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Zusammenfassung

Die Entdeckung, daf die Eigenschaften von Schwarzen Léchern mit denen
der sie beherbergenden Galaxien (sogenannte Host-Galaxien) korrelieren,
fiihrte zur Hypothese einer gemeinsamen Evolution beider. Die Koevolu-
tion des schwarzen Loches mit der Host-Galaxie kann durch Akkretion des
Schwarzen Loches und durch den Aufbau stellarer Mafe erklirt werden.
Beide Mechanismen werden durch das selbe Gas vorangetrieben. Das Gas
wird fiir beides verfiighar nachdem die Galaxie entstanden ist oder nach

Wechselwirkungen mit anderen Galaxien.

Die Schwarzloch-Host Koevolution ist eines der meistdiskutierten Themen
der modernen Astrophysik, dennoch wurden noch keine eindeutigen Hin-
weise daftir beobachtet. Insbesondere scheinen aktive Galaxienkerne (AGN)
- die hellen und akkretierenden schwarzen Locher im Zentrum mafBiver
Galaxien - einen groSSen Einfluf auf die physikalischen Eigenschaften der
sie beherbergenden Galaxien zu haben. Die meisten Galaxien sind en-
tweder aktiv (sie produzieren neue Sterne) und blau sowie spiralférmig,
oder pafliiv, rot und elliptisch. Galaxien mit Eigenschaften zwischen diesen
Extremen haben hédufig einen aktiven Galaxienkern in ihrem Zentrum. Es
wird angenommen, dafl dies in Verbindung zu AGN steht, die Jets und
Gasausfliifie haben, welche mit dem interstellaren Medium der Galaxien in-
teragieren und so die Bedingungen fiir die Entstehung von Sternen schaffen

oder zerstoren.

Eine mehrere Wellenldngen umfaende Studie von AGN und Host Galax-
ien bei mittleren Rotverschiebungen kann uns dabei helfen den Grad der
Koevolution und die Art und Weise, wie das sogenannte AGN feedback die
Sternentstehung reguliert, zu untersuchen. Das Feedback wiirde dann zur

morphologischen und farblichen Verdnderung der Host Galaxie fithren. Um



dieses Ziel zu erreichen habe ich eine grofie Anzahl normaler Galaxien und
Host Galaxien in optischen und Radiowellenlingen untersucht, da optis-
che Spektren die Eigenschaften der Galaxien beinhalten, wihrend die AGN
Aktivitdt im Radiobereich sichtbar ist. Dartiberhinaus erlaubt es auch die
Untersuchung der Verbindung zwischen optischer und Radioemiffion und

deren moglicher gemeinsamer Ursprung.

Diese Doktorarbeit erforscht die Moglichkeit des Bestehens einer evolu-
tiondren Sequenz fiir Galaxien einer bestimmten Mafle. Diese Sequenz
wiirde mit plotzlichen, durch Galaxieninteraktion/-verschmelzung ausgeloste
Sternentstehung beginnen, gefolgt durch den Aufbau von stellarer mafie
und der Akkretion auf das schwarze Loch. Ist das schwarze Loch im Zen-
trum der Galaxie ein mal aktiv, konnte es einmalig oder mehrmalig ein
AGN feedback induzieren, daf letztendlich den Sternentstehungsprozefl in
der Host Galaxie beendet. Von diesem Zeitpunkt an entwickelt sich die
Galaxie paBiv. Die aufeinander folgenden Stadien der Galaxienevolution
werden durch optische Emiflionslinien definierte Spektralklalen reprasen-
tiert; die Emifionslinien basieren auf niederenergetischen Ionisierungen des
Gases. Die Klaflen sind: im Sternentstehungsprozefl, gemischt (Galaxien
mit Beitragen zu den Emifionslinien sowohl durch Sternentstehung als auch
durch AGN Aktivitét), Seyfert und LINER Galaxien.



Abstract

The discovery of general correlations between black hole and properties of
the host galaxy has led to the hypothesis of a co-evolution between the
two. The black hole-host co-evolution might be explained by black hole
accretion and stellar mass build-up of the galaxy being fueled by the same
gas. Gas is made available once a galaxy is created, or is gained in successive

interactions with neighboring galaxies.

The black hole-host co-evolution is one of the most debated topics of modern
extragalactic astrophysics. However, strong observational evidence of it is
still missing. Active Galactic Nuclei (AGN) - the bright, accreting black
holes at the center of massive galaxies - can play an important role in
shaping the physical properties of the galaxies they occupy. Most of galaxies
are found to be either active (they form new stars) and blue spirals, or
passive and red ellipticals. Galaxies having intermediate properties are
often found to harbor an AGN at their centers. This fact has been related
to some AGN showing jets and gas outflows, which might interact with the
interstellar medium of the galaxies, creating or destroying the conditions

for star formation.

A combined multi-wavelength study of AGN and hosting galaxies at inter-
mediate redshifts can help us probing the degree of co-evolution, and the
way the so-called AGN feedback may regulate star formation in galaxies.
Feedback might lead to the morphological and color transformation of the
host. To observe the transformation, I have studied large samples of normal
galaxies and AGN hosts in the optical and radio domains. This approach is
particularly useful, since optical spectral information can trace host galaxy

properties, while AGN activity is visible in the radio. Moreover, this study



allows investigating the connection between optical and radio emission from

galaxies, and their possible common origin.

This PhD work explores the chance of an evolutionary sequence for galaxies
of a given mass. The sequence would start with merger/interaction triggered
bursts of star formation, followed by stellar mass build-up and accretion
onto black hole. Once the black hole at the center of the galaxy is active,
it might induce once-in-a-time or recurrent AGN feedback, eventually stop-
ping the star-formation process in the hosting galaxy. From this point on,
galaxies evolve passively. The stages of galaxy evolution can be represented
by spectral classes as defined by optical emission-line diagnostic diagrams.
The latter are based on the strength of low-ionization optical lines. The
classes are: star-forming, composites (galaxies with mixed contribution to
line emission, coming from both star formation and AGN activity), Seyfert,
and LINER galaxies.
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Glossary

ADAF

ADIOS

AGB

AGN

BPT

ETG

FR

-

Advection-Dominated Accretion

Flows; flows which are character-
ized by very low radiative efficiency.
They might happen during the last
stages of gas accretion in massive and

passive galaxies.
Adiabatic Inflow-Outflow Solutions;
outflows at the galaxy polar region

due to energy liberated by the accre-
tion onto the black hole.

Asymptotic-Giant-Branch; sequence
of stellar evolution identified in the
H-R diagram. Massive stars reach
the AGB while their most outer lay-
AGB stars show red
colors and luminosities thousands of

ers expand.

times the solar one.

Active Galactic Nucleus; accreting
and bright black hole located at the

center of massive galaxies

Baldwin-Philliphs-Terlevich; it refers
to the
optical emission-line diagnostic dia-

first and still most used

gram. The diagram is used to clas-
sified galaxies in star-forming galax-
ies, Seyferts, LINERs and compos-
ites, basing on the relative strength

of their emission lines.
Early-Type Galaxies; elliptical and
lenticular galaxies.

Fanaroff-Riley Class I; radio sources

which have their low brightness re-

xvii

FR I

-

ISM

LINERs

LLF

LTG

Qso

SED

Seyfert 1

gions further from the nucleus than

their high brightness regions.

Fanaroff-Riley Class II; luminous ra-
dio sources with hotspots in their
lobes at great distances from the cen-
tre.

Mass
function that describes the distribu-

Initial Function; empirical
tion of initial masses for a population

of stars.

InterStellar Medium; matter that ex-
ists in the space between the star sys-

tems in a galaxy.

Low Ionization Narrow Emission-
Line Regions; class of extragalactic
sources mostly addressed as AGN.
They might be partly excited by
shocks.

Local Luminosity Function; local
space density of sources as a function

of luminosity.
Late-Type Galaxies; spiral galaxies.

Quasi Stellar Object; powerful AGN,
mostly found at high redshifts. Due
to the extremely bright nucleus, the
optical spectrum of the galaxy is

stellar-like.

Spectral Energy Distribution; bright-
ness or flux density versus frequency
or wavelength of light. It is used to
characterize astronomical sources.

Type I Seyferts galaxies; they are
very bright sources of optical-UV
light and X-rays. They have two
sets of emission lines on their spectra:
narrow lines with widths (measured
in velocity units) of several hundred
km/s, and broad lines with widths up
to 10* km/s.



GLOSSARY

Seyfert II Type II Seyfert galaxies; they ap-

SFGs

pear bright when viewed at infrared
wavelengths. Their spectra contain
narrow lines associated with forbid-
den transitions. Spectroscopy of po-
larized light component reveals ob-

scured type I regions.

Star-Forming Galaxies; class of
galaxies that are actively forming
stars and are therefore rather blue
and luminous at optical-UV wave-

lengths. They occupy a well-defined

SMBH

SN

xviii

branch in the optical emission-line di-

agnostic diagrams.

Super Massive Black Hole; black hole
whose mass exceedes 106 M.

Super Nova; massive star in the last
stage of stellar evolution. It explodes
releasing metals in the interstellar
medium, and provoking shocks in the
latter. The explosion is source of syn-

chrotron radiation.



Introduction

Astronomy is one of the oldest and still most fascinating among natural sciences. Orig-
inally meant as the study of positions and motions of celestial objects, and based on
naked-eye observations, astronomy has then become a brand new science, called astro-
physics. Astrophysics began when the first spectra of celestial objects were taken, as
this was established to be an accurate method to investigate chemical composition and
physical properties of celestial sources.

Galaxies are among the most studied objects. Galaxy emission is examined across the
entire electromagnetic spectrum to seek for information on properties such as mass, lu-
minosity, gas density, morphology, temperature, and chemical composition. Since the
first galaxies were observed with rudimentary telescopes, much about these complex
astronomical objects has been discovered. However, galaxy formation, evolution, and
properties, still need to be investigated and fully understood. Our knowledge of galax-
ies has been increasing in the last decades thanks to the development of modern and
more sensitive observing instruments, which allow deep sky investigations. Data have
been collected, analyzed, and interpreted, allowing us to add pieces to the big puzzle
of the story of galaxies. The estimated number of galaxies in our universe is extremely
high, about 10™. A galaxy contains an average amount of 10'! stars and, in most cases,
it hosts a super-massive black hole in its center. When studied in detail, each galaxy
appears to have a unique set of features. However, an extensive study of each object
is hardly possible. A good way to study global galaxy properties is to divide galaxies

into sub-classes which have similar physical properties.



1. INTRODUCTION

Figure 1.1: Optical image of the starburst galaxy NGC 1313. Bright regions in the spiral
arms correspond to sites of intense star-formation. Credit: Henri Boffin (ESO), FORSI1,
8.2-meter VLT, ESO.

1.1 Galaxies

Galaxies contain mainly stars, gas and dust. Galaxies can be found isolated, or can be
gravitationally bound in groups (a few galaxies) or clusters (hundreds to thousands of
galaxies). These conditions determine the so-called environment, which has been proven
to have an influence on galaxy properties as mass, morphology, and color. The influence
of environment on galaxy morphology was first noted by Edwin Hubble and Milton
Humason in 1931 (see [I for a review). In groups and clusters, galaxy interactions
like mergers, fly-by, or gas stripping, are more frequent and can lead to exchange of
gas and dust. Fig. shows a spectacular starburst galaxy, a luminous blue galaxy
containing a large amount of ionized gas, where the star formation rate (SFR, the
stellar mass produced per year in the star-formation process) is particularly high (more
than 100 Mg yr~!). A starburst is therefore a galaxy that is “very active”, in the
sense that it undergoes large burst(s) of star-formation. This is probably due to the
above-mentioned galaxy-galaxy interactions, which have brought new gas that becomes

available for fueling star-formation.
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“c” very tight). Lenticular galaxies (S0) have intermediate properties between E and S.
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1. INTRODUCTION

Galaxies can be classified and studied according to different physical properties,

like mass, size, morphology, color, age of the stellar populations, nuclear activity. Ac-
cording to the classification proposed by Hubble in the 30’s and still in use nowadaysﬂ
(Fig. 7 galaxies can be classified as spirals (also called spiral galaxies or late-type
galaxies) and ellipticals (elliptical galaxies or early-type galaxies). Lenticular morphol-
ogy is intermediate between ellipticals and spirals. Objects that cannot be classified
as one of these three kinds are regarded as irregular galaxies. Galaxies with spiral
morphology usually contain large amounts of gas in their arms. Gas is fundamental for
the formation of new stars. Spiral galaxies have blue colors, due to optical-ultraviolet
emission coming from the newly formed, hot, and bright stars. On the contrary, el-
liptical galaxies contain less gas and mostly show older stellar populations. The color
of elliptical galaxies is typically redder than the color of late-type galaxies, due to the
contribution of old stars to the global emission. Ellipticals do not show arms in their
morphology, whereas the bulge (the central region of the galaxy, where most of the
stars are located) is prominent. Most galaxies can be designated unambiguously to a
certain morphological class. Only a few galaxies display intermediate properties, e.g.
interacting or irregular galaxies. Spirals are among the largest galaxies in the sky, with
disk diameters of 5 to 100 kp(ﬂ and a mass range of 109 — 10'2 MQEI Ellipticals can
be more massive, with masses up to 10'® Mg, and reach a size of hundreds of kpc in
case of giant ellipticals. Irregular galaxies cover a wide range of characteristics, though
they are on average smaller (1 — 10 kpc) and less massive than spirals and ellipticals
(10% — 10 Mg) @).
The observed local galaxy bimodality (3, 4, B [6] [7), i.e. the presence of two promi-
nent galaxy classes, one blue and young, and the other red and old, might indicate
that galaxies which are born with comparable global masses undergo a similar color
and morphological transformation. Ideally they move along an evolutionary sequence,
starting as spirals and ending as elliptical galaxies. In this case, the transition from
blue and active to red and passive galaxy type would be very fast, so that only a few
objects are “caught” in the act of evolving from one class to the other.

Spectra contain large amount of information and represent one of the best tools for

1 After minor modifications. Also, the Hubble sequence does not represent an evolutionary sequence,
as previously stated.

20ne kpc corresponds to 10° parsecs, where a parsec is ~ 3 x 10'6 m.

3In solar mass units. A solar mass is ~ 2 x 10°° kg.
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Figure 1.3: SED of the starburst galaxy NGC 7714. The plot shows the contribution
of each galaxy component to the continuum emission. Stellar components can dominate
in UV, visible, or far-IR (through dust emission) depending on the galaxy’s history and
structure. X-ray dominance and significant radio emission are produced by active nuclei.
Credits: B. Keel, NED, Kennicutt atlas, FUSE data.

the study of galaxies and other celestial objects. On one hand, the analysis of emission
and absorption lines provides an insight into chemical composition and physical condi-
tions of the galaxy components - stars, gas, and dust. On the other hand, the shape
of the continuum emission at specific wavelengths gives us hints on the contribution
of each component to the overall emission. For example, thermal emission in infrared
is mainly due to stars and dust, while synchrotron radio emission originates from Su-
per Novae (SNe) explosions, or nuclear activity. Fig. shows the spectral energy
distribution (SED) of the starburst galaxy NGC 7714. The plot indicates the contribu-
tion of X-ray emitting binaries, hot interstellar medium (ISM), stars, dust (reprocessed
starlight), SNe and other sources of synchrotron radiation. The latter is produced by
high-velocity electrons in a magnetic field. The amplitude of the far-infrared “bump”,
or peak, is proportional to both the abundance of dust which is present in the galaxy
and the star-formation rate. It is more prominent for starburst galaxies than for normal
spirals. Direct starlight and the external regions of the accretion disk produce a bump
in the UV-optical, also called “blue bump”.

The engine that causes the gas ionization and line transitions which are detectable in
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galaxy spectra can either be star formation, nuclear activity, or a combination of both.
For a fixed temperature and density of the gas, the observed strength of a line depends
on the total number of ions that are responsible for that line transition. HII regions
- rich-in-hydrogen areas where most of the star formation takes place - are mainly lo-
cated in the outskirts of spiral and irregular galaxies. These contain large amount of
interstellar gas and young O and B stars as powerful sources of photoionization. In
the central region of galaxies, the origin of emission is often a combination of nuclear
activity and stellar ionization. By measuring the relative intensity of emission lines,
it is possible to disentangle the nature of the ionizing engine. Stars and nucleus will
produce ionizing fields with different strengths, and thus induce different sets of tran-
sitions. Knowing the cause of line emission in galaxies, and whether it is dominated by

star formation or nuclear activity, will help us understanding the evolution of galaxies.

1.2 Active Galactic Nuclei and Active Galaxies

There are few galaxies whose nuclear ionized gas is not associated with hot bright
stars. Examples are Seyfert galaxies and quasars. Seyfert galaxies are very luminous
active galaxies, and distant and bright sources of electromagnetic radiation, whose
spectra reveal strong, high-ionisation emission lines. Quasars (also called quasi-stellar
objects) are extremely luminous and were first identified as being high redshift sources
of electromagnetic energy, including radio waves and visible light, that were point-like,
similar to stars. Unlike quasars, Seyfert host galaxies are clearly detectable. These
two kinds of galaxy nuclei have luminosities of the order of 10'2L¢[] far too much for
the energy source to be of stellar origin (the most massive stars have luminosities of
the order of 10°Lg). For a spherically symmetric object in hydrostatic equilibrium,
the Eddington condition for the minimum radiation pressure to contrast gravitational

force must be satisfied:

D<= 2mGemaM _ gg 1o 2
or Mg

where G is the gravitational constant equal to 6.67384 x 107 1'm3kg~1s72, ¢ the light

speed, mpy the proton mass, M the mass of the object and op the Thomson cross-

In solar luminosity units. The luminosity of the Sun is ~ 4 x 103* erg s7'.
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sectior]] The equation can also be written in the form:

L Lp 599yt M
Lo ~ Lo M,

from which one can infer that a source of L = 10'2L¢, in hydrostatic equilibrium must
have M > 3 x 107 My, which is the typical mass of a black hole. Furthermore, fast con-
tinuum variations observed in Active Galactic Nuclei (AGN), or accreting black holes,
suggest that the energy source must have a size in the order of 1 light-week or -day
(0.005 — 0.001 pc). Therefore, the best candidate as energetic source in AGN is the
accretion disk around a super-massive black hole, namely the release of gravitational
(or rest-mass) energy of matter converted into radiation due to friction. Super-massive
black holes can have masses ranging from 10% to ~ 10° M. Fig. shows one of the
most studied AGN. The galaxy orientation is edge-on, which means the observer’s line
of sight meets the dust lane that surrounds the galaxy, thus we are not looking directly
towards the nucleus. The prominent jets, possibly originating in the nuclear region and
collimated by a strong magnetic field, propagate in the medium perpendicularly to the
galaxy plane. Galaxies hosting AGN can be classified according to their luminosities,
the strength of the emission lines, or their physical properties. A common way to iden-
tify AGN is to look for them in the X-ray or radio domain. X-ray emission is a very
energetic radiation probably produced in a compact region close to the super-massive
black hole. Also powerful radio galaxies frequently host an active nucleus at their cen-
ter. In radio galaxies, synchrotron emission typically arises from the nucleus, and from
two large, diametrically opposite lobes that extend up to kiloparsec scales. It is be-
lieved that lobes originate from magnetized plasma, collimated into two powerful jets
ejected by the accreting black hole. However, observability of jets is highly dependent
on the inclination angle of the source. When the AGN is face-on (we look directly at
the nucleus, and the galaxy disk is perpendicular to the observer’s line of sight), the jets
might be aligned with the observer’s line of sight. We then measure an intensity that
is magnified by relativistic factors, the so-called doppler boosting. Moreover, there are
AGN that might not show jets for some reasons, e.g. sensitivity limits of the current

instruments. Once again, spectral information is essential for a deep understanding of

!Section of elastic scattering of electromagnetic radiation by a free charged particle, as described

by classical electromagnetism.
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Figure 1.4: Multicolor image of Centaurus A, a dusty elliptical galaxy harboring an AGN.
In the image, we see the dust ring encircling the giant galaxy, and the fast-moving radio
jets ejected from the galaxy centre, signatures of the supermassive black hole at the heart
of Centaurus A. Credits: ESO press release 2009-01-28.

AGN properties. All AGNs have a continuous spectrum in the optical region, in addi-
tion to their emission lines. Their hosting galaxies have the typical integrated stellar
continuum plus absorption-line spectrunﬂ Emission lines observed in AGNs are similar
to the emission lines observed in HII regions of normal (without AGN) galaxies, except
that AGNs have a higher range of ionization. Highly ionized elements, such as [NeV],
[FeVII], and [FeX], are observed in AGN. [SII]AN6717,31, [OI[]AN3726,29, [NII]AG584,
and [OIII]AAN4959,5007 (hereafter [SII], [OII], [NII], and [OIII], respectively), which are
a relatively low stage of ionization, are usually stronger in AGN than in star-forming
galaxies

There are several excitation mechanisms that give important contributions to galaxy
emission, though photoionization is the most likely source of excitation for the emission
line gas in AGNs. Dissipative processes in the accretion disc transport matter inwards

and angular momentum outwards, while causing the accretion disc to heat up. The

'In this work we consider AGN to be the host galaxy + active nucleus, more than the accreting
black hole only. Definitions are often interchangeable in literature, though I try to use the term “host”

while speaking of surrounding galaxy.
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Figure 1.5: Artist’s view of an Active Galactic Nucleus (AGN). The black core represents
the accreting black hole, and the red ring the accretion disk. The jets are colored in salmon.
Grey clouds close to the accretion disk represent the Broad Line Region (BLR), while the
most outer clouds are the Narrow Line Region (NLR). The dusty torus is represented in

brown/yellow. Courtesy of Sebastian Kiehlmann.

radiation from the accretion disc excites cold atomic material close to the black hole
and this, in turn, radiates at particular emission line frequencies. Another mechanisms
of ionization could be the “auto-ionizing shocks”, e.g. jets in radio galaxies. These
heat the local medium sufficiently that it re-radiates in UV and X-ray (8). Often, a
combination of these processes is needed to explain the observed emission-line ratios
Q).

Unified models of AGN propose that different observational classes of AGN are a sin-
gle type of physical object observed under different conditions. The currently favored
unified model is a “orientation-based unified model”, where the apparent differences
amongst AGNs arise because of their different orientations to the observer (10} [IT)).
Fig. [[.5] shows the AGN components according to the picture offered by the unification
model. The Narrow Line Region (NLR) of an AGN is a region of clouds embedded in
ionized and neutral gas generally characterized by strong [NII] and [OIII] emission. In
contrast to the more compact (less than 1 pe, or several light days) Broad Line Region

(BLR), the NLR is in the order of 10% pc in size and contains relatively low-density
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gas, with electron densities N, ~ 10* cm™3. In some cases, the BLR is hidden by the
dusty torus, which is large enough to obscure the BLR but not the NLR. Seyfert I are
galaxies where both the NLR and BLR are observable. Seyfert II are objects where,
due to inclination effects, the BLR is not directly visible. The presence of the BLR in
Seyfert II can then be verified by complementary studies of the polarized AGN light,
since emission from the inner parts is scattered on the material around the torus and
reaches the observer from a different angle. Narrow lines have typical widths of up to
~ 500 km s~!. The BLR has T' ~ 10* K, such that photoionization is the main process
responsible for line emission. The lines are much broader compared with the NLR

L. The broadening of the lines in the

ones, and range between ~ 1000 and 25000 km s~
BLR, which is located closer to the nucleus, is caused by supersonic bulk motion of the
emitting gas. The gas density can be estimated by using the line ratios of forbidden
transitions, e.g. [OIII] lines, since these transitions only take place if the density is lower
than a critical value. The critical density for an atomic level is defined as the density
at which the collisional de-excitation rate balances the radiative transition rate. The
critical density depends on the element, and on the specific transition. For example, in
case of [O I the value is 7 x 10° cm™3 (12).

According to the intensity of their narrow lines, most of the local AGN population
can be divided in Seyfert galaxies and Low Ionization Narrow Emission Line Regions
(LINERs, 13)). At high radio powers, the classification is analogous. However, the
population of radio galaxies is completely dominated by low-luminosity, low-excitation
objects. These do not show strong emission lines from the nucleus. Seyferts are rather
powerful AGN and present a high [OIII]/Hf ratio. Their hosting galaxies have lower
stellar masses compared to LINERs hosts, and the stellar populations show a wider
range of ages and metallicities (14). At radio wavelengths, LINERs show the highest
fraction of AGN peculiar morphologies, like jets and lobes.

Galaxies are considered as radio-loud if they have ratios of radio flux at 5 GHz to optical
flux in B band greater than ten (15). According to Fanaroff (16]), radio-loud galaxies
(generally AGN) can be divided into two major classes. In Fanaroff-Riley Class I (FR
I) sources, the radio emission peaks near the galaxy nucleus and the emission from the
jets fades with distance from the center. In contrast, FR II sources present bright radio
lobes, which can reach kpc-scale distances from the nucleus. FR I sources dominate

the population of radio emitters at low radio power (< 10> W Hz~! at 1.4 GHz) and
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1.3 Line emission in galaxies and AGN

low redshifts, while more powerful radio galaxies (with 178-MHz radio power greater
than 102" W Hz™!) are almost exclusively FR TI systems. These can also be detected
at higher redshifts compared to FR I. It is possible to observe the jets interacting with
the surrounding medium and forming a bow-shock. This is called “sharp-edge feature”.
Such FR II features are present when the central engine releases a large amount of
energy, or when the source is young enough for the aging of the radiation not to play a
role. In the oldest sources, nowadays more associated to LINERs and FR I, the radi-
ation that originates from the nucleus and propagates through the jets loses power as
it interacts with the medium, therefore lobes are not a prominent feature any longer.
Here the environment, especially the position of the galaxy in a group or cluster, and
the density of the intergalactic medium, play an important role in shaping the galaxy’s
morphology.

Radio galaxies can be further classified according to the strength of high-excitation
narrow-line emission. The majority of FR I radio galaxies show either no or very weak
emission lines. Those are referred to as low-excitation systems (I7), and are mostly
found in elliptical galaxies with little ongoing star formation (I8, [19). If optical spec-
troscopic information is available, these galaxies are generally classified as weak AGNs
or LINERs. Conversely, the most powerful and high-redshift FR II radio galaxies have,
in most cases, strong emission lines. They are classified as strong AGNs (20) and have
peculiar optical morphologies, e.g. tails, bridges, and shells (2I)), and bluer colors com-
pared to giant ellipticals. It has also been established that powerful FR IIs show a
strong correlation between their radio luminosity and their optical emission-line lumi-
nosity (22)), suggesting that both optical and radio emission originate from the same
physical process.

Observations at various wavelengths have contributed to increase our knowledge of
AGN hosts. Every spectral band, from the far IR through the optical-UV, and to the

X-ray regime, has provided information that helped understanding these objects.

1.3 Line emission in galaxies and AGN

The temperature of the ionized gas in galaxies hosting AGN is of order of 2 x 10* KEl

This indicates that the main source of energy input is by photoionization. Analysis of

1Value computed for NLRGs and Seyfert 2 galaxies.
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Figure 1.6: Example of an optical emission-line diagnostic diagram (4}, 23] 24, 25 [26)).
Data points represent radio emitters for which optical spectral measurements are available.
Colors indicate galaxy stellar mass values. “Blue” means low stellar mass, and “red” is
high stellar mass. A theoretical demarcation curve (dashed, Kewley et al. [25]) separates
star-forming galaxies and composites from AGN (Seyferts and LINERs), while an empirical
demarcation curve (continuous, Kauffmann et al. 27) separates pure SFGs from composites
and AGN. Composite galaxies show a mixed contribution to line emission from both star
formation and AGN activity. A further line separates Seyferts from LINERs (long-dashed,
Schawinski et al. 28).
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AGN spectra show that the main source of radiation cannot be hot stars. Radiation
from such hot stars cannot produce the wide range of ionization observed in AGN, with
emission lines of low ionization stages, such as [OI] and [SII], as well as higher stages
(e.g. three times ionized species and so on). Thus, the source of the emission must
have a much harder spectrum, capable of ionizing one species several times. The en-
ergy released from the accretion process that feeds the black hole in the galaxy nucleus
might be responsible of photoionizing the emitting gas.

The classification of AGN and star-forming galaxies from their optical spectra is mainly
based on the recognition of the main energetic source - nucleus or stars, respectively -
responsible for the observed emission. A classification can be achieved by the compar-
ison of ratios of prominent emission lines, like the doubly ionized oxygen, or nitrogen,
and the lines of the Balmer series. Balmer lines (Ha, HS, Hvy, HJ, etc.) are associated
with star formation, and are the main line features in the spectra of normal galaxies. In
the most commonly used emission-line diagnostic diagram, the [NII]/Ha and [OIII]/Hf3
line ratios are used (23). In such diagram (Fig. , the star-forming galaxies occupy
a sequence from the upper left to the lower center. This sequence is considered to be
a consequence of the correlation between metallicityﬂ and ionization parameter. Nitro-
gen enhancement in AGN is thought to originate from secondary CNO nucleosynthesis,
where carbon and oxygen are pre-existing, and then distributed by stellar winds from
massive stars. This creates a unique scaling relationship with metallicity, [N/H] « Z2,
while other elements scale linearly with metallicity (29)).

The ionization parameter indicates the ratio between the ionizing photon flux and the
gas density in a cloud, and determines the degree of ionization of a chemical species.
The ionization parameter for hydrogen (U ) at the front of a gas cloud is given byﬂ
_ lionizing photon flux| f,j)o L,dv/hv

U
¢N. 4mr2eN,

where N, is the electron density, vy is the threshold ionization frequency, r is the cloud-
center distance, and ¢ is introduced to make U dimensionless. Typical values for U in
AGN clouds range between 0.1 and 1 (30). Although there is a different ionization

parameter for each species, and for different distances from the cloud center, U gives a

1The relative percentage of chemical species heavier than helium, usually measured in solar metal-
licity units.
2Source: http://ned.ipac.caltech.edu/level5/March02/Netzer/Netzer2.html
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Figure 1.7: Emission-line galaxy classes and their optical spectra. Prominent emission

lines are identified. Based on Ho, Filippenko & Sargent 1993 and unpublished data.

good approximation of the overall level of ionization. The ionization parameter is also
a measure for ionization structure changes, where the thickness of ionization fronts is
inversely proportional to U. A high ionization parameter (U ~ 0.1 — 1) corresponds to
a sharp transition between successive stages of ionization, and low U results in thick
regions of gradual change in the level of ionization. Low U indicates several stages of
ionization co-existing over large parts of the cloud.

As the metallicity (expressed in Fig. [L.6|by the [NII]/Ha ratio) increases, the ionization
parameter, expressed by [OIII]/Hf, decreases at first. The sources on the right-hand
side of the star-forming region in the diagnostic diagram represent AGN hosts (Seyferts
and LINERs). AGN produce higher [NII]/Ha and [OIII] /HS than star-forming galaxies,
due to their harder ionizing fields (e.g. capable of doubly ionizing more oxygen atoms)
and the inefficiency of cooling. The high-energy photons of AGN cause high ionization
near the central source, as well as a more extended, partially ionized zone where atoms
and ions can be collisionaly excited. Collisional excitation gives rise to spectral lines

in the spectra of astronomical objects such as H II regions. In these objects, most

14



1.4 Current understanding of galaxy evolution

atoms are ionised by photons from hot stars, stripping away electrons. The emitted
electrons, (called photoelectrons), may collide with atoms or ions within the gas, and
excite them. When these excited atoms or ions revert to their ground state, they will
emit a photon e form a line. One should keep in mind that line emission-line ratios
depend both on the specific element abundances and the strength of the ionizing fields
(e.g. the type of stars). High [OIII]/HfS values require high ionization parameters
and are a common feature of metal-poor star-forming galaxies and AGN (31)). Fig.
illustrates the typical optical spectra of AGNs (top and middle spectra), compared with
the normal star-forming galaxy NGC 7714 (bottom spectrum). Strong low-ionisation
emission lines are very prominent in AGN (Seyferts and LINERs) in contrast to the
spectrum of a normal galaxy, where Ha, H3, and the other lines of the Balmer series

are more prominent.

1.4 Current understanding of galaxy evolution

Recently, a better overview of galaxy formation and evolution has been developing,
with a great contribution coming from large cosmic surveys. Cosmic surveys play an
important role in modern astrophysics. They open the door to extensive studies on large
statistical samples of galaxies, and catch the light from objects that are not located in
the local universe. The fact that all massive galaxies might harbor a black hole at their
center has generated new hypothesis on galaxy evolution (32 [33). The central black
hole can be either active, if it accreates material from the accretion disk, or inactive.
Active black holes might present highly collimated emission of charged particles, the
so-called jets, that possibly influence galaxy evolution. Jets can on the one hand be able
to clear the gas reservoir of the galaxy, eliminating the fuel to produce new stars, and
on the other hand create shock fronts and compress the inter-stellar medium, creating
the conditions to form stars. Therefore, studying AGN is crucial to understand whether
their presence can affect galaxy properties significantly and/or induce morphological

and color evolution.
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Figure 1.8: Representation of the galaxy color bimodality in a color-luminosity plot.
Credits: Wikipedia.

1.4.1 Galaxy bimodality

The local galaxy’s color function, i.e. the distribution of galaxy colorsﬂ has been dis-
covered to be a bimodal function (3} [, B} [6, [7). The two dominant color sequences
are associated with the ellipticals+lenticulars population (red sequence) and the spi-
rals+irregulars population (blue cloud). Galaxies showing intermediate properties, like
early-type red spirals, are considered as composites or transitional objects (green val-
ley). Early-type galaxies (ETGs) are mostly found in the red sequence amd dominate
at the top-end of the local galaxy mass function, which means that they are particu-
larly abundant among massive galaxies. Conversely, late-type galaxies (LTGs) are rare
among massive galaxies and occupy the blue cloud preferentially. Fig. shows a
representation of the galaxy color bimodality in the luminosity-color plane.

The fast suppression of the star formation activity, the so-called quenching, is currently
thought to initiate passive galaxy evolution and to be largely responsible for the grow-
ing abundance of galaxies on the red sequence (34). The star formation quenching

could be explained by several mechanisms. The observed decline of the galaxy star

Mnferred from the band filter.
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formation from z ~ 1 to z = 0 can be caused by a gradual and natural gas exhaus-
tion (35). Another mechanism that could explain the quenching are major mergereﬂ
The interaction between a galaxy and its neighbors could indeed produce gravitational
torques on the gas, reducing its angular momentum and allowing it to fall it toward
the galactic center after an initial starburst phase (36). As a result, fuel is available
for accretion, allowing the growth of the central black hole instead of the formation
of new stars in the disk. However, the importance of mergers in the build-up of the
galaxy bimodality has been criticized, as luminous and massive old galaxies formed via
mergers were already common at z ~ 1 (37), and their number density only declines
above this value. If merger events were efficient in forming galaxies at z < 1, we would
expect an increasing number of massive objects towards low redshift, which has not
been observed.

Similarly, a role for AGN in galaxy evolution has been suggested (38, [39, [40, [41]). Black
holes are thought to be a basic constituent of most massive systems (42)) and they have
also been identified in some late-type and dwarf galaxies (43)). During the BH accretion,
AGNs release a large amount of energy, which could be partially absorbed by the host
galaxy and quench the star formation via re-heating of the interstellar gas. Eventually,
this transforms blue galaxies into red galaxies (e.g. 44 [45] [46]). According to Cattaneo
et al. (47), less than 1% of the energy released within a bulge during the BH accre-
tion would be sufficient to heat and/or blow away the entire gas content. Consistent
with this framework, Hopkins et al. (48) further developed the scenario described in
Sanders (49)), where starburst, quasar active phase, BH growth, and elliptical galaxies
are connected to each other in a galaxy evolutionary sequence. This sequence starts
with mergers, and the gas consumption is coupled with supernova-driven winds and/or
AGN-feedback to quench star formation.

The hypothesis of AGN feedback is strengthened by the fact that a large amount of
galaxies have been found to go through an active phase. Summed over all Hubble
types, roughly half of all galaxies can be considered as active (50), even though some
of them show a fairly low activity level. The amount of active galaxies becomes more
remarkable for galaxies with a prominent bulge component, rising to 50-70% for Hubble
types E-Sb. The percentage of AGNs drops towards later Hubble types (Sc and later),

where about 80% of the galaxies host a star-forming nucleus instead. This suggests a

1Encounters of galaxies of similar mass and size.
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clear dependence of nuclear activity on the Hubble type (4, 51)). The observed distri-
bution of Hubble types for galaxies hosting active versus inactive nuclei leads to the
expectation that the blue and red populations do not only differ in nuclear, but also
global properties. In particular, it seems that the observed high fraction of AGNs in
the green valley points to a connection between the end of the star formation phase,
observed in a change of the galaxy color, and the rise of AGN activity (52, £3). In
Fig. Schawinski et al. (54) show an example of color-stellar mass relation, and
assume u — 71 colorsﬂ as a proxy for the stellar age of galaxies in their Sloan Digital
Sky Survey (SDSS) sample divided in spectral classes according to their emission-line
ratios. Stellar mass is here considered as a “cosmic clock” and indicates a sort of galaxy
evolutionary sequence. On their way to the red sequence, galaxies seem to undergo a
phase of significant nuclear activity, indicating that AGN may have a role in galaxy
evolution. At the high-mass end of their sample, only quiescent and LINER galaxies

are found.

Difference between the ultraviolet (u) and red (r) optical filters.
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Thesis aims

2.1 Open questions

The possibility of a general correlation between emission lines and radio luminosities of
AGNs has been already explored in the past (55, 56). Radio-loud AGNs are most likely
to display optical emission lines in galaxies with low velocity dispersionsﬂ and radio
luminosities greater than 102 W Hz~! (57). A similar correlation has been observed
between the emission-line luminosity and the ionization state of the gas for a sample
of low-z radio galaxies (58). The higher values of the emission-line luminosities have
been measured for the more powerful radio sources, as an indication of the presence of
a strong ionizing AGN-like field. However, a problem arises since the most powerful
radio galaxies are generally detected at higher redshifts than the less powerful radio
galaxies. This is due to selection effects, and makes it difficult to establish whether
the correlation is between the emission-line luminosity and radio luminosity, or rather
between emission-line luminosity and redshift (55). For the same reason, it is also not
simple to build a large statistical sample of emission-line radio galaxies placed at inter-
mediate and low redshifts.

The well-known effect of having an increasing number of detected powerful radio AGNs
with increasing redshift is not only due to a selection bias, but it is also supported by
the downsizing scenario of galaxy evolution (59). Galaxies placed at higher redshifts

are more massive than local galaxies, and host massive black holes that accrete gas,

ndicated with o, it is the statistical dispersion of velocities about the mean velocity for a group

of object, eg. stars.
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Figure 2.1: The powerful radio galaxy Cygnus A shows prominent jets and lobes, origi-

nating from the central black hole. Image courtesy of C. Carilli.

producing powerful jets. These galaxies are easily detected in the radio domain, while
low-redshift radio galaxies host low-mass black holes, with weak jets that are more
difficult to observe. On the other hand, quasars detected in the radio but not in the
optical regime might be heavily obscured objects. They experience dust obscuration
when observed through the optically thick torus, which surrounds the black hole (uni-
fied model by Antonucci, [I0)), or dust lanes in the hosting galaxy. Proofs of a true
correlation between optical and radio galaxy emission, as well as extensive combined
studies in these two domains, are still missing.

One of the current scenarios of galaxy evolution includes the possibility of a smooth
transition from LTGs, which show blue colors and ongoing star formation, to red and
passively evolving ETGs. This transition could be driven by the so-called AGN feed-
back (47, [60), which is thought to be responsible for star formation quenching. In
particular, radio galaxies are excellent candidates for testing this scenario, since they
present jets (see Fig. that could heat up the interstellar medium, thus prevent-
ing cooling and star formation, or push the gas away from the nuclear region. After
quenching, a phase of passive evolution starts, and the galaxy color turns redder. Some
studies show that there is indeed a correlation between the age of galaxy stellar pop-
ulations and the AGN activity (61}, [62)), with the oldest stars inhabiting the AGN-like

galaxies. Moreover, AGNs are found to reside almost exclusively in massive galaxies
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(M, > 10'°M) with structural properties similar to normal early-type systems (63),
which are dominated by old stellar populations.

The question of whether the AGN feedback is capable of quenching star formation, or
rather triggering it in the vicinity of the black hole and on larger scales, still has to
be answered. The standard accretion mode of AGNs, which is associated with quasar
activity (64)), is related to star formation in the host galaxies (4). This scenario seems
to contrast the quenching of the starburst activity due to AGN feedback. Very re-
cent results from studies using integral field spectroscopy techniques (65} [66) or the
extremely high spatial resolution of ALMA (67) and other radio facilities (68) show the
presence of gas outflows propagating from the center of galaxies. OQutflows could be re-
sponsible for compressing the medium, or cooling it down, or enhancing the metallicity
(important for cooling and star formation).

Star formation and black-hole accretion, both fueled by the same material, might occur
with delays with respect to each other (69, [70) and come to an end once the gas is ex-
hausted. A fraction of AGNs discovered in starburst galaxies show powerful radio jets
and are therefore radio “loud”. Ivezic et al. (7I) have shown that a sample of optically
unresolved radio-bright sources from the FIRST radio survey have bluer colors than
other SDSS objects. Richards et al. (72) found that the SDSS quasar candidates -
which are likely to have a radio counterpart - display blue colors, especially at z > 1,
indicative of ongoing star formation. If this is proven to be right, starburst, AGN, and
passive elliptical could be regarded as different but related phases in the evolution of a
regular galaxy.

To understand the importance of AGN feedback in the current scenarios of galaxy
evolution, a study of AGNs and their host galaxies properties, and the physical mech-
anisms that trigger line emission or radio activity, is necessary. One of the major goals
of modern astrophysics, and topic addressed in this thesis, is the understanding of the
interplay between black hole accretion and evolution of the physical properties of the

hosting galaxy. In particular, I would like to address the following questions:

e Are optical and radio emission in AGN hosts connected, and originating from the

same physical mechanism(s)?

o Does the AGN-feedback have a substantial and formative role in galaxy evolution?
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e To what extent are AGN and galaxy properties related?

e Is there a sequence that links the blue color distribution (spirals) to the red color

distribution (ellipticals)?

e How can a multi-wavelength approach help us solving these questions?

2.2 Aims and Methods

Given the high number of galaxies in the universe, one of the best ways to study these
objects is to classify them according to their properties, and use a statistical approach
to analyze how galaxies grow and evolve. My research focuses on the study of Ac-
tive Galactic Nuclei and host galaxy properties in the radio and optical domains. The
optical regime is very effective in tracing the host galaxies properties (color, morphol-
ogy, mass, stellar content), while the radio regime is particularly useful for identifying
AGNs. Moreover, observational evidence points towards a tight correlation between
emission at optical and radio wavelengths. This indicates a possible common origin of
the emission.

The main aim of my PhD project is to bridge the lack of extended multi-wavelength
studies of galaxy properties and provide observational evidence to the latest models
of galaxy evolution. My research includes my published studies on the correlation of
AGN-detection rate with stellar mass of the host galaxies up to z ~ 1 (Chapter 4, see
also [62)), and investigations on the origin of the optical line emission in radio galaxies
(Chapter 5, see also [73], [74). In particular, I study whether AGNs occur more fre-
quently in massive and passive radio-bright hosts, consistently with a scenario where
the AGN feedback stops the star formation. Also, the nature of AGNs, as classified in
the optical-emission line diagnostic diagrams, is investigated with the goal of identifying
the main source of line emission in Seyferts and LINERs. LINERs are mostly regarded
as AGNs, although there is growing evidence that some of these objects are actually
ionized by fast shocks and old stars, and not by the nucleus. This opens the doors
to a new interpretation of the LINER phenomenon as the very last stage of galaxy
evolution, starting after the AGN quenching of the star formation.

The multi-wavelength approach, i.e. the study of combined properties as inferred from

data taken at different wavelengths, is crucial to unveil the evolution of galaxies over
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the cosmic time. For these reasons, I have carried out a research program that makes
use of new observations and archive radio data, combined with existing optical data.
Subsequently to the submission of a proposal for the use of the Effelsberg 100m ra-
dio telescope, I have been granted 50h observing time to conduct a galaxy survey. I
have measured continuum intensity and polarization of 150 radio emitters with optical
(SDSS) counterpart. The collection of the Effelsberg data aims at probing galaxy evolu-
tion in radio emitters that are classified as star-forming, composite, Seyfert and LINER
galaxies in the optical emission-line diagnostic diagrams, by looking at their combined
optical-radio properties. With this project, I search for a flattening of the radio spec-
tral index along the composite-AGN sequence of the diagnostic diagrams (Chapter 6).
Flattening is expected due to the presence of compact nuclei, or jet emission. In par-
ticular, I am interested in testing a scenario where the end of the star-forming phase
of galaxies represents a turnover point in galaxy evolution, i.e. the start of the quasar
phase, which leads to the color and morphological transformation of the hosts (transi-
tion from spirals to ellipticals). The analysis of the spectral indexes, combined with the
information on the radio morphology (low resolution, from FIRST survey at 20 cm),
will help us to investigate the nature of the sources along the composite-AGN branch,

their active state, and the chance to spot an evolutionary sequence .
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Data

For the accomplishment of the thesis aims, I have worked with different optical and radio
datasets. This chapter aims at giving a description of the surveys and the specifications

of the datasets. Table provides a summary of the data I used.

3.1 COSMOS and zCOSMOS surveys

The COSMOS survey (75)) is a large Hubble Space Telescope (HST) Treasury project
that covers ~ 2 deg? equatorial field with the Advanced Camera for Surveys (ACS). It
uses I-band exposures down to faint magnitudes (Iap = 28, [75). The COSMOS field
has been the object of extensive multi-wavelength ground- and space-based observations
spanning the entire spectrum: X-ray, UV, optical/NIR, mid-infrared, mm/submillimeter,

and radio, providing fluxes measured over 30 bands (76, [77, [78), [79} [80} [T, 82} [83], B4).

z range ‘ Ang. resol. ‘ Spectr. resol. ‘ Objects ‘
2COSMOS
0.18<2<088] ~1° | 100km/s | 15715
Cross-matched SDSS-FIRST
0.04<z<04 | ~5 | 65km/s | 950
Effelsberg
0.04<z<04 | ~1 | 65km/s | 150

Table 3.1: Datasets summary. Col. 1: Redshift range. Col. 3 and 4: Angular and
spectral resolution. Col. 4: Number of objects in the sample.
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The zCOSMOS survey was planned to provide high-quality redshift information to the
COSMOS field (79)). It benefitted of ~ 600 h of observations at VLT using the VIMOS
spectrograph and consists of two parts: zCOSMOS-bright and zCOSMOS-deep. The
zCOSMOS-bright is purely magnitude-limited and covers the whole area of 1.7 deg?
of the COSMOS field. It provides redshifts for ~ 20 000 galaxies down to I4p < 22.5
as measured from the HST-ACS imaging. The success rate in redshift measurements
is very high, 95% in the redshift range 0.5 < z < 0.8, and the velocity accuracy is
~ 100 km s~! (85). Each observed object has been assigned a flag according to the
reliability of its measured redshift. This work is based on the the zZCOSMOS-bright
survey final release: the so-called 20k sample, totaling 16 623 galaxies with z < 2 and
secure redshifts measurements with an actual reliability of 99%.

For objects brighter than I4p = 22.5 and without secure spectroscopic redshiftﬂ pho-
tometric data from the COSMOS survey provide good-quality photometric redshiftsﬂ
(86). Based on a comparison with the zZCOSMOS spectroscopic redshifts, Ilbert et
al. (86) estimated an accuracy of o.pher = 0.007 x (1 + z,) for galaxies brighter than
Iap = 22.5.

For all galaxies brighter than I4p = 22.5, absolute rest-frame magnitudes and stellar
masses were obtained using standard multi-color spectral energy distribution (SED) fit-
ting techniques. SED fitting was performed using the secure spectroscopic redshift, if
available, or the photometric one. Stellar masses were obtained using the HyperZmass
code (87, 88), by assuming a Chabrier initial mass function (IMFE' (89). HyperZmass
uses the SED fitting technique, computing the best SED fit by minimizing the x? be-
tween observed and model fluxes. When the redshift is known, the best SED fit and its
normalization provide an estimate of the stellar mass contained in the observed galaxy.

More information on sample and mass completeness can be found in Vitale et al. (62).

3.1.1 Analyzed galaxy sample

For my analysis, I have used the Bright zCOSMOS spectroscopic catalog (v4.12 ver-
sion). For AGN that are more luminous than the host galaxy, such as the type-1 AGN,

'Redshift inferred from spectral lines.

2The redshift determination technique uses photometry instead of spectra. Photometry is the
brightness of the object viewed through various standard filters, each of which lets through a relatively
broad spectrum of colors.

3Empirical function that describes the distribution of initial masses for a population of stars.
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whose emission is not screened by the dusty torus (AGN-unification model, [90), we are
unable to see the emission lines from the host galaxy. Therefore, type-1 AGN have
been removed to avoid overshining. This was performed by excluding all objects with
broad emission lines. Furthermore, all sources without an indication of well-measured
spectroscopic redshift have been excluded from the sample. These and the broad-line
AGN constitute, all together, about 6% of the original sample within 0.1 < z < 1. In
particular, I excluded 892 low-flag objects and 35 broad-line AGN. There are 15 715
galaxies flagged reliable. Another significant fraction of galaxies is lost during the bin-
ning process because underrepresented regions of the redshift-stellar mass diagram were
excluded (see binning in Fig. . After applying these selection criteria, it is possible
to study roughly half of the original zZCOSMOS-Bright sample.

Figure 3.1: Stellar mass of zCOSMOS 20k galaxies selected for this study (secure flags,
no broad-line AGN), plotted as a function of redshift. The blue lines represent the mass
completeness limits of the global galaxy population (solid), the population of early-type
(dashed) and the late-type galaxies (dot-dashed). The black boxes mark the 61 mass-
redshift bins that define the stacked galaxies studied with the diagnostic diagrams.
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3.1.2 Spectral analysis

To search for variations of galaxy spectral properties as a function of redshift and
stellar mass, the sample was divided into bins. The bin width was tested to achieve
a good S/N with the largest number of mass-redshift bins. In particular, I tested the
increase in S/N according to the increase in the number of stacked spectra. The first
indication of a link between total galaxy stellar mass (M,) and classification in the
spectral types - AGN, composite galaxies, star-forming galaxies - made me opt for a
fine grid in M,. The variations I applied to the size of the redshift intervals did not
affect the classification significantly. I afterwards decided for the number of z bins to
be equal to 8, with a redshift step ~ 0.1 dex. The sample was divided into nine mass
bins, with a mass step of 0.25 dex. The bins include several hundreds of objects for
each redshift- and mass range. Mass completeness is achieved when galaxies above the
computed completeness curves (87) are included in the bins (Fig. . While at lower
redshifts most bins lie above the completeness limits, at higher redshifts roughly half
of the bins are placed below the completeness curves. Although in this case the sample
suffers from incompleteness, I have chosen to study all high-redshift bins to probe a
dynamical range of masses comparable with the low-redshift case.

The bins were chosen according to these additional considerations:

e below 10° and above 1012 M, objects are poorly represented in the sample.
The S/N ratio of the average spectra made out of the stacking of an insufficient

number of galaxies would not allow precise line measurements;

eight redshift bins are a good compromise between the need to explore the cos-
mological evolution of the galaxy spectral properties and to keep the number of
objects per bin above ~ 100. Four redshift bins cover the redshift ranges of each
diagnostic diagram: z < 0.5 for the “low-redshift diagnostic diagram”, which
uses [NII], Hey, and [SII] lines; z 2 0.5 for the “high-redshift diagnostic diagram”,

which uses [OII].

For diagnostic diagrams based on [NII], He, [OIlI] and Hp, the analyzed rest-frame
spectral range is 4800 to 6750 A. The zCOSMOS spectra cover the 5650 to 9550 A
range after cutting off 100 A at both extremes to avoid noisy regions, where the flux

calibration is more uncertain. The useful redshift range for the low-redshift diagnostic

30



3.1 COSMOS and zCOSMOS surveys

) e T T T T C

3 o

I [Neil]
il

oo ] |

|

I [N

| |
| |
| |
o |
3 ¢ e peo ik
| |
| |
|

3

Normaolized Flux

i }
I I
L L L L
3800 4000 4200 4400 4600 4800 5000 3800 4000 4200 4400 4600 4800 5000

Figure 3.2: Examples of stellar continuum subtraction at z > 0.5. For each panel, the
original stacked spectrum (green), the most suitable stellar continuum to be subtracted
(orange) and the resulting zCOSMOS stacked spectrum after the stellar continuum sub-
traction (black) are shown. The main emission and absorption lines are labeled at the top.

From top to bottom and from left to right, total stellar mass and redshift increase.

diagrams is then 0.177 < z < 0.436. In the same way, the redshift range for the high-
redshift diagnostic diagram is 0.548 < z < 0.884.

After binning the sources in the mass-redshift plane, the spectra of each bin were
stacked. Since stacked spectra are the result of the average of up to several hundreds of
single galaxy spectra included in a single bin, the gain in S/N is considerable and allows
a more accurate line fitting. To create the composites, each spectrum was shifted to
the rest-frame. The spectra were normalized in wavelength ranges always present in
the observed spectroscopic window and lacking prominent spectral features.

A suitable model of stellar continuum was subtracted from each stacked galaxy spec-
trum to obtain an almost pure emission-line spectrum. To subtract the stellar compo-
nent, I used the Bruzual and Charlot (BC) library, which is a library of stellar popula-

tion synthesis models computed by Bruzual and Charlot using their isochrone synthesis
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spectral evolutionary code (91)). This code predicts the spectral evolution of stellar pop-
ulations in various ranges of ages and metallicities at a resolution of 3 A across the
whole wavelength range (from 3200 A to 9500 A). Models with different time scales
of star formation, initial mass functions, and metallicities, reproduce the spectral and
photometric properties of nearby galaxies with various morphological types well, from
young irregulars to elliptical galaxies. For each BC template, five spectra with increas-
ing B(E-V) values (0.2, 0.4, 0.6, 0.8 and 1) were created to take reddening due to dust
into account. A total of 234 stellar templates were compared with the stacked spectra
to find the one most suitable to be subtracted from each composite. The continuum
subtraction task degrades the resolution of the template spectra to that of zZCOSMOS
(R~ 600 at 2.5 A /pixel). The spectral resolution is related to the resolving power of the
spectrograph, defined as R = A/A\, where A is the smallest difference in wavelengths
that can be distinguished at a wavelength of A\. The template was chosen to have the
lowest residuals in pre-selected regions of the continuum-subtracted sample that were
free from strong emission lines. Fig. [B.2] illustrates four examples of stellar continuum
subtraction at z > 0.5.

At this point, it is possible to measure the emission lines. The measurement errors of
the emission lines in the stacked spectra corrected for the stellar absorption are typi-
cally lower than 20%, estimated on the basis of repeated independent measurements.
The errors mainly depend on the line intensity and whether the emission line is blended
with other spectral features. The resolution of the zCOSMOS spectra is not sufficient
to resolve the [OII] doublet, which always appears as a blended feature. For the highest
stellar masses, the emission line measurements are more difficult because the S/N ratio
is lower due to poor statistics. Moreover, the lines become weaker and the continuum
stronger, especially at high redshift. Observed fluxes are corrected for interstellar ex-
tinction using the Balmer decrement, which is the ratio of Balmer-line intensities such
as Ha/HB, Hy/HJ (see Appendix).

3.2 SDSS

The Sloan Digital Sky Survey (SDSS) is a photometric and spectroscopic survey that
covers one-quarter of the celestial sphere in the north Galactic cap (92, 03)). It uses

a dedicated 2.5 m wide-angle optical telescope at Apache Point Observatory in New
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Figure 3.3: Example of SDSS galaxy spectrum. The most prominent spectral features
are labelled on top. Redshift, redshift uncertainty, and spectral class are indicated at the
bottom of the figure.

Mexico, the United States. The spectra have an instrumental velocity resolution of
o ~ 65 km/s in the wavelength range 3800 — 9200 A. The identified galaxies have
a median redshift of z ~ 0.1. Spectra are taken with 3" diameter fibers (5.7 kpc
at z ~ 0.1), which makes the sample sensitive to aperture effects. This means that
low-redshift objects are likely to be dominated by nuclear emission (see e.g. [94). An
example of SDSS spectra is presented in Fig.

Physical properties of galaxies from the SDSS have been derived and listed in publicly
available catalogs. The Max-Planck-Institute for Astrophysics (MPA)-Johns Hopkins
University (JHU) Data Release 7 (DR7) of spectrum measurements (http://www.mpa-
garching.mpg.de/SDSS/DR7/) contains the derived galaxy properties from the MPA-
JHU emission line analysis for the SDSS DR7 (95)). It represents a significant extension
in size (~ 2 times, from 567 486 to 922 313 objects) and a general improvement over the
previous DR4 data set. This is due to refinements both in the reduction and analysis
pipelines. In addition, new stellar population synthesis spectra for the stellar continuum
subtraction (updated Bruzual & Charlot, [91) are used. One caveat of the MPA-JHU

DRYT is that it does not differentiate between narrow and broad emission lines. Since
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the narrow component alone is used in the diagnostic diagrams, this introduces a bias.
An underestimation of the flux due to line fitting uncertaintis could lead to galaxies
being misclassified. Ossy et al. (906]) estimate that 1.3% of the galaxies in the SDSS
DRY7 present broad components in their spectra. They also show that when a double
Gaussian fit (for narrow and broad components of the same line) is performed, it is
possible to recover the misclassified objects and increase the number of sources in the

AGN region of the diagnostic diagrams.

3.3 FIRST

The Faint Images of the Radio Sky at Twenty-Centimeters Survey (FIRST, [97) makes
use of the Very Large Array (VLA) in the B-array configuration to produce a map of
the 20 cm (1.4 GHz) sky emission with a beam size of 5.4” and an rmsEl sensitivity
of about 0.15 mJy/beam. It represents the high-resolution counterpart of the NRAO
VLA Sky Survey (NVSS,[98) and has yield accurate measurements (< 1” rms) of radio
position of faint compact sources. The survey covers an area of about 10 000 deg? in
the north Galactic cap, corresponding to the sky regions investigated by SDSS, and
observed ~ 10% sources. At the 1 mJy source detection threshold, about one third of
the FIRST sources show resolved structures on scales of 2” — 30" (7I). The FIRST
latest catalog (released in 2008) contains information on the continuum flux density
peak (Fpeak) and the integrated flux density (Fiy¢) at 1.4 GHz, which allow separating
resolved from unresolved sources. Example of radio emitters observed with VLA are

presented in Fig. 4]

3.4 Cross-matched SDSS-FIRST sample

For this work, I have cross-matched the optical (SDSS) and radio (FIRST) galaxy
samples, with the aim of selecting radio emitters with optical observed counterpart.
The cross-match allows for a large and statistically relevant investigation of combined

optical-radio properties of galaxies.

1root mean sqaure or quadratic mean, the statistical measure of the magnitude of a varying quantity.
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Figure 3.4: Radio galaxies observed with VLA.

3.4.1 Selection of SDSS galaxies from the DR7

Galaxies at very low redshift have angular sizes larger than the size of the fiber used
for observations (for the SDSS, 3”). Part of the emission coming from the outer regions
of the galaxies could be missed. To take the aperture effect into account and following
Kewley et al. (94), I consider only line-emitting sources with z > 0.04.

Seyfert galaxies usually have bright emission lines, while LINERs present much weaker
emission lines, detected at low confidence level. In particular, those line emitters are
thought to be the so-called “fake-LINERs” and “retired galaxies” (99} 100} T0T)), which
present low Ha EW and are possibly powered by old post-AGB stars. Galaxies with
low EW measurements have been proven to have properties similar to LINERs and to
constitute, together with LINERs, the class of low-excitation radio-AGN (102)). There-
fore, by applying a cut in EW when selecting galaxies for the cross-matched sample
(e.g. EW< 3A), it is likely to lose a part of these optically-weak emitters. In order not
to be biased against LINERs and to represent as many of them as possible in the diag-
nostic diagrams, I opted not to apply any EW cut. Instead, I included in the sample
only those galaxies whose error on the measurement of the EW of the lines that appear

in the diagnostic diagrams is less than 30%. This choice was supported by several tests
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on the cross-matched sample. The weakest emission line has been found to be the [OI]
line. With 30% error cut and, additionally, a more severe cut in the measured EW of
this line (EW> 3A), T am left with very few SDSS galaxies (1 808). The second most
affected line is [OIII] (6 138 fulfill the requirement), followed by Hj (7 573 galaxies).
The possibility of setting this condition for all three weakest emission lines has not been
considered, since it would imply working with a rather small sample of radio emitters
(1 725 galaxies) and poor statistics. The same cut on the strongest lines - He, [NII]
and [SII] - does not exclude a significant number of galaxies.

In a cross-matched sample where I only apply the redshift cut (34 733 galaxies fulfill
the requirement), the mean logarithmic values of the emission line ratios are higher
(log [NII}/Hoe = —0.13, log [SII]/Ha = —0.29, log [OI]/Ha = —0.91) than when I also
apply the 30% error cut on all the emission lines (9 594 galaxies, log [NII]/Ha = —0.24,
log [SIT]/Ha = —0.42, log [OI]/Ha = —1.22), indicating in the second case a shift in
the classification from LINERs to starburst galaxies.

Both Hj and [OIII] appear in all the diagnostic diagrams. Their ratio is strongly
affected by the weakness of the components, especially the Hf line. This line is of-
ten superimposed on an absorption component, making its strength dependent on the
quality of the stellar continuum subtraction. In the case of a sample in which a cut
in redshift and EW error has been applied to all emission lines, as well as the requi-
site EW> 3 A for the HB and [Orm1] lines (5 298 galaxies), the line ratios [NII]/Ha,
[SII]/Hev, and [OI]/Ha slightly decrease further, moving the bulk of the population to
the SF region. This is probably due to the lack of LINERs. The log [O111] /Hf ratios in-
creases from —0.01 of the precedent case to 0.12 instead, becoming more characteristic
of Seyfert galaxies. This leads to the conclusion that one misses some of the weakest
optical emitters (e.g. LINERs) when applying an EW error cut on all the emission
lines, but is still left with a significant number of sources. In Kewley et al. (26)), the
authors prefer to consider an S/N> 3, to be certain that the quality of the galaxy
spectra is high enough to make accurate line measurements. Stasinska et al. (103)
mention that this cut does not change the visual shape of the galaxy distribution in
the diagnostic diagrams, but it reduces the proportion of the objects in the right wing
of the distribution.

After applying redshift (z > 0.04), and EW error cut (error on the EW measurements
of all lines that are used in the diagrams is < 30%), the resulting sample of SDSS
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Emission line EW,, ERRus, m ERRyer, m

Ho 40.56 0.43 0.01

Hj 8.12 0.32 0.07
[Om]A5007  15.53 0.36 0.08
[01]A6300 2.21 0.22 0.14
[N A6583 19.42 0.31 0.02
[SH]ANGT17,6731  13.30 0.52 0.06

Table 3.2: Line EW statistics on the SDSS DR7. Col. 2: Mean values of the EW of the
lines in A. Col. 3 and 4: Absolute and relative mean errors on the EW measurements.

galaxies with emission line measurements from DR7 contains 79 919 galaxies, which
is about how many objects have been used by Kewley et al. (26). In that case, the
authors made use of a previous SDSS data release (DR4) containing fewer sources, thus
our selection criteria are more restrictive. Table [6.1] summarizes the statistics on the
EW of the lines for SDSS objects that have been included in the final cross-matched
sample.

By using low-redshift emission-line diagnostic diagrams (4, 23}, 24}, 25, 26]), one can rep-
resent galaxies up to z ~ 0.4. Beyond this redshift, spectral features like the Ha and
[N11] lines are redshifted out of the rest-frame spectra and cannot be observed. The
[OI1]/HS versus [OIII]/HS diagram (104} 105 106, 107) represents a higher-redshift
option to the more classic red diagnostic diagram. However, I estimate the sources in
our sample placed at z 2> 0.5 to be less than 1%, and the use of another tool is not

worth.

3.4.2 Optical-radio cross-matching

For generating the cross-matched FIRST/SDSS sample, matching results provided by
the SDSS DR via Casjobs (108)), an online workbench for large scientific catalogs, were
used. Results are based on a matching radius of 1”. The resulting sample contains
37 488 radio emitters and represents nearly 4% of the ~ 106 FIRST and SDSS sources.
SDSS spectra are available for all objects of the matched sample. Some objects have
been lost during the matching procedure owing to the centering problems of radio
emission with respect to the optical emission, especially in the case of extended sources.

Another considerable number of radio emitters that have an optical counterpart are
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left out of the sample after applying the redshift cut (z > 0.04) and the error cut on
the EW of the lines involved in the diagnostic diagrams. Best et al. (109) find that
radio galaxies extracted from the main spectroscopic sample of the SDSS reside in very
massive early-type galaxies, with weak or undetectable optical emission lines. This
further proves that the cross-matching process implies the loss of many radio emitters
that do not have optical counterparts with emission lines. The final cross-matched
sample consists of 9 594 objects, which corresponds to 25.6% of the full cross-matched
optical-radio sample, and ~ 1% of all the galaxies in the FIRST radio sample and the
MPA-JHU data release.

The radio luminosity has been calculated from the integrated flux provided by the
FIRST catalog, assuming a cosmology with Hy = 70 km s~' Mpc™!, Qur = 0.3,
Qp =0.7.

3.4.3 Completeness of the sample

Sample completeness is strongly related to the completeness of the parent samples
(SDSS and FIRST). The SDSS spectroscopic sample can be considered as complete, in
the sense that the biggest incompleteness comes from galaxy misclassifications owing
to mechanical spectrograph constraints (6%, see [I10]), which causes slight underrepre-
sentation of high-density regions. For a few sources (< 1%), the redshift cannot be
determined or it has been derived in an incorrect way. Moreover, a few targets (~ 1%)
are contaminated by galactic stars. According to Blanton et al. (I1I)), the mechanical
constraints are related to the impossibility of placing the fibers close enough to each
other. When two galaxies are found to have a small separation, only one source is cho-
sen (independently from its magnitude or surface brightness), and this does not result
in a luminosity bias. Reliability and accuracy of the catalog of radio sources extracted
from the FIRST images is discussed in White et al. (112). The authors state that

source positions are ~ 1”7 precise, and the flux density scale is accurate to 5%.

3.5 Effelsberg survey

In order to obtain radio spectra of some of the sources in the cross-matched optical-
radio sample, I decided to observe a radio-bright subsample with Fhpen > 100 mJys,

where Fhpen, stands for integrated flux at 20 cm, at two different radio frequencies.
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Figure 3.5: The Effelsberg 100m radio telescope. Credits: R. Junkers, MPI for Radioas-

tronomy.

Observations were performed at the Effelsberg radio telescope. Sources are listed in
Tab. 621

Effelsberg is a 100m single dish telescope (Fig. located near Bad Muenstereifel,
Germany. It is the second largest fully steerable single-dish radio telescopes in the
world and can be used to observe radio emission from celestial objects in a wavelength
range from 90 cm (300 MHz) to 3.5 mm (90 GHz). Confusion limit at 6 cm is about
0.20—0.25 mJy/2.4' beam (Reich, private communication). After a successful proposal
run, I was granted 50h observing time. Objects with integrated Faper, > 100 mJys
were selected from the SDSS-FIRST parent sample (about 4 x 10* sources) with the
goal of studying the spectral index distribution and polarization of the sources across
the three emission-line diagnostic diagrams. The selection resulted in a sample of 263
sources, among which 175 present the emission line measurements used in the optical
diagnostic diagrams. Furthermore, only galaxies with z > 0.04 were selected to avoid
aperture effects (94)), for a total of 150 radio emitters. A further cut in signal to noise
(S/N) on the equivalent width of the emission lines involved in the diagnostic diagrams
leads to a sample of 119 galaxies in the [N11]-based diagram (S/N > 3 for [N 11, O[III],
Hoa and HB), 100 galaxies in the [S11]-based diagram (S/N > 3 for [S11] doublet, O[III],
Ho and Hp), and 100 galaxies in the [O1]-based diagram (S/N > 3 for [O1], O[III], Hx
and Hp).
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Figure 3.6: The receivers at the secondary focus of the Effelsberg 100m radio telescope.
Credits: MPI for Radioastronomy.

3.5.1 Observations

Observations were performed between February and October 2013. Each source was
observed at 2.8 cm (10.45 GHz) and 6 cm (4.85 GHz) to derive radio spectral indexes
and polarization degrees from quasi-simultaneous observations (to avoid time variability
effects). The receivers used in these observations are mounted on the secondary focus
of the 100-m Effelsberg antenna (Fig. , The receivers at 4.85 and 10.45 GHz
have multi-feed capabilities with 2 and 4 horns, respectively, allowing real-time sky
subtraction in every subscan measurement. I have used cross-scanning in azimuth and
elevation to determine the total intensity and polarization characteristics. All sources
in the sample are fairly bright, thus standard cross-scans, with 4 to 12 subscans per
each scan were used, according to the source flux density (see Fig. . Fainter sources
needed to be observed with a higher number of subscans per scan (e.g. 12 subscans),
or with multiple scans to be averaged in the data reduction process. The cross-scan
length was chosen to be about 3.5 times the beam size at each frequency, for a correct

subtraction of linear baselines. This translates into on-source scan integration times
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between 100 and 300 sec per source and per frequency.

Before combining, individual subscans were checked to remove those affected by radio
frequency interference, bad weather, or detector instabilities (II3). The calibration
sources 3C286, 3C295 and NGC7027 were regularly observed to correct for both time-
dependent gain instabilities and elevation-dependent sensitivity of the antenna, and to
perform the absolute flux calibration (I14)). Data reduction was performed by using a
set of standard Python and Fortran routines. The measurement of flux densities from

the single-dish cross-scans was done by fitting Gaussians to the detected signal.
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Figure 3.7: Cross-scans observation at 2.8 cm of a radio emitter of the sample. This scan

contains 8 subscans, 4 in vertical and 4 in horizontal direction. Flux density is determined
by a Gaussian fit.
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3.5.2 Selection and completeness of the Effelsberg sample

The Effelsberg sample selects all the cross-matched SDSS-FIRST radio emitters that
have an integrated flux at 20 cm > 100 mJys at 0.04 < z < 0.4. The applied radio-flux
lower cut automatically selects more active galaxies (AGN in particular) and metal-
rich star-forming galaxies (see Vitale et al. [73, Fig.1). The redshift distribution of the
Effelsberg sample peaks at z ~ 0.1. At this redshift, radio-quiet (but not silent) AGN
lie in spiral hosts and are mainly classified as Seyfert galaxies. They have mostly weak
radio jets (II5). Because of this, the sample does not contain many FRII galaxies.
However, since the sample is mainly composed by radio-loud objects, due to the lower

cut in radio flux, some sources are FRI with particularly strong emission lines.

3.6 Aperture effect

Aperture biases are particularly important in emission-line studies. Spectroscopic ob-
servations are performed using different aperture sizes, depending on the specific in-
strument. This problem plays a critical role in distinguishing the main contribution
to galaxy emission. The so-called aperture effect tells us that the shape and size of
the instrument aperture influences the galaxy classification. Big fibers and slits select
emission from all over the galaxy, hence several contributions to the line emission (AGN
from the nucleus, starburst from the outer regions of the host galaxy) are present. On
the other hand, a smaller aperture would mainly select light coming from the nucleus
and the bulge, missing the disk where most of the star formation takes place. For exam-
ple, SDSS data are known to be affected by an aperture effect because of the large fixed
size (3”) of the fiber used for observations, which includes on average > 20% of galaxies
area at z> 0.04 (26). Therefore, the stellar contribution to the emission from the host
causes a large number of sources to be classified as transitional objects in the diagnostic
diagrams. The same argument applies at higher redshift, where the slit width becomes
similar to the typical angular size of galaxies. Furthermore, higher-redshift galaxies
present higher star formation rates, so the effect of host galaxy dilution of the AGN
signatures could be even more important and yield more often composite signatures.
From this point of view, with the 1” width of the slits used for the zZCOSMOS observa-
tions and a seeing always better than 1.2” (79), the zCOSMOS sample is less sensitive
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to contamination from emission coming from the most outer regions of the galaxies
than other studies at similar redshift. Conversely, aperture effects are more severe for
SDSS galaxies, where a correction is needed.

The conventional belief that smaller apertures select more AGN-like emission has been
challenged in Shields et al. (I16). The authors showed that for many composite ob-
jects identified in the Palomar spectroscopic survey (I17) the observed line-ratios do
not appear more AGN-like with smaller apertures (10 — 20 pc). The bias introduced
by the fiber/slit observational technique depends on the morphological type of the ob-
served galaxy. Even though the star-forming regions are mainly located at the center of
bulge-dominated galaxies, some bright star-forming regions can be located in the outer
regions of the disk, or all over the galaxy, like in irregular galaxies. The aperture effect

problem remains controversial and it is worth more studies.

43



3. DATA

44



4

Stellar mass-AGN relation in

intermediate redshift galaxies

4.1 Introduction

AGN can be identified by a variety of methods: an unusually blue continuum, strong
radio or X-ray emission, and strong or broad emission lines. In nearby galaxies hosting
low-luminosity AGN, we expect the non-stellar signal of the nucleus to be weak with
respect to the one coming from the host galaxy. Therefore, one of the least biased
methods to search for AGN is to conduct a spectroscopic survey of a complete, optical-
flux-limited sample of galaxies and study their spectral properties.

The line-emitting gas in AGN and star-forming galaxies is powered by two different ion-
izing mechanisms, producing different emission line ratios: accretion around black hole
and photoionization by hot massive OB stars. It is important to note that emission lines
in narrow-line AGN have a considerably great ionization range and that low-ionization
lines are anyhow stronger than in normal star-forming galaxies. It has been demon-
strated that ordinary O-type stars do not produce sufficiently strong low-ionization
lines to account for the observed AGN spectra, because they can only produce a low
percentage of the total blue light at most (II8). Therefore, photoionization arising
from a powerful central non-thermal source is the ideal candidate for explaining the ex-
citation mechanism in galaxies that display strong low-ionization emission-lines (119).
Emission-line diagnostic diagrams (23}, 24, 94], [106], [[07)) represent a powerful tool for

probing the nature of the dominant ionizing source in galaxies, hence for distinguish-
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Figure 4.1: Plot from Kewley et al. (26): (a) The [N II]/Ha versus [O III]/Hf diagnostic
diagram. The extreme starburst line (red) is from Kewley et al.(28), while the black line
is the Kauffmann et al.(4) classification. (b) The [S II]/Ha versus [O III]/HS diagnostic
diagram; (c) the [O I]/Ha versus [O III]/Hf diagnostic diagram.

ing between objects dominated by star formation and galaxies where nuclear activity
is more relevant. Narrow-line AGN can be identified by the ratio of some distinctive
emission-lines, such as [NII]/Ha or [SI]/Ha and [OII]/HpB. Fig. shows three ex-
amples of diagnostic diagrams from Kewley et al. (26). The lines that appear in the
reddest part of the spectrum are shifted out of the visible wavelength range for z > 0.5.
In this case, it is possible to use the [OII] line instead (105} (106}, 120), which is optically
visible up to z ~ 1.

According to the “downsizing” scenario (59} 1211, 122} 123 124}, [125]), the sites of active
star formation include high-mass galaxies (M, ~ 10 M) at high redshift (z > 1) but
only intermediate- and low-mass galaxies at z < 1. This scenario is supported by several
studies; it has been found, for instance, that luminous and massive spheroidals build
up most of their stellar mass prior to z >~ 1, while low-mass ellipticals continue to grow
after this cosmic time (126], 127, 128, 129). Downsizing may be a natural expectation
in a hierarchical galaxy formation scenario, provided that there is a mechanism that
quenches star formation at earlier times in massive galaxies. As a support to downsiz-
ing and the link between mass and galaxy evolution, Bundy et al. (I30) found that the
relative abundance of red galaxies with intermediate stellar mass (M ~ 6 x 10'°Mp)
increases by a factor of 3 from z ~ 1.2 to z ~ 0.55, while the number of blue late-type

galaxies declines significantly.

46



4.1 Introduction

I aim at investigating whether it is possible to highlight some evidence of AGN activity
in suppressing star formation and leading to an increase in the number of red galaxies,
with a particular focus on a possible trend of the galaxy total stellar mass. Here I
analyze the evolution of galaxy spectral properties up to z ~ 1 by using galaxies from
the zZCOSMOS-Bright 20k sample (79). With the large number (~ 2 x 10%) of observed
objects, it is possible to measure emission lines from high S/N stacked spectra. This
attempt has been previously made at low-redshift (z < 0.1) and the analysis is now
extended to redshift up to z ~ 1. Kauffmann et al. (4) found, by using Sloan Digi-
tal Sky Survey (SDSS) data, that local galaxies divide into two distinct families at a
stellar mass threshold of 3 x 109 M. The least-massive galaxies show young stellar
populations and the low concentrations typical of LTG. As the stellar mass increases,
galaxies show older stellar populations and higher concentrations, typical of ETG. By
using emission-line diagnostic diagrams, Kauffmann et al. shown a dependence of the
AGN-detection rate on mass, although the authors warned that many objects are clas-
sified as “composites” (contributions to the emission-line spectrum come from both
star formation and AGN) because of the large size of the SDSS fiber, which can collect
up to 40% of the total light from the galaxy (see Sec. 3.6). Blue star-forming objects
have been found to have masses at the low end of the galaxy mass function, while the
majority of the ETGs lie at the high end of the mass function (5, 28). Very recently,
however, Aird et al. (I31) argued that the finding of more AGN in massive hosts is
due to selection effects. These seem to be driven by the Eddington-ratio distribution of
AGN in galaxies of certain stellar mass. In particular, AGN are more easily detected
in massive hosts because sources accreting at low Eddington rate are more luminous
than in less massive hosts.

In this work I explore the stellar mass - AGN detection rate relation for galaxies placed
at intermediate redshift (0.1 < z < 1). I show that not only the relation holds at higher
redshifts than those investigated by Kauffmann et al., but the galaxies with progres-
sively higher values of stellar mass also show older stellar populations and metallicities,

in agreement with an AGN-feedback quenching scenario.
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4.2 Emission-line diagnostic diagrams

The optical spectra of most of nearby AGN are dominated by emission lines of low-
ionization species such as [OI], [OII] and [SII] (117). These emission lines, when com-
pared to the strength of Balmer lines such as Ha and Hf3, can provide an indication on
the galaxy main ionizing mechanism. There are currently many emission-line diagnos-
tic diagrams that make use of low-emission line ratios to be able to distinguish between
AGN- and starburst-dominated objects. The classification of galaxies is based on the
position that objects assume in the diagnostic diagrams. Fig. from Kewley et al.
(26) shows the three most used optical emission-line diagnostic diagrams.

AGNs have larger [OIII]/Hp, [NII]/He, [SII]/Ha and [OII]/Heo values than starbursts
and are clearly separated from the loci formed by star-forming galaxies. Neverthe-
less, some galaxies present intermediate properties and show AGN-like and stellar
photoionization-like emission lines.

In this work, the following emission-line diagnostic diagrams are used:
o [NII]/Ha versus [OIII]/HS (z < 0.436) (4, 23, 24 25| 26])
e [OII]/Hp versus [OIII]/HS (z > 0.548) (104} 105} 106, 107)
e MEx diagram (I32)

The redshift range 0.436 < z < 0.548 was excluded from the study because [NII] and
Ha are redshifted outside the optical spectra and [OII] is not yet visible in the blue
part of the spectral range. The same grid of stellar mass and redshift bins is kept for

the MEx diagram.

4.2.1 Low-redshift diagnostic diagrams

In the [NII]/Ha versus [OIIl]/HfS or Baldwin-Phillips-Terlevich (BPT) diagram (23)),
galaxies are distributed in two arms. The increase of the [NII]/Ha ratio is a linear func-
tion of the nebular metallicity and presents a saturation point (133} [I34] [135) above
which any additional increase in the [NII]/Ha value is only due to AGN contribution
(26, 103)). The BPT emission-line diagnostic diagram makes use of different demarca-
tion curves, both theoretical and based on observations. The first curve was derived

theoretically by Kewley et al. (25) to find an upper limit for star-forming galaxies
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Figure 4.2: Classical low redshift diagnostic diagram of zCOSMOS galaxies. A theo-
retical demarcation curve (dashed, from Kewley et al. [25) separates star-forming galaxies
and composites from AGN, while an empirical demarcation curve (three-dot-dashed, from
Kauffmann et al. 27) separates pure SFGs from composites and AGN. Asterisks repre-
sent galaxy staked spectra. Colors represent the redshift bins: 0.177 < z < 0.242 (blue),
0.242 < z < 0.306 (green), 0.306 < z < 0.371 (purple), and 0.371 < z < 0.436 (red). The
total stellar mass increases from left to right. In the left panel, the SDSS galaxies from
Vitale et al. (73)) are plotted in gray. The right panel offers a closer view of the zZCOSMOS

composites.

(Figs. ‘ Kauffmann et al. (4]), using the large sample of emission line galaxies
in the SDSS, defined a demarcation that traces the observed lower left branch more
closely. The branch is attributed to purely star-forming galaxies. This results in a
larger portion of galaxies residing on the AGN side (Fig. left panel, dashed line,
and three-dot dashed line).

Objects that are classified as AGN in the [NII]-based diagram can be classified as
star-forming galaxies in the [SII]/Ha versus [OIII]/HS diagram. This is thought to
be related to the enhancement of [SII] lines in starburst galaxies, due to the mechan-
ical energy released into the gas by supernovae and stellar winds (also called shock
excitation, [136). However, it is still not clear whether the [SII] enhancement is driven
by highly ionizing photons produced by accretion onto the super massive black hole

or if the SNe winds are a sufficiently powerful source of ionization. The [SII]-based
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diagnostic diagram, due to fringingﬂ and line blending, is more affected by errors and
leads to a higher probability of misclassifying galaxies than the [NII]-based diagram.
For these reasons, the diagnostic diagram that makes use of the [SII] doublet was not
used in this work. In Fig. (left panel), zZCOSMOS staked data superimposed on the
SDSS radio emitters from Vitale et. al (73) are shown. Each color represents a different
redshift bin and each asterisk along the curve represents a different mass bin. The right
panel offers a zoom on the region of the diagram where data are placed. The stacked
spectra show a progressive shift toward the AGN region - on the right-hand side of the
diagram - for increasing stellar mass (from left to right). The objects with the highest
mass are placed on the right of the Kauffmann’s demarcation curve, which separates
the region where galaxies start to show significant nuclear activity. The stacks follow,
for a fixed redshift bin, tracks that move from the upper part of the SFGs sequence
to the high-metallicity (higher [NII]) SF region (26). Objects with the highest stellar
masses are classified as composites or AGN, in agreement with what was suggested by

Kauffmann et al. (@) for sources at z < 0.1.

4.2.2 High-redshift diagnostic diagram

For the objects placed at higher redshifts (z 2 0.5), for which we lack useful AGN-
activity indicators such as the [NII], [SII] or [OI] lines, a different kind of diagnostic
diagram is needed. The Lamareille et al. (106) diagnostics involves the [OII] line (Fig.
[4.3) and represents a high-redshift option to the more classic diagnostic diagrams.
Unfortunately, this diagram is strongly biased against composites (I07), which overlap
with star-forming galaxies and LINERs. The [OII] emission line is thought to be either
an indicator of ongoing star formation or AGN activity, because of the relatively low
ionization potential that is required compared with the [NII] or [SII] transitions. As
a consequence, this diagnostic diagram cannot be considered as reliable as the set of
low-redshift diagnostic diagrams (132, [137).

In this diagram it becomes necessary to correct line ratios for reddening. This is because
the emission-lines that are used as indicators are placed far away from each other in the
spectra, and therefore are differently affected by reddening. Another way to overcome

this problem is to use the equivalent width (EW) of the emission lines. Using the

'Effect of observing fringe patterns in spectra. It is caused by reflections on the Charge-Coupled
Device (CCD) surfaces.
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Figure 4.3: Oll-based diagnostic diagram of zCOSMOS galaxies. Asterisks represent
galaxy stacked spectra. [OII]/Hf fux dust-corrected ratios are used. The solid demarcation
lines are taken from Lamareille (I07). Color represent the redshift bins: 0.548 < z < 0.632
(blue), 0.632 < z < 0.716 (green), 0.716 < z < 0.8 (purple), and 0.8 < z < 0.884 (red).
Total stellar mass increases from left to right. In the left panel, the SDSS galaxies from
Vitale et al. (73) are plotted in gray. The right panel shows a closer view of the zZCOSMOS

composites.

EW instead of the extinction-corrected fluxes does not change galaxy classification
significantly (62)).

To separate AGN from star-forming galaxies, I used lines that have been empirically
defined by Lamareille (I07) by using galaxies from the SDSS (Fig. [3). The left
panel of Fig. shows the distribution of SDSS galaxies (in gray) and the zZCOSMOS
composites superimposed on it. For every redshift bin (indicated with different colors)
a higher mass means, in most cases, a shift toward higher values of [OII]/HS. Although
the stacked galaxies show, as in the [NII] diagram (Fig. , a trend with the total
stellar mass, almost all objects are placed in the SF zone. For the higher masses, I
notice that some of the stacked galaxies fall in the region of mixed contribution from
star-forming galaxies and LINERs, while only the point representing the highest mass
at redshift z ~ 0.8 falls in the star-forming/Seyfert region. This poor ability to properly
classify AGN using the [OII]/HJ ratios was also noticed in the analysis of zCOSMOS
spectra for 24 micron-selected galaxies (138, 139). The diagram is also known to be

the most sensitive to shocks. This might be the reason why some objects are likely to
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be misclassified as star-forming galaxies rather than LINERs, which would appear in a

similar position along the y-axis, but at higher [OII]/Hf values.

4.2.3 Mass-Excitation diagnostic diagram

Classical diagnostic diagrams are largely used by the scientific community to classify
AGN from emission line ratios, especially in the optical range. Nevertheless, these
diagrams present some problems that make it preferable to look for new and more
effective diagnostic methods. Recently, Juneau et al. (132)) adopted a new diagram
(Mass-Excitation, or MEx, diagram) that can be used at higher redshift than the
classical diagnostic diagrams. A correlation between galaxy stellar mass and metal
content has been observed (mass-metallicity relation 140, [141)) and the [NII]/Ha ratio
is known to trace metallicity for SFGs (26}, [103). For this reasons, the authors chose to
substitute the emission line ratio [NII]/Hea in the BPT diagram with the total stellar
mass. This new kind of diagnostics has the considerable advantage that one can classify
all objects of a quite wide redshift range within a unique diagram. Moreover, it avoids
some of the problems connected to the reliability of the [OII] diagram, though the MEx
diagram suffers from more blending between LINERs and Seyferts than the latter.

The mass trend we already observed in the [NII] diagram is now clear in the MEx
diagram (Fig. , where I can represent galaxies spanning the entire redshift range
(0.18 < z < 0.88). As in Figs. and each color represents a different redshift
bin and the asterisks indicate the mass bins. At log M, /Mg > 10.2, the galaxies leave
the SF region to enter the composite region of the diagram. With increasing mass,
the [OIII]/Hf ratio decreases up to the point where galaxies start to be classified as
composites. Then, the ratio increases again, as already noted in the [NII] diagram.
While the stellar mass tracks overlap in Figs. and they are parallel to each
other in the SF region of the MEx diagram and systematically offset toward the AGN
region for increasing redshift (Fig. 4 Therefore, the higher the redshift the higher
the number of composites that are classified as transitional objects or AGN. In this

respect, the MEx diagram shows the clearest sign of redshift evolution.
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Figure 4.4: New diagnostic diagram by Juneau et al. (I32) uses the stellar mass instead
of the [NII]/Ha emission line ratio. In this plot, each color represents a redshift bin (the
whole z-range): 0.177 < z < 0.242 (black), 0.242 < z < 0.306 (purple), 0.306 < z < 0.371
(blue), 0.371 < z < 0.436 (light blue), 0.548 < z < 0.632 (green), 0.632 < z < 0.716
(yellow), 0.716 < z < 0.8 (orange), and 0.8 < z < 0.884 (red). The mass increases from
left to right along each track. The black diamonds indicate mass incompleteness (see Fig.

B).
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4.3 Mass evolution

Emission lines are a good indicator of star-forming or AGN activity. By means of
diagnostic diagrams and spectral stacking, I found indications of a link between the
total stellar mass and the chance of identifying galaxies as AGN. A temporal evolution
- namely, an observed trend with redshift - is also possible but, even if present, it is
obscured within the classical diagnostic diagrams. This could because the redshift bins
are too close to each other for the stacked galaxies to show a trend with redshift in the
classification provided by the diagrams.

The time interval over which to probe evolutionary effects is longer when using the
MEx diagram (0.17 < z < 0.88) than when using the BPT (0.17 < z < 0.44) or [OII]-
based (0.55 < z < 0.88) diagrams alone. Therefore, the indication of an evolutionary
trend is present in the MEx diagram (Fig. . Here the data points representing
galaxies in the same mass range are progressively offset to higher values of [OIII]/HfS
for increasing redshift. On the other hand, along each track (fixed redshift, increasing
stellar mass) the data show a metal enhancement (see also Fig. and the Appendix).
The reason for the latter could be researched in the mass-metallicity relation and the
efficiency of galactic winds in removing metals from low-mass galaxies (140, 142, 143)).
Outflows generated by starburst winds may easily eject metal-enriched gas from low-
mass galaxies placed at low redshifts, making their enrichment less significant than
in massive systems (I40). Moreover, low-mass systems are, according to the galaxy-
downsizing scenario (124 [144] [145), at an earlier evolutionary stage, where they are still
converting most of their gas into stars. For this reason, they are poorly metal-enriched
compared with massive galaxies. However, it should be kept in mind that this purely
magnitude-limited sample suffers from selection biases and mass incompleteness toward
the highest redshifts, where most of the AGN are found among the stacked galaxies.
While the [NII] diagram nicely shows that the mass can determine the galaxy classifi-
cation, the [OII]-based diagram leaves big uncertainties because of the intrinsic nature
of the diagram itself (rather sensitive to shocks, it is unable to distinguish the contri-
bution of stellar sources from AGN). Indeed, the diagram shows an overlap between
star-forming galaxies and Seyfert II, as well as an overlap between the former and com-
posites. However, the higher-mass galaxies are closer to the demarcation line and the

AGN region. Using the MEx diagnostic diagram partially solves the problems related
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to the ineffectiveness of the classical diagnostic diagram at high redshift ([OII]-based)

and enables one to look for AGN contamination at high masses.

4.4 Quenching of the star formation

There is a general increase of the age of the stellar populations for increasing mass at
both high and low redshifts. Appendix [8.I] summarizes all information on the stacked
galaxy spectra in the stellar mass and redshift bins. The metallicity of the stellar tem-
plate used for the stellar-continuum subtraction gives an important indication of the
age-metallicity degeneracy (146]). For a fixed redshift and along the mass sequence, the
stellar populations become progressively older (in terms of time from the last burst of
star formation). A young stellar population following an older one in the mass sequence
presents, in most cases, a higher metallicity and a higher reddening than inferred from
the stellar fit. A stellar population following one of the same age along the mass se-
quence is often characterized by equal or higher values of Z and E(B — V) SH

This evidence finds a possible explanation in the mass-assembly downsizing scenario,
where most of the massive galaxies build their mass earlier than lower-mass galaxies
(59, 1211, 122], 123, 124], 125)). According to this scenario, the number of red massive
objects is constant up to z ~ 1, dominating as the main contribution to the mass pop-
ulation, while the number density of red galaxies with M, < 10! Mg, increases with
cosmic time. Conversely, the number density of blue galaxies decreases from z ~ 1
to today. Downsizing suggests that something turns the galaxy transformation out at
z ~ 1. If the most massive objects build their mass during an earlier period of time
than the less massive galaxies, we expect to find older stellar populations in the former
because they had more time to evolve.

If the effect of having younger stellar populations at higher redshifts was already ex-
pected from different galaxy evolutionary scenarios, the evidence of older stellar pop-
ulations with increasing mass and fixed redshift points to the downsizing scenario in
particular. It is likely that a mechanism acted to quench the star formation in these
objects. Now the question is: can this process be an AGN-feedback? Considering the

downsizing scenario where young low-mass galaxies are still undergoing star formation

'E(B-V) = A(B)-A(V), extinction in set bands. A(B) and A(V) are the total extinction at the B
and V filter bands. Extinction is the absorption and scattering of electromagnetic radiation by dust

and gas, between an emitting astronomical object and the observer.

55



4. STELLAR MASS-AGN RELATION IN INTERMEDIATE REDSHIFT
GALAXIES

and high-mass galaxies are the product of an earlier mass assembly, the latter are pas-
sively evolving galaxies without star formation episodes. In this respect, AGN might
have just suppressed star formation with their (negative) feedback by means of trans-
forming blue galaxies into red ones that continue to accrete mass. As a support to this
theory, it has been found that the stellar population of the host galaxies appears to be
older after the AGN active phase (I18)). Currently, several theories and models include
AGN feedback, but observational evidence is still needed to prove them right.

4.4.1 AGN identification

AGNs are clearly common amongst the high-mass bins (see Fig. and Fig. .
This is particularly true for higher redshift bins. However, some stacked spectra are
placed directly on the demarcation curves that separate AGN from composites, or im-
mediately next to them. In these cases, either the stacking galaxies do not belong to a
single population - namely, they are a mixture of AGN and star-forming galaxies - or
the underlying population is truly dominated by composite galaxies.

Using stacked spectra instead of individual spectra leads to some difficulties in estimat-
ing the number of SFGs and AGN. If, on one hand, this technique allows one to study
the average properties of galaxies in a given mass-redshift bin - providing average spec-
tra for otherwise individually unclassifiable galaxies with too low S/N - on the other
hand it does not provide us with the exact number of spectral types. Furthermore, each
bin collects a variable number of galaxies, because of filaments (overdensities), voids
(underdensities), and selection effects acting at the highest as well as at the lowest
stellar masses (Fig. . Therefore, it is not possible to compare the exact number
of AGN between the different bins. Assuming that all galaxies in a given stack have
the same classification as the stacked spectrum, we obtain the following statistics. The
number of single galaxies that are spectroscopically identified as AGN in the four high-
redshift bins (5 568 galaxies in total, see Fig. is 1 690 (30.3%), while there are
2 491 composites (44.7%). These numbers are higher than the galaxies placed in the
four bins at lower redshift (3 742 galaxies), where we find 395 AGN (10.5%) and 775
composites (20.7%). However, assuming that all galaxies in a given composite or AGN
bin are indeed AGNs will very likely result in an overestimate of the true AGN fraction.
Nevertheless, the relative difference between the higher and lower redshift bins remains

an interesting hint of a greater AGN fraction at earlier epoch. Based on the study of
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individual galaxy spectra, Ivezic et al. (7I)) found a starburst-over-AGN ratio equal to

18 from SDSS data, which is a much higher ratio than found here.

4.5 Conclusions

Strong nebular emission lines such as HaA6563 A, HEM861 A and [OIT]A3727 A are
formed in HII regions and are indicators of ongoing star formation, while [OIII]A5007
A, and [NII]A6583 A, which are higher ionized, are considered as AGN indicators. The
combination of these lines can be used to distinguish between the two main ionizing
mechanisms inside galaxies and separate SFGs from AGN (I119).

The zCOSMOS 20k catalog was used to create a sample of galaxies with reliable spec-
troscopic redshift and without broad-line AGN to avoid overshining problems (AGN
brighter than the surrounding galaxy) and investigate the evolution of galaxy spectral
properties up to z ~ 1. The sample, containing ~ 1.5 x 10* objects, was divided into 61
bins over the stellar mass-redshift plane. To improve the S/N of the single spectra and
allow accurate flux measurements, I combined all spectra in each bin to obtain average
stacks. After stacking the spectra, stellar continuum subtraction on the galaxy com-
posites were performed, using templates of stellar population synthesis. This provided
new spectra that are almost free from absorption contaminations by stars. Finally,
optical emission-line diagnostics were used to search for AGN contamination at the
highest stellar masses.

Main findings of this work are:

e Galaxy stellar populations are older (in terms of time from the last burst of star
formation) in more massive objects. This agrees with an evolutionary scenario
that accounts for a fast mass assembling and stellar population aging for massive

objects.

Galaxy-stacked spectra are more likely to be classified as AGN than star-forming
galaxies for high values of their total stellar mass. In particular, galaxies with
log M. /Mg > 10.2 start to be classified as composite objects (where both pho-
toionization by stars and nuclear activity contribute to produce the emission
lines). They are placed in the AGN region of the diagnostic diagrams for the

highest masses considered in the sample.
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4. STELLAR MASS-AGN RELATION IN INTERMEDIATE REDSHIFT
GALAXIES

e At fixed redshift, the classification of the stacked spectra displays a trend with
increasing stellar mass. The general trend follows the left branch of the SDSS
classification to the bulk of the star-forming galaxy population. At the highest
stellar masses, the tracks fall in the composite and then in the AGN region.
This is visible in the [NII]-based and in the MEx diagram, whereas it is not well
observed in the [OII]-based diagram.

e The MEx diagram represents a useful tool for investigating the ionizing mech-
anisms inside galaxies, especially at high redshift. The Lamareille [OII]-based
diagram is not as effective because of the ambiguity between star-forming, com-
posites, and Seyfert 2 galaxies in some regions of the diagram (I07). Moreover, it
is necessary to be in a specific redshift interval to measure all involved emission
lines. The confusion that this diagram shows can be due to its higher sensitivity

to shocks than to AGN photoionization.

While there is no clear trend with redshift on the low-redshift BPT diagram,
there is a trend on the MEx diagram when combining the low- and high-redshift
bins. The high-redshift stacks display clearly more composite- and AGN-like
spectra. However, the explanation of this trend (higher AGN-detection rate at

higher redshift) may include true evolutionary effects as well as selection biases.

The link between stellar population age and galaxy stellar mass, combined with
the increasing AGN-detection rate for increasing mass and redshift, is consistent
with a scenario where AGN could act to quench the star formation and then
contribute to the transformation from young blue late-type galaxies to old red

early-type galaxies.
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Radio emitters and their optical

counterparts

5.1 Introduction

Several authors have found strong correlations between the fraction of detected Active
Galactic Nuclei (AGNs) at different wavelengths and optical properties such as flux,
color, and emission-line strength (I47). AGNs can be selected from an optical spectro-
scopic survey using optical emission line ratios. Emission-line diagnostic diagrams have
been extensively used during the past decades to point out the connection between the
galaxy nuclear activity, its morphological type (I17), and its evolutionary stage (48)).
The Baldwin-Phillips-Terlevich (BPT) diagnostic diagram (23)) and its subsequent ver-
sions (24}, 94, [106], 136], 148] [149) make use of emission line ratios whose strength is a
function of the hardness of the ionizing field of the galaxy, the ionization parameter
U, and the metallicity. Higher ratios are thought to mainly be the product of the
ionization that arises due to accretion around the black hole - which implies there is
an AGN at the center of the galaxy - rather than photoionization by hot massive OB
stars. This diagnostic technique, largely used in the optical wavelength regime, allows
differentiation of galaxies that show activity in their nuclei, and starbursts.

Spectra from the Sloan Digital Sky Survey (SDSS) - the largest optical galaxy survey -
have been used to compute the line strength of several emission lines to classify galaxies
into starbursts and AGNs by using diagnostic diagrams. Radio emission can also be

considered to be strong AGN signature. Some attempts to link optical and radio prop-
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5. RADIO EMITTERS AND THEIR OPTICAL COUNTERPARTS

erties of a large sample of galaxies by using combined spectroscopic and photometric
information have been already made in the past. For example, Ivezic et al. (7)) discuss
the optical and radio properties of ~ 30000 FIRST (97)) radio sources, positionally
associated with SDSS sources, by analyzing their colors. The authors find that the
number of radio galaxies classified as AGNs rather than starbursts is six times more
than the corresponding number for all the SDSS galaxies, and ~ 30% of the total. Fur-
thermore, the radio emission from AGNs turns out to be more concentrated than the
radio emission from starburst galaxies, as we expect from the nuclear origin of AGN
emission. Radio emission is point-like in compact quasars detected at high redshift,
while local galaxies tend to have larger radio sizes. This suggests that a significant
amount of the radio emission either originates outside the nuclear region or that the
radio lobes are resolved. Depending on the beam size, it can happen that not all the
light from the galaxy is taken into account. The relative number of AGNs decreases
with the radio flux, and this is consistent with the differences in the radio luminosity
functions of starburst and AGNs (150, [I5I)). Best et al. (109) compare the optical
SDSS survey to both FIRST and NVSS radio surveys, in order to derive the local radio
luminosity functions of radio-loud AGNs and star-forming galaxies. We should, how-
ever, bear in mind that cross-match might lead to data loss, i.e. the exclusion of some
galaxies from the optical-radio cross-matched sample. In the SDSS Early Data Release
(71), ~ 70% of FIRST sources do not have an optical counterpart within 3”. This is
probably because the majority of unmatched FIRST sources, detected down to 1 mJy
sensitivity, are too optically faint to be detected in the SDSS images. Moreover, the
fraction of quasars in the FIRST catalog seem to be a strong function of the radio flux,
monotonically decreasing from bright radio sources towards the FIRST radio sensitivity
limit.

This study is meant to bridge the lack of extended studies on AGN hosts at combined
optical and radio wavelengths. Literature data offers the chance to build on a very large
galaxy sample, and investigate the multi-wavelength properties of AGNs and normal
galaxies. Here I make use of both optical - for the part concerning emission lines and
diagnostic diagrams - and radio data to conduct a statistical study. The prospect is
to identify radio galaxies in some well-defined regions of the low-ionization emission
lines diagnostic diagrams, by using a combination of radio and optical properties. A

comparison of the spectroscopic measurements with some photoionization and shock
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5.2 Analysis

models is then presented to shed light on the origin of the emission lines in AGNs and

star-forming galaxies.

5.2 Analysis

A statistical study of the spectral properties of radio emitters from the SDSS has been
carried out, starting from the determination of the fraction of star-forming galaxies
and AGNs composing the sample (see Chapter 3 for details on sample selection and
completeness). For this purpose, I exploited the emission-line diagnostic diagrams to
separate sources with a hard ionized spectrum (AGNs) and those that are dominated
by star formation, characterized by a considerably softer ionizing field. Since all the
emission lines that are used in the diagrams are placed close to each other in the
spectrum, their ratios are almost insensitive to reddending, so there is no need to
correct for the interstellar and galactic extinction. The luminosity of the Ha line has
been derived after correcting the corresponding flux for the visual extinction, by using

a theoretical Ha/HS Balmer ratio of 2.86 (12)).

5.2.1 Diagnostics of the SDSS and the cross-matched samples

Figure [5.1] presents the optical emission-line diagnostic diagrams for the MPA-JHU
(Data Release 7 of SDSS measurements) and the cross-matched optical-radio samples.
In all the diagrams, 79235 of the 79919 (99.1%) galaxies in the MPA-JHU high S/N
sample (see Sect. 3.4.1) are represented, and 9408 of the 9594 radio emitters (98,1%
of the optical-radio sample). The difference comes from the lack of some emission-
line measurements in the parent catalog of SDSS galaxies and especially the [O1] line,
which is weaker than the other lines. The dashed demarcation curve in the panels in
the first column of Fig. ([N11]-based or BPT diagram) has been derived by Kewley
et al. (25)), by constructing a detailed continuous starburst model with broad realistic
metallicity and ionization parameter ranges. This was done to find an upper limit
for the position of the star-forming galaxies in the diagram. The upper limit can be
used to separate AGNs from star-forming galaxies. The dot-dashed curve has been
derived by Kauffmann et al. (4), who propose an empirical and more conservative cut

to identify starbursts by using the large sample of emission line galaxies in the SDSS.
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Figure 5.1: Radio emitters classified according to optical emission-line diagnostic dia-
grams. SDSS (DR7) targets are represented in red, while the radio emitters from the
cross-matched sample are plotted in orange. Demarcation curves in the left panels ([N11]-
based diagram) are by Kewley et al. (25) (dashed) and Kauffmann et al. (@) (dot-dashed);
in the middle ([St]-based diagram) and right ([O1]-based diagram) panels, the demarcation
curves are by Kewley et al. (26). The top panels show the SDSS targets superimposed
with the radio emitters. The middle and bottom panels show density contours of SDSS
and radio emitters, respectively. Density levels represent 800 galaxies per contour in case
of SDSS targets, while it is 80 for the radio emitters.
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5.2 Analysis

Diagram Spectral type SDSS DR7 Cross-match

AGNs 11 756108 (14.8%) 2 968+54 (31.5%)

[N11] Composites 13 856118 (17.5%) 3 021£55 (32.1%)
SFGs 53 623+232 (67.7%) 3 419+58 (36.3%)

Seyferts 7 64687 (9.6%) 1 747+42 (18.6%)

[S11] LINERs 4107164 (5.2%) 1 012432 (10.8%)
SFGs 67 4824260 (85.2%) 6 649481 (70.7%)

Seyferts 10 269+101 (13.0%) 2 180+47 (23.2%)

[01] LINERs 6 543+81 (8.3%) 1 50039 (15.9%)
SFGs 62 423+250 (78.8%) 5 728476 (60.9%)

Table 5.1: Statistics on the SDSS DR7 sample and the cross-matched optical-radio sam-
ple, including the number of different objects placed in the AGN, composite, and SF region
(left panels, Fig7 or Seyfert, LINER, and SF region (middle and right panels) of the
diagnostic diagrams. The relative fraction of different spectral types is reported in paren-

thesis.

This method selects many fewer star-forming galaxies than AGNs - according to the
main ionizing mechanism that produces the emission lines - compared to the Kewley’s
criteria. The enclosed region between the two curves is considered to be populated by
mixed or transitional objects. In the middle ([S11]-based diagram) and right ([O1]-based
diagram) panels, the demarcation curves are from Kewley et al. (26). Another line
allows us to separate Seyfert galaxies from LINERs (28).

In Table 5.1 I present the statistics on the samples. For each diagnostic diagram,
I report the number of AGNs (with the distinction between Seyferts and LINERs,
when available), composites, and star-forming galaxies for both samples. The absolute
number of objects per region is followed by the purely statistical error (Poisson error
estimated as v/N) and the percentage with respect to the total number of galaxies
with measured emission-lines. A higher relative number of radio emitters are placed
in the transitional or AGN regions than in the full optical sample, and the percentage
of radio emitters in the left arm of the “seagull” shape defined by the SDSS targets in
the [N11]-based diagram is lower. The SDSS is strongly dominated by star formation
rather than AGN-like emission. In figure 5.1 the bottom panels show that the radio
galaxies with AGNs are drawn from a population that has higher metallicity than the

overall SDSS sample. The lower-metallicity objects are predominantly star-forming,
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5. RADIO EMITTERS AND THEIR OPTICAL COUNTERPARTS

and populate the upper left-hand portions of these diagrams. The [O1]-based diagram
is the one that shows the largest number of objects classified as AGNs (39.1% of the
cross-matched sample).

We should take into account that the redshifts considered in this study is limited
because of reliace on the diagnostic diagrams, requiring [N11] and He in the observable
spectral window. Some of the emission lines are shifted out of the SDSS spectral range
for objects with z 2 0.4 (~ 2% of the optical-radio sample). However, with this set of
diagrams one is able to easily compare results with the studies that have been already

conducted using SDSS data.

5.2.2 Trend with Locm/Lita

The luminosity of the Ha line, Ly, is considered to be a good optical star forma-
tion rate (SFR) indicator (I52). The ratio between the radio luminosity and Ly, can
be used to compare emission from radio components with the emission from young
stars. I divided the cross-matched optical-radio sample into four bins with increasing
Looem/ Lo, containing approximately 2350 galaxies each, to keep the number of ob-
jects per bin constant. I search for a threshold above which the objects start to be
classified as AGNs (Seyfert or LINERSs) rather than star-forming galaxies.

T would expect to find a correlation between the optical and the radio emission, ac-
cording to the hypothesis that they are linked to each other (e.g. Logem — Lo relation,
where L, is the luminosity at optical wavelengths) because they arise from the same

physical process.
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5. RADIO EMITTERS AND THEIR OPTICAL COUNTERPARTS

Strong emission lines, such as [Or11], [O11], and Hf, are indeed believed to come
from powerful radio emitters (56, 153} 154} 155} 156} 157, [I58). These lines are also
used to select AGNs from a spectroscopic survey, pointing to a possible correlation
between the AGN-detection rate and the radio luminosity of the host galaxies.

The following results show that the peak of the distribution of the radio emitters shifts
from the SF region of the diagrams to the composite or AGN part (on the right-
hand side of the diagrams) for increasing log(Laoem/Lua) (Fig. . In particular,
the left-hand panels mostly show starbursts with high metallicity, while the middle
panels display a mixed population and the right-hand panels show a nearly pure AGN
population, together with some metal-rich starbursts. The distribution shows a peak
in the LINER region for log(Lagem/Lia) > 0.716, where 50% of the radio emitters are
classified as LINERs in the [O1]-based diagram (36.2% in the [S11]-based diagram, see
Table .

In the two middle panels (0.702 <logLogem/Lua < 0.708 and 0.708 <logL2pem/Lia <
0.716) of each row, the Seyfert region appears increasingly more populated (from a
few per cent up to more than 30%), while the number of Seyfert galaxies seems to
remain constant for log(Lagem/Lua) > 0.716. In contrast, the increase in the number
of LINERs is exponential in the last bin, where it goes from the few per cent of the
first three bins to half of the entire population of radio emitters in the last bin. All
diagrams exhibit this behavior, though the trend is most obvious in the [O1]-based
diagram, which is also the most sensitive to shocks. In Table and Fig. [5.4] I report
the statistics on the Logem /L bins on all the diagnostic diagrams. The number of
Seyfert galaxies and AGNs in the BPT diagram increases progressively by a factor 2.7
in the first three bins, while it remains almost constant in the last bin. The number of
LINERSs drastically increases (x5) from the third to the last bin, while the number of
SFGs decreases in the last bin. For each diagnostic diagram I indicate the number of
classified star-forming galaxies, Seyferts, and LINERs (or composites and AGNs in the

[N11]-based diagram) per Laoem /Lo bin.
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Diagram

Spectral Type

Laoem/Lua < 0.702

0.702 < Lagem/Lia < 0.708

0.708 < Logem/Ltia < 0.716

Loem/Lua > 0.716

[O1]

Seyferts
LINERs
SFGs

12611 (5.4%)
20+5 (0.8%)
2 199447 (93.8%)

347+19 (14.5%)
64+8 (2.7%)
1 973+44 (82.8%)

859+29 (36.5%)
254416 (10.8%)
1241435 (52.7%)

84829 (36.5%)
1 162434 (50.0%)
315418 (13.5%)

[Su]

Seyferts
LINERs
SFGs

88+9 (3.7%)
1043 (0.4%)
2 247447 (95.8%)

261+16 (10.9%)
2445 (1.0%)
2 099446 (88.0%)

67626 (28.7%)
136112 (5.8%)
1 542+39 (65.5%)

722427 (31.0%)
842429 (36.2%)
761428 (32.7%)

[N11)

AGNs
Composites

SFGs

134412 (5.7%)
659426 (28.1%)
1 552439 (66.2%)

346+19 (14.5%)
820429 (34.4%)
1218435 (51.1%)

918+30 (39.0%)
92530 (39.3%)
511423 (21.7%)

1 570440 (67.5%)
617+25 (26.5%)
138412 (5.9%)

Table 5.2: Statistics on the Logem/Lua (in logarithmic value) bins of the optical-radio sample, showing the number of different
objects placed in the Seyfert, LINER, and SF region, or AGN, composite, and SF region (Fig. of the diagnostic diagrams. The

relative fraction of spectral types is reported in parenthesis.
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Diagram  Spectral type 0.04< z <0.07 0.07< z <0.09 0.09< z <0.13 z>0.13

Seyferts 385420 (16.4%) 461421 (19.6%) 585+24 (24.9%) 749427 (31.7%)

[01] LINERs 288+17 (12.3%) 314418 (13.3%) 38620 (16.5%) 512423 (21.7%)
SFGs 1675441 (71.3%) 1 580440 (67.1%) 1 374437 (58.6%) 1 099+33 (46.6%)

Seyferts 308+17 (13.1%) 364+19 (15.5%)  465+22 (19.8%) 61025 (25.8%)

[St1] LINERs 213+15 (9.1%) 211414 (9.0%) 261416 (11.1%) 327+18 (13.8%)
SFGs 1827443 (77.8%) 1780442 (75.6%) 1 619440 (69.0%) 1 423438 (60.3%)
AGNs 553+23 (23.5%) 620425 (26.3%) 790428 (33.7%) 1 00532 (42.6%)

[N11] Composites  758+27 (32.3%) 744427 (31.6%) 740427 (31.6%) 779428 (33.0%)
SFGs 1037432 (44.2%) 991431 (42.1%) 815428 (34.7%) 576424 (24.4%)

Table 5.3: Statistics on the z bins of the optical-radio sample showing the number of different objects placed in the Seyfert, LINER,
and SF region, or AGN, composite, and SF region (Fig. of the diagnostic diagrams. The relative fraction of spectral types is

reported in parenthesis.
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5. RADIO EMITTERS AND THEIR OPTICAL COUNTERPARTS

5.2.3 Trend with redshift

The diagnostic diagrams are further exploited as a function of redshift by dividing
the sample into four bins, containing approximately 2 350 objects each. As for the
Logem/ Lo bins, this choice comes from the intent to keep the number of objects per
bin constant, together with the intention to further explore the dependence of the
optical classification with redshift.

The results show that the distribution of the radio emitters in the diagnostic diagrams
depends slightly on the redshift (Fig. . The number of AGNs (both LINERs
and Seyferts) always increases with z. The bulk of the population remains in the
SF, composite or SF+composite region in all z bins (see statistics on Table and
Fig. . The number of Seyferts, LINERs and AGNs in the BPT diagram is nearly
double in the last bin with respect to the first one. The number of composites remains
almost constant, while the number of SFGs decreases of a variable percentage (22%
in the [S11]-based diagram, 34% in the [O1]-based diagram and 45% in the [N11]-based

diagram).

5.2.4 The WHAN diagram

Emission from some of the galaxies classified as LINERs in the diagnostic diagrams
is nowadays thought to be triggered by post-asymptotic giant branch (post-AGB) and
white dwarf stars, which are abundant in early-type galaxies. The radiation from old
stellar populations in these galaxies, classified as “retired” (RGs, [09)), is harder than
the radiation produced by young stars, providing higher emission-line ratios than those
typical of star-forming regions. Because of the tight correlation between metallicity,
Z, and ionization parameter, U, [N11]/Ha can be used as an empirical measure of the
gas metallicity up to [N11]/Ha = 0.4, where higher values become an indication of the
presence of AGN activity (103, 135} 159). On the other hand, the Ha equivalent width,
EW(Ha), is considered as a powerful star formation indicator, although it is also related
to strong non thermal excitation (e.g. the one from Seyferts). Therefore, the [N11]/Ha
line ratio and EW(He) can be combined in a diagnostic diagram (WHAN, [100).
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Figure 5.4: Histograms of the luminosity and redshift distributions. Top panels: Number
of identified spectral types in the Logem/Lua bins per each diagnostic diagram. Star-
forming galaxies are in orange, Seyferts in red, and LINERs in blue (composites in red and
AGN in blue in the right panel). The Lagem/Lua value is indicated on the x-axis. Bottom
panels: Number of identified spectral types in the z bins for each diagnostic diagram. The

redshift is indicated on the x-axis.
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Figure 5.5: WHAN diagnostic diagrams of the cross-matched optical-radio (orange) and the SDSS (red) samples. The upper-left

panel shows the radio emitters of the SDSS superimposed on the SDSS parent sample. The upper-middle and upper-right panels

show density contours of of the optical-radio and SDSS samples, respectively. The lower panels represent samples where a less severe

error cut (only on [N11] and Her) has been applied. In this way, a considerable number of objects have been recovered, which appear

to be classified as wAGNs or RGs. Density levels represent 70 galaxies per contour in both middle panels, 500 galaxies per contour

in the upper-right panel and 2 000 galaxies per contour in the bottom-right panel.
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5.2 Analysis

The WHAN diagram can distinguish between retired galaxies and true AGNs, be-
sides having the advantage of being able to classify galaxies with weak [O111] and/or HS
lines. With this diagram it has been found that a large number of weak-line emitting
galaxies in the SDSS have LINER-like emission with 3 <EW(Ha) < 6 A in the case
of actual LINERs (labeled in the diagram as wAGN, where “w” stands for “weak”)
and EW(Ha) < 3 A for retired galaxies (I0I). Galaxies that have both high values of
EW(Ha) and [N1]/Ha are classified as strong AGNs (SAGNs).

In Fig. I show the WHAN diagram for the cross-matched optical-radio sample
and for the SDSS parent sample. Radio emitters and optical parent population (upper
panels) exhibit a different distribution, with the former having the peak of the distri-
bution in the sAGN region, but close to the demarcation line that separates it from
the star-forming galaxies. In the SF region, the number density drops and the contours
show a very steep gradient. The majority of galaxies showing LINER-like emission
in the classical diagnostic diagrams are found to be true LINERs rather than retired
galaxies, because they are mostly placed in the wAGN zone. On the other hand, in
the upper right-hand panel the optical distribution appears to be spread more across
the SF region, with relatively fewer true AGNs (both strong and weak) and retired

galaxies.
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cross-matched sample and to 700 galaxies per contour in case of SDSS sample. Bottom panels: WHAN diagnostic diagrams for the

cross-matched sample (gray) superimposed with Seyferts (red) and LINERs (blue) selected from the [O1]-based diagram. Each plot

represents, from left to right, a different Logem/Lia bin (Fig. . Contours number density refers to the underlying distribution

of each plot and is equal to 70 galaxies per contour.
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5.2 Analysis

The lower panels represent samples where a different error cut (30% on the [Ni1]
and Ha lines only) has been applied. In this way, a considerable number (12419 from
the cross-match, 398272 for the SDSS sample) of objects with weak [O111], [O1], and
Hp lines have been recovered. They appear to be mostly classified as wAGNs or RGs
(as shown by the density contours). Though I miss many passive galaxies in the lower
part of the upper WHAN diagrams, I found that the shape of the upper part of the
distributions is almost preserved for both the radio emitters and the SDSS targets. The
comparison with the lower panels suggests, as already mentioned in Sect. 2.3, that the
galaxy classification is strongly influenced by the error cut applied to the samples.
Figure (upper panels) shows the WHAN diagnostic diagrams for the cross-matched
and the SDSS samples superimposed with AGNs selected from the [O1]-based diagram.
I chose the latter as the one diagram that can classify the most Seyferts and LINERs
(see Table . The Seyferts distributions peak in the sAGN region of the WHAN
diagram, with only few galaxies falling in the SF or wAGN regions. Moreover, it
appears that most of the Seyferts do not lie close to the demarcation curve between
SF and sAGN. The LINERs distributions look much more spread across the sAGN
region instead, while they are supposed to be confined in the wAGN (in the case of
true LINERs) or in the RG region (in case of fake LINERs). Some LINERs appear in
the SF region as well. Interestingly, the latter are found to have low [O11]/HS3, while
the LINERs that fall in the RG region of the diagram have an average higher [O111]/HJf.
Figure (lower panels) shows WHAN diagnostic diagrams for only the cross-matched
sample, overplotted with Seyferts and LINERs selected from the [O1]-based diagram.
Each plot represents a different Logem/Liia bin (as in Fig. . ‘While the distribution
of Seyferts always peaks in the SAGN region and only the number of sources increases,
LINERs are mostly present in the sSAGN region in the first three bins, and they appear
to be mostly located in the wAGN region only in the very last Logem /Lo bin. The
radio strong (large Logem/ L) sources deviate from the RG and passive regions, so we
can say that the radio-selection helps in removing RGs from the sample. This leads to

a cleaner pure AGN sample whose LINERs may well be dominated by shocks.
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Figure 5.7: Data comparison with models. Galaxies from the SDSS sample are in red, while the optical-radio sample is orange (left
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LINERSs selected with the same diagram are in blue. All models have Z = 2 Zg. The star formation models (I60) are represented
by green lines; the dusty AGN models (I48) are in yellow; the models for shocks without precursors (I6I) are in blue.
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5.2 Analysis

5.2.5 Comparison with models

By exploiting optical emission-line diagnostic diagrams, both classical and WHAN, I
have stressed the higher concentration of LINERs with increasing Looem/Lua. The
point whether LINERs are pure AGNs - i.e. the main ionizing mechanism in the host
galaxy is accretion onto the super-massive black hole - is still a matter of debate. There
are several processes that could account for LINER emission: photoionization by a non
stellar source such as an AGN accreting at a low rate (148, [162], [163)) and ionization by
fast large-scale shocks (164]) produced either by AGN radio jets, galactic super-winds
(165, [166] [167), or starburst-driven super winds (I68). It has also been found that hot
post-asymptotic giant branch (post-AGB) stars and white dwarfs can be responsible
for the LINER-like emission in a considerable fraction of galaxies (169).

To further explore this topic, I decided to investigate the physical mechanisms from
which the observed optical emission-lines are developing. According to Dopita & Evans
(1986), the emission lines in the spectrum of individual HII regions are determined by
three main physical parameters, namely the temperature of the stars, T', and thus their
age, the metallicity, and the ionization parameter, U (usually defined as the ratio of the
mean ionizing photon flux to the mean atom density). Using available photoionization
and shocks models that can account for the line emission (148} 160, [I61)), it is possible
to unveil the dominant physical processes taking place in the galactic nuclei and their
vicinity. For this purpose, I used the [Si1]/Ha vs. [N11]/Ha and [O1]/Ha vs. [N11]/Ha
diagrams. This choice has been made by considering that these emission line ratios do
not depend strongly on the age of the stellar population (103 170, I7T).

The left-hand panels in Fig. show the models compared to the optical sample and
the cross-matched optical-radio sample. I found that the position of most objects can
be explained by models with Z = 2 Zg. Solid lines represent different log U values,
ranging from 0 to —6. Dashed lines indicate various ages, from 0.5 Myrs to 3.0 Myrs
(T60).

Models that account for AGN emission, parametrized by a smooth and featureless
power law or broken power law (12} 172, 173}, 174, 175, [I76]), are mainly characterized by
the ionization parameter. Dust is related to the ionization parameter by the amount of
ionizing photons that can be scattered. It is thought to be a fundamental component of

AGN tori, and there is also evidence of dust in the narrow-line region (NLR) (I77, I78).
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5. RADIO EMITTERS AND THEIR OPTICAL COUNTERPARTS

The dusty AGN model from Groves et al. (148), represented in yellow in Fig.
considers a ionization parameter ranging from 10° to 10~%, and spectral index a = —2.0.
The models for shocks without precursors are from Allen et al. (16I). The authors
consider only fast shocks, where the ionizing radiation generated by the hot gas behind
the shock front creates a strong photoionizing radiation field (8| 164, [179). The flux of
the ionizing radiation emitted by the shock, hence the ionization parameter, increases
with the velocity of the shock front (o v3). The magnetic fields in the gas behind the
shock front act to limit the compression through the shock itself. This effect is treated
with the introduction of the magnetic parameter (B/ net’ 2), where the electron density
(ne) is equal to 1 cm™3.
B/nel/2 =0 to 4 uG ecm®/2. Velocities go from 100 km s~! to 300 km s~1.

From the first row of plots in Fig. ([Su]/Ha vs. [N11]/Ha diagrams), it appears

The different values of the magnetic parameter range from

that I am only partially tracing the star formation in the cross-matched sample, since
the left-hand side of the diagrams, where the lines indicating photoionization by hot
massive stars are located, does not represent all the radio emitters. The star-forming
region is indeed mostly populated by sources that do not have strong detected radio
emission, so the models by Dopita et al. (160]) represent the SDSS parent sample better.
The higher emission-line ratios of the rest of the radio emitters could be explained by
shocks and dusty AGNs models. The lines that extend from the central part of the
diagram to the upper right corner represent the full length of the distribution quite
well. In the upper-middle and upper-right panels of Fig. the Seyferts and the
LINERSs of the cross-matched optical-radio sample selected by the [O1]-based diagram
are represented. The emission-line ratios of the Seyferts cannot be fully explained by
the models for shocks and dusty-AGNs that we considered in this work. On the other
hand, LINERs are mostly placed in the region of the diagram that is enclosed by the
sequences for fast shocks and dusty-AGNs, with only a few sources lying in the region
explained by photoionization by young hot stars. The latter are found to have a rather
low [Om1]/Hf ratio. In general, LINERs shift to the upper left-hand corner of the
diagram for increasing [O111]/HB. However, many galaxies of different spectral type
are not explained by these models. The second row of Fig. ([O1]/Ha vs. [Nu1|/Ha
diagrams) shows that neither the cross-matched nor the optical samples are represented

well by models for photoionization by hot massive stars. The Seyferts and LINERs are
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5.3 Discussion

instead confined much better within the fast shocks and dusty AGNs models than in
the [Su]/Ha vs. [N11]/Ha diagram.

5.3 Discussion

5.3.1 Classical diagnostic diagrams

With a cross-matching of optical (SDSS) and radio (FIRST) data, I obtained a sample of
radio emitters with optical counterpart and thus optical spectral information. By using
diagnostic diagrams, I am able to separate AGNs from starburst galaxies, studying the

dependence of this classification on quantities such as Lagem/Liq Or 2.

5.3.1.1 General trend of the full optical and optical-radio samples

In this study of an optical-radio sample of galaxies, I found that a relatively large
number of radio emitters tend to be placed in the transitional or AGN region of the
diagnostic diagrams (Fig. , Table , suggesting a strong connection between the
detection of radio emission/features and the AGN activity. The percentage of detected
AGNSs increases from the [S11] (29,4%) to the [N11] (31,5%) and [O1] (39,1%) diagrams,
partly due to the higher sensitivity of [O1] to shocks. The MPA-JHU subsample of
SDSS galaxies populates a larger area of the SF region instead. The percentage of
star-forming galaxies is maximum in the [Si1] (85,2%) diagram, and the percentage
of pure SFs (without composites) is 67.7% in the [N11] diagram and 78.8% in the [O1]
diagram. This is mainly due to the selection of more starburst galaxies than in the
radio-sample, where the star formation can be observed in the optical but not in the
radio, below the 1 mJy sensitivity threshold.

The galaxy radio emission seems to be a function of either optical luminosity or redshift
(I80). The high number of AGNs among the population of radio emitters has already
been pointed out by other authors (I81I)) but never extensively investigated with a set

of classical and new diagnostic diagrams and by using a large sample of galaxies.

5.3.1.2 Explaining the trend with Logem/Lia

The sample was divided into four equally populated bins with different ranges of log
Logem/ L. The significant variation in the number of galaxies justifies the bin choice,

although I am aware that the errors on the luminosity could affect the distribution of
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5.3 Discussion

the sources within the bins. Although we expect different behavior for FRI and FRII,
with the latter more abundant in the highest Lagem /L bin, where the radio luminos-
ity is higher, it is not possible to prove this with FIRST data alone. Owing to the large
beam size of the FIRST radio survey, most of the galaxies are not structurally resolved,
thus a distinction between jet-dominated and lobe-dominated emitters is not made.

The optical classification displays a peak in the star-forming or composite region of
the diagnostic diagrams for relatively low Logem/Lia values (log Laoem/Lia < 0.716),
while the distribution appears to have a peak in the LINER region when above this
threshold. In all diagrams there is a progressive shift of the sources towards the AGN
region with increasing Lagem/LHa, indicating a change in the galaxy properties (Fig.
. The observed shift in the galaxy distribution, from the SF region of the diagnostic
diagrams to the Seyfert region first and LINER region, could eventually be determined
by two factors. First, the progressive increase in the radio luminosity peak distribution
of about one order of magnitude (from log Logem ~ 29.2 to log Lagem ~ 30.2) is due to
the presence of many AGNs in general, and Seyferts in particular. In this respect, the
larger number of AGNs suggests the radio nature of the nuclear and extended emission.
Possibly, we are looking at low-luminosity AGNs producing radio-emission. Second, the
different Ly, distribution of Seyferts and LINERs, with the LINERs always peaking
for a particular bin at lower Ly, values with respect to Seyferts, assumes its maximum
separation in the last Logem/Lia bin. Here the Ly, distribution of LINERs peaks at its

lowest value, 104!

erg/s, and the Ly, distribution of Seyferts peaks at its highest value,
10%2 erg/s), thus the high Lagem/Lia of the last bin is the reason for the appearance
of a very large number of LINERs.

In Fig. (first and second rows) I show the Lagenm distribution for Seyferts (red) and
LINERs (blue) in the four Lagem/Liq bins. In the first three bins, the distributions
span the same range of values. For log(Lag cm/Lua) > 0.716, the distributions nearly
overlap. In the third and fourth rows of Fig. the Ha flux distribution is shown.
The last bin presents a clear dissimilarity in the distribution of Seyferts and LINERs,
where Seyferts peak at higher values. This suggests that the exponential increases in
the number of LINERs (Fig. most right panels) is probably due to the lower Ly,
values that LINERs present compared to Seyferts.

The [O1]-based diagram (Fig. bottom panels) is the one that represents the ob-

served increase in the number of radio emitters in the LINER region best (from 1%
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5. RADIO EMITTERS AND THEIR OPTICAL COUNTERPARTS

to 50%, see Table for increasing value of Logem/Luqa- This could be due to the
[O1] /Ha ratio, which is particularly sensitive to shocks. However, using the diagnostic
diagrams might present some problems. It is well established that the activity from
the AGN and the star formation inside the host are related, since they depend on the
presence of fueling material (4). Galaxies that do not present strong nuclear radio ac-
tivity could be detected via radio emission arising from supernovae explosions, which
can contribute significantly to the emission at low radio levels. In that case, it is likely
that these AGNs show up as starbursts (low tale of the radio luminosity distribution) or

LINERSs (high radio emission) in the classification provided by the diagnostic diagrams.

5.3.1.3 Explaining the trend with redshift

It has already been noticed in the past that there are more AGNs at high redshift,
and that this could be related to selection effects. At high redshift, we are likely to
select powerful emitters such as Seyferts, while LINERs seem to be traced by radio-
emission coming from shocks, so they are easier to find at higher radio luminosities. 1
explored the dependence of the optical galaxy classification on the redshift by dividing
our sample of radio emitters into four different redshift bin. The classification appears
to slightly depend on the redshift. The number of classified AGNs increases almost by
a factor 2 from the first to the fourth redshift bins (Fig. . This is true for both
AGN classes, with a small difference between LINERs (the average factor is equal to
1.65, based on the statistics of the [O1]-based and the [S11]-based diagrams, Table
and Seyferts (1.95). This suggests that the AGN detection rate could be biased against
the higher number of powerful sources, such as Seyferts, which are detected at higher
redshifts. At the same time, it does not exclude AGNs and high redshift being in a

genuine relation.

5.3.2 Recent diagnostics

The WHAN diagnostic diagram can help shed light on the nature of the emission lines
in the LINER-like spectra of galaxies selected with the classical diagnostic diagrams.
Figure shows that Seyferts (selected by using the traditional [O1]-based diagnostic
diagram) are mostly placed in the SAGN region and only a few of them are located in
the wAGN region. Their number density drops at log [N11]/Ha < —0.3, before reaching
the left boundary with the SF region. LINERs mostly appear in the wAGN region,
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5.3 Discussion

but they are spread in the RG and sAGN regions as well. One of the possible reasons
for the misclassifications of these objects could be the selection of AGNs from the [O1]-
based diagram. A full consistency between the latter and the WHAN diagram cannot
be achieved.

Figure[5.6] as well as Fig. [5.2] display how the separation between Seyferts and LINERs
becomes more pronounced in the last Lagem /L bin, where many LINERs are identi-
fied, indicating general agreement between the classification provided by the different
diagnostic diagrams.

I found the use of the WHAN diagram complementary to the one of the classical di-
agnostic diagrams, as the former is the only current optical diagnostic tool that can
further distinguish between objects with LINER-like emission. In particular, the radio
sources of the radio-optical sample are more likely to be identified as true LINERs
(wAGN) than as passive galaxies, suggesting that photoionization by old stars possibly

gives only a minor contribution to line emission.

5.3.3 Photoionization and shock models for the [Si1]/Ha vs. [N11]/Ha
and [O1]/Ha vs. [N11]/Ha diagrams

The presence of a large number of LINER-classified galaxies in the classical diagnostic
diagrams does not imply a high detection rate of central engine-dominated objects.
In particular, for radio-selected sources, the observed high fraction of LINERs can be
due, for example, to the detection of radio jets, as well as of SNe-driven winds. A large
fraction of radio emitters are found to be AGNs (see Table 7 thus their emission-line
ratios are expected to be at least partially explained by shock and dusty AGN models,
and less by star formation. The star-forming region is, indeed, mostly populated by
sources that have shallow radio emission. Models of photoionization by hot young stars
(I03) can nicely explain the star-forming region (left wing of the seagull) in the classical
diagnostic diagrams. Regarding the right wing of the distributions, where the AGNs
are located, a comparison with photoionization models (99) shows that radiation from
old metal-rich stellar populations can explain the emission-line ratios that are typical
of LINERs. On the other hand, these models do not work well for Seyfert, which could
be explained by other mechanisms producing the observed emission lines.

In Fig. ([Su]/He vs. [Nu]/Ha diagram, first row), the star formation models by
Dopita et al. (I60) represent the SDSS parent sample better than the cross-matched
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5. RADIO EMITTERS AND THEIR OPTICAL COUNTERPARTS

radio sample. Although the bulk of the radio emitters are placed in the region of the
diagram that is enclosed by the models for star formation, shock and dusty-AGN models
could account for most of the cross-matched sources that are found to be AGNs, and
LINERs in particular (upper-middle and upper-right panels). However, many radio
emitters are placed in regions of the [Si1]/Ha vs. [N11]/Ha diagram that the chosen
models cannot predict. This is especially the case for Seyferts. This points to the
possibility that these objects have emission-lines that can be explained by multiple
mechanisms acting at the same time, e.g. to produce the higher [N11]/Ha ratio that no
model can predict. The [O1]/Ha vs. [N11]/Ha diagram (Fig. second row) does not
show any Seyfert or LINER of the radio-selected sample in the region enclosed by the
star formation models, but it shows more clearly that the AGNs (most of the Seyferts
and almost all the LINERs) are best represented by shock and dusty AGN models.
These diagrams show that, as mentioned before, the radio sources are drawn from a
metal-rich population, whether starburst, LINER, or Seyfert-dominated.

However, this is not sufficient to disentangle the complicated “nature of LINER” issue.
What we can say is that some LINERs are triggered by mechanisms responsible for
shocks, thus they are linked to radio-emission and easily identifiable with increasing
Looem/ Lo values. I acknowledge that this evidence is just a step in unveiling the

nature of LINERs, so further studies are required to provide a thorough investigation.

5.4 Conclusions

Main findings and conclusions follow:

e The requirement of detected radio emission predominantly selects active galaxies,
a considerable number of AGNs and metal-rich starburst galaxies, where the
radio-emission mainly has a stellar origin. Radio emission correlates with optical
emission-line ratios, so a cross-match allows us to classify and study radio emitters

according to their optical spectral identification.

Emission-line diagnostic diagrams show that many radio emitters are classified
as AGNs with increasing Lagem/Liq. In particular, the increase in Logem selects
powerful radio emitters such as Seyferts, while the decrease in Ly, strongly con-
tributes to the selection of a considerable fraction of galaxies with LINER-like

emission.
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e The higher number of identified AGNs with increasing values of factor z from
the first to the fourth redshift bin can indicate a true correlation between these
quantities, as well as a bias, related to the selection of the most powerful radio

emitters.

Emission-line diagnostic diagrams are useful tool for classifying sources according
to the main ionizing mechanism producing emission lines, though the classifica-
tion depends on the choice of the chemical species that is used in the diagram. In
general, we found good agreement between the classifications given by the clas-
sical diagnostic diagrams and the [N11]/Ha vs. equivalent width of the Ha line
(WHAN) diagram. Diagnostic diagrams can only give hints on the nature of the
observed emission-lines, making a complementary comparison between data and

models necessary.

While the star-forming sequence in the diagnostic diagrams can be successfully
fit by photoionization models, the AGN region seems to collect objects whose
observed emission lines are due to different processes. Most of the radio emitters
of the sample, which are mainly classified as LINERs at high Lagem/Lua values,
have emission lines whose ratio can be explained by fast-shock and dusty-AGN
models. Shocks, closely linked to the presence of radio emission, can be produced
both by stars and AGNSs, so that unveiling the nature of LINERSs requires a more
detailed study.

By using diagnostic diagrams, it is possible to select populations of LINER-like
objects and further distinguish between the “true-AGNs” and the galaxies whose
emission is produced by old stars. For this radio-selected sample, LINERs are
more like true AGNs than retired galaxies. Resolving the spatial radio structure
of these groups of LINER-like objects, as well as Seyferts that are particularly
bright in the radio, would help us shed light on the physical mechanisms that are

responsible for the observed radio luminosity and optical emission-line ratios.
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6

Galaxy evolution across optical

emission-line diagnostic diagrams

6.1 Introduction

Radio-source spectra can be in general described as power laws (.S, o v%, where « indi-
cates the spectral index). While this approximation is fairly good at meter-wavelength,
surveys at cm wavelengths found that spectra can differ from the classical power-low
shape, showing flattenings and/or rises to the high frequencies, or humps in the radio
regime (see review from De Zotti et al., [I82 and references therein). AGN-powered
radio sources are classified in two categories: steep- (with o < —0.5) and flat-spectrum
(o > —0.5). Steep-spectrum sources show extended double-lobed structures, while the
flat-spectrum objects are mostly point sources. The shape of the integrated spectra
can be considered as the result of different components, each of them being domi-
nated by a physical process responsible for emission in the radio source. For example,
the compact nature of flat-spectrum sources points to the synchrotron self-absorption,
namely the re-absorption of radiation by the synchrotron electrons caused by the high
energy of the synchrotron radiation itself, as the main emission mechanism. Sources
that posses an intense magnetic field usually have an enhanced synchrotron emission.
However, a source having a steep- or a flat- spectrum depends on its orientation as
well. An observer’s line of sight close to the jet axis of the source offers a view on
the base of the jet. The jet base is compact, Doppler-boosted, which means that the

observed flux is magnified by relativistic effects of the jet traveling at ~ ¢ speed and
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shows a flat spectrum. This special class of objects for which it is possible to spot
the black hole is addressed as blazars. The same objects observed from the side have
radio low-frequency emission dominated by the lobes instead, which are optically thin
and show a steep spectrum. Optical thickness measures the transparency of a medium
to radiation, and is defined as the negative natural logarithm of the fraction of light
that is not scattered or absorbed on a path. A dusty torus hides the accreting black
hole (I83). Since the emission of source components peaks at different frequencies (e.g.
nuclear emission peaks at higher radio frequencies than the lobes emission), the power
law approximation of the spectral shape of a radio source holds only when we consider
a limited frequency range. Moreover, at high frequencies the steeping of the spectra
by electron energy losses (the “aging” of the radiation), and the transition from the
optically thick to the optically thin synchrotron regime of compact sources, contribute
to the production of complex spectra. The radio emission from star-forming galaxies
is mostly due to optically thin synchrotron emission, coming from relativistic electrons
interacting with the magnetic field of the galaxy, but a significant contribution comes
from the ionized interstellar medium via free-free emission, which is produced by free
electrons scattering off ions without being captured. At mm wavelengths the radio
emission starts to be swamped by thermal dust emission, which causes the spectrum
to rise steeply with frequency.

The local luminosity function (LLF) describes the local space density of sources as a
function of luminosity. It has been found that radio AGNs dominate the LLF above
S1.4cuz =~ 10 mJy, where S is the flux density. At lower values, another population
becomes important, namely the nearby galaxies, whose emission is triggered by star
formation. A common way to identify the main source of the emission is to use the
optical emission-line diagnostic diagrams (see Chapter 1). However, even if a source is
classified as AGN in the diagrams, the radio emission may not be of nuclear origin. An
important hint of this is the fact that most AGNs (90%) are radio quite. This statement
opens the door to multiple discussions on the validity of radio loudness as an important
physical property of galaxies (I15]), and on the possibility of optical and radio emission
to be still related but delayed with respect to each other, or the latter to have a more
cyclic character (i.e. can occur many times, at different stages of galaxy evolution).
However, radio emission and star formation are correlated (184 [185], 186, [I87) because

stars are source of radio synchrotron emission (via SNe explosions), dust heating (whose
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emission peaks at far-IR frequencies), and UV-optical emission (from hot young stars).
Some attempts to study the correlation between AGN activity and evolution of host
properties in the radio-optical regime have been already made in the past by using the
large SDSS sample combined e.g. with FIRST, or NVSS (711 [73| 109, 147, I81). In
Ivezic at al. (7)), the radio emission from AGNs turns out to be more concentrated
than the radio emission from starburst galaxies, as we expect from the nuclear origin
of AGN emission. Radio emission is point-like in compact quasars detected at high
redshift, while local galaxies tend to have larger radio sizes. This suggests that a sig-
nificant amount of the radio emission either originates outside the nuclear region or
that the radio lobes are resolved. In Vitale et al. (73), the relative number of AGNs
increases with the radio luminosity over the luminosity of the He line. In particular,
the trend is prominent in case of LINERs. This is consistent with the differences in
the radio luminosity functions of starburst and AGNs (151}, [I88). Best & Heckman
(I58) used a sample of radio-loud AGN drawn from the SDSS DR7 to study the “high
excitation” and the “low excitation” radio galaxies (HERG and LERG, respectively,
also indicating the “quasar mode” and the “radio mode” of AGN feedback) and found
that HERG are in bluer and younger hosts, accreting at more efficient rates (1 — 10%
of Eddington accretion rate), while LERG show a passive evolution and accrete at very
low rates (< 1%). The authors speculate that this might be due to mergers or inter-
actions. Moreover, HERG present lower stellar and black hole masses than LERG at
same radio luminosities. According to these findings, the two populations of HERG
and LERG could roughly correspond to Seyferts and LINERs.

Due to selection biases, different surveys count more objects belonging to one class or
the other. For example, a 1.4 GHz survey as FIRST or NVSS mostly selects steep-
spectrum sources. Moderate and low-luminosity flat- or inverted-spectrum sources are
mostly found to be BL Lac objects, while very weak, inverted-spectrum radio sources
whose hosts are passive ellipticals could represent late phases of AGN evolution. These
sources might be dominated by Advection-Dominated Accretion Flows (ADAFs), or
Adiabatic Inflow-Outflow Solutions (ADIOS). Rees et al. (I89) proposed that the final
stage of gas accretion onto the black hole in massive elliptical galaxies might occur via
ADAF, which require a very low radiative efficiency. In the ADIOS scenario (190) the
outflow can be responsible to carry mass and angular momentum out, suppressing the

radio emission from the most inner regions of the galaxy. Surveys at v > 5 GHz are
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dominated, at high flux densities, by flat-spectrum sources. In these cases, the spectra
also show higher complexity (e.g. bumps and inversions) and cannot be represented
by simple power-lows. This complex spectral shape might result from the presence of
peaked (self-absorbed) components, relativistically beamed along the line of sight (e.g.
blazars).

To understand the role of AGN-feedback in the current scenarios of galaxy evolution
and the connection between nuclear activity and development of the observed physi-
cal properties of the host, a study in the radio-optical domain is crucial to unveil the
AGN/host coevolution, including the physical mechanisms that trigger the production
of the emission lines or the radio-activity. In the scenario where powerful (predomi-
nantly high excitation) and weak (predominantly low excitation) radio AGNs represent
different (i.e., earlier and later, respectively) stages of the blue-to-red galaxy evolution
(I02)), the triggering of radio AGN activity is a strong function of host galaxy proper-
ties, linked to different stages of galaxy formation.

Despite lacking univocal observational evidence for the existence of a galaxy sequence
along which all the spectral and morphological types can be represented, this thesis work
aims at highlighting the chance of tracing galaxy evolution in diagnostic diagrams by
using combined optical and radio properties. In particular, I make use of observations
at the Effelsber 100m telescope at 2.8 and 6 cm (10.45 and 4.85 GHz, respectively, see
Chapter 3) to calculate spectral indexes and study the differences between star-forming
galaxies, composite galaxies, Seyferts and LINERs, looking for possible evidence of an

evolutionary sequence across the optical emission-line diagnostic diagrams.
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Figure 6.1: Diagnostic diagrams of the cross-matched optical-radio (grey) and Effelsberg (blue) samples. The curves in the right
panel ([NII]-based diagram) were derived by Kewley et al. (25) (dashed) to set an upper limit for the position of star-forming
galaxies, and by Kauffmann et al. (@) (three-point dashed), to trace the observed lower left branch (purely star-forming galaxies)
more closely. The dividing line between Seyferts and LINERs was set by Schawinski et al. (28). In the middle ([SII]-based diagram)
and right ([OI]-based diagram) panels, the demarcation curves are by Kewley et al. (26).
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6.2 Low-ionization emission-line diagnostic diagrams of

the Effelsberg sample

In this study based on Effelsberg data (see Chapter 2) I make use of low-ionization
emission line diagnostic diagrams to separate galaxies into four different spectral kinds:
star-forming galaxies, composites, Seyferts, and LINERs. Low-ionization emission-line
diagnostic diagrams (23} 24} 94, 106, 107, 136, 148, 1T49) are largely used by the as-
tronomical community to classify galaxies according to the main contributions to line
emission - photoionization by hot stars and/or SN-driven shocks from HII regions,
photoionization by disk accretion or fast shocks from AGN, or both. In general, AGNs
differ from star-forming galaxies because their ionizing fields have a high energy com-
ponent. Behind the fully ionized region, there lie large partially ionized regions, which
are kept hot by X-ray heating. It is in these regions that the [O1], [N11] and [S11] lines
are generated efficiently.

In Fig. the sources that I observed at the Effesberg telescope are distributed
according to the relative strength of their emission lines. The SF region appears un-
derpopulated, because the Fype, > 100 mJy cut mainly selects AGN. Seyferts have
strong [OIII]/HB, [N11]/He, [S11]/Ha and [O1)/Ha (i.e. a wide range of ionization
degrees). LINERs have lower ionization degree, which means weaker [OIII]/HS but
still strong [N11]/He, [S11]/Ha and [O1]/He. HII regions have much weaker [O1]/Ha
and slightly weaker [N11)/Ha. For this reason, the [O1]-based diagram is particularly
useful to separate star-forming galaxies from AGN and, further, to distinguish Seyferts
from LINERs. HII regions lie along a sequence in metallicity, of which [N11] is an indi-
cator (134, [135)). Low-metallicity galaxies have higher ionization and [OIII]/Hf values
comparable to those of Seyferts. The [N11|/Ha ratio presents a saturation point above
which any further increase is only due to AGN contribution (26, [103).

In the [N11]/Ha versus [OIII]/HfS or Baldwin-Phillips-Terlevich (BPT) diagram (Fig.
right panel), galaxies are distributed in two arms, representing star-forming galaxies
and AGNs. Some of the AGN and composite galaxies occupy the star-forming regions
of the other diagrams. This is especially the case for the [S11]/Hea versus [OIII]/HS di-
agram (Fig. middle panel). The effect is thought to be related to the enhancement

of [S11] lines in starburst galaxies, due to the mechanical energy released into the gas

92



6.3 Results

sfos Composites Seyferts LINERS

Number of sources
Number of sources
Nurnber of sources
Nurnber of sources

oINS o 07 A — o - 0 0

20 25 30 35 40 45 20 25 30 35 40 45 20 25 3.0 35 40 45 20 25 30 35 40 45
log R log R log R log R

Figure 6.2: Radio-loudness distribution for each spectral kind as classified by the [NIIJ-
based diagram. Star-forming galaxies are in blue, composites in purple, Seyferts in green
and LINERs in red. In each panel, sources to the left of the dashed line (log R = 2.4) are
radio quiet, while sources to the right are radio loud (Panessa et al. 2007). The overall
Effelsberg sample is shown in grey.

SFGs Composites Seyferts LINERs
6 19 42 52
R mean R median | R mean R median | R mean R median | R mean R median
2.66 2.61 2.61 2.58 2.74 2.72 2.83 2.70
Quiet Loud Quiet Loud Quiet Loud Quiet Loud
2 4 4 15 8 34 7 45

Table 6.1: Statistics on the radio loudness of the sample. Row.1: Number of galaxies per
spectral class as inferred from the [NII]-based diagram. Row.2: Mean and median values
of R (radio loudness). Row.3: Number of radio-quiet and radio-loud objects per spectral

class.

by supernovae and stellar winds (also called shock ezcitation ,[136])

6.3 Results

6.3.1 Radio loudness

Galaxies can be classified into two families, radio quiet and radio loud, depending on the

value of their radio luminosity (Lg) over their optical luminosity (Lo). Log Lr < 2.4%

log Lo in case of radio quiet objects, and log Ly 2 2.4x log Lo in case of radio loud

galaxies (I91I)). It is commonly accepted that only 10% of AGNs are radio loud. In radio

loud AGNS, the biggest contribution to the integrated radio luminosity comes from the

compact nucleus, or the extended lobes. Seyfert galaxies are considered as “strong”

AGNs when observed at optical wavelengths, but are mostly radio quiet. LINERs, on
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the other hand, can be either radio quiet or loud. They are often addressed as “weak”
AGNs, since they show narrow-emission lines of moderate strength.

Note that the radio loudness classification is to some degree arbitrary, as there is a
continuum of radio loudness values, with no obvious bimodality in this distribution.
Radio loudness suffers from selection effects. As radio galaxies are selected to have
high radio luminosities, this results in large values of R and the lack of many low-
power galaxies and AGNs (I5I). This is the case for our sample, where the lower limit
in radio flux density (Fiscn, > 100 mJys) selects strong radio emitters, leading to a
quite severe selection bias. In the optical regime, radiation from star-forming galaxies
could be suppressed by dust, which would result in high radio-optical flux ratios (192)).
These sources are, however, mostly revealed as submillijansky and microjansky radio
sources placed at high redshifts (z 2 1, see [193)), and are excluded from our sample.
Another problem arises when computing the optical luminosity. A correct computation
of the R parameter would imply a method to subtract the contribution of the host to
the overall optical emission, e.g. via galaxy image decomposition, which disentangles
nuclear and bulge components. This technique, although powerful, can be used on high-
resolution images only, and at best for local sources. When the host-light subtraction
is not achievable, cetral optical luminosity is the next good option. Unfortunately,
the Effelsberg sample has been selected to avoid aperture effects. Thus, the 3”7 SDSS
fibers collect light from the galaxy nuclear regions as well as from the bulge, and we
cannot retrieve central luminosities. All this evidence suggests that radio loudness
varies strongly for different galaxy populations, and it is arduous to estimate R for a
mixed sample of radio-bright star-forming galaxies and AGNs placed at intermediate
redshifts. We nevertheless calculate the radio loudness seeking for broad trends in our
sample.

The sample I have observed at Effelsberg is composed by 6 SFGs, 19 composites, 42
Seyferts, and 52 LINERs. In the local universe, powerful AGN are rather rare objects
and we would expect the percentage of radio-loud sources to be low. However, this
intermediate-redshift (0.04 < z < 0.4) sample has been selected to have high radio
fluxes at 20 cm, and this leads to the selection of many radio-loud sources. I calculate
the radio loudness (R) of the sample by using the logarithmic ratio between the 4.85
GHz integrated flux and the g-band and r-band observed flux densities in Jy (calculated
from SDSS DR7). There is no obvious bimodality in R as seen in the overall Effelsberg
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sample (Fig. . The dividing line, though, corresponds well to the location of the
peak in the observed radio loudness distribution. I found that 98 (82.3%) of our radio
emitters are radio loud, and 21 (17.6%) are radio quiet. Radio loudness for each spectral
class is also shown in Fig. [6.2] and the statistics are listed in Tab. [6.1] LINERSs are the
most radio loud objects of the sample (mean R = 10*#3 median R = 10%7) and their
R reaches values of R ~ 10%70. Seyferts and LINERs show a gaussian distribution,
with peaks at R ~ 1027
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6.3.2 Radio spectra

Fig. shows the three-point radio spectra, divided by spectral classes as in Fig.
(right panel). Mean spectra are represented in red. Most of the spectra are rather
steep, especially when lying in the SFG or Seyfert region of the diagnostic diagram. A
few spectra seem to peak at around 5 GHz. This is usually an indication of extremely
compact sources (GHz-Peaked Sources or GPEEI, and Compact Steep Sources sources or
CSS?I), whose nuclear radio emission peaks at high radio frequencies (up to ~ 5 GHz),
giving the spectra an “humped” look. A few other sources show a concave shape in-
stead. This is because sources show both the emission contribution from the extended
structures (lobes, which have steep spectra) at v < 5 GHz, and from the nucleus, which
makes the spectra rise at frequencies higher that 10.45 GHz (inverted spectra). How-
ever, it must be mentioned that Effelsberg data (4.85-10.45 GHz) correspond roughly
to the radio emission from the core. This is because the lobes, when present, emit at
lower frequencies, due to the aging of the synchrotron radiation. Therefore, we assume

that the flattening of the spectral index comes almost exclusively from core activity.

6.3.3 Spectral index and spectral curvature

In general, high radio-flux sources are found to be powerful AGN, while the fainter
sources include many more normal or starburst galaxies. At GHz frequencies, it is
more common to observe compact flat spectrum AGN. In Fig. [6.4] a set of histograms
show the spectral index distributionf’| as derived for the data at 4.85 and 10.45 GHz for
star-forming, composite, Seyfert, and LINER galaxies. The mean error on the spectral
index iS 04 mean = 0.22, while the median is 04 median = 0.14, estimated from the

theory of the propagation of errors:

oo = 1 « (UF4,85)2 + (UF10,45)2 (6 1)
“ 7 1og(10.45/4.85) Fyg5 Fio.s ’

where 10.45 and 4.85 are the observing frequencies in GHz, o, o, and o, ,, are the

errors on the fluxes, and Fy.g5 and Fjg45 the observed fluxes.

The grey histograms of the overall population show one peak at a ~ —0.7 and another

1GPS are compact sources whose radio emission peaks at GHz frequencies. They have been hy-
pothesized to be young sources, progenitors of the more extended radio galaxies.

2(SS are compact sources whose radio emission decreases with the frequency.

3The spectral index is defined as o in F o 1.
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Figure 6.4: Spectral index distribution per galaxy spectral class. Colors indicate the
spectral classes according to the [N1I]-based diagnostic diagram. The overall Effelsberg
population is plotted in grey.

(tentative) one at o ~ —0.2. As suggested by previous studies (I94), at 5 GHz the
spectral index distribution shows indeed two peaks. The highest peak is at a ~ —0.7,
while the second is at @ ~ 0. It has been shown that, at short cm-wavelengths,
the distribution has still a bimodal shape, with the most prominent peak at o ~ 0.
The overall « distribution for the Effelsberg sources does not show clear bimodality.
Seyferts and LINERs span a wider « range than star-forming galaxies and composites.
As a comparison, I calculate the spectral index for the 1.4 GHz (FIRST) and 4.85 GHz
(Effelsberg) non-simultaneous data. I then calculate the spectral curvature (C), defined
as ([4.85-10.45GHz] — ([1.4-4.85GHz] following Gregorini et al. (I95). Spectral curvature
includes the effect of spectral variability, i.e. change in the spectral slope between
1.4 — 4.85 GHz and 4.85 — 10.45 GHz. Variability can be due to flux increase at the
highest frequencies of the spectral range, because of the flaring of the compact nucleus
on short time scales. FIRST data were collected about 18 years ago, so a change in the

spectral index on time-scales of years may be associate to nuclear variability.
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Variability on short time scales (days to years) is a secure signature of AGN ac-
tivity, and can be addressed as a method to select those objects from a galaxy survey.
Surprisingly, the cases of highest variations in the spectral indexes as calculated at
different frequencies are not associated with blazars or blazars candidates (according
to NED classification).

Fig. [6.5 shows cumulative histograms of the spectral indexes, divided per spectral
classes. Here I call the spectra “steep” when o < —0.5, “flat” when —0.5 < o < 0,
and “inverted” when a > 0. In the top panel it is shown that most of the sources
have a rather steep spectrum between 1.4 and 4.85 GHz. Seyfert galaxies dominate the
distribution, though they are not the most abundant spectral class in the sample. On
the other hand, LINERs show the highest number of flat and inverted spectra at these
wavelengths. At the higher Effelsberg frequencies (4.85-10.45 GHz, middle panel), the
number of steep-spectra sources slightly increases, especially in case of LINERs. The
bottom panel of Fig. shows the spectral curvature. Curvature classes are: concave
(C >0.1), flat (0.1 < C < 0.1), and humped (C < —0.1). Seyferts dominate the
“concave” and “flat” distributions, while LINERs are the class of objects showing the
highest number of “humped” spectra, peaking at ~ 5 GHz. Following the relation
between turnover frequency, source size, turnover frequency and peak flux density, as
well as magnetic field strength (I96) this implies that the high frequency emission of
Seyferts along the division line between Seyferts and LINERs in the [N11] diagram
is dominated by (milli)arcsecond sized radio core components, whereas the emission
of LINERs is dominated by larger source components. Those could be due to (up
to several) milliarcsecond sized components that may be associated with nuclear jets,
compact working points in radio lobes, or very compact wind/shock regions that are
bright in the radio domain.

Fig. shows the spectral index distribution in the BPT diagnostic diagram. In the
left panel, only sources with S/N> 3 are represented. Flat (green-yellow) and inverted
(orange-red) sources in this 119-galaxy sample are mainly clustered along a diagonal
line that extends from the end of the star-forming sequence to the Seyfert region. The
spectral index “flattening sequence” roughly follows the division line between Seyferts
and LINERs. An extra region of spectral flattening is located at the bottom of the
LINER region, close to the composites-division line. In the right panel, also sources

with S/N< 3 are represented. With a better statistics, the plot shows the same trend
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as in the left panel.

In Fig. [6.7]1 check whether the flattening of the spectral index is only present in case
of radio loud objects. In the left panel, I plot the radio-quiet galaxies. Though most
of the radio quiet sources have steep spectra (a4.g5-10.456H < —0.5), the sources with
flat/inverted spectra (04[4,85_10'45GHZ] > —0.5) are located along the sequence described
above. Outliers have steeper spectra. The trend is even clearer in the right panel of

Fig. [6.7} where the radio-loud galaxies are shown.
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6.3 Results

Fig. illustrates the spectral curvature distribution in the BPT diagram. The
diagram shows a clearer difference between Seyferts and LINERs with respect to the
spectral index distribution in Fig. [6.6l This is because star-forming galaxies and
Seyferts tend to have a zero or positive curvature, indicating flat or concave-shaped
spectra, while LINERs show more humped spectra, as shown if Fig.

Fig. shows the correlations between spectral indexes and spectral curvature for star-
forming galaxies, composites, Seyferts and LINERs. Composite galaxies and LINERs
are spread over the diagram. Star-forming galaxies show humped spectra only in one
case at frequencies between 4.85 and 10.45 GHz (left panel). Seyfert galaxies are more
clustered in the “flat curvature” part of the diagrams, though still a few of them show

humped or convex spectra.
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Table 6.2: Sources observed with the Effelsberg telescope at 10.45 and 4.85 GHz. From left to right: redshift (z), coordinates
(RA, DEC), integrated flux density at 1.4 GHz (Fj1.4cHz) in mJy, flux density at 10.45 GHz (Fji0.45aH2) in Jy, its error (Err), flux
density at 4.85 GHz (Fjs.s5cHz) in Jys, its error (Err), optical morphology (M,) from SDSS images, radio morphology (M) from

FIRST images, activity type (Activity) from NED, and spectral classification according to the [OI]-, [SII}-, [NII]-based diagnostic

diagrams (OIg4, SII4, NIIg). Optical morphology: “E” stands for elliptical, “Cl” for cluster,
“PM” for post merger, “Comp” for compact and “int” for interacting. Radio morphology:

for not asymmetric tales (lobes), “Extend” for extended source, “Asym dbl” for asymmetric

radio-loud, “Blaz” for blazars, “c” for candidate.

“S” for spiral, “SB” for barred spiral,
“PS” stands for point source, “NAT”
double. Activity type: “r-1” stands for

z RA DEC___ F[1 4GHs__ Fl10.45GHz] Bt Fly s5GHg] Err M, M, Activity Ol Slly Ny
0.298 204.38 0.5913 127.25 0.1366 0.0015 0.1552 0.0027 E PS BLLAC L SF C
0.106 176.30 -2.994 108.93 0.0875 0.0374 0.1213 0.0281 E PS AGN L SF C
0.112 185.30 816 105.55 0.1516 0.0036 0.1628 0.0108 E PS AGN L S S
0.182 184.48 -3.623 208.86 0.0366 0.0043 0.0711 0.0029 BE PS AGN S S S
0.247 261.84 55.181 149.13 0.2200 0.0034 0.1624 0.0030 E/C1 PS L L L
0.041 222.34 63.270 2922.8 0.4338 0.0049 0.9249 0.0047 SBO PS/FRI? Sy2 S S S
0.105 240.69 52.732 575.70 0.0886 0.0078 0.1876 0.0024 SO0/E PS Syl L L L
0.179 239.86 53.515 182.35 0.0282 0.0096 0.0555 0.0019 E PS Sy2 S L S
0.224 251.08 45.779 115.05 0.0684 0.0008 0.1020 0.0024 E lobes/FRI? BLLAC ¢ SF SF L
0.084 181.02 2.4118 145.27 0.0602 0.0031 0.1196 0.0031 E/S0 lobes SF SF C
0.050 159.13 2.3626 202.42 0.0518 0.0000 0.1033 0.0029 S/PM Double PS HIT SF SF C
0.370 223.41 3.9926 378.48 0.0893 0.0035 0.1575 0.0028 B PS L L L
0.086 323.38 -7.213 193.21 0.0376 0.0000 0.0597 0.0018 S PS AGN S S S
0.040 119.61 37.786 225.50 0.4315 0.0012 0.9773 0.0069 S0 Jets/FRII L L L
0.131 127.91 46.133 130.74 0.0732 0.0116 0.1008 0.0034 E PS L L L
0.225 143.62 3.0959 292.08 0.0521 0.0023 0.1071 0.0013 E PSs L L L
0.319 119.09 35.911 423.67 0.0907 0.0000 0.1653 0.0027 B PS SF SF SF
0.055 129.15 44.019 139.30 0.0394 0.0046 0.0609 0.0007 SO PS AGN S S S
0.097 155.57 0.5139 167.36 0.0482 0.0012 0.0824 0.0030 S0 PS AGN L L L
0.096 159.02 0.1018 109.91 0.0774 0.0019 0.1953 0.0036 Scd Jets/FRII L SF L
0.187 235.82 2.5976 0.0699 0.0035 0.1481 0.0027 E PS Sy2 SF SF C
0.263 201.08 4.3186 155.16 0.0179 0.0015 0.0413 0.0011 B PS AGN L L C
0.133 211.78 4.8837 109.33 0.0347 0.0378 0.0391 0.0002 E PS AGN L SF C
0.095 228.85 4.3627 138.32 0.0381 0.0039 0.0726 0.0030 S PS HIT SF SF SF
0.052 230.34 4.3418 155.38 0.2662 0.0008 0.3424 0.0048 E/S0 Jet? SF SF (o}
0.190 234.65 209.83 0.0505 0.0012 0.0902 0.0025 E PS Sy2 S S S
0.149 206.32 374.64 0.0805 0.0023 0.1432 0.0037 E/S0 PS AGN/r-1 L L C
0.239 207.65 104.48 0.0271 0.0004 0.0453 0.0004 E Ps? AGN S S S
0.166 208.09 552.19 0.0778 0.0070 0.1797 0.0036 E PS S S S
0.132 214.17 101.12 0.0392 0.0000 0.0711 0.0033 E/S0 PS AGN L SF (o}
0.137 234.47 B 107.55 0.0250 0.0034 0.0431 0.0022 E PS Sy2/NLAGN S S S
0.266  223.16  6.4606 291.60 0.0805 0.0011 0.1683 0.0027 s PS s s s
0.102 229.69 6.2322 210.86 0.1348 0.0095 0.2368 0.0034 S0 NAT/jet? SF SF C
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0.195
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0.266
0.082
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0.084
0.151
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0.214
0.129
0.117
0.099
0.076
0.151
0.079
0.115
0.206
0.206
0.083
0.152
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0.082
0.132
0.061
0.109
0.135
0.148
0.241
0.095
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0.112
0.099
0.098
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0.062
0.230
0.289
0.078
0.045
0.091
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0.079
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0.089
0.155
0.112
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122.41
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222.33
162.71
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212.95
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0.063
0.134
0.349
0.250
0.135
0.214
0.178
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0.144
0.187
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0.180
0.238
0.066
0.212
0.163
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Figure 6.10: Spectral index distribution in the additional low-ionization emission-line
diagnostic diagrams. The [O1]-based and the [S 11]-based diagrams show 100 galaxies each.

Tab. contains general information about the sample, such as redshift, coordinates,
fluxes, morphological and spectral classifications. Fig. shows the [O1]- and the
[S11]-based diagnostic diagrams. Here a flattening of the spectral index along a sequence
is not well visible as in Fig. probably due to the fact that the composite region

which is present in the [N11]-based diagram is not shown in the other two diagrams.

6.3.4 Black hole mass

I calculate the black hole mass from the scaling relation with stellar velocity dispersion

according to Gueltekin et al. (197):

Mppg = 8.12 + 4.24 x log (6.2)

7
200 km/s

The stellar velocity dispersion measurements are from the SDSS DR7. Fig. shows
the Mppy distribution in the BPT diagram. The objects with the highest black hole
masses (Mpy > 10%° Mg)are mostly located in the LINER region of the diagram. For
a few objects (indicated with white circles) the determination of the black hole mass is
not reliableﬂ The latter objects are not isolated cases of stellar velocity dispersion mis-

measurements, but they occupy precise regions of the diagnostic diagrams of the parent

1 According to error flags on the measurement of o, which is measured from the Balmer lines.
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Figure 6.11: Black hole masses distribution. The color bar indicates Mpy in solar
masses, where blue means low black hole mass and red means high. White circles indicates
sources where the SDSS measurement of the stellar velocity dispersion is not accurate. The
crossed circle indicates again a non reliable measurement, which has not been flagged in
the SDSS catalog.

sample (cross-matched SDSS-FIRST). In particular, I checked the SDSS morphology
and identified the Seyferts that have very high [OIII]/HS with the newly discovered
population of “green beans” galaxies (I98). These objects appear green in the SDSS
images, and often show signs of perturbed morphology and post-merger activity. The
perturbations the green beans undergo could be an explanation for the stellar velocity
dispersion mismeasurements. A second class of objects, having extremely high black
hole masses (> 109710 M) and located on the left-hand side of the diagram, may be
part of the “green peas” population (199). Green peas are associated with starburst
activity and are very compact, blue-green galaxies showing merging activity. Accord-
ing to Cardamone et al. (I99), the green peas might be the downscaled version of

high redshift massive merging galaxies, observed in the local universe due to the mass
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Figure 6.12: Black hole mass versus radio loudness for some selected galaxy samples (top
panel) and for the Effelsber sample alone, divided by spectral types (bottom panel).
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downsizing (less massive galaxies evolve in a longer interval of time). It is interesting to
notice that the black-hole mass distribution for the Effelsberg sample (and even clearly
for the parent sample, because of a much better statistics) points to a transition from
low-metallicity star-forming galaxies to composites and LINERs, where the latter are
found to be the galaxies harboring the most massive black holes. However, one can
notice that high black-hole mass values do not cluster in any particular region of the
diagnostic diagram.

Fig. shows the Mpp — R plane. The upper panel shows that the sample is mostly
consistent with broad-line radio loud galaxies. The lower panel shows that the four
spectral classes are almost equally spread in. The least radio-loud objects are compos-

ite galaxies, while AGNs (Seyferts, LINERs) have the highest BH masses.

68+562811.6 [J123200.48+331745.9 |1163956.4+112758.6

1111706.24+201407.4

Figure 6.13: Optical SDSS images of the star-forming galaxies.

6.3.5 Optical and radio morphologies

The spectroscopic surveys find a link between emission type and Hubble type. HII-
emission regions tend to be in late type Spirals, including lower luminosity galaxies.
LINERs and Seyferts tend to inhabit early-type spirals and to avoid low luminosity
galaxies. The radio morphology can also give important hints on the evolutionary
stage of the galaxy. Under precise assumptions, the extension of the lobes and their
shape can be used to estimate the “AGN age” (200)). The presence of the jets in the
radio images, on the other hand, helps us constraining the cases where the AGN feed-
back can act to influence star formation.

The objects in the Effelsberg survey are mostly unresolved (~ 70%) at FIRST res-
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Figure 6.14: Optical SDSS images of the composite galaxies.

olutions. The resolved ones show extended radio lobes, and are almost exclusively
classified as LINERs. In particular, I find 21 galaxies (18%) showing lobes or jets in
FIRST images, and 12 of them are LINERs according to the [NII]-based emission-line
diagnostic diagram (see Tab. . The rest are classified as Seyferts (6 galaxies) or
composites (3 galaxies). A significant number of sources (15) show less clear signs of
extended emission (e.g. they have elongated structure, but no lobes). These are again
mostly LINERs (11 in total). LINERs showing extended features is in agreement with
the fact that their radio spectra are humped and peak in the 6 cm range. 6 galaxies
show multiple point sources in the radio images. This could be either due to the pres-
ence of bright dense star-forming regions (e.g. in case of starburst galaxies) or to the
presence of an unrelated source of radio emission (e.g. another galaxy). SDSS images
of the 1.4-GHz bright sample, the only images available for these objects given the in-
termediate redshift range, do not show peculiar morphologies except for 3 post-merger
cases and 5 galaxies showing traces of a possible interaction with neighboring galaxies.

Therefore, a detailed analysis of the optical morphology of the Effelsberg survey is not
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Figure 6.15: Optical SDSS images of some Seyfert galaxies.

presented. However, I notice that galaxies with extended features as lobes and jets
show lenticular (S0) and elliptical (E) morphology. Often, it is not possible to distin-
guish between the two.

The images from SDSS illustrate the optical morphology of the radio-emitting star-
forming galaxies (Fig. , composites (Fig. , Seyfert galaxies (Fig. and
LINERs (Fig. . Star-forming galaxies are in general blue, and the galaxy color gets
progressively redder in the other spectral types. Only a few galaxies are close enough
(2 ~ 0.05) for their morphology to be determined by eye. Merging and interactions in
the upper part of the star-forming sequence of the diagnostic diagrams of the parent
sample are visible, as well as post-mergers in the [OIII]-Seyfert emitters. Unfortunately,

the low-metallicity starbursts of the Effelsberg sample are under-represented, due to
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Figure 6.16: Optical SDSS images of some LINER galaxies.

the 1.4-GHz flux cut. Only 3 galaxies are found in this region, and one shows a clear

sign of recent merging activity. It might be that Seyferts belonging to the green beans

.e. those

class are more abundant in the Effelsberg sample, and I count 19 candidate:

objects with stellar-velocity mismeasurements. Some of them show again post-merger

signs, but their colors are redder than the ones of galaxies placed in the SF region.
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6.4 Discussion
6.4.1 Optical and radio emission in galaxies

The radio continuum contributes of the bolometric luminosity of normal galaxies (I80).
Their radio emission is in the form of synchrotron radiation from relativistic electrons
and free-free emission from HII regions. AGN with strong optical emission lines of high-
ionization potential species are predominantly powerful in radio (57). The explanation
for the different host properties and observational biases while considering low-/high-
redshift galaxy samples can be researched in the downsizing scenario. Galaxies placed
at higher redshifts are more massive and host massive black holes that accrete pro-
ducing powerful jets. These are easily detected in the radio domain, while low-redshift
radio galaxies host mainly low mass black holes where only weak jets originate. The
question whether radio and optical emission are related in such a way that they orig-
inate from the same physics, still needs to be answered. While radio emission mostly
arises from the accreting black hole at the center of the galaxy, optical emission is
prominent in star-forming galaxies. Studying the combined optical and radio emission
of normal galaxies and AGN help us constraining their origin, and the conditions under
which they are present in a particular stage of the galaxy life-time.

Vitale et al. (73) have shown that the radio luminosity at 20 cm progressively increases
from star-forming galaxies to Seyferts and LINERs. At the same time, the Ha lumi-
nosity - a tracer of star-formation activity - decreases in the same direction. This first
indicates that strong HI emission is a characteristic sign of recent star-formation, thus
of the youth of a galaxy, while radio emission appears as a “later” feature in massive
and red ellipticals. However, star-formation can be important in strong radio-emitters
as well. Though the Effelsberg sample mostly counts AGNs, the star-forming region of
the diagnostic diagrams still contains a few examples of radio emitters (both radio quiet
and radio loud). For these galaxies, it is more challenging to disentangle the origin of
the radio emission. Radio emission could be due to SNe explosions, originating in the
star-forming region of the galaxies after the first bursts of star formation, or powered by
a hidden AGN. In this case, the AGN feedback might act to compress the gas, inducing

star-formation (positive feedback).
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Figure 6.17: Correlation between stellar mass and BH mass of the parent sample (left
panel) and the Effelsberg sample (right panel). Colors indicate the spectral classes. On

the right panel, the grey circles indicate the parent sample. Masses are in solar units.

6.4.2 Mgy — Myyye correlation

Studies on host-dominated AGNs suggest that AGNs are more likely to be hosted in
massive galaxies (62 201], 202)), though Aird et al. (I3I)) claim that the trend is due
to the Eddington-ratio distribution: a higher fraction of AGNs are detected in massive
hosts as they are intrinsecally more luminous. Vitale et al. (62)) extend the Kauffmann
et al. (201) analysis to higher redshifts and they show that at intermediate redshift
AGN hosts present an average logarithmic stellar mass M, /Mg > 10.2. The metallicity
sequence along the left branch of the distribution in the [NII]-based diagram (103} [201)
is thus also a stellar mass sequence. This means that, by selecting galaxies from the
optical-radio domain, we exclude galaxies with less massive hosts (see Fig.1 in [73]).

The question arises whether the stellar mass is always related to the mass of the black
hole. The presence of a bulge or a pseudobulgeﬂ could make the relation not clear.
In Fig. [6.17} the correlation between average stellar mass and BH mass of the parent
sample (left panel) and the Effelsberg sample (right panel) is shown. Stellar masses
have been calculated from the galaxy mass to light ratio, and are listed in the SDSS

DR7. The star-forming galaxies appear to have lower stellar and BH masses compared

1Bulges - dense groups of stars find at the center of galaxies, around their nuclei - whose properties

are more similar to spiral galaxies than elliptical galaxies. The latter are addressed as “classical bulges”.
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Figure 6.18: Sketch of galaxy evolution across the [NII]-based diagnostic diagram. Color
contours represent subsamples of the parent sample with increasing values (blue, green, red
and black) of the ratio between radio luminosity and luminosity of the Ha line as in (73).
The arrows represent the trend of a possible galaxy evolution from star-forming galaxies
to Seyferts and LINERs.

to AGNs. The distribution shows a progressive increase in both BH masses and stellar
masses for composites, Seyferts and LINERs. The Effelsberg sample, due to a much
lower statistics, does not show a clear trend. The correlation between stellar and
BH mass could be interpreted as the more massive and more metallic (with higher
Z) galaxies being the ones where the AGN was earlier “switched on” and quenched
star formation. This consideration does not include Narrow-Line Seyfert 1 galaxies
(NLS1s), which are anyhow very rare objects. NLSIs are a class of AGNs having all
the properties of type 1 Seyfert galaxies but show peculiar characteristics, including the

narrowest Balmer lines, strongest Fe IT emission, and extreme properties in the X-rays.

6.4.3 An evolutionary sequence in the BPT diagram?

The collection of the Effelsberg data aims at probing galaxy evolution in radio emitters

that are classified as star-forming, composite, Seyfert and LINER galaxies in the optical
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emission-line diagnostic diagrams, by looking at their combined optical-radio properties.
In particular, I search for a flattening of the spectral index along the composite-AGN
sequence of the diagnostic diagrams. This sequence was first noticed in Vitale et al.
(62, [73). A flattening of the spectral index is expected due to the presence of compact
nuclei, or jet emission, that could indicate AGN activity as mechanism that shuts star
formation down in the host galaxy. I am interested in testing a scenario where the end
of the star-forming sequence represents a turnover point in galaxy evolution, i.e. the
start of the quasar phase, which leads to the color and morphological transformation
of the hosts, and the transition from the active blue cloud to the “dead” red sequence.
As a support to similar theories, some research has been already conducted on sepa-
rated optical and radio samples. Of special interest is the study of radio-loud sources,
classified as FRI and FRII. FRI sources present radio emission that peaks close to the
nucleus and jet emission that fades with distance from the center. FRII sources present
bright radio lobes and highly collimated jet emission on ~ 100 kpc scales. FRI sources
dominate the population of radio emitters at low radio power and low redshifts, while
more powerful radio galaxies are usually FR II systems placed at higher redshift. This
study is based on the further evidence that Seyferts appear to be mostly luminous
high-excitation systems, related to some degree to FRII radio sources, while LINERs,
which are particularly bright in the radio and accreate at lower rates (low excitation
systems), are FRI and possibly a “later” stage of radio evolution. This might be due
to the fact that FRI and FRII have been hypothesized to be AGNs with different BH
accretion rates (20).

From optical studies, LINERs are mostly found in massive early type galaxies that do
not show any signs of star formation. Therefore, LINER activity might be the “smok-
ing gun” of highly effective suppression mode (radio mode) AGN feedback (28). So the
question here addressed is: are LINERs the last stage of the galaxy evolution? Though
the nature of LINERS is still matter of debate and some authors have shown that LIN-
ERs are, at least in some cases, triggered by old stars rather than AGN (99, 203),
in Vitale et al. (73) I show that radio LINERs are mainly weak AGN. Therefore, I
consider them as belonging to the AGN family.

To consider the hyppthesis of a galaxy evolution across the diagnostic diagrams, I recall

the evidence I have shown you so far. Fig. shows the spectral index (o4 85-10.45GHz))
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distribution in the BPT diagram. The sample comprises metal-rich star-forming galax-
ies, composite galaxies, and many AGN. The presence in this diagram of a sequence of
galaxies with flat or inverted spectra is a hint of increased nuclear activity along the
same. The sequence could be explained as an increase in the strength of the ionizing
field of the galaxies, due to disk accretion. LINERs represent a different class of shock-
ionized objects, and their emission is not always triggered by AGNs. However, radio
signature of AGNs are present in metal-rich star-forming galaxies as well. T find three
possible scenario to explain flat-spectra radio sources in the star-forming region of the

diagnostic diagram:

o The enhancement of star formation might be triggered by the AGN, which induces

gas compression and acts as the so-called positive feedback.

e The sources host young (just recently switched on) AGNs, and the star formation
in the galaxies has not yet been suppressed. This could be the case for strong
and widespread star formation, where the timescale for it to die out could be
several hundred Myr, potentially as longer than the lifetime of the AGN. If AGN
are recurrent phenomena, it might be a stop-start-stop-start process in the AGN

that progressively slows down the star formation throughout the galaxy.
e AGNs are not strong enough to suppress the star formation entirely

e There is no link between AGN and star formation suppression. In this latter case,

steep-spectra radio galaxies would represent counter-examples to the hypothesis.

Seyfert and LINERs lie in older hosts. In these cases, AGN activity could lead to a
negative feedback instead, where powerful jets and/or galactic superwinds blow the gas

away and prevent or induce star-formation.

6.4.4 Evolutionary scenarios

One of the most important achievement in modern astronomy would be to set a simple
and universally valid galaxy evolutionary scenario that explains how blue star-forming
galaxies turn into red passively-evolving systems. While some models take into account
this kind of transition and the necessity of a mechanism to truncate star formation (48)),
there is still the need of observational confirmations to test theories. Some of the cur-

rent standard models of galaxy evolution (204}, 205) rely on major mergers and/or
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interactions to trigger both star formation and AGN activity in two merging late-type
galaxies. Then, the system relaxes and forms an early-type galaxy hosting a radio
AGN.

The importance of mergers at z < 1 has been often neglected before the discovery
of ULIRGs, and the “green pea” class of objects (199), which may represent the
downscaled version of high-redshift merging galaxies. The low stellar-mass and low-
metallicity galaxies merging at z < 1 may well represent the beginning of an evolu-
tionary sequence traced by the diagnostic diagrams at z < 0.4 (Fig. 4 Along the
star-forming sequence of the BPT diagram and up to the composites-AGN region, the
galaxy total stellar mass has been found to increase (62), probably due to the presence
of gas brought up by mergers/interactions. At the same time, the BH is fed with the
same material and its mass increases.

It has been suggested that at radio wavelegths the two major radio AGN populations
- the powerful (Logem > 102 W/Hz) high-excitation, and the weak (Lagem < 10%9)
low-excitation radio AGNs - represent two earlier and later stages of massive galaxy
evolution (I7, 102). As a support to this hypothesis, a clear dichotomy is found be-
tween the properties of low-excitation (mostly LINERs) and high-excitation (Seyferts)
radio AGNs. The hosts of the first have higher stellar masses, redder optical colors,
and higher black holes masses, but accrete at lower rates. On the other hand, the high-
excitation radio AGNs contain more gas, have lower stellar masses, bluer optical colors
(consistent with the green valley), and lower mass black holes that accrete at higher
rates. This evidence supports the idea of a co-evolution between BH and surrounding
galaxy. A question arises whether the phase of efficient accretion is due only once
during a galaxy life time, or it is a periodic event that occurs when there is new gas
available (i.e., interactions, fly-by and minor mergers). Ciotti et al. (206) have found
that the AGN feedback could be either a continuos or periodic process. Nandi et al.
(207) have conducted a study on radio galaxies presenting morphologies with multiple
lobes (two or three couples). The authors argue that these peculiar morphologies are
the result of multiple phases of intense accretion, each one generating a couple of jets
and lobes, and being potentially able to influence star formation.

While there are some studies aiming at explaining the most latest stages of galaxy
evolution, observational proofs of the transition from star-forming to Seyferts are still

missing in the radio-optical regime. I speculate that the chance of having a positive or
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negative AGN feedback may depend on the gas density in the galaxy disk and/or the
scale we are considering. This is, at smaller scales, closer to the black hole, powerful
jets and outflows compress the gas and induce positive feedback (star formation), while
further away the gas is more diluted and can rather be swept away (negative feedback,

quench of the star formation).

6.5 Conclusions

The collection of the Effelsberg data aims at probing galaxy evolution in radio emitters
that are classified as star-forming, composite, Seyfert and LINER galaxies in the optical
emission-line diagnostic diagrams, by looking at their combined optical-radio properties.
I have searched for a flattening of the spectral index along the composite-AGN sequence
of the diagnostic diagrams. This was done to test a scenario where the end of the star-
forming sequence represents a crucial point in galaxy evolution, i.e. the start of the
quasar phase, which leads to the color and morphological transformation of the hosts.
The analysis of the spectral index distribution, combined with the information on the
radio morphology (low resolution, from FIRST survey at 1.4 GHz), have here been
presented to investigate the nature of the sources along the composite-AGN branch,
their active state, and the chance to spot an evolutionary sequence. Conclusions are

the following:

e The objects form a sequence of flattening spectral indexes that extend from the
high-metallicity end of the star-forming sequence in the [NII]-based diagnostic
diagram, to the Seyfert region, with the highest a4.85-10.45qH, values found
among the AGN. The sequence crosses the composite region and goes along the
Seyfert/LINER division line. It is consistent with a progressive hardening of the

ionizing field of the galaxy, due to intense nuclear activity.

The spectral curvature distribution shows the difference in the Seyfert and LINER,
spectra, with Seyfert having flatter and LINER more humped (5-GHz peaked)
spectra. This suggests that the high frequency radio-emission of Seyferts along
the division line between Seyferts and LINERs in the [NII]-based diagram is
dominated by (milli)arcsecond sized radio core components, whereas the emission

of LINERs is dominated by larger source components. Those could be due to
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(milli)arcsecond sized components associated with nuclear jets, compact working
points in radio lobes, or very compact wind/shock regions that are bright in the

radio domain.

The spectral index flattening seems to be significant for sources that show mixed
(star formation/AGN) contributions to optical line emission, and have been hy-
pothesized to transit from the blue cloud to the red sequence (passive galaxies).
Flattening may extend from high-metallicity star-forming galaxies and progress
till LINERs and passive galaxies, after morphological and color transformation.
In this respect, nuclear radio activity and AGN feedback may have a role in first
enhancing (in spectroscopically-classified star-forming galaxies) and then shutting

down star formation in the hosts, to build up the galaxy color bimodality.

Results are consistent with the findings that star-forming galaxies, composites,
Seyferts and LINERs show progressively old stellar populations, redder colors,
and higher black hole masses. The presence of merging and post-merging features
in galaxies belonging to the star-formation branch strengthens the scenario of
merging-triggered star formation at intermediate redshift values, and sets it at

the beginning of the evolutionary sequence.

A larger galaxy sample and high-resolution radio maps would help to further con-
strain the nature of the radio-emitters along the flattening sequence in the [NII]-based
diagram, and catch the AGN-feedback in action in sources that are just leaving the

star-forming galaxies branch.
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Final discussion and conclusions

In this thesis work, I explore one of the most debated problems of modern astrophysics,
namely the role and impact of AGN feedback on galaxy evolution. With data drawn
from different archive datasets, both at optical (zCOSMOS, SDSS) and radio (FIRST)
wavelengths, and with the complementary information coming from new radio observa-
tions at the Effelsberg telescope, I have conducted an extensive multi-wavelength study
of star-forming galaxies and AGN-hosts properties. The main aim of my PhD work
was to investigate and better understand the connection between optical and radio
emission in active galaxies, probe scenarios that implement AGN feedback to explain
the evolution of galaxy properties, and search for observational evidence of a sequence
that links all star-forming galaxies, Seyferts and LINERs as subsequent stages of galaxy

evolution.

7.1 Advantages of combined multi-wawelength studies

I have stressed the importance of studying galaxies at different wavelengths, and in
particular in the radio and optical domain. When multi-wavelength data are available,
a more complete picture of galaxies and their evolution can emerge, since different
phenomena (e.g. star formation, dust emission, SN explosions, black hole accretion)
dominate the galaxy continuum emission at specific wavelengths. A combined study
of optical and radio properties of AGNs and their hosts is of particular interest, given
the large amount of public data available and the large sky coverage of some surveys,

which allow statistically significant interpretations. Under the assumption that AGNs
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play a role in turning blue spiral galaxies into passive ellipticals, a carefull analysis
of radio spectra and images helps with the identification of nuclear activity. Galaxy
gas content, mass, star formation rate, color, and morphology are well studied at op-
tical wavelengths. Fig. illustrates the galaxy stellar mass distribution (inferred
from SDSS photometry) of the cross-matched optical-radio sample. Each spectroscopic
galaxy class has an average stellar mass that increases from the star-forming region
to the Seyfert and LINER regions of the diagram, pointing out a striking trend that

deserves further investigation.

7.2 Optical and radio emission in intermediate-redshift

galaxies

The optical-radio cross-matched sample of normal galaxies and AGN hosts mainly se-
lects AGN and metal-rich star-forming galaxies (see Chapter 5). The selection includes
some quasars, which are particularly bright at radio wavelengths. An object included in
the optical-radio cross-matched sample does not necessarily show correlated emission
at these wavelengths. In order to be detected, radio emission from my galaxy sam-
ple (mainly from the nucleus) must be strong, without outshining the optical emission
from the host. For example, blazarsﬂ have a very bright core component, due to the
observer’s line of sight pointing directly at the unobscured center of the galaxy, and
this core component is usually some orders of magnitude brighter than the emission
from the host galaxy. Extremely bright AGNs and powerful radio galaxies are therefore
mostly excluded from cross-matched optical-radio samples. Powerful radio galaxies and
quasars are anyhow less common at low and intermediate redshifts, due to selection
effects.

Optical and radio emission in galaxies seem to correlate in particular types of objects.
Galaxies in the optical-radio cross-matched sample show signs of significant optical and
radio activity. They have high stellar masses (M. > 10'°M) and black hole masses
(Mpg > 10°Mg), high metallicity (inferred from the log [NII]/Ha ratio, which is usu-
ally greater than —0.5), and have an older stellar content (2 2 Gyr from the last bursts

of star formation, Tab. [8.1)) when compared to metal-poor star-forming galaxies.

TAGN with a relativistic jet that is pointing in the direction of the observer.
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Following the Mpp-Mpy4c relation, massive galaxies harbor a massive black hole at
their centers. The optical-radio connection may be explained in two ways. First, for the
most poweful sources, the AGN is largely responsible for the radio emission. Inducing
gas turbolence and positive feedback, the AGN could cause some star-formation bursts
and the optical emission from the surrounding galaxy. Second, low-mass and low-
metallicity galaxies (blue distribution in Fig are most likely in an earlier stage of gas
accretion and mass build-up, with too low black hole masses for the AGN phenomenon
to show up. In these cases, a significant contribution to the sub-mJy radio emission
come from SNe explosions.

Star formation is visible at optical, as well as ultraviolet and IR wavelengths. Star
formation can occur independently from AGN activity (e.g. in case of quiescent black
holes). If star formation is not related to AGN activity, we might be observing a phase
of galaxy evolution where there is enough gas in the galaxy to trigger the creation of
new stars (e.g. after mergers or encounters) and the AGN is too weak to quench the star
formation. As known, the same gas fuels black hole accretion, and the two phenomena
can co-exist till black hole accretion prevails. As a support to this scenario, it has been
found that star formation and black hole activity can be present at the same time in
massive high-redshift galaxies (208)), and the two peak with a time delay of about 1
Gyr (28).

My conclusion is that optical and radio emission in intermediate redshift galaxies could
be related due to the presence of nuclear activity. There is growing evidence of nuclear
outflows in galaxies, which might be signs of AGN feedback inducing star formation.
This is done via gas compression and cooling, since outflows can transport cooler gas
and dust to the outer regions of the galaxy (67). If this is proven right, positive AGN-
feedback could be addressed as a phase of galaxy evolution where optical and radio
emission are actually triggered by the same mechanism. Negative AGN-feedback is
equally important in regulating star formation in the host, and it is discussed in the

next section.

7.3 AGN feedback

Although hints of a possible positive AGN-feedback exist, further studies and strong

observational evidence are still needed. Literature works seem to be equally in favor of
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positive and negative feedback, and here I speculate how they could both occur in the
same galaxy, at two different stages of galaxy evolution.

Positive feedback might happen in earlier stages of galaxy evolution. It has been
observed in some quasars, which undergo jet-induced star formation (209). There is in-
creasing evidence that molecular outflows can be responsible for inducing star-formation
on short scales (e.g. nuclear). If so, we should be able to observe radio emission from
nuclear starburst. In these cases, radio emission is not only due to SNe explosions and
free-free emission, but rather shows a significant contribution from the nuclear region.
Evidence of radio-bright, flat-spectrum sources were discussed in Chapter 6. While
observational signatures of positive-AGN feedback mainly consist of nuclear molecular
outflows, bow shocks, and jets, proofs of negative-AGN feedback are rather “indirect”.
Negative feedback has been hypothesized to be due to heating and photo-dissociation
of molecular gas by the hot AGN accretion disk (209). Quenching of star formation in
galaxies has never been observed directly, but AGN-host properties have been found
to change subsequently to nuclear activity. For example, stellar population become
progressively older after the quasar phase, and metallicity increases accordingly (see
Chapter 4). The negative feedback happens either when radiation pressure sweeps the
gas reservoir away (quasar mode) or when it prevents gas cooling (radio mode).

In my work, I find indication of negative feedback by looking at the aging of the stellar
populations in the AGN hosts (see Chapter 4). Based on this evidence, positive feed-
back could likely happen when a galaxy has accreted enough gas to initiate its quasar
phase. After bursts of star formation, nuclear activity prevails and the feedback turns

“negative”.

7.4 A unified galaxy-evolutionary sequence

The question is now: does AGN-feedback occur in all galaxies that are massive enough
to harbor a black hole at their center? If the Mpg-Myyige relation is genuine, all massive
galaxies should host a super-massive black hole, which starts accreting at some point
of the galaxy evolution. AGN feedback has been implemented in many theoretical
models to explain the observed galaxy luminosity function. Moreover, feedback has
been hypothesized to be responsible of the color bimodality, and the transformation of

blue spirals into red ellipticals. The findings described in Chapter 6 suggest a transition
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A Sequence of Events for AGN Feedback in the
formation of early-type galaxies
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Figure 7.2: Possible scenario of the evolution from blue and active to red and passive
galaxy. “LLAGN” stands for Low-Luminosity AGN. Credits: K. Schawinski.

from blue star-forming galaxies (Fig. right panel, on the left-side of the emission-
line diagnostic diagram) to composites (middle) and AGN (right-side). This trend is
supported by the findings of Chapter 5 (radio power increases and luminosity of the
Ha line decreases from star-forming to LINER galaxies) and the results in Chapter 4
(aging of the stellar populations). In particular, the [NII ]-based diagnostic diagram of
Chapter 6 (Fig. highlights a sequence of radio spectral index flattening, which is
consistent with the rise of nuclear activity in the galaxies of the optical-radio sample (a
possible AGN feedback?). Galaxies could represent different stages of galaxy evolution,
starting with mergers and galaxy encounters, and ending in LINERs and passive types.
The evolutionary scheme in Fig. [7.2] illustrates a merger-driven sequence of events
that leads to the color and morphological transformation via AGN feedback, and is

consistent with my findings.

7.5 Outlook

The next step in this research work would be to further investigate the sources along

the spectral index flattening sequence (Fig. with a larger galaxy sample. These
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radio galaxies might represent the “transiting” spectral and morphological kinds in the
emission-line diagnostic diagrams, namely the objects that possibly evolve into passive
galaxies. Radio interferometry studies could reveal jets and outflows morphologies,
and signs of the latter interacting with the star-forming regions of the galaxy. Spectral
indexes are also essential to estimate the ages of the extended radio features, and the
time since the black hole is in its active state. With these data in hand, it is possible
to test the role of AGN feedback in galaxy evolution.

The search for AGN could benefit from the complementary analysis of individual galax-
ies with advance spectroscopic techniques (e.g. Integral Field Unit, which allows mul-
tiple spectra of different galaxy regions) or from analyses at other wavelengths. The
X-ray domain can identify nuclear activity because the luminous, compact X-ray emis-
sion (Lo_10kev > 1042 ergs s71) is an almost certain indicator that there is an AGN
(210}, 2111, 212, 213)), given the extremely low contribution from star formation to the
overall emission at these frequencies. X-ray observations have been found to be very ef-
ficient in revealing accreting black holes in galaxies that were not classified as AGN from
the analysis of optical data (214)). The discovery of the radio-FIR correlation pointed
out that AGN or star formation contributions to galaxy emission can be studied in the
FIR domain as well. Ultra Luminous Infra Red Galaxies (ULIRGs) and Luminous Infra
Red Galaxies (LIRGs) have very high IR luminosity, and many ULIRGs are merging
galaxies, which possibly places them at the beginning of the evolutionary sequence.
Finally, since the quenching of star-formation and the possibly related AGN feedback
are thought to play a crucial role in galaxy evolution at z ~ 2, it would be worthwhile

to further enlarge the redshift range I consider in these studies to higher z values.
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Appendix

8.1 Reddening correction

Extiction is the absorption and scattering of electromagnetic radiation by dust and
gas, located between an emitting astronomical object and the observer. For Earth-
based observations, extinction arises both from the interstellar medium (ISM) and
the Earth’s atmosphere. Extinction may also arise from circumstellar dust around an
observed object. Since blue light is much more strongly attenuated than red light,
extinction causes objects to appear redder than expected, a phenomenon referred to as
interstellar reddening. The total visual extinction, Ay, can be determined by using the
ratio between two recombination lines of the Balmer series. For this purpose, Ha and
Hp are commonly preferred because they are strong lines placed in an easily accessible
spectroscopic position. In this work, I assumed the Ha/HpS theoretical ratio to be
2.86 and the Hy/H¢ to be 0.47 (12, case B recombination, temperature T= 10 K,
electron density n. = 10? cm~2), and assumed the Calzetti extinction curve (ZI5) with
Ry =4.05+0.8.

The visual extinction Ay can be calculated from the observed (R,) and theoretical (R,)
ratios of two Balmer emission lines at wavelengths A; and Ao:
2.5 Ry log(g—;)

Av = k() — k(A1)

(8.1)

where k(A) = (Ax — Av)/(Ap — Av) is the normalized extinction curve and Ry =
Ay /Ep_y assumes particular values depending on the adopted extinction curve (Ry =

4.05 in this case). I applied this formula to obtain the visual extinction and correct the
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8. APPENDIX

observed flux ratios for line pairs that are used in diagnostic diagrams, along with the
formula:

Fintr(X2)  Fops(A2)
where Fipir (A1) / Fintr(A2) is the new corrected observed flux ratio, Fops(A1)/Fops(A2) is

Fintr (M) FabS(/\l)100.4Av[k(>\1)—k(>\2)]/1{\/ (8.2)

the observed flux ratio without extinction corrections, Ay is the visual extinction, k(X)

is the value of the extinction curve at A and Ry is a constant.

8.2 Stellar templates and extinction

The most suitable stellar continuum template to be subtracted from each stacked spec-
trum was chosen from the set of 234 stellar templates (39 BC templates x 5 reddened
spectra). The table shows the reddening inferred from the stellar template, E(B-V),,
and the reddening calculated from the Balmer lines, E(B-V),,, whose fluxes were mea-
sured from the stellar-continuum subtracted spectra. Tab. reports the spectral
classification (AGN, composite, or SF) of the stacked zCOSMOS galaxies according to
the MEx diagnostic diagram (Fig. [I.4).
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Table 8.1: . Information on the stacked galaxies of the mass-redshift bins of Fig
population that best fits the stacked zCOSMOS spectrum (SP, top-left); reddening of the stellar spectrum (E(B-V)s top-right);
value of the extinction as measured from the Balmer ratios after stellar continuum subtraction (E(B-V),,, bottom-left); metallicity

In each box I report: the template of stellar

(Z, bottom-right); spectral classification (Class, middle of the box) according to the MEx diagnostic diagram. SSP, CSP, and Exp
stand for simple stellar population, constant stellar template, and exponential decay of the star formation. The legend is given at
the bottom-right of the table.

P25 Gyr 0.2 SSP 1.4 Gyr 0.2 | SSP 1.4 Gyr 0.2 || SSP 2.5 Gyr 0.2 | SSP 2.5 Gyr 0.2 | SSP 1.4 Gyr 0| SSP 1.4 Gyr 0.2
AGN AGN AGN AGN AGN AGN
0.451 0.08 | 0.415 0.5 0.011 0.5 || 0.153 0.08 0.08 | 0.369 0.5 | 0.459 0.2
SSP 1.4 Gyr 0.2 | SSP 2.5 Gyr 0.2 | SSP 2.5 Gyr 0.2 | SSP 11 Gyr 0.2 || SSP 1.4 Gyr 0.2 0.2 [SSP 1.4 Gyr 0.2 | SSP 1.4 Gyr 0.2
AGN AGN AGN Comp AGN AGN AGN
0.613 0.5 | 0.437 0.2 | 0.580 0.08 | 0.687 0.2 || 0.317 0.2 | 0.240 0.2 | 0.023 0.08 | 0.125 0.08
SSP 2.5 Gyr 0.2 | SSP 1.4 Gyr 0.2 | SSP 2.5 Gyr 0.2 | SSP 900 Myr 0.2 || SSP 1.4 Gyr 0.2 | SSP 1.4 Gyr 0.2 | Exp 12 Gyr 0.2 | SSP 900 Myr 0
Comp Comp Comp Comp Comp Comp AGN AGN
0.539 0.08 | 0.363 0.2 | 0.580 0.08 | 0.240 0.5 || 0.196 0.08 | 0.449 0.08 | 0.331 0.08 | 0.170 0.5
Exp 12 Gyr 0.2 | SSP 1.4 Gyr 0.2 | SSP 900 Myr 0.2 | SSP 900 Myr 0.2 || CST 6 Gyr 0.4 | OST 6 Gyr 0.4 | Exp 12 Gyr 0.2 | Exp 12 Gyr 0.2
SF Comp Comp SF Comp Comp Comp Comp
0.389 0.2 | 0.403 0.2 | 0.318 0.5 | 0.342 0.5 || 0.635 0.08 | 0.349 0.08 | 0.074 0.08 | 0.235 0.08
SSP 900 Myr 0.2 | SSP 900 Myr 0.2 | SSP 1.4 Gyr 0.2 | SSP 1.4 Gyr 0.2 || CST 6 Gyr 0.4 | OST 6 Gyr 0.4 | SSP 25 Myr _ 0.6 | CST 6 Gyr 0.2
SF SF SF SF Comp Comp Comp Comp
0.365 0.5 | 0.369 0.5 | 0.465 0.08 | 0.391 0.08 || 0.505 0.08 | 0.350 0.08 | 0.563 0.08 | 0.443 0.2
Exp 12 Gyr 0.2 | Exp 12 Gyr 0.2 | SSP 640 Myr 0.2 | SSP 1.4 Gyr 0[[CST6 Gyr 0.2 CST 6 Gyr 0.2 | CST 6 Gyr 0.2 | SSP 25 Myr 0.4
SF SF SF SF SF SF SF Comp
0.340 0.2 | 0.384 0.2 | 0.322 0.5 | 0.244 0.2 || 0.341 0.08 | 0.373 0.08 | 0.567 0.2 | 0.401 0.08
SSP 640 Myr 0.2 | SSP 640 Myr 0.2 | SSP 900 Myr 0.2 | Exp 12 Gyr 0[[CST 6 Gyr  0.2[SSP 25 Myr 0.4 | SSP 25 Myr 0.4 | OST 6 Gyr 0
SF SF SF SF SF SF SF SF
0.264 0.5 | 0.208 0.5 | 0.231 0.08 | 0.224 0.08 || 0.362 0.08 | 0.172 0.08 | 0.357 0.08 | 0.197 0.5
SSP 200 Myr 0.4 | SSP 640 Myr 0.2 | Exp 12 Gyr 0[SSP 640 Myr 0.2
SF SF SF SF
0.292 0.2 | 0.188 0.2 | 0.253 0.08 | 0.182 0.08
SSP 900 Myr 0.2 | SSP 1.4 Gyr SP E(B-V)s
SF SF Class
0.167 0.08 | 0.345 0.08 E(B-V)m z
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