for secure redshift, 2 for resonable redsft and 1 for one line
detection or tentative redshift.

(9) Source of the spectroscopic z (see Table 3.4).
(10) X-ray soft band ux (0.5-2.0 keV) and associated error.
(11) X-ray hard band ux (2{10 keV) and associated error.

(12) X-ray ID (from Xue et al. (2011) if <1000, from Lehmer et al. (2005) i 1000
[ID-Lehmer+1000])

4Sources whose identi cation has been revisited (see Section 3.3.4) for which the counterpart position
has been extracted from the IRAC image (see Section 3.3.2) haveel = 9.
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3.7 Discussion and Conclusions

We have presented the optical and IR counterparts of the radiocoarces in Miller et al.

(2013) catalog. The results are collected in a new catafogontaining the counterpart

data and the redshift information. A detailed characterization of he physical properties of
these sources will be presented in Bonzini et al. (2013). This workk$idemonstrated the
di culties in, and the requirements for, the identi cation of the sub-mJy radio population.

The main results of our analyses are as following:

1. Importance of multi-wavelength observationdMe identify the counterparts for a high
fraction (95%) of radio sources. In order to reach such a compekss it is necessary
to include not only optical observations, but also near and far infrad data. Optical
surveys alone, even in the deepest elds, allow us to identify only 70% of the
radio sources. With just MIR observations the fraction rises to 86, but it is by only
combining the information from all wavelengths that we reach 95% ppleteness. The
multi-wavelength coverage is also important to obtain a high redshittompleteness.
Indeed, only 31% of our radio sources have spectroscopic infotima, while the
majority have a photometric redshift.

2. Importance of the counterpart analysis to con rm multiplecomponent radio sources.
In this work we have found many examples that show the importanc# the combi-
nation of radio and optical/IR data to correctly identify multiple-component radio
system. In many cases, sources whose radio morphology suggkst complex radio
structure (e.g., KID 114) have been identi ed as independent sotes. The opposite
case is represented by source RID 73. Here, we conclude that thdio emission is
associated with a single compact radio-lobe source with a single opticaunterpart.

3. Comparison between likelihood ratio and cross-correlationethods In Sec 3.3.5, we
compare the likelihood ratio technique with the positional matching nteod. This
work has shown that the latter is hardly applicable to deep optical sueys since it
leads to a large fraction of spurious matches (10%). With our technique instead the
rate of spurious matches is lower due to the exploitation of the inforation given by
the probability distribution of background sources in the optical celogs. We have
also shown that to reach the same level of spurious contaminationtkvthe cross-
correlation method the fraction of identi ed sources decreasey b 18%. At longer
wavelengths, i.e. in the NIR and in the MIR, the di erences of the twanethods are
negligible. We nd a comparable fraction of expected spurious cowerparts and a
similar completeness. This is mainly due to the lower background sucta density
of objects in the auxiliary catalogs. In section 3.3.4 we point out twoases where
the likelihood ratio method can fail in identifying the correct optical ounterpart,
that is the presence of many close sources around the radio objand extended
radio emission. We note that with the cross-correlation method tlse problems are

5The catalog is available in ASCII format in the on-line material.
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even more severe; in crowded regions it selects the closest squregardless of its
properties. In case of extended radio sources, there could be@aset between the
peak of the emission at di erent wavelengths larger than the sedriog radius. In
this case, the cross-correlation method would not be able to giveyanounterpart
candidate.

4. Comparison with MO8 work.Compared with the sample studied in M08, our sample
is about 3 times larger and most of the new sources have a low radiox aensity
or lie at the edges of the E-CDFS. That makes their identi cation mag challenging.
However, more and deeper catalogs are now available in the E-CDR&lausing these
data, we were able to reach the same identi cation completeness iasM08 for the
new sample. We nd general agreement between the counterpatfiound in the two
works for the radio sources in common. The main improvement is a neoreliable
identi cation in particular of the optically faint radio sources, obtained by adopting
a stricter acceptance criteria and giving more importance to the IRelected catalogs
(Section 3.3.6).

5. Importance of MIR observations to nd the counterpart of hig redshift or heavily
obscured radio objects.Some radio sources (12%) have a reliable counterpart only
in the catalogs based on thé&pitzer data. These sources are particularly interesting
since they are the best candidate high-z objects. In Sec. 3.4.4, describe the
redshift distribution of the radio sources divided according to theiidenti cation
band. Indeed, we nd a clear trend for sources identi ed at longewavelengths to
have higher redshifts, as shown in Fig. 3.10. Moreover, the stacgianalysis of the
X-ray images of the MIR selected sources, has revealed that theyd, on average, to
have hard X-ray spectra HR = 0:4). This supports the idea that they are obscured
sources.

3.A New VIMOS/VLT spectra.

Newly acquired VIMOS spectra for the counterparts of 13 VLA saues (see Sec. 3.4.1).
We used the low-resolution blue grism (R=180), with a total exposertime on source of
5 hours. Each plot of Fig. 3.11 shows the spectra and the position thie main spectral
features. We make bold the names of the lines actually used to idewptthe redshift. The
labels report the source RID, the redshift, and the correspondinquality ag (QF).
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3.A New VIMOS/VLT spectra.
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3. Optical and infrared counterpart identi cation.

3.B Notes on individual sources.

RID 73 (KID 14): there are two possible counterparts for the raid lobes but we
believe that they are both associated with the bright central galgx One strong
indication for this is the strength of the radio ux density, which at 40 mJy is rea-
sonable for a compact double lobed radio galaxy. If separate sascthey would
have to both be strong radio AGN very close in projection on the planof the sky.

RID 80-85 (KID 18B-18A): they were considered as radio lobes in Kermann et al.
(2008), but they appear to have two di erent counterparts. Moeover, they have very
di erent ux densities which supports the idea that they are not rdated to the same
source. Finally, there is no good candidate for a single radio core.

RID 101 (KID 23): double lobed source whose core was tentativelyeiadti ed in
MO8 (KID 23) with a faint (R-band magnitude  26) galaxy at z=0.999 from the
COMBOL17 catalog. We think that this association is very unlikely espéaly because
this possible counterpart is not detected at any longer wavelengthirom the radio
contours we believe that it is a classical radio galaxy. Therefore, vexpect for
such a galaxy a correlation between the K-band magnitude and thedshift (e.qg.,
Lilly & Longair, 1984). Since we do not detect it in the K-band we think his source
may be a high redshift object. This hypothesis is also supported byd presence
of a possible counterpart at 24 micron in the FIDEL catalog. Unfortnately no
photometric redshift is available.

RID 209 (KID 48): V-shape radio source at redshift 1.3. Given theadio morphology,
we considered the possibility that this is a head-tail radio source dtethe interaction

with the intracluster medium (ICM) in a high-z galaxy cluster. Any cluger, or large
group, with ICM density su cient to bend the radio jets, would have been clearly
detected in the X-ray too. However, we do not observe it in the 4 M€handra
image. Also the redshift distribution of the sources in the region avmd RID 209
does not show any hint of clustering. Therefore, we think is unlikelyhat the V-

shape of this radio source is due to the interaction with the ICM. The is instead a
possible contamination to the ux density of one of the two radio lob® (A) from a
superimposed galaxy.

RID 283 (KID 73): double-lobe source. There are three optical gices in the region
of the radio emission but all have reliability under the threshold € 0:6) and we
believe that none of them are associated with the radio source. Theunterpart of
the core is identi ed with an object detected in the Ks-MUSYC catalg.

RID 308 (KID 80): bright radio source with possibly one or two lobesHowever, the
quality of the radio image in this region is not good.

RID 360 (KID 97): powerful single component radio source that vganot identi ed
in M08. It has a radio ux density of 1.38 mJy. Although we use deeperatalogs,
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still we are not able to identify it in any band. The cutouts of this souce are shown
in Fig. 3.5 and they are all blank eld. The 5 detection limit for each band is given
in Table 3.1. Moreover, this source is in the region covered by the 4N&Zhandra
observation but it has no X-ray detection. We can therefore putraupper limit on

its X-ray uxof9:1 10 *¥and55 10 " ergscm? s ! for the soft and hard band,
respectively.

RID 403-406-410-412 (KID 114): this group of sources was atstrinterpreted as a
tailed radio source (see radio contours). But since we nd a clear waterpart for
three of them, we consider these sources as independent. SeutO0 is unidenti ed.

RID 407 (KID 113): bright and extended double lobed source. Cloge the core
position there are many optical sources. In particular there is a 2d0-band magni-
tude galaxy 0.5 arcsec away from the expected core position thaasvautomatically
selected by our method. We consider this association spurious sificeould imply
that this source is far from the K-z relation for radio galaxies (e.g Lilly& Longair,
1984; De Breuck et al., 2002). Therefore, we manually correcteletidenti cation
by associating this radio source to a bright elliptical galaxy (K-band mg=18.4) 2
arcsec away from the centroid of the radio image.

RID 500 (KID 148): this is a complex radio source. We identify a clearoce and
two radio lobes (KID 148A and 148B). There are two other componts, KID 148D
and 148E, possibly associated with this source. We found a secuceirterpart for
148D and so we listed it as a separated source (RID 504). For theBEAcomponent
the only counterpart candidate is a faint galaxy at =03:32:32.59, =-28:03:15.4
with R-mag=23.7, but it is under our reliability threshold and therefore it probably
remains unidenti ed.

RID 848 (KID 260): the radio source is split into two components bdt associated
with the same spiral galaxy.



98

3. Optical and infrared counterpart identi cation.




Chapter 4

The sub-mJy radio sky in the
Extended Chandra Deep Field South:
source population

Published asBonzini, M ; Padovani, P.; Mainieri, V.; Kellermann, K. I.; Miller, N.;
Rosati, P.; Tozzi, P.; Vattakunnel, S. , 2013, Monthly Noties of the Royal Astronomical
Society, 436, 3759{3771

Abstract

The sub-mJy radio population is a mixture of active systems, that istar forming galaxies
(SFGs) and active galactic nuclei (AGNs). We study a sample of 888dio sources detected
at 1.4 GHz in a deep Very Large Array survey of the Extended Chanal Deep Field South
(E-CDFS) that reaches a best rms sensitivity of 6Jy. We have used a simple scheme to
disentangle SFGs, radio-quiet (RQ), and radio-loud (RL) AGNs baseon the combination
of radio data with Chandra X-ray data and mid-infrared observations fromSpitzer. We
nd that at ux densities between about 30 and 100 Jy the radio population is dominated
by SFGs ( 60%) and that RQ AGNs become increasingly important over RL oneslow
100 Jy. We also compare the host galaxy properties of the three classa terms of
morphology, optical colours and stellar masses. Our results shohat both SFG and RQ
AGN host galaxies have blue colours and late type morphology while RLGNs tend to be
hosted in massive red galaxies with early type morphology. This supp®the hypothesis
that radio emission in SFGs and RQ AGNs mainly comes from the same pigal process:
star formation in the host galaxy.

4.1 Introduction

The two main processes that contribute to the extragalactic comuum radio emission at
1.4 GHz are the non-thermal emission associated with relativistic elesns powered by
active galactic nuclei (AGNs) and the synchrotron emission from laivistic electrons in
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supernova remnants. The latter is therefore a tracer of star fimation activity in galax-
ies. While the bright radio sky is dominated by the emission driven by \rdio-loud"
AGNSs, at fainter ux densities (< 1 mJy) the contribution from star forming galaxies
(SFGs) become increasingly important (e.g., Prandoni et al., 2001m8tc et al., 2008;
Seymour et al., 2008; Padovani et al., 2009). Moreover, recentrwdas revealed the pres-
ence of a third population of sources in the sub-mJy radio sky, theaadio-quiet" AGNs
(e.g., Padovani et al., 2009). These sources show the presenfcA®@N activity in one or
more bands of the electromagnetic spectrum (e.g., optical, mid-iafied, X-ray) but the
origin of their radio emission has been a matter of debate. It has be@roposed that
they represent scaled versions of RL AGNs with mini radio jets (e.g3iroletti & Panessa,
2009) or that their radio emission comes from star formation in thedst galaxy (e.g.,
Padovani et al., 2011b; Kimball et al., 2011). Disentangling the two ession mechanisms
is important to investigate the circumstances under which they origate, for example the
host galaxy properties, and possibly to study the connection beéen AGN and star for-
mation activity. Most of the radio sources in surveys as deep as tlome discussed in this
paper are barely resolved or unresolved. So radio observationsnal@enerally can not be
used to distinguish between AGN and star formation driven sourcebkence, the need for
a multi-wavelength approach. For example, Padovani et al. (2008howed that the \stan-
dard" de nitions of radio-loudness, which are based on radio-toptical ux density ratios,
R, and radio powers, are clearly insu cient to identify radio-quiet AGN in faint radio
samples. This is because these also include star-forming and radidagies; both of these
classes are or can be, respectively, characterized by low R and l@adio powers as well.
Padovani et al. (2011b) showed instead that a proper classi catioof faint radio sources
requires a combination of radio, IR, and X-ray data. Here, we prase a new simple clas-
si cation scheme, which is an upgrade of that used by Padovani et. 42011b). The paper
is organized as follows. We present our sample and the data usedtfu classi cation of
the radio sources in Section 4.2. Our classi cation scheme is preszhin Section 4.3. In
Section 4.4 we describe the relative contribution of the di erent saue types to the radio
population. The host galaxy properties are analysed in Section 4.5 $ection 4.6 and 4.7
we discuss and summarize our results. Our de nitions of AGN, RQ, dRL sources follow
those of Padovani et al. (2011b). In this paper we use magnitudesthe AB system, if not
otherwise stated, and we assume a cosmology wkhy =70 kms * Mpc !, y =0:3 and
=0:7.

4.2 Sample and data

4.2.1 Radio catalog, optical-IR counterparts and redshift S

We consider a sample of 883 radio sources detected at 1.4 GHz in apd€kA survey of
the Extended Chandra Deep Field South (E-CDFS) that reaches aebt rms sensitivity
of 6 Jy. The average 5 ux density limit is 37 Jy and the spatial resolution is 28%°

1:6°0 A description of the survey strategy and the data reduction deils are given in
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Miller et al. (2013). Using the wealth of optical and infrared (IR) daa available in the E-
CDFS we were able to identify the optical/IR counterpart for 839 (%) radio sources using
a likelihood ratio technique (Bonzini et al., 2012). Combining data fronthe literature
and newly acquired spectra, we assigned a reliable spectroscopitshét to 274 sources.
Including photometric redshift the number of sources with measead redshift increases to
678 and their average redshiftig  1:1. The accuracy of the photometric redshift is around
6% (Bonzini et al., 2012). The majority of the objects without a reghift are not detected
at optical wavelengths. Their counterparts can be detected onlgt longer wavelengths,
in the near or mid-infrared. Therefore, spectroscopic observams are challenging and
photometric estimates, based on a few photometric points, are tnmbust. In other cases,
the lack of photometric redshift information is due to a less rich multiwavelength coverage,
especially in the outskirts of the eld.

4.2.2 Mid infrared data

Mid-infrared (MIR) wavelengths can be used to unveil the preseamf an AGN (see Section
4.3.1). Therefore, we used deefBpitzer IRAC and MIPS data. The IRAC data were
obtained as part of the SIMPLE survey (Damen et al., 2011). It c&rs an area of about
1,600 arcmirt centred on the E-CDFS. The typical 5 ux density limits are 1.1, 1.3, 6.3,
and 7.6 Jy at 3.6, 4.5, 5.8, and 8.0 m, respectively. We also use MIPS 24n data from
the Far-Infrared Deep Extragalactic Legacy Survey (FIDEL) (Ockinson & FIDEL Team,
2007). This survey covers, at 24m, 90% of the VLA area considered in this paper and
the typical ux density limit (5 ) is 30 Jy. To associate the correct MIR photometry to
our radio sources we cross-correlated the position of their optilR counterparts with the
SIMPLE and FIDEL catalogues, after correcting for the median cset in right ascension
and declination between the two samples. The matching radii are 8°For the SIMPLE
catalogue and 1.%for the FIDEL catalogue. A total of 91% and 88% of the identi ed
radio sources (839) have a match in the SIMPLE and FIDEL catalogy respectively. For
sources without 24 m detection we compute an upper limit to the 24 m ux density.
Since the exposure time varies across the eld the upper limit is exjpalated from the
exposure map as: Flug, (1 )= 14+ 13691(1=te,p), Wherete,, is the exposure time in
seconds, and the ux density is in Jy.

4.2.3 X-ray data

The E-CDFS has been mapped in the X-ray band bghandra A total of 129 radio sources
have a counterpart in the 4 Ms observations of the CDFS presedten Xue et al. (2011) and
another 99 in the main E-CDFS catalogue by Lehmer et al. (2005) adhed with shallower
(250 ks) observations in each of four pointings. The list of the X-yacounterparts of the
radio sources is given in Bonzini et al. (2012). We compute the X-rdyminosity (2-10
keV) to indicate the presence of AGN activity (see Section 4.3.1). @Hzts without X-ray
counterpart, but with redshift (435 sources), have only an uppdimit (3 ) on the X-ray
luminosity obtained from aperture photometry on the X-ray imagest the position of the



102 4. Radio source populations in the E-CDFS

radio source (Vattakunnel et al., 2012). A total of 44 radio souss lie in the outermost
part of the eld and have no X-ray observations available. The X-na luminosity for our
sample as a function of redshift is plotted in Fig. 4.1.

4.3 AGN or SFG?

As discussed in Section 4.1, a proper classi cation of the faint radi@wces requires a
wealth of multi-wavelength data. We have identi ed three diagnostis that can be used
to split the population in the di erent classes of sources. In this séon, we rst describe
these diagnostics and how they are used to classify the sourceectt®n 4.3.1) and our
classi cation scheme (Section 4.3.2). Then, we present a serieshadaks that we performed
to validate the method or to re ne the classi cation of some peculiasources (Sections 4.3.3,
4.3.4, and 4.3.5).

4.3.1 Classi cation criteria
g-values

It is well known that the far-IR and radio emission are tightly and linealy correlated in
star-forming systems (e.g., Sargent et al., 2010, and referentksrein). This is usually
expressed through the so-called parameter, that is the logarithm of the ratio of far-IR
to radio ux density, as de ned by Helou et al. (1985). Ideally, one wuld like to derive a
bolometric g, but typically insu cient data are available at longer wavelengths to d this
reliably. For example, Padovani et al. (2011b) were able to derive lgnupper limits on q
for 50% of the sources. In this paper, we therefore prefer toeupsons, Which is de ned as:

Cpaobs = 10010(S2am =S); (4.1)

where Sy4m IS the observed 24 m ux density, and S; is the observed 1.4 GHz ux
density. The use of the observed ux densities rather than the sé frame ones minimises
the uncertainties due to the modelling. In case of resolved source® use integrated radio
ux density (see Miller et al., 2013, for details). The distribution of the tp4ons Values as a
function of redshift is plotted in Fig. 4.2. For a given intrinsic spectrhenergy distribution
(SED), this ratio has a redshift dependence. We assume that thR land radio properties
of high redshift SFGs are similar to the local ones (e.g. Sargent et &2010). Therefore,
to de ne a locus of SFG, we computep.ans as a function ofz using the SED of M82 as
representative of the SFGs class frorm = 0 to the maximum redshift of our sources. For
the radio spectra we assume a spectral index? of 0.7, as expected for a typical SFG (e.g.,
Ibar et al., 2010). The M82 template is normalized to the local averagvalue oftpsons @S
obtained in Sargent et al. (2010) opaond = 1:317%:32 for sources with 608 < z < 0:23).
The average spread for local sources is 0.35 dex (Sargent et alL(®0We de ne the SFG

1From the SWIRE library, Polletta et al. (2007)
2We de ne the spectral index as:S /
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Figure 4.1: X-ray luminosity as a function of redshift for RL AGNs (red squares), RQ AGNs
(blue circles), and SFGs (green crosses) (See Section 4)3.2Filled symbols represent X-ray
detections, while open symbols are 3 upper limits. X-ray detected sources with luminosity
above the horizontal line are considered to be AGNSs.



104 4. Radio source populations in the E-CDFS

locus as the region of 2 centred on the M82 template (see Fig. 4.2). Sources below this
locus display a radio excess and therefore do not follow the far-IRrgdio correlation and
are classi ed as RL AGNs. Sources without 24m detection have only upper limits on the
Ghaobs Value. These sources are classied as RL AGN if their upper limit is smalléhan
the M82 template at the source redshift 1 (rather than 2 ).

For a small fraction (16%) of the radio sources 70n Spitzer photometry from the
FIDEL survey is also available (Dickinson & FIDEL Team, 2007). We catherefore check
if we obtain the same classi cation using the longer wavelength datather than the 24
ux density. Following the same procedure described above, we cpute the ¢q0ns Value for
this sub-sample and de ne the corresponding SFGs locus. We nd axcellent agreement
(96% of the cases) which validates our use of the 24n data for most of the sources.

X-ray luminosity

Sources with hard band X-ray luminosity above 18 erg s ! are considered to be AGN
driven (e.g. Szokoly et al., 2004). A total of 162 sources in our salafhave X-ray detection
above this threshold. When only upper limits are available in the X-raywe assume that
the source is a SFG if there is no indication of black hole driven activity inthers bands
(e.g. IRAC colours orgpseps). In the central part of the eld, where the 4Ms Chandra
observations are available, the upper limits on the X-ray luminosity & so faint that we
miss only the most absorbed AGN. In the outer part of the ECDFS wenly have the 250ks
Chandra observations and therefore it is possible that we are not sensitiveea to moderate
luminosity (10*? erg s! < L, < 10" erg s ') AGN. To avoid misclassifying sources as
SFGs, sources with upper limits on their ux density 2 above the local background level
and with upper limits on their X-ray luminosity minus 1 larger than 10> erg s ! are
classi ed as AGN. A total of 23 sources satisfy this requirement.

IRAC colour-space

Finally, we use the IRAC colour-colour diagram to help select AGNs. BhAGN emission
can heat up the surrounding dust that re-emits this energy in the NR. If the AGN is

su ciently luminous compared to its host galaxy, the emission from tle heated dust can
produce a power-law thermal continuum across the four IRAC bals. Sources with this
spectral shape occupy a specic region in the IRAC colour-coloutiadyram, the so called
"Lacy wedge" (Lacy et al., 2004). However, the "Lacy wedge" is hgily contaminated by
high redshift SFGs (Donley et al., 2012). Therefore, to select AGNge adopt the stricter
criteria described in Donley et al. (2012) that are designed to minimizee contamination

from both low and high redshift SFG. These criteria require the ux énsity to monoton-
ically increase in the four IRAC bands and the colours to be such thahe source lies in
the wedge plotted in Fig. 4.3. The completeness of this AGN selectiorethod is strongly
dependent on the AGN luminosity, being high folL, 1gev  10* erg s ! but relatively

low (< 20%) at lower luminosities (Donley et al., 2012). Seyfert 2 galaxies,eaalso easily
missed by this diagram as show by the colour-colour track in Fig. 4.3.his method is also
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incomplete for luminous AGN with heavy obscuration and particularly bight host galaxy

(Donley et al., 2012). A total of 85 sources in our sample satisfy the criteria. Eight of

them were already classi ed as RL AGN due to theitpsons Value and about half of them

(44) have also X-ray luminosity above 18 erg s 1. But 39 sources are classi ed as AGN
only because of their IRAC colours.

4.3.2 Our classi cation scheme

We classify as RL AGNSs all sources witltpsons below the SFGs locus (see section
4.3.1 for details).

Above this threshold, a source is classi ed as a RQ AGN if it shows cleavidence
for an AGN in the X-ray (see Section 4.3.1) or in the MIR bands (see 8®n 4.3.1).

Otherwise a SFG classi cation is adopted.

4.3.3 Sources without redshift

In our sample, there are 161 identi ed radio sources without redgh Only the IRAC
colour criterion can be used without knowing the redshift as both # classi cation based
on the tp4ops Value and the X-ray luminosity require this information. However, in he
following cases a reliable classi cation is possible even for sources withredshift: (i)
Five sources whosepsops Value (detection or upper limit) is below the SFG locus de ned
in Section 4.3.1, even assuming a high redshift (namely= 3), are classi ed as RL AGNs.
Indeed, given the SED shape of SFGs like M82, the threshold valuetlbeen RL AGNs
and RQ AGNs-SFGs decreases with redshift. Therefore, the asgution of high redshift
for the sources withoutz provides a conservative estimate for the number of additional
RL AGNs. (ii) When the IRAC ux densities follow the Donley et al. (2012 criteria we
classify the source as an AGN. To distinguish between RL and RQ AGNM& use again the
Chaobs Value (detection or upper limit) assuming z=3. A total of 26 RQ AGNSs whout z
are identi ed using their IRAC colours.

(iif) Eleven sources without measured redshift are detected in the-day band. They all lie
in the region with only 250ks ofChandra observations. Even assuming the mean redshift
of the sample ¢ = 1) their X-ray luminosity in the total band is greater than 10*2 erg s *
and therefore we classify them as AGNs. None of them are classi ad RL AGN based
on their upper limit on the Gp4ops Value. Most of them are in the \Donley" wedge too, but
four are \new" RQ AGNs. For all the other 126 identi ed radio sour@s without measured
redshift we do not have enough evidence to reveal the presenéeaw AGN (only upper
limits on the X-ray luminosity, not in the \Donley wedge", and not belowthe SFG locus)
and therefore we conservatively consider them as SFGs. Note tlaafraction of these could
be RQ AGNSs.
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Figure 4.2: cpsons Values as a function of redshift for RL AGN (red squares), RQ AGN (blue
circles), and SFG (green crosses). Down-pointing arrows peesent 3 upper limits. The solid line
show the evolution of gpagns for the M82 template as a function of redshift with 2 dispersion
(dashed lines).
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Figure 4.3: IRAC-colours plot for RL AGNs (red squares), RQ AGNs (blue circles), and SFGs

(green crosses). The black line encloses the "Donley wedgéonley et al., 2012); sources whose
AGN emission dominates the MID-IR populate this region. The black cross on the top left shows
the typical uncertainties. Colour-colour tracks of a 13 Gyr old elliptical galaxy (long dashed

line), a spiral galaxy (dot-dashed line), a Seyfert 2 galaxy(dashed line), and a Type 1 QSO
(dot-dot-dashed line) (Polletta et al., 2007) in the redshift range 0.1{3 are also plotted.
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4.3.4 Unidenti ed sources

There are 44 sources without any optical, IR or X-ray counterpar For these, the only
information we have is the radio ux density. All but four of them (RID 1, 78, 853, and
865) have been observed by the FIDEL survey and hence we haveupper limit on their

24 m ux density. Having no information about the source redshift we ssume z=3 (see
discussion in Section 4.3.3) to nd additional RL AGNs. Out of the 40 sgces for which
we can compute an upper limit on theps.s, We classify four more objects as RL AGNSs.

Note that sources without redshift and unidenti ed sources areat included in the host
galaxy properties analysis presented in Section 4.5 since no reliablerpmology, stellar
mass, and colours can be derived for these sources. Thereftite,possible overestimation
of the number of SFGs discussed above should not e ect our result

4.3.5 Further checks

We have checked our classi cations using additional data such asdra observations at
other frequencies and optical and X-ray spectra. These checiiee summarized below,
from longer to shorter wavelength.

Inverted radio spectra sources:

The E-CDFS has been also observed in the ATLAS 5.5 GHz survey (Huyet al.,
2012). This survey has an almost uniform sensitivity of 12 Jy rms with a resolution
of 4.9 arcsec 2.0 arcsec. In the central part of the eld, deeper VLA observains
at 4.8 GHz are available, down to a rms noise of Wy (Kellermann et al., 2008). We
combine these sets of data to compute the radio spectral index,, of our sources.
We use the VLA measurements in the central part of the eld and te ATLAS ones
outside this region. A discrepancy between the ux density meased in the VLA and
ATCA surveys has been noted by Huynh et al. (2012). The ATLAS « densities are
about 20 per cent greater than the VLA ones and they have beehdrefore corrected
before computing the spectral indexes. We measured the radioespral index for a
total of 215 sources excluding the multiple component sources d tinterpretation
of their spectral index is complicated by their core-jet structure An inverted radio
spectrum ( , < 0) is the signature of compact core emission typical of radio AGNs
(e.g., Kellermann & Pauliny-Toth, 1969). Only one source (RID 640) ith a reliable
inverted radio spectrum has been initially classi ed as an SFG. It lies dhe bottom
of the SFGs locus shown in Fig. 4.2, and has therefore been re-dladsas a RL
AGN.

VLBA sources:

Middelberg et al. (2011) have detected 21 VLA-CDFS sources witlné Very Long

Baseline Array (VLBA) using a resolution of 0:025° With a ux density limit of
0:5 mJy, very long baseline interferometry (VLBI) detections above > 0:1 are

most likely to be due to AGN. Reassuringly, all of the 20 detected VLB objects
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with z > 0:15 had been classi ed as RL AGN by our method. The single object with
z < 0:15 (z = 0:08) has a VLBI detection o set from the centre of the galaxy and
quite a low core radio power ( 5 10°* W Hz 1) and was therefore classi ed as an
SFG by Middelberg et al. (2011), in agreement with our classi cation.

Optical spectra:

The presence of broad lines or high excitation emission lines in opticglestra is
another indicator of AGN activity. Therefore, we inspected the sgctra of the sources
that we classify as SFGs, when available. Out of the 100 spectra thae inspected,
none have broad emission lines and only one (RID 618) shows a highitation
emission line (NeV). Therefore, we changed its classi cation to a RQGN. Many
diagnostic methods based on line ratios, such as the Baldwin, Phillips &efllevich
(BPT) diagram (Baldwin et al., 1981), have been proposed in the litetare (e.g.,
Kau mann et al., 2003; Smott et al., 2006; Best & Heckman, 202). The spectral
coverage of the optical spectra makes these methods feasiblé dar local sources
(z < 0:3). In our sample, only 4% of the sources have the required redstahd a
good quality spectrum available. Therefore we do not have the datar a statistically
signi cant comparison with the spectral line ratio diagnostic methos.

R values:
The ratio between the rest-frame radio-to-optical ux density atio R can also be
used as an indicator of radio loudness (e.g. Kellermann et al., 1989).0llBwing
Padovani et al. (2009) we de neR as the logarithm of the ratio between the rest
frame ux density at 1.4 GHz and in the V band, which means that the tlassical”
dividing line between radio-loud and radio-quiet AGN is aR  1:4. The numerator
is computed using the observed radio spectral index, where avai@bor assuming
r = 0:7 in case of sources with no detection at 6 cm, while the K-correctidor the
V-band ux density is computed interpolating the observed opticalphotometry at
the rest frame V-band wavelength. The optical photometry for ar sources is taken
from Cardamone et al. (2010) and Taylor et al. (2009). We obtainean estimate of
R for a total of 574 source. The others have no detection in the aysed optical
and NIR wavelength (K-band) or lack a redshift estimate. TheR values are plotted
Versustsops iN Fig. 4.4. At z < 1, SFGs and RQ AGNs are both characterized by
low values ofR, with mean of 0.5 and 0.6, respectively. These values increase as the
redshift increases. This behaviour is due to our ux density limit: at lgh redshift we
can detect only galaxies with high star formation rate. Such sours@re usually dusty
and, for a given optical luminosity, have higher infrared emission. Hrefore, they
can haveR values as high as 2 but, at the same time, follow the radio-far-infrad
correlation indicating that they radio emission is due to star formatio rather than
to the presence of a RL AGN. On the other hand, RL AGNs span a widange ofR
values at all redshift. Therefore we do not apply a cut iR to separate RQ and RL
AGN since these include radio quasars and radio galaxies.

PAH:
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Figure 4.4: R versustpsops. In the left panel the di erent symbols correspond to the three classes
of sources: RL AGN (red squares), RQ AGN (blue circles), and BG (green diamonds). In the
right panel the colour scale indicates the redshift.
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The top left region in the IRAC colour-colour plot in Fig. 4.3,Log(Sg0=Ss:5) > 0:3
and Log(Ss.s=S3:6) < 0, is populated by sources whose SED is dominated by the
Polycyclic Aromatic Hydrocarbons (PAH) features, typical of SFG In particular,
only low redshift SFG have IRAC colours that fall in this region since higer redshift
objects tends to move to the bottom part of the plot. Only two (RD 568 and
438) among the 80 sources in this region are classi ed as RL AGNs according to
their opsops Value. All the others are SFGs according to our classi cation schem
For these two objects it is possible that the 24 m ux density is underestimated.
Indeed, the FIDEL catalogue is obtained using aperture photomst and for local
extended sources some of the ux density might be lost. These twources has been
reclassi ed as SFGs (in Fig. 4.2 they are the only two green points beldhe SFG
locus).

X-ray spectral analysis and variability:

Tozzi et al. (2009) and Vattakunnel et al. (2012) performed a fuX-ray spectral anal-
ysis for the X-ray detected radio sources in the E-CDFS. They csidered as further
diagnostics to discriminate between AGNs and SFGs the intrinsic albgdion in the
X-ray spectrum and the presence of the iron emission line. Indeeithe detection
of a signi cant intrinsic absorption reveals that the X-ray ux is dominated by nu-
clear emission (e.g., Alexander et al., 2005; Brightman & Nandra, 2Q1Me adopt
as a threshold a column density of & cm 2. Out of the 87 sources above these
threshold, only three (ID 143, 397, and 734) were initially consideteSFGs. We
changed their classi cation to RQ AGNs. Another strong indicator b nuclear ac-
tivity is the presence of a K-shell Fe line at 6.4 keV in the source speat(e.g.,
Nandra & Pounds, 1994). Four sources, that were initially classi eds SFGs, have
a clear detection of the Fe line and were therefore re-classi ed aQRGN. Finally,
the time X-ray variability is another signature of the presence of aAGN. A total of
23 sources in our sample have X-ray variability with high con dence leV (> 97%)
(Paolillo et al., 2004, Paolillo et al. 2013, in prep.). They were all alreadglassi ed
as AGNSs according to our criteria.

To summarize, only 11 sources needed to be reclassi ed, suppagtithe validity of our
classi cation method described in Section 4.3.2. The majority of thel(®/11) are RQ AGNs
that were previously classi ed as SFGs: in such systems only the #yr spectral analysis
has revealed the clear presence of an AGN, while the other indicatoxere inconclusive.

4.3.6 Results

According to the criteria described in the previous sections, out ofie 883 radio sources,
we identify 173 (19%) RL AGNSs, 208 (24%) RQ AGNSs, and 502 (57%) 6B.



Table 4.1: Classi cation of radio sources. A full version of the Table @vailable in the journal on-line material.

1) 2) 3) (4) G) (©) (7) (8) 9) (10) (11) @129 (@3
RID RA DEC Class z Pr Lx 024ops  100(S5:8=Ss:6)  100(Ss:0=%4:5) r B Mag OQF
601 03:32:48.18 -27:52:56.60 RQ AGN 0.67 22.79 42.68 0.62 0.53 0.53 | -22.77 3
602 03:32:48.30 -27:56:26.91 SFG 0.35 22.5%41.44 0.69 0.61 1.18 0.8 -22.08 2
603 03:32:48.57 -27:49:34.36 SFG 1.12 23.69 41.86 0.07 0.63 0.62 0.4 -22.00 2
604 03:32:49.19 -27:40:50.49 RL AGN 1.22 2563 4361 -0.42 2.53 2.76 0.8 .723 3
605 03:32:49.22 -28:03:44.64 RQAGN 0.64 2289 42.44 0.86 1.09 1.16 | [ 3
606 03:32:49.33 -27:58:45.19 SFG 2.21 24.8442.96 0.16 1.25 1.49 0.8 -24.61 1
607 03:32:49.39 -27:36:36.22 SFG 0.64 22.8%42.28 1.03 0.75 0.92 | -22.31 1
608 03:32:49.42 -27:42:35.14 RL AGN 0.98 25.36<42.12 -1.25 0.56 0.78 1.3 -22.33 3
609 03:32:49.92 -27:34:45.69 SFG 0.25 225%41.20 0.95 0.79 4.37 | -21.16 3
610 03:32:49.95 -27:34:32.74 SFG 0.25 22.8&41.11 0.81 0.75 3.52 0.8 -22.05 3
611 03:32:50.84 -27:31:41.16 SFG | | | 0.54 1.22 1.36 | | 1

612 03:32:50.86 -28:03:17.64 SFG 0.10 21.3440.57 1.08 0.72 5.23 | -18.91 3
613 | | SFG | | | <-0.02 | | | | 1

614 03:32:51.59 -27:59:18.46 SFG 0.91 23.1%x42.42 1.16 0.79 0.98 | -22.85 1
615 03:32:51.65 -27:39:36.79 RL AGN 0.78 23.56 [ 0.20 1.07 0.70 1.8 -20.70 3
616 03:32:51.73 -27:49:51.02 SFG 0.74 22.8%41.80 0.88 0.84 0.87 | -22.00 3
617 03:32:51.79 -27:59:56.18 SFG 0.53 22.9%541.96 0.78 0.90 1.15 | -20.43 3
618 03:32:51.84 -27:44:36.78 RQ AGN 0.52 22.85<x41.40 1.08 1.01 2.02 0.1 -22.29 2
619 03:32:51.83 -27:42:29.49 RQ AGN 1.03 23.44 4258 0.88 0.68 1.00 | -23.18 3
620 03:32:52.07 -27:44:25.12 RL AGN 0.53 23.00 41.20<-0.80 0.48 0.38 -0.1  -22.37 3
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In Table 4.1 we report the classi cation for each radio source togetr with the informa-
tion used to identify it. The identi cation number (column 1) corresponds to that given in
Miller et al. (2013) and Bonzini et al. (2012). The position of the optial-IR counterpart is
given in column 2 and 3 (Bonzini et al., 2012). The table also includes tiseurce redshift
(5), the logarithm of the radio luminosity in W Hz ! (6), the logarithm of the unabsorbed
X-ray luminosity in erg s ! (for undetected sources a 3 upper limit is given) (7), Gaobs
(8), the IRAC-colours (9 and 10), the radio spectral index (assoed to be = 0:7 when not
available) (11), and the rest frame absolute B magnitude (12). Welso de ne a quality
ag (QF) which ranges from 3, for secure classi cation, to 1, for &entative classi cation
(column 13). Sources for which all the criteria agree (or are not irootradiction) have
QF=3 (45% of the sources). We assign a QF=2 to sources withsops Value just above the
RL AGNs threshold (Ghaobsmsz 2 < q 240bs < J2a0bsvs2 1 ). Sources without redshift
but with clear signature of AGN activity (e.g., in the Donley wedge or wih very low values
of Ghaops Value) have also QF=2. A total of 18% of the sources have QF=2. Ehremaining
sources have classi cation with QF=1. Examples of this last categpmare sources without
redshift and without clear signature of AGN activity or without an optical/IR counterpart.
Also sources with upper limits on the X-ray luminosity> 10*? erg s, not in the Donley
wedge, and above the RL AGN threshold have QF=1. These sourca® classi ed as SFGs
but, even if we can exclude that they are RL AGNSs, there might be abatamination from
RQ AGNSs. Deeper X-ray observations are needed to discriminatetityeen the two classes
of sources.

In Fig. 4.5 we show the radio power distribution for the three classes sources. The
distribution of the RL AGNSs is the widest since it includes both low poweradio galaxies
and the most powerful radio AGNs. This means that with a simple cut irP, one would
exclude a signi cant fraction of RL sources. We also note that only4ARL AGN out of a
total of 177 have X-ray luminosity greater than 1¢? erg s (35 sources) or are MID-IR
selected AGN (9 sources). All the other are identi ed as AGN only sed on their radio
emission through thetsns parameter. We expect most of these X-ray undetected AGN
to be intrinsically X-ray faint low power radio galaxies (e.g., Padovani2011), but there
could also be a fraction of heavily obscured sources (e.g., Del Motak, 2013). Radio
observations are almost una ected by dust extinction and therefe we can in principle
detect even the most obscured systems. The mean radio power 8Gs is 10 W
Hz ! but there are also galaxies witlP, as high as 1&° W Hz 1. These sources have all
redshift > 2 but QF = 1.

We stress that our classi cation scheme tends to overestimategmumber of SFGs. We
consider AGNs only those sources that have strong evidences lodé ppresence of an AGN
in one of the wavelength range considered: radio, MIR, and X-ray.

With this new scheme we con rm 80% of the classi cation for the sani of 193 sources
presented in Padovani et al. (2011b). The remaining sources weeelassi ed because of
new redshift measurements, di erent optical/infrared counterprts, deeper X-ray data, and
deeper 24 m data, that allowed us to compute theirg-value, whereas previously only an
upper limit was available.
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Figure 4.5: Radio power distribution for SFGs (top), RQ AGN (middle), an d RL AGN (bottom).
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4.4 The sub-mJy population

To investigate the relative contribution of the di erent source types to the radio population
as a function of ux density, we exclude the outermost part of theeld, since there we
do not have enough ancillary multi-wavelength data to provide reasable photometric
redshift and therefore the classi cation of the sources is more certain. We then consider
the sub-sample within an area of 0.282 dégvhere we have photometric redshift coverage
(see Bonzini et al., 2012, for details), which includes 779 radio obfgdor which we have
redshift for 90% of the sources with optical/IR counterpart (corpared to the 81% of the
whole radio sample). We consider radio sources down to an rms noise&® Jy, or a
5 ux density limit of 32.5 Jy. The sensitivity of our sample is somewhat a function
of the position in the eld, although a much less strong one than forie CDFS sample
of Kellermann et al. (2008). Consequently, the area of the sky aed at any given ux
density is ux density dependent (see Miller et al., 2013). To estimatie relative fractions
of sources as a function of ux density we therefore weigh eachusce by the inverse of
the fraction of the area corresponding to that value. The resultare plotted in Fig. 4.6,
which shows that AGNs dominate at large ux densities¥ 1 mJy) but SFGs become the
dominant population below 0:1 mJy. Similarly, radio-loud AGNs are the predominant
type of AGNs above 0.1 mJy but they drop fast at lower ux densities

In more detail, AGNs make up 43 4% (where the errors are based on binomial statistics:
Gehrels, 1986) of sub-millijansky sources and are seen to drop atéo ux densities, going
from 100% of the total at 10 mJy down to 39% at the survey limit. SFGs, on the
other hand, which represent 57 3% of the sub-milljansky sample, are missing at high
ux densities but become the dominant population below 0:1 mJy, reaching 61% at the
survey limit. Radio-quiet AGNs represent 26 6% (or 60% of all AGNSs) of sub-millijansky
sources but their fraction appears to increase at lower ux dengis, where they make up
73% of all AGN and 30% of all sources at the survey limit, up from 6% at 1 mJy.
These results are in good agreement whit those of Padovani et &#0(@1b).

4.5 Host galaxy properties

4.5.1 Morphology

A fraction of our sample has ACS/HST images available. We use this sglmple to
characterize the morphology of the host galaxy of our sources.eWbtain the morphological
information from the publicly available ACS-GC catalog (Gri th et al., 2012). The ACS
images have been tted with the GALAPAGOS method (Hau ler et al.,2011) that analyses
the images through the GALFIT code (Haussler et al., 2007). The &FIT code models
each source with a Sersic pro le (Sersic, 1963), a parameter #t describes the intensity
pro le of a galaxy, after a convolution with a point-spread function In particular, we
consider the results of the t performed on the z-band (F850LPACS images. At the
average redshift of our samplez(= 1:1), this Iter corresponds to rest-frame B band.
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Figure 4.6: Relative fraction of the various classes of radio sourceSFGs (green dia-
monds), all AGN (black triangles), radio-quiet AGN (blue circles), ad radio-loud AGN
(red squares). Error bars correspond to 1Poisson errors (Gehrels, 1986).
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We exclude from our analysis all the sources for which GALFIT givesnaunreliable t
(FLAG=1 in the Gri th et al. (2012) catalog). Moreover, sources with z-band magnitude

24 su er large uncertainties on the Sersic index measurements@are therefore excluded.
Finally we remove also low surface brightness galaxies since they amown to produce
unreliable results (Gri th et al., 2012).

The total number of objects with good t results is 362. Of these75 are RL AGNs, 60
RQ AGNs and 227 SFGs. The average redshift of this sub-sample is@®.For these sources
we have an estimate of the Sersic index, which is generally lower fortdatype galaxies,
where the disk dominates the intensity pro le, and larger in elliptical glaxies.

The Sersic index distribution for the three classes is shown in Fig. 4.7he majority
of RQ AGNs and SFGs have Sersic indexes 2 implying that the host galaxies of both
classes are preferentially late-type objects. The distribution fahe RQ AGNSs is broader
than the one of SFG, but it is important to note that the results of he GALFIT t tend to
overestimate the Sersic index in the presence of bright centralopt source (Gabor et al.,
2009). Therefore, the brightest QSOs among the RQ AGNSs can phace a tail at high Sersic
indexes in the RQ distribution. RL AGNs Sersic indexes instead peakraund 4, a value
typical of galactic bulges and early-type galaxies. Performing a Kolmgorov-Smirnov test
(KS-test) we nd a signi cant di erence (> 99.9%) between the Sersic index distribution
of RL AGNs and the other two classes. This result suggests that éhhost galaxies of
RL AGNs are morphologically di erent from the host galaxies of RQ AGNand SFG: RL
AGN are preferentially hosted in elliptical galaxies while RQ AGN and SFGra found in
late-type galaxies.

45.2 Stellar masses

To estimate the stellar mass of the host galaxies we used an SED tgriechnique. We mod-
eled the observed photometry with two components: a galactic arah AGN component
as in Bongiorno et al. (2012). For the AGN component we use the Ratus et al. (2006)
mean QSO SED. We applied an SMC-like dust-reddening law (Prevot ek,a1984) and we
consider di erent amount of dust extinction, Exgny (B V), from 0 to model unobscured,
type | AGN, to 9 for the most obscured, type Il sources, in stepsf 0.1. For the galactic
component we use the stellar population synthesis models of Bruk@aCharlot (2003). As-
suming a universal initial mass function from Chabrier (2003), we gerate SEDs assuming
di erent star formation histories (SFH): ten exponentially decliningSFH (SFR/ e A9
with e-folding times () ranging from 0.1 to 30 Gyr, four models with constant SFR (1, 5,
10, 50M yr 1) and ve models with rising SFH ( = 0:5; 1; 5; 10, 15). For each
SFH, we generate SEDs for di erent ages from 50 Myr to 9 Gyr. Wexelude the models
with age larger than the age of the Universe at the source redshiffor the galactic com-
ponent we assume a Calzetti's reddening law (Calzetti et al., 2000). é\donsider colour
excessEgqu(B V) intherange 0 Eg(B V) 05 in steps of 0.1. We impose the
prior that Equ(B V) < 0:15 if Age= > 4 to exclude models with large dust extinction
in absence of a signi cant star formation rate (Fontana et al., 20Q40zzetti et al., 2007).
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Figure 4.7: Srsic index distribution for SFGs (top), RQ AGN (middle), and RL AGN (bottom).
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The observed ux is modelled as the sum of the AGN and galactic compent such as:
fobs = afagn + bfcal ; (4.2)

wherea and b are the normalization constants for the two templates. The bestt template
combination and normalization are found using a standard? minimization. The photome-
try for our radio sources is taken from the BVR selected Cardameret al. (2010) catalogue.
We matched their catalogue with the position of our counterpartssing a searching radius
of 0.2%nd we found 569 matches. For the remaining sources we use thetpmetry from
the K selected Taylor et al. (2009) catalogue. We found 78 additiohanatches. Finally,
for those sources not detected in both the BVR and K selected edbgues, we use the
photometry from the Damen et al. (2011) IRAC selected SIMPLE d¢alogue. We found
145 more sources but only 24 of them have a redshift and can thfere be used in the
tting procedure.

We tted all sources with known redshift and at least eight photom&ic points in the
wavelength range from the U-band to the 24m for a total of 655 sources (23% RL AGNSs,
23% RQ AGNSs, 54% SFGs). Two examples of the tting results are siva in Fig. 4.8.

From the best t galaxy model we derived the stellar mass of our gataées. We excluded
24 sources whose ux density in the rest-frame K-band is dominatéy the AGN (f .oy >
2f caL ), since the stellar mass measurement in these cases is too ungertdhe stellar mass
distributions for the three classes are plotted in Fig. 4.9. Our radicetected SFGs have
typical stellar masses of 1¥°M . The RL AGNs have on average higher stellar masses
(10''M ) and a KS-test shows that the stellar mass distribution of RL AGNs isli erent
from the SFGs one at the>99.9% level. RQ AGN host galaxies have stellar masses slightly
higher than SFGs hosts. However, a KS-test shows that the madistributions of SFGs
and RQ AGNs are not signi cantly di erent. Moreover, it is important to note that most
of our RQ AGNs (76%) are identi ed as AGN as their total X-ray lumincsity is above 1062
erg s 1. It has been suggested in recent works (e.g., Aird et al., 2012; Bammo et al.,
2012) that a threshold in X-ray luminosity introduces a bias toward$igher host galaxy
stellar masses. The probability of a galaxy hosting an AGN of a given Hohgton ratio
is independent of stellar mass and the number density of AGNs incess for decreasing
Eddington ratio. Therefore in a ux density limited sample, one can dect AGNs of low
Eddington ratios only in the most massive galaxies. Considering this lsiawe cannot
conclude that the host galaxy of RQ AGNs are intrinsically di erent flom the SFGs ones.

We also note that only 20% of our RL AGNs have X-ray luminosity grear than 10*
erg s ! and therefore their high stellar masses cannot be explained by thizet. We
then con rm the tendency of RL AGNs to be hosted in the most masg objects (e.g.,
Dunlop et al., 2003; Best et al., 2005).

45.3 Rest Frame colours

From the best- t galaxy model we derived the rest frame U-B colas. These colours are
commonly used to distinguish between evolved stellar population galeg, that populate
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Figure 4.8: Two examples of 2-component SED t results. The galaxy compaent is plotted
with the dot-dashed red line and the AGN component with the dashed blue line.
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the so called \red sequence" from young stellar population systensually found in the
\blue cloud” (e.g., Bell et al., 2004). In the left panel of Fig. 4.10 we ptathe measured
rest frame U-B colours as a function of stellar mass. RL AGNs showeperentially red
colours con rming previous results (e.g., Dunlop et al., 2003). RQ AGHNand SFGs have
instead a wider range of colours occupying both the blue cloud andetlied sequence, as
well as the region in between, called the \green valley." But the red tmurs in these type
of systems should probably be interpreted as a signature of dudiszuration rather then as
an indication of old stellar population. This can be tested by considemnthe de-reddened
colours. The intrinsic colours are derived from the best-t galaxy mdel corrected for
dust extinction. The latter are shown in the right panel of Fig. 4.10 & a function of the
stellar mass. Comparing the left and right panel, we see more clearlyetimpact of dust
reddening: RL AGNSs hosts, intrinsically characterized by old stellargpulation, are nicely
displayed along the red sequence, while SFGs and RQ AGNs have motadards bluer
colours. In particular, it is interesting to note how the two type of adio AGNs have very
di erent host galaxies properties, in agreement with what was fouhfrom considering their
morphology (see Section 4.5.1).

Rest-frame optical colours as classi cation method

Smotc et al. (2008) present a method to separate SFGs frorAGNs, based on the rest-
frame optical colours. This makes use of the rest frame colour Phat is a linear com-
bination of the colours obtained from the modi ed Stemberg lters, as described in
Smott et al. (2006). In particular, according to Smott et al. (2008), a source with P1
< 0.15 is classi ed as SFG while it is an AGN otherwise. This method does napply to
QSO de ned as point-like sources in the optical image (Smotc eél., 2008). Therefore, we
concentrate on the sub-sample described in Sec.4.5.1 for which theults of the GALFIT
analysis Grith et al. (2012) are available and with known redshift. After removing the
point-like sources we are left with 336 objects. We computed thesteframe P1 colour for
these sources from the best t of the SED as in Smotc et al. (208). We nd that this
method recovers about 70% of our RL AGNs, but only 25% of our RQ@Ns. As described
in Section 4.3.2, our RQ AGNs show clear evidences of AGN activity in tR&ray or in the
MIR. The reason why these sources can easily be misclassi ed by amoel based on optical
colours is that the host galaxy can dominate the total emission at #se wavelength. RQ
and RL AGNSs have, on average, di erent host galaxy properties ¢ Sec. 4.5); therefore
using the rest-frame optical colours it is possible to identify the RL &N hosted in red,
old galaxies, while it is hard to nd RQ AGNs as they share the same pamseter space as
SFGs.

45.4 The 4000 A break

The strength of the 4000A break (D4q00) is @ proxy for the mean stellar age of a galaxy.
In Best et al. (2005) it has been used to separate starburst galax from RL AGNs. We
computed theD 4990 for our sources from the best t galaxy template obtained as desbed
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Figure 4.10: Observed rest-frame U-B colours (left panel) and rest-frane U-B colours corrected
for dust extinction (right panel) as a function of stellar mass for RL AGNs (red solid contours),
RQ AGNs (blue dashed contours), and SFGs (green dotted contars).
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in Sec. 4.5.2. Deriving this quantity from the photometry, the unceainties are large

( 0:1)asdiscussed in e.g., Smotct et al. (2008). In Fig. 4.1D 4000 is plotted as a function
of the 1.4 GHz luminosity normalized by stellar mass. The dashed line nkarthe separation
between RL AGNs and starburst galaxies as de ned in Best et al. (26). The majority
(65%) of our RL AGNs lie above the separation line, in agreement withhat expected for
classical RL. The RL AGNs below this line are on average less powesidnld the host masses
are smaller. A total of 86% of our SFGs are below the separation lin&iven the large
uncertainties on ourD 4000 measurements due to the lack of spectroscopy, we can conclude
that our classi cation method is in good agreement with the one praysed by Best et al.
(2005). We con rm that the strength of the 4000A break can be successfully used to
separate SFGs from RL AGNSs, especially for sources with large steltaasses. Note that
also in the D4o00 VS. L14ghz =M , RQ AGNSs share the same parameter space with SFGs.
Indeed, 83% of our RQ AGNSs are below the starburst{AGN separiain line, indicating the
presence of a young stellar population in their hosts. One more times\gtress the need of
a multi-wavelength approach to identify this population of AGNs, whee emission can be
overshined by the host galaxy one or be heavily absorbed at opticahvelength.

4.6 Discussion

4.6.1 Selection caveats

As already mentioned, the major source of uncertainty in our schee comes from the
possible misclassi cation of low luminosity RQ AGNs as SFGs where we dotnhave
deep X-ray observations. To get a rough estimate of the magnitadof this e ect, we
considered only the area covered by the 4 Ms Chandra observasgo(i.e., the ? radius
around the center). In this region we have a ux density limit for thehard X-ray band of

3:2 10 Yergcm ?s ! (Xue et al., 2011) and we nd 43 RQ AGNs and 63 SFGs. Using
the ux density limit of the 250 ks observations ( 5.5 10 *’ergcm 2 s *; Lehmer et al.,
2005) we would not detect 12 RQ AGNSs that therefore would have ee classied as
SFGs having only an upper limit on their X-ray luminosity. From this comg@rison we can
estimate that the contamination to the SFG population from RQ AGN inthe outer part
of the eldis  16"%% (12/(63+12)).

A second source of contamination in our selection scheme can comoenf RL AGNs
being classi ed as RQ AGNs due to strong 24n emission related to AGN heated dust.
Indeed a strong contribution to the 24 m from the AGN can boost the gpsops Value in
the SFGs/RQ AGNSs locus at a given radio ux density. Atz 1, the mean redshift of
our sample, the 24m emission correspond to a rest frame 1fh emission. To estimate
the AGN contribution to the total ux density at this wavelength we use the correlation
found by Gandhi et al. (2009) between the hard band (2-10 keV)-Kay luminosity and
the MIR luminosity: log Lyr = ( 437 3:08) + (1:106 0:071)logLx, where Lyr
is the monochromatic luminosity at 12.3m, in units of L expressed in erg &. This
relation holds for both obscured and unobscured AGNs (Gandhi ef., 2009). We then
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Figure 4.11: Strength of the 4000A break as a function of the 1.4 GHz luminosity normalized
by stellar mass for RL AGNs (red squares), RQ AGNSs (blue ciraks), and SFGs (green crosses).
The dashed line correspond to the separation between RL AGNrd SFG as de ned in Best et al.
(2005).
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subtract the corresponding ux density from the measured 24n one and re-computed the
Ghaobs Value, corrected for the AGN emission, for all our RQ AGNSs in the restift range
0:85<z < 1:15 (20 objects). We nd that only one object would be classi ed as RAGN
after the correction for the AGN emission of thepsns Value. Therefore, we can estimate
that the contamination of the RL AGN population from RQ AGN is  5%.

4.6.2 Host galaxies properties vs. radio loudness

Focusing our attention on the AGN population, we can study the prnoerties of AGN host
galaxies as a function of radio loudness.

While we nd that RL AGNs are preferentially hosted in high stellar massgalaxies,
we do not observe a similar trend for RQ AGNs (Sect. 4.5.2). Both theorphology and
the rest-frame optical colours show a clear separation betwedrettwo types of AGNs. RL
AGNs are preferentially found in elliptical galaxies (Sersic index 4), while RQ AGNs
have usually lower Sersic indexes typical of late-type galaxies (Sen 4.5.1). In Section
4.5.3, we computed the rest-frame optical colours from the ressilof the two component
(AGN+galaxy) SED tting. We note that since the rest-frame colous are computed from
the best- t galaxy template only, we minimize the contamination fromthe AGN emission
itself (see Bongiorno et al., 2012, for a more detailed discussion). RIGNs lie along the
red sequence (see Fig. 4.10) suggesting that their host galaxies ald stellar population
systems. If we look at the measured rest-frame U-B colours, wbserve that RQ AGNs
have a wider range of colours but the red objects are more likely dysystems rather
than old stellar population objects. This appears more clearly whenenconsider the dust
extinction corrected colours (right panel of Fig. 4.10); the intring rest-frame optical
colours of RQ AGN are bluer compared to RL AGNs, implying the presee of young stars
in the host galaxies of these AGNs. Also in the IRAC colour-colour diagm (Fig. 4.3),
we see that RL AGNs are more concentrated in the bottom left padf the diagram. Here,
we expect to nd passive systems, with a declining power law behavioacross the four
IRAC bands (See elliptical colour-colour track in Fig. 4.3) .

Given these di erences in the host galaxy properties, we suggesiat the RQ and RL
activity occurs at two di erent evolutionary stages of the BH-hos galaxy co-evolution.
RQ AGN are in an early phase, when the galaxy is gas rich, is still formirgjars, has a
young stellar population, and the AGN is e ciently accreting. The rado activity of the
AGN occurs instead at later times when the galaxy is gas poor, theaetion on the BH
is ine cient, the star formation in the host decreases, and the st& get older and redder.

RL AGN can be further divided in high and low excitation sources (e.g.,ding et al.,
1994; Baldi & Capetti, 2008; Hardcastle et al., 2007b). The exctian level of a source
is usually quanti ed using a combination of di erent line ratios (e.g., Bes& Heckman,
2012). Given the high redshift of our sample and the incomplete spexscopic coverage,
the excitation parameter can be computed only for very few<(10) RL AGNs. For these
reasons, a detailed discussion about the excitation level of our RIGAIs goes beyond the
scope of this paper. In Best & Heckman (2012), the host galaxy qperties of high and
low excitation RL AGNs have been compared. Low excitation sourcese found to have
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on average larger 4000 and higher stellar masses compared to high excitation sources.
Our sample of RL AGNs spans the whole range @490 found in the Best & Heckman
(2012) sample suggesting that it is a mixture of low and high excitatiosources. However,
given the large uncertainties of our measurement of the 40@Mreak strength and the
intrinsic large scatter in the D 4990 distribution for both low and high excitation sources, a
guantitative estimate is not reliable. More recently, it has been fouhthat it is possible to
separate low and high excitation radio-loud sources on the basis beir MIR luminosities
(Gurkan et al., 2013). They propose an empirical 22m luminosity threshold of 5 10 erg
s 1 below which almost all the RL AGN are low excitation sources. We extpmlated the
22 m luminosity from the sources photometry. We nd that about 85% bthe RL AGN
have MIR luminosity typical of low excitation sources. However, thisnethod has not yet
been tested for a faint sample as the one presented in this papemerFefore, this fraction
can only considered a tentative estimate. Finally, we note the all thetudies conducted so
far on the excitation level of radio sources have been applied only RL AGNs samples
(e.g., Baldi & Capetti, 2008; Hardcastle et al., 2007b; Janssen et &012; Gurkan et al.,
2013). For a radio selected sample of RQ AGNs the distinction betwedow and high
excitation sources would be di cult even having good quality optical pectra since the
host galaxy can strongly contaminate the optical emission. Also theethod based on the
MIR luminosity can not be applied as assume no contribution from yognstars at 22 m
that is usually not true for the hosts of RQ AGNs. Even if RQ AGNs hasgalaxies are
more similar to the one of high excitation sources (e.g., blue coloursall masses), direct
measurements of their excitation state have not yet been condad.

4.6.3 Radio emission in RQ AGN

The origin of the radio emission in RQ AGNs has been debated for a longne. It has
been suggested that RQ AGN are a scaled version of RL AGN at lowexdio power (e.g.,
Miller et al., 1993a) or that the major contribution to the radio emissia in these system is
due to the star formation in the host galaxy (e.g., Sopp & Alexanded,991). In particular,
in Padovani et al. (2011b) the latter hypothesis was supported ke study of the cosmo-
logical evolution and luminosity function. They found that both are gni cantly di erent
for the two types of AGNs, while they are indistinguishable for SFGsral RQ AGNSs.

In this paper, we had characterized the host galaxy propertiesrfthe three types of
sources. We nd that the host galaxy of RQ AGNs and our radio selesd SFGs have
many similarities. Both RQ AGNs and SFGs have luminosity pro les prefentially with
low Sersic indexes ( < 2) suggesting that, on average, both have disk-like morphology.
The rest frame optical U-B colours reveals that they are dusty, Ui intrinsically blue as
seen from the comparison of the right and left panels of Fig. 4.10. &&e results support
the hypothesis that the origin of the radio emission is related to stdiormation processes
in both SFGs and RQ AGNSs, as proposed in Padovani et al. (2011b) éfKimball et al.
(2011). This will be further discussed in coming papers, where we willestigate the star
formation activity in the host galaxies of our radio selected RQ AGNssing Herschel data
(Bonzini et al., 2014). We will also study the luminosity function and ewiution for the
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di erent population of the larger sample considered in this work (P. Bdovani et al., in
preparation) to be compared with the results of Padovani et al. (2.1b).

4.7 Summary and conclusions

The sub-mJy radio population turns out to be a mixture of di erent kinds of sources due
to the synchrotron emission from the relativistic particles acceletad either by the black
hole, or associated with star formation processes.

In this work we present a simple scheme, which expands upon that&dovani et al.
(2011b), to disentangle the dierent populations of the sub-mJyadio sky: RL AGNSs,
RQ AGNSs, and SFGs. We have shown that the ratio between the IR drradio emission,
parametrized by the tp4ons Value, is the key parameter needed to identify RL AGNs. To
di erentiate between SFGs and RQ AGNSs it is instead necessary to msider other AGN
activity indicators, namely the X-ray luminosity and the MID-IR obseaved colours. Clas-
si cation methods based only on optical properties are ine cient in nding RQ AGNs
since their emission can be dominated by the host galaxy or be heavilysarbed at these
wavelengths. The simplicity of our scheme makes it suitable to be appmli¢o large radio
samples with ancillary X-ray and IR data, without the need of spectiscopic follow-up.

We con rm the increasing predominance at lower ux densities of SF& which make
up 60% of our sample down to 32 Jy and become the dominant radio population
below 0:1 mJy. RQ AGNs are also con rmed to be an important class of sub-milipsky
sources, accounting for 26% of the sample and60% of all AGNs, and outhumbering RL
AGNs at < 0:1 mJy.

We study the host galaxy properties of the three types of sourse Stellar masses and
rest-frame optical colours of the galaxy are obtained using a tw@mponent SED tting
technique (galaxy+AGN) that allows us to subtract the AGN contribution. Morphological
properties are based on ACS/HST images. We observe di erencedlire host galaxy prop-
erties of RL and RQ AGNSs both in the rest frame optical colours and ithe morphology.
RL AGNs are preferentially hosted in more massive, red, elliptical gadees, while RQ AGNs
have typically stellar masses of #6°M , bluer colours and late type morphology. This
result is in agreement with what is found in previous works and suppioour classi cation
method. It also suggests that the radio activity associated with th black hole is linked to
the properties of the host galaxy. One possible scenario is that theepresent two di erent
evolutionary stages of the BH-galaxy evolution. In the RQ phase éradio emission from
the AGN is low or even absent and the galaxy is young and still formingass. In a later
stage, the radio activity of the AGN becomes more important as thgalaxy gets older and
stops forming stars.

Comparing our radio selected SFGs and the host galaxies of RQ AGNs wd many
similarities. This result further supports the hypothesis that the adio emission in RQ
AGNs predominately comes from the star formation processes inetthost galaxy rather
than from the BH activity, in agreement with Padovani et al. (2011, Kimball et al.
(2011). In an upcoming paper we will discuss further this topic (Bamni et al., 2014).
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Based on this conclusion, we developed a powerful tool to disengg the two radio emis-
sion mechanisms. Indeed, using thg4.,s ONly, we can separate AGN powered radio emit-
ters from systems where radio emission comes mostly from stamfation. This result can
be applied to large radio samples such as the ones that existing andrmpiad radio facilities
will provide (e.g., Norris et al., 2013).
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Chapter 5

Star formation and black hole
activity in the faint radio sky

Submitted asBonzini, M. ; Mainieri, V.; Padovani, P.; Andreani, P.; Miller, N.; Bert a,
S.; Bethermin, M.; Lutz, D.; Rdighiero, G.; Rosario, D., Tozi, P., 2014, to Monthly
Notices of the Royal Astronomical Society.

Abstract

Using a radio selected sample of radio quiet active galactic nuclei in thedshift range
z=[ 1 3], we address the long standing question about the origin of the iacemission
in these sources. We compare the star formation rate (SFR) deegy from the far infrared
luminosity, as traced byHersche] with the SFR computed from their radio emission. The
good agreement between these two independent estimates réve¢hat the main contribu-

tion to the radio emission in RQ AGN comes from the star formation in ta host galaxy
rather than from the accretion onto the black hole.

5.1 Introduction

The faint radio sky is a complex mixture of star forming galaxies (SFGnd active galactic
nuclei (AGN) (e.g., Mauch & Sadler, 2007; Smotc et al., 2008; Rdovani et al., 2009).
Indeed, the radio emission can either be due to the relativistic jetsopvered by the AGN
or to the synchrotron emission from electrons accelerated by rpova explosions. In the
latter case, the radio emission can then be used as star formatiate (SFR) tracer (e.g.,
Yun et al., 2001; Pannella et al., 2009) which opens the possibility of uginadio survey to
study the cosmic star formation history (CSFH). The radio band ha also the advantage
compared to UV or optical frequencies to be almost una ected byudt extinction. However,
up to now the majority of radio surveys available were only sensitiv@tthe radio loud (RL)
AGNs, whose radio emission is mainly due to the relativistic jets. Inddgit is only below
0.1 mJy (e.g., Bonzini et al., 2013) that the SFGs become the dominaradio population.
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Moreover, at the mJy level, only the most extreme starburst galags, with SFRs of
thousands of solar masses per year, can be detected. It is onlyngadeeper, that we can
start to detect the bulk of the SFGs population. Such a sensitivity &s been reached so
far only for small patches of the sky like with the VLA survey of the Etended Chandra
Deep Field South (E-CDFS) considered in this work.

A further problem that has limited so far the use of radio surveys tstudy the CSFH is
the possible AGN contamination, in particular from radio-quiet (RQ) AGNs. Indeed, while
RL AGNSs can be relatively easily distinguished from SFGs (see Bonzirtia., 2013, for
details), RQ AGNSs can have host galaxy properties very similar to SFEG; especially in type
Il objects where the AGN emission is obscured by dust (Bonzini et.a2013). The origin
of radio emission in RQ AGNs has been matter of debate for a long timét has been
proposed that these sources are a scaled down version of RL otgge.g., Miller et al.,
1993b; Giroletti & Panessa, 2009) or that the radio emission is méstdue to the star
formation in the host galaxy(e.g., Sopp & Alexander, 1991). In theofmer case, the SFR
derived from the radio power would be overestimated compared the one obtained by
other SFR tracers like for example the far-infrared (FIR) luminosit

If instead the radio emission in RQ AGNSs is due to SF, the radio power wiol be used
as SFR tracer even when the RQ AGNs emission strongly contaminatéhe optical-to-
MIR host galaxy light. These bright AGNs are usually excluded a priorirom SFR studies
leading to a biased view of the actively star-forming population. Mowower, estimating
the SF activity in AGNs host galaxies is particularly important to invesigate the possible
impact of the AGN in shaping its host galaxy properties. Indeed, bbtfrom the theoretical
and observational side, there has been a lot of debate on the roleetAGN can have in
regulating the SF activity, either triggering or suppressing it (e.g., Mllaney et al., 2012;
Rosario et al., 2012; Page et al., 2012; Harrison et al., 2012; Zuboeasl., 2013).

In this work we exploit the star-formation properties of a large sapie of radio sources
selected in a deep VLA survey of the E-CDFS down to a 5ux density limit of about 32
Jy. The paper is organized as follows. In section 5.2 we described caglio sample, how
it splits in the di erent source populations and the ancillary data usedor the analysis.
After describing the method adopted to estimate the FIR luminosityof the radio sources
(Sec.5.3), we present the radio-FIR correlation for radio select&FGs. In section 5.5 we
compute the SFR from the radio and FIR luminosity and we compare #m in Sec.5.6.
The position of our radio selected sources in the SFR-stellar mass n@ais described in
Sec.5.7 and Sec.5.8 their SF activity is investigated. In Sec. 5.9 and 5.4 discuss and
summarize our results, respectively. Finally, Appendix 5.A is dedicadeto the description
of an empirical model to which we compare our observation and in Appdix 5.B we publish
the catalog with the physical properties of the radio sources usédthis work.

In this paper we assume a cosmology witHg = 70 km s * Mpc !, y =0:27, and
= 0:73 and a Chabrier initial mass function (IMF; Chabrier, 2003).
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5.2 Sample description

5.2.1 Radio data

The Extended Chandra Deep Field South (E-CDFS) has been obsedvwith the Very
Large Array (VLA) at 1.4 GHz between June and September 2007 (Nér et al., 2008).
The survey reaches a best rms sensitivity of 8y and the average 5 ux density limit is 37

Jy with near-uniform sensitivity. A catalog including sources down tgeak ux density
of ve times the local rms noise has been extracted. A descriptiorf the survey strategy
and the data reduction details are given in Miller et al. (2013). The rdd catalog includes
883 sources. Using a likelihood ratio technique, the optical/infraredounterparts of the
radio sources have been identi ed (Bonzini et al., 2012). Excludindh¢ outermost region
as de ned in Bonzini et al. (2012), the wealth of multi-wavelength da available for the E-
CDFS allows robust estimates of photometric redshifts (Santini &il., 2009; Taylor et al.,
2009; Cardamone et al., 2010; Ra erty et al., 2011). The area withhptometric redshifts
coverage includes 779 radio sources that will constitute our mainnsple for the analysis
presented in this paper. Combining the photometric redshifts withhte output of several
spectroscopic campaign in the E-CDFS, we were able to assign a hefito a total of 675
radio sources, 37% of which are spectroscopic (see Bonzini et @12 for details). The
average redshift is<z>  1:1.

5.2.2 Radio source populations

As mentioned in Section 5.1, the sub-mJy radio population is a mixturef &FG and AGN.
The latter further divides in RQ and RL AGN. To separate these di eent populations
we use a multi-wavelength approach combining radio, mid-infrarednd X-ray data. A
detailed description of our classi cation scheme is given in Bonzini et.g§2013), here we
brie y summarize the main characteristics. We select RL AGN using #cp40ns parameter,
which is the logarithm of the ratio between the observed 24m ux density and the
observed 1.4 GHz ux density. Indeed we can de ne a \SFGs locus"aked on the radio{
FIR correlation for SFG (see Bonzini et al., 2013, for details). Soces below this locus
display a radio excess that is the signature of an AGN contribution tthe radio luminosity
and are therefore classi ed as RL AGNSs.

Within and above this locus, a source is classi ed as RQ AGN if there is idence of
AGN activity in the other bands considered: it has a hard band [2-10ek/] X-ray luminosity
greater than 102 erg s ! or it lies in the \AGN wedge" of the IRAC color-color diagram,
as de ned by Donley et al. (2012). Otherwise, the object is classdeas a SFG. According
to this scheme, our sample of 779 radio sources includes 167 RL AGMN88 RQ AGNS,
and 424 SFGs.
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5.2.3 Herschel data

The E-CDFS has been observed biderschel as part of the PEP (PACS Evolutionary
Probe) program (Lutz et al., 2011). TheHerschel observation are deeper in the central
part of the eld, the GOODS eld, and shallower in the outskirts. Thewhole eld has been
observed at 100 and 160m and for the central part 70 m data are also available. For
GOODS proper we use the combined reduction of PEP and GOOD'rschel(Elbaz et al.,
2011) PACS data as described in Magnelli et al. (2013). The 5ux level of the 100 (160)

m maps are 0.85 (2.1) mJy and 6.25 (13.05) mJy in the GOODS and E-CDHB8spectively.
The 70 m5 ux density limit is 1.35 mJy. Herschelphotometry was performed through
point spread function (PSF) tting, adopting Spitzer MIPS 24 m detected sources as
positional priors (Berta et al., 2013). Blind catalogs are also extréed by means of PSF-
tting using the StarFinder IDL code (Diolaiti et al., 2000a,b) and include all sources with
S=N > 3 . We cross-correlate thidHerschelPACS catalogs with our radio sample using a
1.5%%searching radius. We nd a total of 490 matches, 33% in the GOODSeld and 67%
in the outer region of the E-CDFS.

In particular, in the PACS-radio sub-sample we have 42 RL AGN, 130@®AGN, and
311 SFG . We note that in the PACS sample we recover 69% of the RQ AG78% of the
SFG but only 25% of the RL AGN from the original radio selected sampleonsidered in
this paper. The small fraction of RL AGN is not surprising since they r@ preferentially
hosted in passive, dust poor, galaxies. We therefore expect onlgmall little fraction of
them to be detected in the FIR.

For the radio sources without a PACS counterpart we compute 5 upper limits from
the local rms noise, therefore taking into account the non uniforrmoverage of theHerschel
observations in this eld.

5.3 FIR luminosity of radio sources

The Herschel photometry is crucial to have a good estimate of the FIR emission s it
allows to trace the cold dust emission. At a typical redshift of 1, the PACS measurements
probe the rising part and/or the peak of the rest-frame FIR dusemission bump. We apply
a tting technique to the full UV-to-FIR spectral energy distribution (SED) to better
constrain the FIR luminosity of our radio sample, taking advantagerébm the exquisite
multi-wavelength coverage available in the E-CDFS.

The UV-NIR photometry is obtained combining the BVR selected Caramone et al.
(2010) catalogue, the K selected Taylor et al. (2009) catalogueygithe Damen et al. (2011)
IRAC selected SIMPLE catalogue (see Bonzini et al., 2013, for dé&. In the MIR, we
used the MIPS 24 and 70m observations from the Far-Infrared Deep Extragalactic Legsc
Survey (FIDEL) (Dickinson & FIDEL Team, 2007). Longer wavelenths are covered by the
Herschel photometry described in the previous section. In the GOODS eld,ite PACS
70 m detection rather than the MIPS one is adopted when available. Inusamary, for
each radio source we have on average 16 photometric points.
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Figure 5.1: Examples of the optical-to-FIR SED tting for the three clas s of sources. The
combined photometry is plotted as red symbols and the solidihe show the best t template.
Source ID, class, and redshift are given in the bottom left caner.

To t the UV-to-FIR photometry we use the Berta et al. (2013) template library that
is based on the observed SED of PACS detected sources. It is a otibe of 32 templates,
mostly SFGs, of which twelve also include an AGN component. We cho#as library
mostly for its wide range of SED shapes. This is important if we want td the photometry
of our radio selected sample since, as already mentioned, it is highlynArmomogeneous: it
includes both normal star forming and starburst galaxies, objestwith the clear presence
of a powerful AGN and sources whose SED is dominated at all waveiéims by the emission
from stars. However, as the Berta et al. (2013) library is based ®#ACS detected sources,
it lacks galaxies with very old stellar population and consequently vegpw emission in the
FIR. Therefore, we decided to add three templates of elliptical galees from the SWIRE
template library (Polletta et al., 2007).

We use a standard 2 minimization technique to nd the best t template. For sources
without Spitzer and/or Herscheldetections we imposed the best t template to not exceed
the 5 upper limits in these bands. We nally compute the total FIR luminosity (LgRr)
integrating the best t template between 8 and 1000m. Errors are computed repeating
the tting procedure 100 times for each source, randomly modifygthe photometry within
the uncertainties and then taking the standard deviation of thé.gr distribution obtained.

We note that for sources without PACS detection the FIR luminosityis derived from
the best t based only on the optical-MIR photometry, taking into account the upper limits
in the FIR. These luminosity estimates are therefore less robustdh the one constrained

by the PACS measurements.

5.4 Radio-FIR correlation

The radio and FIR luminosity in SFGs follow a tight empirical relation, the so-called
"radio{FIR correlation" (RFC) (e.g., Dickey & Salpeter, 1984; de Jog et al., 1985; Bell,
2003).
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The physical reason for its tightness and linearity over several cgdes in luminosity has
been investigated by several theoretical models (e.g., Lacki et &010; Lacki & Thompson,
2010; Schleicher & Beck, 2013), but remains still unclear. These k® also predict that
the RFC should break at highz where inverse Compton losses start to dominate over the
non-thermal synchrotron emission.

From the observational point of view, there are some hints of pakke deviations at
high z or in extreme objects like sub-millimetre galaxies, nevertheledgese observations
are still consistent with no signi cant evolution (e.g., lvison et al., 20@b; Mort et al.,
2010; Sargent et al., 2010; Magnelli et al., 2012; Lutz, 2014, anderence therein).

Deep radio surveys would be needed to investigate the behaviourtbé RFC at high
redshift for normal SFGs. Indeed, even to detect star formingataxies with SFR of hun-
dreds of solar masses per year at 2, a Jy radio sensitivity is required. Such a sensitivity
has been reached so far only for small patches of the sky like in th&A/survey of the
E-CDFS considered in this work.

In this section we therefore investigate the radio-FIR correlatiofor our radio selected
SFGs up to z 3. In Figure 5.2 we show the radio power versus the FIR luminosity for
SFGs with a clear detection in at least one PACS lIter since their FIR lurmosity estimate
are more robust. With the exception of two clear outliers the two luminosities are tightly
correlated and lie along the empirical RFC (e.g., Kennicutt, 1998a) pied as dot-dashed
line and parametrized by:

log(Priachz) = log(Lrr) +11:47 (5.1)

whereP ry.4gH, is the radio power in W Hz * at 1.4 GHz andL gk is the FIR luminosity in
unit of solar luminosity expressed in erg ¢. The average dispersion is 0.2 dex. The color
scale in Fig. 5.2 represents the redshift of the sources. Thankstte Jy sensitivity of
the VLA observation, we can detect SFG in a wide redshift range,dmz 0.1toz 3 and
we nd that the RFC holds over the whole redshift range with almost onstant dispersion.
Moreover, our data probe four orders of magnitudes in luminositynal therefore include
both normal SFG as the most active systems with SFR of a thousamaf solar masses
per year. The SF in these latter systems is thought to be triggerdoly episodic violent
events such as major mergers rather than by secular procesassin normal SFGs (e.g.,
Daddi et al., 2010b). Our study suggests that the correlation beeen radio and FIR
emission is the same in both kinds of systems, at least down to the lurosgities probed by
our observations. However, we still cannot exclude a breakdowh lawer star formation
surface densities as predicted by e.g. Schleicher & Beck (2013)vitwich even deeper radio
data would be needed.

This results justify the use of both the FIR and radio luminosity as indpendent but
equivalent SFR tracers for our radio selected SFGs. It will be a uséfelement in our
investigation on the origin of the radio emission in RQ AGN (see Sec. 5.6)

IRID 521 (dark point) is a resolved edge-on spiral whose 24n emission has been probably underesti-
mated due to aperture photometry. As a consequence the tis por and the FIR luminosity is underes-
timated. RID 577 (light point): there is a small o set between the radio and optical-MIR emission hence
it is possible that the radio emission is associated with a background gkct.
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Figure 5.2: Radio power at 1.4 GHz versus FIR luminosity for SFGs detectd by Herschel The
color scale represent the redshift of the sources and the daed line shows the relation given in
Eq. 5.3.



138 5. Star formation and black hole activity in the faint rad i0 sky

5.5 Star formation rate estimate

The FIR luminosity is a tracer of recent SF activity as the UV radiationfrom young stars
is absorbed by the dust and re-emitted at longer wavelengths, ingt~IR. The Lgr provide

a better estimate of the SFR compared to the one derived from tHgV or line emission
since these measurements are highly a ected by dust extinction. dveover, computing
the SFR from the FIR is particularly useful for bright AGN hosts. Imdeed, the AGN

emission can overshine the emission of the whole galaxy at optical efngth, while it

represents a tiny fraction € 10%) of the total luminosity in the FIR in most of the cases
(e.g., Hatziminaoglou et al., 2010; Rosario et al., 2012; Berta et al.,13Z). We adopt the
Kennicutt (1998a) relation to compute the SFR from the FIR luminogy:

SFRer[M yr 11=4:5 10 “Lgg[ergs 1: (5.2)

As this equation assume a Salpeter IMF, we rescaled it for a ChabriéF multiplying by
a factor of 0.6.

Also the radio continuum emission can be used as a tracer of recetardormation in
SFGs since it is nearly all due to synchrotron emission from relativistelectrons associated
to SN remnants (Condon, 1992). The empirical conversion betwethe radio power at 1.4
GHz and the SFR of the galaxy according to Yun et al. (2001) is:

SFR[M yr 1=5:9 1:8 10 ?Pryseu,[WHz 1] (5.3)

We multiply the derived SFR by a factor of 0.6 to convert from a Salpetr to a Chabrier
IMF.

5.6 Radio emission in RQ AGN

In Figure 5.3 we compare the SFR computed from the FIR luminosity wit the SFR
derived from the radio luminosity for all the 675 radio sources with dshift. Dierent
colors represent di erent classes of objects. Sources detelcie at least oneHerschelband
are plotted with full symbols. We rst concentrate on these souls since theifSFRgr is
more reliable.

As described in Section 5.4, we nd that the SFGs follow the RFC in the lole range of
luminosities accessible to our survey. Therefore, the two SFR estites are in agreement
over four decades in SFR with a typical dispersion of 0.2 dex. More amestingly, we nd
good agreement between the SFRs derived from the two di erentacers also for RQ AGN.
The results of a linear regression t (least square bisector) are:

log(SFRrRr) =0:97 0:.02 log(SFR;)+0:02 0:04 (5.4)

and
l0g(SFRgr)=0:96 0:05 log(SFR;) 0:09 0:10 (5.5)
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for SFGs and RQ AGNs with PACS detections, respectively. The twoetations are fully
consistent within the uncertainties. This implies that the radio poweiis a good tracer for
the SFR also in RQ AGNs. Therefore, this strongly suggests that ¢hmain contribution
to the radio emission in this type of AGN is due to the SF in the host galaxrather than
being powered by black hole activity. The behaviour of the RL AGNs fther supports
this hypothesis: they scatter out from the one-to-one relation irrig.5.3 since the SFR
computed from the radio luminosity is overestimated due to the jetantribution to the
radio emission. Note that this is true not only for very powerful RL bjects but also for
low-power radio AGN. The comparison of the two SFR tracers allowssualso to isolate
sources that have been misclassi ed; indeed there are some RQ AGN 5%) with PACS
detections that are below the relation, especially at high redshiftniBonzini et al. (2013),
we estimated a contamination to the RQ AGNSs population from RL AGNswith a strong
contribution from the AGN to the 24 m ux density that boosted their G405 Value into
the SFGs locus of about 5%, in agreement with our ndings. Theref®, we believe that
most of the outliers are indeed RL AGN& These outliers are also the main responsible
for the slightly larger scatter (0.23 dex) of RQ AGNs as compared tihe SFGs population
(0.2 dex).

5.6.1 AGN contribution in the FIR

As already mentioned in Sec. 5.3, twelve of the SED templates in the ldy used to t
the photometry of our radio sample include an AGN component. The @GN contribution
to the FIR luminosity in these templates has been estimated in Bertat al. (2013). We
have therefore the opportunity to subtract the AGN contribution to the SFRgr and
analyse its impact on our conclusions. About 50% of the RQ AGNs an®% of the SFGs
are best tted by a template that has an AGN component. Howeverit is important
to note that the t solutions are highly degenerate; in particular, €mplates with small
AGN contribution and pure SFGs ones might provide equivalent goodts to the source
photometry. Hence, the analysis results reported in the followingre valid only in a
statistical sense. Nevertheless, the fact that only half of our RAGNs are best tted by
an AGN template shows that a classi cation based only on the opticdb-FIR properties
can miss a signi cant fraction of AGNs. For these latter sourceshe AGN contribution
to the optical-to-FIR SED is typically minor and, in most of the cases §0%), they are
identi ed as AGNs due to their high X-ray luminosity. On the other hard, the fact that
we nd some SFGs that are best tted by an AGN template does not rean that they are
all real AGNs. As already highlighted, the SED tting technique ofta yields degenerate
solutions, especially in the case of discrete libraries. However, it isgstble that some of
these SFGs are indeed AGNS since our classi cation scheme was airnteedelect a clean
sample of RQ AGNs and a contamination from low-luminosity AGNs in SFG gpulation
is expected (see Bonzini et al., 2013, for details).

2We will keep the original classi cation in the rest of the paper. Nevetheless, we checked if our
conclusions change reclassifying these sources, nding no signi oadi erences.
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Figure 5.3: SFR derived from the FIR luminosity versus the SFR from the radio power at 1.4
GHz. SFGs are plotted as green circles, RQ AGNs as blue squareand RL AGNs as red triangles.
Full symbols represent sources detected in at least one PACS&er, while sources shown as empty
symbols are Herschel non-detections. Large symbols with lighter colors are the esults of the
stacking analysis (see Section 5.6.2 for details).
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For all these sources we subtracted the AGN contribution to the IR luminosity and
re-computed the corresponding SFR. The new best linear regriess have a slope of 0.95
for both SFGs ( 0:02) and RQ AGNSs ( 0:05) and the o set from the 1:1 correlation are
0:04 0:05and 0:10 0:11, respectively. They are therefore consistent with the previeu
estimates within the uncertainties. The only di erence is a slightly largr scatter around
the best t relation of 0.21 dex and 0.25 dex for SFGs and RQ AGNSs, spectively.

We conclude that the AGN contribution to the FIR emission as compwd from the best
t template has negligible impact on our results. We will therefore casider the SFRgr
non-corrected for AGN contribution in the rest of this paper.

5.6.2 Stacking of Herschel undetected sources

As already discussed above, for sources without a PACS detectitie estimate of the FIR
luminosity is less robust. Indeed, the best t template has been ohined considering the
photometry only up to 24 m, with upper limits at longer wavelengths. To estimate how
this can impact the SFR estimate, we have re-computed, with the s method, the SFR
for sourceswith PACS detection but considering only their photometry up to 24 m. In
Fig.5.4 we plot the ratio of the two SFR measurements, considering oot the PACS data,
as a function of redshift. Large symbols represent the median atite standard deviation in
di erent redshift bins. We note the large number of outliers ( 25%) and a slight tendency
to underestimate the FIR emission especially above 2 ( 0:16 dex) when theHerschel
data are not included in the tting procedure.

This test explains the larger scatter of the empty symbols in Fig.5.3 dnjusti es their
exclusion from the linear regression analysis. However, it could bethlthe good agreement
we nd between the two SFR tracers holds only for the FIR-brightst objects while it breaks
for the Herschelundetected sources.

Therefore, we performed a mean stacking analysis (Bethermin at., 2010) of the PACS-
undetected sources to estimate their averag¥ Rrr . We divide the undetected sources in
classes and for each class we split the sample in two bins of radio poy@&5< Pr < 235
and 235 < Pr < 245). We then stacked both the 100 and 160n Herschelmaps at the
position of the PACS-undetected radio sources using the error pg(Lutz et al., 2011) as
weights. Flux densities are extracted from the stacked images thugh PSF- tting; aperture
corrections and correlated noise corrections are applied (Bertaa., 2013). Uncertainties
are estimated using a bootstrap approach (Bethermin et al., 20)@nd corrected also for
high-pass Itering e ects. Table 5.1 summarize the stacking analysigesults. We obtain
> 2 detections for SFG and RQ AGN in both bands in each bin, with the onlyxeeption
of the 100 m stacked image for RQ AGN in the lower radio power bin. We note that
this bin has also the smallest number of sources (12) and therefdine S/N ratio is lower.
RL AGN are detected with a similar S/N in the low radio power bin while theyare only
marginally detected at higher radio power.

To compute the average FIR luminosity for each sub-sample of soes, we build their
average optical-to-FIR SED and then we proceed as described incS&.3. Stacked ux
densities below the 2 threshold are treated as upper limits in the tting procedure.
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Figure 5.4: Ratio of the SFR computed from the t to the whole photometry a nd the one
obtained using only the UV-to-24 m data as a function of redshift. Di erent colors correspond
to dierent classes of sources as in Fig. 5.3. Large diamondsepresent the median and the
standard deviation in di erent redshift bins.
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Table 5.1: Results of the stacking analysis.

(1) (2) ®) (4) (5) (6) (7) (8)

Class # sources mean z mean BfagHz fioom  fieom S=Nicom  S=Nisom
[log WHz 1)] mJy mJy
SFG 21 0.86 23.12 7.78 12.90 2.9 2.7
SFG 41 1.88 23.98 2.39 8.08 3.6 2.9
RQ AGN 12 0.68 22.90 1.49 6.48 1.7 4.2
RQ AGN 24 2.03 24.04 4.88 11.10 29 2.4
RL AGN 49 0.57 22.90 1.66 3.04 2.6 1.9
RL AGN 37 1.25 23.98 1.09 2.85 1.3 1.4

The corresponding averag&F Rgr are plotted in Fig.5.3 as large full symbols, with
colors slightly lighter than the ones of the their corresponding soce class. The average
SFRsgr of PACS-undetected SFGs and RQ AGNSs lie within the scatter of theocrespond-
ing linear relations. We can therefore conclude that the two SFR tcrs are equivalent for
our populations of RQ AGNs and SFGs regardless of their IR brightss.

The averageSFRgr of the RL AGNs not detected byHerschel (the majority of the
population) is in both radio power bins lower than in the other two class and does
not agree with the correspondingSFR;. This con rms that their radio luminosity has
a signi cant contribution form the jets and therefore cannot be sed to estimate their

star-formation rate.

5.7 SFR versus stellar mass

The SF activity of a galaxy can occur in two di erent modes (e.g., Dadcet al., 2010a;
Genzel et al., 2010): a starburst one, probably triggered by majonergers or in dense
SF regions; and a quiescent one, associated with secular processch is observed in the
majority of the SFGs. In this second mode, the SFR is correlated witthe stellar mass
of the galaxy, forming the so called \main sequence” (MS) of SFGs.h& MS has nearly
the same slope both at low and high redshift but the normalization ineases of about
a factor of 20 from the local Universe tw 2 (e.g., Noeske et al., 2007; Daddi et al.,
2007a; Elbaz et al., 2007; Pannella et al., 2009; Peng et al., 2010; Rbdip et al., 2011,
Wuyts et al., 2011a).

In this framework, it is then interesting to locate our sources on # SFR-stellar mass
plane. In Figure 5.5, we plot theSFRgr as a function of the galaxy stellar mass for our
objects divided in four redshift bins. Since we have already veri edhat radio and the
FIR are equivalently good tracers of the SFR for our SFGs and RQ A®, we decided
to use in the following the SFR derived from the FIR luminosity becausi allows us to
carry on the analysis also for RL AGNs for which th&F R, would instead be meaningless.
Moreover, since theSFRgr is most widely used in the literature, it makes easier the
comparisons with previous studies. Stellar masses are computeihgsa two component
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Figure 5.5: SFR versus stellar mass for di erent redshift bins. The symbds are the same as
in Figure 5.3. The horizontal lines marks the minimum SFR acessible to our survey in each
redshift bin (see Text for details). The dashed lines indicées the position of the MS at the

average redshift of the sources in each panel.

The loci of gfaurst and passive galaxies are

delimited by the dot-dashed lines ( 0.6 dex) above and below the MS respectively.
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(AGN+galaxy) optical-to-MIR SED tting technique as described in Bonzini et al. (2013),
assuming a Chabrier IMF.

The horizontal line in each panél of Fig. 5.5 marks the minimum SFR SF R, )
accessible to our survey, i.e. the SFR that correspond to the uxemsity limit of the
VLA observations at the minimum redshift in the speci ed bin based orquation 5.3 and
corrected for a Chabrier IMF. Note that SFGs and RQ AGNs mostly li@bove these lines,
being the radio emission in both classes associated to star formati@mtated process. RL
AGN instead are detected even when they have SFR well below t&& R, since their
radio emission is boosted by the presence of the jets.

The dashed lines indicates the position of the MS at the average réds of the sources
in each bin. We adopt the following law for the redshift evolution of théVS:

log(SFR(M;z))= 7:77+0:79 log(M)+2:8 log(1l+ 2) (5.6)

where M is the stellar mass expressed in unit of solar masses. The slope argl iddshift
evolution are based on the results of Rodighiero et al. (2011) andetimormalization pro-
vides the best agreement with our data (see Appendix 5.A for detgiland it is consistent
with the normalizations adopted in the literature. The dot-dashed lies above and below
the MS correspond to 0.6 dex.

Due to our radio ux density limit, we are able to detect MS galaxies witHow stellar
mass M < 10'°M ) only in the rst redshift bin while at higher redshift we probe the
bulk of the main sequence only at the high mass end.

We note that RQ AGNs occupy the same locus in thdlg,, SFR plane as SFGs
suggesting that the majority of the host galaxies of radio selectedQ AGNs are not
signi cantly di erent from the inactive galaxies population (see Sec. 5.8.3 for a more
detailed discussion).

5.8 Specic Star Formation Rate

Since the SFR is correlated with the stellar mass, a useful quantitg tlescribe the SF regime
of a galaxy is its speci ¢ SFR (sSFR), i.e. the SFR divided by the stellar ass. Sources with
sSFR particularly higher with respect to the MS are undergoing extmely intense star for-
mation activity, possibly triggered by major mergers, while passiveatpxies are character-
ized by very low sSFRs. In this work, we will de ne as "starburst" tlose sources whose dis-
tances with respect to the MS ( log(sSFR)us = log[sSF R(galaxy)=sSF Rys (Mgt ; 2)])

is larger than 0.6 dex, and we will call \passive galaxies" those withlog(sSFR)ys < 0:6
dex (similarly to (Rodighiero et al., 2011)).

In the following, we will discuss the star-formation properties of th three classes of
sources introduced in Sec. 5.2.2. We will treat RL AGN separately akdir properties
are signi cantly di erent from the other two classes and the ux density limit of the VLA
survey has a less direct impact on the minimum star-formation rateedectable in these
objects (see Sec. 5.7).

3In the rst redshift bin the minimum SFR is 0.07 M yr ?
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sources. In this latter panel empty (light colors) symbols efer to the mass selected sample, while
full (dark colors) symbols to the mock sample "observed” wih the same radio ux density limit
of our VLA survey.

T L A e

{

\
\

LY b T _
et Lkt s ot

Figure 5.7: Fraction of sturbust (magenta), MS galaxies (green), and pasive galaxies (red) versus
stellar mass. The panels refer from left to right to RL AGNs, RQ AGNs, SFGs and mock catalog
sources. In this latter panel empty (light colors) symbols efer to the mass selected sample, while
full (dark colors) symbols to the mock sample "observed” wih the same radio ux density limit
of our VLA survey.

5.8.1 SF in RL AGNs

RL AGN are generally though to be hosted in massive red and dead geaks. Indeed, the
majority (56%) of our RL AGN are hosted in passive galaxies but a sigoant fraction of
them are in MS star-forming galaxies and a small fraction (5%) is evdrosted in starburst
systems. Examples of powerful radio loud AGNs hosted in starbargalaxies has been
found at high redshift (z=3) (e.g., Ivison et al., 2012). We have investigated whether the
fraction of actively star forming host galaxies increases with redighh As it is shown in the
left panel of Fig. 5.6, we nd no signi cant trend up to z 3. On the contrary, we see a
strong trend with the stellar mass of the host (see left panel of Fif.7). Passive galaxies
are the vast majority of RL AGN hosts at masses 10°°M while at lower masses they
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Figure 5.8: Stellar mass versus radio power for RL AGN. The colors corrgsond to the redshift.

are mostly MS galaxies. This trend is similar to what is observed in the ekall galaxy
population; the fraction of active galaxies increases as the stellarass decreases (e.g.,
Peng et al., 2010; llbert et al., 2010, 2013). Therefore it seems thhere is no strong
connection between the presence of radio jets and the SF activitf the host. On the
other hand, we observe a large spread in stellar masses at low radoovpr, while the most
powerful RL AGNs are only found in the most massive objects (seegk 5.8) suggesting
a link between the maximal energy that could be released by the jeh@ the mass of the
black hole, assuming theVigy  Mpyge relation. That could also explain why in shallower
radio surveys the fraction of RL AGN hosted in actively star formingsystems is generally
lower than what we observe.

Finally, it is unlikely that we are simply misclassifying SFGs as RL AGN sincehese
objects are clear outliers from the radio- r correlation, suggestg that there is indeed a
signi cant radio emission associated with jets from the central bl&chole.

5.8.2 SF in RQ AGNs and SFGs

Once removed the contribution from RL AGN, a deep radio survey,sathe one presented
in this work, can be used to study the SFG population, its distributionin sSFR and its
evolution with redshift. Moreover, we have shown that we can usée radio as SFR tracer
also for the hosts of RQ AGNSs, giving to radio surveys the advantagwith respect to i.e.
UV, optical or X-ray surveys, not to exclude from the analysis soces where the AGN
emission dominates over the stellar emission. This allows for a more gdate census of
SFGs and permits to study the AGN contribution in the SFGs populatio.

Our VLA survey is one of the deepest radio surveys available but still is strongly
a ected by our ux density limit that, as described in Sec.5.7, allows ugo detect the
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bulk of the SFGs population only in the local Universe. Therefore, it igmportant to
carefully take into account selection e ects when drawing any colusion. In this context,
a comparison with a mass selected catalog can be useful. We used asvselected mock
catalog (Bernhard et al., in preparation) of SFGs based on the empal model for the
SFG population described in Sargent et al. (2012) and Bethermin etl. (2012). We will
now brie y describe the model and the mock catalog before contimg with the analysis
of the SF properties of our radio selected SFGs and RQ AGNSs.

Mock catalog description

The two basic ingredients to build the mock catalog are: (i) a descrijpin of the observed
SFG mass function (MF) and its redshift evolution; (ii) a prescriptionto associate to
each source a SFR. For the MF we adopt a parametrization similar tché one used in
Sargent et al. (2012), based on the results of Peng et al. (2010)dallbert et al. (2010)
(see Appendix 5.A for more details). This allows us to build a mass seledtSFG catalog
down to a stellar mass of 10M (which is smaller than the minimum mass measured in
our sample) for a mock observation on an area equal to the size of celd (0.285 ded).

A SFR is then assigned to each source in order to reproduce the eb®d MS of SFGs
with its redshift evolution (e.g. Daddi et al., 2007a; Elbaz et al., 200/Rodighiero et al.,
2011; Peng et al., 2010), and the distribution of SSFR at a xed stellamass. The latter
is modelled as the sum of two Gaussian components (Sargent et al.120one associated
to MS galaxies and the second to starbursts. The full width half maxum (FWHM) of
the two Gaussian, the relative contribution of the two componentand its evolution with
redshift are free parameters. We refer to Sargent et al. (2012hd Bethermin et al. (2012)
for a better description of this model and to appendix 5.A for an illusation of the model
parameters adopted in this work.

In order to directly compare this mock catalog with our radio sample & need to
"observe" it with the same ux density limit of our VLA survey. To do t hat, we converted
the SFR of the sources in the mock catalog to the correspondingdia power according to
equation 5.3, adding a 0.2 dex random scatter, in agreement with wthae measure (see
Sec. 5.4). We then computed the corresponding radio ux densityvgn the source redshift
and selected only objects with radio ux densities above 37Jy, the average ux density
limit of our VLA survey. Finally we added random uncertainties with 0.2 @x dispersion
on the mass and SFR of the mock objects to take into account thencertainties a ecting
real measurements.

Sources in the mock catalog are agged as starburst or MS objemtcording to which
of the two Gaussian components they belong to. Recovering thisanfation in real obser-
vations is not possible for individual sources, but only statistically. ierefore, to compare
the starburst fraction and its dependence on physical paramese(e.g. stellar mass or
radio power) in the mock catalog and in our sample, we will adopt the se de nition of
starburst, MS and passive based on the distance of the sourcenfrthe MS as de ned in
section 5.8. Note that even if the mock catalog include in principle onlyctve galaxies,
due to the errors we added to the mock catalogs quantities and tbe& wings of the MS
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gaussian distribution, some sources in the mock catalog are "pasSiaccording to our
de nition.

Starburst contribution

In our observed VLA sample the large majority of SFGs and RQ AGNsra MS objects
( 74%). The remaining sources are mainly starbursts (22%) with a small contribution
from passive galaxies ( 4%) (see also Fig. 5.5). The total observed fraction of SBds.ops)
is slightly larger in RQ AGNs compared to SFGs (25% vs. 20%). We em#ize that these
fraction refer to our radio- ux limited sample, and should not be cofused with fractions
for a mass selected sample.

In more detail, we can follow thef sg.ops @s a function of stellar mass for the two classes
of sources (middle panels in Fig.5.7). For both SFGs and RQ AGNSs, tligg..ns decrease
quickly with increasing stellar mass as at low masses we are highly biasedards high
sSFR due to our ux density limit. The behaviour in RQ AGNSs is even morextreme and
the SB galaxies become the majority at masses smaller than10'%°M . This is mainly
due to the fact that we are able to detect low mass objects only atvoredshift (see rst
panel of Fig. 5.5), but, since the volume that we probe at<z 0:5 is small, the chance of
detecting AGNSs is very low. We are able to sample the MS at low massadyofor more
numerous objects as the SFGs. The e ect of the ux density limit beomes clearer looking
at the right panel of Fig. 5.7; we show the starburst and main segnee galaxies relative
fraction for the mass selected mock catalog (light colors and empsymbols) and for the
same sample after applying the ux density cut (dark colors and fukymbols). In the mass
selected case, the the SB fraction is constant with stellar mass whikee "observed” mock
catalog shows the same trend as in the real VLA samples.

More interestingly, we can also follow the evolution of thésg.qps, that is equivalent to
the relative SB contribution to the SFR density, as a function of reshift. Some hydrody-
namic simulations suggest an increase of the SB fraction out to 2 due to the increase
of the merger-induced star formation at high redshift (e.g., Hopkset al., 2010). In our
VLA sample, we observe a fast growth from the local Universe up to 1 followed by a
attening both for RQ AGNs and SFGs (see middle panels of Fig.5.6). Tt is not only a
consequence of our ux density limits but also re ects the intrinsic gpwth of the starburst
contribution from the local Universe to the peak of the star formigon activity.

Again, the comparison with the mock catalog allows us to better quéfy our results.
The evolution of the fraction of starburst in a mass selected samp{€sg.mass), IS one of
the ingredients of the empirical model used to build the mock catalqgee Appendix 5.A)
and we can therefore use our observation to constrain the mogelrameters. We xed the
local value off sg.mass t0 1.2% as computed by Sargent et al. (2012) as our small eld does
not allow us to have enough volume to properly constrain it, while vangg the slope of the
growth and the redshift above which the evolution stops. We nd tat a growth as (1+2)?
up to z=1 of fsg.mass @and constant thereafter is required to match the totaf sg.ops in OUr
combined sample of SFGs and RQ AGNSs and to reproduce its behaviasg a function of
redshift (see Fig. 5.6). A steeper growth of thésg.mass COmpared to the one assumed in
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Bethermin et al. (2012) has been also con rmed by Gruppioni et al2013).

In summary, the "observed" mock sample well reproduces the behours of the relative
fraction of SB, MS and passive galaxies in our SFGs, both as a functiof redshift and
stellar mass (see the last two panels of Fig. 5.6 and Fig. 5.7, respesiyy. We note that
also when combining SFGs and RQ AGNSs, that are the minority in numbethe fraction
of SB as a function of stellar mass and redshift is consistent with th@odel within the
uncertainties. Also the totalf sg.ons IS the same in the VLA and mock ux limited samples
(  20%). Therefore, we conclude that the empirical model of Sargest al. (2012) is
suitable to describe the star forming galaxy populations with only littletuning of the
model parameters.

Therefore, we could use the model prediction to study the behauioof a mass selected
sample rather than a ux limited ones. In the last panels of both Fig. % and 5.7 we show
we light colors and empty symbols the fraction of SB and MS galaxies fine mass selected
catalog. As expected, the "real'f sg.mass IS much lower compared to the one observed in a
ux limited sample and SB sources contribute to less than 10% to theotal SFR density.
This result is also in agreement with the results of Rodighiero et al. (2@) and the models
of Hopkins et al. (2010).

5.8.3 AGN content as a function of sSFR

In Fig. 5.9 we plot the relative fraction of the di erent classes of saues as a function of the
distance with respect to the MS (i.e., log(sSFR)us = log[sSF R(galaxy)=sSF Rys (Msar ; 2)])
Below the MS (left side of Fig.5.9) the population is dominated by RL AGNThis is a due
to two main reasons. The rst is related to selection e ects since ware sensitive to low
sSFR only for sources whose radio emission is enhanced by AGN acyjvite., RL AGN.
On the other hand, the probability of hosting a RL AGN has been obseed to be higher in
massive passive galaxies (e.g., Best et al., 2005) even if its physicakam is still unclear.

On the right side of the plot, i.e. above the MS, we observe a rising did RQ AGNs
fraction from 25 to 40%. To investigate if this rising can be due to some AGN selection
e ects we considered two SFG sub-samples matched in redshift amass with the RQ AGN
distributions. The trend remains in both cases. We also checked if iac be explained
by some AGN contribution to the FIR luminosity in two ways: (i) using the SFR derived
from the radio power rather than SFRgr and (ii) using the SFRgr corrected for the
AGN contribution (as describe in Sec.5.6.1) to compute the log(sSFR)us. Again the
fraction of RQ AGNSs increases as the log(sSFR)ys increases. The most extreme SF
activity seems therefore often associated with an active phase tbe black hole. Such
scenario has been predicted by simulation of merging systems (e.g.,i M&tteo et al.,
2005; Hopkins et al., 2008); the instabilities generated by such a vialevent trigger both
a burst in the SF and feed e ciently the central BH.

As discussed in the previous section, sources with SB activity repest a small fraction
of the SFGs population. Similarly, the large majority of our RQ AGNs (3%) are hosted
in MS or passive galaxies. This fraction only represents a lower limit semour observation
do not fully sample the MS especially at high redshift. Hence, the mosbmmon triggering
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Figure 5.9: Relative fraction of sources classes as a faction oflog(sSFR)us .
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mechanisms of the black hole activity is probably related to steady pcess like gas in-
ows from the inter galactic medium rather than extreme events likanajor mergers (e.g.,
Mainieri et al., 2011; Rosario et al., 2012).

5.9 Discussion

Since the separation between RQ and RL AGNs is based on theik.s Value (see sec.5.2.2),
our nding that the radio emission in RQ AGNSs is mainly due to SF is probaly not
surprising but it is important. Indeed we have shown that using onlywo bands, the radio
(1.4 GHz) and the MIR band (24 m), we can e ciently and with few outliers separate
sources powered by the two di erent radio emission mechanisms,maly jets or SF. We
have shown that the radio power is a tracer for the SFR as good dset FIR luminosity
for both SFGs and RQ AGNs. Since the UV-optical and also the MIR eission can be
heavily contaminated by the AGN emission in powerful AGN, like most abur RQ objects,
the radio power could provide a better estimate of the SF in their hogalaxy compared
to i.e., UV-based tracers. In addition, being radio frequencies alntasna ected by dust
extinction, it is suitable for both type | and type Il AGNs.

Hypothetically, the good agreement betweelSFR, and SFR; for RQ AGNs could
be the result of a conspiracy where the contribution to the radio lumosity from tiny
jets is exactly compensated by an extra contribution in the FIR. Tis will boost both the
SFR estimates by the same amounts. With the current resolution dhe VLA data we
cannot exclude the presence of jets in the center of these AGNs(., Giroletti & Panessa,
2009) and higher resolution radio observations with the VLBI would & needed to spatially
resolve them.

5.9.1 Comparison with a FIR selected sample

We want to investigate the possibility to use deep radio surveys as aaful tool to study
the cosmic SF history, alternative or complementary to FIR survey We have therefore
compared our sample with theHerschelPACS detected sample.

As described in section 5.2.3 only 60% of our VLA sample has a counterpart in the
Herschel catalogue of the E-CDFS. Excluding the RL AGNs, for which we exptad a
low detection rate since most of them are hosted in passive galaxiésit(see Sec. 5.8.1),
the fraction increases to 70%. As for the 30% of unmatched radio sources, this at
least partly is due to the dispersion of the RFC: a radio and a FIR ux énsity limited
sample would tend to be biased towards sources on opposite sidethefrelation. To test
this hypothesis, we made use of the mass selected mock catalogesd in Sec. 5.8.2.
We "observed" it with a FIR-luminosity limit equivalent to our 37 Jy ux density limit
computing the minimum SFR corresponding to the radio ux density limitat each source
redshift and selecting only the objects with SFR above this threshitb The resulting FIR-
selected catalog contains 780 sources, roughly the same number of objects as in the radio
selected mock catalog described in Section 5.8.2. In Fig. 5.10 we shbes RFC for the
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Figure 5.10: SFR derived from the FIR luminosity versus the SFR from the radio luminosity for
the sources in the FIR selected mock catalog (green), the rad selected mock catalog (red) and
the matched sample (blue). The dashed lines are the linear tto the data.
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Figure 5.11: .
SFR versus stellar mass for the VLA sample (left) and for the ACS sample (right).

FIR selected mock catalog in green, the radio selected in red, and fliee matched sources,
in blue. The latter are only 60% of the total number of objects in e&ccatalog, a fraction
similar to the one obtained matching the real VLA andHerschelsamples. The o set from
the 1:1 correlation is 0:15 dex above and below for the FIR and radio selected samples,
respectively. This plot explains also why most of the VLA sources witlut PACS detection
are just below the correlation found for the VLA sources withiHerschelcounterpart in Fig.
5.3; being radio-detected only they have a slight radio excess.

On the other hand, about 40% of the PACS detected sources hawv&ounterpart in the
VLA image. This means that the FIR observations reach a lower ux ensity limit, also
thanks to the much deeper maps in the central GOODS eld compadeto the outskirts
(see Sec. 5.2.3). We have compared td-Rrr computed in Gruppioni et al. (2013) for
the sources in common and we nd very good agreement with our gstates. Also the
stellar masses are consistent; we nd a larger scatter but no sgatatic shifts. This re ects
the fact that the SFR is well constrained when FIR photometry is aailable, while on the
stellar masses there are larger uncertainties, especially in AGN hgstlaxies, depending on
the tting technique and especially on the model library adopted (e.gllbert et al., 2010).

In Fig. 5.11, we show the VLA (RQ AGNs and SFGs only) and thélerschel sample
on the SFR{stellar mass plane with the sources coloured according their redshift. The
two sets of data show the same trends and the same evolution withdshift. We also nd
a similar fraction of SB (20%) in the PACS sample compared to the radione. Being a
bit deeper, especially in the GOODS led, the PACS observations prebbetter the local
population and the small stellar mass end. Already ongoing deeperdia surveys, as well
as those planned with future facilities, will allow to probe these small asses also in the
radio (Norris et al., 2013). Indeed, going down to the nanoJy senisity level, they will be
able to probe the bulk of the SFGs population. An illustration of that isgiven in Fig. 5.12
where we plot the fractions of MS and SB galaxies as a function of thadio ux density
in Jy for the mass selected mock catalog. Below about 10y the number density of SB
remains nearly constant around 8%, while at the ux density limit of ou survey (vertical
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Figure 5.12: Fraction of MS and starburst sources in the mass selected m&ecatalog as a function
of the radio ux density.

line) we are biased towards higher sSFRs.

5.9.2 What changes using a di erent SFR tracer?

As discussed in the previous section, due to the RFC dispersion, angde selected with a
radio ux density limit would be slightly biased towards those object orthe right side of
the relation, i.e. with a radio power larger than the one given by the lation for a given
FIR luminosity.

That means that, especially for the sources withouHerschel counterpart, the SFR
derived from the two dierent tracers can be slightly dierent. As quantities like the
fraction of SB are extremely sensitive to these changes due to shmumber statistics, we
investigated how the choice of a di erent SFR tracer, namely the dio power, can a ect
our conclusions. Of course that cannot be done for RL AGN as in the objects the radio
power is not tracing the SF activity in the host galaxy but it is highly cotaminated by
the jets emission. For RQ AGNs and SFGs instead we repeated thergaanalysis as in
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Figure 5.13: Fraction of starbust (magenta), MS galaxies (green), and pasive galaxies (red)
derived using the SFR;, versus stellar mass. The panels refer from left to right to R AGNSs,
SFGs and mock catalog sources.

Sec. 5.8 using the&SFR; to compute the log(sSFR)us and therefore to determine the
level of their SF activity.

The total fraction of SB in this radio ux-limited sample increases to 30%' but the
trends as a function for example of stellar masses remain the sameq Fig.5.13). Also in
the radio ux density limited mock catalog, if we compute the log(sSFR)ys from their
radio power we obtain af sg.ops Of 30%, in agreement with our data.

The larger di erences appear atz > 1, where the fraction of starbursts is up to a factor
of two larger using theSFR,, but this e ect is mainly due to the sources without PACS
detection. Indeed, as shown in Fig. 5.4, the SFR extrapolated frothe optical-to-MIR
photometry tends to be underestimated at high redshift. Hencehe di erences between
the two SFR tracers appear larger. As a further consequencéetf sg.ons at high redshift
shown in the central panels of Fig. 5.6 are slightly underestimated atso suggested by
the predictions of the empirical model.

5.9.3 Lx Lggr relation

The hard band X-ray luminosity (Lx) is another SFR tracer; the 2{10 keV rest-frame
emission in SFG is dominated by high-mass X-ray binaries (HMXB). Beirtpe companion
of the accreating object a sort-lived high mass star, they is linked to the recent star
formation activity. The conversion factor betweenLy and the SFR has been calibrated
for local sample (e.g., Ranalli et al., 2003; Lehmer et al., 2012) At higheedshift this
correlation has been less studied as very long exposure times areessary to detect MS
objects. In the central part of the E-CDFS, one of the deepesihandra observation has
been taken with a total integration time of 4 Ms (Lehmer et al., 20053llowing us to detect
a sample of 44 SFGs up ta 1 (see also Vattakunnel et al. (2012)). For this sub-sample
of X-ray detected SFGs, we can therefore study the relation he¢enLy and Lgr and

“Note that, on the contrary, the fraction of passive goes almost o zero.
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Figure 5.14: Infrared luminosity versus radio power at 1.4 GHz (eft panel) and hard X-ray
luminosity (right panel) for the sub-sample of SFGs with X-ray counterpart.

compare it with the RFC. In particular, we are interested in the relaibn scatter in order
to estimate the accuracy of theLx as SFR tracer. We nd that the dispersion is 0.33
dex, about two times larger than the one betweehgr and radio power (0.17 dex) for the
same sources (see Fig. 5.14).

A possible explanation is that, as the redshift increases, the obged 2{10 keV band
corresponds to a softer rest-frame emission where the contrilmn from low mass X-ray
binaries (LMXB) becomes more important. The emission from LMXB deends on the past
star formation history on longer times-scales compared to HMXB anis proportional to
the stellar mass of the galaxy. Hence, thiex at high redshift is contaminated by emission
that is not related to the recent SF activity and the radio power rerains a more robust
SFR indicator.

5.10 Summary

In this work, we investigated the star formation properties of thefaint radio population
as detected by one of the deepest 1.4 GHz survey up-to-date docted with the VLA in
the Extended Chandra Deep Field South. This study builds upon theesults presented
in Bonzini et al. (2012) and Bonzini et al. (2013) where we have expled the wealth of
multi-wavelength data available in this eld to identify the AGNSs, furth er divide them in
radio-loud and radio-quiet, and to characterize the properties dfie radio selected galaxies
(e.g. redshift, stellar mass). The main results of this paper are tHellowing:

We have derived the FIR luminosity, tting the UV-to-FIR SED of our VLA sources;
radio selected SFGs follow the RFC up to z3 with a nearly constant dispersion of
0.2 dex (Sec. 5.4)

Comparing the SFR derived from the FIR luminosity and the radio poweg(Table 5.2),
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we show that the two SFR tracers are equivalently good not only in meactive SFGs
but also for the host galaxies of RQ AGNs. This implies that the main canbution
to the radio emission in RQ AGN is associated with SF activity in the hostather
than to radio jets (if present) powered by the black hole (Sec. 5.6)

As the SFR in SFG correlates with their stellar mass, we made use ofetlsSFR to
determine the SF activity level in our sample (Sec. 5.8). The data amonsistent
with models that predict that the SB galaxies represent a small fréion ( 8%) of
a mass selected SFGs population (e.g., Sargent et al., 2012; Bathen et al., 2012).
We have also discussed the impact of our ux density limit on a mass sefed mock
catalog (Sec. 5.8.2).

The majority of our RL AGNs are hosted in passive galaxy, but we dett signi cant
SF activity in  40% of the RL AGNSs hosts. This suggests that, at least for low radio
power, the presence of radio jets does not always prevent actstar-formation (Sec.
5.8.1).

We nd hints of a higher fraction of AGNs in the most extreme SB galars (Sec.
5.8.3). This is in agreement with scenarios where both the intense SEtigity and
the e cient accretion on the black hole are triggered by gas rich may mergers (e.g.,
Chen et al., 2013; Symeonidis et al., 2013).

The vast majority ( 75%) of our RQ AGNslie along the main sequence suggesting
that the bulk of the black hole activity is associated with secular pragsses.

Finally, we have shown that deep radio continuum surveys are a paifid tool to investigate
the star formation history up to high redshift. The current and caning radio facilities like
the JVLA and the Square Kilometre Array (SKA) path nders will be able to observe with
nanoJy sensitivity large areas of the sky (Norris et al., 2013) hendetecting the bulk of
the SF population. We have shown how to e ciently discriminate RQ andRL AGNs using
the 24 m emission®. Therefore, our nding that the main contribution of radio emission
in RQ AGNSs is due to star formation in their host galaxy, opens the pasility to use the
radio emission to estimate the SFR even in the host galaxy of bright gsars.

SDeep 24 m observations are already available on most of the usual deep elds
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5.A Choice of the model parameter

In this appendix we describe in more details the empirical model used build the mock
catalog (Bernhard et al., in preparation) and discuss the set of metiparameters adopted.
The physical motivation for the model and the underlying equationsre described in
Sargent et al. (2012) and Bethermin et al. (2012).

The motivation for this Appendix is that the original set of parametes adopted in
Bethermin et al. (2012) needed to be modied in order to reprodue our observations.
Indeed, the corresponding mock catalog, "observed" with the & ux density limit of
our survey (see Sec. 5.8.2), while reproducing approximatively thadio counts, does
not well reproduce some host galaxy properties of the sample; theock catalog has a
mass distribution that peaks at higher masses compared to the disution for our VLA
sources. As a consequence, also the SFR properties are not vagroduced in the mock
catalog having on average lower SFR and therefore a signi cantly lewfraction of starburst
galaxies compared to the data.

Therefore, we investigated the possible reasons for this discrapg and looked for a
set of parameters that is able to reproduce our observations inrtes of mass and sSFR
distribution together with the radio counts.

5.A.1 SFGs mass function

The mass distribution of the mock catalog objects is set by the SFGass function (MF).
The MF adopted in the model is based on the ts by Peng et al. (2010)f the SFGs
MF presented in (llbert et al., 2010). It is described as a single Sclmer function with
characteristic mass i) and faint-end slope that are redshift invariant and by a constant
characteristic density up to z 1 followed by a decline as (1 z)%%® (see Bethermin et al.
(2012) for details). Our radio observations are relatively shallow ogared to the K-band
data used to compute the MF in llbert et al. (2010), consequently @vare more sensitive
to the high mass end of the distribution. Therefore, we are parti¢arly sensitive to the
value of My, that set the position of the MF break followed by the exponential ut o .
Since our sample is small and highly incomplete at low masses, we canpetform a real
t of the MF. We chose to keep all the other parameter describinghte MF xed. As
already mentioned our observations have a mass distribution thatepks at lower masses
compared to the corresponding mock catalog. To reconcile the neavith our observations
we assume al, of 101'M rather than 10'%°M as in Bethermin et al. (2012). Adopting
this value the mass distributions of the mock catalog and of our datare consistent as
con rmed by a Kolmorogov-Smirnov (KS)-test (Prob> 0:99). The possible reasons for this
shift are twofold: on one hand, stellar mass measurements haveglruncertainties and
can be up to 0.3 dex systematically di erent depending on the stellargpulation synthesis
model adopted (see e.g. llbert et al., 2010). To check this hypo#ie we computed the
stellar mass using the same method adopted for the VLA sourcesofiini et al., 2013) for
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a sub-sample of the llbert et al. (2010) sourcésind compared the mass measurements.
We indeed noted that the Ilbert et al. (2010) stellar masses are onexage larger than the
one obtained with our method. On the other hand, there is no on@tone correspondence
between the color-color based method used to identify the SFG pdation in llbert et al.
(2010) and our scheme causing. Finally, we note that the simple pceiption adopted in
the empirical model and the set of parameters chosen is only an aggmation for the
SFGs MF while a more complex description as e.g. in llbert et al. (2013pwld be needed.

5.A.2 Main sequence and its redshift evolution

The two modes of SF are described by two Gaussian. We assume a AWIidf 0.2 dex
for the MS galaxies as measured in Rodighiero et al. (2011). For thecend Gaussian we
use the same parameter adopted in (Bethermin et al., 2012), i.e. aHWM of 0.2 dex, a
displacement from the MS peak of 0.6 dex. The relative fraction of SBolves with redshift
as:

fsg =0:012 (1+ 2)%forz< 1 (5.7)

The local fraction is taken from Bethermin et al. (2012) but we set steeper growth of the
starburst fraction up to redshift 1 as suggested by our obsem@ns (see Sec. 5.8.2).

The normalization of the MS is another critical parameter in determimg both the
number counts and the observed SB fraction. Keeping xed the gle of the MS to
the value measured in Rodighiero et al. (2011) and its evolution with dshift to (1 +
7)%8 (Sargent et al., 2012), we looked for the best value for the MS noalization. We
adopt a normalization of the MS {0ogsSFR(z = 0;M = 10'M ) = 10:08) that is lower
than in Bethermin et al. (2010) but it is in better agreement with what was found in
Rodighiero et al. (2011) and our own measurement.

5.A.3 Comparison with VLA observations

With the few changes in the model parameters described above, are able to reproduce
both the radio counts and the physical properties of our radio sotes with the mock
catalog. Indeed the mass selected mock catalog, "observed" witle same ux density limit
of our VLA survey (see Sec.5.8.2), on a mock eld with the same arebaur observation,
contains about 790 sources. The exact number of sources vanésome units for di erent
runs of the model since we add random uncertainties on the mocklapdes properties and
a random dispersion for the RFC. The VLA sample considered in this wocontains 779
sources. Considering only the RQ AGNs and the SFGs, where the maiantribution to
the radio ux is due to SF, but correcting for the not perfect unifamity of the sky coverage
(Padovani et al., in prep.), the number of RQ AGNs and SFGs detedide at 37 Jy ux
density limit in our eld is 784. Considering that some of the RL AGNs, acording to our
analysis, contribute to the SFG population, we conclude that the maber counts predicted
by the empirical model are in good agreement with the observed on® complete analysis

6A sample of X-ray selected AGNs for which we have optical-to-24m photometry and redshift.
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of the impact of the various model parameters on the mock catal@ipysical characteristics
is beyond the scope of this paper.

The goal of this investigation was to check the consistency betweeur observation and
the model for the SF population proposed in Sargent et al. (2012ha to better control
the e ects of the ux density limit on our results.

5.B Stellar masses and SFRs catalog of VLA sources

We make publicly available the physical properties derived for our raml sample and used
in this work. They are summarized in table 5.2. The catalog columns amganized as
follows:

(1) Identi cation number of the radio source (RID).
(2) Source classi cation.

(3) Source activity: "SB" for starburst galaxies, "MS" for main s@uence galaxies,
and "P" for passive galaxies according to the de nition given in sectin5.8.

(4) Source redshift.

(5) Stellar mass.

(6) SFR derived from the radio power.
(7) SFR derived from the FIR luminosity.

(8) distance with respect to the main sequence in theFR Mg, plane (Sec. 5.8.3)
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Table 5.2: Star formation properties of the VLA sources.
1) (2) Bk @ (5) (6) (7) (8)
id class type z M star SFR, SFRer log(sSFR)us
[log(M)] [log(M yr %)] [log(M yr *)]
712 SFG MS 0.56 10.790.05 15.4 4.7 21 1.1 0.07
713 RQAGN MS 0.49 10.600.06 17.2 3.3 10 0.8 -0.01
714 SFG MS 0.77 10.300.02 41.0 9.3 30 4.0 0.47
715 SFG SB 0.18 9.950.07 13.3 0.8 11 0.2 0.81
716 RQAGN MS 1.16 10.780.10 80.2 25.1 79 20.9 0.27
717 SFG MS 0.52 10.130.02 17.7 3.8 12 0.9 0.41
718 SFG SB 246 10.520.09 478.7141.2 703 86.2 0.84
719 RLAGN MS 1.03 10.840.19 38394.120.2 19 0.2 -0.31
720 SFG MS 0.25 10.590.02 16.5 2.4 10 0.5 0.19
721 RQAGN MS 1.27 10.840.05 129.035.5 58 15.5 0.02
722 RQAGN MS 0.96 10.760.16 89.4 16.2 61 7.5 0.29




Chapter 6

Conclusions

In this Chapter | summarize the main results of my Thesis and outlineosne possible
further development of this research.

In my Thesis, | exploited the multi-wavelength properties of one ofhie deepest radio
surveys available up to date (Kellermann et al., 2008; Miller et al., 2013)This work is
particularly useful for paving the way to upcoming radio surveys tht current and future
radio facilities will provide. Indeed, we are at the dawn of a bright erfor radio astronomy
as many radio facilities have been recently upgraded or are in congttion phase (e.g.,
APERTIF, ASKAP, JVLA, e-MERLIN, LOFAR, MeerKAT). Radio cont inuum surveys
with these new facilities have been planned with the goal of studyindné formation and
evolution of galaxies and AGNs over cosmic time. It is therefore exmely important to
be able to predict which kind of sources these facilities will be able to sdrve and what
are the key data in other spectral windows necessary to complaméhe radio information
to maximize the scienti ¢ output.

My work is based on radio observations performed with the VLA at 1.GHz on the
E-CDFS. The average 5 ux density limit is 37 Jy but reaches 32.5 Jy in the deepest
part of the eld. The spatial resolution (beam size) is @B by 1°6. | contributed to the
compilation of the source catalog that includes 883 radio objectshe large majority of
which ( 90%) below the mJy limit (see Chapter 2). Using a likelihood ratio technigg, |
identi ed the optical/IR counterparts of the radio sources with a @mpleteness of 94%. For
about 80% of the sources | was able to associate a redshift, 40%vhbich are spectroscopic
(see Chapter 3). The counterparts and redshift catalog have & made publicly available
(Bonzini et al., 2012) and represents one of the highest identi c&in rate radio sample.
This rst part of my Thesis was crucial for the subsequent analysiand also demonstrated
the key role played by MIR bands in the identi cation of radio sourcesindeed, a signi cant
fraction of them (25%) are not detected even in deep HST opticalisveys, probably due
either to obscuration or to their high redshift. This is an important pint when planning
future radio surveys. In my work | usedSpitzer data but this space telescope has now
reduced capabilities after the exhaustion of the helium supply for éhcryogenic system.
The WISE satellite has similar spectral coverage t8pitzer, has observed the whole sky, but
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the sensitivity is much lower and therefore would not be able to detethe counterparts
of the majority of the sub-mJy radio sources. Some new deep radiarveys have been
therefore planned on sky elds with deepSpitzer observation already available, like the
JVLA COSMOS survey (PI: V. Smolcic). Future IR space telescopese JWST and
SPICA have been proposed and will have enough sensitivity to pro@dollow up for the
faint radio sources detect by the SKA and its path nders (Padowvai et al., 2011a) but, in
case their construction will be approved, they will not be launcheddfore 2020.

The second step of the project was aimed at disentangling the dient radio popula-
tions that contribute to the faint radio sky (see Chapter 4). | deeloped a simple method
that combines radio, MIR, and X-ray data, to e ciently separate the radio sources in three
classes: SFGs, RQ AGNs and RL AGNs. | have shown that selection timeds commonly
used in the literature based on the optical properties of the radiocoarces (e.g., optical
colors, optical to radio ratios) may miss a signi cant fraction (up to 70%) of AGNSs,
especially in the RQ population. | determined the relative contributionof the di erent
classes of sources as a function of radio ux density con rming thevercoming of SFGs
over AGNs below 0.1 mJy. Additionally, my work demonstrated that RQAGNs become
increasingly important for decreasing ux density and representie dominant AGN popu-
lation below 0.1 mJy as well. That means that in the upcoming radio surys, that will be
deeper than the observation considered in this work reaching themoJy sensitivity, the
classical RL AGNs will be a minority of the sources and the populationilvbe dominated
by normal star forming galaxies and the bulk of the AGN class, i.e. thRQ ones.

| have shown that a crucial parameter to identify RL AGNSs is the rab between the
24 m and 1.4 GHz ux densities, while to separate RQ AGNs and SFGs oth&kGN
activity indicators, like the X-ray luminosity or the MIR spectral shape, are necessary
(Bonzini et al., 2013). The reason is that the origin of the radio emigs in RQ AGNs and
SFGs is the same, namely star-formation. This is one of the main rdtsuof my Thesis.
The evidences in support of this conclusion are twofold; one is inditethrough the study
of the host galaxy properties of the di erent classes of sourcdsirther complemented by
the estimation of their evolution and luminosity function (P. Padovam M. Bonzini et al, in
preparation). The second is more direct and based on the compansof the SFR as traced
by the FIR and radio luminosity (see Chapter 5). In more detail, | hag characterized
the host galaxies properties of my radio sources in terms of stellarasses, morphology
and optical colors. Both RQ AGNs and SFGs are preferentially hostein dusty late type
(disks) objects, with smaller stellar masses and younger stellar pdations compared to
RL AGNSs (Bonzini et al., 2013). This suggests that the RQ and RL AGNactivity may
represent two di erent evolutionary stages of the galaxy-BH cevolution. It is plausible
that the RQ phase occurs at earlier stages when the galaxy is stillggeich and actively
forming stars. The radio activity of the black hole instead appears ter when the galaxy
has already formed the bulk of its stellar population, the gas supply lewer and the SF is
considerably reduced. In such scenario it is also possible that thedia jets play a role in
suppressing the SF and contribute to the quenching of the overalttivity in the galaxy.

To directly prove that the main contribution to the radio emission in RQ AGNs is
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due to the SF in their hosts, | computed the SFR from the FIR and rdio luminosity
and compared the results (see Chapter 5). The FIR luminosity hasebn estimated using
HerschelPACS data to better constrain the emission due to the dust heaté by young
stars and tting the whole UV-to-FIR SED. | found good agreemenbetween the two SFR
tracers for both SFGs and RQ AGNs over about four orders of magude in SFR and
in the redshift rangez = [0:1 3]. For RL AGNSs instead the agreement is poor as their
radio power is enhanced by the presence of the jets. A very impant implication of this
result is that it is therefore possible to use the radio band to estimatthe SFR even in the
hosts of bright quasars, like many of the RQ AGNs in my sample. The AGemission in
these sources can over shine the stellar luminosity at optical and Riwavelength, making
the SFR estimate largely uncertain when derived from these band®loreover, as future
surveys will go even deeper than the one presented in this Thesistatting many more RQ
AGNs, they will represent powerful tools to study the SF properés of quasars hosts. Fu-
ture samples of radio selected AGNs will be su ciently numerous to alle detailed studies
of their SF activity as a function, for example, of AGN luminosity or BHaccretion rate.

The last part of the Thesis was dedicated to the comparison of my sérvations with
an empirical model for the SF cosmic evolution. This model is based faw observational
evidences like the existence of a main sequence (MS) of SFGs anddberease from z2
of its average sSFR. According to the model, there are two main iieges of SF; one regular
mode, triggered by secular processes, that is responsible for bk of the SFG population
and a starburst regime possibly triggered by extreme events like jpamergers. This model
has been successfully applied to reproduce the observed FIR LEg(eSargent et al., 2012).

| checked the consistency of my data with the model predictions Iding a mass selected
mock catalog based on the model assumptions and "observing" it Withe same ux density
limit of the VLA observation. | was able to reproduce in the mock catag both the radio
number counts and the SF properties of the VLA sources. The cgarison with the model
had two main goals: to better control the impact of selection e est on the results, and
to extrapolate from the ux density limit selected sample the propdies of the underlying
mass selected population. Indeed, the ux density limit of the VLA stvey considered in
this work (37 Jy) allows me to probe the MS only at the high mass end while at low
stellar masses and high redshift the radio observations detect orthe most active systems.
Hence, the observed fraction of starburst is about 20-25% butektimated a contribution
to the total SFR density of only 8% when correcting for the selection e ects. This is
in agreement with what inferred from surveys at other wavelenggh(especially FIR;e.g.,
Rodighiero et al., 2011; Gruppioni et al., 2013), and with the predictiss of cosmological
simulations (Hopkins et al., 2010). | also investigated the evolution tfie starburst fraction
as a function of cosmic time. My data suggest a steep rising of thegturst contribution as
(1+ 2)? up to redshift z 1 followed by a attening. However, larger samples are necessary
to better characterize the starburst fraction evolution, also infe local Universe.

| believe that my study of the SF properties of the VLA sources havdemonstrated
the possibility of using radio selected samples as powerful tools to éstigate the cosmic
SF history, alternative or complementary to FIR surveys. This is imprtant as in the near
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future there will be no other deep FIR surveys after the end of thHerschelmission, while
deep radio observations on large areas are already on-going orehbeen proposed.

Finally, 1 have investigated the AGN content as a function of the disince from the
main sequence. | found that the majority of RQ AGNs ( 75%) are hosted in normal MS
galaxies suggesting that the bulk of the AGN activity is triggered by ecular processes.
However, | also found that the relative fraction of RQ AGNSs increas in the starburst
regime indicating that the mechanisms responsible for the onset dfet intense SF is also
triggering e cient accretion onto the BH. Moreover, | found tentative evidence for an
increase in the RQ AGN fraction just below the MS. These AGNs repsent the perfect
target for follow-up investigations aimed at detecting signaturesfdGN feedback caught in
the act. Indeed, if AGN activity is playing a role in shutting o SF, one might expect that
its e ect is stronger in sources that are going to leave the main segpuce. In particular,
IFU spectroscopic observations could be used to measure the out rate and out ow
morphology using the [Olll] and H maps, and to asses the impact that such feedback
may have on the host galaxy SF, traced by the narrow component B , as a function of
the distance from the MS.

Concerning the RL AGNSs population, an interesting output of my Thsis is that, while
the majority of them are hosted in quenched galaxies, about a thirof the RL AGN hosts
have signi cant SF. It will be therefore intriguing to characterize he accretion properties
of these BHs and their excitation state. Studies on low and high-etation RL AGNs have
been so far limited to the local Universe or to higher radio powers thahose probed by
my sample.
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