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ABSTRACT

Narrow-line Seyfert 1 galaxies (NLS1s) are a peculiar subclass of ac-
tive galactic nuclei (AGN), characterised by narrow permitted lines
(FWHM(Hp) < 2000 km s~ "), a flux ratio of [O III]A5007/HP < 3
and often strong Fe II multiplets emission. The narrowness of permit-
ted lines is usually explained as the effect of a low rotational veloc-
ity around a low-mass black hole (BH, Mgy < 108 Mg) and since
the bolometric luminosity is comparable to that of broad-line Seyfert
1 galaxies, the accretion luminosity is close to the Eddington limit.
This property may suggest that NLS1s represent the young evolution-
ary phase of AGN. Some authors, instead, proposed that the low BH
mass of NLS1s is due to an inclination effect, caused by the lack of
Doppler broadening due to the pole-on view of a disk-like broad-line
region (BLR). Studying host galaxy morphologies can be useful to dis-
entangle these two scenarios since there are relations between the BH
mass and properties of its host galaxy bulge. Generally, more massive
BHs are found to be hosted in elliptical galaxies while spiral galax-
ies tend to harbour less massive BH. Until now, only a few studies
have focused on NLS1 hosts, finding that these AGN are preferably,
but not only, hosted in disk-like galaxies, supporting in this way the
low-mass scenario. At the same time, the formation, the evolution,
and the interplay with the host galaxy of plasma jets in AGN are still
debated. Until recently, powerful relativistic radio jets were found to
be hosted only in elliptical galaxies while, several NLS1 galaxies har-
bouring low-mass BHs, have been detected at y rays. This proved the
presence of fully developed relativistic jets hosted in late-type galax-
ies, confirming that relativistic jets can be harboured also in spirals.
Also, in this case, only a few jetted NLS1s have been studied individ-
ually.

In this work, I studied the radio properties, radio and spectral index
map, and the host galaxy morphology of the peculiar NLS1 Jo354-
1340. I found out that this NLS1 is a barred spiral/disk galaxy, har-
bouring the largest radio jets of two hundred kiloparsec, found to
date in an NLS1. These results confirm that NLS1s can be hosted
in disk-like galaxies even harbouring powerful relativistic jets. In the
tirst chapter, I will describe the basic structure, the physical properties
and the classification of AGN. I will focus in particular on NLS1s. The
second part of the thesis is dedicated to radio analysis while the third
part will focus on the near-infrared morphology. In the last chapter, I
will discuss the results and give conclusions.
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ACTIVE GALACTIC NUCLEI

Active galactic nuclei (AGN) are the most energetic non-transient
phenomena in the Universe (Osterbrock and Ferland, 2006). These
peculiar objects produce a great amount of energy radiated over the
whole electromagnetic spectrum, from radio to y rays. The AGN are
compact, extremely luminous and often most variable at the short-
est observed wavelengths. They lie in the nuclear region of galaxies
characterised by highly ionised emission lines, not correlated with
stellar activity. The central engine is an active supermassive black
hole (SMBH), accreting material from its surrounding, that generates
photoionising radiation (Beckmann and Shrader, 2012).

1.1 INTRODUCTION

In the early 1900s, astronomers were focused on the study of the
galactic nebulae and their emission line spectra. In 1908 from the Lick
Observatory, Edward Fath observed NGC 1068, which was thought
to be a galactic nebula. He actually obtained the first optical spec-
trum of an AGN, showing strong emission lines never seen before
(Fath, 1909). Since the existence of other galaxies was still debated at
that time, this fascinated discovery inspired astronomers in further
works. More sources with those features were discovered some years
later when Vesto Slipher and Ewind Hubble confirmed the presence
of those strong lines in the nuclear spectra of three galactic nebulae:
NGC 1068, NGC 4051 and NGC 4151 (Slipher, 1917, Hubble, 1926).
Furthermore, another 20 years passed until Carl Seyfert published
his work classifying this new kind of object (Seyfert, 1943) for the
first time. He obtained the spectra of a selected group of galaxies
with high, stellar-like central surface brightness, finding some of them
(NGC1086, NGC1275, NGC3516, NCG4o51, NGCgq151 e NGC7469)
dominated by strong high-ionisation emission lines with a wide or
a narrow profile (Khachikian and Weedman, 1974). In 1944, Grote Re-
ber detected Cygnus A at 160 MHz, which was the first detection of
an AGN at radio frequencies (Reber, 1944). Another pioneering dis-
covery was made by Maarten Schmidt in 1963, who estimated the
redshift of 3C 273, z = 0.158, realising that this object was placed well
beyond our Galaxy (500 Mpc) (Schmidt, 1963). He also confirmed
that 3C 273 was almost 100 times more luminous than a normal
bright spiral galaxy, showing a powerful jet of 50 kpc (Greenstein
and Schmidt, 1964). Since the nature of these sources was not clear
and since there were other similar radio detections in those years,
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the objects of this kind, due to their stellar-like optical appearance,
were named as Quasi-Stellar Radio Sources (Sandage, 1964, Baade
and Minkowski, 1982). Showing these sources the same typical spec-
tra with strong emission lines of Seyfert galaxies, it became clear
that those barely discovered objects, all belong to a new class: Ac-
tive Galactic Nuclei (AGN). The nature of the central engine respon-
sible for the production of such an amount of energy and for these
peculiar features was still under debate. Woltjer hypothesised that
the central engine could be a really massive object residing within
100 pc from the centre. Only after that general relativity theory and
the star evolutionary theory were confirmed, it was proved that only
black holes (BHs) could be capable of producing such an extraordi-
nary phenomenon (Woltjer, 1964, Salpeter, 1964, Lynden-Bell, 1964,
Zel’dovich and Novikov, 1964).

1.2 PHYSICAL PROPERTIES AND STRUCTURE OF AGN

The peculiarity of AGN lies not only in their physical properties but
also in the variety of existing types. The differences between all the
classes are due to the diverse observational properties. Some AGN
exhibit strong emission lines in their spectra for example, while in
other spectra, these may be completely absent. Also, the frequency
range at which the energy is radiate covers more than 10 orders of
magnitude. Despite this, the basic structure is believed to be rather
similar for all of them, as shown in Figure 1.

It has long been assumed, that AGN must be powered by accretion
onto supermassive black holes (SMBHs) at the dynamical centres of
their host galaxies, with a mass in the range of 10° - M (NGC4395)
to 10'°- Mg, (3C 273). The BH is a dense and compact region of space-
time, being able to generate such an intense gravitational field to trap
all the matter within it. The event horizon represents the boundary be-
yond which light and matter falling towards the BH cannot re-emerge
from it. Any information regarding an event within the limit horizon
cannot be communicated to an outside observer. The event horizon
is defined as the effective size of the BH, determined by its mass and
called Schwarzschild radius Rg:

Ry = 20 Ve )
c

Just outside the BH, from a few Rg to some hundreds of Rg, lies the
accretion disk, consisting of matter orbiting the central engine. The
gravitational attraction generated by the BH causes the particles of
the surrounding environment to be arranged in a disk-like structure,
due to the conservation of the angular momentum. The friction due
to the viscous interactions between the particles leads to the heating
of the moving material that becomes plasma and produces a strong
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Figure 1: Basic structure of an AGN (Urry and Padovani, 1995).

magnetic field. The conversion of gravitational potential energy into
electromagnetic radiation occurs when the material of the disc, ac-
celerating in the magnetic field, produces synchrotron radiation but
also optical, UV and X-ray emission. The energy, per unit mass M,
available from the conversion is defined as:

E=n-M.c? (2)

where 1 is the efficiency of the conversion and ¢ = 299792458m/s
is the speed of light. The luminosity L emitted from the central re-
gion (L = dE/dt) defines the rate at which energy is supplied to the
nucleus through accretion. The efficiency thus results:

n = cbel (3)
M- c?
having Ly, as the bolometric luminosity, M as the accretion rate.
Considering a spherical symmetric system, the Bondi accretion rate
M3 is defined as:

4.1 GEPME,
—T (4)

where V is the wind velocity of the escaping particles. The ac-
cretion is limited by the radiation pressure effects experienced by

Mg
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the in-falling plasma. This limit depends on the mass of the com-
pact object and on the mean opacity of the material precipitating on
the black hole. The observable quantity corresponding to the critical
mass-accretion rate for a source at a known distance is its L, com-
monly referred to as Eddington luminosity L 4q:

M
4 BH-L
O}

Leqa =3.2-10

® (5)

This represents the maximum L a spheroidal system can handle to
remain in hydrostatic equilibrium. The Eddington ratio e is defined
as the ratio between Ly, and Lgqq and so the maximum luminosity
is reached per € = 1.

There are several models for the physics of the accretion disk, the
most relevant three are:

* the radiatively efficient geometrically thin but optically thick
disk model (Shakura and Sunyaev, 1976);

¢ the radiatively inefficient advection dominated accretion flow
(ADAF) model (Narayan and Yi, 1994);

¢ the slim disk model with a disk-like geometry but a significant
amount of advection (Mineshige et al., 2000).

Usually, accretion disks are assumed to be standard thin disks,
which radiate from optical to soft X-ray band, having a quasi-black
body spectrum, with an effective temperature T.¢¢ around 10° — 107 K.
The emission from the BH and the accretion disk ionises the outer-
most compact region of dense gas (N > 10°cm—3), the broad-line
region (BLR). Having an internal radius of around 0.01pc and an
external radius of around 0.1pc, BLR is made up of virialised gas
clouds orbiting the BH at relatively high speeds (103 —10*km/s). The
Doppler broadening due to those rotational velocities is responsible
for the broad permitted emission lines, typical of this region, seen in
the optical and near-infrared (NIR) spectra. The high density of this
region does not allow the formation of forbidden lines. The BLR gen-
erally has a T ~ 10%K.

From one to 100 pc lies the tours, an optically thick region made up
of dust and molecular clouds with a toroidal shape, surrounding the
BLR. These clouds absorb radiation coming from the central engine,
obscuring the inner regions when the line of sight falls into it. Only
optical emission is absorbed and then re-emitted in infrared (IR), the
torus is instead transparent at radio frequencies.

Beyond 100pc, there is a region of very low density gas, pnir =
10%cm 3, the narrow-line region (NLR). The gas in the NLR is ionised
by the radiation coming from the central region, which is responsible
for the forbidden and permitted narrow emission lines seen in the



1.2 PHYSICAL PROPERTIES AND STRUCTURE OF AGN

spectra. The narrowness of these lines is due to the lower gas velocity,
vNIR = 102kms~ !, and an electronic density n. typical of nebular
environments, 103cm ™3 < ne < 10°cm 3. In some sources the NLR
can reach up to few tens of kpc. The distribution of the gas shows a
conical or bi-conical shape since it is being ionised by the central con-
tinuum, with an opening angle similar to that of the molecular torus
(Cracco et al., 2011). This region is called the extended narrow-line
region.

Also, some AGN harbour, in addition to the mentioned components,
jets launched perpendicularly to the accretion disk and torus plane
on both sides. Jets are extremely energetic, highly collimated plasma
outflows produced by the accretion disk. They are formed when a
fraction of the ionised matter, falling toward the BH, interacts with
the magnetic field of the region and is launched away along perpen-
dicular magnetic field lines (Blandford and Znajek, 1977). Some jets
can have a size of a few pc, while the most powerful ones (=~ 10%
of them) can accelerate to a speed close to c, staying collimated for
several kpc, and also reach outside the host galaxy (Mpc-scale jets).
The charged particles, accelerated by the magnetic field, emit non-
thermal synchrotron radiation towards the direction they are moving
to. The energy distribution of these particles often has a power-law
shape, resulting in a power-law shaped observed spectrum with:

S~ v (6)

where S is the emitted flux density, v is the frequency, and « is the
power-law index. Synchrotron radiation usually covers from radio to
optical/UV bands, depending on the source type. At low frequencies,
the emitted synchrotron photons can be re-absorbed by the charged
particles that emitted them. This is the synchrotron self-absorption
phenomenon that prevents the optically thin synchrotron radiation
spectrum from a continuous rise towards the lower frequencies. At
higher frequencies, jets emission is produced by the inverse-Compton
(IC) mechanism. In IC scattering, photons gain energy from relativis-
tic electrons. The seed photons can originate either from the ambient
photon field around the jet (external inverse-Compton) or they can
be synchrotron photons produced by the jet itself (synchrotron self-
Compton).
Taking into account the relativistic speed of the particles travelling in
the jet, when jets point close to our line-of-sight, relativistic effects
take place. Apparently, the superluminal motion of the components
can be observed and also time dilation effect boosts radiation arriv-
ing from a relativistic source. Another effect is the relativistic Doppler
boosting that increases radiation travelling towards the observer and
diminishes radiation travelling away from the observer. This effect
can explain why the approaching jet is brighter than the counter jet.
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Finally, the presence of jets in AGN is not strictly related to their
radio-loudness R, the ratio between the radio 5 GHz flux density and
the optical B-band flux density (Kellermann et al., 1989), despite the
jet activity strongly manifesting at radio frequencies. I will discuss
this ambiguity in the next section.

1.3 UNIFIED MODEL

A key task in the study of AGN is their classification in the frame
of the Unified Model, shown in Figure 2. Over the years, different
attempts were made to group several sub-classes of AGN into sepa-
rate categories until, in 1993, Robert Antonucci unified these attempts
by creating a model that takes into account differences in orientation
and obscuration (Antonucci, 1993).

For more than 50 years the main classification was related to their
radio-loudness: radio-quiet (RQ) and radio-loud (RL) AGN (Sandage,
Véron, and Wyndham, 1965), which would show different physical
properties, forming two distinct populations. The main difference
was in the presence of a powerful relativistic jet in RL AGN and the
lack of it in RQ sources (Wilson and Colbert, 1995). Nevertheless, the
radio loudness parameter does not really predict the presence of jets
of plasma in an AGN, except in extreme cases.

For this reason, taking into account the unreliability of R, it was pro-
posed to group sources for their actual physical property, that is,
whether the object shows a powerful relativistic jet or not (Padovani,
2017). These new two typologies are shown in Figure 3. Approxi-
mately ~ 90% of AGN do not host relativistic jets and, even if it
is possible that these sources harbour less powerful, non-relativistic
jets, the jet activity is not dominant as in jetted sources. Considering
this classification and, based on spectroscopic differences, there are
two main classes of non-jetted AGN: Sefeyrt galaxies and quasars.
Seyfert galaxies represent the most common kind of AGN in the lo-
cal Universe. Their nucleus is identifiable with that of quasars, radio
sources showing bright, central, point-like core and highly ionised
emission lines. Today, it is clear that these two classes are similar
and the different classification is only due to a selection effect (Leip-
ski et al.,, 2006). Quasars are identified as brighter objects (M}, <
—21.5 4+ 5loghy ), visible at large distances while, Seyfert galaxies,
that are fainter (Mp > —21.5 + 5loghy ), they are only observable at
shorter distances (Schmidt and Green, 1983).

Observationally, the main difference among the non-jetted AGN
stays in the obscuration of the central engine, caused by the orienta-
tion of the AGN relative to the observer. In this way, Type 1 AGN
are seen face-on at small inclination angles, the line of sight does
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Figure 2: The Unified Model of AGN (Beckmann and Shrader, 2012).
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Figure 3: Radiative-mode and jet-mode in AGN (Heckman and Best, 2014).

not fall into the torus and so the central region of the AGN is visi-
ble to the observer. The optical spectra of these sources exhibit both
broad emission lines arising from the BLR and narrow emission lines
coming from the NLR. When the inclination increases, the torus grad-
ually obscures the view of the inner region and the intensity of the
broad emission lines decreases. When the torus completely hides the
nuclear region, the optical spectra show only narrow lines originat-
ing in NLR: these are Type 2 AGN. The Unified Model is based
on Type1/Type2 dichotomy. It has also been observed that Type 1
sources are brighter and commonly show a thermal excess in the UV,
while in Type 2, the continuum originating in the disc is not visible
and the contribution of the host galaxy is predominant.

Optical spectra of Seyfert galaxies exhibit both recombination lines
and forbidden lines with a high degree of ionisation so, according to
this classification, the difference between Seyfert 1 (Sy1) and Seyfert
2 (Sy2) is caused by the presence or the lack of broad permitted
lines. Optical spectra of Sy1 galaxies present broad recombination
lines (Full Width at Half Maximum, FWHM, of 103kms~') of H and
He, other permitted lines of heavy ions like Fe II, C IV and Si 1V,
and narrow forbidden lines. Optical spectra of Sy2 galaxies exhibit
instead, both permitted and forbidden narrow lines, because the line
of sight points in the direction of the torus, which obscures the BLR.

Low Ionisation Nuclear Emitting Region (LINERs) are also consid-
ered as non-jetted AGN. LINERs, with an inefficient accretion rate,
show intense forbidden emission lines characterised by a narrower
profile and a lower degree of ionisation than that of the Seyfert galax-
ies. It is not yet clear whether they are indeed a real class of AGN or
AGN with inefficient accretion.
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The orientation is a significant factor also among the jetted AGN. Jet-
ted AGN viewed at high inclinations are called radio galaxies. They
are identified with giant galaxies and quasars. The most important
features of radio galaxies are the massive radio jets and lobes that
can reach up to several Mpc, well outside the host galaxy. In some
cases, radio galaxies show typical AGN optical spectra and they are
classified as Broad-Line Radio Galaxies (BLRG) and Narrow-Line Ra-
dio Galaxies (NLRG), analogous to Sy1s and Syzs, respectively. Ra-
dio galaxies are classified also based on the properties of the jets as
Fanaroff-Riley I (FR I) and II (FR II). FR I sources are fainter and most
of the radio emission comes from the surrounding of the nucleus,
whereas FR II types are brighter and the radio emission is dominated
by the radio lobes far away from the nucleus (Fanaroff and Riley,
1974). FR I sources lie in denser environments and present low ac-
cretion efficiency conversely to the FR II sources, which stay in less
dense ambiences, characterised by high accretion efficiency.

When the line of sight falls into the relativistic jet, jetted AGN are
called blazars. They show continuum variability at all the wavelengths,
over short time scales (minutes). Blazars can be divided into Flat-
spectrum radio quasar (FSRQ), which optical spectra present emis-
sion lines with an equivalent width (EW) larger than 5 A, and in
BL Lacertae Objects (BL Lac), which optical spectra present emission
lines with an equivalent width (EW) lower than 5 A and they are
dominated by synchrotron continuum.

According to this view, all objects that possess a quasi-stellar radio
core can emit relativistic jets that point in our direction as in the
case of blazars, or at wider angles, as in the case of radio galaxies.
The two classes FR I and FR II symbolised a difference in luminosity
classes but nowadays these sources are classified based on accretion
efficiency. High-excitation radio galaxies (FRyerg) present efficient
accretion while low-excitation radio galaxies ((FRLerg)) exhibit ineffi-
cient accretion (Best and Heckman, 2012, Giommi et al., 2012). In 1995,
Claudia Urry and Paolo Padovani completed the model by studying
the evolutionary scenario and gave an explanation to the FR I popu-
lation being so close to the BL Lac population and the FSRQs being a
subclass of the FR II sources (Urry and Padovani, 1995). The solution
involves FSRQs evolving in BL Lac, showing in this way, weaker lines
and stronger continuum (Vagnetti, Giallongo, and Cavaliere, 1991).
It is clear how the current model is the result of decades of theo-
ries, supported by experimental evidence, and successive denials and
reformulations in order to catalogue these particular sources. Today
there are still many unresolved points. One of these are the narrow-
line Seyfert 1 galaxies (NLS1s).

11
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Figure 4: Optical spectrum of the narrow-line Seyfert 1 galaxy HS
1747C6837B (Beckmann and Shrader, 2012).

1.4 NLS1I GALAXIES

First described by Donald E. Osterbrock and Richard W. Pogge in
1985 (Osterbrock and Pogge, 1985), NLS1 galaxies are a peculiar sub-
class of AGN. A typical spectrum of an NLS1 galaxy is shown in
Figure 4.

They are characterised by narrow permitted lines, conversely to Sy1s
and slightly wider than those of Syz2s, and by slightly larger forbid-
den lines (Pogge, 2011). The differences between the spectra of these
sources appear in Figure 5. They are identified by an FWHM(H}()
< 2000 km s~! (Goodrich, 1989) and an [O III]JA5007/HpB < 3 (Oster-
brock and Pogge, 1985). Many NLS1s exhibit strong emission of Fe
IT multiplets. These properties, representative of the spectral classifi-
cation criteria of NLS1s, are expressed in the anticorrelation between
the strong emission of Fe II and the relatively weak emission of [O
IIIJA5007, placing NLS1s at one end of the main eigenvector of the
spectroscopic properties of AGN (Boroson and Green, 1992).

From a physical point of view, the broadening of the lines is due to
the gravitational attraction of the BH and the related Doppler effect
generated by the motion of the gas around it. The presence of narrow
lines in the NLS1 therefore, indicates a low gas rotational velocity
around a small-mass BH (10° My < Mgy < 108 Mg ) (Peterson,
2011). Considering also that the bolometric luminosity L1 of these
galaxies (10"0 Ly < Lpor < 102 Ly ) is comparable to that of Sy,
it is inferred that NLS1s exhibit a very high accretion rate, close to
the Eddington limit (Boroson and Green, 1992). Some NLS1s, in ad-
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Figure 5: Spectra of the Hg region of three sources: NLS1 Mrk 42, Sy1 NGC
3516 and Sy Mrk 1066 (Pogge, 2011).

dition, even record values higher than this, explained by the fact that
the accretion develops with a disk-like geometry while the Eddington
relation is based on a spherical symmetry.

According to some authors, these properties would place the NLS1
galaxies in the first phase of the evolutionary scenario of an AGN.
They would represent young galaxies and this would explain the
small BH mass and the high luminosity (Mathur, 2000a). Some au-
thors, instead, proposed that the low BH mass of NLS1s is due to an
inclination effect, caused by the lack of Doppler broadening due to
the pole-on view of a disk-like BLR (Decarli et al., 2008).

Because they are classified as Seyfert galaxies, one would expect that
NLS1s have no relativistic jets and are therefore classified as galax-
ies. Recent research has actually found that 7% of NLS1s are brilliant
in radio (Komossa et al., 2006), conversely to what had always been
claimed. RL galaxies are in fact objects that usually exhibit broad
lines from the Balmer series and weak Fe II emission, a property op-
posite to the These are opposite to those that characterise the NLS1.
In the optical spectrum instead, in addition to the above-mentioned
characteristics, there is an excess compared to the flux relative to
the power-law of the underlying continuum called BBB or Big Blue
Bump (Richstone and Schmidt, 1980). It is related to the emission of
the accretion disk. NLS1s also exhibit bright emission in the infrared
(IR), possibly due to strong star formation and large amounts of dust
(Sani et al., 2010, Cracco et al., 2016). Moving to higher frequencies,
another important feature concerns the luminosity in X-rays. NLS1s
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show steeper spectra than Sy1s in the soft” (0.1 —2.4keV) X-rays and
that are subject to very rapid variations (scale times ~ 1000s, photon
index I' = —2.5) ((Boller, 2000)), while some sources exhibit an excess
in the ultra-soft ray domain (E < 1keV). The shape of the spectrum in
the X regions and its relative brightness are also indicators of a high
rate of accretion.

1.4.1 Jo354-1340

The target of this study is the RQ NLS1 6dF Jo354328-134008, Jo354-
1340, (R.A. 03h 54 min 32.85s, Dec. -13d 40m 07.29s, z=0.076).

The radio source Jo354-1340 is part of the sample of the southern
NLS1s observed by Chen et al. (2020). The observations were carried
out with the Karl G. Jansky Very Large Array (JVLA) C-configuration
at 5.5GHz. The authors found that this target has a very compact
central core at kpc-scale with a flux density of Sint =~ 5.09mJy. The
luminosity and black hole mass measured are log(Lint) ~ 39.58 and
log(MBH/Mg) =~ 6.99 respectively. The in-band spectral slope is flat
with &in—pana ~ 0.12. The radio map shows a southern component,
that has a separation of 62.2arcsec from the central target and with
the projected linear size of 93.5kpc. The flux density and luminos-
ity are Siny =~ 1.35mJy and logLin¢ ~ 39.05 respectively, which are
weaker than the central core. The spectral index of the southern com-
ponent is &in_vana ~ 1.7 which is steeper than the core.

The northern component has instead a separation of 55.7arcsec from
the central target, corresponding to a projected linear size of 83.9kpc.
The flux density and luminosity are Sin+ ~ 0.45mJy and log(Lint) =
38.43 respectively, which are fainter than the southern one. Chen et al.
(2020) did not measure its spectral index because it is not detected in
the 5 and 6 GHz images.

The optical observations of Jo354-1340 were carried out during one
night, December 12, 2020, with the Magellan Baade 6.5m telescope at
Las Campanas Observatory, Chile, by Dr Enrico Congiu. These obser-
vations were performed using the IMACS Short-Camera. During the
observation night, the sky was clear, with seeing varying between 0.7”
and 1.5”. The optical spectrum retrieved is shown in Figure 6. The re-
duction and the analysis of this optical spectrum were not performed
in this thesis.
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RADIO ASTRONOMY

Radio astronomy studies radio emission from celestial sources. The
range of radio frequencies, v, or wavelengths, A, is defined by the at-
mospheric opacity level. The boundary between radio and far-infrared
(FIR) astronomy is placed at a frequency of v ~ 1THz (1THz = 1012
Hz), or at a wavelength of A = v/c ~ 0.3mm (Condon and Ransom,
2016). This also represents the higher boundary of the radio window,
while the lower boundary, as shown in the following, does not exist.
The atmospheric windows, that is the regions of the electromagnetic
spectrum in which the atmosphere is nearly transparent, make ground-
based astronomy possible. As shown in Figure 7, only optical/near-
infrared (NIR) and radio observations can be made from the ground
because the Earth’s atmosphere is opaque at most IR, ultraviolet, X-
ray, and y-ray wavelengths. The optical window covers the range of
peak thermal emission from T ~ 3000K to T ~ 10000K blackbodies
and includes the optical emission from hot thermal sources such as
stars and star clusters, galaxies and galaxy clusters, hot gas and re-
flected starlight by cooler objects like planets and moons. The radio
window is wider than the visible one and it includes various kinds of
astronomical sources and emission mechanisms. The high-frequency
boundary of the radio window (v ~ 1THz) is given by the vibrational
transitions of atmospheric molecules (like CO,, O,, H,O) that absorb
most of the radiation from radio sources. Ground-based astronomy is
also increasingly degraded at long wavelengths (A > 1m) by variable
ionospheric refraction and radio waves having wavelengths A > 30m
are usually reflected back by the ionosphere. Radio emission instead
does not have a real lower boundary, so longer radio wavelengths
can be observed from space. Furthermore, the radio emission is atten-
uated by the T ~ 300K atmosphere. The atmosphere itself also emits
radio noise degrading the sensitivity of the ground-based radio ob-
servations (Condon and Ransom, 2016).

Since the radio window was been opened, radio astronomy has
been considered as the science of serendipity. In the early 1930s, the
tirst astronomical radio source was indeed discovered by chance by
Karl G. Jansky. Investigating the interference between the static and
the short wave transatlantic voice transmissions, he found a repeat-
ing signal of unknown origin, later attributed to the synchrotron ra-
diation produced by Sagittarius A. His pioneering efforts have in-
spired astronomers in further works. Thanks to radio observations,
new unexpected sources were discovered and some optical sources
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Figure 7: Atmospheric windows of the electromagnetic spectrum. Ground-
based astronomy concerns only visible and radio range of the spec-
trum. Credits: Essential radio astronomy course.

were recognised as peculiar radio objects. Radio astronomy has re-
vealed sources emitting both thermal and non-thermal radiation, and
a hidden part of the Universe filled with radio galaxies and quasars
powered by supermassive black holes never investigated before. In
this way, it has been possible to study in-depth cosmic microwave
background radiation from the Big Bang and radio bright objects like
pulsars (Condon and Ransom, 2016).

The broadness of the radio window, stretching for five decades of fre-
quencies and wavelengths, opens a wide scenario for investigation.
For this reason, radio astronomy requires the use of multiple types
of telescopes, different in design, size and configuration, and various
techniques of observation. Radio telescopes need very large collec-
tors to observe faint astronomical radio sources. In addition to this,
large-diameter (D) radio antennas are required for good angular res-
olution 0,44 =~ A/D, in proportion to the long wavelength, A, of the
electromagnetic radiation being observed. Diameter is also responsi-
ble for sensitivity, a measure of the minimum signal that a telescope
can distinguish above the random background noise (Resolution and
sensitivity), and for the field of view (FoV) (Introduction to Imaging in
CASA).

For this purpose, single dish antennas have been constructed, from
smaller telescopes like Metsdhovi Radio Observatory (D= 14m), the
Sardinia Radio Telescope (SRT, D=64m) or the Green Bank Telescope
(D=100m) to the biggest one: the Five hundred meter Aperture Spher-
ical Telescope (FAST, D=500m). Figure 8 shows some of the most im-
portant radio telescopes.

2.1 RADIO INTERFEROMETRY

Despite the big diameter of the telescopes, it is still difficult to achieve
high resolution with single-dish radio telescopes.


https://science.nrao.edu/opportunities/courses/era/

2.1 RADIO INTERFEROMETRY
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Figure 8: A map of some radio telescopes all over the world. Credits: Single
Dish Astronomy

For example, the angular resolution at 1.4GHz (21cm) of Green Bank
Telescope (D = 100m) is:

Oarcsec ~ (1.2-A/D)- 2062625 ~ (2.5- 10 3rad) - 206265 ~ 520" (7)

In order to obtain a resolution of 1” at 21cm, the radio telescope
would need an aperture of ~ 52km , while the upper limit for a fully
steerable radio telescope is D ~ 100m. The most notable development
in solving this problem is the application of the interferometry tech-
nique to radio astronomy.

Interferometry is a technique based on the superposition of electro-
magnetic waves to study the result of their combination, the interfer-
ence pattern. In the early 180o0s, Thomas Young first performed the
interference experiment observing the interference image produced
by the radiation going through a double-slit.

As shown in Figure 9, the monochromatic planar wave, produced
by a coherent light source at wavelength A, goes through a double-slit
screen and for the Huygens-Fresnel principle, the double slits them-
selves act as a coherent point-like source with the same initial phase.
Defining d as the distance between the two apertures, let us consider
two parallel rays coming from the slits with an angle 0, with respect
to the perpendicular to the screen. On the optical screen these two
signals differ from each other for a phase ¢:

&= Tsin(0.) ®
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Figure 9: Young’s double-slit interferometer. Credits: [ntroduction to radio in-
terferometry

The luminosity distribution observed 1(64), given by the superpo-
sition of all the rays produced by the slits, can be expressed as:

[(0) = Io[1 4+ cosd(04)] )

where Ij is the peak intensity corresponding to the image centre
(0q = 0). The interference image (Figure 9) shows extremely bright re-
gions, corresponding to the maximums of the luminosity distribution,
and dark regions, corresponding to the minimums of the luminos-
ity distribution. The succession of these regions is called interference
fringes. Constructive interference is possible when the waves are in
phase, i.e. when ¢ = 2nN with N integer number, while when waves
are out of phase, destructive interference occurs for ¢ = 7(N +1/2).
The path difference A, the difference in the distance travelled by each
beam, creates a phase difference between the rays and, taking into
account the phase definition (equation 8) it can be defined as:

e For constructive interference: A = NA

¢ For destructive interference: A = %?\

Different types of interference are represented in Figure 9.

Radio interferometry applies the basics of the interferometry tech-
nique to radio observations. By building arrays composed of multiple
radio telescopes that work together like a single bigger collector, it is
possible to achieve higher resolution. Each radio telescope acts as a
slit so that the measured interference pattern is produced by multiply-
ing the wave signal received by the different apertures (Introduction to
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radio interferometry). In cases of extended structures with varying in-
tensity, the phases of the wave signal contain the position information,
while the intensity information is in the amplitude. Sources emitting
radio wavelengths do not require hard-to-build large-diameter dishes
to be observed with high resolution since the angular resolution is a
function of the maximum distances between the antennas within the
array, called baselines (b), that could be increased as necessary. This
technique is called "Aperture synthesis’ or ‘imaging synthesis’.

The signal received by each antenna is a linear combination of the ra-
diation coming from the source, the background radiation, the Earth
thermal noise and the instrumental noise. The signals arrive at each
antenna at slightly different times, depending on the antenna’s loca-
tion in the array (Introduction to Radio Interferometry). The signal from
each component of the interferometry system is combined with that
from every other collector in the correlator, so the interference pattern
is due to the combination of the signal observed by pairs of apertures.
The central diffraction pattern is defined as the primary beam, i.e.,
the Fourier transform of the aperture (Primary Antenna Elements).

In agreement with the Fourier theory, the signal can be expressed as
a sum of sinusoids and the Fourier transform is the mathematical
tool that decomposes a signal into its sinusoidal components contain-
ing all of the information of the original signal (Introduction to radio
interferometry). The interference pattern is expressed by the complex
visibility function V(u,v), which is the 2D Fourier transform of the
source brightness distribution in the sky plane (Introduction to Imag-
ing in CASA). The fringe visibility V, or visibility function, can be de-
fined as the ratio between the fringe amplitude and the fringe-average
intensity:

I — I
V| = _max “min (10)

Imax + Imin

and it can be also expressed through the Fourier transform as:

Viu,v) = JJT(x,y)ezT‘i(uX+V9) dx dy (11)

where T(x,y) is the brightness of the sky.
Every single observation in which amplitude and phase of the visi-
bility function V(u,v) are measured, is identified by a point of coor-
dinates (ug, vo) in the u,v-plane (Figure 10) that is the Fourier Trans-
form plane of the angular distribution of the source in the sky. This
plane is defined by two axes (u,v), corresponding to the spatial fre-
quencies of the Fourier transform. Each point in the u,v-plane rep-
resents the projected separation between any two telescopes as seen
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from the radio source, which are the baselines. An interferometer is
sensitive to a range of angular sizes 0:

<0<

bmax min

(12)

where by ax and b in are the maximum and the minimum base-
lines. Small structures can be resolved only when their size is bigger
than A/bmqx but it is always possible to get their flux. Big structures,
instead, are resolved only when their size is lower than A/byin, be-
yond this boundary they become resolved out and their flux is com-
pletely lost. It is possible to observe small structures with the longest
baselines having a higher spatial resolution, while big structures can
be observed with shorter baselines.
If the angular size of the source is larger than the distance between
adjacent positive and negative fringes, produced respectively by con-
structive and destructive interference, the interferometer’s response
to it averages to zero, causing the fringe cancellation within the inter-
ference pattern. Each baseline detects only a particular spatial scale
so the array cannot sample the entire Fourier domain and also the in-
tegration time is never long enough to sufficiently cover the uv-plane,
so the image is not necessarily complete (Introduction to radio interfer-
ometry). The orientation of the baseline also determines orientation in
the u,v-plane.

image plane N Por

Teay)

Figure 10: Coordinate system: the source in the image plane and the baseline
in the u,v-plane. Credits: Introduction to Imaging in CASA

An interferometry system consists of a definite number N of an-
tennas that give M = N(N + 1)/2 independent baselines leading to a
discretization of the visibility function in the u,v-plane. The sensitiv-
ity of the system is given by the effective collecting area defined as
~ N-Agish, where Agish (v, T, w) is the collecting area of a single tele-
scope and T and w are direction coordinates on the sky (Primary An-
tenna Elements). Starting from the coverage of the u,v-plane it is pos-
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Figure 11: u,v-plane coverage in four different cases: a) 6 antennas with a
single observation (texp ~ 10sec); b) 8 antennas with a single
observation; c) 8 antennas with 30 observations (texp ~ 5); d)
8 antennas with 420 observations (texp ~ 1h). Credits: Carniani,
2012

sible to reconstruct the intensity distribution of the observed source.
A good image quality requires good coverage on the u,v-plane. The
Earth rotation aperture synthesis technique uses our planet’s rotation
to let the projected baselines rotate in the sky plane so at a differ-
ent time it is possible to measure the visibility function in a different
point of the u,v-plane. Increasing the number of antennas and observ-
ing the source for a longer time interval are ways to improve the u,v
coverage, as shown in Figure 11. In the end, the addition of other tele-
scopes to the arrays with different baselines helps in getting a better
u,v coverage.

With a good u,v-plane coverage, the inverse Fourier Transform of
the visibility function gives the dirty image. The dirty image, I, is
the true sky brightness, convolved with the dirty beam D, analogous
to the point-spread function in an optical telescope.

The source image in the sky plane is obtained through the deconvo-
lution process, called the cleaning process. This process does not take
into account the different responses of each antenna to the acquired
signal. The final map is obtained at the end of these procedures. In
the next chapter, I will explain how these processes work as tasks of
the Common Astronomy Software Application (CASA), used to reduce
radio interferometric data (CASA).

With the application of the interferometry technique to radio observa-
tions, in 1946 Martin Ryle and Derek Vonberg first constructed a radio
interferometer to investigate cosmic radio emission which had been
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discovered by earlier investigators. Over the years, more and larger as-
tronomical radio interferometers have been constructed (Thompson,
Moran, and Swenson, 2017). Today, some notable examples are the
Atacama Large Millimeter/submillimeter Array (ALMA), composed
of 66 antennas situated in northern Chile; the Australia Telescope
Compact Array (ATCA), made of six identical 22m diameter dishes
placed in Australia; the Giant Metrewave Radio Telescope (GMRT)
Observatory, located near Pune in India, that is an array of thirty fully
steerable parabolic radio telescopes of 45-metre diameter. Very-long-
baseline interferometry (VLBI) is instead a type of astronomical inter-
ferometry in which the incoming radio signal is collected by multiple
radio telescopes that do not need to be members of the same array,
so the distance between them increases. The telescopes part of this
interferometer can be placed in different countries or even in space.
The Very Long Baseline Array (VLBA) is a VLBI array, placed across
the United States and it consists of 10 telescopes of 25m diameter.
The European VLBI Network (EVN) is a network of radio telescopes
located primarily in Europe and Asia, with additional antennas in
South Africa and Puerto Rico (Arecibo, 305m), composed of 21 tele-
scopes. VLBA and EVN can be connected to form a global VLBI net-
work, in which resolution of milliarcsec is the maximum resolution
achieved with radio interferometry.

2.2 JVLA

The observations of the object of this study, Jo354-1340, were carried
out with the JVLA C-configuration at 5.5GHz (Figure 12). The JVLA
belongs to the National Radio Astronomy Observatory (NRAO) built
throughout the 1970s, and it is a centimetre-wavelength radio astron-
omy observatory located in central New Mexico on The Plains of San
Agustin. Such location was chosen to prevent human radio interfer-
ences, as The Plains are a stretch of desert ringed by mountains and
far from any city. The desert climate, in addition, is crucial for radio
telescopes collecting radio waves at the same frequencies of water
transition radio waves to reduce the background signal from Earth-
based water molecules (Very Large Array). The JVLA is formed of 28
parabolic dish telescopes (27 actives and one that is a spare), and each
antenna has a dish diameter of 25 metres. The wider an array is, the
more resolution it is possible to achieve. The JVLA presents four dif-
ferent configurations, designated A (the most elongated, the longest
baselines of 36.1km, resolution on the smallest spatial scale: 8.9” at
6GHz) through D (the tightest, the shortest baselines of 1.03km, reso-
lution on the largest spatial scale: 240" at 6GHz). The C configuration,
used for this study, has a length of 3.4km and a resolution on the large
spatial scale of 3.5” at 6GHz.

The iconic “Y” shape of the JVLA (Figure 13) is functional to have
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Figure 12: The Karl G. Jansky Very Large Array. Credits: https://xevio.us/
2015/02/vla/

three long arms of nine telescopes each and to allow the flexibility of
stretching the arms when the configuration changes, with the aim of
change resolution, the field of view, and sensitivity. The system usu-
ally cycles through all the various possible configurations (including
some hybrids) every 16 months and the frequency coverage is 74MHz
to 50GHz. In 2011, the VLA expanded its technical capacity through
an upgrade project replacing the original electronics with state-of-the-
art equipment. For these reasons, a new name was proposed for the
array, and in 2012 it was renamed as the "Karl G. Jansky Very Large
Array". Finally, the JVLA has evolved into the Expanded Very Large
Array, enhancing the instrument’s sensitivity.

In the next chapter, I will describe in detail the software used for
data reduction and the procedure applied.
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Figure 13: The "Y" shape of the JVLA seen from above. Credits: The National
Science Foundation’s Jansky Very Large Array.



DATA REDUCTION

This Chapter is dedicated to the description of the data reduction
procedures applied in order to obtain the radio map, the spectral
index map, and the tapered map of the NLS1 Jo354-1340, the target
of this work.

3.1 DATA DESCRIPTION

The radio source Jo354-1340 is part of the sample of the southern
NLS1s observed in the JVLA project (Proposal ID: VLA /18B-126, PI
S. Chen). The observations were carried out to study the radio mor-
phology of NLSis in the southern hemisphere (Chen et al., 2020),
increasing the former sample of known radio-detected NLS1s. This
study proved that most NLS1s are unresolved at kpc-scale and that
in general radio emission is concentrated in the central region. Chen
et al. (2020) stated that the radio emission of steep NLS1s is dom-
inated by misaligned jets, AGN-driven outflows, or star formation
superposing on a compact core while in the case of flat NLS1s the
radio emission may be produced by a central core that has not yet
developed radio jets and outflows. The authors confirmed also that
only a few sources show diffuse emission and discovered new NLS1s
harbouring kpc-scale radio jets, including Jo354-1340.

The observation of Jo354-1340 was carried out in February 2019 with
the JVLA in C-configuration, centred at 5.5GHz with a bandwidth of
2GHz. The exposure time was 30 minutes and the angular resolution
3.5 arcsec, yielding a theoretical image sensitivity of ~ 7uJybeam™".
This setting allowed to obtain data with resolution and sensitivity
high enough to discover extended structures. The measurement set
is composed by 16 spectral windows (centred at 4.55, 4.68, 4.81, 4.94,
5.00, 5.19, 5.32, 5.45, 5.55, 5.68, 5.81, 5.94, 6.06, 6.19, 6.32, 6.45 GHz),
(Chen et al., 2020). The data are also averaged in time (10 sec) and
frequency (64 channels). I reduced the data using the CASA version

5.6.2-3.

3.2 CASA

I reduced the data using the JVLA calibration pipeline version 5.6.2-3
and the CASA version 6.1.2-7, which supports [Python 5.1.0. CASA

is a data processing software used for radio data, developed by an
international consortium of scientists under the guidance of NRAO.
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This software can process data from both single-dish and aperture-
synthesis telescopes and it is able to support the data reduction and
imaging pipelines for ALMA and JVLA (CASA documentation). The
functionality within CASA has been divided into tasks and tools: the
CASA tasks are Python scripts using the CASA tools, that are com-
monly performed when analysing astronomical data. CASA uses its
own internal data structure, called a Measurement Set (.ms), which
is a set of tables containing the data from the observations. Users are
allowed to import ALMA and JVLA data through import facilities.
Data processing in CASA (Jaeger, 2008) develops through:

* Data flagging: it is possible to remove bad data manually through
a task, or interactively with either the plotter and/or viewer
graphical user interfaces (GUISs).

e Calibration: it is the application of correction factors to make
the measured quantities similar to the ideal ones for interfero-
metric data. Sometimes other processes are applied before cal-
ibration like temperature correction, atmospheric corrections,
and modelling flux density. The process can be divided into
some discrete phases: calibrator model visibility specification,
setting model visibilities for calibrators; prior calibration, set-
ting up previously known calibration quantities that need to be
pre-applied, e.g. antenna position offsets or atmospheric mod-
els; bandpass calibration, solving for the relative gain of the
system over the frequency channels in the dataset (if needed);
gain calibration, solving for the gain variations of the system
as a function of time; polarisation calibration, solving for po-
larisation leakage terms and linear polarisation position angle;
establish flux density scale, if only some of the calibrators have
known flux densities, then derive flux densities of secondary cal-
ibrators; if necessary smooth calibration (Synthesis Calibration).
A designated calibrator source is used for these steps, a bright
quasar near the target is usually observed for gain and band-
pass calibration or also a solar system object for absolute flux
calibration.

* [maging: it is the use of the facilities for creating and manipu-
lating images from calibrated data (measurement sets). The im-
age creation consists of stages of Fourier transforming observed
interferometric data (visibilities) and image based deconvolu-
tion. CASA includes a variety of weighting schemes (natural,
uniform and briggs) to be applied to the visibilities. Natural
weighting gives each sample of visibilities the same weight and
since there are many samples at short baselines, it gives the
largest beam and the best surface brightness sensitivity. Uni-
form weighting gives each visibility a weight inversely propor-
tional to the sample density and it weighs down short baselines
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3.3 MULTISCALE MULTIFREQUENCY SYNTHESIS (MS-MFS)

so that long baselines are more pronounced. Uniform weight-
ing provides the best resolution. Briggs weighting is a gradu-
ated scheme using the robust parameter and represents a com-
promise of noise and resolution. Robust value ranges from -2
(= uniform) to +2 (= natural). Taper is an additional weight
function to be applied, typically a Gaussian to suppress the
weights of the outer visibilities. The resulting dirty images are
then deconvolved. CASA supports different versions of the de-
convolution algorithms available like CLEAN, Maximum en-
tropy methods (MEM) and Non-negative Least Square (NNLS)
based deconvolution. It is possible to use both non-interactive
and interactive clean modes. The clean algorithms supported by
CASA are Hogbom CLEAN (classic cleaning algorithm), Clark
CLEAN (minor/major cycles), Cotton-Schwab CLEAN (Clark
algorithm, with altered major cycle), and Multi-scale CLEAN
(delta-functions and circular Gaussians). These algorithms can
be applied to a single field or mosaic fields or even wide fields.

Other CASA facilities and interfaces are:

e Simulator: facilities able to simulate observations from the JVLA
and ALMA telescopes.

e User Interface: usually users interact through the interactive IPython
shell but there are also graphical interfaces like plotter (the plot-
ting facilities in CASA uses the Python library and are used
to plot calibration data, measurement sets and simple tables),
logger (it displays any messages reported by the CASA soft-
ware), table browser (to investigate the contents of a table) and
viewer. The Viewer can be used to view both images (CASA and
FITS formats) and visibility data (CASA measurement sets). The
CASA viewer can handle a large number of frequency channels,
it can play animations and images can be overlaid on top of each
other (the contour map onto the raster image, for example).

¢ [Python: the command-line interface. It is possible to import
Python libraries into the CASA environment and use them from
within CASA.

3.3 MULTISCALE MULTIFREQUENCY SYNTHESIS (MS-MFS)

To produce the radio map, the spectral index map, and the tapered
map starting from the measurements set data (file.ms) I used the
multi-scale multi-frequency deconvolution method. The ms-mfs al-
gorithm models the wide-band sky-brightness distribution as a lin-
ear combination of spatial and spectral basis functions, and performs
image-reconstruction (Rau and Cornwell, 2011, CASA Task Reference
Manual).
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3.3.1 fclean

First of all, I applied the CLEANing process to the data through the
tclean task and then the self-calibration to obtain in two steps the radio
and the tapered map. The fclean task forms images from visibilities
and reconstructs a sky model (CASA Task Reference Manual). Taking
into account the brightest pixels in the dirty image IP (that is the con-
volution between the real signal coming from the source and the dirty
beam), the algorithm creates a model as a linear combination of point-
like sources based on the position and intensity of the brightest pixels.
Then, the model multiplied by the dirty beam is subtracted from the
IP creating the residuals image IR. This is the deconvolution process.
The task searches the brightest pixel in the residual image and re-
peats the procedure until the number of iterations is bigger than the
value set or the maximum value of intensity in I} is lower than a
fixed value. At the end of the process, the real sky brightness image
is obtained. The clean regions can also be defined manually, using
interactive clean.

The task parameters can be chosen by the user.

Imsize is the size of the region where the map will be created and it is
defined by the number of pixels centred on the phase centre defined
by the user. In our case, the source coordinates are close enough to the
pointing centre that I did not need to modify it. I set imsize=4096 so a
region of 4096x4096 pixels was investigated to check for the presence
of nearby sources. I chose to use a cell of 0.2 arcsec to properly sam-
ple the beam. The values are shown in Table 1. The deconvolver is the
minor cycle algorithm, which operates on residual images and pro-
duces output model and restored images. This parameter was set on

‘multiscale (term) multifrequency synthesis” (mt-mfs). The number of

Taylor coefficients in the spectral model, nterms, tells how many terms
are being fitted to the spectral information and its value was fixed to 2
(the spectrum is a straight line with a slope in log-space). For the max-
imum number of iterations niter, a stopping criterion based on total
iteration count, was chosen a value of 20000. The gain is the fraction
of the source flux to subtract out of the residual image. It represents
how much source is cleaned up in a cycle and it is usually set to 0.1
for a point-like source while for an extended source like Jo354-1340
the gain was fixed to 0.05. I put the maximum number of minor-cycle
iterations (per plane) before triggering a major cycle, cycleniter equal
to 2000. For pblimit value, which gives a threshold below which image
values are set to zero, -1.5 was chosen to see a large enough region
needed to clean also the nearby sources. Sometimes in the dirty image
IP, artefacts called sidelobes appear because of a non-complete cov-
erage of the uv-plane (Interferometry basics). These fake structures are
very symmetric but do not represent real emissions. The sidelobes
for the JVLA often look like six spokes radiating out from a bright
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source. If there is a bright source with sidelobes contaminating the
target then it is necessary to expand the mapped region to a larger
one containing this bright source in order to model it and reduce its
effects. This problem becomes more important in compact array con-
figurations such as C and D, because the beam and the field of view
are much larger than in A or B configuration, so many more neigh-
bouring sources are included. Hence, in the case of Jo354-1340, the
field of view was enlarged. During gridding of the dirty or residual
image, each visibility value is multiplied by a weight before it is ac-
cumulated on the uv-grid. The weighting parameter was set to briggs
weighting that provides a compromise between natural and uniform
weighting and therefore offers a compromise between spatial resolu-
tion and surface brightness sensitivity and also suppresses sidelobes
(VLA CASA Imaging Manual). The robust value was fixed to o0.5. In
the end, I had to put Interactive=True to clean manually the source.
The process ends with the interactive CLEANing through the viewer
display panel. For this first stage of cleaning, I selected first only
the central brightest pixels to be cleaned, in two steps, because self-
calibration need only the emission from the centre. Once the region
was selected, tclean extracted flux from the residual image convolved
with the PSF model and created the source model.

At the end of the clean process, the task produces:

* Output image: the true image of the sky source brightness

* sourcename.psf: image of the point spread function

-residual: residual image

* .image: restored image

¢ .model: model image

* .sumwt: single pixel image containing sum-of-weights
* .pb: primary beam model

* .alpha: spectral index map

* .alpha.error: estimate of error on spectral index map

For multi-term wideband imaging, except for the alpha and the al-
pha.error images, all the other images will have additional .tto, .tt1
suffixes to indicate Taylor terms. (CASA Task Reference Manual).

3.3.2  Self-calibration

Data are affected by errors due to the different antenna responses to
the acquired signal, the presence of the atmosphere producing distor-
tions, and instrumental effects. Self-calibration, the calibration of the
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source visibilities through a model of the source itself, is an important
technique used to reduce noise. It is used both for point sources and
extended structures.

A standard calibration is applied by the pipeline before the self-calibration,

it usually uses quasars with rather constant flux densities, that are
point-like sources. For Jo354-1340, Chen et al. (2020) used 3C 147 as
the main calibrator and Jo405-1308 as the phase calibrator. The aim
is to observe sources with known flux, shape and spectrum to de-
rive the response of the instrument. In this way, bandpass calibration
compensates for the change of gain with frequency through observa-
tions of a strong source with a flat spectrum, i.e. bandpass calibrator.
Phase calibration compensates instead for relative temporal variation
of the phase of the correlated signal on different antennas (or base-
lines) through observations of a strong source with a known shape,
preferably a point-like one, every few minutes. Amplitude calibration
offsets atmospheric opacity and loss of signal within the interferom-
eter thanks to observations of a source with known flux. This can
be a planet or a stable radio source (Interferometry basics). After the
standard calibration is applied, there may be residual phase and/or
amplitude errors in the calibrated data of the target source that de-
grade the image quality. Self-calibration processes are applied to re-
duce the phase and amplitude errors in the visibilities of the same
target source, using a model of the target source itself NRAO (VLA
Self-calibration Tutorial). The calibration process of the dirty data pro-
duces calibration tables to be applied to the source visibilities. The
source model, the intensity distribution in the sky plane, has been
created in the previous step by the CLEANing process of the cali-
brated data. The model is thus transformed into visibilities through
Fourier Transform and new tables of calibration are created for the
source from the source itself. The calibration solutions are directly
applied to the target field from which they were derived.

For this purpose, I used the task gaincal which is both for general
gain calibration using an external calibrator and for self-calibration
(CASA Self-Calibration Manual). The calibration mode calmode was
set to 'p’, indicating that self-calibration is performed only on phase
because amplitude self-calibration has a larger potential to change
the source characteristics (i.e. introduce artefacts). I applied only one
cycle of phase-only self-calibration to Jo354-1340, choosing the tem-
poral interval of solutions solint equal to 18os. The solution interval
values range all over the whole integration period and it is important
to choose a value to be short enough so that it tracks changes in the
atmospheric phase with high accuracy, but long enough so that you
measure phases with good signal-to-noise. The value of 180 s is often
used as the maximum because in this time range there should not be
considerable changes in the atmosphere at radio frequencies. During
this stage, the task is still finding flagged solutions that are bad and
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will be ignored and it creates the table with calibration solutions.

At this point I used the task applycal to apply the calibration, setting
the value of gaintable to caltable, in order to apply the solutions cre-
ated with the previous task to the visibilities, and setting the value
of applymode to calflag. After running the task the original visibility
file will be changed. At this point, the CLEANiIng process was carried
out again.

Conversely to the first stage, I had to clean manually not only the
central brightest pixels but also the regions with bright emission that
became visible gradually during the CLEANing procedure. The im-
age showed very bright sidelobes and a possible fake emission in the
north. This artificial structure could be the sidelobe of another source
or just noise. Since it was unclear whether the northern emission was
real or not, I decided to do two different versions of the map: one
in which I cleaned the northern emission cleaned and one in which I
did not clean it. However, it is worth noting that the NVSS image of
Jo354-1340 shows an elongated structure in the north direction. There-
fore, it is likely that the emission in the north is real.

3.3.3 Radio map

The last step to obtain the final map was to apply the largest cleaning
to make sure that all the flux was collected and also reducing side-
lobes in this way. In this way, I obtained the first final map (Figure
14). The o of this image, that is the root mean square rms, was 8 uJy.
The Relative Contour Levels were -3, 3 x2™ n € [0,7]. In this case,
the sidelobes have negative contour levels (dashed lines) and there is
no evidence of the potential emission located in the northwest side of
the nucleus.

For the second version of the final map, before doing the largest clean-
ing, I cleaned also the northern emission. The rms is 8 pJy and the
Relative Contour Levels were the same as before(Figure 15).

3.3.4 Tapered maps

Since Jo354-1340 shows extended structures, a taper was used to en-
hance the extended emission sensitivity. Higher spatial frequencies
are weighted down relative to lower spatial frequencies to delete arte-
facts coming from poor coverage regions of the uv-plane. The taper
works by convolving the visibilities with a Gaussian centred on the
short baselines. It can be specified either as a Gaussian in uv-space
(e.g., units of lambda) or as a Gaussian in the image domain (eg. an-
gular units like arcsec), (CASA Task Reference Manual). Before the
last CLEANing process, I fixed the value of uvtaper in the task. The
uvtaper should be approximately 5-15% of the maximum A, which is
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Figure 15: Radio map of Jo354-1340 with the northern emission cleaned, 0=8
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Figure 16: First version the tapered map of Jo354-1340 obtained with-
out cleaning the northern emission and with uvtaper=15kA and
rms=10 pJy.

the largest number of wavelengths it is possible to fit into a baseline.
In this case, this number is ~ 220 kilo-A (kA), so I set the uvtaper
value to 15 kA. I also tried with 10, 20 and 25 kA values but uvtaper
= 15kA was the best compromise between sensitivity and resolution.
During the last CLEANing process, I did the manual cleaning twice
with cycleniter=2000.
The first version of the tapered map, in which the northern emission
was not clean, was obtained setting the rms=10 uJy (Figure 16).

The second version of the tapered map, with the northern emission
cleaned, was instead obtained setting the rms=11 pJy (Figure 17).

3.3.5 Spectral Index Map

Starting from the final map, I obtained the spectral index (&n.,) map.
The primary beam size is a function of the frequency. It is smaller
at higher frequencies and larger at lower frequencies. The range of



3.3 MULTISCALE MULTIFREQUENCY SYNTHESIS (MS-MFS) 39

30” -

39'00" | 1

30" 7

40'00" [

30” -

J2000 Declination

—13°41'00" |

o0 @ .

| | | | | | |

03"54™35° 348 328 30 28% 26°
J2000 Right Ascension

Figure 17: Tapered map of Jo354-1340 obtained with uwvtaper=15kA and
rms=11 pJy.

frequencies at which Jo354-1340 was observed goes from 4.5GHz to
6.5GHz so the beam varies with frequency through this range and
imposes its own spectral index to the map. To correct for this effect
I used the task widebandpbcorr: wide-band primary beam correction.
Setting the threshold to 5 times the rms, the task removes all the val-
ues that are less significant than 5 o, because the emission below this
threshold has a too low S/N to reliably estimate the spectral index. I
used 0.4 mJy as a threshold and -1.5 as pbmin. This procedure cre-
ated a primary beam corrected image.

However, the spectral index map still contains errors. To remove the
bad data, CASA offers an opportunity to mask values or pixels with
high errors. The mask values were chosen using the threshold in the
any error map. CASA kept the mask that the image already had and
added another mask which is limited to the condition of the error
lower than 1, leaving out most of the clearly erroneous values and
keeping the ., values associated with the source.
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Figure 18: Spectral index map of Jo354-134. This map shows only the core
and the southern emission.

Once the mask is added, errors have been removed from the spec-
tral index map. The «n,, and its associated error are calculated for
each pixel but pixels are not independent. For this reason, the beam
in the image header was forced to be the size of one pixel and was
then convolved with a Gaussian that represents the size of the real
clean beam. To achieve this, the area of one pixel was calculated as:

2

Area_pixel = (cell_size)? = (0.2arcsec)? = 0.04arcsec (13)

Considering a circular beam, so major axis equals the minor axis, I set
its area equal to the one calculated before, in order to find the radius
of the artificial beam itself:

10.04 2
mr? = 0.04arcsec?, r= OOG%“ = 0.1128arcsec

(14)

1.5
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MAJOR BEAM MINOR BEAM BEAM POSITION ANGLE

3.5320 arcsec  1.2978 arcsec  1.6280 deg

Table 1: Original values of the beam

Since the beam radius r is half of the FWHM, the pixel-sized beam
will have:

FWHM = 2r = 0.226arcsec (15)

Through the task imhead I saved the values of beam_major, beam_minor

and beam_positionangle written in the CASA logger (Table 1) and
then I substituted the first two values with the FWHM just calculated
and the latter with zero. In this way, the pixel-sized artificial beam
was added to the header of the spectral index map image. The last
step was the convolution of the image with a Gaussian of the size of
the correct clean beam through the imsmooth task. Taking into account
the dependency of the pixels and convolving the «n,, map and its er-
ror map with the clean beam considerably decreases the pixel-to-pixel
variations, and also the error.

The spectral index map obtained shows a data range of [-1,1] (Fig-
ure 18).
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In this chapter, I will analyse the results obtained through the data
reduction processes.

4.1 MEASUREMENTS

Jo354-1340 seems to be an FRII radio galaxy (Fanaroff and Riley, 1974),
with a compact central core bright at radio frequencies, probably be-
ing the jet-base having a flat in-band spectral index (Chen et al., 2020).
This source shows extended emission located on the southern-west
side and on the northern-east of the source nucleus, corresponding
to the very elongated jets, as is possible to observe in Figure 15.
The spectral index map (Figure 18) shows a flat core, as typically
seen in blazars. The spectral index of the lobe seems to be ~ -0.5
which is slightly higher than the characteristic spectral index of -0.7
of optically thin synchrotron emission. This may be due to interac-
tion between the lobe and the intergalactic medium (IGM), which
re-accelerates the electrons in the lobe and thus makes the spectral
index flatter.

I measured the peak and the extended emission flux of Jo354-1340
from the radio map. I did these measurements for the core and for
the extended emission. Through the viewer, first of all, I draw a square
around the central region and I used the 2D Gaussian fitting tool that
titted the core region with a 2D gaussian on the radio map. The source
was modelled with a Gaussian fit and deconvolved from the beam, to
obtain the integrated and peak flux densities centred at 5.5GHz. The
measured values and the related errors produced by CASA are re-
ported in Table 2.

Peak flux 5.254 + 0.020 mJy beam ™!
major axis FWHM 3.53 arcsec

minor axis FWHM 1.30 arcsec

position angle 1.63 deg

Table 2: Flux and Image component size (deconvolved from the beam)
The extended emission in the map is not continuous but it shows

up in three distinct emission regions, and I measured all of them. I
followed the outermost contour that it is the 3 o contour. The total
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flux density has been measured as the sum of the flux density of all
the regions considered. The error related to whole extended emission
has been estimated as the rms usually used (8 uJy) multiplied by the
square root of the area covered by the outermost contour (sum of the
number of points Npts) expressed in units of beams (the size of beam
given in pixels) (Berton et al., 2018).

In Table 3 are reported the number of points and the flux density,
measured for every region and for the total extended emission.

REGION NUMBER OF POINTS FLUX DENSITY

Core 1219 4.88 mJy
S1 183 46.0 uJy
S2 2039 0.6974 mJy
S3 81 18.1 njy
S4 37 7-44 Wy
N1 185 434 Wy
N2 174 42.2 uJy
Total 3918 5.73 mJy
Table 3: S refers to the different regions of the southern emission: St is the

region closer to the core, located in the southeast part; Sz is the
biggest region in the southern-east part; S3 is the small region in the
northwest part of the biggest region and S4 is the smallest region
in the northeast part of the biggest region. N refers to the different
regions of the northern emission: N1 is the region located on the
east-side of the emission; N2 is the region located on the west-side
of the emission. The Beam Area (Areaeqm) measured for every
region is 129.843.

The core, south and north regione error is the rms per beam and
was calculated as:

Nptsor 1219
b = | PEStot g = 2451

(16)

Nptsiot 3918
b — oy — 2t 8Ty =13.30
(rms/beam)north = TMS ATedgeanm HJY 129.834 HY

(17)
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[ NptStot / 3918

(18)
The analysis of the observations of Jo354-1340 at 5.5 GHz has given:
¢ Total flux density of Siot = 5.73 £0.04 mJy,
* the peak flux of Speqr = 5.25£0.02 mJybeam—'.

I also estimated the deprojected linear size, the orientation and the
age of the jet. I did two different estimates of each quantity, consider-
ing first that the jet is propagating at the speed of light ¢ = 3 x 10°
km/s and then taking into account the more realistic vj¢¢ = 0.3c (Giro-
letti and Polatidis, 2009, Berton et al., 2020). To do that, I calculated
the ratio between the flux density of the southern emission and the
flux density of the northern emission. Starting from the tapered im-
age shown in Figure 17, the one with the northern emission cleaned,
I used the task imfit to fit a Gaussian on the centre of the source and
then extract it from the image to have the residual emission without
the core component. The southern emission appears brighter than
the northern one, meaning that the southern component is the ap-
proaching jet, the one pointing toward our line of sight, while the
receding jet is identified with the northern component. The FRII ra-
dio galaxy usually shows intrinsically symmetric morphology. In the
case of Jo354-1340, the jet and the counter jet flux values differ due to
the Doppler effect that amplifies the observed flux of the approaching
jet (f+) and diminishes the observed flux of the receding jet (f_), lead-
ing to different Doppler enhancements. Starting from the flux ratio
derived from the Doppler factors (Beckmann and Shrader, 2012):

fy (1 + B-cos(6)>(2—0¢)

f_  \1—p-cos(9) (19)

I derived the inclination of the jet 0, the angle with respect to the
line of sight. As shown in the equation 19, the ratio between the flux
of the approaching jet (f;.) and the flux of the counter jet (f_) depends
on:

¢ the cosine of 0;

* B = %, the ratio between the velocity of the jet v and the speed
of light c. I approximated this value to 0.99, when it is assumed
that the jet is propagating approximately to ¢, and to 0.3 when
I considered the relativistic approximation. In fact, 3 is lower
than one, so the inclination obtained from the first approxima-
tion will be the upper limit of 6;
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* «, the spectral index of the jet, related to the slope of the electron
population energy distribution. In this case, I set x = —1.

The flux densities were measured in the viewer drawing a region
around the southern and northern emissions, giving respectively f, =
0.77mJy and f_ = 0.09mJy. Considering 3 = 0.99 I obtained:

= 8.6, cos(07) = = (20)

0.77e =03 (1 +0.99 x cos(61)>3
0.09e—03 \1—-0.99 x cos(01)

W[ —

The equation 20 gives an estimate of the jet inclination of 67 = 70°.
This value represents an upper limit for the inclination of the jet since
the velocity of the jet is never so close to c.

For this reason, I calculated the inclination with a more realistic value
for the jet velocity, choosing 3 = 0.5:

= 8.6, cos(0y) = 1]—5 (21)

0.77e —03 (1 +0.5 x cos(62)>3
0.0%¢ —03 \1—-05 x cos(63)

The equation 21 gives a more reasonable estimate of the jet inclina-
tion of 0, = 47°.

Finally, taking into the account 3 = 0.3:

0.77¢ —03 <1 +0.3 x cos(63)>3

1
= =8.6 0:) = —
0.09¢e—03  \1—0.3 x cos(63) ’ cos(03) (22)

0.9

In this case, it is evident that it is impossible to derive a value for
the inclination with this flux ratio. The relativistic approximation of
v = 0.3c is not valid for the jets of Jo354-1340.

To have the deprojected linear size of the jet, first of all, I calculated
the distance of the source D, with the NASA/IPAC Extragalactic
Database (NED) cosmology calculator (Cosmology Calculator I). To
obtain the luminosity distance D, I set the redshift to z = 0.076, the
Hubble constant to 67.8km/s - Mpc, considering a flat Universe with
the matter density parameter Xy = 0.308 and the vacuum density
parameter X, = 0.692. Taking into account these parameters, the
calculation gives D1 = 355.2Mpc. Then I measured the coordinates,
declination & and right ascension RA, of the core, the northern and
the southern emission (Table4) on the radio map shown in Figure 15.

I obtained the angular size of the jets calculating the separation
between both the emissions and the core. The angular dimension on
the approaching jet is di = 60.6arcsec, while the size of the counter
jetis do = 57.8arcsec. I obtained the projected size of each emission
as the product of their angular size and the scale of 1.487kpc/"”, given
by the cosmological calculator:

kpc

1

D} =scale-dy = 1.487—— - 60.6" =90.11 kpc (23)
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REGION RIGHT ASCENSION RA DECLINATION 0
Core 03:54:32.853 -13.40.07.244
Southern emission 03:54:32.077 -13.41.08.737
Northern emission 03:54:32.804 -13.39.11.125

Table 4: The equatorial coordinates of the core, the northern and the south-
ern emission

K
DY = scale-dy = 1.487-PC .57.8"” — 85.95 kpc (24)

"

Dividing the projected size of the approaching D3 and of the counter
jet DY by the sine of the jet inclination 81, I obtained the deprojected
linear size of both jets:

DS 9011 kpe
DIPPT — 1 — =124 k
jetl sin(07) sin(70°) pe (25)

coun _ DN _ 8595 kpe
jeth 7 sin(07)  sin(70°)

=92 kpc (26)

I did the calculations also for the jet inclination 0,:

D3 20.11  kpc
DaPPT — 1 — =124 X
jet2 T 5in(0,)  sin(47°) pe (27)

coun _ DY _ 8595 kpc
jet2 ™ 5in(0,) sin(47°)

=118 kpc (28)

Since the jets are not aligned it is not possible to calculate the de-
projected linear size of the whole jet, for this reason, I summed the
two components only to have an estimation of the extension of the
emission from north to south:

Djet] — chgzﬁroaching + D)g:é)tl#nter — ]88](]9(1 (29)

And also for the second estimate:

DjetZ _ D]qu[];roaching + cheotuénter — 242kpc (30)

Until now, the Jo354-1340 jet is the most extended jet observed
among NLS1s. Usually NLS1s harbour jets of few kpc, so this size
is unprecedented for this kind of AGN. The jet is so huge that it is
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outside the host, probably reaching the IGM.

In the end, I estimated the age of the approaching jet, considering
first that the jet is propagating at 0.99c. Having 1 pc ~ 3.086 - 10'3km
and Tyrs = 31536 - 103s, I calculated the ages as:

o DG 96-3.086-10'6 km
T 099 099-3-105 km/s

~998-10""s ~ 0.3 Myrs (31)

Then I consider that the jet is propagating at 0.5c, having:

_ DyEST 124.3.086-10'6 km

= 0sc — 05.3.105 *m/s ~255-10"'s ~ 0.8 Muyrs (32)

The age of the jet of Jo354-1340 is of the order of Myrs.



Part II1

NEAR-INFRARED ANALYSIS






NIR MORPHOLOGY

In this Chapter I will describe the study of the NIR morphology of
Jo354-1340 host galaxy.

5.1 INTRODUCTION

Galaxy morphology is the result of several factors such as the galaxy
formation, the interaction with its environment, the influence of inner
perturbations, and the star formation (SF) history (Buta, 2011).
Perturbations generated in the inner part of the galaxy are generally
caused by the AGN activity through feedback mechanisms, such as
outflows, jets and winds. For this reason, the host galaxy of an AGN
interacts and evolves simultaneously with the nuclear region and the
host galaxy morphology is linked, in this way, to the central engine ac-
tivity (Ferrarese and Merritt, 2000, Morganti, 2017). There is a strong
connection between the growth of the black hole and the evolution of
its galactic surroundings which has been confirmed by several empir-
ical relations (Magorrian et al., 1998) that involve the black hole mass
and the bulge properties of its host galaxy. This tight connection be-
tween the central engine and the galaxy is also visible in the relation
between the relativistic jets and their host, which can be the cause of
the suppression or enhancement of SF activity far from the nucleus
(Lanz et al., 2016, Morganti, 2017). Further studies have also demon-
strated that AGN influence on their hosts is proportional to the jet
power (Olguin-Iglesias et al., 2016, Wagner, Bicknell, and Umemura,
2012, Zhuang and Ho, 2020). Even if jets are one of the fundamental
components of AGN, the debate on their formation and evolution is
still ongoing and the study of host galaxy morphology offer a fresh
perspective to solve this problem. Until recently, powerful relativistic
radio jets were only found to be hosted in elliptical galaxies (Urry
and Padovani, 1995, Franceschini, Vercellone, and Fabian, 1998, Koti-
lainen, Hyvonen, and Falomo, 2005), formed in dense environments
by merging, which is considered the trigger of the jet activity (Chi-
aberge et al. (2015)).

To investigate the AGN jet phenomenon, the NLS1s class could repre-
sent an interesting laboratory. As explained above, NLS1s properties
can be interpreted as a sign of early stage of evolution (Mathur, 2000b)
or due to a projection effect produced by a pole-one vision (Decarli
et al., 2008). Considering that more massive BHs are generally found
to be hosted in ellipticals while spiral galaxies tend to harbour less
massive BHs, the study of the host galaxy properties of NLS1s could
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be useful to disentangle these two scenarios, and to add insights into
the launching of jets.

While a large number of non-jetted NLS1 hosts have been already
studied (Crenshaw, Kraemer, and Gabel, 2003, Mathur et al., 2012,
Krongold, Dultzin-Hacyan, and Marziani, 2001, Orban de Xivry et
al., 2011), jetted NLS1s are relatively unexplored (D’Ammando et al.,
2018, Antén, Browne, and March3, 2008, Berton et al., 2019 Kotilainen
et al., 2016, Jarveld, Lahteenméki, and Berton, 2018b, Olguin-Iglesias
et al., 2016, Olguin-Iglesias, Kotilainen, and Chavushyan, 2020). Re-
cently, Jarveld, Lahteenmiki, and Berton (2018b) presented a NIR
imaging study with the Nordic Optical Telescope (NOT). All the re-
solved sources were hosted by late-type galaxies, most with pseudo-
bulges and bars, and three of them harbouring powerful relativistic
jets. This result gives new evidence supporting the idea that spiral
galaxies with pseudo-bulges can launch and sustain powerful jets
Olguin-Iglesias, Kotilainen, and Chavushyan, 2020.

Pseudo-bulges are disk-like bulge with flat structures, containing sub-
structures and showing sign of dust obscuration. They are kinemati-
cally cold objects, so dinamically supported by the rotation velocity,
and they are populated by young stars, showing ongoing star forma-
tion. They are thought to be formed via internal secular processes
since merger seems to be able to disturb or even destroy the sub-
structures. Pseudo-bulge are found in spiral galaxies. Classical bulge
instead, spheroidal featureless structures populated by old stars and
kinematically hot, are usually formed as a consequence of merger
(Gadotti, Lecture notes). They are usually found in elliptical galaxies.
The high fraction of jetted interacting sources found may suggest that
mergers and interaction could play a role in the launching of rela-
tivistic jets. In dense group and cluster-scale environments, multiple
minor and major mergers can replenish the gas reservoirs and cause
gas infall, leading to enhanced star formation and triggering of the
AGN activity, or can strip the galaxy of its gas reservoirs, quenching
or preventing future star formation. At the same time, as the proba-
bility of interaction increases in crowded regions, also the possibility
of the launching of jets becomes higher in those environments for
NLSz1s. This scenario is supported by the discovery that jetted NLS1
galaxies are found in denser large-scale environments than non-jetted
NLS1 galaxies (Jarveld et al., 2017, Jarveld, Lahteenméki, and Berton,
2018b). Nevertheless, different studies do not agree on the results
(D’Ammando et al., 2018, D’Ammando et al., 2017) and, for this rea-
son, further studies with a larger sample are required to clarify the
situation.


https://ned.ipac.caltech.edu/level5/March12/Gadotti/Gadotti_contents.html
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Figure 19: Magellan Telescopes at Las Campanas Observatory, Chile, during
observations. Walter Baade telescope is the one to the left and
Landon T. Clay telescope is the one to the right. Wikipedia

5.2 DATA SET

The NIR observations of Jo354-1340 were carried out during one night,
October 10, 2019, with the Magellan Baade 6.5m telescope at Las Cam-
panas Observatory, Chile (Figure 19). These observations were part
of a larger project aimed at determining the host galaxy morpholo-
gies of NLS1s. The Ks- (Acentrar = 2.150pum) and J-band (Acentral =
1.250um) observations were performed using the wide-area near-infrared
camera FourStar (Figure 20).
The FourStar Infrared Camera has four HAWAII-2RG 2048x2048
detectors and the second Array SN2o4 in FullWell Mode was used
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Figure 20: Available filters of the FourStar Camera FourStar Handout


https://it.wikipedia.org/wiki/Telescopi_Magellano
http://www.lco.cl/wp-content/uploads/telescopes/magellan/instruments/fourstar/FourStar-Handout.pdf
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for these observations. The corresponding gain is 2.5%¢~ /ADU while
the read-out noise is 22.1e~. The detector scale is 0.159” /pix. giving a
field of view (FoV) of 5.4"x 5.4" per array (FourStar Handout). During
the observing night, the sky was clear. The seeing was approximately
0.5" in both bands. There was no need for applying a correction for at-
mospheric extinction because the airmass was very close to 1 (1.039).
The total exposure time was ~ 1200sec (83 frames x 14.556sec) and =~
760sec (131 frames x 5.82sec), for the J- and Ks-band images, respec-
tively. The seeing was about 0.52arcsec and about 0.57arcsec, for |
and Ks images respectively. Standard pre-reduction, photometric and
astrometric calibrations, and sky subtraction were applied to the im-
ages with the Image Reduction and Analysis Facility (IRAF) Software.

5.3 GALFIT

A way to determine the host galaxy morphology is to characterise
its several components for example bulge, disk, bar, ring, and spiral
arms, by modelling their light distributions. To study the host galaxy
morphology of Jo354-1340, I used the 2D fitting algorithm GALFIT
version 3.0.5 (GALFIT Home Page), to perform a photometric decom-
position of the Ks- and J-band images. GALFIT, is a tool designed
to extract structural components from galaxy images and to model
brightness profiles using parametric functions. The algorithm can si-
multaneously fit a galaxy with an arbitrary number of functions, com-
posed of parameters, that can be left free to vary or frozen, and that
can be adjusted to model a wide variety of different structures (Peng
et al., 2010, Peng et al., 2002).

GALFIT is based on a non-linear least-squares fitting algorithm using
the Levenberg-Marquardt technique to find the best solution to a fit.
It determines the goodness of fit by calculating the chi-squared x?.
GALFIT computes the parameters for the next step continuing to iter-
ate until the x? has reached an acceptable value. The goodness of the
fit is given by the normalised or reduced chi-squared, the x2, defined
as :

i E f‘data X, U fmodel(xly))z (33)
V Ndof x=1y=1 X y) ’
where
fmodet (X, 1) Z £y (%, Y5 &7 0. (34)

v=1

Naor is the number of degrees of freedom in the fit; nx and ny
are the x and y image dimensions; and fqqtq(X,y) is the image flux at


http://www.lco.cl/wp-content/uploads/telescopes/magellan/instruments/fourstar/FourStar-Handout.pdf
https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html
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The Sersic Profile
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Figure 21: Sérsic profiles with different Sérsic indices where re and Z(r.) are
fixed. Larger ng means steeper central core and more extended
outer wing while a lower ng profile shows a flatter core and a
more sharply truncated wing (Peng et al., 2010).

pixel (x, y). The fi04e1(X,y) is the sum of m functions of f+ (x,y; «7...0t )
with n free parameters (o¢7...xy,) in the 2D model. The uncertainty as
a function of pixel position, o(x,y), is the Poisson error at each pixel,
which can be provided as an input image (Peng et al.,, 2010, Peng et
al., 2002).

5.3.1 Radial profile

Several analytic functions are available in GALFIT for fitting light
profiles. The radial profile functions describe the model intensity de-
creasing from the peak. Generally, while early-type galaxies show a
steep radial profile in the inner part and extended wings in the outer
part, late-type galaxies present a shallower intensity slope in the cen-
tre and evident truncation at large radii. Finding the parameters that
define the functional form is useful in performing galaxy classifica-
tion and in investigating the jet/ AGN co-evolution. GALFIT provides
as radial profile the following functional forms:

* The Sérsic Profile
It is a generalisation of the de Vaucouleurs’ law and it describes
how the galaxy surface brightness Z(r) varies as a function of
the distance r from its centre. The Sérsic power law is one of the
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most frequently used functions to model galaxy morphology,
and it can be expressed as:

T 1/ng
L 5 | S

Kn is a parameter connected to the Sérsic index, ng, so that X(re)
is the surface brightness at r.. The parameter n is the power-
law index and it controls the degree of curvature of the profile.
When Z(r.) is plotted against r/r. and ng is small, the profile
is shallower in the inner part and it has a steep truncation at a
large radius. Conversely, when n; is large, the inner profile is
steeper and it shows a highly extended outer wing (Figure 21).
The parameter r. is the effective radius in which half of the total
flux is enclosed, and this is due to how the dependent variable
k is coupled to n. Most of the galaxy bulges are fitted by Sérsic
profiles with < ng < 10. Usually, bigger and brighter galaxies
tend to be fitted with larger ns. Indeed, the best-fit value of 1,
correlates with galaxy size and luminosity. The de Vaucouleurs
profile is a special case of the Sérsic function when ng =4 and
it describes elliptical galaxy bulges. Both the exponential and
Gaussian functions are also special cases of the Sérsic function
when ng = 1 and ns = 0.5 and they are usually used for describ-
ing spiral galaxies disk and dwarf elliptical galaxies radial pro-
tile and bars. Generally, a Sérsic function with ng > 2 describes
classical bulges, as well as ellipticals. Disk-like bulges are bet-
ter described with Sérsic indices ns < 2, and galaxy disks are
described by a Sérsic function with ng = 1 that gives the expo-
nential function (Gadotti, Lecture notes).

The Exponential Disk Profile
As previously discussed, the exponential disk profile can be ex-
pressed as a Sérsic function with n_1:

S(R) =%y -e 7s. (36)

where X, is the central surface brightness and v is the disk
scale length. For this profile, the scale length r, is defined as
1.678 times the effective radius r.. Usually, disk galaxies are fit-
ted with a central Sérsic component and exponential disk com-
ponent

The Nuker Law

It is a good model for fitting most inner 1D profiles of galaxies.
The functional form of the Nuker law is defined by a double
power law mediated by a smooth transition:

. -y o 5E
I(r) :Ib-Zﬁa-(:b) [H(:b) } : (37)


https://ned.ipac.caltech.edu/level5/March12/Gadotti/Gadotti_contents.html
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Considering the limits of large and small radii, the parameter y
is the slope of the inner power-law while 3 is the slope of the
outer power law. The profile changes slope at the break radius
Ty, Iy is the surface brightness at that radius, and « describes
how sharply the two power laws connect.

* The Gaussian Profile
This profile is describe by the well-known function:
2

I(R) =y e 202 (38)

and the relation between the FWHM and o is:

FWHM =2v2In2 -0 = 2355 -0 (39)

* The Moffat/Lorentzian Profile
The generalized Moffat function has the following form:

Z(0)

) = T

(40)

where 14 is the dispersion radius and n,, is the power-law in-
dex. For n, = 1 The Moffat profile corresponds to a Lorentzian
function.

5.3.2 GALFIT implementation

To begin the fitting process, GALFIT needs a file.feedme to run (Fig-
ure 22). It contains input images, GALFIT control parameters and
initial fitting parameters. The four input images are CCD image of
the galaxy, and optional input point spread functions (PSF), sigma
image, and bad pixel mask. The control parameters are the size of the
titting region and of the convolution box, the magnitude photometric
zero-point and the plate scale. The initial fitting parameters depend
on the functions chosen to model the galaxy components. The GAL-
FIT fitting process is composed of several steps, as described in the
following, and it iterates steps 3-8 until convergence. In some cases,
the model does not converge and the iterations stop (Peng et al., 2010,
Peng et al., 2002 and GALFIT user’s manual).

1. The input PSF
The image of a point source is usually blurred because of distor-
tions due to optics imperfections and Earth’s atmosphere turbu-
lence. To compare the intrinsic shape of an object with a model,
this effect must be taken into account. This can be done by con-
volving the model image with the input point spread function
(PSF), which is the response of the imaging system to a point
source. To create and compare the model with data, first of all,
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# IMAGE and GALFIT CONTROL PARAMETERS

A) gal.fits # Input data image (FITS file)

B) imgblock.fits # Output data image block

C) none # Sigma image name (made from data if blank or "none")
D) psf.fits # # Input PSF image and (optional) diffusion kernel

E) 1 # PSF fine sampling factor relative to data

F) none # Bad pixel mask (FITS image or ASCII coord list)

G) none # File with parameter constraints (ASCII file)

H) 1 200 1 100 # Image region to fit (xmin xmax ymin ymax)

1) 100 100 # Size of the convolution box (x y)

J) 20.000 # Magnitude photometric zeropoint

K) 1.000 1.000 # Plate scale (dx dy) [arcsec per pixell

0) both # Display type (regular, curses, both)

P) 0 # Choose: O=optimize, 1=model, 2=imgblock, 3=subcomps

INITIAL FITTING PARAMETERS

For component type, the allowed functions are:
sersic, expdisk, edgedisk, devauc, king, nuker, psf,
gaussian, moffat, ferrer, and sky.

#

#

#

#

#

#

# Hidden parameters will only appear when they’re specified:

# Bn (n=integer, Bending Modes).

# CO (diskiness/boxiness),

# Fn (n=integer, Azimuthal Fourier Modes).

# RO-R10 (coordinate rotation, for creating spiral structures).
# To, Ti, TO-T10 (truncation function).

#
#
#
#

par) par value(s) fit toggle(s) # parameter description

# Component number: 1

0) sersic3 / # Component type

1) 50.0000 50.0000 1 1 # Position x,

3) 15.0000 1 # Surface brghtnss @ outer R_break [mag/arcsec2]
4) 30.0000 1 # R_e (effective radius) [pix]

5) 4.0000 1 # Sersic index n (de Vaucouleurs n=4)

9) 0.7000 1 # Axis ratio (b/a)

10) -30.0000 1 # Position angle (PA) [deg: Up=0, Left=90]

Ti) 2 # Inner truncation by component number(s)

F5) 0.1500 20.0000 1 1 # Azim. Fourier mode 5, amplitude, & phase angle
# Component number: 2

TO) radial # Truncation type (radial, length, height)

T1) 45.0000 45.0000 1 1 # Position x,

T4) 8.0000 1 # Break radius (99% normal flux) [pixels]

T5) 5.0000 1 # Softening length (1% normal flux) [pixels]

T9) 0.7000 1 # Axis ratio (optional)

T10) 45.0000 1 # Position angle (optional) [deg: Up=0, Left=90]
F1) 0.6000 20.0000 1 1 # Azim. Fourier mode 1, amplitude, & phase angle
B2) -5.000e+00 1 # Bending mode 2 amplitude

# Component number: 3

0) sersic # Component type

1) 150.0000 50.0000 1 1 # Position x, y

3) 7.0000 1 # Integrated magnitude

4) 15.0000 1 # R_e (effective radius)  [pix]

5) 2.0000 1 # Sersic index n (de Vaucouleurs n=4)

9) 0.5000 1 # Axis ratio (b/a)

10) 0.0000 1 # Position angle (PA) [deg: Up=0, Left=90]

RO) power # PA rotation func. (power, log, none)

R1) 0.0000 1 # Spiral inner radius [pixels]

R2) 15.0000 1 # Spiral outer radius [pixels]

R3) 180.0000 1 # Cumul. rotation out to outer radius [degrees]
R4) 0.3000 1 # Asymptotic spiral powerlaw

R9) 10.0000 1 # Inclination to L.o.S. [degrees]

R10) 45.0000 1 # Sky position angle

F1) 0.3000 45.0000 1 1 # Azim. Fourier mode 1, amplitude, & phase angle
F5) 0.1000 90.0000 1 1 # Azim. Fourier mode 5, amplitude, & phase angle

Figure 22: Example of a feedme file. It contains input images, control param-
eters and initial fitting parameters (Peng et al., 2010).
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GALFIT normalises the input PSF image for the convolution.
The PSF is then Fourier transformed using fast Fourier trans-
form (FFT). To achieve a compromise between the accuracy and
the speed of the computation, in GALFIT the user is allowed
to decide on the size of the convolution region. The box size
should be just big enough so that the seeing does not affect the
galaxy profile outside of the box. Typically, the size is about
20 or more times the seeing diameters, depending on how ex-
tended the PSF wings are.

. The extraction of a sub-image

GALFIT gives the possibility of fitting the entire image or a sub-
region, which is useful for small objects. In this way, GALFIT
cuts out a section of the image centred on the object to fit from
the original data image. The user is allowed to choose the size
of the fitting region.

. The creation of model images and derivative images.

To optimise the galaxy profile parameters, GALFIT uses a down-
hill gradient method that requires both the model and flux deriva-
tive images based on new or initial input parameters.

. The extraction of the convolution region
The model and derivative images created are then convolved
with the PSF to account for the seeing.

. Convolve the convolution regions
The convolution regions removed from the model and deriva-
tive images are convolved with the PSF using FFT.

. Copying the Convolution Region
The model and derivative images are copied back into the orig-
inal model/derivative images, once the convolution is done.

. Minimising residuals

The process of minimisation, done using the Levenberg-Marquardt
expansion, repeats until convergence is achieved, which hap-
pens when the x? does not change more than 0.0005 for five
iterations. GALFIT can fail to produce a good solution for com-
plicated fit and the convergence cannot be achieved sometimes.
GALFIT quits without a solution when tries to fit more compo-
nents into the image than appropriate or when the power-law
indices of the functions are too big or too small.

. Iteration from step number 3 until convergence is achieved

. Output images and final parameter files.

The output image block is a 3-D image cube in FITS. The image
data cube has 4 layers. Image zero is blank. The first image is
the sub-image extracted. The second image is the final model
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of the galaxy in that region. The third image is the residual
image formed by subtracting the second from the first. The final
parameters obtained in the fit are stored in the FITS header of
the second image.

5.4 DATA ANALYSIS AND DISCUSSIONS

In this section, I will present the Ks- and J-band NIR modelling of the
host galaxy of Jo354-1340 in order to determine its morphology type.
I will describe the photometric decomposition performed using the
2D image decomposition algorithm GALFIT.

5.4.1 Magnitude zero-point

The magnitude zero-point mg is a GALFIT control parameter, and it
is used to calculate, together with the exposure time, the magnitude
of the surface brightness of the host galaxy model. It is a conversion
factor to obtain the calibrated magnitude m,q; in physical units, start-
ing from the instrumental magnitude ms in counts.

To properly model this source, therefore, I calculated the photometric
zero-point for ] and Ks images. For that purpose, I used the aperture
photometry technique, the measurement of the stellar flux within a
circular area, whose radius is approximately equal to the FWHM of
the stellar PSF.

First of all, I selected eleven bright and non-saturated stars within the
FoV, deriving their calibrated magnitudes, in ] and Ks bands, from
the Two Micron All Sky Survey (2MASS) Catalogue (2MASS Cata-
log). I used the IRAF task imexamine to measure and calculate the
mean FWHM value for each star and the mean of the sky standard
deviation (Zsxy) for both images. Through the phot task, I measured
the instrumental magnitude choosing an aperture radius Rap of five
times the mean FWHM value. The sky was subtracted defining a ring
region, the sky annulus, around the aperture with an internal radius
Rann of seven times the mean FWHM value and a width Wann of a
quarter of the Rap. I also set the CCD readout noise, the CCD gain
values and the exposure time for both images (in Table 5 all the pa-
rameter values).

In this way, I could calculate the magnitude zero-point for each
star, comparing their instrumental magnitudes m, measured on the
image, with calibrated magnitudes mq; derived from the catalogue.
The magnitude zero-point mgy has indeed the following form:

my = Meq1 — (Mg — ZP) + kX (41)

In the equation 41: ZP is the zero point of magnitude scale and it
is an arbitrary constant, generally fixed at 25 in order to have posi-
tive magnitudes in the calculations; k is the atmospheric extinction


https://irsa.ipac.caltech.edu/Missions/2mass.html
https://irsa.ipac.caltech.edu/Missions/2mass.html
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PARAMETER KS-BAND IMAGE J-BAND IMAGE
Mean FWHM 3.3 px 3.5 pX

Lsky 4.74 cts/px 3.26 cts/px
Rap 17 pX 18px

Rann 25 px 25px

Wann 5 pX 6px

Readout noise 22.1 e-/CDR 22.1 e-/DU
Gain 2.59 e-/DU 2.59 e-/DU
Exposure time 5.822 sec 14.555 sec

Table 5: Parameters needed for the calculation of the magnitude zero-point
my with the aperture photometry technique, for both Ks- and J-
band images.

coefficient while X is the airmass. In this case, the airmass was very
close to 1 so I did not take into account the factor kX. I calculated the
mg for each star and then I obtained the mean, the median and the
standard deviation (0sq) values for both images (Table 6):

PARAMETER KS-BAND IMAGE J-BAND IMAGE
Mean 24.8 25.8
Median 24.9 26
Standard deviation 0.53 0.38

Table 6: The mean, the median and the standard deviation 054 value of mg
for both images.

The related errors, erry,,, were calculated as the standard error of
the mean:

Osd

ﬁ (42)

where n is the number of stars. In this way, choosing the mean value
as the reference value for mg, I obtained:

erTm, =

e For Ks-band : mp = 24.8 + 0.16

¢ For J-band: mp = 25.8 £+ 0.12
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These values were then used in GALFIT to convert pixel values and
fluxes into a physical magnitude by the standard definition (GALFIT
user’s manual):

DUus

exp

mag = —2.5log1o(

) +mo (43)

5.4.2 PSF

The nuclear emission coming from the AGN affects the host galaxy
model. For this reason, the AGN contamination has to be subtracted
from the galaxy before modelling it. This can be done by fitting the
AGN component with a modelled PSF. For this purpose, it is possi-
ble to use a stellar PSF since also the AGN is also a point-like source.
There are several methods to create a stellar PSF.

First of all, I used the PSF photometry technique in IRAF, which mod-
els the image PSF using the light distribution of chosen stars. This
technique usually replaces the aperture photometry when the stars
are not really isolated and/or the field is very crowded. I did several
attempts using the daophot task: I started creating a stellar PSF with
the eleven stars previously selected, but more stars were needed to
obtain a good PSE. Then I did the same procedure as before using
multiple stars but the PSF obtained was still affected by the distor-
tions in the detector along the FoV. To fix this problem, I modelled
the PSF shape as a linear function of the position on the image and
I also chose a bigger value for the radius of PSF model (fifteen times
the mean FWHM) to see the shape of the stars” wings. This model
was still affected by errors due to the field being too crowded. For
these reasons, I tried taking the average FWHM of the stars in the
image and creating a Gaussian model using GALFIT, and then I used
that as the PSF model. The PSF size was indeed too small to let the
wings be visible. I did the last attempt in this way trying to fit multi-
ple stars in GALFIT, using identical components (Sérsic functions or
a combination of Gaussians plus exponential disks) that differ only in
position and magnitude and constraining all the components to have
the same parameters. This approach did not work because stars with
different brightness had to be fitted with different components.

Finally, I tried using a nearby star as close as possible to the AGN
to minimise the effects of the position-dependent PSF. I extracted the
isolated star pretty close to the galaxy on its west side from the im-
age (Figure 23), I subtracted the sky contribution within the cut-out
region and I used this star as the model PSF itself. This attempt was
not optimal since the star was quite faint compared to the AGN. I
choose to model the nearby star to obtain an infinite signal-to-noise
ratio (S/N), having zero as the value of the sky, to smooth out any
tiny imaging errors affecting the star. I fitted the nearby star with one
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Figure 23: The Ks-band image. The source is at the centre of the FoV and it
is possible to see the nearby star close to the galaxy on its right
side.
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Gaussian in GALFIT but only one function was not enough to prop-
erly model the PSFE. For this reason, I tried fitting the star in GALFIT
with different combinations of Gaussians and exponential disks and
extracting the model PSF. The resulting PSF used for the galaxy fit
did not give a proper model for the host galaxy. Finally, I obtained
the best PSF model fitting five Sérsic functions for the nearby star,
freezing the sky mean value to zero in the fit.

5.4.3 Galaxy modelling with GALFIT

I performed a photometric decomposition of the Ks-band image us-
ing GALFIT. A crucial part of the fitting, as previously explained,
was to properly model the PSF to remove the AGN contamination.
The galaxy sky background was estimated using IRAF. I measured
the sky in several different isolated regions within the FoV and I
fixed the mean value (0.2) in the fitting. The magnitude photometric
zero-point mp=24.8 and the plate scale value 0.160 were added in the
file.feedme as GALFIT control parameters. I selected a fitting region
size of 300 x 300 pixels, centred on the AGN, as large as possible to
contain only the source. I chose a convolution box size of 200 pixels.
I made several attempts to properly fit the host galaxy. I first used the
PSF model only to fit the nuclear component and checked the residu-
als to see if additional components were needed. Then, I added three
Sersic functions, convolved with the PSEF, for the bulge, the disk and
the bar component respectively. I tried to model the host galaxy us-
ing different PSF models, as described in the previous section. At
each step, I varied the initial fitting parameters to make sure that the
output parameter values were stable, and I also varied the number of
components until the best fit was achieved. The main problem in the
fitting procedure was that often some of the output parameters were
not physically meaningful (e.g., the Sersic index of the bulge was ei-
ther close to zero or ~ 20 , depending on the initial parameters) and
the residuals showed a ring-like structure around the centre, espe-
cially enhanced at the ‘poles’ of the bar (Figure 24). This could be an
effect of the PSF on the galaxy fit, especially when the stellar wings
were not included in the model. Sometimes, the fit also reached the
maximum number of iterations before converging.

Using the PSF model of the nearby star fit with five Sersic functions
I was able to obtain the best galaxy fit. I kept all the parameters free
to have as unbiased a fit as possible. The goodness of fit was deter-
mined based on the X% value, 1.271, and the accordance between the
input and the output parameters, which remains physical and stable
during the fit. The presence of some additional light sources in the
fitting region may have affected the fit, resulting in a higher x2.
The sky is the largest source of error in the fit and in addition, there
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Figure 24: Central region of the residuals image, showing the dark ring
around the nuclear region and the peculiar bar. For this fit, I have
modelled the AGN component with a PSF function and three
Sérsic functions for the bulge, the disk and the bar. I let all the pa-
rameters vary freely, which clearly resulted in a bulge/bar/disk
morphology with a reduced x2 of 1.247.

are two sources of error for the magnitude: the error related to the
zero point calculation and the error given by the 2MASS Catalogue.
I calculated the sky standard error of the mean oy, as the ratio
between the mean sky standard deviation Ly and the root mean
square of the number of the sky measurements n:

Ty 474
= = — = ].4
=T Sy ()

To obtain the errors for all the parameters of each component, ex-
cept the magnitude, I fitted the galaxy adding and then subtracting
the ogxy to the sky mean value. In this way, I calculated the differ-
ences between the best fit value of each parameter and the two other
values obtained changing the sky. I did the same for the x2. I also
converted r. values from pixel to kpc, assuming that at the distance
of the galaxy (D = 355.2Mpc), one pixel corresponds to (1.487kpc/")
kpc. The magnitude error is made up of three components: the err,,,
the error derived from the 2MASS catalogue and the error from GAL-
FIT errgqr. I calculated the standard error of the mean for the values
of magnitude obtained from the 2MASS catalogue as:

> 1.15
O02MASS = 2%55 = Nil =0.35 (45)
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Finally, for each component, I summed in quadrature the three sources
of error, taking into the account the GALFIT errors separately, as fol-

lowing;:

emag = \/err,zno +sigmadyass + erréal (46)
The output parameters of the best fit are shown in Table 7.
component mag Te (kpc) n axial ratio rA (°)
PSF 14.29" 933
Sérsic 1 14067992 1157932 4247903 0.917959 458179738
Sersica 13727037 8637947 0567507 0837007 389475k
Sérsics 1451705 4407555 03707, 033'00s 28247035

Table 7: Best fit parameters of Jo354-1340 with x%,=1.271f8:83

The best fit was achieved with four components: one PSF and three

Sérsic functions. The nuclear component was fitted with the PSF,
while the bulge, the disk, and the bar were fitted with Sérsic 1, Sérsic
2 and Sérsic 3 respectively. I mainly used the Sérsic profile to model
the various components of the source because, simply by changing
the Sérsic index n, different galaxy light distribution can be modelled.
Sérsic 1 component with r. = 1.15kpc represents the bulge. As pre-
vious explained, n = 4 gives the traditional de Vaucouleurs profile,
used to model the classical bulge. In this case, the Sérsic index of the
bulge, n = 4.24, is not entirely reliable because the fit is very sensitive
to the sky. Smaller values of n are associated with disk-like galaxies
and pseudo-bulge, and since it is clear from the images that Jo354-
1340 is a spiral galaxy, it is expected the bulge Sersic index to be =~ 2.
The bulge component shows an axial ratio of 0.91.
Sérsic 2 parameters fit those of the disk with the largest effective ra-
dius, with respect to the other components, of r. = 8.63kpc, and with
n = 0.56. Also in this case the Sersic index should be closer to 1 to
better reproduce the disk. The axial ratio of the disk component is
0.83. Sérsic 3 is a bar-like component with r. = 4.40kpc, n = 0.37 and
axial ratio of 0.33.

The observed, model and residual image are shown in Figure (25,
26 and 27.

NOTES

bulge
disk

bar
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Figure 25: This observed image, which size is the one of the fitting region. It
is possible to see the blobs in this image that could have affected
the fit.

Figure 26: The model image of the galaxy.
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Figure 27: The residual image showing a soft dark ring around the centre
and a peculiar bar-like structure. The centre shows both over sub-
tracted and under subtracted regions.
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CONCLUSIONS

In this thesis, I studied the radio properties of Jo354-1340, a peculiar
jetted NLS1. This radio source is part of the sample of the southern
NLSi1s studied in Chen et al., 2020, and it was observed with the JVLA
C-configuration at 5.5GHz. It is probably an FRII radio galaxy, clas-
sified as RQ by Chen et al., 2020, with R = S556H2/S44404 = 5-6. 1
used the multi-term multi-frequency synthesis method implemented
in CASA to obtain the radio map, the tapered map and the spectral
index map of this source. This NLS1 shows a compact central core
bright at radio frequencies and two regions of extended emission, lo-
cated on the southwest side and on the northeast side of the central
region, as seen in the radio map. These regions correspond to the
approaching jet, that is the brightest one pointing toward our line of
sight, and the receding jet, that is fainter than the previous one, re-
spectively.

In agreement with the debated unreliability of radio loudness (Jarvela
et al., 2017, Padovani, 2017), the presence of very elongated jets in this
RQ source is not unexpected. NLS1s showing strong radio emission
have indeed been observed not necessarily harbouring jets (Gu et
al., 2015 Caccianiga et al., 2015) and, on the other hand, some radio-
silent NLS1s have recently been detected at 37 GHz, confirming the
presence of jets in them (Lahteenmdki et al., 2018). Evidence against
the strict division to radio-loud and radio-quiet sources were firstly
highlighted by Ho and Peng, 2001, that found RL Sy1, previously
classified as RQ sources, measuring the flux densities from the nu-
clear region only. Then, other proves supporting this theory started
to accumulate. The variability seen in AGN (Gabanyi et al., 2018), and
also the variability due to the changes in the relativistic jets (Foschini
et al., 2015), for example, have to be considered affecting the radio
loudness parameter R.

The peculiarity of this source is due to the size of the extended emis-
sion. The projected linear sizes of a hundred kpc of the radio lobes
are consistent with those of FRII radio galaxies (Hardcastle et al., 1998,
Kharb et al., 2008). Jo354-1340 harbours indeed the largest radio jets
found to date in an NLS1, that usually show sizes of the order of
tens of kpc (Doi et al., 2012, Congiu et al., 2017, Gabényi et al., 2018,
Richards and Lister, 2015).

Until now, the largest known projected size of the lobe separation
among NLS1 radio sources was of 116kpc, found by Rakshit et al.,
2018. The projected linear size of the whole extended emission of this
source is instead about 200kpc. This estimate does really not repre-
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sent the size of the whole jet, since the jets are not aligned, as seen
in the radio map. Furthermore, the measure of the extension of the
emission from north to south depends on the jet velocity and so on
the inclination, chosen for the calculations.

Using an approximation for 3 of 0.99, the obtained jet inclination,
01 = 70°, is much higher than a few dozen degrees, generally ob-
tained for kpc scale jetted NLS1 galaxies (Doi et al., 2012, Rakshit et
al., 2018, Richards and Lister, 2015). Considering also that NLS1s are
generally observed at low viewing angle, the measured value for the
inclination is very unusual for this kind of object. This is probably
due to the fact that the approximation of vje¢ = 0.99¢ is not realistic,
since the jet propagates at speeds much lower than the speed of light.
It is also worth noting that the fluxes were measured from the hot
spots in the ends of each jet and not from the actual jets, giving a
less reliable measurement. A more reasonable approximation could
be 3 = 0.5, giving an inclination on 0, = 47°, which is consistent
with the range of viewing angles for NLS1s. This value does not im-
ply a face-on view of the nucleus. Taking into account this estimate,
the deprojected size of the whole extended emission is about 242kpc.
The jet is so huge that it propagates outside the host galaxy (Morganti
et al., 2015). Jets have been observed interacting with the interstellar
medium, disturbing the kinematics of the NLR gas (Komossa et al.,
2008, Berton et al., 2016). On the other end, a dense circumnuclear
and interstellar medium could hamper the propagation of relativis-
tic jets due to its interaction with the cloud (van Breugel, Miley, and
Heckman, 1984), clearly not the case of this source. The age of the
approaching jet estimated using the approximation of f = 0.5 gives
a lower limit for the age of ~ 8 x 10° years. This lies at the low tail
of the age range of 10° to 107 years found for other RL NLS1s (Doi
et al., 2012, Richards and Lister, 2015, Rakshit et al., 2018.
Considering the spectral index map, the compact core, which may
represent the jet base, shows a flat in-band spectral index, as in blazars.
The spectral index of the extended emission, ~ —0.5, is slightly larger
than the usual spectral index of ~ —0.7 of optically thin synchrotron
emission. This can be caused by the interaction between the jets and
the ISM, producing the flattening of the spectral index.

Since the supermassive BH interacts and co-evolves with its closest
environment, the host galaxy morphology is linked to the central en-
gine activity (Kormendy and Ho, 2013). This has been confirmed by
several empirical relations that involve the BH mass and the bulge
features of its host galaxy (Magorrian et al., 1998). Generally, more
massive BHs are found to be hosted in elliptical galaxies while spiral
galaxies tend to harbour less massive BH (Salucci et al., 2000). Until
now, only a few studies have focused on NLS1 hosts, finding that
these AGN are preferably, but not only, hosted in disk-like galaxies,
often with pseudo-bulges and bars (Jarveld, Lahteenméki, and Berton,
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2018b).

For this work, I also studied the host galaxy morphology of Jo354-
1340, performing the Ks and ] band NIR imaging. The NIR observa-
tions of Jo354-1340 were carried out with the Magellan Baade 6.5m
Telescope, using the wide-area NIR camera FourStar. I used the 2D
image decomposition algorithm GALFIT to perform a photometric
decomposition of the images to determine the morphological type of
the host galaxy. To remove the AGN contamination from the galaxy,
I fitted the nuclear region of the host galaxy with a modelled stellar
PSF. The best galaxy fit was achieved with three Sérsic functions cor-
responding respectively to the bulge, the disk and the bar. The good-
ness of fit was determined based on the reduced x?2 value of 1.271.
From the photometric decomposition performed on this object, Jo354-
1340 is hosted in a barred spiral galaxy, probably with a pseudo-bulge.
This proved that relativistic jets can be harboured also in spirals. Un-
til recently, only a few jetted NLS1s have been studied individually
(D’Ammando et al., 2018, Berton et al., 2019, Kotilainen et al., 2016,
Jarveld, Lahteenmiki, and Berton, 2018a, Olguin-Iglesias, Kotilainen,
and Chavushyan, 2020), and generally, but not in all cases, they were
found hosted by late-type galaxies. Usually, most powerful relativis-
tic jets have been associated with the highly evolved massive ellip-
tical galaxies with considerably higher BH masses, formed in dense
environments (Urry and Padovani, 1995, Kotilainen, Hyvonen, and
Falomo, 2005). These galaxies undergo the phase of the formation of
jets, that coincides with the formation of the classical bulge, probably
via merger induced (Kormendy and Gebhardt, 2001, Urry, 2003). In
spiral galaxies, secular processes, rather than interaction and merg-
ers, dominate the bulge-growth, the BH activity and the formation of
pseudo-bulges. Nevertheless, spiral galaxies have been found to host
kpc-scale or even Mpc-scale relativistic jets (Hota et al., 2011).
Jo354-1340 lies in this scenario, an RQ source harbouring the largest
radio jets found to date in an NLS1, hosted in a disk-like galaxy with
a pseudo-bulge. The black hole mass of Jo354-1340 found by Chen et
al. (2020) was of log(MpHMg) =~ 6.99. In this way, these results con-
firm the validity of the low-mass scenario, for which NLS1s represent
the young evolutionary phase of AGN (Mathur, 2000a).
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