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Abstract

Since their discovery many decades ago, relativistic jets have intrigued and fasci-
nated astronomers. Besides being crucial elements in shaping the Universe as we
observe it today, jets are unique laboratories to test and broaden our knowledge
in many fields of physics, such as plasma physics and cosmology.

This thesis aims at investigating the relativistic jets launched from radio galax-
ies, a specific class of Active Galactic Nuclei (AGN), with the goal of understand-
ing the jet formation and propagation phenomena, as well as the connection be-
tween accretion and ejection. Specifically, the work focuses on NGC 315, a giant
radio galaxy whose vicinity and large mass of the central black hole offer a unique
opportunity to address these subjects. The study combines two approaches: the
analysis of Very Long Baseline Interferometry (VLBI) observations is accompa-
nied by a theoretical study carried out by means of numerical simulations. These
are performed using a relativistic magnetohydrodynamic (RMHD) code.

The thesis is composed of three introductory chapters followed by three results
chapters. In Chapter 1, I introduce the fundamental physical and astronomical
concepts concerning AGN, which are central throughout the thesis. In Chapter
2, I describe the basic elements of plasma physics and provide an overview of
the state-of-the-art knowledge regarding the theory of jet formation and propa-
gation together with the currently open questions. In Chapter 3, I explain the
fundamental concepts concerning the VLBI technique, and how to perform the
analysis of VLBI data. Finally, Chapters 4, 5, and 6 present the series of works
on NGC 315, with Chapters 4 and 6 focusing on the observational studies and
Chapter 5 describing the theoretical one.

From the analysis of a multi-frequency and multi-epoch VLBI data set, the
extents of the jet collimation and acceleration regions in NGC 315 are suggested
to coincide. Namely, the jet is observed to collimate within ~ 0.6 pc from its apex,
and to accelerate up to v ~ 0.9 ¢ on the same scale. The co-spatiality of the two
phenomena is in agreement with theoretical predictions for magnetically-driven
outflows, in which the magnetic energy is progressively converted into kinetic
energy of the bulk flow. Remarkably, a very steep spectral index down to oo ~ —2
(S, ox v*) is observed in the same region, in agreement with the findings for the
jet in M 87. The spectral properties in the jet acceleration and collimation region
are still poorly studied, and the possible physical processes leading to the steep
spectrum, such as magnetic reconnection and cooling due to synchrotron losses,
are discussed.

Different and independent approaches considering the jet brightness tempera-

ture and turnover frequency along the jet indicate that the magnetic field strength



increases (quasi-)linearly from parsec scales up to the jet apex. Such a behavior,
together with measured strengths of ~ 0.1 G on parsec scales, implies magnetic
fields of 10? — 10® G in the nuclear region. The combination of the observational
constraints, especially on the jet magnetization, together with theoretical models
suggests that the jet in NGC 315 is launched by a maximally spinning black hole
surrounded by a Magnetically Arrested Disk.

The synergy between the observational results and the RMHD simulations
further suggests that thermal acceleration, in addition to magnetic acceleration,
plays a relevant role in increasing the jet speed on sub-parsec and parsec scales.
In conclusion, the simulations hint at the necessity of winds launched from the
accretion disk to favor the propagation of relativistic jets by delaying the growth of
instabilities and by shielding the internal spine from the influence of the ambient

medium.



Zusammenfassung

Seit ihrer Entdeckung vor vielen Jahrzehnten haben relativistische Jets Astronomen
fasziniert und begeistert. Neben ihrer entscheidenden Rolle bei der Entwicklung
des Universums, wie wir es heute beobachten, bieten Jets einzigartige Moglichkeiten
unser Wissen in vielen physikalischen Bereichen zu testen und zu erweitern, wie
beispielsweise in der Plasmaphysik und Kosmologie.

Diese Dissertation zielt darauf ab, die relativistischen Jets zu untersuchen,
die in Radiogalaxien beobachtet werden, eine spezielle Art von aktiven galaktis-
chen Kernen (AGN), mit dem Ziel, die Entstehung und Ausbreitung von Jets
zu verstehen, ebenso wie die Verbindung zwischen Akkretion und emittierter
Strahlung. Konkret konzentriert sich die Arbeit auf NGC 315, eine riesige Ra-
diogalaxie, deren Nahe sowie hohe Masse des zentralen Schwarzen Lochs eine
einzigartige Gelegenheit bietet, diese Themen anzugehen. Die Studie vereint zwei
Ansatze: Die Analyse von Beobachtungen mittels Interferometrie mit sehr langen
Basislinien (VLBI) wird durch eine theoretische Studie ergénzt, die mithilfe von
numerischen Simulationen durchgefiihrt wird. Diese werden unter Verwendung
eines relativistischen magnetohydrodynamischen (RMHD) Codes durchgefiihrt.

Die Dissertation besteht aus drei einfiihrenden Kapiteln, gefolgt von drei
Ergebniskapiteln. Im Kapitel 1 fiithre ich die grundlegenden physikalischen und
astronomischen Konzepte beziiglich AGN ein, die im Verlauf der Arbeit eine
zentrale Rolle spielen. Im Kapitel 2 beschreibe ich die grundlegenden Elemente
der Plasmaphysik und gebe einen Uberblick iiber den aktuellen Wissensstand in
Bezug auf die Theorie der Entstehung und Ausbreitung von Jets sowie die derzeit
offenen Fragen. Im Kapitel 3 erklare ich die grundlegenden Konzepte der VLBI-
Technik und wie die Analyse von VLBI-Daten durchgefiihrt wird. Schliellich
prasentieren die Kapitel 4, 5 und 6 die Reihe von Arbeiten zu NGC 315, wobei
die Kapitel 4 und 6 den Beobachtungsstudien gewidmet sind und Kapitel 5 die
theoretische Sichtweise beschreibt.

Aus der Analyse eines VLBI-Datensatzes in mehreren Frequenzen und Epochen
wird vorgeschlagen, dass die Ausbreitungs- und Kollimationsbereiche des Jets
in NGC 315 zusammenfallen. Der Jet wird beobachtet, sich innerhalb von ~
0,6, pc von seinem Scheitelpunkt zu verengen und sich auf derselben Skala auf
Geschwindigkeiten von bis zu v ~ 0,9 ¢ zu beschleunigen. Die raumliche Ubere-
instimmung der beiden Phénomene stimmt mit theoretischen Vorhersagen fiir
magnetisch angetriebene emittierte Strahlung iiberein, bei denen die magnetis-
che Energie allmahlich in kinetische Energie in beobachtbaren vorangehenden
Stromung des Jets umgewandelt wird. Bemerkenswerterweise wird in derselben

Region ein sehr steiler spektraler Index von etwa a ~ —2 (S, ox 1) beobachtet,



was mit den Ergebnissen fiir den Jet in der Radiogalaxie M 87 iibereinstimmt.
Die spektralen Eigenschaften in der Beschleunigungs- und Kollimationsregion in
Jets sind noch unzureichend erforscht, und die méglichen physikalischen Prozesse,
die zu dem stark steigenden und abfallenden Spektrum fithren, wie magnetische
Verbindungen und Energieverlusten aufgrund von Synchrotronstrahlung, werden
diskutiert.

Unterschiedliche und unabhéngige Anséitze, die die Helligkeitstemperatur des
Jets und die Frequenz des Wechsels zwischen der steigenden und abfallenden
Kurve definiert werden entlang des Jets beriicksichtigt und deuten darauf hin,
dass die Stdrke des Magnetfelds (quasi-)linear von Skalen mehrere Parsec ent-
fernt bis zum Ankerpunkt des Jets zunimmt. Ein solches Verhalten, zusammen
mit gemessenen Starken von ~ 0,1 G auf diesen Parsec-Skalen, impliziert Mag-
netfelder mit einer Stirke von 10% — 103, G im Kernbereich. Die Kombination der
beobachteten Einschrinkungen, insbesondere in Bezug auf die Magnetstarke des
Jets, zusammen mit theoretischen Modellen legt nahe, dass der Jet in NGC 315
von einem maximal rotierenden Schwarzen Loch hervorgeht, das von einer stark
magnetischen Scheibe aus Staub und Gas umgeben ist.

Die Synergie zwischen den beobachteten Ergebnissen und den RMHD-Simulationen
legt weiterhin nahe, dass thermische Beschleunigung neben der magnetischen
Beschleunigung eine relevante Rolle spielt, um die Geschwindigkeit des Jets auf
auf kleinen bis hin zu groflen Skalen zu erhéhen. Zusammenfassend deuten die
Simulationen darauf hin, dass es notwendig ist, von der Akkretionsscheibe ges-
tartete (magnetische) Stromungen zu haben, um die Ausbreitung relativistischer
Jets zu unterstiitzen, indem das Wachstum von Turbulenzen verzogert und die

interne Struktur vor dem Einfluss des Umgebungsmediums geschiitzt wird.
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1 Introduction

“Man must rise above the Earth to the top of the atmosphere and beyond for
only thus will he fully understand the world in which he lives.”

Socrates, Philosopher

Since the dawn of humanity, we have always been fascinated by the magnif-
icence of the Cosmos and we have never stopped asking ourselves where those
wonderful clouds and small lights may come from. It is a long journey until
modern times. A long journey through all the civilizations which have trod the
Earth, constellated by myth, amazing stories of Gods playing with the celestial
bodies, along with astonishingly precise calculations of the motion of the stars
obtained with nothing but the patient observations and genius of the ancient.
The turning point in this story is represented by Galileo Galilei, who in the 17th
Century pointed his telescope to the sky opening a new era in humankind. Fast
traveling until modern times, thanks to the incredible technologies available to
us, many details of the mysterious gears of the Universe have been discovered,
while many more are still there, waiting to be unveiled. Currently, we are able
to fathom the Universe from the very weak radio waves up to the most energetic
~-rays, covering the entire electromagnetic spectrum. Such capability allows us
to investigate the astronomical sources from different points of view, providing
an unprecedented source of information to tackle the physics behind them.

In this thesis I focus on the weakest part of the electromagnetic spectrum, the
radio band. Through radio observations, my goal is to investigate the nature of
the most luminous persistent sources in the entire Universe, the Active Galactic
Nuclei (AGN), and the relativistic jets they produce. The first chapter 2 is divided
as follows: in Sect. 1.1, I briefly describe the advantages of studying the Cosmos
with the radio waves together with a brief history of the radio observations; in
Sect. 1.2, I delineate the main properties of the Active Galactic Nuclei along with
their current classification and observational signatures; in Sect. 1.3, I describe

what relativistic jets are.

1.1 Radio astronomy

“The data give for the coordinates of the region from which the disturbance comes,

a right ascension of 18 hours and declination of -10 deg.”

Karl G. Jansky, Scientist

2This chapter is partially based on the textbooks Burke & Graham-Smith (2014) and Ferrari
(2011)



1 INTRODUCTION

With these very words, a new branch of science was born: Radio Astronomy.
In 1932 Carl Janksy, with his self-built directional antenna designed to receive at
a frequency of 20.5 MHz, while scanning the sky looking for noise in the radio
communication, detected an unknown emission with a steady period of 24 hours.
Roughly a year later he realized that such a signal was being detected with an
interval that coincides with the sidereal day, i.e., the time needed by the Earth
to complete a full rotation, implying that the signal had to be associated with
something far beyond our planet. He noticed that a weak emission was spread
throughout the sky but the stronger signal he was detecting was focused on one
specific location in the Sagittarius constellation. He associated this emission with
the interstellar medium. In the following years, Jansky struggled to convince
the astronomical community of his discoveries, also due to the critical political
situation the world was going through at the time accompanied by the Great
Depression. Nonetheless, in 1940 the work of Jansky was picked up by Grote
Reber, who, with a self-built parabolic reflector placed in his backyard, confirmed
the presence of the emission detected a few years before with observations at 160
MHz. A few years later, he produced a detailed map of the Galactic radiation
finding two different maxima later associated with the radio galaxy Cygnus A
and with the supernova remnant Cassiopeia A (see Fig. 1.1).

The Second World War led to an incredible enhancement in radio technology
with countless antennas that rose all over the world for military use. However,
after the war ended the existing capabilities were used for a more noble cause,
being pointed towards the sky. It would not be an exaggeration to call such
a period one of the golden times in radio astronomy, with radio observatories
growing throughout the surface of Earth and with new and important discoveries
happening yearly. Thanks to radio observations, the first radio galaxies, along
with the quasars and the interstellar medium were detected for the first time.

A turning point in radio astronomy happened in 1967 when scientists from
the US and Canada started the experiments which later would have led to the
birth of the so-called Very Long Baseline Interferometry (VLBI) technique. The
VLBI technique is based on the physical principles of interferometry and it allows
to merge data acquired from different antennas and consider them as if they
were obtained by a single antenna with size of the maximum distance between
two observatories in the array. In this way, the resolution of such observations
(which depends on the inverse of the size of the observing instrument, as shown in
Sect. 3.2.1) vastly overwhelms the one obtained through single-dish observations.
In Sect. 3 I provide a comprehensive explanation of the functioning of a single-dish
antenna along with the details on the VLBI technique and how to extrapolate

physical information from it.
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Figure 1.1: First map of the radio sky, obtained at 160 MHz (Reber 1944). The
two emission peaks were later associated with Cygnus A and Cassiopeia A.

1.1.1 The radio window

The radio band covers frequencies from about 10 MHz up to 300 GHz. Observing
the sky in such a window offers numerous advantages. The radio sky is extremely
rich due to the possibility of observing low energetic phenomena or very distant
objects.

A crucial advantage of the radio window is the possibility of performing ob-
servations from the ground. Indeed, as shown in Fig. 1.2, the atmosphere of our
planet is opaque to most of the electromagnetic spectrum. The opacity of the
atmosphere derives from the Ozone layer: molecules of oxygen and nitrogen are
able to ionize the incoming ultraviolet, X-, and ~-rays radiation creating such an
ionized layer. This region, called the ionosphere, is found around 100 km above
the level of the sea and is able to absorb or reflect the majority of the incoming
electromagnetic waves. However, there are two specific windows in the electro-
magnetic spectrum in which the opacity of the atmosphere drops to zero or nearly
zero. The first one is between 3000 and 7000 A and occupies the optical part of the
spectrum, while the second is in the window roughly from 1 mm up to 20m, i.e.,
within the radio band. The second window is a gold mine for radio astronomers.
Here, no photons are missed during the traveling of the signal through the iono-
sphere giving the possibility to build radio telescopes on the surface of Earth. The
advantage of ground observations is enormous. While generally maintaining the
cost of production for such telescopes lower with respect to the space telescopes,
it avoids the logistic problem of having to launch them into space: this gives the
chance to fix any possible problem and to update them following the evolution

of the technology of the radio receivers. Moreover, ground telescopes have fewer
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Figure 1.2: Atmospheric opacity as a function of the wavelength. Note the zero
atmospheric opacity in a large part of the radio band. Public domain image.

constraints on the dimension of the collective area, i.e., the area which detects
and records the incoming photons, allowing them to reach remarkable sizes. A
compelling example is the 100-m diameter radio telescope Effelsberg located in
Germany. However, I note that observations at a few mm are affected by some
degree of atmospheric opacity due to water vapor. This is why the most recent
radio observatories that are able to observe at mm wavelengths or lower, are po-
sitioned in very high altitude, dry sites like the Atacama Large Millimeter Array
(ALMA) built in the Atacama Desert in Chile.

The radio window is sub-divided into several bands; the ones relevant to the
work presented in this thesis are: L band (1 - 2 GHz), S band (2 -4 GHz), C band
(4-8 GHz), X band (8 - 12 GHz), K, band (12 - 18 GHz), K band (18 - 27 GHz),
K, band (27 - 40 GHz), V band (40 - 75 GHz), and W band (75 - 110 GHz).

1.2 Active Galactic Nuclei

3 Active Galactic Nuclei (AGN) are among the most spectacular objects in our
Universe and, since their discovery in the nearly half of the 20th Century (the first
detections were in 1943, Seyfert 1943), they have been at the center of the debate
of the astronomical community. The term “Active Galactic Nucleus” was first
introduced by Viktor Ambartsumian in the 1950s, while the mechanism behind
their energy production, i.e., the accretion of gas onto a supermassive object
that resides at the center of the galaxy, was first proposed by Edwin Salpeter
and Yakov Zeldovich (Lynden-Bell 1969; Salpeter 1964; Zel’dovich & Novikov
1964). They understood that, with their luminosities higher than 1000 times

3This chapter is mostly based on the review by Padovani et al. (2017).
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the one of normal galaxies, the emission of the AGN had to come from non-
stellar mechanisms. The active galaxies have luminosities up to L ~ 10*® ergs™!
(Padovani et al. 2017) with their emission being produced by both thermal and
non-thermal processes. The dominant mechanism varies between the different
AGN categories. AGN emit throughout the electromagnetic spectrum, from ra-
dio wavelengths up to y-rays, and have been recently associated with neutrino
events, making them suitable candidates for performing multimessenger studies.
The first AGN-neutrino connection was established with the event on the 22nd
of September 2017, when a high-energy neutrino was detected by the IceCube
observatory and later associated with the blazar TXS 05064056 (IceCube Col-
laboration et al. 2018). Since then, such correlation has been extensively explored,
with the most recent results giving positive outcomes in associating neutrino pro-
duction with the blazars (Plavin et al. 2020). For the description of blazars, see
Sect. 1.2.2.

From statistical studies, AGN account for ~ 10% of the galaxy population,
and it is currently believed that almost all galaxies go through an active phase, at
some point during their evolution. The most spectacular consequence of such ac-
tivity, present in only a minority of AGN;, is the production of powerful collimated
and magnetized plasma outflows that can reach highly relativistic velocities and
that can propagate up to distances of hundreds of kpc (see Blandford et al. 2019,
and references therein).

Due to their complex nature, AGN are excellent laboratories to study many
different physical aspects, such as plasma physics. Moreover, thanks to their high
luminosities, they can be detected at high redshifts providing crucial constraints
on cosmological and galaxy evolution models.

In Sect. 1.2.1 I describe the different elements that compose an AGN and their
interplay, in Sect. 1.2.2 I describe the unified scheme, a model which attempts
to enclose different radio sources into one model, and in Sect. 1.2.3 I show the

typical spectra of AGN.

1.2.1 The anatomy of AGN

The energy produced by the AGN arises from the gravitational energy released
during the accretion process, i.e., material from the accretion disk falling into the

central object. The energy output resulting from the accretion is expressed as
Lol = naM¢? (1.1)

in which L, is the bolometric luminosity, i.e. luminosity across the entire electro-

magnetic spectrum, 7, is the efficiency of such process, M is the mass accretion
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Figure 1.3: A simplified representation of an AGN with the five main elements
highlighted. The different components in the image are not on scale. Credits: ht
tps://www.isdc.unige.ch/~ricci/Website/Active_Galactic_Nuclei.html.

rate, and c is the speed of light.

The mass accretion rate cannot be arbitrarily high. The upper limit, known
as the Eddington limit, derives from the Eddington luminosity. The latter
is achieved when, during the accretion process, there is a balance between the
inward gravitational force and the outward force of radiation. By assuming a

fully ionized accreting gas, the luminosity value can be extracted as:

ArGMmyc
or

Lygq =

M
=1.26 x 10* (M) ergs! (1.2)
O]

in which G is the gravitation constant, M the mass of central object, m, the
proton mass, or the cross section of the Thomson scattering, and M, = 1.98 x
1033 g is the mass of the Sun. By combining Eqgs. 1.1 and 1.2, the upper limit on

the mass accretion rate reads as

: M

M =252 x 107n;" <—) Mg yr!. (1.3)
Me

Therefore, in the first approximation, since M « M the energy produced by the

AGN is proportional to the mass of the central massive object. For completeness,

I highlight that recent studies are pointing out that Super-Eddington accretion
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Figure 1.4: Average images of M87 for each of the four observing days (Event
Horizon Telescope Collaboration et al. 2019a).
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regimes may exist under specific conditions (e.g., Mayer 2019), meaning that the
mentioned limit can be in theory exceeded for brief periods of time.

An AGN can be divided into five parts: the central object, likely associated to
a supermassive black hole (SMBH), the accretion disk, the narrow line region, the
broad line region, and the torus. While the first three are fundamental elements,
the torus, and the broad line region are not present in every AGN (e.g., Chiaberge
et al. 1999; Whysong & Antonucci 2004). A summarizing sketch is shown in
Fig. 1.3.

e Central supermassive black hole

We know that a large mass resides at the center of active galaxies. Whether
this mass is in the form of a supermassive black hole is still subject of discussion.
However, the recent observations of the center of the radio galaxy M 87 (Fig 1.4,
Event Horizon Telescope Collaboration et al. 2019a,b,c,d,e,f) and Sgr A* (Event
Horizon Telescope Collaboration et al. 2022a,b,c,d,e,f) are strongly supporting
this scenario.

Black holes are singularities of space-time in which the gravitational force is so
strong that not even light is able to escape from it. In a non-spinning black hole,
its size is linked to the event horizon, i.e., the sphere whose radius is determined by
the furthest distance from the gravitational center from which the photons cannot
escape the gravity of the singularity. The radius, called Schwarzschild radius
in honor of Karl Schwarzschild, who, in 1916 resolved the Einstein equations for

a sphere theorizing for the first time the black holes, is computed as

2GM

2

R, = (1.4)

C

The black holes sizes vary from ~ 30 km for the smallest stable ones (order of few
solar masses), up to ~ 10 km for the biggest ones.
Depending on their rotation and electric charge, there are different possible

black hole configurations:
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Figure 1.5: Event horizon and geometry of the ergosphere in a Kerr black hole.
Credits: MesserWolandVectorization: Perhelion, CC BY-SA 3.0, via Wikimedia
Commons.

Schwarzschild black hole: non-rotating object with no electric charge;

Kerr black hole: rotating object with no electric charge;

Reissner-Nordstrom black hole: non-rotating object with electric charge;

Kerr-Newman black hole: the most general solution, with both rotation

and electric charge.

The total angular momentum J, of the black hole can be parametrized via the
dimensionless spin p
Cdq

S= e (1.5)

a parameter that varies from 0 to 1 for a non-spinning and maximally spinning

black hole, respectively. When rotating, the spherical symmetry of the black hole

is not maintained and an ergosphere is formed. The ergosphere arises because,

in general relativity, the mass of a rotating object forces the surrounding space-

time to move with it, creating a region in which it is impossible to maintain

a stationary position. The size of the ergosphere is expected to be the same
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as the event horizon at the two poles, and bigger along the equatorial plane (see
Fig. 1.5). The relevant consequence for AGN is the possibility for a particle within
the ergosphere to extract rotational energy from it and escape with enhanced
energy, slowing down the black hole rotation. When strong magnetic fields enter
the equation, this may lead to the formation of relativistic jets via the Blandford-
Znajek process (Blandford & Znajek 1977). The theory behind the formation of
relativistic jets is discussed in Sect. 2.2.

The supermassive black holes at the center of active galaxies have masses
spanning from ~ 105 My, to ~ 10° My, with the most massive ones showing
extreme values of ~ 10! M, (e.g., Wang et al. 2015; Wu et al. 2015). Historically,
black holes were thought to be formed only by the collapse of stars. When a
neutron star reaches the Tolman—Oppenheimer—Volkoff limit (e.g., Kalogera &
Baym 1996), the radiation pressure generated by the degenerate neutrons is not
able to bear the gravitational force anymore, and a black hole forms. The final
black hole mass typically ranges from ~ 5 M up to tens of solar masses (among
the most massive stellar black holes observed there is Cygnus X-1 with a mass of
21 M, Miller-Jones et al. 2021). A question arises naturally. With such low-mass
seeds, how is it possible to form the mentioned supermassive black holes? While
the answer is not yet clear, several hypotheses have been advanced.

The most accredited ones see the massive black holes being formed through
two main channels: black hole merging and accretion. The former has been
directly observed with the first detection of gravitational waves (Abbott et al.
2016). The merging process results in a final black hole whose mass is the sum
of the two initial masses minus a small fraction, which is released as energy. In
the accretion channel, the seed black holes grow their masses by accretion of the
surrounding gas or stars they encounter. However, none of these channels are
able to explain how the most massive, ancient black holes are formed. Examples
are SDSS J0100+2802 with a mass of M = 1.2 x 10'° M, (Wu et al. 2015) and
J0306+1853 with M = 1.1 x 10'° M, at redshift of z = 6.326 and z = 5.363,
respectively (Wang et al. 2015; Wu et al. 2015). To explain their formation
through stellar collapse or merging and following accretion, seeds with masses of
~ 109 Mg at z = 20 are needed (see, e.g., Sbarrato et al. 2021). This scenario
is unrealistic. Indeed, not even accretion at the Eddington rate from Population
III stars could lead to such massive objects. In the current cosmological models,
their existence could only be explained by the hypothetical class of primordial
black holes (Zel’dovich & Novikov 1967). Primordial black holes are expected to
be formed immediately after the Big Bang when the Universe was experiencing
extreme conditions and extremely dense conglomerates of particles led to the
formation of needed seeds (Clesse & Garcia-Bellido 2015; Liu & Bromm 2022;
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Yuan et al. 2023). While this formation channel looks promising and would
explain the formation of the SMBH, there are currently no observational proofs
of the existence of primordial black holes.

Possible alternatives to black holes in the center of the galaxies consider the
existence of exotic objects, such as gravastars or wormholes (Lobanov 2017).
Such theories would require magnetic fields higher than ~ 10* G threading the
central region of AGN, magnetic strengths that black holes would not be able
to sustain. Currently, the Mapping Magnetic Fields with INterferometry Down
to Event hoRizon Scales (M2FINDERS) project * is working towards the crucial

step of inferring the magnetization level in the central region of AGN.
e Accretion disk

Surrounding the central black hole lays the accretion disk. This structure as-
sumes the characteristic disk configuration due to its rotation around the central
object. It is composed of a highly ionized plasma (Fendt & Cemeljié 2002) in
which the particles (mostly electrons and protons) are losing angular momentum
and moving toward the central region. The accretion disks can, in a first ap-
proximation, be described following the thin disk model proposed by Shakura &
Sunyaev (1973). The viscosity determines the disk shape since it plays the crucial
role of dissipating the angular momentum of the particles, which otherwise would
have been conserved, and the overall rotational energy of the disk.

The viscosity is enhanced by the presence of the magnetic field. The latter
is deformed by the differential rotation of the disk, leading to the formation
of magnetorotational instabilities, which give rise to turbulences, which in turn
increase the magnetic field and generate viscosity (Balbus & Hawley 1991). The
viscosity in magnetized disks has been further explored by Murphy et al. (2010),
among others. Along with viscosity, the presence of the magnetic fields in disks
may lead to two other phenomena: the formation of resistivity (Casse & Keppens
2002) and dynamo effects (Mattia & Fendt 2022), which would later contribute
to the formation of jets (Blandford & Payne 1982; Blandford & Znajek 1977).

Overall, the structure of the accretion disks can be parametrized by the ratio

0 between the disk and the Eddington luminosity.

e § < 0.01: the very low accretion rate implies that the density is too low
for radiative cooling to be effective. Consequently, the disk becomes thicker

and thicker due to the pressure of the ions, creating a so-called ion torus;

e 0.01 < ¢ < 0.1: this corresponds to the thin disk structure proposed by
Shakura & Sunyaev (1973), with an efficient radiative cooling and bright

disk;

‘https://www.mpifr-bonn.mpg.de/m2finders
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Figure 1.6: Example of an emission line pattern. The observations are for the
object SDSS J014942.50+001501.7. Credits: Kovacevié-Dojcinovi¢ et al. (2017).

e 0 — 1: due to the high accretion rate, the disk is hot, and the radiative
pressure dominates the system. The latter is able to win the gravitational

force, expanding and leading to the formation of a thick disk.

The most accredited studies (e.g., Esin et al. 1997) are suggesting how the differ-
ent disk configurations may exist at the same time: an inner hot and inefficient
disk known as Advection-Dominated Accretion Flow (ADAF) with an outer
cold and thin structure. Above the inner ADAF, there is a hot corona which
is a continuation of the ADAF itself. The ADAF and the corona are associated
with X-ray emission from the central region of AGN (Elvis et al. 1994; Keek &
Ballantyne 2016; Nandra & Pounds 1994).

The accretion disk emits thermal radiation. Calculations of its temperature
are possible, although it is not uniform throughout the disk. In the framework
of thin, stationary disks in which the flux of inward matter is the same as the

outward one, the temperature is computed as

1/4
*Liaa
Thisk = ST G2ME K (1.6)

in which o is the Stefan-Boltzmann constant. Typical temperatures of disks
surrounding SMBH are Tyiq ~ 10* — 10° K.

e The broad- and narrow-line regions
Optical lines of elements like H, Ne, C, N, and O, among others, are detected

11
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when observing AGN. The lines arise from the recombination of particles in clouds
which are constantly ionized by the intense radiation coming from the central
engine. The main characteristic of both regions is the broadening of the lines,
a consequence of the turbulent motion and rotation of the involved clouds. An
example of the observed emission lines is shown in Fig. 1.6. Two classes of lines are
distinguished in the observations: broad and narrow. Broad lines originate in the
broad-line region (BLR), with the exceptional broadening implying velocities
of the clouds up to several thousands of km s™' (Peterson 2006). For the narrow
lines, originating in the narrow-line region (NLR), velocities of hundreds of km
s~! are inferred from the line width.

The BLR, as seen from Fig. 1.3, is located in the immediate proximity of the
accretion disk, and with an estimated average radius of ~ 10 m it lays within
the torus. Its typical density is 10'° cm~2 and since the clouds are exposed to
radiation coming from the accretion, high temperatures of the order of T' ~ 10* K
are expected. The BLR is a structure typical of the high luminosity AGN, and
in many of the low luminosity.

The NLR instead has characteristic densities of 10 cm ™2 and lays well above
the central region reaching distances up to kiloparsec scales if considering the
extended NLR (see Groves 2007, and references therein). Due to such a large
extension, the NLR is not affected by the obscuration due to the torus (when

present). The [OIIIJA5007 is among the strongest lines observed.
e Torus

Surrounding the central region resides molecular clouds commonly referred
to as the torus. Its existence was firstly deduced from the exceeding infrared
photons produced by AGN. Indeed, the torus is associated with the region that
absorbs the optical, ultraviolet, and X-ray radiation, produced by the accretion
disk and /or by the hot corona, and re-emits it at infrared wavelengths. While the
first models described this structure as an optically thick ring surrounding the
central structure with radii in the order of parsecs, a torus indeed, recent studies
are proving how this simplified assumption does not account for the latest obser-
vational results (see Honig 2019, and references therein). Thanks to observations
performed with the Very Large Telescope Interferometer (VLTI), high enough an-
gular resolution has been achieved to resolve the torus in nearby AGN, suggesting
a two-component structure: an equatorial, thin disk and a structure that extends
in the polar direction (see Burtscher et al. 2013, and references therein). The
latter likely is formed by a dusty wind that reconnects the torus with the edges
of the NLR. As for the BLR, the torus is missing in many of the low luminosity
AGN (e.g., Chiaberge et al. 1999).

12
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1.2.2 The unified scheme for AGN

The existence of the complex structure described in the previous section can ex-
plain the properties observed in the different AGN. The AGN were historically
divided into two main classes based on their radio luminosity (Kellermann et al.
1989): radio-loud and radio-quiet. The radio-loud accounts for the sources
whose radio flux density is at least ten times higher than the optical counter-
part and are generally able to produce powerful and collimated outflows (see
Sect. 1.3 for an insight on the relativistic jets). Their emission is dominated by
non-thermal processes, such as synchrotron emission and inverse Compton scat-
tering (see Sect. 1.3.1), which happen within the relativistic jets. The radio-quiet
objects, on the contrary, have their radio-to-optical flux density ratio spanning
from 0.1 to 1, and typically do not produce jets or the outflows formed have: i)
insufficient power to pierce through the launching region and propagate; ii) high
powers but are unable to collimate. Their emission signature is dominated by the
thermal processes which take place in the accretion disk region. Whether there
are intrinsic differences in the central region of radio-loud and radio-quiet objects
(see, e.g., Wilson & Colbert 1995), such as the different spin of the black holes
(Narayan et al. 2021), is currently a matter of discussion.

The radio-loud/radio-quiet classification was used in the astronomical com-
munity for many years. However, this nomenclature is slowly being abandoned
in favor of shifting towards the definition of jetted and non-jetted AGN. This
was first proposed by Padovani (2016). The reason relies on the necessity to un-
derline that the main difference between the two distinct classes of AGN is not
their radio luminosity but the presence or lack of extended relativistic jets, which
are now known to account for the main observational differences between them.

Due to the presence of the extended outflows, the jetted AGN have been
considered for a long time to be part of a completely different source category.
Nonetheless, at the end of the 20th Century (Antonucci 1993; Urry & Padovani
1995) proposed that the different AGN are none other than similar objects ob-
served at different angles with respect to the line of sight. This led to the de-
velopment of the unified AGN scheme, which is summarized in Fig. 1.7 and I

describe in the following.

e Seyfert galaxies: the first AGN to be discovered, they have very luminous
nuclei with typical values of L ~ 10%*® — 10%° ergs™ (see Ferrari 2011, and
references therein). They are non-jetted, low-redshift AGN in which their
host galaxies, almost exclusively spirals, are easily detected across different
wavelengths. Occasionally, Seyferts show strong X-ray emission but their

main characteristic is the presence of strong broad emission lines. Depend-

13
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Figure 1.7: Cartoon representing the AGN unification scheme, based on the
division between the jetted /non-jetted and low/high electromagnetic power di-
chotomies. The sphere represents the different viewing angles, with the north-
south poles indicating a face-on source and the east-west poles an edge-on source.
Re-adapted from: https://www.isdc.unige.ch/~ricci/Website/Active_Ga
lactic_Nuclei.html.

ing on the broadening of the latter, the Seyfert galaxies are mainly divided

into type 1 and type 2.

— Type 1: they show both narrow- and broad-emission lines. The broad-
ening of the latter suggests them to be formed in clouds with velocities
~ 103 kms™!, i.e., the broad-line region. Consequently, Seyferts 1 are
AGN seen at viewing angles small enough to allow us to observe the

broad-line region directly.

— Type 2: they only show narrow-emission lines with typical velocities
of ~ 102kms~!, suggesting that the BLR is either hidden behind the

optically thick torus or is not present. These galaxies, therefore, are
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generally observed from the side and only the NLR is visible.

— other types: there are intermediate classes of Seyfert galaxies, in
which along with the narrow-line emission some and typically weak
broad-lines are observed. An example is Type 1.9 in which the only
broad component observed is the Ha line. A further class of Seyfert ob-
jects is the Low-Ionisation Narrow-Line Emission Radio galax-
ies (LINER) in which the emission lines from strongly ionized atoms
are weaker relative to the ones produced by weakly ionized or neutral

atoms.

e Radio galaxies: they are jetted AGN seen at large angles with respect
to the line of sight. In radio galaxies, the extended outflows are aligned
close to the plane of the sky, making them excellent targets to explore
the nature of the relativistic jets (see Sect. 1.3). Their host galaxies are
elliptical. Depending on the physical properties considered, radio galaxies
can be further divided into different sub-classes. On one hand, when taking

into account their nuclear properties, they can be distinguished into:

— Low-Excitation Radio Galaxies (LERGs): their optical and X-ray
emission are mainly associated with the mechanisms happening in the
jets and they do not show strong narrow or broad lines. Their char-
acteristic accretion mechanism is expected to be hot and radiatively

inefficient.

— High-Excitation Radio Galaxies (HERGs): they can qualitatively
be thought of as Seyfert 2 galaxies with jets, showing clear indications
of strong narrow-line emission. Their accretion mechanism is expected
to be cold and efficient.

In detail, the two classes are distinguished considering the spectroscopic
property of the [OIII] emission line which is produced in the NLR. In
LERGsS, the latter can be up to ~ 10 times fainter compared to the line
intensity in HERGs having the same radio luminosity (Scipione et al. 2011).
Such difference is usually attributed to the different nature of the accretion

mechanisms.
On the other hand, when considering the radio morphology of the emitted
jets, the sub-classes are (Fanaroff & Riley 1974):

— Fanaroff-Riley I: center-brightened, low-power radio galaxies with
weak radio lobes. The vast majority of FR I radio galaxies are observed
to be LERGs (Heckman & Best 2014).
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— Fanaroff-Riley II: edge-brightened, high-power radio galaxies with
radio lobes showing strong hotspots, i.e., bright radio regions likely
associated with sites of particle re-acceleration. FRII jets can be pro-
duced by both LERGs and HERGs (Heckman & Best 2014).

e Quasars: also defined as Quasi-Stellar Objects (QSO) are non-jetted
sources detected at high redshift and their host galaxies are not visible.
Their high distance, together with our possibility to detect them, implies
high intrinsic luminosities, higher than their Seyfert counterpart. Quasars
have optical and X-ray continuum emission and show both narrow and

broad emission lines.

e Blazars: AGN seen face-on and dominated by the non-thermal emission
from the jets. Due to their viewing angles close to zero, their appearance
is dominated by relativistic effects. Characterized by the emission of the
parsec scales jet, this class of AGN shows strong emission variability across
the entire spectrum. Blazars dominate the radio sky at y-ray energies and
have been recently associated with neutrino production events (as men-
tioned earlier in Sect. 1.2). Depending on the equivalent width in their

optical spectra, blazars are further divided into two sub-classes:

— BL Lacertae (BL Lac): identified by their weak lines (which reflect

weak nuclei), are among the less powerful blazars.

— Flat-Spectrum Radio Quasars (FSRQs): the more powerful blazars,
characterized by strong lines. Thanks to their high luminosity, the
most powerful ones can be detected at high redshifts, i.e., z > 6 (Bel-
laditta et al. 2020).

Radio galaxies and blazars are expected to be intrinsically the same objects,
with the only difference being the viewing angle. Specifically, FR1 radio
galaxies are associated with the BL Lacs, while FRII radio galaxies are
associated with the FSRQs. When the viewing angle is around 10°, i.e., in
the transition range between FRII radio galaxies and FSRQs, lies the class
of the Steep-Spectrum Radio Quasars (SSRQ): in which the detected

extended jet structure leads to a steepening of the spectrum.

1.2.3 The spectra of AGN

Along with the characteristic emission lines aforementioned, the AGN span a vast
range of wavelengths in the continuum from radio up to y-rays. Their spectrum is

modeled as a sum of the contribution of the different observed fundamental parts.
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Figure 1.8: SED examples for the three main different types of AGN: non-jetted,
low power jetted (BL Lac like), and high power jetted (FSRQ like) (Padovani
et al. 2017).

Fig. 1.8 shows the Spectral Energy Distribution (SED) of the three main different
classes of AGN: the non-jetted, the low-power jetted, and the high-power jetted.

In the radio window, the emission is dominated by the relativistic jet struc-
ture which emits non-thermally following the classic synchrotron spectrum (see
Sect. 1.3.1). Naturally, in this band, the jetted AGN are much brighter than
the non-jetted ones. In the nearby infrared window, the emission comes from
a thermal source, specifically from the torus. When the AGN is seen from the
side, the radiation that is supposed to arrive from the accretion disk region is ab-
sorbed by the optically thick torus, which later re-emits it in the infrared band.
Instead, when the inclination of the AGN allows for a direct view of the accre-
tion disk, optical emission is observed. In the optical wavelengths, relativistic
jets are observed as well and the number of their detections increased in the last
decade thanks to the observations carried out with the Hubble Space Telescope.
In the optical-ultraviolet part of the spectrum, a rise in the SED may be ob-
served, the so-called Big Blue Bump. The latter is produced by the optically
thick, thermal radiation coming from the accretion disk, and, when observed, is
a sign of efficient accretion. In the soft X-rays, and specifically in the range 0.3 -

6.0 keV, the photons are produced by the hot corona via Compton scattering of

17



1 INTRODUCTION

the optical /ultra-violet photons produced in the central accretion disk. Few as-
tronomical objects are expected to be able to emit above these energies, towards
the ~y-rays regime. As shown in Fig. 1.8, such high energies are not detected from
non-jetted AGN. Indeed, with their characteristic thermal emission, they may
not be able to produce vy-rays. Other reasons for the non-detection may account
for the sensitivity limit of our instruments or for the absorption of the photons
along their path to us. The hard X-rays and y-rays regime is populated by jetted
AGN, specifically by blazars and a few nearby radio galaxies. How photons in
AGN can reach such high energies is still a matter of discussion, and currently,
two different families of models have been proposed: the leptonic (Maraschi et al.
1992) and hadronic (Bottcher et al. 2013) ones. In the former, the ~-rays are
produced by the electrons flowing in the jet and interacting with either their own
synchrotron emission, i.e., synchrotron self-Compton, or with an external photon
field, i.e., external inverse Compton. In the latter, the protons are responsible for

the observed 7-rays through synchrotron emission or photo-meson interaction.

1.3 Relativistic jets

The most powerful manifestation of AGN activity is the magnetized, relativistic
outflows launched by the central region. In jetted AGN, the relativistic jets can
reach distances up to hundreds and even thousands of kpc, largely exceeding the
size of their host galaxies. In this thesis, the focus is on exploring the physical
properties of such phenomena in a specific jetted AGN class: the radio galax-
ies. Among the most visually magnificent sources, there are Centaurus A and
Cygnus A, shown in Fig. 1.9 upper and lower panel, respectively. Note the col-
limated jets that propagate on kiloparsec scales and that later expand, creating
the radio lobes. Studying relativistic jets is of great importance in the current
astronomical landscape. While being perfect laboratories to explore the physics
of highly magnetized relativistic plasma, they play a relevant role in shaping the
Universe as it is observable today.

The energy released by the outflows can deeply affect the host galaxy in a
self-regulating process called AGN feedback (see Morganti 2017, and references
therein). According to it, the AGN outflows can severely impact the star forma-
tion in galaxies, either by supporting it (positive AGN feedback) or by preventing
it (negative AGN feedback). Two modes are currently explored to explain this
phenomenon: the quasar mode, which belongs to the AGN with high nuclear
luminosity, and the jet mode, which is connected with the low nuclear lumi-
nosity ones. In the quasar mode, the radiation released from the accretion disk,

and by a small fraction also by the jets, expel the gas that could nourish star
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Figure 1.9: Upper panel: multi-wavelengths image of Centaurus A. Credits: http
s://www.eso.org. Lower panel: radio image of Cygnus A. Credits: NRAO/AU.

formations outside of the galaxy. In the jet mode, the ejected plasma prevents
the cooling of the surrounding gas. In the majority of AGN, the two different
mechanisms can operate at the same time, and distinguishing between them is
rather difficult. One of the main consequences suggested by the AGN feedback,
and especially the quasar mode, is its ability to regulate the co-evolution of the
black hole with its host galaxy, explaining for instance the relation between the

black hole mass and the velocity dispersion in the galaxy bulge (Merritt 1999).

1.3.1 The radiative mechanisms

The vast majority of the photons emitted from relativistic jets are produced in

non-thermal processes. A process is defined as “non-thermal” when the emission

19


https://www.eso.org
https://www.eso.org

1 INTRODUCTION

does not depend on the temperature of the source. In this context, it is custom to
define the brightness temperature of the emitting source. This temperature
corresponds to the one that a putative black body, in thermal equilibrium with its
surroundings, would need to reproduce the intensity of the detected signal. The
brightness temperature is then not a physical temperature and can reach very
high values (up to 102 K in the case of pulsars). The formula for the brightness

temperature derives from the Planck law for a black body and reads as

k
Tb_l = h—ln

v Em

e% —1
1+—] ) (1.7)

where k is the Boltzmann constant, h is the Planck constant, €, is the emissivity,
T is the temperature of the putative black hole, and v is the frequency. The
brightness temperature is largely used to characterize the radio emission from
AGN and is an indicator of the physical conditions of the particles emitting the
detected photons.

The two main radiative mechanisms from jets are the synchrotron and the

inverse Compton radiations, and are described as follows.
e Synchrotron radiation

Synchrotron radiation occurs in the presence of relativistic charged particles
surrounded by magnetic fields. Due to the Lorentz force, the particle undergoes
an acceleration perpendicular to the direction of motion, consequently emitting
electromagnetic radiation in the direction of the unperturbed propagation. The

characteristic frequency of the synchrotron emission is

v*Be

- 1.8
2mme ( )

Vsyn =
in which v =1/ m is the Lorentz factor of the particle, B the magnetic
field strength, m the mass of the electron, and e its electric charge.

Since in jets the particles are moving at speeds close to the speed of light,
special relativistic effects have to be taken into account. To understand the ob-
servational signature of such phenomenon, i.e., the signal received in the observer
frame, it is necessary to apply the Lorentz transformations starting from the co-
moving frame, i.e., the reference system in which the particle is at rest. The
crucial quantity is the aberration angle 1, defined as the ratio of the parallel ve-
locity component of the particle over the perpendicular one. After mathematical

considerations, such an angle can be approximated as

e~y (1.9)
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Figure 1.10: Sketch of the synchrotron radiation process. Credits: Emma Alexan-
der (https://emmaalexander.github.io/resources.html), CC BY 4.0 via
Wikimedia Commons.

This proportionality expresses the so-called relativistic beaming effect, shown
in Fig. 1.10. Due to this effect, the faster the particle, the smaller the beaming
cone, implying a more directional distribution of the signal and so an amplified
signal for a face-on observer.

The emission power spectrum for a single particle follows the law (assuming

isotropy in the emission):

4
Ssyn = gUTCﬁ2V2UB (1.10)

in which o7 is the Thompson cross-section, = v/c, and Ug is the magnetic
density. Its shape is shown in Fig. 1.11 in the top right frame. The emission from
a population of particles can be computed as a sum of such spectra, assuming
a certain energy distribution of the particles. These are assumed to follow a

power-law distribution:
n(y)dy = noy "idy (1.11)

with ng the number of particles and piy; their injection index.

Convolving the power spectrum for single particles (Eq. 1.10) with their dis-
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Figure 1.11: Single electron spectrum from synchrotron radiation in the top right
frame, together with the total spectrum given by the sum of the individual spectra
(Carroll & Ostlie 2017).

tribution (Eq. 1.11) leads to a power-law function of the form (see Fig. 1.11)

_ Pinj—1

S(v) = gcaTnog—f <V—VL> ) (1.12)
with v, being the Larmor frequency, i.e., the precession of the magnetic moment
of a proton around an external magnetic field. The power-law exponent, referred
as spectral index, is typically written as & = —(pim; —1)/2. Eq. 1.12 is obtained
assuming an isotropic distribution of the pitch angles, i.e., the angle between the
direction of motion of the particle and of the magnetic field.

The resultant synchrotron emission can be either optically thin or optically
thick. In the former, the photons emitted from the synchrotron process are able
to travel freely through the surrounding medium and, when detected, show a
power law distribution with index a. In the second case, when the produced
photons do not have enough high energies, they can be re-absorbed, scattering
over the electrons present in the medium. This phenomenon is called “synchrotron

self-absorption” and leads to the formation of optically thick regions.
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The overall theoretical synchrotron spectrum is shown in Fig. 1.12. In the
optically thick region, for a plasma with a homogeneous synchrotron spectrum, it
follows the power law S(v) o< 1°/2 (see, e.g., Lobanov 1998), while in the optically
thin regime the spectrum assumes the mentioned form S(v) oc v*. The frequency
at which the synchrotron emission switches from one regime to the other is called
turnover frequency (i, see Fig. 1.12) and strongly depends on the density and
magnetic field of the particle population. As a consequence, when inferred, the
turnover frequency can provide important information on the magnetization of
the jets (see Sect. 1.3.2 for the theory behind it and Chapter 6 for its application).

In the AGN environment, the most plausible scenario for the particles to gain
velocity is through the so-called Fermi acceleration mechanisms. Referred also
as diffusive shock acceleration, in such mechanisms a particle accelerates when re-
peatedly reflected in shocks, gaining velocity after every reflection. There are two
Fermi acceleration mechanisms, first and second order, with the first one being
the important one in the case of AGN. In the first order Fermi acceleration
model, the particles are accelerated by continuously moving upstream and down-
stream shock waves, gaining energy after every crossing. This process greatly
enhances the velocity of the particles, with the spectrum following S(e,) o< €, "™
(€p is the energy of the particles). The typical power-law index for the Fermi
mechanism is piy; > 2. Consequently, following Eq. 1.12, the characteristic ob-
servational signatures of the synchrotron emission is a power-law spectrum with
a spectral index a < —0.5.

A further observational signature of synchrotron emission is polarization.
Polarization is a characteristic of transverse waves, such as light, which describes
the geometrical orientation of the electric field component. It can be linear,
circular, or elliptical. When linear, the electric field oscillates in a plane along
the direction of propagation. When circular, the electric field has two linear
components with the same amplitude that oscillate in two planes perpendicular
to each other. In case the amplitudes in the two planes differ, the polarization
is said to the elliptical. The photons emitted through synchrotron radiation in
jets are expected to be intrinsically highly polarized, showing high degrees of
linear polarization. Whether such emission can show circular polarization, while

expected, is currently a matter of investigation (Kramer et al., in prep.).
¢ Inverse Compton

The inverse Compton radiation is produced when a low-energy photon scatters
against a high-energy relativistic electron, gaining energy. The mathematical

approach to describe this phenomenon is similar to the one used for synchrotron
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Figure 1.12: Synchrotron spectrum. In the optically thick regime, the self-
absorbed one, the power law index is typically ~ 2.5, while in the optically thin
it evolves as v*, where « is observed in the majority of jets to lay around ~ —0.7.

radiation, leading to a single electron spectrum of the form

4
SIC = 50T05272Urad . (113)

The equation is equivalent to the synchrotron case, with the only difference rep-
resented by the last term U,,q, which, in this case, describes the energy density
of the photon field. The power law index of the inverse Compton spectrum for
an electron population follows the same dependence as the synchrotron one, i.e.,
a = —(pinj — 1)/2 with piy; being the power law index of the electron distribu-
tion. The inverse Compton process is relevant in the high-energy part of the
spectrum (see Sect. 1.2.3) and accounts for the production of hard X-ray and
~-ray radiation.

When the photon energy density in a certain region of the jet is higher than
the magnetic field density, the Compton losses become far more important than
the synchrotron losses. This phenomenon is called Compton catastrophe and
is expected to occur when the brightness temperature associated with the syn-
chrotron emitting region is ~ 102 K. The rapid inverse Compton cooling leads to
a dramatic decrease in the temperature below the mentioned limit (Kellermann
& Pauliny-Toth 1969). Nonetheless, sources with jet components T, > 102 K
have been observed, questioning how such phenomenon occurs in relativistic jets

(see, e.g., Tsang & Kirk 2007, and references therein).
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1.3.2 The sub-parsec and parsec jets

In this section, I highlight the sub-parsec and parsec scales observational proper-

ties of relativistic jets which are central to this thesis.
e The VLBI core and core-shift effect

Starting from the very base, jets show a bright, optically thick feature: the
VLBI core (Blandford & Konigl 1979). The size of such region at each given
frequency, i.e., the surface with optical depth 7, = 1, depends on the numerical
density and magnetic field of the underline electron population. Moreover, as
mentioned in the previous section, since the less energetic photons are the more
likely to be re-absorbed, the position of the surface 7, = 1 varies as a function of
the frequency: the smaller the observing frequency, the furthest the position of
the surface, the larger the size of the core. This situation is visualized in Fig. 1.13,
in which the displacement of the transition surface while changing frequency is
shown. Therefore, the VLBI core can be seen as a layered sphere in which each
consecutive layer is characterized by a certain turnover frequency. When the
latter, together with the respective flux density (Sy,), is known, the underlying
magnetic field can be estimated as (Pacholczyk 1970)

B o S (1.14)

For an application of this procedure, see Chapter 6.

The described relation between the frequency and the core position is known as
the core-shift effect, and needs to be considered when analyzing multi-frequency
VLBI data sets. Indeed, in order to be compared, maps at different frequencies
have to be aligned with respect to a common reference point. This is ideally
the hypothetical position of the jet origin, i.e., the central black hole. Several
methods have been developed for the alignment of images (e.g., O’Sullivan &
Gabuzda 2009), among them: i) 2-D cross-correlation of optically thin regions
in the jet; ii) cross-identification of optically thin Gaussian component (see
Sect. 3.3.3) along the jet. Throughout the thesis, I followed the first approach.

Because of the face-on orientation of blazars, their emission is dominated
by the superposition of multiple synchrotron self-absorbed features. As a con-
sequence, the total spectrum of blazars is flatter with respect to the higher-
viewing-angle AGN counterpart, i.e., the steep spectrum radio quasars, and the

radio galaxies.

e The projection effects and the superluminal motion
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Figure 1.13: Representation of the core-shift effect. The lower the frequency, the
further from the jet origin the transition surface (7, = 1) between optically thick
and optically thin emission. Template of the design from Kovalev et al. (2008).

Projection effects strongly influence the appearance of the majority of jets we
observe. They arise from seeing a 3-dimensional object in a 2-dimensional plane.
As shown in Fig. 1.14 left panel, the real extent of the jet is the segment AC
while the observed one is CB. To infer the real distance, it is necessary to build
the right triangle ABC and to use trigonometry to relate AC and BC. To do that,

the knowledge of the viewing angle 6 is needed to determine AC from BC as

BC

AC = :
¢ sin(0)

(1.15)

Because of their larger viewing angles, implying sin(6) — 1, the difference between
the apparent distance (CB) and the de-projected one (AC) is relatively small when
observing radio galaxies. As a consequence, through VLBI observations, in radio
galaxies we have generally the possibility to resolve the jet on smaller scales with
respect to the small-viewing-angle counterparts.

Since the jets are propagating at velocities close to the speed of light, one
of the main consequences of the different viewing angles is the boosting and de-
boosting of the incoming radiation due to the relativistic Doppler effect, i.e., the
change in the luminosity of the detected photons due to relative motion between

the emitting source and the observer. The Doppler factor is defined as
§ = [[(1— Beos(9))]* (1.16)

in which I' is the Lorentz factor of the bulk emission. The emitted (S,) and

received (.S;) flux densities are related as
S, = 5,607 (1.17)
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Figure 1.14: Left panel: explanatory sketch for the projection effect. Right panel:
Doppler factor as a function of Lorentz factor for different viewing angles.

where « is the spectral index as defined in Sect. 1.3.1. The relation between
Doppler factor and I' for different viewing angles is shown in Fig. 1.14, right
panel. Specifically, the larger the viewing angle, the lower the velocity threshold
for the emitted radiation to be de-boosted.

The relativistic Doppler effect leads to numerous and important consequences:
among the others, a crucial one for this thesis is the asymmetry between the
jet and the counter-jet. Relativistic jets from AGN are launched as a pair of
outflows in perpendicular and opposite directions with similar intrinsic properties.
However, due to selection effects, most of the sources we observe show one-sided
jets as a consequence of their orientation approaching our line of sight. The
counter-jet is detected in a minority of cases, mostly in nearby radio galaxies
(such as NGC 315). When this is the case, its detection can be used to constrain
fundamental jet properties, such as the intrinsic speed, which can be estimated

based on the jet to counter-jet intensity ratio (R) (Urry & Padovani 1995) as

1 RYP—1
cos(f) RY/P + 1

g = (1.18)
in which p = (2 — ). The calculation of the jet bulk speed with Eq. 1.18 relies
on the hypothesis of symmetry between the two jets, with their differences in
brightness arising only from the Doppler effect. It should be noted that, for
certain orientations, asymmetries between the approaching and receding sides
could arise in radio galaxies also as a consequence of the opacity introduced by a
circumnuclear torus, Therefore, the use of Eq. 1.18 for the speed estimate should
only be made in cases where obscuration from the torus is negligible. The jet to
counter-jet method is applied in Chapter 4.

Along their lengths, jets are usually showing faster than light motion, i.e.,
superluminal motion. This effect was predicted by Rees (1966) and has been
observed for the first time in the blazar 3C 273 (Gubbay et al. 1969). The
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apparent discrepancy with the fundamental axiom of general relativity can be
explained by accounting for projection effects. Let us assume a jet that moves
at a certain velocity from point A to point B and assume that both regions emit
a photon at two different times. From geometrical considerations involving the
different path lengths traveled by the two photons and the viewing angle (6), the

intrinsic jet speed [ is extracted from the apparent, measured speed B, as

Bapp
sind + Bappcost

b= (1.19)
Therefore, the smaller the viewing angle, the more impacting this effect on the
observed jets. In blazars, superluminal motions up to ~ 50 ¢ have been observed
(Lister et al. 2009).

e The recollimation shocks

A further observational signature of jets on sub-parsec, parsec scales are the
recollimation shocks: high luminosity regions associated with strong magnetic
fields and particle re-acceleration. Their formation is a direct consequence of
the evolution and propagation of (magneto-)hydrodynamical waves within the
jet, which are enhanced at the interface that separates the jet from the external
medium (see, e.g., Marti et al. 2018; Mizuno et al. 2015). Recollimation shocks
can be both stationary or moving downstream of the jet dragged by the underlying
motion of the bulk flow (Lister et al. 2016).

e The stratified structure

The jets are not expected to be uniform beams, but both observational and
theoretical results are strongly suggesting a transversely stratified structure,
with a central spine surrounded by an outer layer (see, e.g., Boccardi et al. 2017,
and references therein). An overview of the theories behind its formation is given
in Sect. 2.2.

When enough angular resolution is achieved (see Chapter 3), it is possible
to resolve such a structure. The latter is typically associated with the limb-
brightening: the jet spine is far less luminous than the surrounding layers.
While the origin of limb-brightening has not been settled yet, some hypotheses
have been proposed. The most accredited one involves the interplay between
the stratified jet structure and the Doppler effect: the spine, expected to be
faster, undergoes a Doppler de-boosting (see Fig. 1.14), resulting in a lower flux
density with respect to the slower external layers. Alternatively, the emissivity
of the spine is intrinsically lower with respect to the sheath. This scenario could

explain limb-brightening in blazars. Other models involve different launching
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mechanisms or morphology of the magnetic fields threading the jets as a trigger
of the limb-brightening (see, e.g., Kramer & MacDonald 2021). An astonishing
example of limb-brightening is recent observations of the jet in Centaurus A from

1 mm observations (Janssen et al. 2021).
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2 The theory of jet formation and propagation

In this section, I describe the currently known theories for jet formation and
propagation (Sect. 2.2) with emphasis on the open questions that are addressed
in this thesis. The framework behind such theories is the physics of the plasma,

for which I give an introduction in Sect. 2.1 5.

2.1 Elements of plasma physics

Plasma is a state of matter characterized by the presence of a relevant fraction
of unbound, i.e.; free to move, electrons and ions. This condition happens due
to the temperature of the system being high enough to overcome the attraction
exerted by the strong nuclear force. The study of plasma physics faced a rapid
increase in interest and development during the 70s and '80s of the past Century,
starting from the experiments of Hannes Alfvén on the ionosphere. Nowadays,
this research field plays a prominent role in the current scientific landscape due
to its application both at the industry level and for astrophysical studies. Indeed,
while on Earth this state of matter is quite rare, throughout the Universe it is
found in more than 99% of the known matter.

To determine the ionization level of a certain system, i.e., the fraction of
free charged particles, the Saha equation is used. The latter is extrapolated by
assuming an ensemble of particles with certain energy FE,, and temperature T,

and whose numerical density is expressed as
Ny = gme~ 2/ 1) (2.1)

Here, g,,, is the number of possible states at the energy FE,,. The Saha equation
reads as
LoX 414 10710, T 3/261 58510/ (2.2)
X
where Y is the ionization level and n. the total number of particles in the system.
The equation implies that the higher temperatures of the system, the higher the
ionization level.

Along with it, a certain system to be defined as plasma needs to fulfill the
condition of quasineutrality, i.e., the positive-negative charges have to balance,
leading to a neutral gas. Such a condition can be achieved since in the surround-
ings of a positive charge there is a lack of ions due to the repulsive force. On
the contrary, due to the attractive force, there is an overpopulation of negative

charges. Consequently, the potential of each positive charge quickly falls to zero,

5This Section is based on the book Chiuderi & Velli (2012) and the PLUTO User’s guide
http://plutocode.ph.unito.it/userguide.pdf.
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shielding them on long distances. The extension of this region is called Debye
length.

To build a formalism for plasma physics, the starting point is the famous
Maxwell equations, which describe the behavior of the magnetic and electric

fields. The Maxwell equations are:

10B
E= -2, 2,
VX cot’ (2:3)
10E 4w
B=-""1+"j. 2.4
VX 08t+ cJ’ (2:4)
V-E =4nq; (2.5)
V- B=0. (2.6)

Here, E is the electric field, B is the magnetic field, ¢ is the density of electric
charges, J is the current density, and ¢ is the time. In plasma theory, it is common
to work in 6-dimensional space, i.e. the phase space, defined by the three spatial
coordinates (x,,x,,x,) and the three velocity coordinates (v, vy, v.).

The description of the velocity and the position in the ordinary space of every
single particle is impossible, and anyway not meaningful. Therefore, the plasma
theory is built around the distribution function f(x,v,t)dxdv, which rep-
resents the number of particles with a certain position and velocity at a fixed
moment in time. In this formalism, the average number of particles within a

certain space x + dx and velocity v + dv is given by
dN = f(x,v,t)dxdv, (2.7)

and, to describe the temporal evolution of a certain quantity e, the continuity

equations is used
Oe

§+v-(€v)20. (2.8)

Solving the distribution function and its temporal evolution is extremely chal-
lenging. A complete knowledge of f(x,v,t) would imply knowing the exact num-
ber of particles having a certain position and velocity at every instant. A set of
information that is too broad to be handled with ease. While this can be doable
under specific and simplified conditions, such a high level of detail is not needed
when describing the astrophysical plasma subject of this thesis. Indeed, knowing
the average physical quantities of interest is sufficient.

To do that, step one is to define the average number of particles having any

velocity within the space x 4+ dx. This operation is done by integrating the
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distribution function over the three velocity components

n(x, 1) = / £V, t)dv (2.9)

The obtained function is used as a normalization factor in the averaging process.

Consequently, the average generic quantity of the particles in a certain system is

defined as .

n(x,t)

e(x,t) =

/sf(x,v,t) dv. (2.10)

The equations mentioned here are the foundations upon which the different
plasma theories are built. There are different approaches to describe these sys-

tems, which depend on the initial conditions assumed:

e Neutral gas: all particles are considered to have the same mass and the

net charge is zero. The system is described with one distribution function.

e Two fluids plasma: when the ionization level is y = 1 there are two

particle distributions, one for the ions and one for the electrons.

e One fluid plasma: the system is described as a single fake fluid that

summarizes the properties of the two particle populations.

Nonetheless, the ensemble of equations used to describe these theories is still
too broad to be solved easily. To overcome this tangled forest, the concept of
regime is introduced: not the entire spectrum of solutions is of interest, but only
the specific range that is helpful to describe the desired scenario. The funda-
mental regime used to describe the relativistic jets physics is the (relativistic)

magnetohydrodynamic one (R)MHD, described in the next section.

2.1.1 The magnetohydrodynamic regime

The MHD regime is defined so that the ratio of the length scale over the temporal
scale of variations of the physical parameters is similar to the typical velocity of
electromagnetic phenomena. In this theory, crucial is the concept of character-
istic velocity of the plasma, which describes the propagation velocity of the
waves evolving within the system. The relevant waves for this thesis are discussed
in Sect. 2.1.3.

The MHD regime is further divided into two sub-classes, depending on whether
the relativistic effects have to be taken into account: the non-relativistic and the

relativistic one.

e Non-relativistic MHD
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In non-relativistic MHD, the characteristic velocity of plasma and of the elec-
tromagnetic phenomena is way smaller than the speed of light, so the relativistic
effects can be totally neglected. The MHD equations are usually described with

the following system of conservation laws:

dp
ap _ _ 4. 2.11
5 TV (pv) =0; (2.11)
T
) B
?§+V-mwdm+10+3> = —pVo + pg; (2.12)
B
a—%—Vx (cE) =0, (2.13)
ot
E, + p® ?
QL%;&2+Vﬁ (%}+paﬂﬂw@)V+¢EXB —m-g. (214)

Here: I is the unity matrix, p is the mass density, m = pv is the momentum
density, p is the thermal pressure, e is the internal energy, and F; is the total
energy density. The exponent 7" indicates the transpose of the matrix defined by
the elements in the squared brackets. The right terms include the contribution
of gravity, namely from the gravitational potential ® and the acceleration vector
g.

The electric field in Eq. 2.13 can be expressed as:

cE:—va+g-L (2.15)
in which J, = ¢V x B and 7 is the resistivity tensor. The first term of Eq. 2.15 is
the convective term, while the second one is the resistive term. According to the
interplay between them, the MHD theory is further divided into two sub-regimes:
the ideal MHD regime and the resistive MHD regime. The former one is
valid when the convective term dominates the system, while the second one is in
the opposite case. The separation between the two is dictated by the Reynolds
magnetic number, i.e., the ratio between the diffusive term over the resistive
one.

Ideal MHD: in this regime, the Reynolds number is way higher than one,

and the resistivity in the plasma can be neglected. Here, Eq. 2.15 becomes
cE=-vxB. (2.16)

This assumption leads to the Alfvén theorem, which asserts that the magnetic

field and the bulk matter are frozen and forced to move together. The main
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consequence of such a theorem is that when 1 = 0 the magnetic field lines will
not change their structure being coupled to the matter, which implies a fixed
magnetic field topology. The ideal MHD is valid when the electric conductivity
o (which is the inverse of the resistivity) is very high or when the spatial scales
considered are very large. This regime finds application in many astrophysical
plasma, such as the one explored in Chapter 5.

Resistive MHD: when o is low or the considered scales are small, the
Reynolds number is lower than one, and the resistive term cannot be neglected.
In the resistive MHD the electric field equation (Eq. 2.15) becomes

E="
c

T, (2.17)

while the magnetic field is described as:

5 = nV’B. (2.18)

The solutions for this equation can be found by applying a Fourier analysis and

has the form

B(x,t) = / e B (k)e** dk . (2.19)

As a consequence, the resistivity dissipates the magnetic field causing its decrease
over time and its conversion into kinetic and/or thermal energy. This results in the
acceleration of the bulk flow due to the action of the generated electric field. This
effect is known as Joule effect. While the majority of the astrophysical plasma
can be described in terms of the ideal MHD, the resistivity plays an important
role on small scales and has to be considered when studying in detail the magnetic
field behavior both in the accretion disk and in the launched relativistic jets (see,

e.g., Mattia & Fendt 2020).
e Relativistic MHD

The relativistic magnetohydrodynamic regime applies when the velocity of the
particles or the characteristics velocities of the sound (which increases with T") or
Alfven waves (proportional to B, the Alfven waves are defined in Sect. 2.1.3) are
close to the speed of light. The last two conditions imply that a relativistic regime
can also be achieved with a small velocity of the fluid but with high temperatures
or high magnetic field strengths. Generally, when neglecting the relativistic effects
generated by the rotation of the black hole (out of the scope of this thesis), the
geometry space in which this theory is developed is the Minkowski space, defined
by the metric tensor

g = diag(+1,-1,—1,-1). (2.20)
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To obtain the final set of equations, it is necessary to combine the Maxwell
equations together with the description of the evolution of the matter, which
is derived from the conservation of the stress-energy momentum tensor and the

continuity equations, respectively:
9T = Op (Theq + Thng) =0, (2.21)

Ou(pu”) =0. (2.22)

Here, Tiy, and T, are the energy-momentum tensor for the field and the
matter, respectively, and u is the four-dimension velocity vector. Defining the
total energy as Ei., the relativistic enthalpy as w;, the Lorentz factor as I', the
laboratory density as D, and the gravity acceleration term as f;, the final set of

equations (in the ideal, special relativistic regime) is given by

D
i—+V-(DV)T:0; (2.23)
ot
Om 9 T
o + V- (th vv — bb + Iptot) =f,; (2.24)
a&“+vmmfzvﬁﬁ (2.25)
ot
B
%;+V~WB—BwT:O. (2.26)

In here, b and py are respectively b = B/T' +'(v-B)v and pioy = p+ [B?/I? +
(v - B)Q] /2. The RMHD regime is vastly used to study the jet formation and
propagation mechanisms due to the relativistic nature of the freshly injected
outflows. In this thesis, the RMHD equations are solved numerically and used
to explore the behavior of relativistic jets on sub-parsec and parsec scales. The

work is presented in Chapter 5.

2.1.2 Instabilities

A crucial aspect of plasma physics is represented by the instabilities. A certain
plasma is in equilibrium when the resultant of all the forces acting on the system
is zero. However, considering the very turbulent environment in which the jets
develop, it is very difficult, if not impossible, to achieve such a condition, leading
to the formation of the mentioned instabilities. In the following, the instabilities
and consequent waves (see next sections) are described, for simplicity, in the
context of the MHD regime. Nonetheless, the information and properties reported
are valid in the RMHD regime as well.

To develop the formalism used to describe the instabilities, the starting points
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are the equations for a non-relativistic plasma (from Eq. 2.11 to Eq. 2.14) written
in the ideal MHD regime. A small perturbation £ is introduced in the system
following

h=ho+ & (2.27)

where hg is the non-perturbed quantity and h; is the perturbed one. By solving
the mentioned equations for h; with different initial conditions and forces acting
on the system, the relations that characterize the different instabilities are found.
In the following, I give a brief introduction of the most important ones for the

AGN environment.
¢ Rayleigh-Taylor instability

The Rayleigh-Taylor instability develops between two unmagnetized fluids
immersed in a gravitational field. For the instability to arise, the two fluids must
have two different densities with the heavier standing above the lighter. In the
surface of contact, assumed to be linear at the beginning, as the system evolves in
time waves begin to appear with portions of the lighter medium making their way
into the denser one. One of the most astonishing examples of Rayleigh-Taylor
instability is represented by the Crab Nebula (see Fig. 2.15, in which the filaments
caused by the instability are clearly visible). This instability is expected to be
visible in the lobe region of radio galaxies, where the magnetic fields are expected

to be relatively small.
¢ Kelvin-Helmholtz instability

For the Kelvin-Helmholtz instability to arise, a medium with a stratified ve-
locity whose gradient is normal to its direction of propagation is necessary. The
instability leads to the formation of wiggles between two consecutive layers of the
stratified structure (as seen in Fig. 2.16, which shows the formation of the Kelvin-
Helmholtz instability in the clouds of Saturn). In an unmagnetized plasma, the
instability is relatively easy to trigger, since small velocity gradients are sufficient.
On the contrary, the presence of a poloidal magnetic field helps the stability of
the system, making the formation of the wiggles more difficult. Indeed, the defor-
mation of the topology of the perpendicular magnetic field lines creates magnetic
tension, which compresses and stabilizes the plasma. Instead, the toroidal mag-
netic field component has no influence on this instability since the magnetic field
lines do not create any tension, being parallel to the deformation.

When the velocity gradient is parallel to the direction of the gravitational
force, the KH instability is the dynamic generalization of the Rayleigh-Taylor

instability. The Kelvin-Helmholtz instability can occur in the relativistic jets,
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Figure 2.15: The supernova remnant called Crab Nebula. The Rayleigh-Taylor
instability effects are clearly visible. Credits: NASA, ESA, J. Hester and A.
Loll (Arizona State University) - HubbleSite: gallery, release., Public Domain,
https://commons.wikimedia.org/w/index.php?curid=516106.

across the different stratified layers, or at the contact surface with the external

medium. The second scenario is observed in the work presented in Chapter 5.
e Plasma column instability

The framework to derive solutions for the plasma column instability requires
the force of gravity to be null or negligible and the plasma to be in a cylindri-
cal geometry, meaning that its length is infinitely bigger than its radius. In the
plasma column instability, both components of the magnetic fields are acting,
and the configuration of the system arises from their interplay with the pressure
profile. There are two different plasma column instability modes: i) the “sausage

instability”, in which the plasma shows consecutive expansions and compressions,
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Figure 2.16: Kelvin-Helmholtz instabilities seen in the atmosphere of Saturn.
Credits: NASA - http://photojournal. jpl.nasa.gov/catalog/PIA06502en
.wiki originally uploaded by User:The Singing Badger there., Public Domain,
https://commons.wikimedia.org/w/index.php?curid=577763.

ii) the “kink instability”, where the entire plasma column oscillates in the normal
direction with respect to the direction of propagation. The plasma column insta-
bility is an outcome of the effects of the toroidal magnetic field, while the poloidal
component helps the stability of the system. The plasma column instabilities can

be detected along the relativistic jets.
e Magnetorotational instability

The magnetorotational instability takes place in accretion disk-like structures
and contributes to the loss of the angular momentum of the accreting material. As
already mentioned in Sect. 1.2.1, when a disk has a Keplerian rotational motion,
the distortion of the magnetic field lines leads to the formation of instabilities
from which viscosity is generated. The latter dissipates the angular momentum,
dragging the particles toward the central region. The magnetorotational instabil-
ity is expected to happen even in the presence of very weak magnetic fields and,

due to its action, is deeply involved in the jet formation process.

2.1.3 Waves

Once one of the aforementioned instabilities is formed, how does it propagate
throughout the medium? The answer is: through the action of the waves. Their

propagation velocity and direction is called phase velocity and is defined as

39


http://photojournal.jpl.nasa.gov/catalog/PIA06502en.wiki
http://photojournal.jpl.nasa.gov/catalog/PIA06502en.wiki
https://commons.wikimedia.org/w/index.php?curid=577763

2 THE THEORY OF JET FORMATION AND PROPAGATION

vy =w/K, in which w is the angular frequency and K the angular wavenumber.
The phase velocity, describing the evolution of a single wave, is not associated
with any physical variation or energy transportation in the system. To account
for such variations, a wave packet has to be considered. The propagation of the
wave packet is called group velocity and describes the behavior of the overall
shape of the wave amplitudes. The group velocity reads as v, = dw/0K.

In the ideal MHD formalism, two types of waves are of interest for this thesis:
the Alfvén waves and the magnetosonic waves. In the former, the informa-
tion on the thermal pressure (transported by the sound speed cs) is negligible. In

the latter, it plays an important role.
o Alfvén waves

The Alfvénic waves are further divided into the two categories of incompress-
ible and compressible, depending respectively on their ability or inability to gen-
erate variations in the density of the medium.

In the incompressible case, i.e., the one in which the density of the medium

does not vary, the phase and group velocities are respectively
vy = £c,co8(k) e and vy =t € (2.28)

where ¢, is the Alfvén velocity ¢ = B/(47p), k is the wave propagation angle,
and ex and e, are the unit vectors of the wave vector ¢ and the magnetic field.
Equations 2.28 imply that the Alfvén waves propagate by carrying the magnetic
perturbations in the normal direction with respect to the one of the magnetic
field. On the contrary, the energy propagation moves in the same direction.
The Alfvénic waves are generated by the magnetic tension and they may lead to
important variations in the velocity and magnetic field of the plasma in which
they develop.

In the compressible scenario, the waves propagate isotropically and their phase

and group velocities coincide
Vi =V, =*c,ex. (2.29)

When they propagate along the normal direction with respect to the magnetic

field, they are indistinguishable from the incompressible scenario.

¢ Magnetosonic waves

6The wave vector is a vector whose module is the wave number K and its direction is the
one of the wave propagation.
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In magnetosonic waves, the effect of the thermal pressure is not negligible.
Their dispersion relation, i.e., the relation that connects the wave number to the

wave frequency w, is:

2
(%) =0.5 [(C? AR QCgcgcos(Qn)] . (2.30)
When using the plus sign in the parenthesis, the equation describes the fast
magnetosonic waves. On the contrary, when using the minus sign, it describes
the slow magnetosonic waves. In the former case, when the wave direction is
parallel to the magnetic field, the wave velocity is ¢, when ¢, > ¢, or ¢, when
cs < cq. In the latter case, it is true the opposite. The magnetosonic waves are
driven by the thermal pressure along with the pressure and tension generated by

the magnetic fields.

2.2 Jet formation and propagation

The spatial, and temporal, evolution of relativistic jets can be roughly divided
into four different phases, as shown in Fig. 2.17. In the sketch, the spatial scales
are given in units of parsecs as well as Schwarzschild radii. The latter is the
fundamental scale unit for describing the launching and propagation of relativistic
jets. Within the first ~ 102 R, lays the launching region in which the jets are
injected from the central region of the AGN. Here, the dynamical properties of
the plasma are expected to be dominated by the strong magnetic fields extracted
for the surroundings of the SMBH (Sect. 2.2.1). What follows is the acceleration
and collimation region, in which the jets accelerate up to relativistic velocities,
with peaks up to I' ~ 50 in the most powerful ones, and collimate. In the
collimation region, the jet presents a quasi-parabolic geometry, i.e, its radius

~0:5 while a transition to a conical geometry (z~1!) is

grows with the distance as z
observed at the end of this region (Sect. 2.2.2). In the large-scale structure (up
to ~ 10 — 109 Ry), the jets evolve in the so-called kinetic-lux dominated
region creating structures up to hundreds of kiloparsec scales before ending in

the dissipation region. This thesis focuses on the first two regions.

2.2.1 The disk-jet connection

Among the astronomical community, there is broad consensus towards the rela-
tivistic jets being launched by the central region of AGN in a strongly magnetized
environment in which the rotation of a Kerr black hole plays a direct role. How-
ever, several crucial aspects of the disk-jet connection have yet to be answered.

The launched plasma can be powered either by subtracting rotational energy
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Figure 2.17: Sketch representing the four different stages of jet evolution (Boc-
cardi et al. 2017).

from the central black hole (BZ, Blandford & Znajek 1977) or by extracting the
energy stockpiled in the accretion disk (BP, Blandford & Payne 1982). Whether
the outflows are fueled by either one of the two components, or both, is still
a matter of discussion. The current paradigm points toward the BZ mechanism
being able to produce high-energy jets, while the BP mechanism is typically asso-
ciated with weaker outflows. Current studies are suggesting how both launching
mechanisms can co-exist. In this scenario, the BZ might be associated with the
most internal jet spine and the BP may be linked with the slower external winds
that envelope the jet, leading to the aforementioned stratified jet structure (e.g.,
Hardee et al. 2007). Hints on the launching mechanisms can be inferred by ex-
trapolating the jet width profile down to the jet base, now possible thanks to the

enhanced VLBI capabilities. A remarkable example is the observations of Cygnus
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A (Boccardi et al. 2016), in which the large jet width at its nozzle suggests an
outflow launched way further than the black hole ergosphere, i.e., in the accretion
disk via the BP mechanism.

Accounting for the nature of the accretion disks, theoretical models and obser-
vational studies are pointing towards a scenario in which the cold and radiatively
efficient accretion flows (see Sect. 1.2.1) power the most energetic AGN jets such
as the FSRQs (Ballantyne & Fabian 2005; Baum et al. 1995; Grandi et al. 2006;
Grandi & Palumbo 2004; Hardcastle et al. 2007; Sambruna et al. 1999), whereas
the hot and radiatively inefficient ones produce weaker jets, such as the BL Lacs
(Allen et al. 2006; Balmaverde et al. 2006; Baum et al. 1995; Chiaberge et al. 2000;
Hardcastle et al. 2007; Yuan & Narayan 2014). Focusing on the hot accretion
flows, relevant to the source studied in this thesis (NGC 315), the current re-
search is focused on understanding which mechanisms allow such inefficient disks
to efficiently produce extended relativistic jets.

The most favored models aimed at describing the jet launching from hot
disks are the Standard and Normal Evolution (SANE) and Magnetically
Arrested Disk (MAD). The SANE model, as the name suggests, represents the
classical scenario for the accretion mechanism from a weakly magnetized accretion
disk in which the particles lose angular momentum due to the magnetorotational
instability (Balbus & Hawley 1991; Narayan et al. 2012). On the contrary, in
the MAD model, the accretion disks are naturally permeated by strong magnetic
fields. When, due to the turbulent nature and motion of the components of the
disk, enough poloidal magnetic field is gathered so that the magnetic force is
able to counter-balance the gravitational one, the inflow of the particles stops,
and a magnetosphere forms (see Fig. 2.18). Within such a structure, the flow is
disrupted into blobs which later stream towards the central black hole (Bisnovatyi-
Kogan & Ruzmaikin 1974, 1976; Narayan et al. 2003). The plasma accreted
through a MAD, is channeled in the surroundings of a fast-rotating black hole,
leading to the formation of the powerful relativistic jets, as shown in Narayan
et al. (2021). The same authors showed that in the case of slowly rotating black
holes, relativistic jets can still be launched but with lower efficiencies.

Overall, whichever process leads the charged particles to lose angular momen-
tum, the particles are forced to follow the magnetic field lines bent towards the
poles by the rotation of the black hole.

While theoretical studies are suggesting that the MAD model can describe ef-
ficient jet launching from highly magnetized accretion disks (Narayan et al. 2021;
Zamaninasab et al. 2014), the observational evidence supporting it is currently
limited. The observational properties needed to explore the presence of a MAD,

such as the magnetic field strength and polarization in the inner parsec scale re-
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Figure 2.18: Representation of a MAD. The poloidal magnetic field saturates the
accretion disk forming the magnetosphere, causing the particles to fall towards
the central black hole. The lines are the magnetic field lines (Narayan et al. 2003).

gion (see, e.g., Yuan et al. 2022), have made it challenging to test such a scenario
for a large number of sources. Examples of galaxies in which the MAD is sug-
gested are M 87 (Event Horizon Telescope Collaboration et al. 2019a,b,c,d,e,f) and
Sgr A* (Event Horizon Telescope Collaboration et al. 2022a,b,c,d,e,f). Therefore,
exploring nearby sources is crucial to providing the observational counterpart of
such studies, due to the possibility to achieve enough angular resolution to resolve
the inner jet region. Thanks to its vicinity and large black hole mass, and con-
sequently the remarkable angular resolution one can achieve with interferometric
observations, NGC 315 offers a unique opportunity to investigate the presence of
a MAD and its disk-jet connection in general. This work is presented in Chapter
4.

2.2.2 The acceleration and collimation region

Once launched, relativistic jets evolve into the external medium as Poynting-

flux dominated outflows, i.e., outflows in which the magnetic fields dominate
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Figure 2.19: Jet width as a function of the distance from the core for M 87 based
on the use of a multi-frequency VLBI data set. The transition from a parabolic
to a conical geometry is observed around ~ 5 x 10° Ry (Asada & Nakamura 2012).

the dynamics of the jets. Downstream the launching region, relativistic outflows
manage to remain collimated for long distances with typical opening angles of the
order of a few degrees. Exploring the collimation process is of great importance in
understanding the establishment of such extended structures. This phenomenon
can be observed thanks to the high-resolution observations achieved by means
of the VLBI technique (see Sect. 3), which allows nearby sources to be explored
on scales down to 102 — 107 Ry from the jet injection point, i.e., along the region
in which the jets are expected to collimate (Boccardi et al. 2021; Kovalev et al.
2020).

A jet collimates until its opening angle decreases with the distance, while the
geometrical transition to a conical shape, i.e., to a constant opening angle, implies
the end of the collimation process. The first observation of such phenomenon
was performed by Asada & Nakamura (2012) for M 87. The authors, as shown
in Fig. 2.19, observed a change in the jet width profile on scales of ~ 10° Ry, in
the proximity of the Bondi radius. The latter delimitates the region in which
the particles infall speed transits from subsonic to supersonic and has roughly

the same order of magnitude as the gravitational sphere of influence of the black
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hole. Following the M 87 study, in the last ten years, the geometrical transition
was discovered in many other sources, both in single object studies (e.g., for
NGC 315, Boccardi et al. 2021; Park et al. 2021) and in sample studies (Burd
et al. 2022; Kovalev et al. 2020), finally probing the existence of the parabolic
region. Indeed, its existence was long expected from a theoretical point of view
but never observed due to insufficient angular resolution of previous VLBI arrays.

In the physical process behind the establishment of the parabolic region, and
consequent collimation, both jet internal and external factors play a relevant role.
Kovalev et al. (2020) following the work from Pushkarev et al. (2017) on the MO-
JAVE sample 7, found that several AGN collimate in correspondence with the
Bondi radius. Under the assumption of an external medium dominated on small
scales by the Bondi accretion, this may suggest that variations of the external
conditions can trigger the change in the jet geometry. Recently, however, several
cases of AGN jets whose shape transition takes place way before the Bondi radius
have been presented. Examples are the aforementioned NGC 315 and NGC 1052
(Nakahara et al. 2020). These new results suggest how the correspondence be-
tween the transition region and the Bondi radius is not valid in general. Further
studies (e.g., Beskin & Nokhrina 2006) propose that the jet shape transition is
expected to reflect internal changes in the bulk flow, which would transit from
a magnetically dominated state to an equipartition state between the plasma
kinetic and magnetic energy. Other scenarios consider the action of the thick
accretion disk when present (Boccardi et al. 2021). Indeed, thick disks are ex-
pected to have extensions around 10? — 10° Ry, and, when jets are collimating
on the same distances, the geometrical change may be induced by a change in
the external conditions. Moreover, mostly for high-luminosity AGN, the BP-
launched winds may favor the collimation of the most internal spine (Boccardi
et al. 2021). In conclusion, as shown, while many theories have been developed
to address jet collimation, an overall picture is still missing. Moreover, since jets
may present both Blandford & Znajek (1977) and Blandford & Payne (1982)
outflows, it is currently under debate whether they may undergo two different
collimation processes, one for the central spine and one for the winds.

The properties of the acceleration and collimation region are deeply inter-
sected. This is a consequence of the nature of the magnetic acceleration which
was shown by Komissarov et al. (2007) among the others, to be a viable way
to accelerate the jet. Magnetic acceleration is only effective when the outflow is

collimating, while it becomes ineffective during a conical expansion. As a result,

"The MOJAVE (Monitoring Of Jets in Active galactic nuclei with VLBA Experiments) is
a monitoring program aimed at investigating the brightness and polarization variations in the
jets from active galaxies in the northern sky. Website: https://www.cv.nrao.edu/MOJAVE/i
ndex.html.
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when only magnetic acceleration is involved, the extent of the acceleration and
collimation regions are expected to coincide. In recent years theoretical and simu-
lation studies on jet acceleration have mostly focused on the magnetic component
of the acceleration, largely ignoring the thermal acceleration by assuming a small
internal flux compared to the overall jet energy flux at injection. Authors such as
Vlahakis & Konigl (2003a,b, 2004) pointed to thermal acceleration being relevant
only on compact scales, at the very jet base, with the magnetic one taking over
on sub-parsec, parsec scales. The magnetic acceleration is driven by the differen-
tial collimation mechanism (Komissarov et al. 2007). The toroidal magnetic field
due to the action of the hoop stress generated by the magnetic tension, favors
both the collimation of the jet and the conversion of magnetic energy into kinetic
energy, accelerating thus the outflow. On the other side, the thermal acceler-
ation is driven by the Bernoulli mechanism. Whether relaxing the assumption
of small initial internal flux and considering relativistic hot jets (Perucho et al.
2017) would lead to a more extended thermal acceleration is currently a matter
of discussion. This scenario was suggested, for example, by Lopez-Miralles et al.
(2022) for the case of jets from high-mass X-ray binaries. This topic is addressed
in Chapter 5.
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3 Very Long Baseline Interferometry

Aperture synthesis, when introduced in the second half of the past century, com-
pletely changed the way radio astronomy is done (Ryle & Hewish 1960). Thanks
to it and its application, the Very Long Baseline Interferometry technique, it is
possible to achieve angular resolution orders of magnitude higher than the ones
achieved with single telescope observations. In this Section, I describe the funda-
mental physics behind the technique along with how radio astronomers are able
to constrain physical information on astronomical sources from VLBI observa-
tions. In Sect. 3.1 I describe the nature of the radio signal, in Sect. 3.2 the VLBI

technique, in Sect. 3.3 how the data are reduced and imaged.

3.1 The radio signal

When observing the sky, a radio telescope detects the electromagnetic field of
the incoming radiation and is exposed to the entire surface brightness of the
portion of the sky toward which it is pointed. The surface brightness is the flux
density per unit of solid angle, whereas the flux density is the energy per unit

time per unit area per unit frequency. Therefore, the surface brightness reads as:
dl, = (dE,/dQ) dAdv dt, (3.1)

in which FE, is the energy of the radiation, €2 is the observed solid angle, and A
is the surface area. Since the flux densities of astronomical sources are extremely
low, it is common in the astronomical community to employ the unit of mea-
surement called the Jansky, named after Karl Jansky. The Jansky is defined
as:

1Jy =102 Wm 2Hz . (3.2)

The continuum radio emission is characterized by: i) the total intensity, ii)
the fractional degree of polarization, iii) the shape of the polarization ellipse.
To easily describe these properties, George Gabriel Stokes in 1851 (Stokes 1851)

introduced what will be later called the Stokes parameters:

=1, (3.3)

Q = I p. cos(21) cos(2x) , (3.4)
U = I p.sin(2¢) cos(2x) , (3.5)
V = Ip.sin(2y). (3.6)

Here, I is the total intensity, p. is the degree of polarization which spans from
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Ay

Figure 3.20: Representation of the polarization ellipse with highlighted the pa-
rameters ¢ and x. Credits: Wikipedia, public domain.

0 to 1, while ¢ and x are the parameters defining the polarization ellipse (see
Fig. 3.20). The latter is the surface defined by the electric vector at a fixed point
in space and can be used to describe any polarization state. In the two special
cases, i.e., linear and circular polarization, the ratio of the major over the minor
axis is infinite and one, respectively.

In this formalism, the first Stokes parameter I represents the total intensity,
() and U measure the degree of linear polarization at 0°/90° and -45°/45° respec-
tively, and V' quantifies the circular polarization. For monochromatic coherent
radiation, the relation between the Stokes parameters reads I? = Q* + U? + V2.
However, since the detected radiation is non-coherent the Stokes parameters are
average values. In this case, the relation between them is I? > Q? + U? + V2.
When equal, the sum of Q,U, and V defines the total polarization intensity I,,.
Consequently, the fraction of total polarization of the incoming radiation can be

determined as I,,/I. When () = U =V = 0, the radiation is entirely unpolarized.

3.2 The VLBI technique

The concept of interferometric observations of celestial objects was first proposed
by Martin Ryle and Anton L. Rogers in 1946. The VLBI technique later rose in
the 1960s and quickly started to play a central role in radio astronomy observa-

tions. VLBI is based on the aperture synthesis technique, in which the radio
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Figure 3.21: Schemes of the different configurations for parabolic antennas. The
red elements are the reflectors, the blue ones are the support, and the green ones
are the antenna feed. In a receiving system, the path of the incoming photons
is highlighted by the black arrows. Readapted from: Chetvorno, Public domain,
via Wikimedia Commons.

signal is recorded from different radio telescopes, precisely timed, and later used
to produce the high-resolution radio images.

In the following, I describe the main properties of single-dish telescopes used
for radio-astronomical observations (Sect. 3.2.1) together with the theory behind
the aperture synthesis technique (Sect. 3.2.2). In Sect. 3.2.3 I briefly describe the
VLBI arrays relevant for this thesis.

3.2.1 The single-dish antenna

An antenna is a device composed of conductive material that can act as a trans-
mitter or receiver. When receiving, the radio waves reaching the antenna induce
an electric current within it. In the following, I focus on describing the receiv-
ing, paraboloid-type antennas, such as Effelsberg, which are among the most
employed in radio astronomy arrays when observing at sub-meter wavelengths.
Effelsberg is a 100-m dish antenna located in Bad Miinstereifel, Germany, and
operated by the Max Planck Institute for Radio Astronomy. It was inaugurated
on August 1st, 1972 and, for almost 30 years, it has been the largest steerable

radio telescope in the world.

o1



3 VERY LONG BASELINE INTERFEROMETRY

The parabolic dish is the first contact point for the incoming signal. Its goal
is to collect as much flux as possible from the pointed position in the sky and
redirect it to the focal point of the antenna. The total power received can be

expressed as:
P= AeﬁrSl,AV (37)

in which A.g is the effective collecting area of the antenna, i.e., the geometrical
area 7(D/2)? multiplied by the aperture efficiency (D is the antenna diameter),
S, is the flux density received, and Av is the bandwidth of the receiver. The
aperture efficiency is a function of the wavelength of the incoming radiation and
always assumes values lower than one as a consequence of the imperfections in
the reflecting dish and of the obstruction caused by the support (blue elements,
Fig. 3.21).

There are different possible configurations for a parabolic antenna, depending
on the position of the feed and the shape of the secondary mirror. When employed
as a receiver, the antenna feed is the element that supplies the alternating
currents, generated by the incoming radiation, to the receiving system. The
possible configurations for parabolic antennas are (see Fig. 3.21): i) front feed; ii)
offset feed; iii) Cassegrain; iv) Gregorian. In general, the vast majority of prime
focus-fed systems use the front feed. However, due to the complexity of the
front-end system, in radio astronomy Cassegrain or Gregorian configurations are
preferred. Indeed, in such configurations, the antenna feed is positioned behind,
or on, the parabolic dish and is not placed in front of the reflector.

In Cassegrain or Gregorian configurations, the signal, after being focused by
the primary mirror, is redirected to the secondary reflector, highlighted by the
small red structure in Fig. 3.21. The secondary reflector is positioned over the
center of the primary dish. In the Cassegrain system, the secondary reflector
consists of a hyperboloid with the concavity directed in the same direction as
the primary one. On the contrary, in the Gregorian system, the reflector is an
elliptical-shaped secondary mirror with an opposite direction of concavity. The
latter is the system used in Effelsberg. The signal is consequently redirected to
the antenna feed. Here, the radiation travels through the feed horn, a crucial
component to reduce the amount of power lost in the passage between the antenna
and the waveguide due to impedance.

In the Cassegrain or Gregorian systems, the receivers can be positioned both
in the primary focus, i.e., where the secondary reflector is, or in the secondary
focus. For example, in Effelsberg some receivers, such as 18 cm and 3mm, are
positioned in the primary focus. There are different types of receivers. Vastly

used is the heterodyne receiver. In these systems, the signal is amplified by
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a Low Noise Amplifier, which, for noise minimization, is a device maintained at
cryogenic temperatures. In the later stage, the signal is down-converted. This
step is necessary since the observing frequencies are too high to be sampled prop-
erly. Additionally, lower frequencies imply lower signal losses, being the latter
proportional to the square of the frequency. To be down-converted, the signal
is mixed with a single tone given by a Local Oscillator. The operation is per-
formed by a mixer. The output of this process is the “Intermediate Frequency”.
A second type of receiver, used for sub-mm observations, is the bolometric re-
ceiver. Within it the incoming radiation generates heat, increasing the material
temperature and consequently changing the total power.

After passing the receiver, the signal proceeds further to the backend for
processing and detection and is later redirected to a digitizer. The digitization is
performed with an analog-to-digital converter.

A crucial parameter characterizing the performance of an antenna is the radi-
ation or beam pattern, which describes the angular dependence of the response
of the antenna. The beam pattern is expressed as the power received from a point
source as a function of the angular distance from the antenna axis. A typical radi-
ation pattern is shown in Fig. 3.22 and arises from overlapping incoherent phases
at the focus due to Fraunhofer diffraction. The principal component of the beam
pattern is represented by the main lobe. In contrast, the side and back lobes are
undesired maxima of the antenna response, and the goal is to have them as small
as possible. The angular resolution of a certain antenna, arises from the beam

pattern. The angular resolution is approximated by the first null of the beam

A
by ~ 1.2 (3.8)

in which X is the wavelength of the incoming signal.

When the antenna points to a certain area, it records its temperature dis-
tribution. The latter is far from isotropic due to the mentioned response of the
antenna and to the surface brightness distribution of the sky I,,. Their convo-
lution, called antenna temperature, is the quantity measured by the receiver,

which at a given frequency assumes the form

Aeff

T, = 2 / L0 0)Py(0.0)d (3.9)

where P,(¢,9) is the normalized beam pattern distribution in polar coordinates
¢ and ¢, and € is the solid angle observed by the antenna.
The output signal, associated with a temperature as well, is referred to as

system temperature (7}), which is the sum of T and other sources of noise.
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90"  antenna faces to 07

Figure 3.22: Representation of the beam pattern. The red area is the main lobe,
the blue one the back lobe, and the grey ones the side lobes. Credits by Timothy
Truckle - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/in
dex.php?curid=4245213.

Among them, the most relevant are the atmosphere temperature Ty, and the
equivalent temperature from the receiver T,... The latter is typically the dominant
source of noise and is usually much larger than 7. The ratio between T and
Tys is called signal-to-noise ratio (S/N). Increasing the S/N as much as possible
requires averaging over an increasing number of samples since the signal from the
source is correlated while the noise is not. This is expressed by the radiometer

equation

S/N = gA VT Av. (3.10)

sys
It is important to underline that the bandwidth Av limits the number of samples
n, as a consequence of the Nyquist sampling theorem: if the samples are
considered over time intervals A7 shorter than the inverse of the bandwidth
(1/Av™1), they are not independent. As a consequence, increasing the number
of samples requires either increasing the on-source time 7 or the bandwidth, i.e.,

n = 7 Av. Equation 3.10 is obtained by assuming a Gaussian error, i.e., o< y/n.
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B

Figure 3.23: Scheme of the direction cosine (I,m,n) and the u,v,w coordinate
systems. Credits: IMPRS Blackboard Lectures 2014, Hans-Rainer Kloeckner.

The flux density (in Jansky) is related to the antenna temperature (in Kelvin)

as

S =T (3.11)

The conversion factor is known as antenna gain (g) and its calculation requires

a precise determination of the aperture efficiency.

3.2.2 Aperture synthesis

The quest to increase the angular resolution pushed the community in the 20th
Century towards the construction of progressively larger dishes leading to the
creation of authentic giants, such as the aforementioned Effelsberg and the Green
Bank Telescope (whose size is 100 m by 110 m). However, this approach quickly
encountered physical, economic, and engineering problems, preventing further
increases in the antenna size and so in the angular resolution. The VLBI technique
has been developed to overcome this issue. When observing a certain source at
a certain time, the different antennas connected in VLBI mode act as one single
telescope whose diameter is the maximum distance between the antennas in the
array. The revolution of such an approach can be proved with a quick example.
Assuming to observe a certain region of the sky with Effelsberg, the resolution
of the observation is 6, ~ 1.22X\/(~ 100m). When observing in VLBI mode the
same region of the sky with Effelsberg and the Green Bank Telescope (as an
example), the final resolution is expected to be 0, ~ 1.22\/(~ 6 x 10° m), more
than four orders of magnitude higher!

To describe how aperture synthesis works, it is easier to start by considering
a two-element array. Before that, two important concepts need to be defined: 1)

the baseline and ii) the uv-plane. The first is the projected distance between
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V, = Veos[w(t — rg)] V, = Vcos(wt)

ViV,

Figure 3.24: Two-elements array. b is the separation length between the two
antennas, i.e., the baseline, while 7, is the time delay. The unit-vector s marks
the direction of the observed region of the sky.

two antennas, expressed in wavelength units. The number of baselines depends
on the number of antennas (V) and increases as N(N + 1)/2. The uv-plane is
defined by considering the 3D-space created by the direction cosines (I,m,n): w
points towards the observed region in the sky, while u and v identify the plane
perpendicular to it with u pointing towards the east and v towards the north
celestial pole (see Fig. 3.23). The coordinates in the uv-plane are expressed in
units of wavelengths.

The scheme of the two-element interferometry is shown in Fig. 3.24. The
furthest antenna (number 1 in the figure) detects the signal with a delay 7, =
b-s/c, with b the baseline length and s the unit vector along the source direction.

The voltage measured by the two antennas is respectively:
Vi =Veos [w(t —75)] , (3.12)

Vo = Veos (wt) , (3.13)

with V' the maximum amplitude and w = 27wv, where v is the frequency of the
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incoming wave. As a consequence of the delay 7,, the signals must be corrected
for the time-variable phase shift to be later coherently combined. The correlation
of the signals is performed by the correlator. In the first steps, the signals are
first multiplied and then averaged. After the multiplication of the voltages V}
and V5, the output signal has the form

ViV, = <V72> [cos(2wt — wTy) + cos(wTy)] . (3.14)

When averaging for a sufficiently large time, i.e., of the order of seconds, the term

cos(2wt — wt,) becomes negligible, and the operation of averaging yields to:

<WV, >= (%) cos(wty) = (%) cos (2#?) . (3.15)

As a consequence of these first steps performed by the correlator, the output
signal is described by a cosine function. However, Eq. 3.15 is not sufficient to
properly describe the source function. Indeed its output is null for the odd values
of the distribution, being the cosine an even function. To overcome this problem,
it is necessary to derive a sine function by applying a phase shift of 90° to one of
the two signals. After the same multiplication and averaging steps, the output

signal is:
V2
<WVy >= 5 sin(wy) . (3.16)

The final step is to combine the signals and form the complex visibility accord-
ing to the function:
V= Re—ilm = Ae™"® (3.17)

where the real part Re is the cosine function, the imaginary part I'm is the sine
function, A = v/ Re? + Im? is the visibility amplitude, and ® = tan~!(I'm/Re)
is the visibility phase. The signal produced during the correlation is related to

the brightness of the source I,(s) through a Fourier transform integration in the

= / / I(s)e 2™ bsieqq . (3.18)

By translating such an equation in the uv-plane, the visibility function acquires

form

the most-known form:
e 2mlultvmtwn) g1 dm, (3.19)

v = [ |

Following the visibility equation, to obtain a more reliable reconstruction of
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Figure 3.25: uv-coverage for observations of NGC 315 with the GMVA. Left
panel: 1 hour-long observation. Right panel: 12 hours-long observations. The
plots are produced using the online tool: https://planobs.jive.eu/.

the source brightness, more interferometry elements are needed, i.e., it is necessary
to fill the uv-plane to increase the uv-coverage. Along with adding as many as
possible antennas to the array, one can also take advantage of the rotation of the
Earth to increase the number of points in the uv-plane. An example is given in
Fig. 3.25. The left panel represents the uv-coverage for 1-hour-long observations
of NGC 315 with the global mm-VLBI array (GMVA, see next section), while the
right panel is for 12 hours-long observations. The more points in the uv-plane,
the more accurate the description of the sky brightness distribution (and so of
the source) during the calibration and imaging process (see Sect. 3.3).

When observing a region of the sky with the aperture synthesis technique, the
array is sensitive along the baseline direction, since the fringe pattern is oriented
perpendicular to it. Moreover, since the spacing between the fringes is oc b=1, the
longer baselines will be sensitive to the small-scale structures, while the shorter
baselines will be to the large-scale structures. Naturally, for the best possible
description of the source, both long and short baselines in all possible directions
are desired.

The sensitivity of a VLBI array depends on many factors. Among them, the
bandwidth, and thus the recording rate, of the receiving system is of great im-
portance, especially due to its high impact/cost ratio. The bandwidth-sensitivity
relation is a direct consequence of the theoretical thermal noise of a VLBI image
varying as 1/ Vv Av. Other factors impact the sensitivity, such as: i) the sensi-
tivity of each single antenna; ii) the number of observatories participating in the

experiment; iii) the on-source integration time. Therefore, the sensitivity also
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improves by increasing the number of antennas participating in the VLBI obser-
vations, with a preference for telescopes with a large collecting area. Nonetheless,
also smaller antennas are of great importance. Indeed, they help fill up as much
as possible the uv-plane while maintaining the production cost relatively low.
To maximize the sensitivity during an experiment, up-to-date receiver, and ideal
weather conditions are further desired.

The receivers installed in the antennas are not monochromatic, but have a
finite bandwidth (up to hundreds of MHz). However, the theoretical foundations
of synthesis imaging are valid only for monochromatic radiation. This causes
the so-called bandwidth smearing, i.e., an attenuation of the fringes and the
introduction of distortions in the final image. The smearing effects become more
relevant with increasing baseline length and larger bandwidth. Nonetheless, wide
bandwidth systems are preferred to increase the signal-to-noise ratio of the obser-
vations, as mentioned. To mitigate this problem, the bandwidth is divided into

a high number of channels which are later averaged.

3.2.3 VLBI arrays

Several radio telescope arrays across the globe are currently operating. In this
section, I describe the three arrays used in this thesis, together with the currently
most-famous one, the Event Horizon Telescope (EHT). The three arrays are i)
The Very Long Baseline Array (VLBA); ii) the European VLBI Network
(EVN); iii) The Global mm-VLBI Array (GMVA).

e The VLBA is entirely based in the United States and is formed by ten
antennas: St. Croix, Hancock, North Liberty, Fort Davis, Los Alamos, Pie
Town, Kitt Peak, Owens Valley, Brewster, and Mauna Kea. They are all 25-
m parabolic dishes with the operational center (along with the correlator)
based in Socorro, New Mexico. The VLBA can observe in a wavelength
range that spans from 3 mm up to 90 cm, and its longest baseline is 8611 km
(Mauna Kea - St. Croix). The peculiarity of the VLBA is that the antennas
were conceived and built all equal, with the same frequency standards and

at ideal locations to work as VLBI elements.

e The EVN is the most sensitive array in the world and counts antennas
mostly based in Europe, with some additions in China and South Africa.
The antenna composing this array are (the reported names are the ones that
are commonly used in the community): Effelsberg, Westerbork, Sardinia,
Lovell, Cambridge, Mark II, Medicina, Onsala, Ventspils, Noto, Torun,
Metsahovi, Sheshan, Nanshan, Yebes, Wettzell, Robledo de Chavela, Har-
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Figure 3.26: Distribution of the radio telescopes being part of the VLBA. Credits:
Image courtesy of NRAO/AUI and Earth image courtesy of the SeaWiFS Project
NASA/GSFC and ORBIMAGE

tebeesthoek. The operational center is based in the Netherlands, at the
Joint Institute for VLBI ERIC.

e The GMVA is a worldwide array that operates at 3mm. The array is
composed by a certain number of fixed antennas plus some that participate
depending on the different projects. The antenna involved are: the VLBA
(excluding Hancock and St.Croix, which are not equipped with a 3mm
receiver) plus the Green Bank Telescope, Effelsberg, Onsala, Pico Veleta,
NOEMA, Metsahovi, Yebes, the Greenland Telescope, the Korean VLBI
Network (KVN, which consists of three antennas: Ku, Kt, and Ky), the
Large Millimeter Telescope, and ALMA. The correlation is performed at

the Max Planck Institute for Radio Astronomy in Bonn, Germany.

Worth mentioning is ALMA, a connected-elements interferometer composed
of 66 radio telescopes that operate in the Atacama Desert, in Chile. ALMA can
participate in the observations in the so-called “phased” mode, in which the array
operates as a single antenna, increasing the sensitivity of the VLBI array by an
order of magnitude (Matthews et al. 2018). An instrument that works similarly

and has a relevant historical importance is the Very Large Array (VLA). Built
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in the 1970s it has served the community for decades leading to highly important
scientific discoveries and that will be in the future upgraded, leading to the birth
of the Next Generation VLA.

Remarkable is the RadioAstron program, a space-antenna that led to the
biggest radio interferometer experiments to date. In July 2011, a 10-m radio
telescope was launched in an elliptical orbit that spanned from ~10000 km up to
~338000 km. The experiment was operational until January 2019 and provided
radio images with a unique resolution, thanks to the extremely long baseline.

In conclusion, the EHT is currently the most-known array due to the obser-
vations of the black hole shadows lying at the center of M 87 (Event Horizon
Telescope Collaboration et al. 2019a,b,c,d,e,f) and our own Milky Way (Event
Horizon Telescope Collaboration et al. 2022a,b,c,d,e,f). The EHT can perform
observations at wavelength of 1 mm, and it is composed of: the Submillimeter
Telescope, The Atacama Pathfinder Experiment, IRAM, James Clerk Maxwell
Telescope, LMT, Submillimeter Array, ALMA, South Pole Telescope, the Green-
land Telescope, NOEMA, and KP. In the near future, more antennas and more

frequencies will be available in the Next Generation EHT project.

3.3 The data reduction

In this section, I describe the necessary steps to convert the recorded astronomical
signal into radio images used to do science. The data reduction process consists
of two main steps: the calibration step (Sect. 3.3.1), in which the amplitude
and phases of the visibilities are corrected after identifying different sources of
errors and the amplitude are converted into physical units, and the imaging/self-
calibration step (Sect. 3.3.2) in which the astronomical images are produced
from the calibrated data.

The logic of the data calibration is to extrapolate and correct for the corrup-
tion terms that arise during the measurements due to atmospheric and instrumen-
tation effects together with positional inaccuracies. The desired, real visibilities
Vieal for two antennas ¢ and j are connected to the observed ones V¢ as

Vi (t) = Vidi(D)g' (t)g” (1) + €, (3.20)
Here, ¢' and ¢/ are complex gains of station ¢ and the conjugate complex gains
of station j, respectively, while €/ is the thermal noise. The complex gains can
be expressed as ¢ = ae'®, where a is the amplitude and ¢ is the phase. The goal
of the calibration process is to calculate the complex gains for each individual
station.

Before proceeding with the calibration procedure, the data need to be in-
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spected. The data used in this thesis were calibrated using the program Astro-
nomical Image Processing System (AIPS) (Greisen 1990). Before handling
the raw data, checking the observer logs from the single antennas that participated
in the observations and the correlator team is a good habit. Such documents con-
tain important information on the data quality and whether certain antennas or
scans have been flagged or need to be handled carefully during calibration. Once
the data are loaded into AIPS, two tasks are used to extract the basic informa-
tion from them: PRTAN, which provides the list of antennas that participated
in the observations, and LISTR, which prints out information on the scans and
the frequency setup of the experiment. To inspect the quality of the uncalibrated
data, the task POSSM is used since it allows plotting the phases and amplitudes

as a function of frequency, also for specific time ranges, baselines, or sources.

3.3.1 The calibration steps

The calibration procedure is mostly divided into two main branches: the phase
calibration and the amplitude calibration. Together with the desired scien-
tific target, when scheduling the observations, it is necessary to plan a sufficient
amount of time on sources that will be essential to properly calibrate the data.
Crucial in a VLBI experiment is to observe fringe finder calibrators: ideally
point-like sources bright enough (order of Jansky) to be used for correlation and,
often, for the correction of instrumental phases (explained below). Alongside it,
the observer must point to bandpass calibrators, which are expected to have
the same properties as the fringe finder calibrators. In many VLBI experiments,
the fringe finder and bandpass calibrators coincide. Moreover, if opacity correc-
tions are required, it is a good habit to observe a bright source often enough to
track the evolution of the system temperatures with the elevation.

Finally, when performing phase referencing experiments (which are necessary
when the scientific target is too faint for self-calibration in the fringe fitting,
see next section for its description), it is necessary to observe phase reference
calibrators. The calibrators need to be observed frequently and must be as
close as possible to the target, in order to transfer the proper information of the

atmospheric effects.
e Phase calibration

In the phase calibration process, the residual delay and delay rates corrections
are computed and later applied to the data for them to be coherently integrated
into the frequency and time space. The residual delays arise from the differences
between the modeled arrival time of the signals at the different stations and the

measured one. Such delays are caused by a combination of instrumental and
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atmospheric effects. The delay rates describe the time variations of the residuals,
i.e., their time derivative.

The phase calibration is performed through the fringe fitting technique.
The fringe fitting is based on identifying the fringes, i.e., fringe search, in the
delay-delay rate plane. Historically, the fringe search procedure was baseline-
based (Moran 1976). However, this method has the downside that is not able
to account for baselines in which there is no detection. In the following years,
more refined algorithms have been developed. The global fringe fitting technique
developed by Cotton (1995); Diamond (1995), aims at finding the fringes with
an antenna-based approach. Its main advantage is its ability to increase the de-
tection of weak sources. In detail, the algorithm computes a first guess of the
residuals for each antenna using each respective baseline connected with the ref-
erence antenna, chosen by the user. In the following stage, the solutions are
refined through the least-squared method using all the remaining baselines. To
increase the number of detections, the algorithm can utilize the exhaustive fringe
search: if no fringes are found for a particular antenna with respect to the refer-
ence antenna, the solutions are searched for using other elements of the array. To
increase the chances for detection, the larger, and more sensitive, antennas are
preferred choices as reference and for the exhaustive fringe search.

In AIPS, the fringe fitting operation is performed using the task FRING in
two different steps. In the first one, the fringe fitting is done using an appro-
priate single scan on a bright calibrator. Such a scan needs to have a high S/N
ratio, especially for the reference antenna chosen, and all the antennas (in each
sub-band) must have participated in it. When this is not possible, for example
when the array is formed by antennas placed on opposite sides of the globe, this
procedure must be performed with more intermediate steps, progressively con-
necting the various observatories. The reference antenna should be chosen to be
as close as possible to the center of the array. The “manual” fringe fitting aims
at correcting instrumental phases and delays and its result is the removal of the
phase jumps between different frequency sub-bands. The second step consists of
the global fringe fitting, in which the entire experiment is considered. The results
of the fringe finding technique are shown in Fig. 3.27, in which example observa-
tions of BL Lac are shown. In the left panel, the uncalibrated data, as provided
by the correlator, are shown, while in the right panel, the data have undergone
the entire calibration process. In the right panel, after the phase calibration, the
phases (upper plots) mostly follow a straight line with a weak dispersion having

been corrected for the residual delays and rates.

e Amplitude calibration
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In the amplitude calibration process, the final result is the conversion from
arbitrary correlator units to Jansky. At frequencies above 15 GHz, an opacity
correction also needs to be performed. In this step, the crucial quantity is the
System Equivalent Flux Density (SEFD) that is connected to the system
temperature Ty via the antenna gain introduced in Sect. 3.2.1:

2k T,
SEFD = — 2%, (3.21)
Aeff

The conversion factor in Jansky for a correlated signal between two antennas ¢

and j is:
y VSEFD'SEFD’

S = g
2AVAT

in which ( is a multiplication factor and £ quantifies the data loss during the

Jy (3.22)

digital sampling. The amplitude calibration is performed with the task APCAL.
The task converts the Ty, values recorded for each antenna into Jansky, by di-
viding for the antenna gains which are described by the gain curves. At a given
frequency, the gain curve describes the variation of the effective area A,z as a
function of elevation.

At high frequencies, the atmosphere can strongly attenuate the signal. The
attenuation is regulated by the factor e ™= in which 7., is the atmospheric
opacity. The latter is a function of the source elevation since it is proportional to
the zenith opacity and the airmass, which is a function of the zenith angle. The
opacity corrections can be taken into account while performing the amplitude
calibration with APCAL.

Naturally, to perform the amplitude calibration, information on the antenna
temperature, gain curves, and weather (when the opacity corrections are applied),
are necessary. These information are stored in AIPS when uploading the data
in the tables TY, GC, and WX, respectively. However, this may not be the
case for some arrays, e.g., the GMVA. In such a situation, one needs to collect
the required information and load them into AIPS. On one hand, to upload
the antenna temperature and gain curves information, the task ANTAB is used
which generates/uploads the needed TY and GC tables. On the other hand, the
weather information can be stored in a text file loaded in AIPS when performing
the amplitude calibration with APCAL.

Operatively, the calibration in AIPS is done by following some additional
steps. At first, on the uncalibrated data the tasks TECOR and CLCOR are
applied. The first is a phase calibration that applies corrections for the iono-
spheric delays and is relevant at low frequencies (< 8 GHz). The latter applies

the parallactic angle corrections. At a later stage, it is advisable to perform a
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Figure 3.27: Phase and amplitude plots for a BL. Lac data set at 1 GHz as seen
in AIPS. Left panel: uncalibrated data. Right panel: calibrated data.

bandpass calibration through the task BPASS, which corrects the amplitudes
for the errors introduced by the instrument response of the electronic system
across each sub-band. The most relevant effect of such a response can be seen
in the most outer channels within each sub-band, in which the signal is typically
strongly attenuated (see Fig. 3.27, left panel). After the bandpass and amplitude
calibration, the amplitudes of the calibrated data (Fig. 3.27, right panel) are now

relatively constant within each sub-band and are expressed in units of Jansky.

3.3.2 The imaging and self-calibration step

The imaging process is the final step of the path that leads the emitted radiation
from a certain source to be converted into a radio image. Throughout the thesis,
the imaging process has been performed using the software difmap (Shepherd
et al. 1994). The fundamental idea behind the imaging process is to apply an
Inverse Fourier transform to the visibilities and represent them in the image
plane. Due to the sparse uv-coverage (see Fig. 3.25), in the imaging process it is
necessary to use algorithms aimed at interpolating the information contained in
the empty regions. This further underlines how crucial is to have a uv-plane as
filled as possible.

The imaging software transforms the visibilities through a Fast Fourier Trans-
form algorithm after the data have been regularly spaced in a grid. Through this
process a dirty image is produced, i.e., an image convolved with the dirty
beam. The latter, defining the response of the interferometer, is the Fourier
transform of the uv-plane. To recover the real sky brightness distribution it is
necessary to run de-convolution cycles using algorithms aimed at subtracting the
contamination from the dirty beam. The most-known and widely used algorithm
for the imaging of VLBI data is CLEAN (Hogbom 1974). Through several de-
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convolution cycles, CLEAN subtracts the map emission peak convolved with the
dirty beam and adds clean delta components; it then displays a new residual
image in which the fainter emission is visible, being the previous peak subtracted.
Fig. 3.28 left panel shows the dirty image of 1 GHz observations of NGC 315. To
aid the algorithm in properly modeling the source and not the spurious emission,
it is advisable in the dirty image to delimit through windows the regions in which
emission is observed. An example of this process is shown in Fig. 3.28. Here,
the peak seen in the left panel is windowed (the clean window is visible in the
right panel) and, after a cleaning cycle, the weaker emission in the residual image
becomes visible, as seen in the right panel. CLEAN is an iterative process that re-
peats until all the emission has been modeled with clean components, generating
a clean model. To produce the final clean image, the clean model is convolved
with the clean beam, whose full-width half maximum (FWHM) is obtained from
fitting the main lobe of the dirty beam.

Deeply intersected with the imaging process is self-calibration. During the
self-calibration, the algorithm uses at each step the model of the visibilities to
improve them. The main requirement for self-calibration is to have a sufficient
S/N of the observed target. Performing such a step is crucial to highly enhance
the quality of the map. Indeed, due to the sparse uv-coverage, when Inverse
Fourier transforming the visibilities, the errors on the amplitudes and phases
from each element of the interferometer are sparse across the image plane.

The self-calibration reduces this effect, thanks to the use of the closure rela-
tions (Wilkinson 1989). When enough antennas participate in the observations
(three for the phases and four for the amplitudes), the closure relations allow us
to get rid of the antenna-based errors. Concerning the phases, by considering the
set of antenna gains from three antennas (i, j, k), the equations between each pair

of antennas follow:

¢i7j = (Di,j + Cz — Cj s (323)
bk = i+ C; — Cy, (3.24)
Ori = P +Cr — C. (3.25)

Here, ¢ are the observed visibility phases, and ® are the real phases without the
corruption terms C. The phase closure relation is obtained by linearly adding

the three terms:
Dijk = Gij + Ok + Pryi - (3.26)

Consequently, ¢; ;1 is independent from phase shifts at each individual station.
By calculating all the closure relations with respect to an antenna chosen as

reference, for which the phase offset is considered to be null, the number of phase
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Figure 3.28: Residual image of NGC 315 from observations at 1 GHz. Left panel:
dirty image obtained by Inverse Fourier Transform of the calibrated visibilities.
Right panel: residual image after the subtraction of the first peak. The first clean
window is visible in the center.

closure relations is the number of antennas minus one. The closure relation for the
amplitudes is slightly different due to the multiplicative nature of the corruption
amplitudes. In this case, the set of equations considering four stations, in which
A are the observed visibility amplitudes, a are the real amplitudes, and C' the

corruption terms, is

Aij = ai; x CiCj, (3.27)
Ay = ajp, x C;Ch, (3.28)
Apao = gy X CiCly (3.29)
A =ty x CuCi | (3.30)

and the amplitude closure relation is

A = 10k (3.31)

Qi Q5w
As the number of closure relations increases, i.e., it increases the number of
antennas in the array, the self-calibration procedure leads to progressively better
results. Operationally, using the current model for the visibilities at each step, the
algorithm computes the corruption terms for each antenna by using a least square

minimization algorithm that must be consistent with the closure quantities.
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Figure 3.29: Observations of NGC 315 at 1 GHz performed the 09-03-2005 with
the EVN array. Left panel: map produced using CLEAN. Right panel: map
reconstructed by modeling the visibilities using Gaussian components.

In the imaging process, after the new clean windows have been established for
each de-convolution cycle, a number of cleaning steps are run together with the
same number of phase self-calibration runs. Instead, amplitude self-calibration
is performed when the visibilities are properly modeled. This step is performed
several times during the imaging process with progressively smaller solution in-

tervals.

3.3.3 AGN seen with VLBI and modelfitting

The final products of the data reduction process are radio maps ready to be used
to perform science. An example of how a VLBI image of an AGN looks is given
in Fig. 3.29, in which I show a 1 GHz observation of NGC 315. In the image, it is
possible to recognize the brightest spot associated with the VLBI core emission
(described in Sect. 1.3.2) and the two-sided jet. The jet pointing towards the
northeast, the most elongated one, is proceeding toward us, so its flux density
is enhanced due to the relativistic Doppler effect. The other side of the outflow,
i.e., the counter-jet, is receding with respect to our position, and its flux density
is reduced due to the de-boosting effect.

A further way to reconstruct the radio emission in the image plane is by
modeling the self-calibrated visibilities with discrete Gaussian components. This
analysis is typically performed in difmap through the task modelfit. To fit

the visibilities, the task performs Levenberg-Marquardt non-linear least squared
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minimization on self-calibrated data. Fig. 3.29 right panel shows the same image
but reconstructed with the Gaussian components.

While the quality of the final image produced with this method is lower with
respect to the clean image, since it is an even more simplified modeling of a
continuum emission, the modelfit analysis is helpful for different reasons, among
them: i) model, identify and explore the physical properties of steady shock com-
ponents or newly emitted blob of plasma; ii) compute the brightness temperature
of the core and jet components, to have insights on the physical properties of
the emitting plasma, iii) compute the core-shift between pair of frequencies (see
Sect. 1.3.2).
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4 Exploring the disk-jet connection in NGC 315

This paper is the first in the series of works exploring the sub-parsec and parsec
scale properties of the jet in NGC 315. In this first chapter, we® address the
topic of the disk-jet connection, discussed in Sect. 2.2.1. In detail, we aim at
exploring whether the properties of the acceleration and collimation region are
consistent with the expectations for a jet launched by an accretion disk that has
reached the MAD state. To do that, we consider the multi-frequency and multi-
epoch VLBI data set published by Boccardi et al. (2021). The final images are
studied employing a pixel-based analysis that allows extrapolating information
on the spectral index, the jet opening angle, and the jet bulk speed. The latter
parameter is estimated based on the jet to counter-jet ratio (Sect. 1.3.2) calculated
at varying distances from the jet apex.

We suggest the bulk of the acceleration to occur on sub-parsec scales, with
the jet accelerating from £ ~ 0.05 to 8 ~ 0.9 within one parsec. Noticeably, the
acceleration scale coincides with the extent of the parabolic region proposed by
Boccardi et al. (2021). From the co-spatiality of the two phenomena, we propose
that the bulk of the jet acceleration is magnetically-driven, i.e., the magnetic
energy is converted into kinetic energy of the flow.

Under the assumption of a jet in which the equipartition state (between the
magnetic and kinetic energies) is reached at the end of the parabolic expansion,
the properties of the acceleration and collimation region can be linked via theo-
retical models to the nature of the accretion disk. In detail, we extrapolate the
spin of the central black hole and the magnetization of the accretion disk, as well
as the magnetization of the jet from its base down to parsec scales. The magnetic
field strength is estimated based on the measured core shift by using a novel ap-
proach that considers for the first time the parabolic jet shape, as opposed to the
standard methods assuming a conical geometry. Altogether, our observational
results suggest that the accretion disk in NGC 315 has reached a MAD state.

In this paper, I performed the totality of the analysis of the radio images
through the development of the Python code described in Sect. 2 in the paper.
The calibrated and imaged data were provided by B. Boccardi, who supported
me in writing the text. E. Nokhrina highly contributed to the development of the
mathematical models used in Sections 4.3 and 4.4. Moreover, she contributed to
the writing of the same sections alongside Appendix A. The rest of the co-authors
contributed to enriching the discussion.

The papers accepted in A&A after April 2022 are published under a CC-BY

8When describing the work on the different papers and manuscripts, I will use “we” instead
of “I” to acknowledge the contribution of the co-authors.
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4.0 license. Therefore, the first author retains the copyright and no permission is

needed to reproduce the material.
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ABSTRACT

Aims. Hot accretion flows are thought to be able to power the relativistic jets observed in active galactic nuclei. They can be presented
as standard and normal evolution (SANE) disks or magnetically arrested disks (MAD) — two states that imply profound differences in
the physical properties of the disks themselves and the outflows they produce.

Methods. We used a multifrequency and multiepoch data set to study the giant radio galaxy NGC 315, with the goal of exploring the
properties of its accretion disk and sub-parsec jet. We analyzed the source maps with a pixel-based analysis and we used theoretical
models to link the observational properties of the jet to the physical state of the accretion disk.

Results. We propose that the bulk flow in NGC 315 accelerates on sub-pc scales, concurrently with the parabolic expansion. We
show that this fast acceleration can be theoretically reconciled with a magnetically driven acceleration. Along the acceleration and
collimation zone, we observe an unexpected spectral behavior, with very steep spectral index values @ ~ —1.5 (S, « v*) between
22 GHz and 43 GHz. Based on the properties of this region, we predict the black hole of NGC 315 to be rotating fast and the magnetic
flux threading the accretion disk to be in excellent agreement with that expected in the case of a MAD. Using a new formalism based
on the core shift effect, we modeled the magnetic field downstream a quasi-parabolic accelerating jet and we reconstructed it up to
the event horizon radius. In the MAD scenario, we compared it with the expected magnetic saturation strengths in the disk, finding a

good agreement.

Key words. galaxies: active — galaxies: jets — instrumentation: high angular resolution — galaxies: individual: NGC 315

1. Introduction

The disk-jet connection is one of the most compelling
and studied topics concerning the physics of active galac-
tic nuclei (AGN), with the efforts of the community being
focused on unveiling the nature of the accretion disks that
are capable of launching different categories of jets. Hot
accretion flows are able to produce the powerful relativis-
tic jets we observe in AGN. They may present themselves
in two different flavors, namely as standard and normal evo-
lution (SANE, Narayanetal. 2012) disks or magnetically
arrested disks (MAD, Bisnovatyi-Kogan & Ruzmaikin 1974,
1976; Narayan et al. 2003). In the first case, the magnetic field
is not dynamically important and it only generates effective vis-
cosity, facilitating accretion through the outward transport of the
angular momentum. In the MAD scenario, in contrast, the disk
is naturally permeated by strong magnetic fields which are car-
ried by the inflowing matter. This leads the magnetic field to
gradually accumulate in the vicinity of the central black hole.
Once a certain threshold is reached, the magnetic field becomes
dynamically important and its strength is high enough to balance
the gravitational force of the accreting gas, blocking its inflow
and creating a magnetosphere. In the magnetosphere, the torque
exerted by the rotation of the central black hole alters the mag-
netic field lines, which bend toward the directions perpendicular
to the disk plane. Since the gas within the accretion disk is in a

plasma state, the charged particles are forced to follow the mag-
netic field lines and the jets are launched (Blandford & Znajek
1977). The two disk states differ in terms of their magnetic field
distribution and strength, both in the disk and in the resultant
jets.

The most direct way to distinguish between the SANE and
MAD state is by observing the polarization and Faraday rota-
tion of the central core and the inner jet region (Yuan et al. 2022,
and references therein). When the polarization is not seen or
is very weak, which is the case for most radio galaxies, we
need to rely on alternative methods based on the indirect esti-
mation of the magnetic activity in the disk. This is possible
since the physical properties of the accretion disk are closely
related to some observational properties of the jets on very long
baseline interferometry (VLBI) scales, such as the extent of the
collimation and acceleration region. In particular, the jets are
initially dominated by the magnetic energy extracted from the
accretion disk and propagate as a pure Poynting flux. While
expanding within the external medium, they collimate, showing
a parabolic shape on scales of 10°~107 Rs! (Kovalev et al. 2020;
Boccardi et al. 2021), and accelerate up to relativistic veloci-
ties. The acceleration and collimation processes are expected to
be cospatial in the case of a magnetically driven cold outflow

1" Rg is the Schwarzschild radius defined as Ry = 2GMgy/c? where
Mgy is the mass of the black hole.
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(Komissarov et al. 2007; Tchekhovskoy et al. 2008; Lyubarsky
2009). The jets are accelerated mainly through the conversion
of the initial magnetic energy into kinetic energy of the bulk
flow and radiation and this process is believed to continue until
equipartition between the particle energy and the magnetic field
is reached (Komissarov et al. 2009). Therefore, by examining
the properties of the acceleration and collimation in a jet, it is
possible to reconstruct, by means of theoretical models, the mag-
netic field that permeates the accretion disk and to explore the
physical state of the disk itself.

The properties of such magnetic fields are highly debated.
Estimates based on the assumption of a conical jet in equipar-
tition (Lobanov 1998; Hirotani 2005) result in magnetic
field strengths of hundreds of mG at 1pc from the core
(e.g., O’Sullivan & Gabuzda 2009), which implies strengths of
~10°-10* G in the surroundings of the black hole, assuming a
toroidal-dominated magnetic field evolution (B o z~!, where z
denotes the distance from the black hole along the jet). How-
ever, rotation measure studies have provided evidence of helical
fields along the acceleration region (Hovatta 2017, and ref-
erences therein), suggesting that the poloidal field component
(B « z7? in a conical jet) cannot be neglected when extrapo-
lating the magnetic field strength. The steeper evolution implies
higher field strengths in the core region. Magnetic fields stronger
than ~10* G are not sustainable by black holes and may point to
the existence of exotic objects in the core of the galaxies, such
as gravastars or wormholes (Lobanov 2017).

In this paper, we explore the nearby (z = 0.0165, Trager et al.
2000) giant radio galaxy NGC 315 through VLBI observations.
NGC 315 extends in total up to ~1 Mpc and shows a Fanaroff—
Riley (Fanaroff & Riley 1974) I morphology (e.g., Laing et al.
2006). In NGC315, the acceleration and collimation region
is observed on VLBI scales (Boccardi et al. 2021; Park et al.
2021), making it a perfect target to investigate the disk-jet
connection.

This paper is organized as follows. In Sect. 2, we describe
the data set and the methods used for the analysis. In Sect. 3,
we present our observational results. In Sect. 4, we apply differ-
ent theoretical models to interpret our results and in Sect. 5, we
present our conclusions.

We assume a ACDM cosmology with Hy = 71 hkms™'
Mpc‘l, Quy = 027, Qp = 0.73 (Komatsu et al. 2009). At the
redshift of NGC 315, the luminosity distance is Dy, = 70.6 Mpc
and 1 mas corresponds to 0.331 pc.

2. Data set and image analysis

In this article, we consider the multifrequency and multiepoch
VLBI data set presented by Boccardi et al. (2021, hereafter
B21), which consists of eighteen observations in the frequency
range between 1 GHz—86 GHz. In particular, since we are inter-
ested in utilising the symmetry properties of the approaching
and receding jets to derive fundamental jet parameters, we focus
on those epochs where both the jet and the counter-jet have
been detected. The main properties of the maps are summarized
in Table 1. Together with the B21 observations, we analyzed
one image from 2019 at 15 GHz from the MOJAVE program
(Lister et al. 2018), where a small counter-jet has been detected.
The images used in our analysis are shown in Appendix C. In
addition, we analyzed stacked images at 5 GHz and 15 GHz. The
5 GHz stacked image was created by considering four different
observations in the period 1994-1996 (see Table 1, B21), while
the 15 GHz stacked image was obtained from the MOJAVE
archive, and was previously analyzed by Pushkarev et al. (2017),
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Table 1. Characteristics of the CLEAN maps considered in this article.

Freq. [GHz] Date Beam [mas X mas, deg] Array
1.6 2005-03-09 16.90 x 12.40, —87 EVN
5.0 1994-11-15 248 x1.29, -5 VLBA
5.0 1995-10-28 2.21x%1.34, -3 VLBA
5.0 1996-05-10 3.65 x 2.56, —18 VLBA®,Y
5.0 1996-10-07 2.31x1.35, -5 VLBA, Y
15.4 2019-08-23 0.82x0.42, -5 VLBA
223 2007-12-02 0.94 x 0.25, 22 VLBA®). Y,
GB, EF
223 2018-11-24 0.59 % 0.27, —11 VLBA, Y, EF
432 2008-02-03 0.27 x 0.14, =20 VLBA®, Y,
GB, EF
432 2018-11-24 0.30 % 0.16, —13 VLBA, Y, EF

Notes. Column (1): Frequency; Col. (2): Date of observation; Col. (3):
Beam FWHM and position angle; Col. (4): Array: VLBA — Very Long
Baseline Array: “'no data from Mauna Kea, ®“no data from Saint
Croix; Y — Very Large Array; EVN — European VLBI network; EF —
Effelsberg; GB — Green Bank.

Kovalev et al. (2020). The 5 GHz stacked image with the over-
laid jet ridgeline is shown in Fig. 1.

In our analysis, we assume that the approaching jet is ori-
ented at an angle 6 = 38° with respect to the line of sight, fol-
lowing the results of the 5 GHz Very Large Array (VLA) study
presented by Canvin et al. (2005), and within the range of 30°—
40° derived by Giovannini et al. (2001), based on VLBI data.
While noticing that a larger angle of the order of 50° has been
derived in the works of Laing & Bridle (2014) and Park et al.
(2021), we provide a further constraint (detailed in Sect. 3.2) in
support of our selection of § = 38°.

With respect to B21, a more recent estimate of the black
hole mass in NGC315 is assumed in this work. Through
CO observations performed with the Atacama Large Millime-
ter/submillimeter Array (ALMA), the black hole mass was esti-
mated to be Mgy = (2.08 + 0.01)*0+ X 10°M;, (Boizelle et al.
2021). Under this assumption, and for § = 38°, one projected
milliarcsecond correponds to 2701 Rg de-projected.

The opacity shifts necessary to properly align maps at dif-
ferent frequencies are assumed from B21 (Table 4), who per-
formed 2D cross-correlation analyzes between different pairs
of frequencies. All distances are expressed with respect to the
43 GHz core, assumed to coincide with the actual position of
the black hole. This assumption is supported by previous obser-
vational results, showing that the mm-core in radio galaxies lies
very close (<100 Rg) to the true position of the central black hole
(e.g., Hada et al. 2011; Baczko et al. 2022).

We analyzed the CLEAN maps through a pixel-based analy-
sis using a Python code. This requires, as input, maps aligned
along the y axis restored with a circular beam. It divides
both the jet and the counter-jet in one-pixel width slices ori-
ented perpendicularly to the jet direction. The intensity profiles
in the slices are subsequently fitted with a single 1D Gaus-
sian profile by means of the Levenberg-Marquardt algorithm
(LevMarLSQFitter in Astropy). Pixels with value lower than
30 ms are discarded, to avoid the contamination from the back-
ground noise at the edges of the jet. The code stops its itera-
tion when the most luminous pixel in the slice has a brightness
lower than 1007 y. Finally, the fitted Gaussian profiles are inte-
grated to obtain the flux density in each slice. The integrated
fluxes, together with the full width at half maximum (FWHM) of
the Gaussian profiles, are stored and used to compute the jet to
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Fig. 1. 5 GHz stacked VLBI image obtained using the four observations
reported in figure. The contour levels are set at [0.001, 0.002, 0.004,
0.008, 0.012, 0.034, 0.068, 0.126, 0.254] x the peak brightness of 0.356
Jy/beam. The jet ridgeline is highlighted by the yellow line, and is found
to be remarkably straight.

counter-jet ratio (Sect. 3.2) and the jet opening angle as a func-
tion of distance from the core (Sect. 3.3). We point out that in
our analysis, we discard the pixels within a beam size region cen-
tered in the image core due to the inability to distinguish between
nuclear and jet emission.

3. Results
3.1. Spectral index

We used our 22 GHz and 43 GHz images to investigate the spec-
tral index (S, o v*) from sub-parsec to parsec scales. We con-
sidered our simultaneous observations from 2018, as well as the
2007-2008 observations (see Table 1), which are separated by
63 days. In the latter case the analysis is aimed at a consis-
tency check for the 2018 data set, taking into account that in a
low-power radio galaxy such as NGC 315, we would not expect
strong variability over such a relatively short period. Indeed, in
radio galaxies, the flux variability is softened by a reduced rela-
tivistic beaming due to the large viewing angles. Moreover, even
small flux density variations statistically occur on timescales of
one to two years (Hovatta et al. 2007). The paired maps were
produced by limiting the uv-range to the same interval and were
convolved with the same equivalent circular beam. Moreover, the
core shift between the two frequencies was applied as explained
in Sect. 2. The uncertainties are computed by propagating the

errors on the flux calibration, set to 5% for the 22 GHz map and
to 10% for the 43 GHz map, together with the rms noise (for the
image noise values, we refer to B21, Table 1). Pixels with value
lower than 100, were masked.

In the case of the 2018 data set, the analysis was performed
twice, first by considering the maps obtaining using the full HSA
array and the second after reproducing the images using only
the VLBA. This second approach was aimed at minimizing the
uncertainties possibly introduced in the amplitude calibration by
the two non-VLBA antennas (Effelsberg and the phased-VLA).
We obtained comparable results in the two cases, with slightly
steeper values determined when the full array was considered.
In Fig. 2 (left panel), we show the spectral map from the 2018
VLBA data. The contours describe the 43 GHz continuum emis-
sion. The core structure is marked by the red patch which identi-
fies the optically thick region, with inverted spectral index values
up to @ ~ 0.7. The average spectral index evolution along one-
pixel slices is presented in Fig. 2 (right panel) for both epochs,
showing a remarkable agreement. In the optically thin region the
spectral index drops down to steep values of ~—1.5 using the
VLBA-only data. Slightly steeper values down to @ ~ —1.75
are observed using the full-HSA data as well as based on the
2007-2008 epochs. The steep index region extends up to ~1 pc,
a distance comparable to the extent of the jet parabolic region
proposed by B21. Beyond this region, the spectrum become flat-
ter and reaches typical values of @ ~ —0.75. Synchrotron losses
reflecting the presence of strong magnetic fields may explain the
steep spectrum we observe upstream of the shape transition dis-
tance. We note that, in general, the spectral properties in the jet
acceleration and collimation region are unknown, as they have
not yet been investigated in observational studies. A detailed
analysis considering a broader multifrequency data set will be
necessary in the case of NGC 315, as well as of other sources
that can be examined on similar scales.

3.2. Jet speed profile

We constrain the intrinsic jet speed by considering the jet to
counter-jet intensity ratio, R. Under the assumption of intrinsic
symmetry the jet and counter-jet, the observed flux density dif-
ferences are only due to the Doppler boosting of the incoming jet
and de-boosting of the receding one. We compute the flux den-
sity ratio between slices which are equidistant with respect to the
43 GHz core position. The intrinsic jet speed 8 may be expressed
as:

1 RYP-1
= SO R A1 M

cos(8) R1/P + 1
where p = (2 — @) and « is the spectral index (Urry & Padovani
1995). To compute Eq. (1), we assume, in the case of the
22 GHz and 43 GHz data, the spectral index values (in Sect. 3.1)
for the VLBA-only maps, while at the lower frequencies we
adopt average values following the results of Park et al. (2021).
Namely, we set = — 0.80+0.20 for the 5 and 15GHz data
and @ = — 0.60 + 0.30 for the 1 GHz data. The assumption of an
average value for the index does not affect our conclusions due
to the small oscillations of the spectral index around the assumed

values.

The uncertainties on 3 are computed by propagating the error
on the spectral index and the error on the intensity ratio. The
uncertainties on the intensity are computed taking into account
both systematic errors and uncertainties associated with the
method. The systematic errors, including errors on the calibra-
tion and imaging of the data, are assumed to introduce a fixed
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Fig. 2. Spectral index analysis between the frequencies 22 GHz and 43 GHz. Left panel: spectral index map, the contours outline the 43 GHz
continuum emission. Right panel: average spectral index along one-pixel slices as a function of distance from the core for two different epochs.
The two profiles are in agreement within the errors. The black vertical lines demarcate the jet shape transition distance with its uncertainty. Within
the collimation region, the spectral index rapidly decreases down to values of @ ~ —1.5, while it rises to typical values of @ ~ —0.75 beyond the
shape transition distance.

error on the final intrinsic ratio equal to 10% of its value. The
uncertainties associated with the slicing method are predomi-
nantly related to the position angle of each slice and to quantify
them, we vary the position angle within the range of +3°, with an
interval of 1°. Then we compute the standard deviation in each
slice for each angle and sum them in quadrature. Pushkarev et al.
(2017) used a similar method spanning a range of +15°, but since
the direction of NGC 315 is well-defined (as seen from the ridge-
line in Fig. 1), we span an interval of 6° in total, as with a shift
of 3° the jet is clearly misaligned. The 8 profile for each ana-
lyzed map is shown in Fig. 3. The lack of data points around 1
and 4 pc results from the inner pixels discarded in the 1 GHz and

De-projected z [Rs]
104

¥,

10°

1.0+

5 GHz maps, following the procedure detailed in Sect. 2.

We observe a very fast accelerating jet on sub-parsec scales,
where terminal intrinsic velocities of 5 ~ 0.9 are reached already
around ~0.6 pc. Such fast acceleration is inferred in all the maps
that sample the parabolic region and is discussed in Sect. 4.3.
The acceleration observed in the 22 GHz—43 GHz maps from
2018 is steeper than the one observed at the same frequencies in
2007-2008. This may indicate that the gradient is time-variable,
due to variable physical conditions at the jet base. Moreover, we
notice how the 22 GHz — 2007 map is slightly misaligned with
respect to the 43 GHz — 2008 map. This is not surprising, since
the parsec-scale core location can vary with time, even drasti-
cally during flares, due to the varying opacity at the jet base
(Plavin et al. 2019).

On the scales sampled by the multiepoch observations at
5 GHz, we observed no acceleration, but, instead, a small decel-
eration between one and two parsecs. The velocity inferred from
four different epochs at 5 GHz varies between 8 ~ 0.8—0.95. The
1 GHz data indicate a deceleration on scales of ~10 pc, down to
B ~ 0.4, and a similar behavior has been reported for the 1 GHz
data points by Park et al. (2021). However, it is unclear whether
we are observing a true deceleration of the bulk flow. Indeed,
intrinsic velocities of ~0.9c are measured on kiloparsec scales
as well, suggesting that the terminal speed reached by the jet on
sub-parsec scales is maintained up to large distances, with the
deceleration actually found to occur at distances between 8 and
18 kpc, where the speed decreases to 8 ~ 0.4 (Canvin et al. 2005;
Laing et al. 2006). One possibility for reconciling these results is
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Fig. 3. Jet intrinsic speed profile based on the analysis of the jet to
counter-jet intensity ratio. The solid black vertical line indicates the
transition distance of z = 0.58 + 0.28 pc (accordingly to B21) with
the uncertainties enclosed by the dashed black lines. The bulk of the
jet accelerates on sub-parsec scales, concurrently with the parabolic jet
expansion. The highest velocity of 8 = 0.95 + 0.03 is reached around
1pc.

that the VLBI jet is not uniform but stratified. The 1 GHz emis-
sion may be produced in a wider sheath at the jet edges, where
the bulk speed might be lower, while the higher frequency emis-
sion may be produced by more compact regions closer to the jet
axis. This interpretation may be supported by the observation of
a frequency-dependent opening angle, which we discuss in the
next section.

The jet break distance, that is where the transition from
parabolic to conical profile occurs, of z,, = 0.58 + 0.28 pc
(B21), is emphasized by the black vertical lines in Fig. 3.
From a visual inspection of the speed profile, the acceleration
takes place within the jet parabolic region, while approximately
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Fig. 4. Intrinsic half opening angle in the frequency range between
1 GHz—43 GHz. The angle varies between ~1° and ~6°. A decrease is
observed within one parsec, while an approximately constant value of
2°-3° is determined downstream. We note that the discrepancy between
the results at 1 GHz and 5 GHz, which may indicate that the jet cross-
section is not fully detected at 5 GHz beyond 4 pc.

constant speeds are observed at the start of the conical jet expan-
sion. This is expected when the acceleration is mainly driven by
the conversion of Poynting flux into kinetic energy of the bulk
flow (Komissarov 2012).

Using Eq. (1) with 8 = 1 and the maximum ratios R
observed, we can set an upper limit to the viewing angle. We use
the highest ratios detected at 5 GHz and 15 GHz, since they are
the maps from which we infer the highest velocities. The highest
ratios at S GHz, starting from the newest map, are Ry = 194 +22,
R, =89+11,R; =267+32,and Ry = 161 £20, while at 15 GHz
is Rs = 145+22. From them, we find an average maximum view-
ing angle of 6,.x = 44 + 4°, in agreement with our assumption
of 6 = 38°.

3.3. Jet opening angle

In this section, we investigate the intrinsic jet opening angle
profile using the observations reported in Fig. 3, as well as the
stacked images at 5 GHz and 15 GHz.

To study the opening angle ¢,,, we need to first obtain the de-

convolved transverse jet width, computed as w = (w2, — 9,%)'/ 2,
where wy, is the width of the fitted Gaussian profile and 6,
is the full width at half maximum of the equivalent circular
beam, defined as 6, = V6in * Omax With Oy and G« being the
minor and major beam axis, respectively. The uncertainties on
the width are computed as described in Sect. 3.2 for the intensity
ratio.

Finally, from our knowledge of both the jet width and the jet
viewing angle, we compute the apparent jet opening angle as:

@)

where z is the projected distance from the core along the jet, as
well as the intrinsic half opening angle ¢ as

Gapp = 2 arctan(0.5w/2z) ,

¢ = arctan[tan (¢app/2) sin 6] . 3)

The intrinsic half opening angle profiles are illustrated in Fig. 4.
For the single-epoch maps, we plotted the points up to the same

jet extension as in Fig. 3, while for the stacked images we show
the full jet. The uncertainties are computed by propagating the
errors obtained on the intrinsic jet width. The intrinsic half angle
is on average ¢ ~ 2°—3° and spans a range between ~1° and
~6°, in agreement with the typical values for radio galaxies
(Pushkarev et al. 2017). While results for most frequencies and
distances agree quite well with each other, we notice large dis-
crepancies on sub-parsec scales between the two 43 GHz epochs
and at a distance larger than ~5 deprojected pc, where the 5 GHz
jet appears narrower than at 1 GHz. The sub-parsec scales dis-
crepancy may arise due to an intrinsic jet variability across the
epochs, combined with the inability to recover the full jet cross-
section in the 43 GHz 2018 epoch, where the inner part of the
jet is indeed less bright than the 2008 epoch (see Fig. C.5). The
narrowed jet at 5 GHz may indicate that at this frequency, even
in the stacked image, part of the jet at its edges is too faint to be
imaged, so we are not able to recover the full jet cross-section.
This of course would also have an impact on the determination
of the global jet shape, which was found to be not perfectly con-
ical (power law index of ~0.84 + 0.04) on those scales in B21.
These results suggest that the jet may, in fact, be perfectly con-
ical, but part of its emission may be lost in the noise at 5 GHz.
Moreover, a frequency-dependent opening angle may be consis-
tent with the discrepancy in the speeds discussed in Sect. 3.2 and
may explain the apparent deceleration observed at 1 GHz.

3.4. T'¢ profile

The product I'¢, where ' = 1/+/1 — 2 is the bulk Lorentz
factor, is of a great interest, since it carries information on the
causal connection between the edges and the symmetry axis of
the flow, with I'¢ < 1 meaning that the jet is causally connected
(Clausen-Brown et al. 2013).

In magnetically accelerating relativistic outflows, the bulk
acceleration requires the jets to be causally connected, with
I'¢ ~ 1, while a product higher than one can be observed if
the dissipation of thermal energy contributes to the jet accel-
eration (e.g., Komissarov et al. 2009). Moreover, the product is
connected to physical aspects of the accretion disk. In particu-
lar, I'¢ is related to the dimensionless magnetic flux ¢gy, which
is an important indicator of the magnetic activity in the core.
When ¢py is of the order of few units, a SANE disk is expected,
while when it is of the order of tens and especially when it
reaches the saturation level ~50, we expect the disk to achieve
a MAD state (Tchekhovskoy et al. 2011; Narayan et al. 2012).
The dimensionless flux is defined as:
don = ©/(VMery), “
in which @ is the total magnetic flux in the jet, M is the accre-
tion rate, ¢ is the speed of light, r, = GMpgy/c? is the grav-
itational radius, and in the surroundings of the central black
hole the quantity I'¢ is related to ¢y via ¢y = (52 + S5)I'¢
(Zamaninasab et al. 2014).

Here, we compute the I['¢ profile using our information on the
jet speed (Sect. 3.2) and on the half opening angle (Sect. 3.3).
The uncertainties are computed by propagating the respective
errors. The resulting profile is shown in Fig. 5. We find a
fairly constant product, varying between ~0.04 and ~0.2 with
an average value of ~0.07, consistent with the median prod-
ucts found in large samples, ['¢ = 0.13-0.17 (Jorstad et al.
2005; Pushkarev et al. 2009, 2017). Similar values are observed
in M87, specifically I'¢ ~ 0.046 at 0.3 pc and I'¢ ~ 0.044 at 4 pc
Nokhrina et al. (2019). Hints of a decreasing trend downstream
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Fig. 5. T'¢ product as a function of distance. The profile is fairly con-
stant, with hints of a decreasing trend downstream the jet on scales
smaller than 0.1 pc and 0.2 pc seen from the 43 GHz 2018 and 43 GHz
2008 data points, respectively. The average product is I'¢ ~ 0.07.

the jet are given on scales smaller than 0.1 pc and 0.2 pc by the
43 GHz 2018 and 43 GHz 2008 data points, respectively. These
observational findings deviate from the theoretical expectation
that I'¢ ~ 1 in a purely magnetically driven accelerated jet (e.g.,
Komissarov et al. 2009). In the discussion (Sect. 4), we indi-
rectly infer a value of I'¢p in the disk region by means of our
estimate of the dimensionless magnetic flux. The implications
on the evolution of the product are discussed in Sect. 4.2.

4. Discussion

In the following, we apply theoretical models to our observa-
tional data to explore the nature of the accretion disk and of
the outflow in NGC 315. In particular, we aim at modeling the
jet acceleration seen in Fig. 3, the magnetic field down to the
jet base, and at investigating whether the properties of the VLBI
jet are consistent with the expectations for a jet powered by
the rotational energy of a black hole fed by an accretion flow
in MAD state. Such a test will be performed starting from two
independent observables: the location of the jet shape transition
and the mass accretion rate. To define the main properties of the
accretion flow, we make use of optical and X-ray observational
constraints.

4.1. Spin and magnetic flux inferred from the shape transition
distance

First, we use the information on the jet shape transition distance
to estimate two fundamental parameters of the nuclear region,
the black hole spin, and the total magnetic flux threading the
accretion disk. The former is used to evaluate the jet power (see
Sect. 4.6), while the latter is compared with the expected flux
in case of a MAD. To do that, we apply the model proposed
by Nokhrina et al. (2019, 2020). The model assumes equilibrium
between the ambient medium and the jet edges, with the former
being balanced only by the jet thermal pressure at the boundary.
An electric current is assumed to be mainly locked within the
bulk jet volume and only a residual fraction of it is left in the
outer jet boundary. Following Beskin et al. (2017), for a non-
relativistic boundary flow, the conservation of the total pressure
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allows us to connect the pressure balance at the jet boundary
with the electric current inside the jet. The boundary pressure
is expressed as function of the jet width. Kovalev et al. (2020)
showed that when the jet energy regime switches from magneti-
cally dominated to equipartition, that is, when the Poynting flux
is equal to the kinetic energy of the bulk, this coincides with
a transition between two power laws in the jet boundary pres-
sure profile due to different behaviors of the electric current in
the two regimes. Therefore, when the acceleration of the bulk
flow saturates the residual electric current, which diminished due
to the transformation of the Poynting flux, the current impacts
the pressure at the jet boundary, leading to the occurrence of a
break in the jet shape. By knowing the jet properties at the tran-
sition, this model enables us to obtain information on the central
engine, given the observed transition distance and assuming that
the external ambient pressure evolves with a single power law
profile P(z) oc 2. The spin is expressed via the dimensionless
parameter a. = J/Mgy € [0, 1], where J is the angular momen-
tum of the central black hole, as:
8 (rg/Ru)

a, = W’W’ (5)

where the light cylinder radius Ry :

_ Tor
d*(O-M)'

Here, the light cylinder radius is the intrinsic length scale in
MHD models and d. is the non-dimensional jet radius that
depends on the initial magnetization of the jet oy, defined as
the ratio between the Poynting flux to the plasma rest mass
energy flux’. In a cold outflow the jet accelerates efficiently up
to the equipartition regime, where approximately half of the ini-
tial electromagnetic energy is converted into kinetic energy of
the particles (see Nokhrina et al. 2019, and references therein).
Thus, oy is roughly twice the maximum observed Lorentz fac-
tor. From our analysis on the jet kinematics (see Sect. 3.2),
we constrain a maximum Lorentz factor of I' ~ 3—4. There-
fore, a initial magnetization of the order of ~10 seems rea-
sonable in our case. However, the I' observed in our study is
unlikely to be the true maximum reached by the jet. Indeed,
if the jet has a spine-sheath structure, the large viewing angle
of NGC 315 implies that the radio emission is mainly associ-
ated with the slower sheath, thus we may be unable to directly
probe the central spine. Since NGC 315 is a low-excitation FRI
radio galaxy, a realistic assumption for the speed of the spine can
rely on VLBI studies of the blazar parent population, formed by
BLLac objects. Their findings typically show I'.x ~ 10 (e.g.,
Hovatta et al. 2009), which leads us to consider oy ~ 20 as a
reasonable upper limit for our analysis. For the jet radius at the
break, we assume ry, = 0.036 + 0.013 pc following the results
in B21. Then, for oy = 10 and o = 20, Eq. (5) yield to black
hole spins a, = 0.86*)13 and a, = 0.99°0%¢, respectively. The
asymmetric errors arise due to the particular relation of the spin
a,. with respect to the radius at the break ry;, with the former
first increasing and then decreasing with increasing radius. This
model points toward a fast rotating black hole, which is neces-
sary to efficiently launch powerful jets from a MAD accretion
flow (e.g., Narayan et al. 2022).

The total magnetic flux in the jet is computed as
(Nokhrina et al. 2019):

(6

Ry

Py
ps(om)
2 The values for d, are taken from Nokhrina et al. (2019), Table 1.

z —b
® = anich[(ﬂ)
ro

12
] Gcem?, @)
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where Py is the external pressure in the nuclear region within a
sphere of radius ry and p.(ov) is the non-dimensional ambient
pressure. The break distance of zp, = 0.58+0.28 pc is inferred by
B21, while the external pressure of Py = 4.5x 1079 dyncm™2 at
1 arcsec from the core was determined by Worrall et al. (2007)
based on X-ray Chandra data. We note that the radius within
which the pressure measurement was extracted (~0.3kpc) is
larger than the estimated Bondi radius® (~0.15kpc for a black
hole mass of Mgy = 2.08 x 10° M), but not by a great deal.
The value of b may vary between 1.0 and 2.0 (see discus-
sion in Sect. 3, Nokhrina et al. 2019). In the first case, we find
® = (4.6 +3.5) x 10’! G cm?, while in the second, ® = (1.1 +
0.9)x 103 G cm?. These two values set the upper and lower limit
on the total magnetic flux accordingly to the variation of b. The
magnetic flux depends weakly on the initial magnetization oy;.

We now compare the jet magnetic flux obtained via Eq. (7)
with the expected one in the MAD scenario. The latter is com-
puted as (Zamaninasab et al. 2014):

Mgy H M2 12
10°Mg 113.15 x 10%7erg s~!

Following Heckman et al. (2004), we derive the mass accretion
rate from the luminosity of the [O III] A5007 emission line
as Ly, = 3500 Lo 1, where Ly is the bolometric luminosity
and the bolometric correction has an uncertainty of 0.38 dex.
Ho et al. (1993) derived a flux for the [O III] 25007 line of 1.17 X
10~ ergs™! cm™2, leading to Ly = (2.44 + 0.93) x 10¥ergs~!.
The result is in a good agreement with the bolometric luminos-
ity of 1.9 x 10¥ ergs™!, obtained by Gu et al. (2007) by inte-
grating the SED of the nucleus of NGC 315. The mass accretion
rate M = Lyo/(4c®) = (2.7 = 1.1) x 10> gs~! is obtained by
assuming an efficiency n; = 0.1 (e.g., Yu & Tremaine 2002)*.
Throughout the paper, the asymmetric errors are treated conser-
vatively by computing the maximum and minimum values of the
quantity and by considering them, respectively, as the upper and
lower limits of the uncertainty interval.

Equation (8) yields ®*° = (1.4 + 0.3) x 103 Gcm?. The
expected magnetic flux is consistent with ® when b ~ 2 in the
external pressure profile (P(z) o z7?). Assuming 1, = 0.4,
Eq. (8) would yield to ®*P ~ 6 x 10*? G cm?, which is con-
sistent with ® when b ~ 1.8. For a highly magnetized acceler-
ating jet confined by an ambient medium, a quadratic decrease
of the external pressure indeed matches the observation of a jet
with parabolic shape, since the jet radius is predicted to grow
as r oc P14 (e.g., Komissarov et al. 2009). As in NGC 315, we
observe r o« z04*015 in the acceleration region (B21), and the
index of the external pressure is expected to be b = 1.8 + 0.6.
The excellent agreement between @ and ®°*? is a first hint of a
jet launched by an established magnetically arrested disk in the
nuclear region of NGC 315. Park et al. (2021) found a close to ten
times more extended parabolic region in NGC 315. By using their
jet properties at the break, we infer a slower rotation of the black
hole with a, ~ 0.20, while ® and ®** are still in agreement.

G cm?.

P = 2.4 % 10% [ ®)

4.2. Exploring the T'® profile

In the framework of a Blandford-Znajek jet model and in the
hypothesis of flux-freezing approximation (Blandford & Znajek
1977; Zamaninasab et al. 2014), we can derive the dimension-
less magnetic flux threading the accretion disk via Eq. (4) based

3 The Bondi radius is estimated following Russell et al. (2015).

4 Assuming 7, = 0.4 (e.g., Zamaninasab et al. 2014) slightly changes
the quantities computed in the discussion but leaves the main conclu-
sions unaltered.

on our determination of the jet magnetic flux in physical units.
Using @ and M both with 5; = 0.1 and 5, = 0.4, we obtain a
dimensionless magnetic flux threading the accretion disk ¢gy =
40 + 33, which is consistent with the saturation level of ~50 for
a magnetically arrested disk. Unfortunately, the large error bar
does not allow us to directly discriminate between SANE and
MAD.

The saturation condition ¢gy = (52 + 5)['¢ implies ['p =
0.76 + 0.64 at the jet base. The large uncertainties prevent us
from retrieving a solid constrain on this parameter. However, the
estimated mean value suggests a I'¢ product likely close to one,
in agreement with the prediction for the jet launching region (see
Zamaninasab et al. 2014, and references therein), but that is a
departure from what we observe on sub-parsec, parsec scales
(see Fig. 5). If the product is actually close to 1 in the nuclear
region, as expected in a cold accelerating outflow (see Sect. 3.4),
then one of two scenarios may be invoked: I'¢p may start close
to one and they rapidly decrease in the parabolic region (hints
of a decreasing trend are given by the 43 GHz maps) down to
~0.1 at 0.1 pc. Alternatively, the prediction is only valid for the
very central jet spine launched in the surroundings of the black
hole ergosphere, while what we infer with our observations is
determined by the behavior of the external sheath.

4.3. Jet acceleration gradient

The jet undergoes a rapid acceleration up to ~0.9 ¢ on sub-parsec
scales (see Sect. 3.2). In order to check whether the acceleration
rate is consistent with the standard magneto-hydrodynamical
(MHD) mechanism, we fit the speeds profile with a generic
model. We work under the assumption of a parabolic jet shape
r = Az¥, with = 0.45 accordingly to B21. The scaling parame-
ter A is computed from the knowledge of the jet radius at the tran-
sition distance zp, = 0.58 pc, namely r,, = 0.036 pc. To describe
the observational data reported in Fig. 3, we adopted a hyper-
bolic tangent function of the type I'(x) = A + Btanh(ax — b),
which we constrained to follow the MHD approach for a mag-
netically accelerating jet. The function is used to describe the
data in the Lorentz factor parameter space. The hyperbolic tan-
gent function mimics both the Lorentz factor growth onset on a
scale of a light cylinder radius R, and an acceleration saturation
close to its observed maximum value I';,,x ~ oM/2. Moreover,
it is linear for the argument close to zero. We find the constants
A and B by setting the function limits as 1 and [',,x. By ensur-
ing that the growth rate (derivative over r) never exceeds Ril,
as expected from MHD modeling (Beskin & Nokhrina 2006;
Tchekhovskoy et al. 2009; Lyubarsky 2009; Nakamura et al.
2018), we constrain the parameter a. Finally, we set b so as to
set I' = I'ax/2 approximately at the distance r ~ Ry['ax/2f.
Here, the parameter f is defined as the ratio between the radius
at which the maximum Lorentz factor is reached and the total
jet radius. For models assuming a constant angular velocity
(Lyubarsky 2009) the maximum Lorentz factor is reached at
the jet boundary (o = 1), while models with a slower sheath
flow provide f ~ 0.2—0.7 (Komissarov et al. 2007; Beskin et al.
2017; Chatterjee et al. 2019). In our model, we use f as a free
parameters. Thus we obtain:

1 z 2 IMinax
tanh(— - )
RL lﬂmax -1 f(rmax - 1)

&)

where we associate the distance z with the Lorentz fac-
tor I'(fr). We plot Eq. (9) using a light cylinder radius of

max T 1 + l—‘max -
2 2

I'(z) = d
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Fig. 6. Zoom onto the intrinsic speed profile in the distance range
0.1-5 pc. The black continuous line represents the modeled hyperbolic
tangent function (Eq. (9)). For the label, we refer to Fig. 3.

R =6.9% 107*pc, obtained when oy = 10, which corresponds
to I'max = 5.0 (see Sect. 4.1). The value of f that minimize
the y2, is f = 0.216 (x%, = 33.3). The data-model compari-
son is done by using the 15 GHz and 22-43 GHz 2018 epochs
data, since they are the ones that fully describe the acceleration
region. While the high szed implies the fitting to be not statis-
tically acceptable, here our goal is not to find a function that
strictly interpolate the data with their oscillations, but instead to
reconcile the general trend of the fast-acceleration with a func-
tion that follows the current MHD theories. Figure 6 shows a
zoom onto the 5(z) plane together with the best fit. The hyper-
bolic tangent function properly describes the linear acceleration
on sub-parsec scales, although a discrepancy is present around
0.01 pc, where the model overestimates the observed velocities.
Overall, this formalism allows us to reconcile the observed fast
acceleration with a magnetically driven one in the context of the
MHD theory.

Given the co-spatiality of the acceleration and collimation
region (see Sect. 3.2), in our modeling we considered the accel-
eration to be driven uniquely by the conversion of magnetic into
kinetic energy. We note, however, that the jets may dissipate ther-
mal energy as well to accelerate (Komissarov et al. 2009). Even
if our observational data suggest that the jet in NGC 315 is mag-
netically dominated, the thermal acceleration may not be com-
pletely negligible and still play a role.

4.4. Core shift magnetic field for a conical jet and for a
quasi-parabolic accelerating jet

The magnetic field strength is expected to vary with distance z
from the black hole as B(z) = B:(z/&)", where B is the magnetic
field strength at £ pc (see e.g., O’Sullivan & Gabuzda 2009). To
compute the magnetic field strength at one parsec, following the
works by Lobanov (1998) and Hirotani (2005), we define the
core-position offset measure:

ArmasDL( Vi/krvé/kr

Q,, =485x107°
T Tt

) pc GHz, (10)

Uk _ 1k
V) 41
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where Arp,s is the core shift between v, and v, (in mas) and D,
is the luminosity distance (in pc). In the scenario of a conical jet
with spectral index @ = —0.5 and in equipartition between the
particle and magnetic field energy density, the magnetic field is
expressed as:

Q3 1+ 2.1/4
n( z)) G.

B =o.025( 1
l 82¢psin’60 (1)

where & = [['(1 — Bcos6)] ™! is the Doppler factor. Under the same
assumptions, we also expect the core shift coefficient to be k, = 1
(Lobanov 1998). This value is slightly larger than the core shift
index assumed in this work, k, = 0.84 + 0.06 (see Sect. 2.1, B21).
The latter is indeed obtained by fitting the core shift at all avail-
able frequencies (1-22 GHz), which sample both the parabolic
and the conical jet region. If the jet break occurs at the dis-
tance where the jet switches from a magnetically dominated to
an equipartition regime (Nokhrina et al. 2020), we should expect
to obtain an index k, close to unity if we fit the core shift only in
the conical region. Thus, we fit the parabolic and conical regions
separately. In the former, sampled by the frequency range
(8-22) GHz, we determined an index of k., = 0.57 = 0.17,
while in the latter, sampled at 1, 5, and 8 GHz, we obtained
k. = 0.93 £ 0.01 (see Fig. 7). The point at 8 GHz is used to con-
nect the two regions, since it is the closest one to the jet break.
After the break, we obtain an index slightly lower than the unity,
in reasonable agreement with the equipartition hypothesis. The
other two hypotheses are not fully matched. Indeed, @ = —0.5 is
flatter with respect to the observed values (see Park et al. 2021)
and the jet does not show a conical shape up to its apex. Nev-
ertheless, we can use Eq. (11) to obtain an order-of-magnitude
estimate of the magnetic field strength. The core-position offset
Q,, is computed between v, = 1.4 GHz and v; = 5.0 GHz, since
these frequencies sample the one-parsec region. The Doppler
factor is estimated to be 6 = 1.24 + 0.25 with 8 = 0.95 + 0.03
(observed at one pc; see Fig. 3).

We assume an intrinsic half opening angle of ¢ =(2.5+1)°
(Fig. 4). Using Eq. (11), we find B;=0.13+0.02 G. The
magnetic field strength matches the values obtained by
O’Sullivan & Gabuzda (2009) in their small samples of objects
and it is fairly smaller than the median value B; ~ 0.4 G obtained
for the BL Lac sources in the MOJAVE sample (Pushkarev et al.
2012).

In the following, we propose a new formalism to compute the
magnetic field for a quasi-parabolic accelerating jet, which better
describes the case of NGC 315. We calculate the expressions for
a magnetic field at a generic distance from the jet base based
on the assumption that the flow radius evolves as r ~ z¥, with
¢ = 0.5, corresponding to a strictly parabolic jet boundary. The
details are reported in Appendix A. First, we assume the Doppler
factor ¢ as a constant. By recalculating the position of the surface
with optical depth equal to unity, the expression for €,, is still
Eq. (10) but with k, = i, and the magnetic field is:

QY + 20

1/4
B, =0.025 (—)
‘ 23 r,62sin>" 1o

(12)
Here, r, in parsec is the jet radius at z parsec from the jet base.
This expression transforms into Eq. (11) for z = 1, ¢ = 1 and
noting that ¢ ~ r,/z = r, at one parsec.

For an accelerating flow, we assume a linear acceleration
with the jet radius as I' = r/R; and with the Doppler factor
changing along the accelerating flow. We distinguish between
three possible cases, depending on the interplay between the
viewing angle 6 and the Lorentz factor I in the expression for ¢.
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Fig. 7. Core positions as a function of frequency, assumed from B21.
The data are fitted with two different power laws: one for the parabolic
region (red curve) and one for the conical region (blue curve). In the
former case, the best fit index is k., = 0.57 + 0.17, while in the latter,
itis k, = 0.93 £ 0.01. An index close to 1 is expected when assuming
equipartition between the particles and magnetic field energy densities
in the jet.

For case A: the viewing angle § ~ T'! is such that the
Doppler factor is close to its peak, so we may set it as a constant.
In this scenario, kK, = 2y and the expression for the magnetic
field becomes (see details in Appendix A):

6 1/4
QY1 +2 ) G

_— (13)
2% r,62sin® 19

B, =0.025 (

with z and r, in parsec.

For case B: for a smaller viewing angle < I'"!, we may
use the approximations 8 =~ 1 — 1/(2T?) and cos§ ~ 1 — 6%/2,
and by neglecting the factor 6> we obtain § ~ 2I". The core shift
coefficient becomes k, = 4¢/3, and the magnetic field is given
by:

QY (1 + 202 (RL)Z)”“ .

B, =0.018 —
‘ (24‘/’rzsin4‘”19 Iz

(14)

with the light cylinder radius R; measured in parsec.

For case C: for a larger viewing angle § > I'"!, we use the
exact expression for a Doppler factor with variable I, but assum-
ing 8 = 1, since the term 8 cos 6 in ¢ is not close to unity and the
difference of velocity from speed of light is not important. In this
case k, = 8i/3, and the magnetic field is expressed as:

s)

O¥(1 +22(1 - cos ) (rz )2)”“ G

B, =0.025
‘ ( 28 r,sin® 19 Ry

For NGC 315, the viewing angle is 8 ~ 0.66 rad and the inverse
of the Lorentz factor evolves with a distance from ™! ~ 1 at
the jet base to ! ~ 0.5 at zy,. Therefore, case A is the most
adequate at the transition distance, while case B is true in the
accelerating part of the jet. At z = z,, = 0.58 + 0.28 pc, we
obtain B,,, = 0.18 £ 0.06 G and B;,, = 0.013 + 0.003 G, respec-
tively. As we expect a larger magnetic field value closer to the jet
base, the estimate in the case A corresponds better to the value
at z = 1 pc than in the case B. However, we note that Eq. (14)

contains a factor (R /r,)? that follows from the ideal linear accel-
eration I = r/R;. Slower accelerations or the maximum Lorentz
factor reached closer to the jet axis will boost this magnetic field
estimate (Beskin et al. 2017).

We note that the relation k, = 4y/3, valid in case B, is in
excellent agreement with the observations, with ¥ = 0.45 and
the measured k, at high frequencies k, = 0.57 + 0.17. Instead,
the relation k, = 24, valid in case A, implies a &, value beyond
the observed interval.

4.5. Magnetic field: From the parsec jet up to the accretion
disk

In this section, we explore the properties of the magnetic fields
in the nuclear region in two different ways: 1) from the disk mag-
netic flux (Sect. 4.1) assuming a simplified geometry for the disk
and 2) by extrapolating up to the jet base our field strengths esti-
mation (Sect. 4.4). The results are compared with the expected
field strength needed to saturate the disk and form a MAD,
whose presence is suggested from the comparison of the mag-
netic fluxes (Sect. 4.1).

4.5.1. Saturation magnetic field

In the MAD state, the accretion disk is disrupted by the accumu-
lated poloidal field within the extent of the magnetosphere (ry,
in units of Rg), which corresponds to the jet launching radius.
The magnetosphere radius, following Narayan et al. (2003), is
defined as:

4/3
® ) ka6

Fm ~ 82X 103(6 X 102)2/31’)’18_27’}’1_2/3(m

where: € defines the ratio between the radial velocity of the
gas within the magnetosphere and its free-fall velocity and for
which we assume an upper limit of 0.1 (Narayan et al. 2003),
mg = Mgu/(108My), i1 = M/Mgyq, and @ is the magnetic
flux in the central region, for which we adopt our @ estima-
tion with b = 2. We infer the upper limit of the magnetosphere
radius as r, = 1.1 £ 1.0Rs. The error is computed by propa-
gating the uncertainties on the magnetic flux and the accretion
mass rate. We notice that in NGC 315, the event horizon radius
varies between ry € [0.6,0.8] R, when a. = 0.99 and a. = 0.86,
respectively. Since a magnetosphere smaller than an event hori-
zon would be unphysical, the lower limit on ry, is set by the
lower limit on the event horizon radius. Therefore, the magneto-
sphere radius lays in the range ~0.6—-2.1 Rs, or ~1.2—4.2 r, when
na = 0.1 and ~0.6-5.3 Rs, or ~1.2-10.6 r, when 17; = 0.4. The
derived range is relatively small with respect to estimates from
simulations. For instance, Narayan et al. (2022) inferred magne-
tosphere radii on the order of several tens of r,.

Next, we extrapolate the saturation magnetic field in the
accretion disk based on the knowledge that a MAD forms when
enough of the field is accumulated within it, so that the mag-
netic force Fp overcomes the gravitational force Fg. When
Fg > Fg, the magnetic field is expelled from the disk until
the condition Fg = Fg is reached. Following Contopoulos et al.
(2015), we express the forces as Fg = (B*/8m)4nr*h/r and
F6 = GMguMgig /12, in which h/r is the scale height of the
accretion disk, » = rp, is the radius and My is the disk mass in
the region in which the MAD forms. Expressing the disk mass as
Mgig = 4/3pnr’h/r and the density p from the mass continuity
equation as p = M/(4xr? v,h/r) yields the following saturation
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magnetic field:

2 GMBHM)1/2
3 Bv.h/r ’

in which v, is the radial velocity of the infalling gas and is
assumed to be close to the speed of light. We solve Eq. (17)
by adopting the mass accretion rate derived from the [O III] line
luminosity in Sect. 4.1. We set the scale height to 0.25 + 0.10,
accordingly to Narayan et al. (2022) (see Fig. 7, right lower
panel in that article) and extrapolate a saturation magnetic field
spanning the range Byap = 125-480G at r, = 0.6 Rs and
Bmap = 5-18G at ry, = 5.3 Rs.

Bmap = ( an

4.5.2. Poloidal field from the magnetic flux ®

In the accretion disk within the supposed magnetosphere, the
strength of the poloidal magnetic field component Bp is related
to the magnetic flux ® in the flux freezing approximation. The
poloidal strength is Bp = ®/S, where we assume a circular sur-
face S = nr? with r € [0.6,5.3]Rs. The field varies between
Bp = 4640-464G and Bp = 60—6G at the lower and upper
limit of the magnetosphere.

4.5.3. Extrapolation from the field strength in the jet

Finally, we extrapolate the magnetic field values inferred in
Sect. 4.4 up to the jet base. To do so, we assume that the magnetic
flux is conserved along the sub-parsec jet. Under this assump-
tion, both the toroidal and poloidal components of the magnetic
field in the parabolic region evolve as

B(z) = By(zo/2)*. (18)

The details are shown in Appendix B. Being ¢ = 0.45 upstream
of the transition distance, both the poloidal and toroidal magnetic
field components evolve as ~z~!, while in the conical region the
poloidal component evolves as ~z~2.

Our results are summarized in Fig. 8. From the first two
methods, the magnetic field strength in the accretion disk is
found to be in the range of ~10—10° G, based on the possible
extent of the magnetosphere. On the other hand, the strengths at
the jet base are up to tens of Gauss by extrapolating case B and
up to ~103 G by extrapolating case A and the conical case. A
comparable range (360G < B < 6.9 x 10*G at 1 Rs from the
core) was derived by Baczko et al. (2016) for the radio galaxy
NGC 1052.

From  general relativistic =~ magnetohydrodynamical
(GRMHD) simulations, the magnetic energy («B?) in a
Blandford-Znajek jet is expected to be one-two orders of mag-
nitude stronger than the one in the disk (McKinney & Narayan
2007a,b). In this scenario, the conical and A cases are favored,
leading to fields that are several orders of magnitude stronger
than the strengths needed to form a magnetically arrested disk,
especially at the largest magnetosphere radius.

4.6. Jet power: Expected versus observed

A final test of the models described above can be performed
by comparing the expected jet power to the observed one. By
knowing the accretion rate, the expected jet power can be com-
puted as Pje, = nMc?. By means of GRMHD simulations within
the MAD scenario, Narayan et al. (2022) linked different black
hole spins to the expected accretion efficiencies. From our deter-
mined spin range of a, = 0.72—-0.99, we expect 1 € [0.72,1.50]

A166, page 10 of 16

Rs
157

= |et: conical case

10! 103 104

105_

— |et: parabolic case: & ~ !
= Jet: parabolic case: 8 < !
Disk: MAD prediction

Disk: poloidal field strength

103_

— 104 ~d b
S I ! i
om | !
I U

_1_ 1
107" Lower limit i '

| @==t===te—ee event horizon !
: radius boT
-3 ] 1
107y, Upper limit | i
1 <== magnetosphere i i
: radius E E
107> T T T + o

1074 1073 1072 1071 10° 10t
z [pc]

Fig. 8. Extrapolation of the magnetic field computed using Eq. (11)
(blue lines), case A (red lines), and case B (purple lines) down to the
event horizon radius ry = 0.6 Rs (highlighted by the blue dashed line)
assuming B(z) = By(z/z0)*. See the text for details on the different
dependence. The orange dashed lines indicate the upper limit on the
magnetosphere radius, namely r, = 2.1Rg with 7, = 0.1 and r,,, =
5.3 Rs with 17, = 0.4. The orange box highlights the range of variation
of the expected saturation magnetic field strength in the MAD scenario,
while the light green box indicates the poloidal field strengths inferred
based on the magnetic flux.

in the prograde case (i.e., the black hole and the accretion disk
rotating in the same direction) and n € [0.14,0.42] in the ret-
rograde case (i.e., the black hole and the accretion disk rotat-
ing in opposite directions). Using the [OIII] line estimation for
the accretion rate M and 1, = 0.1, the jet power of NGC 315
is Pjer ~ 1-4 x 10%ergs™ in the prograde case and Pje, ~
0.3—1x10* erg s~! in the retrograde case. In the case of ; = 0.4,
the jet power is expected to be P, ~ 4-9 x 10¥ ergs™ and
Pt ~0.9-3 X 10% erg s, respectively.

A further method to compute the total jet power is provided
by Nokhrina et al. (2019) based on their model (see Sect. 4.1):

cf @\
Pjet B 8(7TRL) '
By assuming b = 1 and b = 2 we obtain respectively the lower
and upper limit for the jet power, Pje; ~ 2x10* ergs™! and Pje, ~
1 x 10% erg s~!. The comparison with the previous Pje; estimates
favours an index for the external pressure b ~ 2, consistent with
our findings in Sect. 4.1.

In the following, we compare these expected values with
observational estimates of the jet power in NGC 315. We first
work under the assumption of a Bondi accretion flow (Bondi
1952). Following Russell et al. (2015), we can derive the accre-
tion rate, in convenient units, as:

. ksT\ 3% ne
Mg =0.012| — —_—
B =00 (keV) (cm‘3)(

19)

Mgy

2

-1
) My @)
in which n. is the electron number density and kg7 is
the temperature of the medium at the Bondi radius. In this
equation, an adiabatic index of 5/3 is assumed. The param-
eters of the gas within the Bondi radius, kg7 =0.44keV
and n.=2.8x 107" cm™3, are extracted from X-ray Chandra

data (Worrall et al. 2007). Equation 20 yields an accretion
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rate of Mg = 3.1 x 10%gs™! = 5 x 102 Myyr!,
around 100 times lower than the Eddington accretion rate
Mpgq = 2.9 x 10% g s~!. Nemmen & Tchekhovskoy (2015)
and Allen et al. (2006), among others, observed that a rela-
tion exists between the Bondi accretion rate and the jet
power. The latter can be directly inferred as logPje =Alog
(0.1Mgc?) + B in which the parameters are either A = 1.05 and
B = -3.51 (Nemmen & Tchekhovskoy 2015) or A = 1.29 and
B = —0.84 (Allen et al. 2006) meaning Pje, ~ 2x10% ergs™" and
Pjee ~ 1 X 10% ergs™!, respectively. A second method relies on
the existence of an empirical relationship between the radio core
luminosity and the jet power. Following the work of Heinz et al.
(2007), Morganti et al. (2009), we assume the inferred Pj; =
1.4 x 10 ergs™'. While the validity of such a relation may, in
general, be affected by the core variability and Doppler boosting,
we do not expect these effects to be strong in NGC 315, and the
obtained value lies in the same range as the previous estimates.

This analysis shows a substantial agreement between the
order-of-magnitude of the jet powers computed in the MAD sce-
nario and from Eq. (19) and the observational estimates. Obtain-
ing tighter constraints concerning, for instance, which type of
spin configuration is the most likely is not possible based on the
current data due to the large uncertainties and the degeneracy
between the different parameters.

5. Conclusion

In this paper, we explore the disk-jet connection in the nearby
radio galaxy NGC 315 using a multifrequency and multiepoch
VLBI data set. We constrained the observational properties of
the jet in the acceleration and collimation region and used them
to retrieve information on the physics of the accretion disk and
of the jet itself. Our results are summarized as follows.

— We used simultaneous 22 GHz and 43 GHz observations to
study the evolution of the spectral index on VLBI scales. We
inferred an unexpected spectral behavior, with very steep val-
ues (@ ~ —1.5) in a region whose extent is comparable with
that of the collimation zone. These steep values may result
from strong synchrotron losses at the highest frequencies,
reflecting the presence of strong magnetic fields at the jet
base.

— Using a pixel-based analysis, we derived the jet speed profile
from the observed jet-to-counterjet ratio profile, under the
assumption of intrinsic symmetry between the two jets. We
inferred a fast-acceleration on sub-parsec scales, where the
jet collimation is also taking place. The co-spatiality between
the two phenomena suggests the jet to consist of a cold out-
flow in which the acceleration is mainly driven by the con-
version of magnetic energy into kinetic energy of the bulk.
Following this, we modeled the jet acceleration in the con-
text of MHD theories.

— We found the half intrinsic opening angle to span the
range between ~1° and ~6°, consistent with typical values
observed in radio galaxies. The opening angle decreases on
sub-parsec scales down to approximately constant values of
~2°-3°, Consequently, we examined the I'¢ product along
the jet, finding a fairly constant profile that varies between
0.04 and 0.2, with I'¢ = 0.07 as average. This value is consis-
tent with the median product of I'¢p = 0.13—-0.17 from sam-
ple studies. At the jet base, we indirectly estimate the average
I'¢ product to be likely close to the expectation of I'¢ ~ 1 for
magnetically accelerating jets. The discrepancy between the
expected and the observed value may be explained if either
the I'¢ product drops swiftly in the acceleration region, or

if the condition I'¢p ~ 1 is only valid in the very central jet
spine, and the observed values mainly reflect the properties
of the outer sheath.

— Under the assumption that an equipartition state is reached
at the end of the acceleration and collimation region, within
the framework of the model proposed by Nokhrina et al.
(2019, 2020), we found the black hole of NGC 315 to be
fast-rotating, with a, > 0.72. Moreover, based on the X-
ray properties of the accretion flow, we constrained the total
magnetic flux threading the accretion disk in to be in excel-
lent agreement with the expected flux in case of a magnet-
ically arrested disk. The two are estimated independently,
with the former being extrapolated from the jet properties
at the transition and the expected one based on the accretion
rate and black hole mass. The average dimensionless mag-
netic flux ¢py ~ 40 is in a good agreement with the satura-
tion value of ~50, which is expected when the accretion disk
reaches the magnetically arrested state.

— We estimated three different magnetic field values down to
the jet base based on the core shift effect in the case of both
a conical and a quasi-parabolic accelerating jet. The latter
case required the development of a new formalism. In the
case of @ ~ I'"!, we found a magnetic field strength of
B ~ 0.18G at z,, = 0.58 pc consistent with the one in the
conical assumption, while if & < I'"! the magnetic strength
is lower, B ~ 0.01 G. Later, we extrapolated the field val-
ues down the event horizon radius assuming both a poloidal
and toroidal field configuration. The extrapolated strengths
are consistent with both the poloidal field values obtained
from the magnetic disk flux and the needed saturation field
strengths to form a MAD. This result offers evidence that the
magnetic field in the accretion disk has reached high enough
values to saturate, establishing a magnetically arrested state.

In conclusion, our analysis and modeling of the jet observational
properties on VLBI scales are compatible with the expectations
from an accretion disk that has reached a magnetically arrested
state. Our results will be expanded in future papers by means of
numerical simulations and new VLBI data sets, especially mul-
tiepoch 86 GHz GMVA observations.
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Appendix A: Core shift in a quasi-parabolic flow

We suppose that the flow has a shape r ~ z¥, with ¢ = 0.5
corresponding to a strictly parabolic jet boundary. We start with
Eq. 6 in Nokhrina et al. (2015):

2.5-a
1+z 1+z 2r ,
(V 5 ) = A Gng "

e 1.5-a 15
(27rmc) k.B > (A.1)

Here, we assume the following emitting particle energy dis-
tribution: dn = key '"?%dy, v € [Ymin; Ymaxl, Where ry is
the electron classical radius, vo = c¢/rg, the function c(a@) is
defined in Hirotani (2005), n, k., and B are in the plasma
proper frame, while all the rest of parameters (v, 6, etc.) are
in the observer’s frame. The standard assumption of equiparti-
tion between magnetic field and emitting plasma energy den-
sity (Blandford & Konigl 1979; Lobanov 1998; Hirotani 2005)

is written as:
B2
= SrmcA (A2

where A = In 2= for @ = —1/2, and A = (y}i27 - y12) /(1 +
2a) for @ # —1/2. The geometrical depth along the line of sight
in the conical geometry is equal to 2z¢/sin@ in the nucleus
frame while for a quasi-parabolic jet is 2r/ sin §, where r = az¥
is the jet radius in the core at any given frequency.

First, we suppose that the jet has a constant Lorentz factor.
We use the following dependencies for the particle number den-
sity and magnetic field in the plasma proper frame n « 772 o
2% and B « r~! « z7¥. The first expression indicates the con-
tinuity of a flow with a constant speed, while the second one
corresponds to a magnetic field created by an electric current
flowing along the jet axis. The Doppler factor ¢ is a constant
and only changes in derivation of the expressions for €,,, while
B is connected with the different geometry. Setting the constant

C= 2c(a)r(2)v(e/ 27tmc)' 2~ we obtain

~ S 1.5-a r B z Q.5-aw
25 a:C( ) "2t Bl a(_) ,
sin 6

1+z Z (A-3)

where k, ;, and B, are taken at a distance z, and Z is a position
of the core observed at the frequency v. We see that v < Z™¥ and
from Eq. A.3 we obtain the same equation for Q,, as Eq. 10 but
with k, = . Substituting Eq. A.2 into the relation between Q,,
and the flow physical properties, we have:

S 1.5-a ry
C( ) T2 pls-a _
1+z sing “%°?

and we obtain Eq. 12 for a magnetic field for @ = —1/2.

For the accelerating flow, we assume linear acceleration with
a jet radius I' = r/R;. This means that the dependencies for
a particle number density and a magnetic field are different.
Indeed, the flow continuity leads in the plasma proper frame to
n o r2I'~! o z73¥%, while the toroidal magnetic field created by
an electric current in the plasma proper frame can be written as
B o r7'T7! o 272 In this case, if there is equipartition at some
distance z, it does not hold everywhere throughout a jet. The
emitting particle energy starts slowly dominating downstream

L
zsind

Q25-a)y
) s (A4)

until the acceleration becomes very slow. However, for a mildly
relativistic flow the departure from equipartition, which is on the
order of up/ug = I'/Ty, with I'y being the bulk motion Lorentz
factor at zp, is not dramatic. The second difference comes from
the Doppler factor changing along the accelerating flow. For a
given observational angle 6, the Doppler factor has a maximum
at approximately cos 8 = 8, which for a small angle 8 < 1 trans-
forms into I’ ~ #~!. For NGC 315 (9 = 38°) the Doppler factor
has a maximum at I" ~ 1.6 and can be treated approximately as
a constant. For the smaller Lorentz factors: 6 ~ 2I', while for the
larger ones: 6 ~ 1/I'(1 —cos ). Thus, we consider three cases for
an accelerating flow depending on the value of a Lorentz factor
at the cores.

In case A, the Doppler factor is close to its peak and the
emission from the fastest parts of a flow reaches the observer as
6 ~ T~!. Substituting the dependencies for n, B, and 7 on Z into
Eq. A.1, we obtain:

() (2

v2.5—oz
1+2 sin 0 Z

(A.5)

From this, Eq. 10 for Q,, with k, = 2y follows. Now, the relation
of the core shift with jet physical parameters is:

C( S )1.5—0 ry . L5ea Qrv
14z sing ©*°% zsiné
and assuming a close-to-equipartition state we obtain Eq. 13 for
the magnetic field.

In case B, the fastest components are observed well within
the emission cone as # < I'"!. We consider the case of § = 2T
and substitute:

-z 2]
R, \z

(5-2a)y
) , (A.6)

(A7)

into Eq. A.1. The dependence of the observational frequency on
a distance Z can be rewritten as

o) r 1.5-a r

2.5-a z z
=cl—= ke
Y (l+zRL) sing 22

Z (A.8)

15—a ( z )(3.5—(1);[/

From this, the relation k, = ¥(3.5 — @)/(2.5 — @) = 4y/3 for
a = —1/2 and Eq. 14 follow.

In case C, the emission from the fastest components are de-
boosted due to the relation § > 'L, so it is of academic interest
only. We substitute, using 5 = 1,

R (z v 1
5="L (_) — A9
r, \Z) 1—-cosé@ (A.9)
into Eq. A.1 and obtain:
1.5-a
VZ,S—(Y — C i& #X
l+zr, sin&(1 — cos 6)
(A.10)

z (6.5-3a)
Z)

The corresponding index is k, = ¥(6.5 — 3a)/(2.5 — @) = 8¢¥/3
fora = —1/2.

X ke BT (
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Appendix B: Toroidal and poloidal magnetic field
extrapolation in an accelerating jet

The toroidal and poloidal magnetic field components in the core
frame (indicated as ') are B, = By/I' and B, = B, respec-
tively. In Sect. 4.4, we computed the magnetic field in the plasma
proper frame and we called it B, for simplicity. If the toroidal
field dominates, B, = B,, otherwise B, = B,. In a relativis-
tic flow, the toroidal and poloidal components are related as
By = By R—’L. We assume the magnetic flux is conserved along
the jet, with a pure poloidal field following B;]r2 = const, and
we note that if the poloidal component depends on r the rela-
tion still holds with some numerical coefficient. If the toroidal
component dominates in the core region, the magnetic field is
B, = B",,(r/rg)2 = BWFRL/r(r/rg)z. In the accelerating region
TRy /r ~ 1, thus with r oc z¥:

z\¥
B, = BZ(—) . (B.1)
Zg

Instead, if the poloidal components dominates in the core region,
B, = B;)(r/rg)2 = Bz(r/rg)z, from which

z\¥
B, =B, (—) . (B.2)
Zg
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Appendix C: NGC 315 images

Fig. C.1. VLBI image of NGC 315 at 1 GHz.
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Fig. C.2. VLBI images of NGC 315 at 5 GHz.
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5 Jet acceleration in radio galaxies: An appli-
cation to NGC 315

This chapter presents the second tile of the series of works on NGC 315. In this
project, the primary goal is to explore the nature of the jet acceleration mecha-
nism. In detail, we aim at investigating the question that arose in Sect. 2.2.2 on
whether thermal acceleration can still be relevant in jets on the sub-parsec and
parsec scales. To achieve that, we employ the 2D relativistic magnetohydrody-
namic code developed by Marti (2015). We simulate a comprehensive number
of models, including thermally, magnetically, and kinetically dominated jets and,
as a template for their initial conditions, we adopt the numerous observational
constraints on NGC 315 shown in Chapter 4 and published by Boccardi et al.
(2021).

Our results suggest that, when the internal energy of jets is not neglected,
the conversion of thermal energy into kinetic energy is a viable way to efficiently
accelerate them. Specifically, in the case of internal energy-dominated outflows,
thermal acceleration becomes the main mechanism. While exploring this scenario,
our set of simulated models provides hints on further characteristics of the jet
propagation phenomenon. Namely, our simulations suggest that the presence
of a shear layer, which can be identified with the accretion disk-launched winds
(see Sect. 2.2.1), is a relevant element to favor the jet propagation. Indeed, its
presence can delay the growth of instabilities and shield the internal spine from
the action of the external medium. Finally, a number of our models can reproduce
the opening angle and acceleration profiles of NGC 315. While this is an indicator
of the quality of the observational results and models assumed, this comparison
provides further insights into the nature of the jets. Indeed, small variations in
the jet physical conditions at injection, which may happen on time scales of a few
months, may lead to the differences observed in the Lorentz factor and opening
angle profiles extracted across different epochs.

M. Perucho supported me while modifying the 2D RMHD code, originally
written by J. M. Marti, to adapt it to pursue the goals of this project. The con-
sequent analysis of the results of the simulations was entirely performed by me
and, to do that, I used self-written Python codes. The paper has been written
in collaboration with M. Perucho, which substantially helped in improving the
overall presentation and the discussion of the results. J. Lopez-Miralles and J.
M. Marti provided suggestions during the adaptation of the code and later pro-
vided comments while writing the text of the manuscript. B. Boccardi provided
comments on the final draft and contributed to enriching the comparison of the
simulated data with NGC 315 and other AGN jets (Sects. 4.4 and 4.5 in the



5 JET ACCELERATION IN RADIO GALAXIES: AN APPLICATION TO
NGC 315

manuscript). The following manuscript has been accepted for publication and
will be published in A&A. NOTE: in this chapter, the Lorentz factor of the bulk
flow will be identified as ~, since in theoretical papers I' is commonly employed

for the adiabatic index.
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ABSTRACT

Aims. Relativistic jets launched from active galactic nuclei accelerate up to highly relativistic velocities within a few parsecs to tens
of parsecs. The precise way in which this process takes place is still under study. While magnetic acceleration is known to be able
to accelerate relativistic outflows, little attention has been paid to the role of thermal acceleration. The latter has been assumed to act
only on compact regions, very close to the central engine, and to become negligible on parsec scales. However, this holds under the
assumption of small internal energies as compared to the magnetic ones, and whether this is true or what happens when we drop this
assumption is currently uncertain.

Methods. We use a 2D relativistic magnetohydrodynamical code to explore jet acceleration from sub-parsec to parsec scales. As initial
conditions for our models, we use observational constraints on jet properties derived by means of very long baseline interferometry
observations for a Fanaroff Riley I radio galaxy, NGC 315. We investigate the parameter space established for this source and perform
a number of simulations of magnetically, thermally or kinetically dominated jets at injection, and compare our results with the
observed ones. Furthermore, we employ different models to characterize our jets, involving different magnetic field configurations,
i.e., force-free vs. non-force-free configurations, as well as varying shear layer thicknesses.

Results. Our simulated jets show that when thermal energy is comparable to or exceeds magnetic energy, thermal acceleration
becomes significant at parsec scales. This result has important consequences, potentially extending the acceleration region far beyond
the collimation scales, as thermal acceleration can effectively operate within a conically expanding jet. In all the models, we observe
acceleration to be driven by expansion, as expected. A number of our models allow us to reproduce the acceleration and opening
angles observed in NGC 315. Finally, our results indicate that disk-launched winds might play an important role in the jet propagation.
Namely, when the jet has an initial force-free magnetic field configuration, thicker shear layers are needed to shield the internal spine

©ESO 2023

from the action of the external medium, delaying the growth of instabilities.

Key words. magnetohydrodynamics (MHD) — relativistic processes — methods: numerical — galaxies: jets — galaxies: active

1. Introduction

Active galactic nuclei (AGN) power relativistic outflows that
propagate up to hundreds and even thousands of kiloparsecs
(Begelman et al. 1984; Blandford et al. 2019). A fundamental
ingredient for their capacity to extend through nine orders of
magnitude in distance is their inertia (e.g., Perucho 2019, and
references therein), achieved by means of the investment of en-
ergy into the acceleration of the flow to relativistic velocities.
The mechanisms behind the establishment of such outflows have
been largely studied in the past years, and substantial progress
has been made (e.g., Vlahakis & Konigl 2004; Komissarov et al.
2007). However, such studies have focused on the assumption
that acceleration is, in essence, magnetically driven, ignoring
thermal acceleration.

The crucial region in which this process can be explored
in the jet is the so-called acceleration and collimation region.
There, jets collimate evolving from a parabolic geometry (i.e.,
roc 2793 where z is the radial distance from the core and r is the

jet radius), to a conical one (r o z™!), and accelerate up to high
relativistic velocities along the same distance (see e.g., Boccardi
et al. 2017, and references therein). Therefore, in cold jets, the
nature of the collimation and acceleration phenomena seems to
be strictly correlated. The current common view of this process
suggests that equipartition between magnetic field and particle
energy is reached (Nokhrina et al. 2019, 2020) by the end of
the acceleration region, and that external conditions, such as the
crossing of the Bondi radius (Kovalev et al. 2020), may play a
relevant role in shaping the jet expansion profile. It is often con-
sidered that equipartition refers to an equilibrium between mag-
netic and kinetic energy densities in the jet but, from synchrotron
radiative output, only the equipartition between magnetic and in-
ternal energies can be inferred. It is therefore plausible that even
though magnetic and internal energy are in or close to equiparti-
tion at the end of the acceleration region, it is the kinetic energy
that dominates jet dynamics from that point on.
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Jets in Fanaroff-Riley I (FR I; Fanaroff & Riley 1974) ra-
dio galaxies, which are used as example of this study, are ex-
pected to reach maximum Lorentz factors of yna.x ~ 10, as seen
from statistical studies of BL. Lac objects, their blazar counter-
part (Hovatta et al. 2009). As mentioned above, acceleration can
be related to two main possible sources of energy (see, e.g.,
Komissarov 2012): i) thermal energy via the Bernoulli mecha-
nism, or ii) magnetic energy via differential collimation mech-
anism. The former allows the jet to reach a maximum Lorentz
factor ymax = y[1 +4¢e/ (3¢?)], where ¢ is the jet specific internal
energy at injection and v is the initial Lorentz factor, whereas for
the latter ymax = y[1 + B?/(4npc?)] where B and p are, respec-
tively, the jet magnetic field and rest-mass density.

The current paradigm of magnetic jet acceleration relies on
the theoretical work of Vlahakis & Konigl (2003a,b, 2004). The
authors suggest that thermal acceleration would be relevant only
at very compact scales, and magnetic acceleration would take
over and prolong the accelerating process up to parsec scales.
Magnetic acceleration was further studied by Komissarov et al.
(2007), who showed how the conversion of magnetic energy is
a viable way to accelerate the bulk flow by means of numerical
simulations. A relevant aspect revealed by these works is that
magnetic acceleration does not occur when the outflow is fol-
lowing a conical expansion, but it becomes effective when the jet
expands following a parabolic law. In this process, the toroidal
field acts not only as a collimating agent, but also as the main
driver of jet bulk acceleration. The basic theory behind this pro-
cess is summarized in Komissarov (2012).

However, this view is founded on a more fundamental as-
sumption that the jet internal energy is rather small as compared
to the total jet energy flux. Vlahakis & Konigl (2004) used classi-
cal expressions to derive this conclusion, which implicitly means
that the rest-mass energy of the particles is significantly larger
than their internal energy. It is nevertheless unclear that jet ther-
modynamics can be dealt without considering their relativistic
nature (see, e.g., Perucho et al. 2017). On the one hand, jets can
be thermodynamically relativistic (i.e., & > c2). On the other
hand, strong jet expansion is prevented by either the ambient
pressure or the magnetic tension provided by a toroidal field,
which can keep the jet plasma at relativistic internal energies,
avoiding its cooling to & < ¢?. This is, at least, observed in
numerical simulations (e.g., Marti et al. 2016; Moya-Torregrosa
et al. 2021; Anglés-Castillo et al. 2021). As a consequence, in-
ternal energy could still be relevant for the overall process of
jet acceleration up to parsec scales. Thermal acceleration (to-
gether with magnetic acceleration) in jets is suggested in Lopez-
Miralles et al. (2022) for the case of outflows from high-mass
X-ray binaries. In this paper, we relax the assumption of cold
jets and explore the different roles that both accelerating mecha-
nisms can play.

As initial template for the physical conditions, we use the ra-
dio galaxy NGC 315 as prototype. NGC 315 is a nearby (z =
0.0165, Trager et al. 2000), giant FR I (e.g., Laing et al. 2006)
radio galaxy whose acceleration and collimation properties have
been extensively studied by employing very long baseline inter-
ferometry (VLBI) observations. Such observations showed the
jet in NGC 315 to accelerate up to v ~ (0.8 — 0.9) ¢, and to col-
limate on similar scales, with the highest Lorentz factor y ~ 4
reached at ~ 2 pc (Boccardi et al. 2021; Park et al. 2021; Ricci
et al. 2022). Other physical properties such as the magnetic field
strength, the jet power and the jet width have been estimated
(Boccardi et al. 2021; Ricci et al. 2022) and are also used as ini-
tial conditions in our models. The complete characterization of
the jet at injection would require initial values for density and
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pressure. However, they are unknown and we use them as free
parameters that allow us to vary the jet configuration and domi-
nant energy channel at the boundary condition of our numerical
simulations at the initial state.

The goal of this paper is twofold: while exploring the ac-
celeration in different types of jets, i.e., hot and cold, and the
interplay between the separate energy channels along the prop-
agation, we aim at reproducing the final part of the acceleration
in NGC315 and at testing whether the inferred physical prop-
erties on sub-parsec scales allow for the jet to remain stable on
parsec scales and accelerate up to y ~ 4. To achieve the goal of
our work, we investigate a large number of setups using the 2D
relativistic magnetohydrodinamical (RHMD) code presented in
Marti (2015b); Marti et al. (2016).

The paper is structured as follows. In Sect. 2 we describe the
numerical setup; in Sect. 3 we present our results; in Sect. 4 we
discuss them and in Sect. 5 we draw our conclusions.

2. Numerical simulations
2.1. Numerical methods

The simulations presented in this paper are performed using the
conservative, 2D axisymmetric RMHD code presented in Marti
(2015b). While for an in-depth study on the jet propagation, a
3D approach could allow us to study the phenomenon with fewer
assumptions (allowing for example to explore the effects of the
development of helical modes, see, e.g., Lopez-Miralles et al.
2022), we consider the 2D axisymmetric approach well suited
for our goals. Indeed, jet acceleration is connected with jet ex-
pansion, which is an axisymmetric process. Furthermore, a 2D
grid allows to test a large number of models due to the lower
computational resources required.

Regarding the effects of our assumption on jet stability, the
instability modes that we observe are mostly associated with
small-scale structures (see Sect. 3). In the long term, the oscil-
lation of the jet outer radius could trigger the development of
pinching modes, which are, in general, not disruptive for rela-
tivistic flows (e.g., Perucho et al. 2005). Moreover, the dynamics
of the simulated jets at injection is completely dominated by ex-
pansion and, in such a situation, the growth of instability modes
is negligible (Hardee 1986).

In our code, we employ a second-order Godunov-type
scheme with the HLL Riemann solver (Harten et al. 1983)
and the piecewise linear method (PLM) for cell reconstruction,
where the VanLeer slope limiter preserves monotonicity (van
Leer 1974; Mignone & Bodo 2006). The limiter is degraded
to MinMod(Roe 1986) when strong shocks are detected in or-
der to avoid numerical oscillations. Time integration follows the
third-order TVD-preserving Runge-Kutta scheme of Shu & Os-
her (1989) with CFL = 0.2. The relativistic correction algorithm
CA2 of Marti (2015a) is used to correct the conserved variables
after each time iteration. The magnetic field divergence-free con-
straint is preserved with the constrained transport (CT) method
(Balsara & Spicer 1999).

2.2. Model assumptions and transversal equilibrium

We study the acceleration problem by means of the ideal RMHD
equations, to which we impose axisymmetry. We describe the
system using cylindrical coordinates (7,¢,z) where r, ¢ and z are
the radial, azimuthal and axial coordinates. Axisymmetry allows
us to drop the dependence on the azimuthal cylindrical coordi-
nate in the RMHD equations. We assume both the jet and ambi-
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ent plasma to be perfect gas with a constant adiabatic index of
I' = 4/3. Taking into account that the ambient medium is used
as a passive element in the simulations and that the jet plasma is
hot, we consider this approach sufficient for our purposes.

The code evolves the rest-mass, momentum and total energy
densities, and the magnetic field in a conservative way. Besides
this, and in order to minimize the perturbation of the flow, the jet
is injected in conditions of transversal equilibrium. As a conse-
quence, the radial components of the magnetic field and the flow
velocity, B"(r), v'(r), at injection are set to zero, and the equi-
librium solutions are characterized by six functions, namely the
density and pressure, p(r), p(r), and the two remaining compo-
nents of the flow velocity, v%(r), v*(r), and of the magnetic field,
B%(r), BX(r).

In what follows, all the quantities will be expressed in code
units, in which the initial jet radius, r;, the ambient density at the
jet base, p,, and the speed of light, c, are equal to 1 (and a factor
1/ V4n is absorbed in the definition of the magnetic field).

The transversal equilibrium condition is given by a single
ordinary differential equation (see e.g., Marti 2015b):

dp* _ ph'yA (W)~ ()
dr r ’

ey

in which, y = 1/+/1 = viv; (i = r, ¢, z, and summation over re-
peated indices is assumed) is the Lorentz factor, p* and h* are the
total (gas and magnetic) pressure and total specific enthalpy of
the jet, namely p* = p+b*/2and h* = 1 +&+ p/p+b*/p. In the
previous expressions, b = b'b, (u = t,r,¢,z), where b* is the
magnetic field four-vector in the fluid rest frame. Its components
are defined as b° = yB'v; and b’ = B!/ + b which leads to
2

B .
b = o + (B'v)?. 2)

Moreover, we assume constant initial density and axial ve-
locity across the jet, and a non-rotating jet model

,Oj, OSVSI
= 3
p(r) {1’ o 3)
vy, 0<r<i1
VA — ]’ - - 4
v {0, r>1, @)

and v?(r) = 0. With these definitions and the corresponding pro-
files for the azimuthal and axial components of the magnetic
field, B*(r), B“(r), Eq. 1 gives the equilibrium pressure profile
of the jet at injection.

2.3. Physical model

In code units, the total jet power is given by

Lj=r|phy} + (B |0 5)
The specific enthalpy is defined as:
hj=1+8j+pj/pj (6)

with pressure, density and specific internal energy related
through an ideal gas equation of state, ; = p;/[p;(I'—1)], where
I is the corresponding adiabatic index.

The different energy flux channels that account for the total
jet power (Eq. 5) are computed as follows:

— Magnetic: Fy = (Bf)zv? ;
— Internal: Fy = pj)/?v?(hj -1);
— Kinetic: Fx =p j)/?uj .

In addition, we compute the total rest mass energy as Fr =
pjyjvs. As far as the magnetic field configuration is concerned,
we use two different approaches: the non-force-free configura-
tion, as defined in Marti (2015b), and the force-free configura-
tion as defined in Moya-Torregrosa et al. (2021). The two models
are described in Sect. 2.3.1 and in Sect. 2.3.2, respectively.

We note that the transition of the initial magnetic field
and pressure profiles at the jet/ambient medium interface is
smoothed out by convolving the original profiles with a con-
tinuous function mimicking a shear layer. In this way, we avoid
discontinuities and abrupt changes in our initial conditions, mak-
ing them more stable. As shear layer, we consider the function
f(r) = 1/cosh(¥™) (Bodo et al. 1994; Perucho et al. 2004), in
which m = 2,4, and 8 with m = 8 being the value used the most
in our models.

Since our simulations are axisymmetric, we assume reflect-
ing boundary conditions (b.c.) on the axis (r = 0), while we
assume zero gradient b.c. at large values of the radial coordinate.
Along the z direction, we use inflow/outflow b.c. at the inner
boundary, for the jet and the ambient medium, respectively, and
outflow b.c. through the outer one.

In this study, we do not take into account the effects associ-
ated with resistivity and, consequently, magnetic reconnection.
Although the length scales at which reconnection occurs are ex-
pected to be significantly smaller than those addressed in this
work, its impact might still be relevant. In particular, the con-
version of magnetic energy into thermal energy may elevate the
pressure within the jet, increasing its internal energy budget.
This effect could potentially manifest on larger scales when an
important fraction of magnetic energy across the jet is involved,
potentially altering the physical characteristics of the bulk flow
and enhancing the role of thermal acceleration, due to the in-
creased internal energy. Although investigating the role of resis-
tivity and magnetic reconnection would be of great interest (see
e.g. Medina-Torrejon et al. 2021; Mattia et al. 2023), it is beyond
the scope of this work.

2.3.1. Non-force-free configuration

In the non-force free configuration, the azimuthal magnetic field
component is expressed as (Marti 2015b):

in which B¢m is the maximum toroidal field strength reached

at the distance R, = 0.37. In this configuration, the azimuthal
magnetic field grows linearly in the region r < Ry,, reaches its
maximum at r = Ry, and then decreases as o 7~ when r > Ry,
as shown in the upper left panel of Fig. 1. The axial component
is assumed to be constant across the jet radius,

B, 0<r<l1
Bn={7 "='% 7
) {0, r> 1. ™

Therefore, the mean'

within the jet is:

azimuthal magnetic field component

- 1
B? = 4p? Rm[l - Rmatan(—)]
J jm R

m

®)

while the axial one is simply E? = B;.

! The mean quantities are computed as §; = fol q(r)r dr/ folrdr.
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Fig. 1. Initial profiles along the radial distance in the different magnetic field configurations. We use the representative values of B¢ = 0.24,
R, =037,v; = 0.8, p, = 0.01, and B* = 0.05 (for the non-force free configuration) in code units. Upper panels: non-force-free configuration.
Lower panel: force-free configurations. Left panels: Magnetic field distribution of the azimuthal (blue line) and axial (green line) components.
Right panels: profile distribution of the gas pressure (blue line), magnetic pressure (green line), and total pressure (black line). The dotted black
line indicates the shear layer with m = 8 normalized at the higher value in the plot for an easier representation.

By solving Eq. 1 with these magnetic field components, we
obtain a gas pressure profile expressed as

2

b
Bj,m
+C, 0<r<li

of—m
p(r) = [7’;’(1 +(r/Rin)?)

€))

Pas r>1.

in which the integration constant can be computed using the
boundary condition at the jet/ambient medium interface p*(r =
1) = p,, leading to

(B)* (B))?

= Pa — >

2 2y;
¢
1

[1+ Rw)] (10)

(in this expression, BY = B?(r = 1)). The mean gas pressure is
Dj= Pa— (Bi.)2 /2 and the magnetic pressure p,, = E?/ 2. Fiducial
magnetic and thermal pressure profiles are shown in the lower
left panel of Fig. 1.
The magnetic tension (1, = —(b%)?/r, see, e.g., Marti et al.
2016; Moya-Torregrosa et al. 2021) is:
“
4(BJ.’m)2 r
YRy (U4 (/RapP
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Tm(r) ==

2.3.2. Force-free configuration

In the force-free configuration, the azimuthal magnetic field
component has the same profile as in the non-force-free con-
figuration, while the axial component becomes:

b
2Bj,m/’y]

1+ (r/Rn)?’
0, r>1.

<r<l1

B*(r) = 12)

The axial magnetic field has its maximum at the jet center and
decreases towards the outer radius as o r~2. Its mean value is:

_ 2B,R:
pr= " [ln(an +1) - ln(an)] .

(13)

In this configuration, the gas pressure is constant in the jet,
with p(r) = p; = p,, 0 < r < 1, and the pressure equilibrium is
achieved by compensating the magnetic tension produced by the
toroidal component of the field (see Eq. 11) with the magnetic
pressure produced by the axial one.

The advantage of this magnetic configuration is that the gas
pressure becomes independent from the jet magnetization, al-
lowing the field to increase without generating non-physical,
negative thermal pressures at the jet/ambient boundary (Moya-
Torregrosa et al. 2021). This configuration is thus necessary to
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Table 1. Initial conditions of the simulated models.

Model Pj Pj B ¢B U, Mms Fj
code [(pa] | [pal | [G] | [deg] | [c] [10¥erg/s]

FMHI 1.0 | 001 | 042 70.7 | 0.87 | .12 43
FMH1_m4 1.0 0.01 042 | 70.7 | 0.87 | 1.12 4.8
FIH2 2.0 0.01 046 | 689 | 0.84 | 1.05 5.6
FIH3 3.0 | 001 | 049 | 673 | 081 | 1.01 6.1
FIH4 4.0 0.01 0.52 | 664 | 0.79 | 1.00 6.7
FMHI1b 1.0 0.01 0.59 | 744 | 0.92 | 1.00 12.7
FMHI.3 | 1.3 | 0.05 | 055 | 67.8 | 0.82 | 1.00 6.3
FKS1 1.0 0.1 0.39 | 61.3 | 0.64 | 1.00 2.54
FML1 1.0 | 0.001 | 0.56 | 753 | 093 | 1.01 12.5
FMHIc | 1.0 | 001 | 0.68 | 753 | 093 | 1.00 17.8
FIH3b 3.0 0.01 0.13 | 60.6 | 0.61 | 1.04 1.6
FMHO0.3 0.3 0.05 | 0.66 | 72.7 | 090 | 1.03 12.4
NIH4 4.0 0.01 0.29 | 899 | 0.70 | 1.06 3.6
NIH1 1.0 0.01 0.22 | 88.2 | 0.75 | 1.09 1.6

Notes. Column 1: model names; Column 2: initial jet thermal overpressure factor; Column 3: initial jet density with respect to the
ambient one; Column 4: initial magnetic field strength in G; Column 5: initial magnetic pitch angle; Column 6: initial axial
velocity; Column 7: average initial Magnetosonic number; Column 8: total jet flux in units of 10¥erg/s.

The model names obey the following logic. i) The first letter is for the magnetic field configuration: F for force-free and N for
non-force-free. ii) The second letter is for the dominant energy channel: M for magnetic, I for internal, and K for kinetic. iii) The
third letter is for the jet density: S for p; > 0.1 p,, H for 0.01 p, < p; < 0.1 p,, and L for p; < 0.01 p,,. iv) The last number is the
same as the jet thermal overpressure factor at injection. In the case of two models with the same nomenclature, we add a letter in
progressively alphabetical order at the end of the name. Models with _m4 have the shear layer exponent set to m = 4 while for all
the other models the exponent is m = 8.

Table 2. Modeled, simulated, and final jet flux ratios for the different energy channels. The differences between them are due to the convolution of
the initial profiles with the shear layer. The final values are the different ratios in the row of the last cells.

Model [ Fi/F; | Fi/Fy | Fi /F; | Fi/F; || Fy/F; | Fx/Fy | Fy,/F; | Fy/F; || FLjE; | FL/FL T FLJF; [ FI/F;
code [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] (%) [%]
FMHI 9.03 | 4931 | 5486 | 36.11 || 2433 | 6547 | 47.92 | 27.75 || 35.19 | 4495 | 3692 | 27.89

FMHI_m4 | 9.03 | 49.31 | 54.86 | 36.11 || 33.10 | 67.27 | 43.40 | 2350 || 47.53 | 5256 | 34.56 | 17.91
FIH2 6.11 | 5426 | 44.99 | 4890 || 18.97 | 68.99 | 41.01 | 40.02 || 3498 | 3841 | 36.71 | 2831
FIH3 463 | 58.64 | 39.81 | 5556 || 15.83 | 72.04 | 36.94 | 47.23 || 31.66 | 3648 | 3575 | 32.59
FIH4 379 | 6131 | 35.60 | 60.61 || 13.72 | 73.81 | 33.55 | 52.73 || 30.84 | 33.17 | 29.88 | 39.28

FMHIb | 573 | 39.19 | 71.33 | 22.94 || 1353 | 56.65 | 68.31 | 18.16 || 25.92 | 30.17 | 60.96 | 13.12
FMHL.3 | 23.99 | 57.24 | 51.06 | 24.95 || 3150 | 65.62 | 47.49 | 21.01 || 51.58 | 42.62 | 3529 | 13.13
FKS1 5178 | 76.84 | 27.51 | 20.71 || 57.98 | 81.25 | 2458 | 1744 || 7648 | 6839 | 1510 | 8.42
FMLI1 0.66 | 3676 | 72.74 | 26.60 || 10.20 | 60.76 | 69.15 | 20.65 || 19.88 | 30.58 | 62.64 | 17.48
FMHIc | 4.68 | 3676 | 7658 | 18.74 || 10.69 | 5431 | 7438 | 1493 | 22.62 | 24.82 | 66.81 | 10.57
FIH3b 734 | 7924 | 461 | 88.05 || 27.92 | 87.02 | 3.82 | 68.26 || 47.86 | 5533 | 3.96 | 48.18
FMHO0.3 | 23.16 | 43.59 | 71.28 | 5.56 || 26.82 | 5322 | 68.38 | 4.80 || 46.36 | 3243 | 4773 | 591
NIH4 463 | 7141 | 2126 | 7411 || 1741 | 81.48 | 1896 | 63.63 || 29.79 | 46.76 | 1455 | 55.66
NIHI 13.11 | 66.14 | 3444 | 5245 || 36.57 | 78.81 | 24.74 | 38.69 || 46.75 | 60.08 | 16.86 | 36.39

Notes. Column 1: model names; Column 2: modeled kinetic flux ratio; Column 3: modeled rest mass flux over modeled kinetic
flux ratio; Column 4: modeled magnetic flux ratio; Column 5: modeled thermal flux ratio; Column 6: simulated kinetic flux ratio;
Column 7: simulated rest mass flux over simulated kinetic flux; Column 8: simulated magnetic flux ratio; Column 9: simulated
thermal flux ratio. Column 10: final kinetic flux ratio; Column 11: final rest mass flux over final kinetic flux; Column 12: final
magnetic flux ratio; Column 13: final thermal flux ratio.

simulate models of highly magnetized jets in pressure equilib-
rium. The resulting initial radial magnetic field and pressure pro-

files are shown in the bottom panels of Fig. 1.

2.4. Jet and ambient parameters

With the aim to study jet acceleration from sub-relativistic to rel-
ativistic outflow velocities, we inject the jets with the lowest pos-
sible axial velocity. The injection of low velocity, highly magne-
tized flows makes them submagnetosonic, which allows waves
to propagate upstream and generate inconsistencies between the
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Fig. 2. Expected magnetic field distribution between 0.1 pc and 3 pc.
The upper and lower magnetic field limits are extrapolated from the
core shift measurement under the different assumption (for the details
see Ricci et al. 2022). The black vertical line highlights the starting point
of z; = 0.3 pc of our simulations, while the horizontal dashed lines are
the expected range of magnetic field at z;.

jetin the grid and its injection boundary condition. In particular,
the axial magnetic field is changed and a jump appears between
the boundary and the first cell in the grid, which represents an
unphysical situation.

To overcome this problem, the initial jet velocity v* was ad-
justed in the different models to result in magnetosonic Mach
numbers of at least 1. While this approach prevents us from ex-
ploring the acceleration starting from sub-relativistic velocities,
it still allows us to achieve our main goal, which is understand-
ing the role played by internal and magnetic energy fluxes in
accelerating jets. Specifically, FR I jets can reach velocities up
to y ~ 10 (e.g., Hovatta et al. 2009) at parsec scales, and from
our injection velocities, which imply y ~ 1 — 2, we can explore
the increase from mildly relativistic to relativistic speeds for dif-
ferent types of jets, i.e., magnetically, internally or kinetically
dominated, and the velocity structures that they generate.

Using our information on NGC 315 as starting point, we de-
sign our grids to simulate outflows along the z-coordinate at
z; = 0.3 pc, since this corresponds to a distance at which the
jet has already velocities in the range vj ~03ctov’ ~0.8¢,de-
pending on the frequencies and epochs considered (see Fig. 3,
Ricci et al. 2022). The grid extends up to z, = 3.3 pc, covering
a distance that is large enough to let us explore the acceleration
phenomenon from sub-parsec to parsec scales. In the radial di-
rection, the grid extends from r; = 0 up to r, = 0.9 pc, with an
initial jet radius of r; = 0.03 pc (see Fig. 3, Boccardi et al. 2021).
Taking into account that jets are built with large overpressure
factors (see below), this radial size of the grid is large enough to
allow for jet expansion. With our choice of the initial jet radius,
our numerical domain consists of a grid of 30r; x 1007; with
n, X n, = 600 x 2000 cells.

To determine the initial magnetic field we refer to Fig. 2,
which highlights the possible magnetic field values, in our re-
gion of interest, extracted from the results published in Ricci
et al. (2022). According to the different models and different
magnetic field evolution, the initial total strength is allowed to
span between B = 0.02G and B = 0.7 G. The magnetic field
structure considered in this paper ranges from helical in the
force-free configurations (with the mean pitch angle defined as
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Fig. 3. Absolute value of radial velocity for the model FMH1_m4. The
white contours highlight the tracer values at levels of 0.2, 0.4, 0.6, and
0.8 (the tracer levels are in decreasing order, i.e., from 0.8 to 0.2, from
left to right). Outside of the jet structure delineated by the shear layer
(white contours), the velocity is smaller than 0.01 everywhere in the
grid, meaning that this can be considered a steady solution.

¢s, = tan’l(Bf /B?)), to a dominating toroidal field in the non-
force-free configurations.

The numerical grid is initially filled with a jet with the in-
jected properties (see Table 1) in the region (r,z) € [0, 17;] X
[0,100r;] and an ambient medium that occupies the rest of it.
The initial jet overpressure forces its expansion into this ambi-
ent medium, which we let evolve until an equilibrium, steady
solution is reached. The description of the criteria by which we
decide when equilibrium has been reached are described in Sect.
3.1.

By establishing a jet across the whole grid, we avoid jet in-
jection and the generation of a bow shock that would arise from
the interaction of the newly ejected jet with the external medium,
while focusing on jet physics alone.

We assume jets with kinetic power in the range L; ~ 10% —
10% ergs™!, in accordance with the estimate given by Morganti
et al. (2009); Ricci et al. (2022) for NGC 315. To build the re-
quired jet powers, we distribute the energy among the differ-
ent channels (see Section 2.3). Regarding the external medium,
we refer to the X-ray Chandra observations for the environ-
ment surrounding NGC 315. The measurements for the galactic
core region, i.e., the inner 0.3 kpc, give pressure and density of
po = 45x107"%dyncm™ and py = 0.46 x 107> gcm™, re-
spectively (Worrall et al. 2007). However, jet configuration for
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the aforementioned powers requires pressures that can be six to
eight orders of magnitude over these values.

While this raises questions about jet equilibrium and colli-
mation at these scales, it is well possible that the jet is indeed
strongly overpressured with respect to its environment, but that
this extreme overpressure has been slowly achieved with time. It
is relevant to recall that when formed and injected for the first
time, jets are surrounded by their own shocked plasma, which
is probably overpressured with respect to the jet itself. As it ex-
pands, the pressure around the jet falls gradually (see, e.g. Peru-
cho et al. 2014; Perucho 2019; Perucho et al. 2022) and the jet
keeps its collimation due to its own velocity, which limits open-
ing angles to ~ 1/y. In conclusion, in the case of evolved jets
(like those in radio galaxies) one could expect free expansion
with large opening angles while the jet accelerates, asymptoti-
cally reaching ~ 1/y. This is in agreement with the transition
from parabolic to conical jet expansion, precisely in the acceler-
ation region.

Unfortunately, in our case, we cannot let the jet to adapt to
such extreme conditions in a gradual way, and we establish the
overpressure since the beginning of our runs. Furthermore, such
large overpressure causes the code to crash as the jet violently
expands into the ambient medium. However, since we only need
the jet to freely expand, it is enough to give the ambient medium
a pressure that allows this, even if the simulated ambient pres-
sure is much higher than that estimated by Chandra. Therefore,
we assume arbitrarily initial high pressure and density, with val-
ues of p, = 1.0 x 10> dyncm™ and p, = 1.67 x 10722 gcm™3,
respectively. This medium is set as isothermal, and the pres-
sure (and density) are given a gradient in the z direction to fall
with distance as o« z~!. In this way, at injection the jet over-
pressure factor spans from 1 (i.e., jet in thermal pressure equi-
librium with the environment) to 4 and reaches values up to
10? at the end of the grid. The initial jet density spans between
p;=167x107% - 1.67x 1073 gem™.

Jet pressure and density, together with the magnetic field
strength, are modified from model to model in order to explore
a variety of initial jet conditions, from highly magnetized, cold
jets (with a magnetic energy flux F),, representing ~ 75% of
the total) to hot jets (with an internal energy flux, F, represent-
ing ~ 88% of the total). The parameters that determine each of
the simulated models are given in Table 1. The model names
are given using the following code: the first letter represents the
magnetic field configuration, with F for force-free and N for non-
force free, the second letter stands for the type of jet, i.e. mag-
netic (M), internal (I) or kinetic (K) energy dominated, the third
letter gives the code for the jet density, with S for p; > 0.1 p,,
H for 0.01p, < p; < 0.1p,, and L for p; < 0.01 p,, while the
last numbers refer to the jet thermal overpressure factor at injec-
tion. When two different models are expected to have the same
nomenclature, we add at the end of the name a letter in progres-
sively alphabetical order (e.g. FMH1b, FMHIc). Models with
_m4 have the shear layer exponent set to m = 4, i.e., a wider
(thicker) shear layer, while for all the other models the exponent
issettom = 8.

Table 2 displays the ratio of the different flux channels over
the total one (index i) as derived from the jet parameters, to-
gether with the simulated ones, which are convolved to the shear
layer (index s), and final ones computed at the final row of cells
at 3.3 pc (index f). In Appendix A, we discuss the reason and
implications in the initial radial profile of the fluxes within the
jet, considering their convolution with the shear layer.

3. Results
3.1. From initial conditions to equilibrium

The simulation setup consists of a jet that extends the injection
conditions along the numerical grid with constant radius » = r;,
with a parameter smoothing function out towards the ambient
medium, i.e., a shear layer, as described in Sect. 2.4. The jet
structure is computed considering pressure equilibrium with its
environment.

Jets immediately start their expansion into the under-
pressured ambient, transferring energy via radial propagating
waves. These waves accelerate the ambient medium in the ra-
dial direction. As a consequence, some material is pushed out
of the grid, slightly changing the conditions in the ambient. We
have run tests with an extended grid to check the influence that
this loss may have and found that the jet is unaffected, probably
due to the large jet overpressure, which does not change signifi-
cantly. For proofs in support of this and for a proper description
of the pressure wave and its evolution, see Appendix B.

We run the simulations for the necessary amount of time for
the jets to reach equilibrium after the expansion is completed. To
determine when the steady solution is reached we use the radial
velocity as the indicator. Specifically, we consider equilibrium to
have been reached in a certain model when |[v"| < 0.01 all over
the grid, with the exception of jet expansion/recollimation asso-
ciated with the achieved equilibrium configuration. An example
of this is shown in Fig. 3 for model FMH1_m4. In the figure, the
white contours highlight the levels of the tracer, i.e., the jet mass
fraction. In this case, outside of the jet, the grid shows radial
velocities lower than 0.01 everywhere.

Figure 4 shows an example of radial equilibrium profiles at
different locations along the jet and for different resolutions, for
model FMH1. We show the radial distribution of different phys-
ical quantities at + = 0 and at the final step, at three different
distances, injection (cell 1), half grid (cell n,/2), and z = Zp,x
(cell n,). The figure shows three sets of panels for the results at
three different numerical resolutions: the upper set shows the re-
sults for a simulation with 10 cells/r;, the middle set shows the
case with 20 cells/r;, while the bottom set shows the case with
40 cells/r;. For the latter case we show only the initial and fi-
nal cell profiles, since we used a smaller grid of [307; X 30 ;]
for computational time reasons. The bottom right plot of the
10 cells/r; case shows a change of the axial field at injection,
which implies a discontinuity with respect to the boundary con-
dition. This problem, caused by numerical diffusion, disappears
at 20 and also at 40 cells/r;. Having found convergence between
our results at 20 cells/r;, we adopt this resolution for all our sim-
ulations. In Appendix C we show further proofs in support of
this choice.

The plots show how the initial condition is preserved at in-
jection, but the jet expands significantly, becoming much wider
along the grid. These plots also show an increase in axial veloc-
ity, which appears to be displaced from the axis. We will discuss
this result in the next Section.

3.2. Jet acceleration and expansion profiles

Figures 5 and 6 show the results obtained for all the differ-
ent models. A clear relation between jet velocity profile and
its intrinsic properties is inferred: jets developing strong inter-
nal shocks -Mach disks- present stronger acceleration in their
outer, expanding layers, whereas those developing milder, con-
ical shocks present a fast spine. Pressure maps (Fig. 6) show

Article number, page 7 of 25



A&A proofs: manuscript no. main

: 100 10-1
1o ——-t=8,z=l2 -—-t=0,z=1
=== t=0,2z=n —=-t=0,2=n,2
0.8 —— t=0z=n, 10-t i 10 cells/r; itz o 2= ,,;l
— t=final,z=1 = H 'G'lo—lk,.‘ — t=final,z=1
— t=final, z=n,2 2 :. ______ ] \ — t=final, z=n,2
5 0.6 — t=final, z=n, 5 10-2 5 1 — t=final,z=n,
£ E 1 3 H
0.4 =) S10-3 1
10 cells/r 21073 - Mz/2 510 H
j ), z2=n; =
0.2 —_— inal, z=1
. 4 — t = final, z = n,/2
10 —— t=final,z=n, 4
0.0 10
0 2 4 6 8 10 12 0 2 4 6 8 10 12
) rin
10 -—-t=0,z=1 061 1y ---t=0,z=1 0'6‘
08 ey 05 e 057}
— t=final,z=1 o —— t=final,z= w 1
06 — t=final z = n,2 £o4 — t=final, 2= £0410
E . — t=final, z=n, 3 — t = fina = 303
0.4 503 -
10 cells/r; go.z % 0-2
2
0 o o k
A
0.0 0.0 0.0
0 2 4 6 8 10 12 0 1 2 3 4 5 0 1 2 3 4 5
rinl rin) ri
] 100
10 t=0,2 1071 =1 5
08 t=92 101 p 20 cells/r; s
t=final,z=1 w 1 s l,z=1
— t=final z = n,2 R £107? inal, z = /2
50.6 —— t=final, 2= n, 51072 vmmm e LN - S ‘l — t=final,z=n,
g 2 ey 3 i
=04 S 1072 Sl S 103 20 cells/r;
20 cells/r, = ———t=0z=n =
J a t= ? ZI— nz a
- — t=final,z=1
02 107 — t=final, 2 = n,2
— t=final,z=n, 1074
0.0 10-5
6 3 7 & 5 1 1 0o 2 4 6 8 10 12 0
r ] rin]
1.0
==+ t=0,z=1 0.6 -=-t=0,z=1 t=0,z=1
-=- t=0,2=n,2 == t=0,2=n,2 0.6 t=0,z=n,2
0.8 -=-t=0,z=n, .05 -=-t=0,z=n, _ t=0,z=n,
— t=final,z=1 yu) — t=final,z= ) t=final,z=1
0.6 — t=final, z = n,/2 0.4 — t=final,z=n,2 c t = final, z = n,/2
vl —— t=final,z=n, 2 —— t=final,z=n, 504 t = final, z = n,
K 503 ]
0.4 8 &
20 cells/r; 02 20 cells/r; T 0.2 20 cells/r;
0.2 @ @
0.1
0.0 0.0 0.0
0 2 4 6 8 10 12 0 1 2 3 4 5 0 1 2 3 4 5
rnl rinl rinl
0
t=0,z=1 10 10-1 -=-t=0,z=1
t=0,z=n, ——-§=?,z|=n11
t=final,z=1 _ . — t=final,z=
t = final, z = n, z 107 ) 40 cells/r; 7 — t=final.z=n,
2 2
C ] Ve - =4
=] =]
210 2
S S
40 cells/r; = ---t=0,z=1 a
1073 -=-t=0,z=n,
— t=final,z=1
—— t=final,z=n,
107
8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
rr] rinl
10 0.6 t=0 1 t=0 1
—_———t= = . -—-t=0,z= ——-t=0,z=
0.8 — t=final,z=1 —0.5 — t=final,z=1 — — t=final,z=1
— t=final,z=n, 2 —— t=final,z=n, ] — t=final,z=n,
_ 06 504 5 0.4
O
< 303 3
0.4 S 40 cells/r;
40 cells/r; 0.2 =02 i
Q @
0.2 \
0.1 \
0.0
0.0 0.0
0 2 4 6 8 10 12 0 1 2 3 4 5 0 1 2 3 4 5

rrl

rinl

rinl
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our simulations.
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that the strong discontinuities observed in several models such
as FMHI, FIH4, and FIH3b, are caused by the generation of a
Mach disk in the jet. The Mach disk formation is driven by the
strong expansion, due to the large angles formed by the shock
waves with the jet axis (see, e.g., Marti et al. 2018, and refer-
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ences therein). In general, the main difference between the jets
showing acceleration at the outer layers and those showing spine
acceleration is their force-free versus non-force-free nature, or
magnetically versus internal energy dominated.
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upper panels show the entire grid, while in the bottom ones we show a zoom-in in the 0.3-0.9 pc region. The modulus of the gradient of the
rest-mass density highlights the location of steep sound waves and shock waves. The black squares highlight the triple point associated with the
incident/reflected/Mach shocks in the jet-ambient transition surface (for details, see Sect. 4.3). In the bottom panels, the contours represent the
tracer at the level f = 0.9, showing the transition between the inner jet and the shear layer.

However, we observe that an increase in the width of the
shear layer (FMH1_m4 vs. FMHI models) can completely
change the jet acceleration pattern obtained. In the case of FMH1
(top, left panel), the jet expands until the point at which the
extension of the planar shock wave at the center of the jet
reaches its surface. Beyond this point, we observe a mild ex-
pansion/recollimation process. Downstream, in the region that is
unaffected by the Mach disk, the jet develops instability patterns
and locally dissipates some of the gained kinetic energy, which
explains why the internal energy flux at the end of the grid is

larger than at ~ 0.5 pc (see Sect. 4.3 for the discussion on this ef-
fect). In FMH1_m4 (top, second panel from the left), on the con-
trary, a Mach disk is not formed and the acceleration of the flow
is concentrated towards its axis, unlike all the other force-free
models. The corresponding pressure maps show that the main
difference between both models is the delay in the wave propa-
gation that the thicker shear layer causes in FMH1_m4 with re-
spect to FMHI1: the outgoing waves have to cross a thicker por-
tion of the jet before bouncing back, which delays the bounce
and moves it downstream. This delay relaxes the angle formed
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Fig. 8. Radially-averaged Lorentz factor as a function of distance for all the simulated models (top panel: magnetically dominated jet models;
bottom panel: thermally and kinetically dominated jet models). The different data points are the Lorentz factor for different epochs and frequencies
of NGC 315 inferred by Ricci et al. (2022). The continuous lines represent the force-free magnetically dominated models, the dashed lines the
force-free thermally dominated ones, the dotted lines are for the kinetically dominated model, and the dashed-dotted lines for the non-force-free

configurations.

by the incident wave and the axis, changing the acceleration pat-
tern and jet structure. Figure 7 shows the modulus of the gra-
dient of the rest-mass density in the (r,z) plane?, |Vp|, of both
FMHI1 and FMH1_m4 (top panels), and a zoom of the relevant
region where the first recollimation shock forms (bottom pan-
els). The modulus of the gradient of the rest-mass density high-
lights the location of steep sound waves and shock waves. The
images in Fig. 7 show how the different widths of the shear layer
changes the wave structure of the models. In model FMHI, the
jet dynamics is dominated by instabilities both in the spine and
at the jet/ambient medium transition on parsec scales, where we
see the formation of vortexes typical of the growth of Kelvin-

2 computed using centered finite differences.
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Helmholtz instabilities. On the contrary, in model FMH1_m4
the jet pinches, but substantially fewer instabilities arise and the
jet/ambient medium transition is smoother. In the bottom pan-
els, we can see that the opening angle of the transition between
the inner jet and the shear layer is larger in FMHI1. The bottom
panels display contours for tracer f = 0.9 to show the transition
between the inner jet and the shear layer, which, at injection,
occurs at 0.91r; in model FMHI1, while it is at 0.82r; in model
FMH1_m4. We propose that this difference determines the two
possible evolution patterns observed (see Sect. 4.3 for details).
We have run other models with wider shear layers (with the same
initial conditions as FIH2, FIH4, FMHI1c, FIH3b) and we have
observed the same behavior: thicker shear layers may result in
a dramatic change in the acceleration pattern of force-free jets,
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Fig. 9. Half-opening angle as a function of distance for all the simulated models (top panel: magnetically dominated jet models; bottom panel:
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mally dominated in dashed lines, the kinetically dominated in dotted lines, and the non-force-free in dashed-dotted lines. The data points represent
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avoiding the formation of Mach disks and favoring spine accel-
eration, as opposed to thin-layered models (see Appendix D).

In all the force-free models (except FMH1_m4), we observe
the formation of the Mach disk with the resulting transversal ve-
locity structure consisting of a slow spine surrounded by a fast
sheath. In all cases, although this is better observed in model
FMHI, the accelerated region slowly expands towards the jet
axis, even if at the end of the grid none of them shows a com-
pletely accelerated jet cross-section. Instability modes develop at
the interface between the spine and the outer accelerated layer.
This triggers dissipation and we thus expect it to contribute to in-
creasing the internal energy of the region. The fast development
of instabilities is expected in the case of hot, slow flows (see,
e.g., Perucho et al. 2004, 2005).

Non-force-free models show, in contrast, an acceleration pat-
tern concentrated around the jet axis, i.e., they produce a fast
spine. The main difference with respect to force-free models
is the absence of a Mach disk. This acceleration pattern corre-
sponds to that expected from the Bernoulli process. Highly over-
pressured jets, such as NIH4, show strong acceleration on the
axis before the flow reaches a strong recollimation shock, where
the flow is decelerated. The next expansion process produces
a second acceleration region, but the Lorentz factor reached is
20% smaller than the one prior to the first recollimation shock.
In the case of NIH1, in thermal pressure equilibrium with the en-
vironment at injection, acceleration is milder, modulated by rec-
ollimation waves/shocks, with a progressively growing velocity
from one acceleration region to the next.
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Figure 8 shows the radially-averaged Lorentz factor for all
the simulated models. For clarity, we divided the profiles into
two separate plots: in the top panel we show the magnetically
dominated models, while in the bottom panel the thermally dom-
inated ones together with the kinetically dominated FKS1 are
displayed. The average Lorentz factor value is computed by
weighting the value at each cell with its volume (given by a ring).
As a discriminant to determine the jet width we use the tracer pa-
rameter with a value of 0.5 as a threshold, i.e., cells with tracer
> (.5 are considered to be part of the jet while cells with tracer <
0.5 are considered ambient medium. Along with the speed pro-
files, Fig. 8 shows the data points for NGC 315 in the frequency
range 5-43 GHz and at different epochs inferred in Ricci et al.
(2022). These results were obtained based on the observed jet-
to-counterjet intensity ratio, which provides an average velocity
in a likely stratified jet structure (hints of an edge-brightening
and possible stratified velocity are given in Park et al. 2021). The
comparison of the simulation profiles with the observational data
is presented and discussed in Sect. 4.4. The plot shows that the
simulations with different setups result in average jet accelera-
tion fromy ~ 1 —2 up to y ~ 2 — 5 within a spatial propagation
of only 3 pc. The weakest acceleration is observed for model
FKS1, as expected for kinetically dominated models, whereas
the strongest acceleration is obtained in models with the high-
est relative magnetic and/or internal fluxes at injection, such as
FMHIlc, FIH4 or FMLI. It is also interesting to mention that
force-free models accelerate larger volumes of jet plasma, as the
outer regions of the jet represent larger rings in cylindrical co-
ordinates. All models show modulations in the average Lorentz
factor produced, as stated above, by expansion and recollimation
episodes, in which internal energy flux is invested into acceler-
ation and the jet flow is then decelerated by shocks, where ki-
netic energy is converted into internal energy. As expected, this
is more evident in significantly overpressured models, like FIH4,
where the initial acceleration of the jet is followed by a drop in
the average Lorentz factor. In the thin shear-layer, force-free jets,
the difference in velocity between the plasma flowing along the
spine, decelerated by the planar (Mach) shock, and that accel-
erated at outer radii triggers the development of instabilities. In
models FMH1, FMH1.3, and FMHO.3 these instabilities develop
to non-linear amplitude within the grid and, on the one hand, al-
low the gained axial momentum at the accelerated region to be
shared with the inner jet spine and, on the other hand, dissipate
part of the gained kinetic energy. Altogether, this results in a
drop of the maximum average Lorentz factor achieved by the jet
during its initial expansion, and a slow recovery with distance.
Nevertheless, these models stabilize their Lorentz factors at val-
ues between 2 and 3.

Figure 9 shows the half-opening angle of the different mod-
els versus distance together with the observational points for
NGC 315. We divided the plot as before, the upper panel for
the magnetically dominated models, and the bottom panel for
the thermally dominated (plus FKS1) ones. In all models, we
observe an initial increase of the opening angle due to the expan-
sion of the jet towards the less-pressured ambient medium, fol-
lowed by a decrease that starts at different distances, but always
before ~ 1 pc. The fall in the opening angle profiles is associated
with jet collimation, i.e., r o« z%, with @ < 1. None of the models
shows completed collimation on the simulated scales, i.e., @ ~ 1.
All models tend to final half-opening angles of 1—3°. This plot is
very clarifying regarding the causes for jet expansion in the dif-
ferent models: force-free models expand faster than non-force-
free models, as can be seen by comparing cases FIH4 (green
dashed line) and NIH4 (blue dashed line). This difference also
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allows us to group the models into two main behavior patterns:
1) the models with the largest initial opening angles develop the
Mach disk, while 2) those with smaller initial opening angles
develop conical shocks.

The opening angle at injection is also clearly correlated
with initial jet overpressure, so force-free models with no
thermal contribution to overpressure at injection (p; = p,)
show smaller opening angles, albeit longer expansion regions
(FMH1b, FMHI1c and FMLI1). These models also show the
largest average Lorentz factors (see Fig. 5), mainly driven by
magnetic energy (as can be seen in Table 2 and Fig. 10). An-
other relevant aspect to consider is that these models in (ther-
mal) pressure equilibrium at injection also have larger initial
velocities (see Table 1), which causes smaller opening angles
and therefore longer expansion lengths. Figure 9 also shows the
half-opening angles derived from the same observational results
(Ricci et al. 2022). For the discussion of such comparison, we
refer to Sect. 4.4.

Figure 10 shows the evolution of the different energy flux
channels, together with the total one, along the z direction. These
plots clearly show the correlation between the increase in ki-
netic energy flux and the drops in either magnetic or internal
energy fluxes, or both. From the plots, it becomes evident that,
at injection (z < 0.6pc), a clear anti-correlation between in-
ternal energy and kinetic energy fluxes is only seen in inter-
nal energy dominated (FI and NI models). In the case of mag-
netically dominated models, it is the magnetic energy flux that
shows anti-correlation with the kinetic energy flux, and we can
observe regions in which the kinetic and internal energy fluxes
are correlated (e.g., FMH1b). We can thus deduce that the domi-
nant acceleration mechanism is controlled by the dominating en-
ergy flux, but that, in specific conditions, e.g., in expansions for
the case of internal energy, the secondary energy flux can also
contribute to acceleration. FKS1 represents an interesting case
(Fig 10, third row, central panel), in which the initial expansion
results in a small increase of the kinetic energy flux favored by a
drop in both internal and magnetic energy fluxes (although this
jet reaches the smallest terminal values of the Lorentz factor; see
Fig. 5).

Finally, a slight global increase in magnetic flux is observed
in the FMH1_m4 model, beyond a distance of z = 2.5 pc. The
latter is in correspondence with the jet recollimating after an ex-
pansion phase (see Fig. 5). During the recollimation, the mag-
netic field is compressed and its value increases, but an increase
in magnetic flux is typically not expected unless there is a boost
in velocity due to internal energy, i.e., Bernoulli processes. How-
ever, this is not the case in the indicated region, so we propose
such a small increase to be due to i) a physical process that trans-
fers kinetic energy to magnetic energy as the reverse of magnetic
acceleration, likely a consequence of local differential recollima-
tion effects (a similar behavior is observed in Komissarov et al.
2015, Fig. 10, right panel); ii) small inaccuracies arising during
the summing of the different integrated quantities, or iii) numeri-
cal diffusion at the jet boundary, i.e., the magnetic field smearing
out towards the outer cells. The exploration of such an effect is
out of the scope of this paper and will be tackled by future works.
Nevertheless, we remark that the fraction of such an increase is
negligible with respect to the total jet and does not affect our
results.

4. Discussion

Our results show that jet acceleration is driven by the dominant
energy flux at injection, either magnetic or internal, but both are
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Fig. 10. Evolution of the integrated energy fluxes along the axial direction for all the models reported in Table 1. Black, red, green, blue and orange
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successful in increasing the jet Lorentz factor at expanding re-
gions. However, there are significant differences in the accelera-
tion patterns in both cases as shown in Sect. 3.2.

In Sect. 4.1 we discuss the role of thermal acceleration in
relativistic jets. The difference in the velocity structures due to
the force-free versus non-force-free and thin versus thick shear
layers are discussed in Sect. 4.2 and Sect. 4.3, respectively. In
Sects. 4.4 and 4.5 we focus on the comparison with the observa-
tional data and derive conclusions on how our results can provide
insights for jet evolution. Finally, in Sect. 4.6, we comment on
the limitations of our study.

4.1. The role of the thermal acceleration

Jets produced by the Blandford-Znajek mechanism (Blandford
& Znajek 1977) are probably dilute, hot, and significantly mag-
netized at sub-parsec scales, where entrainment has still not af-
fected jet composition. Building upon the principle of Bernoulli,
thermal acceleration is effective when the enthalpy % is high
enough (specifically, & > ¢?). For a steady, relativistic flow,
the principle is expressed by the law hy = const, establishing
that the flow accelerates when % decreases (as the flow expands).
The process of thermal acceleration has been regularly seen in
numerical simulations (e.g., Perucho & Marti 2007; Anglés-
Castillo et al. 2021). By assuming that jets are hot at injection,
we also found evidence for thermal acceleration at these scales:
as highlighted in Sect. 3.2 and shown in Fig. 10, we obtain the
expected anti-correlation between thermal and kinetic energy
fluxes during the evolution of our models. For instance, in the
case of FIH3b model, in which the magnetic flux is an order of
magnitude lower than the internal one and irrelevant to the accel-
eration of the jet, the jet is clearly accelerated by the Bernoulli
process alone. Interestingly, such model, and so thermal accel-
eration alone, is able to reach Lorentz factors higher than 2 on
scales of ~ 2 — 3 pc, matching thus the observed speed profile of
NGC 315 (see Fig. 8).

Thermal acceleration can be relevant in relativistic jets at
larger scales than those assigned to magnetic acceleration: if jets
keep or gain internal energy on parsec scales, as it can be the
case at recollimation shocks, it can act at the following coni-
cal expansions. In other words, even when jets are magnetically
dominated at injection, once they are collimated and the mag-
netic acceleration stops, internal energy could still nourish the
bulk acceleration. The detection of jet flow acceleration on large
scales, e.g., ~ 100 pc in blazar jets (Homan et al. 2015), could
be thus interpreted as an observational signature of thermal ac-
celeration.

4.2. Force-free versus non-force-free models

One of the main triggers of the different acceleration patterns
in our models is the force-free versus non-force-free nature of
the flows. The reason lies in the cancellation of the field force
in force-free models, eliminating the contribution of magnetic
tension to jet collimation. Indeed, in the force-free configura-
tions, the magnetic tension does not act as a collimating factor,
and expansion is therefore enhanced, with half-opening angles
reaching 7°. On the contrary, in the non-force-free case, mag-
netic tension plays an active role in controlling expansion, which
can only be temporarily overcome by considerable overpressure
(as in, e.g., model NIH4). It is noticeable that the recollimation
pattern in the non-force-free model NIH4 is, as a result, very dif-
ferent from that in FIH4, the force-free case: the angle formed by
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the shock wave and the jet axis is clearly smaller than in FIH4,
and therefore NIH4 does not develop a Mach disk.

Because acceleration in the outer layers only takes place in
force-free jets, which are, in general, magnetically dominated,
we could derive the conclusion that this type of velocity pattern
(slow spine and fast sheath) is a signature of magnetic acceler-
ation in the case of thin shear layers, although FI models show
that this does not strictly exclude internal energy as an accelerat-
ing mechanism. Fast spines would correspond, in contrast, either
to internal energy-dominated flows or strongly sheared (possibly
wind-shielded, two-flow) jets.

4.3. The role of shear layers

Our simulations show that the different thicknesses of the shear
layer can lead to a fundamental change in the acceleration pat-
tern of force-free jets. Fig. 7 shows that this may be caused
by the difference in the opening angles of the region separating
the inner jet and the shear layers (indicated by a white contour
that stands for tracer f = 0.9). Initially, thicker layers produce
smaller opening angles and limit recollimation to conical shocks,
allowing acceleration along the spine, even if modulated by the
succession of expansions and recollimations. We propose that
the direct consequence of the thicker shear layer is the delaying
of the wave propagation. As a result, the triple point, associated
with the incident/reflected/Mach shocks in the jet-ambient in-
teraction surface, which is visible in Fig. 7 (highlighted by the
black squares) is found in model FMH1 at ~ 0.7 pc while in
model FMH1_m4 around 1.3 pc. The role of the width of the
shear layer has been confirmed by further simulations (see Ap-
pendix D).

Comparing the maximum Lorentz factors reached by the dif-
ferent models (Fig. 5), we observe that FMH1_m4 reaches a
slightly larger Lorentz factor than its thin-layered counterpart,
FMHI1. The most plausible explanation of this result is that the
growth of the instabilities observed in model FMH1 dissipates
some fraction of the kinetic energy of the flow, whereas the
jet of model FMH1_m4 is shielded from its environment by a
thick shear layer, which, together with further expansion can
contribute to preserving its collimation (see, e.g., Perucho 2019).

Altogether, we can conclude that the role of shear layers at
the collimation/acceleration region can be of great importance
for jet evolution, with thick-layered jets producing collimated,
stable, fast flows with velocity profiles consisting of a fast spine
and a slower, shielding layer. On the contrary, thin-layered jets
initially develop a slow, hot spine, surrounded by a sheath along
which the flow is accelerated. The boundary between these two
regions, spine and sheath, is prone to the development of insta-
bilities and can eventually dissipate part of the gained kinetic
energy.

We highlight, however, that this is a small-scale effect (see
Sect. 3.2, e.g., model FMH1) and is expected to not be largely
significant (see the small velocity differences between FMHI
and FMH1_m4, as aforementioned) within the simulated grid
because the instabilities have not reached the non-linear regime
and have not developed mixing between the hot and slow spines
and the faster and cold sheath.

4.4. Comparison with NGC 315

A one-to-one comparison between observations and simulations
is, in general, not possible due to limitations of both. Radio maps
can be affected by uncertainties in the calibration and imaging
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processes, as well as by time-variable and local effects that do
not necessarily allow us to infer the physical conditions of the
underlying plasma flow. In simulations, as discussed, some sim-
plifications are unavoidable. Nonetheless, some general trends
can be identified and discussed qualitatively, and we do this in
the following by considering NGC 315.

Concerning the jet opening angles, Fig. 9 shows that most of
our simulated models succeed in reproducing the terminal values
at the end of the collimation region, as inferred from the 5 GHz
observations at different epochs (6 ~ 1 — 3°). These opening an-
gles also agree with the average values observed in radio galax-
ies (e.g. Pushkarev et al. 2017). In contrast, we observe that the
opening angle in the innermost jet, described at the highest radio
frequencies (15, 22, and 43 GHz), does not match our synthetic
profiles. The limitations suffered by numerical models forced
us to inject super magnetosonic flows, as previously explained
(Sect. 2.4). This also makes any comparison challenging at the
compact scales: while the simulated jets open abruptly from the
injection point at ~ 0.3 pc due to initial overpressure, the high-
frequency data from the jets in NGC 315 indicate that such an
opening happens on smaller scales and that the jet at 0.3 pc is
going through the final part of its collimation before transiting to
the conical shape (Boccardi et al. 2021). Nonetheless, as men-
tioned, the observational and simulated data reconcile on parsec
scales.

Except for the innermost jet region, an agreement between
observations and simulations can be found in the fact that they
both show a co-spatiality of the acceleration and collimation
processes. The simulations show acceleration episodes between
(0.5 — 1.0) pc and (1.5 — 2.0) pc (Fig. 8), i.e., along the region
where the opening angle is also decreasing (Fig. 9). This is prob-
ably the last part of the accelerating region, which in NGC 315
extends within the inner ~ 1 — 2 pc. The co-spatiality agrees
with the expectation, for FM models, of a magnetic acceleration
being relevant when the jet is evolving with a parabolic or quasi-
parabolic shape (Komissarov et al. 2007). Nonetheless, as men-
tioned in Sect. 4.1, thermal acceleration alone could in principle
reproduce the observed velocities on parsec scales.

A comparison between the simulated and observed Lorentz
factors may indicate a better agreement for models with jet
power ~ 10® erg/s, consistent with the jet power estimated from
observational constraints (see, e.g., Morganti et al. 2009; Ricci
et al. 2022). Indeed, the average Lorentz factor of ~ 2 on scales
of ~ 2 — 3 pc can be reproduced by models with such jet powers.
On the contrary, models with higher jet power (~ 10* erg/s)
seems to fail to align with the observational data: while they
manage to reach the Lorentz factor peak of y ~ 4 at the distance
of ~ 1.5pc (observed in only one epoch), they exhibit termi-
nal Lorentz factors exceeding the maximum observed values by
more than a factor of two. Remarkable examples are the highly-
magnetized models, such as FML1, FMHI1c, and FMHO.3. As in
the case of the opening angle, a meaningful comparison on sub-
parsec scales is not possible: data at 22 GHz and 43 GHz show
acceleration from very small velocities, out of the reach of our
setups (see Sect. 2.4).

Another interesting aspect might be noticed from Fig. 8: the
Lorentz factor evolution along the jet changes between epochs,
even at the same frequency, e.g., the 1996 5 GHz epochs, which
are separated by five months. While taking into account that such
variations can be a consequence of various local and observa-
tional effects, it is also possible that they are the result of intrin-
sic changes in the injection conditions. Indeed, the jet velocities
and variability in Lorentz factors recovered from the family of
models with jet powers ~ 10%erg/s could potentially match the

observed time-dependent changes in the Lorentz factor. The sim-
ulations we have presented here differ from each other by only a
few parameters, within a range of plausible values derived from
observational results (see, e.g., Fig. 2). Thus, we could suggest
that the different jet profiles inferred from the same frequencies
but different epochs may arise from variations in the jet proper-
ties at the formation site, within timescales of a few months. This
might show how jets are far from being subject to regular injec-
tion and that conditions and, consequently, acceleration patterns,
can behave in an extremely dynamic way. Further evidence for
time-variability of the physical properties at the jet base is pro-
vided by the observed time-dependence of the core shift effect
(Plavin et al. 2019), as well as by the well-known flux density
variability that characterizes the nuclear regions on timescales
from hours to months.

4.5. Comparison with other AGN jets

As discussed, most of the force-free jets we have simulated
are characterized by sheath acceleration and by a slow spine.
This result appears at odds with observational constraints, which
rather indicate the existence of a fast spine and a slow sheath.
Such a velocity structure was suggested, for instance, to rec-
oncile the observed spectral properties of FRI radio galaxies
with their beamed parent population, the BL Lacs (Chiaberge
et al. 2000), and appears required to explain the general anti-
correlation between the observed Lorentz factor and the jet view-
ing angle (see, e.g., Homan et al. 2021, Fig. 12). Misaligned jets,
which are seen from the side, are usually characterized by mildly
relativistic speeds, as opposed to blazar jets, which are observed
closer to the jet axis with Lorentz factors of the orders of tens
(e.g., Lister et al. 2019). This is in agreement with the frequent
observation of limb-brightening in misaligned jets (see, among
others, the recent cases of Centaurus A and NGC 315 by Janssen
et al. 2021; Park et al. 2021, respectively), which can be inter-
preted as due to the Doppler de-boosting of the fast spine. Note
that this applies not only to the low-power FRI jets, but also to
the powerful FRIIs (see the case of Cygnus A, presented by Boc-
cardi et al. 2016).

Consequently, in this scenario, a match between our simu-
lations and observations implies that jets would need to propa-
gate with shear layers protecting the spine or with non-force-free
magnetic field configurations, since jets with fast spine are pro-
duced in both families of models. On the opposite side, while
faster shear layers with hot spines are likely not suggested from
VLBI observations, such a radial velocity structure is not ruled
out. In this situation, the initial force-free, thin shear layer mod-
els are favored.

As recently shown by Boccardi et al. (2021), the proper-
ties of the outer jet sheath may vary depending on the accre-
tion mode in the AGN. Specifically, an extended and possibly
disk-launched jet sheath was observed in High Excitation Radio
Galaxies (HERG), which are mostly characterized by FRII mor-
phologies. On the other hand, Low Excitation Radio Galaxies
(LERG), associated to both FRI and FRII morphologies, showed
in comparison a narrow jet anchored in the very inner regions of
the accretion flow. In future works, we aim to explore possible
connections between HERG/LERG and the different accelera-
tion patterns we observed in this paper.

Furthermore, in a future work, we plan to extrapolate syn-
thetic spectral index maps from our models using the post-
processing code published in Fromm et al. (2018). In this way,
we will be able to compare the simulated spectral properties with
the observations and explore whether the different acceleration
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patterns we recover, and especially the outer layer acceleration,
may result in characteristic signatures that can be related to the
underlying magnetic field properties (e.g., Kramer & MacDon-
ald 2021).

4.6. A warning note on our setups: Jet evolution

When jets are initially launched in AGN, they trigger a bow
shock that propagates through the ambient medium. Because the
jet flow advances faster within the formed jet channel than this
forward bow shock, the jets get surrounded by overpressured,
shocked jet plasma (known as backflow or cocoon). Therefore,
collimation must be, in this initial phase, controlled by both the
pressure of this shocked environment and the jet toroidal field.
As the jet expands and the bow and reverse shocks propagate to
large distances, the pressure in the cavity formed by the jet falls
continuously with time (see, e.g., Perucho et al. 2014; Perucho
2019). Then, the gravitational potential of the galaxy, which acts
in a dynamical time ~ 1/ G ppy (where G is the gravitational
constant and ppy, is the dark matter density in the galaxy), al-
lows the galactic pressure and density profiles to be recovered
(see, e.g., Perucho et al. 2014) and therefore, pressure should
fall to the original ISM values, i.e., ~ 10710 dyn/cmz.

The expected jet energy fluxes and magnetic field intensity
in this region (F; ~ 108 —-10% erg/sand B ~ 0.1 — 1 G) result in
extremely large overpressure of the jet with respect to the ISM.
Once the jet is accelerated to relativistic velocities, the opening
angle is proportional to the inverse of the Lorentz factor (see
Komissarov 2012). The large initial overpressure poses a strong
challenge to jet collimation and to numerical simulations aimed
at studying this region. In our simulations, we decided to achieve
overpressures as large as possible, which could allow free expan-
sion, by introducing significant pressure gradients in distance.
Once free expansion is allowed, the ambient pressure becomes
relatively irrelevant, and this has allowed us to run our simula-
tions. Establishing ambient media with realistic initial pressure
causes the code to crash and makes such simulations impossible.

An obvious question arises: how is it then possible that the
jets manage to settle in such ambient media with a pressure that
can be orders of magnitude smaller than the jet pressure? We
would hypothesize that it is because the jet has adapted to its en-
vironment in a continuous, relatively slow way during the time it
takes for its terminal shock to reach kiloparsec scales, as opposed
to simulations. In addition, this probably makes a non-force-free
magnetic field configuration necessary, for magnetic tension to
play a significant role in jet collimation in the region where it is
precisely still strong, i.e., the sub and trans-Alfvenic regions, un-
til the jet is collimated by its own velocity. Furthermore, the col-
limating effect of the toroidal field also avoids the loss of internal
energy via Bernoulli acceleration, allowing this energy budget to
act at larger scales (see also Anglés-Castillo et al. 2021).

5. Conclusions

In this paper we have performed a numerical study of the jet ac-
celeration in typical FR I radio galaxies using the well-known
source NGC 315 as a starting model. We explored the evolu-
tion on sub-parsec and parsec scales of different axisymmetric
jet models using a two-dimensional RMHD code, and compared
our final results with the observational properties inferred on the
same scales by means of VLBI observations. Our results are
summarized here.
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— All the simulated models show acceleration from initial
Lorentz factor values of y ~ (1 — 2) up to maximum
y ~ (2 — 5) within the simulated scales of (0.3 — 3.3) pc
(Fig. 8). The flux budget evolution for the different simu-
lated models reported in Fig. 10 clearly shows how the dom-
inant energy flux at injection mainly drives the acceleration.
Both the internal and magnetic energy channels are dissi-
pated in turn to accelerate the jet, and so increase the ki-
netic energy of the beam. Moreover, we notice how in very
specific cases, such as during the expansion phase, the inter-
nal energy can be dissipated to increase the jet speed, even
in magnetically dominated jets. Our results on the accelera-
tion mechanisms are mainly relevant in two different ways.
i) They confirm the current magnetic acceleration paradigm
(Komissarov et al. 2007; Komissarov 2012). Indeed, in the
case of cold, magnetically dominated jets the magnetic en-
ergy is converted into kinetic energy, thus accelerating the
bulk flow. ii) They expand the current view on thermal ac-
celeration in internally dominated jets. In contrast to what is
proposed in (Vlahakis & Konigl 2003a,b, 2004), where the
thermal acceleration is claimed to play a role only on com-
pact scales before being overtaken by the magnetic accelera-
tion, our findings indicated that when jets are thermodynam-
ically relativistic (Perucho et al. 2017), thermal acceleration
remains relevant even at parsec scales. Furthermore, thermal
acceleration enables to reach higher Lorentz factors than pre-
viously thought, aligning with those observed in AGN jets
(in this specific case, in NGC 315). Remarkably, given that
thermal acceleration can operate even when the jet undergoes
conical expansion, our results suggest that jets can continue
to accelerate on large scales, beyond the collimation region.

— We infer an explicit relation between the jet speed profiles
and the intrinsic jet properties. The different velocity struc-
tures show a dependence on the magnetic field configura-
tions, i.e., force-free vs. non-force-free, and/or the dominat-
ing energy flux. When a Mach disk, a strong internal planar
shock, is formed due to the fast expansion, the acceleration
deviates towards the outer and expanding layers. A mild ac-
celeration on the spine is visible only towards the end of the
grid of our simulation domain. On the contrary, when jets
develop milder, conical shocks, the acceleration is concen-
trated in the central spine and smoothly decreases toward the
external medium. The Mach disk is prominently visible in
the force-free and magnetically dominated scenario. How-
ever, a thicker shear layer may delay the propagation and
bouncing of the waves long enough to avoid the formation
of the Mach disk and altering the downstream evolution of
the jet, leading to a spine-accelerated structure. This result
implies that the initial thickness of the shear layer, possibly
associated with accretion disk-launched winds, is a relevant
element in understanding the evolution and propagation of
relativistic jets. While the acceleration focused on the outer
layers can be a signature of magnetically dominated jets with
thin sheaths, this does not necessarily exclude hot jets. In the
non-force-free configuration, the Mach disks are completely
absent, and a classical expansion/recollimation pattern with
spine acceleration is observed.

— The opening angle profiles shown in Fig. 9 highlight how
the force-free models expand faster than the non-force-free
counterpart. This is attributed to the disengagement of the
magnetic field force in the former scenario, which eliminates
the contribution of the magnetic tension to the jet collima-
tion. From the comparison of the opening angle (Fig. 9) and
Lorentz factor (Fig. 8) profiles, we can distinguish two clear



L. Ricci et al.: Magnetic and thermal acceleration in extragalactic jets

evolution cases: i) the models that develop strong shocks and
have the acceleration focused in the outer layers are the ones
showing the fastest growth and higher maxima in the opening
angle and ii) those developing conical shocks with a down-
stream fast-spine structure are the ones with smaller slope
and lower maxima.

— As seen in Figs. 8 and 9, a number of models can repro-
duce both the Lorentz factor and opening angle profiles in-
ferred for NGC 315 employing cm- and mm-VLBI observa-
tions. From the comparison with the observed jet speed in
NGC 315, we suggest certain models are favored over others
when it comes to modeling such a source. On the one hand,
jets with power larger than 10* erg/s show Lorentz factors at
3 pc which are remarkably larger than the observed one, giv-
ing an indication of a possible upper limit on the jet power
of NGC 315. On the other hand, we highlight how differ-
ent models with jet powers ~ 10 erg/s match the different
acceleration profiles obtained across the multi-epoch obser-
vations at 5 GHz. This may suggest how the small changes
in the jet properties at the injection may lead to consistent
variations in the observed terminal Lorentz factor. Such vari-
ations can occur over time scales of a few months, indicating
how the variations in the injection properties may drive the
different observed speed profiles.
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Appendix A: Radial initial fluxes distribution

The convolution of the jet with the shear layer alters the initial
analytical distribution of the fluxes, leading to the differences
between the modeled and simulated values reported in Table 2.

In Fig. A.1, we show examples of the two main possibilities
presented in this paper using models FMH1 and FMHIc. On the
one hand, in the lower power models (left panel), the shear layer
carries a relevant fraction of the total jet power, in the form of
kinetic energy (in Fig. A.1, the kinetic energy absorbs the con-
tribution of the rest mass). This is the consequence of the density
in the jet increasing in the shear layer to match the external one.
On the other hand, in the high-power, highly magnetized, mod-
els (right panel), the shear layer is magnetically dominated for
the majority of its cross-section. As shown in Sects. 3 and 4,
these differences do not lead to differences in the steady solu-
tions (models FMH1 and FMHI1c both develop the Mach disk
and evolve with a similar global structure).

Appendix B: From initial conditions to equilibrium:
pressure wave

In Fig. B.1 we highlight the evolution of the pressure wave at the
three different time steps of t= 20 r;/c, t=40r;/c, and t= 707;/c
for model FMH1_m4. As explained in Sect. 3.1, since the initial
jet is overpressured with respect to the external medium, once
the simulation starts the jet abruptly expands towards it, giving
the material radial velocities and pushing a fraction of it outside
of the right boundary. As seen in Fig. B.2, which shows the ax-
ial pressure evolution of the ambient for different time steps, the
passage of the pressure wave alters the pressure profile which os-
cillates around the original one. However, after a sufficient num-
ber of time steps, the lower and upper boundary conditions al-
low us to recover the initial, intended pressure ambient profile.
Moreover, to test whether this would lead to differences in our fi-
nal, steady solutions we run model FMH1_m4 with a larger grid
of [n,, n,] = [100, 30], in order to avoid the ambient material
to leave the grid. Fig. B.3 shows the Lorentz factor for model
FMHI1_m4 (same as Fig. 5 but cut at 1.2 pc) and the counter-
part with the larger grid on the x-axis. No major differences in
the final profiles are seen, proving how the lost material dragged
out by the pressure wave does not affect our results and thus our
conclusions.

Appendix C: Resolution study

For our simulations, we chose a resolution of 20 cells/r;. A first
argument in support of this choice is given in Sect. 3.1 and in
particular from the radial profiles shown in Fig. 4, which show
how the radial evolution of the different physical quantities do
not differ between 20 and 40 points. Further evidence in support
of our chosen resolution is given in Fig. C.1 which shows the
evolution of both the Lorentz factor (left panel) and opening an-
gles (right panel) for two different models (FMHI1 and NIH4) at
the two discussed resolutions of 20 and 40 points. In order to
save computational time, the simulations with 40 cells/r; have a
smaller grid of [n,, n,] = [30, 30], implying a physical distance
of 0.3-1.2 pc. In the simulated distances, the two different resolu-
tions lead to the same profiles in both tested models, confirming
the validity of our choice of using the resolution of 20 cells/r;.
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Appendix D: Further thicker shear layer models
from Table 1

In this Appendix, we report in Table D.1 the other simulated
models that we did not include in the main text for the sake of the
readability of the paper. In detail, we report here the models for
which we have tested the thicker shear layers with m = 2 and 4.
As shown in Fig. D.1, in all the cases here reported the increased
width of the shear layer with m = 4 is not sufficient to avoid the
formation of the Mach disks (see Sect. 3). However, we highlight
models FMH1c_m4 and FMH1c_m?2. In the former, the shear
layer with m = 4 is not enough to lead to the morphology change
we discussed in the main text. Instead, the shear layer with m = 2
is thick enough to trigger the change in the acceleration pattern,
from the outer layer to the internal spine. This model supports
what we proposed in Sect. 4.3 concerning the role of the shear
layer.
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Fig. B.1. Pressure maps at different times for the model FMH1_m4. Starting from left to right the time steps are t= 20r;/c, t= 407;/c, and
t=70r;/c. The pressure wave moving from the left to the right boundary is clearly visible.
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Table D.1. Initial conditions of the other simulated models.

Model Da Dj 0j B éB v, Mo F;
code [code] | [pa]l | [pa] | [G] | [deg] | I[c] [10%¥erg/s]
FIH2 m4 0.01 20 | 001 | 046 | 689 | 0.84 | 1.05 5.6
FIH4_m4 0.01 40 | 001 | 052 ] 664 | 0.79 | 1.00 6.7
FIH4 m?2 0.01 40 | 001 | 052 ] 664 | 0.79 | 1.00 6.7
FMHIc m4 0.01 1.0 | 0.01 | 0.68 | 753 | 0.93 | 1.00 17.8
FMHI1c_m2 0.01 1.0 | 001 | 0.68 | 753 | 0.93 | 1.00 17.8
FIH3b_m4 0.01 3.0 | 001 | 0.13 | 60.6 | 0.61 | 1.04 1.6
FIH3b_m?2 0.01 3.0 | 0.01 | 0.13 | 60.6 | 0.61 1.04 1.6

Notes. Column 1: model names; Column 2: initial ambient pressure in code units; Column 3: initial jet overpressure factor;
Column 4: ratio between the initial jet density and the ambient one; Column 5: initial magnetic field strength in G; Column 6:
initial magnetic pitch angle; Column 7: initial axial velocity; Column 8: average initial Magnetosonic number; Column 9: total jet

flux in units of 10¥3erg/s.
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Fig. B.2. Left panel: ambient pressure evolution along the axial direc-
tion for the different time steps of t= 0r;/c (red line), t= 70 r;/c (green
line), t= 280 r;/c (blue line), t= 520 r;/c (orange line), and t= 1090 r;/c
(black line). In the intermediate time steps, the oscillations in the pres-
sure values are due to the passage of the wave. After enough time, such
oscillations are absorbed by the boundary conditions and the original
profile is recovered.
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Fig. C.1. Left panel: Lorentz factor evolution up to 1.2 pc for models FMH1 and NIH4 at the resolutions of 20 and 40 cells/r;. Right panel:
half-opening angle obtained in the same models. Blue lines are for model NIH4 (continuous - 40 cells/r;; dotted - 20 cells/r;) while green lines
are for model FMHI (same line-style scheme). The comparison shows how the resolution of 20 cells/r; is enough to reach the saturation point,
allowing us to use this resolution value for our simulations.
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6 Spectral properties of the acceleration and

collimation region in NGC 315

In the final project of the series of works focused on NGC 315, we further explore
the physical jet properties, with an emphasis on the spectral index and magnetic
field in the inner parsecs. To accomplish this, we employ: i) new multi-epoch 43
GHz VLBA observations; ii) an archival multi-frequency (1-43 GHz) and simulta-
neous VLBA data set. The 43 GHz observations were performed in the context of
a three-epoch GMVA experiment. The first two epochs (April 2021 and October
2021) at 86 GHz have been analyzed; however, they suffer from major problems
preventing us from obtaining images. Namely, in April 2021 the VLBA suffered
from bad performances of the 3 mm receiver at different sites, while in October
2021 the observations were afflicted by bad weather in numerous observatories
across the globe. The April 2022 epoch has been recently partially re-correlated
and the data reduction is currently in progress.

We use the new set of observations to expand the study on the jet collimation,
first presented by Boccardi et al. (2021). The new data points are in agreement
with the ones previously found, strengthening the scenario of a jet that transits
from parabolic to conical shape at ~ 0.6 pc downstream the core. Furthermore,
by stacking four different observations at 43 GHz, we pinpoint the position of the
black hole. The jet width profile suggests that the jet injection occurs 44 + 44 Rg
upstream the core at 43 GHz, in agreement with literature results for jets in radio
galaxies (Baczko et al. 2022; Hada et al. 2011).

The multi-frequency spectral index study reveals an interesting phenomenon
on the sub-parsec, accelerating jet. The high-frequency spectral index maps (22-
43 GHz) display a very steep spectrum, reaching values down to ~ —2. This
finding aligns with the 22-43 GHz spectral index map presented in Chapter 4
and with the behavior observed for M 87 on the same scales (Ro et al. 2023).
This comparison suggests that steep spectra may be a common characteristic in
the acceleration and collimation region of AGN jets. Physical explanations are
proposed to justify the steep spectrum, including synchrotron losses and different
particle acceleration mechanisms, i.e., magnetic reconnection and diffusive shock
acceleration. Nonetheless, the physical processes at play are still unclear and
subjects for future analyses. Finally, from the combination of our results on the
brightness temperature and turnover frequency evolution, by employing theoret-
ical models, we have indications that the magnetic field strength evolves linearly
on sub-parsec and parsec scales. This scenario is in agreement with the analysis
of the jet and accretion disk magnetization proposed in Chapter 4, strengthening

the results presented.



6 SPECTRAL PROPERTIES OF THE ACCELERATION AND
COLLIMATION REGION IN NGC 315

I performed the analysis, from the raw data calibration to the final data
products. The exception is the polarization analysis performed by J. Roder. 1
wrote the text supported by the co-authors, which helped improve the exposition

and enrich the discussion. The manuscript will be published in A&A.
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ABSTRACT

Aims. The dynamics of relativistic jets in the inner parsec regions is deeply affected by the nature of the magnetic fields. The level of
magnetization of the plasma as well as the geometry of these fields on compact scales have not yet been fully constrained.

Methods. In this paper we employ multi-frequency and multi-epoch Very Long Baseline Interferometry observations of the nearby
radio galaxy NGC 315. We aim at deriving constraints on the magnetic field properties on sub-parsec and parsec scales by examining
observational signatures such as the spectral index, synchrotron turnover frequency, and brightness temperature profiles. This analysis
is performed by considering the jet acceleration and collimation region, which can be probed thanks to the source vicinity, as well as
in the initial part of the jet conical region.

Results. Our new data confirm previous findings suggesting that the collimation of the jet is completed on sub-parsec scales. From
the analysis of a 43 GHz stacked image, we suggest that the black hole is located 41 + 41 Schwarzschild radii (Rg) upstream of the
43 GHz core, in agreement with findings for other radio galaxy jets. We observe remarkably steep values for the spectral index on
sub-parsec scales (down to @ ~ =2, §, oc v*) which flatten around @ ~ —0.8 on parsec scales. We propose that such steep values can
be a consequence of cooling due to synchrotron losses or the signature of different particle-acceleration mechanisms at play in the
two regions. The brightness temperature of the 43 GHz cores indicates a dominance of the magnetic energy at the jet base, while the
cores at progressively lower frequencies reveal a gradual transition towards equipartition. Based on the spectral index and brightness
temperature along the incoming jet, and by employing theoretical models, we derive that the magnetic field strength has a close-to-
linear dependence with distance going from parsec scales up to the jet apex. This is confirmed by the analysis of the synchrotron
turnover frequency. The latter is found to lay 15GHz < a1, < 43 GHz at the location of the 43 GHz core and to decrease down
to ~ 6 GHz within the innermost ~ 0.7 pc. Overall, our findings are consistent with a toroidal-dominated magnetic field on all the

analyzed scales, although in the collimation region a poloidal-dominated field cannot be ruled out.

Key words. galaxies — individual — jets

1. Introduction

Relativistic jets are plasma outflows launched from the central
region of Active Galactic Nuclei (AGN). The most powerful
jets have the unique ability to develop structures that propagate
up to thousands of parsecs, reaching high relativistic velocities
and opening angles of a few degrees (Blandford et al. 2019).
Their launching is a consequence of the interplay between the
supermassive black hole and the magnetic fields present in the
surrounding accretion disk, and is fueled by the extraction of
rotational energy from the central object (Blandford & Znajek
1977). The current paradigm asserts that jets initially propagate
as Poynting flux-dominated outflows, meaning that their dynam-
ics is dominated by the magnetic fields conveyed from the central
region. As the jet propagates, the magnetic fields are expected
to play a crucial role, especially in the so-called acceleration
and collimation region. This region extends up to 103 — 107R
! from the jet injection point (Boccardi et al. 2021; Kovalev

I Ry is the Schwarzschild radius defined as Ry = 2GMgy/c* where
My is the mass of the black hole

et al. 2020) and, within it, the jets reach small opening angles
and high Lorentz factors. The jet acceleration is mainly driven
by the conversion of the initial magnetic energy into kinetic en-
ergy of the bulk flows (Vlahakis & Konigl 2003a,b, 2004). In
detail, the hoop stress generated by the toroidal field favors the
collimation of the jet and its acceleration. Since this process was
shown to become inefficient in a conical jet (Komissarov et al.
2007; Komissarov 2012), the acceleration and collimation mech-
anisms are expected to be co-spatial. The end of these processes
is therefore signaled by a transition in the observed jet shape
from (quasi-)parabolic (i.e., r < z~%3, where z is the radial dis-
tance from the core and r is the jet radius) geometrical shape to
conical (r oc z71).

To test this scenario, observational constraints on the mag-
netic field properties on sufficiently small scales are neces-
sary. These can be obtained in selected nearby targets thanks
to the employment of the Very Long Baseline Interferometry
(VLBI) observations performed at centimeter and millimeter
wavelengths.
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In such studies, magnetic fields of hundreds of mG have been
inferred on parsec scales (e.g., O’Sullivan & Gabuzda 2009;
Baczko et al. 2016), implying strengths of 10? — 10* G assuming
the magnetic field strength to vary with distance as z~'. Whether
this is a valid assumption, it is currently unknown, and indices
flatter than z~! have been recently proposed (e.g., for M 87 Ro
et al. 2023).

In this paper, we expand the magnetic field studies in the
nearby (z = 0.0165, Trager et al. 2000), giant radio galaxy
NGC 315. NGC 315 is a Fanaroff-Riley (Fanaroff & Riley 1974)
I morphology radio galaxy (e.g., Laing et al. 2006) that ex-
tends up to ~ 1 Mpc. This target was chosen due to the rich-
ness of available VLBI observations and because its accelera-
tion and collimation region is largely studied and its properties
constrained Boccardi et al. (2021); Park et al. (2021b); Ricci
et al. (2022). We aim at deriving constraints on the magnetic
field properties on sub-parsec and parsec scales by examining the
following observational signatures: i) the spectral index, ii) the
brightness temperature, iii) the synchrotron turnover frequency.

The paper is structured as follows. In Sect. 2 we describe the
data set used; in Sect. 3 we present our results; in Sect. 4 we
discuss them and in Sect. 5 we highlight our conclusions.

In this manuscript, we assume a ACDM cosmology Hy =
71 hkms™! Mpc‘l, Qy = 027, Qp = 0.73 (Komatsu et al.
2009). The luminosity distance of NGC 315 is D, = 70.6 Mpc,
and 1 mas corresponds to 0.331 pc.

2. Data set and maps analysis
2.1. Original data set

In this article we present three new VLBA (Very Long Baseline
Array) observations of NGC 315 at 43 GHz, performed in the pe-
riod April 2021/April 2022 with a time interval of ~ six months.
Such experiments were carried out during the GMVA (Global
mm-VLBI Array) observing sessions, where the source was also
observed at 86 GHz. Data obtained at this higher frequency will
be presented in a future article in preparation.

The data reduction was performed in AIPS (Greisen 1990),
following the standard procedure for VLBA data sets. The imag-
ing, together with the amplitude and phase self-calibrations, was
performed using DIFMAP (Shepherd 1997). The first and sec-
ond epochs suffered from flux density scaling problems arising,
respectively, during the data correlation and due to issues at the
focus and rotation at the VLBA stations. 2. For the April 2021
observations, the problem was solved by applying an antenna-
based scaling factor of V2, while corrected gain curves provided
by the VLBA staff were used for correcting the amplitude cali-
bration of the October 2021 data.

The log of observations and properties of the clean maps pro-
duced are reported in Table 1; the clean images are shown in
Fig. 1.

2.2. Ancillary data

Along with the new observations, we re-analyze the VLBA
multi-frequency, simultaneous data set published by Park et al.
(2021b). This comprises observations at seven frequencies in the
range 1.7 GHz-43 GHz Table 1. While a spectral index analysis
for such observations was already published (Park et al. 2021b),

2 https://science.nrao.edu/facilities/vlba/
data-processing/7mm-performance-2021
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in this work, we aim at expanding it (see Sect. 3.3) by also per-
forming a synchrotron turnover frequency study (see Sect. 3.6).
The observations have been analyzed and imaged using the same
procedure as in Sect. 2.1. The clean images are mostly com-
parable to those reported by Park et al. (2021b). Based on our
assumption of a flux density uncertainty of 5%, the brightness
peaks are all comparable except at 15 GHz. Indeed, at this fre-
quency, we recover a brightness peak ~ 9% higher using the
same restoring beam. The image noise level is comparable as
well, with the exception of the 2 GHz and 22 GHz images, where
our rms noise is 40% and 30% higher, respectively. The higher
flux density of our 15 GHz map better matches the value ex-
pected based on the results obtained at the other frequencies (see
next section).

Unlike it was done by Park et al. (2021b), in our spectral
analysis we include the 43 GHz observations. While the qual-
ity of the data is poor, and very little of the extended emission
can be recovered, we employ such a map to explore the spec-
tral properties in the core region and in the immediate beginning
of the optically thin region (see Sect. 3.3). Here, we expect the
signal-to-noise ratio to be high enough for our results to be re-
liable. After imaging in DIFMAP, the polarization calibration,
for both the 43 GHz and the VLBA data set, was handled by the
ParselTongue-based pipeline GPCAL (Park et al. 2021a).

Finally, to increase the number of data points in the bright-
ness temperature profiles (see Sect. 3.5), we further include the
15 GHz observations from the MOJAVE 3 monitoring program
(Lister et al. 2018) and the maps published by Boccardi et al.
(2021). From the latter, we also include 22 GHz and 43 GHz ob-
servations from 2008 and 2018 which were used in Ricci et al.
(2022) to perform a first spectral analysis and are here shown as
well to be compared with our new results (Sect. 3.3).

2.3. Flux density

In Fig. 2 we represent the flux density as a function of the fre-
quency for the maps employed in the spectral analysis along with
the new 43 GHz observations. We fix the errors on the flux den-
sity at 5% of its value. For the 43 GHz map from 2020, we as-
sume a more conservative value of 10%, due to the poor data
quality.

To check the consistency of the total fluxes densities obtained
for the simultaneous VLBA data set, we fit these data with the
synchrotron emission spectrum (Pacholczyk 1970):

1V=10(l) [1—exp(—(ﬁ) '7) .
Vbr 4

Here, I is the flux density at the turnover, v, is the turnover
frequency, «, is the spectral index of the optically thick region,
and « of the optically thin one. All the parameters are left free
to vary. As shown by the blue line in Fig. 2, the flux density at
each frequency is consistent with the fit and no outlier is present.
A comparison with data obtained at different epochs at 22 GHz
and 43 GHz shows, however, a significant scatter, indicating that
NGC 315 is quite variable at high radio frequencies.

ey

2.4. Core-shift

Due to the opaque nature of the synchrotron emission, the op-
tically thick/optically thin transition surface moves downstream

3 see https://www.cv.nrao.edu/MOJAVE/sourcepages/0055+

300.shtml
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Fig. 1. 43 GHz VLBA observations performed in: left panel - April 2021; middle panel: October 2021; right panel - Apr 2022. The contours are
set to (-0.2, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2)% of the respective brightness peaks. The images were produced with uniform weighting

and no taper.

Table 1. Summary of the VLBA data. The upper three lines report the properties of the new 43 GHz data while the bottom lines include the

simultaneous VLBA data set.

v Obs date Beam Total flux | Brightness peak O rms
[GHz] [mas, mas, deg] [Jy] [Jy/beam] [mJy/beam]
432 24 Apr2021 0.343x0.16, 11.6 0.340 0.162 0.125
432 04 0ct2021 0.461x0.277,-25.2 0.404 0.234 0.161
432 02 Apr2022 0.413x0.184,-22.1 0.413 0.231 0.052
1.5 05Jan 2020  9.806%6.220, - 2.8 0.387 0.241 0.047
2.3 6.462x4.790, - 0.8 0.454 0.291 0.196
5.0 2.855%1.350, - 5.1 0.594 0.360 0.041
8.4 1.709%x1.113, - 10.7 0.657 0.401 0.063
15.3 0.964x0.672, - 9.3 0.626 0.311 0.067
22.2 0.804x0.521,-9.3 0.524 0.267 0.096
43.1 0.533x0.461,-9.3 0.325 0.252 0.542

Notes. Column 1: observing frequency in GHz; Column 2: date of the observation; Column 3: beam size and position angle;
Column 4: total flux density in Jy; Column 5: brightness peak value in Jy/beam; Column 6: thermal noise in mJy/beam.

of the jet while decreasing the observing frequency. Therefore,
the analysis of a multi-frequency data set requires the alignment
of the maps to a common reference point, which needs to be de-
termined and which coincides, ideally, with the position of the
central black hole. In this work we assume as a reference point
the position of the VLBI core at 43 GHz, as previously done by
Boccardi et al. (2021); Ricci et al. (2022). Such an approxima-
tion can be considered valid when studying jets in radio galaxies,
since the mm-core has been observed to lay close to the jet in-
let (e.g., Hada et al. 2011; Baczko et al. 2022). Nonetheless, we
discuss the validity of this assumption when exploring the real
position of the central black hole (Sect. 3.2).

Several methods have been developed to determine the core-
shift (see e.g., O’Sullivan & Gabuzda 2009, and references
therein). Here, the core shift is computed by performing a 2D-
cross correlation analysis by aligning optically thin jet regions
identified in consecutive pair of frequencies *. In each pair, the
maps are created using the same pixel size and restoring beam,
and the data are restricted to the same uv-range. Moreover, each
map is centered on the brightest pixel. For the beam, we se-
lect the equivalent circular beam of the lower-frequency map,
while the pixel size is set to 1/10 of the beam. The pixel size is

* The analysis has been performed using the code developed by Tuo-
mas Savolainen.

signal-to-noise dependent: in the brightest regions, smaller val-
ues, e.g., 1/10 of the beam, can be generally assumed without
oversampling the data and generating artifacts. On the contrary,
such problems could arise in regions with progressively lower
signal-to-noise ratio, such as towards the extended jet emission.
Here, pixel sizes of 1/5 of the beam would be more appropriate.
In the community, average values of ~ 1/6 - 1/8 of the beam
are chosen. In this work, we assume a value of 1/10 for two rea-
sons: i) to obtain a more precise estimate of the core shift, which
is crucial to obtain appropriate spectral index and turnover fre-
quency maps; ii) for our goals, we are mostly interested in the
innermost jet region, where the emission is brighter. Our results
on the core-shift are summarized in Table 2.

In Fig. 3, we show the core shift for two different data sets.
The blue data points are those reported in Table 2, while the
green ones are taken from Boccardi et al. (2021). As errors, we
sum in quadrature the uncertainties on the core and images align-
ment, both equal to one pixel. The former arises from setting the
origin of the maps in the pixel which has the highest flux density.
The latter is the minimum displacement that the used method
can compute. The blue continuous line represents the power-law
fit (Zeore o v™1/¥) of the VLBA simultaneous dataset using the
best-fit values from Park et al. (2021b). The green continuous
line marks the best fit for the 1.5-43.1 GHz data from Boccardi
et al. (2021), where the data used were not simultaneous in the
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Fig. 2. Flux density as a function of frequency. The blue data points are
from the re-analyzed multi-frequency VLBA data set, the green points
are from the 22 GHz and 43 GHz observations published in Boccardi
et al. (2021), and the yellow points are from the new 43 GHz observa-
tions presented in Sect. 2.1.

entire frequency range but only between the pairs of frequencies
used for the core-shift determination. Park et al. (2021b) found a
best-fitting value of k, = 0.72+0.10, while Boccardi et al. (2021)
found &, = 0.84 + 0.06.

Our results obtained from the low-frequency data points (1,
2, and 5 GHz) confirm those of Park et al. (2021b). We do, how-
ever, find slightly larger values of core shift at the higher fre-
quencies of 8, 15, and 22 GHz. Indeed, our total displacements
are larger since we include the core shift between 22 GHz and
43 GHz, while Park et al. (2021b) computed the core shift rela-
tive to the 22 GHz position. As a consequence, our data at high
frequencies are more consistent with the estimations by Boc-
cardi et al. (2021) Nonetheless, the best-fitting of the re-analyzed
VLBA data, shown in the orange line, leads to k, = 0.70 + 0.06,
matching the result from Park et al. (2021b).

Time-dependent variations on the core shift are expected due
to its dependence on the physical properties of the plasma, such
as the strength of the underlying magnetic field and the parti-
cle density (Plavin et al. 2020). However, here the differences
in displacement are minimal, and could also be related to other
factors, such as the uncertainties arising in the imaging process.
Throughout the paper, we will use the two different core-shift
measurements depending on the observations we are consider-
ing: the ones reported in Table 2 for the VLBA simultaneous
data set and the ones published in Boccardi et al. (2021) for their
data set.

2.5. Gaussian modelfit components

To compute at different locations the jet width and the bright-
ness temperature (see Sect. 3.5) we fit the visibilities with Gaus-
sian circular components. This procedure is performed using the
sub-routine modelfit in DIFMAP. The main physical parameters
(frequency, flux density, position, size) of the components are re-
ported in Appendix A. We perform such analysis for the new 43
GHz VLBA observations, as well as for the VLBA simultaneous
data set and the 15 GHz MOJAVE data. For the maps reported in
Boccardi et al. (2021), we use the components they report in Ap-
pendix A. All the maps are centered in order to have the origin
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Table 2. core-shift measurements relative to the 43 GHz core for the
simultaneous VLBA data set.

1% Ay Ay A,
[GHz] [mas] [mas] [mas]
14 390+ 142 -333+142 515+1.42
2.3 234+090 -1.17+090 2.94+0.90
5.0 0.63+040 -0.63+040 0.89+0.40
8.4 040+023 -0.40+0.23 0.57+0.23
153 0.14+0.14 -0.14+0.14 0.20=0.14
222  0.06+0.06 -0.06+0.06 0.09+0.09
43.0 0.0 0.0 0.0

Notes. Column 1: observing frequency in GHz; Column 2:
displacement along the right ascension in mas; Column 3:
displacement along the declination in mas; Column 4: radial
displacement in mas.

~ Boccardi et al. (2021) fit
61 Park et al. (2021) fit
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Fig. 3. Core position as a function of frequency for the two different data
sets: i) the multi-frequency VLBA data set (blue points); ii) the multi-
frequency and multi-epoch data set presented in Boccardi et al. (2021)
(green points). The blue line represents the best-fit values presented in

Park et al. (2021b), the green line the ones shown in Boccardi et al.
(2021), while the yellow line trace the best-fit performed in this paper.

coinciding with the core component associated, and then shifted
according to the core-shift estimations (Sect. 2.4).

To compute the errors on the modelfit parameters we follow
a conservative approach. For the errors on the component fluxes,
we assume 10% of their values, for the position we assumed 20%
on the radial distance from the core added in quadrature with the
uncertainty on the core shift, while for the uncertainty on the size
we assume 25% of the FWHM (Boccardi et al. 2021). To remain
coherent with their approach, when the Gaussian components
are employed to compute the collimation profile (see Sect. 3.1),
we filter out the components whose size is 50% smaller than the
minor beam axis. To compute the brightness temperature profile
we use a less conservative approach, considering all the compo-
nents having sizes larger than 20% of the minor beam axis. For
the core components, being in a region with high signal-to-noise,
we use 10% times the minor beam axis as a threshold. While
more refined techniques to compute the errors on the modelfit
components exist (see e.g., Burd et al. 2022), in our work this
analysis is functional to compute the brightness temperature and
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Fig. 4. Expansion profile of NGC 315 using the previously published
data points from Boccardi et al. (2021) together with the new measure-
ments from the data set here presented. The black vertical lines high-
light the collimation distance proposed in (Boccardi et al. 2021), i.e.,
z=0.58 £ 0.28.

perform power-law fits on its evolution at the different frequen-
cies.

3. Results
3.1. Collimation profile

We use the new data at 43 GHz as well as the re-analyzed VLBA
data to enrich the description of the jet expansion profile from
sub-parsec to parsec scale Fig. 4, previously presented by Boc-
cardi et al. (2021).

The newly added data points show remarkable agreement.
Boccardi et al. (2021), by fitting the profile with a broken power-
law, inferred the transition from a parabolic to a conical jet shape
to happen at a distance of z, = 0.58 + 0.28 pc, highlighted by
the black vertical lines in Fig. 4. The two innermost data points at
43 GHz are particularly important. Indeed, by showing a slightly
wider jet than previously inferred at similar distances, they are
strengthening the interpretation of parabolic expansion on sub-
parsec scales. Interestingly, in correspondence with the jet break,
different data points show a smaller jet width, suggesting the
presence of a recollimation region. The expansion profile is fur-
ther employed in Sect. 3.2 to investigate the real position of the
central black hole.

3.2. Black hole position

To gain insights into the real position of the black hole, we use
a stacked image obtained by combining 43 GHz observations
(Fig. 5, left panel). Specifically, we use four different epochs: the
three presented in Sect. 2.1 and the 2018 epoch published in Boc-
cardi et al. (2021). Since our goal requires a stacked image with
as high as possible angular resolution in the central region, we
use maps obtained with uniform weighting. Consequently, we
calculated the average equivalent beam and convolved the im-
ages using a beam equal to ~ 65% of its value. Indeed, a super-
resolution of the image is possible, at least in the high signal-to-
noise regions, assuming a beam down to approximately ~ 65%
of its nominal value. This procedure is justified since, while it
may result in spurious features in the extended emission, we em-

ploy it to explore the bright core region. The obtained stacked
image is shown in the left panel of Fig. 5. The jet width pro-
file is obtained on a pixel-base using the code presented in Ricci
et al. (2022). For details on the code, we refer to Section 2 of this
paper. The jet width profile is shown in Fig. 5, right panel.

Given the observed two-sided expansion, i.e., in the jet side
and counter-jet side, we consider the pixel showing the mini-
mum width as the most likely for pinpointing the location of the
jet injection point, i.e., of the central black hole. We find the
minimum to lay upstream of the brightest pixel, in the direction
of the counter-jet, as expected due to the core shift. Specifically,
this is located 0.015 £ 0.015 mas = 41 + 41 R, upstream the core
position at 43 GHz. The suggested position of the black hole
is consistent with previous estimations for radio galaxies, i.e.,
< 100Rg (Hada et al. 2011; Baczko et al. 2022). The width in-
ferred at injection is 35 + 4 R, consistent with the one observed
at the jet base in M 87 (about 30 — 40 R, Lu et al. 2023).

Using the extrapolated jet width at the suggested jet ori-
gin position, we perform a power-law fit along the proposed
parabolic region Boccardi et al. (2021) by employing the updated
jet width profile (Fig. 4). The obtained function will be needed
when extrapolating the magnetic field strength from the turnover
frequency values (Sect. 4.1). We assume the most generic power-
law function, i.e., d = dy + b(z — z¢)°, fixing dyp and z( to the
initial position and width observed in Fig. 5. The best-fit param-
eters are b = 0.25+0.04 and ¢ = 0.47+0.12. The obtained index
¢ defining the jet shape confirms the occurrence of a parabolic
expansion on such scales.

3.3. Spectral index

Following the procedure described in Sect. 2.4 to obtain the core-
shift values (Table 2) and correctly aligning the images, we com-
pute the spectral index maps between pair of frequencies using
the simultaneous observations reported in Table 1. In the total in-
tensity maps, we filter out pixels with brightness below 10 0.
The spectral maps are presented in Fig. 6.

In all maps, we observe a core region characterized by an in-
verted spectral index, @ > 0 with S, o< ¥, and a jet with steep to
very steep spectral index. In two maps, we are able to determine
spectral index values in the counter-jet, which are also steep. In-
terestingly, in the two highest-frequency pairs (15-22 GHz and
22-43 GHz), the optically thick region shows a transverse gra-
dient, with a more inverted index in the south core region. The
possibility that this is due to an inexact core-shift determination
seems unlikely, since a similar sub-structure has been previously
observed by Ricci et al. (2022) at 22-43 GHz using a different
data set. Projection or absorption effects might play a role in this.
Concerning the latter, the low-frequency data do indicate the oc-
currence of free-free absorption in the nuclear regions. In partic-
ular, an inverted spectrum up to a = 4.5 is observed between 1.4
GHz and 2.3 GHz, which may be caused by the passage of syn-
chrotron self-absorbed emission with @ = 2.5 through optically
thick free-free absorbing material with @ = 2 (see, e.g., Kadler
et al. 2004, and references therein).

The counter-jet spectrum is determined for the frequency
pairs 2 GHz -5 GHz and 5 GHz -8 GHz. In the former case,
the spectral index drops drastically to @ ~ —2. In the latter case,
instead, the spectrum is flatter, i.e., « ~ —0.5 showing similar
values with respect to the jet. The reason behind this variability
is unclear, and a symmetric spectral index gradient in the jet and
counter-jet sides is observed only in the second case.

In the jet region, we observe optically thin synchrotron emis-
sion at all frequencies. In the four lowest frequency maps, the jet
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Fig. 5. Left panel: stacked image at 43 GHz created using four different epochs, each restored with a common elliptical beam. Right panel: jet
width as a function of the distance from the core, based on the analysis of the super-resolved stacked image. The minimum jet width, observed at

0.015 £ 0.015mas = 41 + 41 Rg, may pinpoint the position of the black hole.
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Fig. 6. Spectral index maps between different pairs of frequencies. Top panel starting from the left: (1.4-2.3) GHz, (2.3-5.0) GHz, and (5.0-8.4)
GHz. Bottom panel starting from the left: (8.4-15.3) GHz, (15.3-22.2) GHz, and (22.2-43.0) GHz. The contours trace the total intensity emission

in the map at the highest frequency. Note the different color scales.

steepens assuming the expected values —1 < @ < —0.5. On the gradient. Indeed, along the ridgeline at a distance of about 2 pc
contrary, the two high-frequency maps reach smaller values of we observe spectral values @ ~ —1.3, which rise up to @ ~ —0.5
the spectral index, between -1 and -1.5 in the 15-22 GHz map towards the edges of the emission. Such structure could be in
and down to ~ —2.2 in the 22-43 GHz map. We notice that the principle connected with an edge-brightened structure, observed
15-22 GHz spectral index map gives indications of a transverse in NGC 315 on similar scales (Park et al. 2021b).
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Fig. 7. Average spectral index as a function of distance from the 43 GHz
core for different pairs or frequencies. In addition to the VLBA data set
here presented, we re-present for comparison the 22-43 GHz spectral
index values for the two epochs presented by Ricci et al. (2022). At high
frequencies, remarkably steep spectral index values down to @ ~ —2 are
observed within one parsec from the core, corresponding to ~10* Rs.
Downstream, a convergence towards flatter values @ ~ —0.8 is observed
at all frequencies.

In Fig. 7, we display the evolution of the average spectral in-
dex values along the jet ridgeline. The positions of the spectral
index measurements are shown with respect to the VLBI core at
the highest frequency. The errors are computed by summing in
quadrature the thermal noise values together with the flux den-
sity uncertainties earlier discussed. Our spectral index values are
consistent within the errors with the ones inferred by Park et al.
(2021b). We highlight that the very steep spectrum region has an
extent similar to that of the collimation region (Boccardi et al.
2021). Towards the end of it, i.e., on parsec scales, all the spec-
tral maps converge towards values of ~ —0.8, consistent with
the observed radio spectra in the vast majority of AGN jets. We
contextualize these results using two spectral maps between 22
and 43 GHz obtained in Ricci et al. (2022). This comparison of-
fers two different insights: while it confirms the steep spectrum
on sub-parsec scales, it shows that the 22-43 GHz spectral map
fits with the 22-43 GHz 2007/2008 map, although shows slightly
lower values than the 22-43 GHz 2018 counterpart. Possible in-
terpretations of such results are discussed in Sect. 4.1. Our re-
sults are in agreement with the ones inferred for M 87 by Ro
et al. (2023) in two distinct ways. On one hand, the authors re-
cover a steep spectral index down to ~ —2.5 on the same scales,
i.e., ~ 10°Rg. On the other hand, the authors are showing that
the spectral index value may change across the different epochs,
although not dramatically.

3.4. Polarization

Polarization in NGC 315 is generally not observed in a wide
range of frequencies from 1 GHz to 43 GHz. This is the case
also for the maps analyzed in this paper. Weak polarized fea-
tures on the mJy-level are occasionally detected, but cannot be
cross-identified in neighboring epochs or adjacent frequencies.
The lack of jet polarization is a common trait of radio galaxies.
The underlying cause of the large-scale depolarization, be it the

intrinsic structure of the magnetic field itself, an external Faraday
screen, or strong intra-band Faraday rotation, remains unknown
(Sokoloff et al. 1998; Bower et al. 2017; Park et al. 2021b).

3.5. Brightness temperature profile

In this section, we discuss the intrinsic brightness temperature
profiles for the incoming jet of NGC 315. For a non-thermal
source, the apparent brightness temperature is expressed as (e.g.
Kadler et al. 2004):

S v V2 d 72
sz1.22><1012(1+z)(J—y”)(GHZ) (m—as) K )

in which S, is the flux density, v is the frequency and d is the
diameter of the emitting region. The intrinsic brightness temper-
ature is computed as 7\" = T}, /6, where 6 = [I'(1 —Bcosd)]™" is
the Doppler factor. To compute the intrinsic brightness tempera-
ture, we assume a viewing angle § = 38° (see Giovannini et al.
2001; Canvin et al. 2005; Boccardi et al. 2021; Ricci et al. 2022),
while the 8 values are taken from the speed profile obtained by
Ricci et al. (2022). We compute Té“ for all the intensity maps
reported in Sect. 2. The errors are computed by propagating the
uncertainties on the different parameters defining the Gaussian
components described in Sect. 2.5.

In Fig. 8, we report the intrinsic brightness temperature as a
function of distance from the jet apex. In the left panel, we show
the jet components, while in the right panel the core components.
We note that the core components at 43 GHz and 86 GHz should
be located on the origin of the x-axis (see Sect. 2.4), but a small
shift of 0.01 pc is applied for representing them in logarithmic
scale. The data are color-coded by frequency including results
from maps at different epochs.

In Fig. 8, the dashed horizontal black lines highlight the me-
dian and upper limit values of the equipartition brightness tem-
perature. The latter is achieved when the energy is equally shared
between the particles and the magnetic field. From theoretical
and statistical studies, it was shown that the equipartition bright-
ness temperature assumes a median value of T, ~ 5 x 10'°K
(Readhead 1994; Homan et al. 2021) with the upper limit set to
Ty, ~ 1x 10" K (Singal 2009). All jet components fall below the
upper limit, while the core components at progressively lower
frequencies exceed it. However, the inverse Compton catastro-
phe limit, set around (5 — 10) x 10" K (Kellermann & Pauliny-
Toth 1969), is never exceeded. On compact scales, the 86 GHz
core component lies around 10'! K, while the 43 GHz points are
slightly below the median equipartition brightness temperature.
On the contrary, already on scales of ~ 0.1 pc the Ty, values of
the core components fall in the range of the equipartition state.

Overall, the trend of the core components suggests that on
compact scales and in in its average state, the jet shows bright-
ness temperatures below the equipartition values, pointing to-
wards a magnetized outflow. However, variability in the physical
conditions of the core region is suggested by the 86 GHz mea-
surement, which lies in the equipartition range. On sub-parsec
scales, a flattening around the equipartition values is observed.
This flattening occurs in the proximity of the end of the collima-
tion region, where equipartition conditions are indeed expected.

Brightness temperatures exceeding the equipartition limit,
sometime observed in the same region, indicate the occurrence
of energy dissipation and particle acceleration processes. Possi-
ble particle re-acceleration scenarios are discussed in Sect. 4.1
in the context of the discussion on the observed spectral index
values.
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Table 3. Power-law indices of the intrinsic brightness temperature pro-
files at the different frequencies.

”
[GHz] €
1.0 —359+021
20 -3.38+0.29
50 -3.50+0.17
84 -2.88+0.13
121 —-3.59+0.46
154 —2.87+0.06
223  -2.63+0.13
432 224 +0.09
862 —2.55+0.41

Notes. Column 1: observing frequency in GHz; Column 2:
power-law index with the error.

In the jet, we fit the brightness temperature profiles with
a single power-law Ty, = Tyr¢. For each frequency, the Gaus-
sian components from all the available epochs are fitted jointly.
The best-fit values are reported in Table 3. The higher frequen-
cies, i.e., 22, 43, and 86 GHz, show a relatively flat slope with
€ ~ —2.2/ —2.6. On the contrary, at low frequencies, the in-
dices reach values down to —3.59 + 0.21. Similarly steep pro-
files are observed in the eastern jet of NGC 1052 on comparable
distances (Kadler et al. 2004). We highlight that the flatter val-
ues are observed at frequencies that sample the parabolic region,
suggesting different physical conditions with respect to the con-
ical expanding region. Implications and consequences on the jet
nature from such measurements are discussed in Sect. 4.3.

3.6. Turnover frequency

The turnover frequency is a key parameter in the synchrotron
spectrum. Its value is strictly related to the intrinsic properties of
the plasma, such as the strength of the magnetic field permeating
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it (e.g., Lobanov 1998). In this section, we measure the turnover
frequency for each pixel in the core and in the sub-parsec jet
region using the simultaneous VLBA observations (see Table 1).

To obtain the turnover frequency, we use the five highest-
frequency VLBA maps convolved with the same beam, with
same pixel size and uv-range. We motivate this choice as fol-
lows: i) to properly fit the synchrotron spectrum (Eq. 1), at least
four data points are needed; ii) due to the large difference in res-
olution between the highest and lowest frequency maps, using
all the maps would have led to problems in finding a proper
common beam and pixel size. By including the 1 GHz and 2
GHz observations, the common circular beam would have been
~ 5.08 mas and ~ 3.74 mas, respectively. Convolving the 22 and
43 GHz maps to such large beams would have led to losing the
majority of the information contained in them.

Consequently, we compute the turnover frequency by using
the maps in the frequency range 5-43 GHz restored with a com-
mon circular beam of 1.65 mas, larger than ~ 65% of the beam
at 5 GHz (2.35 mas) and small enough not to lose information
in the 22 and 43 GHz maps. The turnover frequency for each
pixel is obtained by fitting the data points using Eq. 1. In this
case, all the parameters but @, are left free to vary. a; is fixed
at 2.5, the expected value for a plasma with a homogeneous syn-
chrotron spectrum (see, e.g., Lobanov 1998). The resulting maps
are reported in Fig. 9. In the left panel, we show the turnover
frequency values, and in the right panel the corresponding flux
densities. The pixels set to zero are those in which either the
fit failed or the turnover frequency from the fit is outside of the
frequency range considered. This is the case for some regions
upstream of the jet base, where the spectrum is inverted up to the
highest frequency in the considered range.

We highlight that we recover a gradient in the turnover fre-
quency only in the direction of the jet propagation; due to insuf-
ficient transverse resolution, we cannot investigate the presence
of a transverse gradient in the turnover frequency profile.

In Fig. 10, we show the turnover frequency along the ridge-
line as a function of the distance from the 43 GHz core. Because
the pixel size in the turnover frequency map is different with re-
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Fig. 10. Turnover frequency along the ridgeline as a function of distance
from the 43 GHz core. The multiple data points at the same distance are
from the different possible core-shift configurations. The yellow points
represent the upper boundary, while the green ones the lower boundary.
The turnover frequency decreases from 15GHz < @ < 43 GHz in the
43 GHz core, down to ~ 6 GHz at ~ 0.7 pc.

spect to the one used in the maps employed to infer the core shift,
different displacements between each pair of frequencies are
consistent with the core-shift values reported in Tab. 2. As a con-
sequence, we extrapolate a number of turnover frequency values
at each given distance from the core (Fig. 10) according to all
the possible displacements between the maps. We then infer the
turnover frequency to be in the range 15 GHz < ay,, < 43 GHz at
the position of the 43 GHz core and to decrease down to ~ 6 GHz
around 0.7 pc.

4. Discussion
4.1. Steepness of the spectrum

The variation of the spectral index observed in Fig. 7 indicates a
change in the physical conditions along the jet.

Models have been developed to explain the steepening of the
spectrum (e.g., Hovatta et al. 2014; Ro et al. 2023). The spectral
evolution is regulated by the injection of non-thermal particles as
a function of the distance from the core, which can be expressed
as Q o« z9. Here, g defines the energy spectrum of the injection
function for the non-thermal electrons. When g = 0, particles
are injected continuously along the jet, whereas for ¢ — —oo
particles are only injected once at the launching site. In the for-
mer scenario, the spectrum slightly steepens with the distance,
reaching values of ~ —0.5. In contrast, in the latter scenario, the
spectral index drops abruptly and almost immediately to very
low values. In agreement with estimates obtained for M 87 (Ro
et al. 2023), intermediate values (¢ ~ —10) may better describe
spectral indices down to ~ —2, such as those derived in this study
on scales up to 10> Rg. We note that the steep-spectrum region
has roughly the same extent of the collimation (and acceleration
Ricci et al. 2022) region. At about 10* Rg downstream the core,
i.e., in the conical region, the flatter spectrum is better described
by g = 0, implying a higher rate of injection of non-thermal par-
ticles. Such a scenario suggests that cooling of the emitting elec-
trons is important on sub-parsec scales, followed by heating and
re-energizing on parsec scales. The cooling can, for instance, be
explained by synchrotron losses (Kardashev 1962; Pacholczyk
1970), a phenomenon already proposed to be happening on the
same scales in NGC 315 (Ricci et al. 2022) and M 87 (Nikonov
et al. 2023). The latter would be driven by the magnetic fields
which are expected to dominate the properties of the jet on such
scales. The injection of new particles on parsec scales could be
a consequence of single or multiple standing shocks. Hints of
the presence of a recollimation shock in the proximity of the jet
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shape transition distance can be noticed in Fig. 4, where the size
of the modelfit components at 43 GHz show a local decrease.

4.2. Particle acceleration mechanisms

The differences in spectral index between the sub-parsec and
parsec scales raise questions concerning possibly different par-
ticle acceleration mechanisms at play. For the sake of simplic-
ity, we focus on the two most common acceleration processes in
relativistic objects, i.e. Diffusive Shock Acceleration (hereafter
DSA, Blandford & Eichler 1987) and magnetic reconnection
(Loureiro & Uzdensky 2016). On sub-parsec scales, the spec-
tral index steepens to ~ —2, implying a particle energy spectrum
of pinj ~ 4. Although relativistic magnetic reconnection (Sironi
& Spitkovsky 2014) is able to provide such a spectrum, it would
require a weak magnetization which does not favor the forma-
tion of plasmoid instabilities. On the other hand, such a steep
energy spectral index shows a potentially better agreement with
the DSA mechanism in a moderately magnetized plasma. In par-
ticular, in sub-luminal shocks, the index of the particle energy
spectrum can steepen up to pi,; ~ 4.5 due to the DSA mecha-
nism (Sironi & Spitkovsky 2011). We highlight how a moderate
magnetization on sub-parsec scales is suggested from the values
of the brightness temperature as well (see Sect. 3.5). Zooming
out to the parsec scale, the spectral index (¢ ~ —1) is compati-
ble with both DSA acceleration (Sironi & Spitkovsky 2009) and
magnetic reconnection (Sironi et al. 2016). However, since mag-
netic reconnection may be suppressed at the sub-parsec scale,
the DSA mechanism may still be dominant due to the decreas-
ing magnetic field strength.

Overall we find that the spectral index does not completely
rule out a specific acceleration process, although DSA seems
to be a more realistic process at all scales. However, we point
out that our investigation of the particle acceleration processes,
which is based purely on the relation between the energy spec-
trum of the particles and the spectral index due to synchrotron
emission, allows us only to hint at the most prominent acceler-
ation process in each zone and cannot describe the interaction
between the different physical processes. Moreover, the scales at
which particles accelerate are too small to be captured by both
observations and simulations, particularly in the magnetic recon-
nection scenario. Although we expect reconnection and shocks
on the very small scales to play a significant role in the large-
scale spectrum, their interplay (which would span over ~ 8 — 10
order of magnitude in length scales) is still under debate.

High-resolution multi-scale simulations should be able to un-
veil the true nature of non-thermal particles in astrophysical jets,
although, at the current stage, the scale separation between par-
ticles acceleration and jet propagation is still a critical issue.

4.3. Magnetic field geometry

The analysis of NGC 315 performed so far indicates that the jet
starts off magnetized on compact scales, reaching a moderate
magnetization on sub-parsec scales. In the following, we extract
further information on the evolution of the magnetic field from
the brightness temperature and turnover frequency along the jet.

The slope of the brightness temperature profile is related to
the transverse expansion of the components along the jet and
to the dominant radiative loss mechanism. Specifically, a newly
ejected jet component will undergo stages of Compton, syn-
chrotron, and adiabatic losses. Under the assumption of a shock
propagating adiabatically downstream a conical jet with con-
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Table 4. Expected power-law index for the brightness temperature in
the jet using the model by Lobanov & Zensus (1999).

[ a=1 [ a=2
e | —1.40+0.15 -1.85+0.23
& | —4.87+x0.70 -6.67+0.07
€ | -3.87+x0.70 -5.67+0.70

Notes. Column 1: expected power-law index considering a
toroidal field; Column 2: expected power-law index considering
a poloidal field.

stant Lorentz factor, the evolution of the brightness tempera-
ture profile in three different stages is (Lobanov & Zensus 1999;
Schinzel et al. 2012):

e = — | (il + 5) + lal (pujl + 1] /8 3)
& = — [ 4(pugl +2) + 3lal (pil + 1) | /6 )
€0 = —| 2QIpujl + 1) + 3lal (Ipimil + D] /6 5)

Here, the power-law index a describes magnetic field strength
profile and piy; = 1 — 2a. As mentioned, Egs. 3 — 5 are valid
for the conical jet. By assuming an average value for the spectral
index (on parsec scales) of @ = —0.8 + 0.3, in which the error
is assumed to consider the observed scatter at that region (see
Fig. 7), we predict the power-law slopes for the different types
of radiative losses for the two magnetic field geometries, i.e.,
toroidal (a = —1) and poloidal (@ = —2). We note that these as-
sumptions of the indices for the toroidal and poloidal geometry
are valid only when considering a jet expanding with a conical
shape. The results are reported in Table 4. By comparing these
findings with the values reported in Table 3 we derive that the
fit to the data on parsec scales (Fig. 3) is exclusively compati-
ble with a jet dominated by adiabatic losses and threaded by a
toroidal field.

To explore the magnetic field in the parabolic region we fol-
low the approach proposed by Kadler et al. (2004). Assuming
a power-law for the electron density as N o z" and for the jet
diameter as d « z¢, the power-law index of the brightness tem-
perature is

e=c+n+a(l —a). (6)

This relation, while it allows us to consider a non-conical jet
shape, is only valid under the assumption of constant Lorentz
factor. This condition is not strictly valid for NGC 315, although
the measured Lorentz factor does not vary by a large factor in
the parabolic region (Park et al. 2021b; Ricci et al. 2022). There-
fore, we adopt this approach to provide an order-of-magnitude
estimate of the magnetic field strength from the jet base down
to ~ 0.6pc. We assume: i) an average spectral index for the
sub-parsec scales of @ = —1.80 + 0.30, ii) the jet width in-
dex as ¢ = 0.47 = 0.12, iii) the brightness temperature index as
€ = —2.4 + 0.2 from averaging the 43 GHz and 86 GHz profiles.
For the particle distribution, we consider two possible index val-
ues: n = —1, a classical assumption for jet evolution (Kadler
et al. 2004), and n = -2, which describes a particle population
without cooling effects. The inferred index for the magnetic field
on the sub-parsec region is —0.67 + 0.10 < a < —0.31 = 0.12.
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Fig. 11. Magnetic field strength as a function of distance, adapted from
Ricci et al. (2022). Here, we add the normalized values extrapolated
from the turnover frequency. The different colors for the data points
follow the same scheme as in Fig. 10.

While the uncertainties in this method prevent us from obtain-
ing a precise determination of the slope, Eq. 6 indicates that the
magnetic field evolves with an index smaller than one within
~ 10° Rg from the jet injection point. Similar results have been
obtained for M 87, since Ro et al. (2023) derived an index of
~ —0.72 on the same scales.

Finally, a further investigation of the magnetic field proper-
ties can be based on our previous analysis of the synchrotron
turnover frequency. Following (Cawthorne 1991):
B(d) = Cov; d*S ;2 (7
where Cj is the normalization factor. The values of vy, and Sy,
are taken from Fig. 9. We use the fit performed in Sect. 3.2 for
the jet width. Fig. 11 shows the plot originally published by Ricci
et al. (2022), based on independent constraints, with the addition
of the data points derived from Eq. 7. Unfortunately, in Eq. 7
the normalization factor is not known at priori as it depends on
the geometrical properties of the source (Lobanov 1998). As a
consequence, from this method, we cannot have insights into
the magnetic field strengths, and the best-fit values (blue dots,
Fig. 11) are normalized, in order to be represented in the plot,
to have a magnetic field strength of 1 G for the innermost data
point. We perform power-law fits for each set of data points
and find indices between -0.5 and -1. Therefore, the turnover
frequency analysis supports a (quasi-)linear dependence of the
magnetic field strength on the examined scales.

Overall, our analysis indicates that the field is dominated by
the toroidal component in the conical region. In the parabolic
jet, the combination of the findings from Eq. 6 and Eq. 7 indi-
cates an index a < —1. In the jet collimation region, the toroidal
component of the magnetic field has an index equal to the oppo-
site of the jet expansion index, i.e., it is -c=-0.47 in the case of
NGC 315. The index of the poloidal component is instead -2c=-
0.94. However, a steeper evolution for the toroidal field could be
expected in reality due to its dissipation in the acceleration pro-
cess (see Ricci et al. 2022). Ultimately, from an index of a < —1
in a parabolic-expanding and accelerating jet, while the toroidal
magnetic field component is slightly favored, it is not possible to
provide a strong constraint on the magnetic field configuration.

5. Conclusions

In this paper, we have presented three new VLBA observations
of the nearby radio galaxy NGC 315 at 43 GHz, in addition to
other data sets that have been previously reported in the litera-
ture. The main goal of this paper was to investigate the properties
of the magnetic field in the inner parsec region by exploring the
spectral and brightness temperature properties of the jet. Our re-
sults can be summarized as follows.

— We used a pixel-based analysis to extrapolate the jet width in
the core region using a 43 GHz stacked image. The expan-
sion profile suggests the real injection position of the jet to
lay 41 + 41R; upstream of the core at 43 GHz, i.e., toward
the counter-jet. We find a minimum width of 35 + 4Ry, in
agreement with jet width measured in M 87 (Lu et al. 2023).
Moreover, we enriched the previously published expansion
profile (Boccardi et al. 2021) with the new observations. The
new data points are in agreement with the previously pub-
lished results, strengthening the scenario of the jet collima-
tion taking place on sub-parsec scales.

— The spectral index analysis reveals a very steep spectrum on
sub-parsec scales, along the acceleration and collimation re-
gion. Namely, from the 22-43 GHz spectral index maps we
observe values down to ~ —2, as also observed in M 87 (Ro
et al. 2023). Downstream the jet, on parsec scales, the spec-
tral index reaches more standard values for optically thin
emission of about —0.8. We explored possible physical rea-
sons behind the observed evolution of the spectrum, includ-
ing cooling due to synchrotron losses to explain the steep val-
ues or different acceleration mechanisms between the sub-
parsec and parsec region, i.e., DSA and magnetic reconnec-
tion. The DSA is slightly favored for explaining the particle
re-acceleration occurring in the jet on all scales.

— We examined the brightness temperature as a function of
distance from the core. We infer a relatively flat power-law
index at 22,43, and 86 GHz (e ~ —-2.4), i.e., the frequen-
cies that sample the collimation region, and a steeper trend,
ie., € ~ —(2.80 — 3.70), at lower frequencies. Moreover, the
brightness temperature of the 43 GHz cores indicates a dom-
inance of the magnetic energy at the jet base, while the cores
at progressively lower frequencies reveal a gradual transi-
tion towards equipartition, which is reached towards the end
of the collimation region. A time-variability of the physical
conditions is also observed since, particularly at 15 GHz, val-
ues exceeding equipartition are often measured. This indi-
cates the occurrence of efficient particle re-acceleration pro-
cesses on sub-parsec scales.

— We determine a synchrotron turnover frequency in the range
15GHz < ay, < 43 GHz at the location of the 43 GHz core,
which decreases down to ~ 6 GHz within ~ 0.7 pc.

— Finally, we employ our observational constraints, together
with theoretical models, to explore the geometry of the mag-
netic field in the inner jet. In the conical region, our re-
sults are consistent with a toroidal-dominated magnetic field
(a = —1). In the parabolic region we derive a < —1, there-
fore we are not able to provide strong constraints. Overall,
however, our findings are more consistent with a toroidal ge-
ometry also in this region.
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Appendix A: Gaussian components Table A4 Modelfit parameters of the Gaussian components at 8 GHz
at the different epochs.
Table A.1. Modelfit parameters of the Gaussian components at 1 GHz S d z PA Ty
at the different epochs. Obs date Iyl [mas] [mas] [deg] [108K]
Jan 2020 | 264.47 0.1 041 -43.03 5124.64
Obs date | .5 d z PA Ty 139.98  0.15 1.06 -4442 1205.51
Uyl  [mas] [mas] [deg] [10°K] 475 022 1.86 -47.63  190.17
Jan 2020 | 150.84 0.24 4.5 -50.4  14433.74 2291 038 286 -47.81 30.74
750 072 7.83  -5037 79741 2438 043 491 -50.43  25.55
29.08 062 1191 -49.75  416.96 8.89 0.73 73 49723 3.23
7.78 1.92 22,15 -50.64 11.63 8.54 083 863 -50.62 24
452 385 3933 -51.04  1.68 2594 053 379 -48.67 17.89
14.27 1.77 16.13  -49.63 25.11 10.11 048 586 -4961 8.5
10.56  2.06 26.64 -50.7 13.72 4.92 1.4 11.09 -49.99 0.49
452 281 4523 -5082  3.16 338 131 13.67 -4883  0.38
495 195 3183 -5084  7.17 3.08 255 2478 -50.87  0.09
4.14 2087 8023  -49.5 0.05 207 159 1628 -49.76  0.16
3.66 5.82 52779 -49.48 0.6 1.02 0.15 97  -50.48 878
532 3857 131.84 -48.71 0.02

Notes. See Table A.1
Notes. Column 1: date of the observation; Column 2: flux

density in Jy; Column 3: FWHM in mas; Column 4: radial
distance after the core-shift correction; Column 5: position
angle after the core-shift correction; Column 6: observed
brightness temperature in units of 108K.

Table A.2. Modelfit parameters of the Gaussian components at 2 GHz
at the different epochs.

S d z PA T,
Obsdate | jy)  [mas] [mas] [deg] [10°K]
Jan 2020 | 199.94  0.64 1.37 -72.38 1144.33
144.74  0.93 4.12 -57.71 392.31
46.14 1.33 8.13 -51.94 61.15
15.92 3.77 24776 -52.27 2.63
27.66 3.15 12.61 -52.63 6.53
12.53 1492 4198 -52.06 0.13

Notes. See Table A.1

Table A.3. Modelfit parameters of the Gaussian components at 5 GHz
at the different epochs.

S d z PA Tb
Obsdate | 501 [mas] [mas| [deg]  [10°K]
Jan 2020 | 211.22  0.07 026 -48.05 21382.88
188.45 0.33 1.2 -47.29 858.41
63.07 0.57 2.85 -49.18 96.29
29.37 1.7 7.32 -50.0 5.04
58.75 0.9 4.63 -50.51 35.98
17.06 2.91 11.31 -49.83 1.0
3.67 1.26 154 -48.34 1.15
3.6 0.1 595 -49.42 178.58
3.88 0.08 9.11 -50.97 300.73
2.6 277 2442 -50.49 0.17
1.09 3.01 19.46 -50.74 0.06
1.45 238 28.87 -51.12 0.13

Notes. See Table A.1
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Table A.5. Modelfit parameters of the Gaussian components at 15 GHz

at the different epochs.
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Table A.6. Modelfit parameters of the Gaussian components at 15 GHz
at the different epochs.

S d z PA Ty S d Z PA Ty
Obsdate | 131 [mas] [mas] [deg] [10°K] Obsdate | 1y0)  mas] [mas] [deg]  [10°K]
Apr 1995 292.61 0.07 0.34 -56.93 3143.4 Dec 2000 | 182.41 0.15 0.18 -71.88 426.75
82.15 0.3 1.31 -54.68 48.05 130.9 0.23 0.61 -54.41 130.25
146.87 0.17 0.75 -55.69 267.51 78.65 0.27 1.15 -53.93 56.79
74.99 0.45 1.94 -53.67 19.49 44 .84 0.33 1.83 -53.39 21.67
23.05 0.59 3.48 -52.48 3.49 19.79 0.68 4.42 -51.36 2.25
21.06 0.62 4.52 -48.82 2.88 12.6 0.01 2.53 -53.41 6632.51
Dec 1995 | 270.98 0.13 0.31 -59.7 844.03 12.2 0.51 3.3 -54.45 2.47
119.63 0.2 0.7 -57.43 157.43 6.59 0.64 6.33 -44.57 0.85
49.68 0.31 1.65 -54.5 27.21 Oct 2003 | 310.09 0.19 0.34 -57.12 452.16
65.95 0.17 1.17 -54.98 120.12 120.89 0.2 0.86 -53.38 159.09
33.39 0.89 3.84 -51.66 2.22 86.2 0.74 1.83 -51.45 8.29
37.02 0.33 2.22 -54.06 17.89 28.62 0.03 1.36 -51.4 1673.92
16.48 1.19 5.3 -50.52 0.61 24.97 0.74 3.18 -53.33 2.4
May 1996 | 255.53 0.09 0.32 -60.87 1660.6 9.22 0.06 1.25 -51.69 134.81
103.15 0.14 0.74 -56.07 277.03 7.49 0.45 492 -50.3 1.95
48.11 0.28 1.67 -54.62 323 Feb 2006 | 277.98 0.01 0.39 -53.68 146325.69
55.82 0.09 1.16 -55.56 362.75 96.63 0.12 0.77 -55.09 353.23
28.57 0.69 4.52 -50.29 3.16 21.72 0.86 4.54 -51.08 1.55
25.34 0.32 2.3 -54.79 13.03 60.51 0.16 1.27 -51.5 124.42
19.11 0.55 3.3 -53.2 3.33 33.13 0.35 1.84 -51.61 14.24
Jul 1996 194.48 0.07 0.34 -56.7 2089.23 30.3 0.63 2.85 -51.83 4.02
90.52 0.12 0.72 -56.92 330.89 14.24 1.19 6.31 -50.48 0.53
63.95 0.19 1.14 -54.51 93.25 Sep 2008 | 246.26  0.07 0.26 -60.39 2645.48
16.37 0.62 4.63 -49.7 2.24 144.46 0.09 0.6 -55.96 938.79
41.29 0.29 1.69 -53.75 25.84 83.56 0.15 1.03 -53.63 195.49
24.6 0.33 2.21 -54.21 11.89 50.61 0.2 1.53 -53.42 66.6
10.94 0.5 2.93 -53.25 2.3 32.65 0.31 2.05 -51.05 17.88
971 0.67 6.14 -50.74 1.14 8.29 0.96 7.46 -51.24 0.47
12.46 0.48 3.81 -52.27 2.85 20.19 0.38 2.78 -51.03 7.36
Aug 1997 280.4 0.08 0.35 -57.28 2306.24 13.75 0.66 4.66 -51.8 1.66
136.95 0.24 0.83 -56.34 125.15 8.92 0.49 3.5 -53.23 1.96
13.62 0.4 4.03 -51.77 4.48 6.79 0.68 6.06 -50.79 0.77
54.57 0.2 1.4 -56.22 71.81 2.27 0.79 9.0 -51.91 0.19
16.04 0.75 478 -50.98 1.5 Jun 2009 | 232.51 0.09 0.25 -59.57 1511.0
41.8 0.45 2.0 -55.02 10.87 171.09  0.06 0.55 -54.42 2501.67
18.07 0.81 2.93 -55.26 1.45 37.26 0.21 1.51 -52.8 44 .47
10.17 0.79 6.31 -50.63 0.86 73.63 0.19 1.0 -53.14 107.36
5.21 1.01 7.69 -49.89 0.27 15.43 0.68 4.96 -50.93 1.76
Jul 1999 338.76 0.13 0.4 -54.06 1055.15 16.25 0.31 2.51 -51.59 8.9
118.02 0.1 1.0 -51.3 621.24 26.9 0.27 2.03 -52.26 19.42
51.31 0.3 1.7 -52.14 30.01 6.76 0.64 6.53 -51.33 0.87
19.55 0.85 3.5 -53.12 1.42 13.96 0.42 3.17 -50.63 4.17
35.06 0.22 2.44 -53.81 38.13 5.33 0.93 7.83 -50.0 0.32
18.6 2.04 6.58 -52.27 0.24 8.33 0.67 4.09 -52.02 0.98
9.53 0.44 4.54 -49.63 2.59

Notes. See Table A.1
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Table A.7. Modelfit parameters of the Gaussian components at 15 GHz  Table A.8. Modelfit parameters of the Gaussian components at 22 GHz

at the different epochs. at the different epochs.
S d zZ PA Ty S d z PA Ty
Obsdate | 1yy)  [mas] [mas] [deg] [10°K] Obsdate | 5y [mas] [mas] [deg] [10°K]
Jul 2009 | 261.34 0.07 0.28 -58.72 2807.48 Jan 2020 | 142.55 0.14 0.21 -47.28 186.35
21.51 0.89 475 -51.26 1.43 91.79 0.13 0.64 -48.34 139.17
150.49  0.08 0.59 -55.05 1237.76 48.57 0.21 1.01 -46.5 28.22
66.26 0.19 1.01  -54.04 96.62 28.52 048 1.76  -48.45 3.17
42.3 0.27 1.58 -52.52 30.54 19.14 1.01 332 4842 048
23.1 0.65 3.02 -51.2 2.88 17.55 0.86 5.07 -50.31 0.61
25.88 0.26 2.19 -52.4 20.15 5.01 0.16 1.4 -46.35 5.01
8.36 0.65 6.42  -51.65 1.04 3.93 0.11 243  -48.17 8.32
6.32 1.13 7.81 -50.2 0.26 2.79 0.05 4.01 -48.99 28.59
8.65 325 13.02 -51.67 0.04 2.9 0.87 6.77 -49.03 0.1
Jan 2010 | 244.89  0.08 0.28 -62.87 2014.18 2.27 0.77 8.14 -5142 0.1
174.58 0.12 0.59 -58.31 638.17
1677 072 492 5179 17 Notes. See Table A.1
84.0 0.16 1.01  -54.74 172.72
34.19 0.16 1.6 -54.11 70.3 Table A.9. Modelfit parameters of the Gaussian components at 43 GHz
31.83 0.35 2.18 -53.45 13.68 at the different epochs.
19.05 0.71 322 -51.0 1.99
11.88 1.77 7.0 -51.39 0.2 S d z PA Ty
777 396 1221 -4945  0.03 Obsdate | |11 [mas] [mas] [deg]  [10°K]
Dec 2012 | 239.64 0.09 0.33  -60.71 1557.33 Jan 2020 | 231.63  0.01 0.01 -57.4 15391.98
95.23 0.12 0.73  -54.27 348.11 41.5 0.12 0.29 -48.92 19.15
48.55 0.52 2.63 -51.83 9.45 35.99 0.1 0.71 -48.29 23.92
79.65 0.2 1.21  -5391 104.82 7.14 0.05 1.16 -48.14 18.98
31.95 0.23 1.73  -52.86 31.79 4.49 0.16 1.68 -47.83 1.17
14.04 1.53 726  -50.54 0.32 Apr2021 | 185.79 0.1 0.0 -166.84 123.46
11.69 0.68 5.0 -50.5 1.33 2796  0.27 0.99 -49.15 2.55
15.68 0.67 391 -52.64 1.84 34.87 0.13 0.19 -61.49 13.71
Aug 2019 | 151.82 0.08 0.48 -55.48 1248.69 42,16  0.28 0.59 -51.82 3.57
90.44 0.09 0.9 -50.76  587.74 19.82  0.58 1.62 -52.08 0.39
50.59 0.13 1.33  -49.12  157.57 Oct 2021 | 215.72 0.01 0.02 -38.67  14334.75
2223 026 1.89 -499 17.31 5579 039 087 -49.15 244
16.04 0.62 493 -51.47 2.2 50.85 0.14  0.31 -45.17 17.24
11.4 0.23 245 -50.04 11.34 26.47 0.81 1.87 -49.2 0.27
15.26 0.55 392 -49.88 2.66 7.01 0.1 0.59 -52.84 4.66
13.2 0.46 328 -48.67 3.28 4.97 0.62 3.53 -49.38 0.09
7.12 1.34 8.83 -51.21 0.21 Apr 2022 | 189.41 0.03 0.01 -58.87 1398.49
4.95 0.36 5.62  -50.84 2.01 27.88 0.09 0.76 -50.1 22.87
6.05 1.11 6.84  -50.29 0.26 60.2 0.06 0.14 -54.65 111.12
Jan 2020 | 197.49 0.1 0.06 -45.0 1088.5 34.09 0.19 0.46 -46.65 6.28
142.5 0.08 0.5 -48.7  1227.21 25.58 0.18 1.05 -48.04 5.25
15.57 0.5 483 -50.92 343 12.81 1.27 4.85 -47.94 0.05
68.54 0.17 093 -46.16 130.72 7.53 0.16 1.38 -49.43 1.95
31.97 0.24 1.47 -47.6 30.59 8.38 0.52 2.05 -49.37 0.21
15.72 0.52 325 -48.74 32 6.14 0.73 3.55 -49.59 0.08
6.51 0.94 8.18 -50.29 0.41
15.94 0.21 1.98 -49.82 19.92 Notes. See Table A.1
5.53 0.71 6.66  -49.35 0.6
10.51 0.53 395 -49.55 2.06
7.09 0.23 2.5 -48.24 7.39
5.95 0.37 548 -49.96 2.4
2.32 0.71 9.58 -51.08 0.25
1.87 1.29 1148 -4943 0.06
1.85 1.52 1458 -48.26 0.04
1.18 122 2472 -50.86 0.04
0.88 141  21.77 -53.81 0.02

Notes. See Table A.1

Article number, page 15 of 15



135



7 Summary and outlook

This thesis addresses the formation and propagation of relativistic jets through
the study of radio galaxies. Thanks to the small projection effects, these sources
offer a unique opportunity to investigate the jet properties on the sub-parsec
and parsec scales. Although the launching of jets has been intensively studied
throughout the past decades thanks to the possibilities offered by interferometric
observations, a comprehensive picture is still missing.

The two major subjects discussed in this work are the disk-jet connection and
the nature of the jet acceleration (see Sections 2.2.1 and 2.2.2). For the former,
theoretical models such as the SANE (Narayan et al. 2012) and MAD (Bisnovatyi-
Kogan & Ruzmaikin 1974, 1976; Narayan et al. 2003) have been proposed to
explain the launching of relativistic jets from radiatively inefficient hot disks.
However, the number of active galaxies for which such models have been tested is
still small. One reason for this is the observational challenge posed by the study
of the jet collimation region and nature of the magnetic fields on very compact
scales. Regarding acceleration, while the contribution of the magnetic fields to
the increase in bulk flow speed has been largely explored (see e.g., Komissarov
et al. 2007), little is known about thermal acceleration. The latter is generally
believed to be relevant only on very compact scales, slightly downstream of the jet
injection, and is neglected on parsec scales. Nonetheless, an increasing number of
theoretical works have shown how jets can still be thermodynamically relativistic
at such distances (Perucho et al. 2017). In this scenario, the role of thermal
acceleration had not been explored yet.

The radio galaxy NGC 315 was chosen as a laboratory to address such top-
ics. NGC 315 represents a perfect target, thanks to its unique properties. The
combination of its vicinity and its large black hole mass allows, through VLBI ob-
servations, to resolve its radio emission down to hundreds of Schwarschild radii,
digging into the core of the jet formation. Moreover, the possibility to detect
its counter-jet across different frequencies unlocks powerful ways to explore the
source, for instance in the investigation of the black hole position and of the jet
speed profile through the analysis of the two-sided expansion profile and the jet
to counter-jet ratio, respectively.

The approach in this dissertation was twofold: the experimental results in-
ferred from VLBI observations were presented side-by-side with a theoretical work
performed via RMHD simulations. This approach, while creating a unique syn-
ergy, is still poorly adopted in the community due to its complexity, and has
seen a major development only in recent years thanks to improvements in the

numerical techniques and capabilities. In this context, two main obstacles need



7 SUMMARY AND OUTLOOK

to be faced. On the one hand, it is necessary to translate the observational prop-
erties of jets and their surroundings into a model that the code is able to handle
consistently in a reasonable amount of time. A one-to-one conversion is, at the
moment, impossible due to the highly turbulent and complex system in which
jets develop. As a consequence, a number of assumptions and simplifications
need to be made. On the other hand, such simplifications must not be too strin-
gent, and they should allow to extract physical information that can be compared
with observations. Considerable effort was dedicated to finding an approach that
meets the observational and theoretical aspects halfway: while the models pro-
posed in this work and the results obtained from them can be directly compared,
with some caveats, with the observational data, they allow the employed code to
successfully run in a time span of a few days in a dedicated cluster.

The observational results presented in this thesis provide new insights into
the framework of the jet formation and propagation processes. The analysis of
the VLBI observations of NGC 315 presented in Chapters 4 and 6 provide strong
constraints on the spectral and magnetization properties of the innermost jet.
The multiple spectral index maps indicate a remarkable behavior on sub-parsec
scales, with the spectral index reaching very steep values down to ~ —2. Stan-
dard values for optically-thin emission, i.e. ~ —0.8, are instead observed on
parsec scales. While the physical reasons behind the steep spectra are unclear
and will be the subject of future debates, possible explanations account for: i)
the strong magnetic fields inferred on the sub-parsec scales, which could lead
to cooling due to synchrotron losses; ii) the interplay between different particle
acceleration mechanisms such as magnetic reconnection and diffusive shock ac-
celeration. A recent study on M 87, a source very similar to NGC 315 when
considering the accretion mode and the jet power, suggests a similar behavior
(Ro et al. 2023), indicating a possible common characteristic of the magnetized
regions in jets. Concerning the magnetic fields, independent analyses involving
the brightness temperature and the turnover frequency profiles show remarkable
agreement with each other and point towards a quasi-linear dependence of the
magnetic field strength with distance up to the jet base, in agreement with liter-
ature studies on AGN jets (see, e.g., O’Sullivan & Gabuzda 2009; Ro et al. 2023).
In detail, on parsec scales the spatial evolution of the magnetic field strength
follows a power law oc z~!, indicative of a toroidal-dominated magnetic field in
the conical-expanding jet. On sub-parsec scales and up to the jet apex, where
the jet has a parabolic shape, the magnetic field evolves with the distance with
a power-law index < —1. While slightly favoring a toroidal geometry also in
this region, the derived range does not allow us to provide strong constraints.

Indeed, in a parabolic jet, the poloidal field is expected to propagate as oc z 71
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7 SUMMARY AND OUTLOOK

while the toroidal component as o< z~%, however, the latter is expected to have
a steeper evolution being dissipated in the acceleration process. Together with
the estimate of the magnetic field strength from the core-shift measurements, a
complete overview of the magnetic field properties on parsec scales and up to
the nuclear region was presented, showing magnetic field strengths of 10> — 10 G
at the jet base. To compute the strength of the magnetic field, a new model to
extract such information from the core shift in an accelerating and collimating
jet was developed and presented in Chapter 4.

In addition to the magnetic fields, the acceleration and collimation processes
were studied. The bulk velocities inferred with the jet to counter-jet ratio method
indicate a remarkable agreement between the extent of the two. Indeed, both
are suggested to be completed within one parsec downstream of the core (see
Boccardi et al. 2021, for the extent of the collimation region). According to
theoretical models (Komissarov 2012; Komissarov et al. 2007), the co-spatiality
of acceleration and collimation suggests that these processes are mainly driven
by the conversion of magnetic energy into kinetic energy.

The ensemble of the observational results, when interpreted in the context
of theoretical models (Nokhrina et al. 2019, 2020), are consistent with the jet in
NGC 315 being launched by a maximally spinning black hole surrounded by an
accretion disk that has reached the MAD state.

Thanks to the synergy between the observational and theoretical approaches,
in this thesis new insights into the jet acceleration mechanism are presented in
Chapter 5. By employing the observational properties of the jet in NGC 315 as
starting conditions for the simulated models, the acceleration mechanisms, and in
particular its thermal counterpart, are explored. The results suggest that thermal
acceleration, which has been widely overlooked in the literature, might play an
important role in the establishment of extended jets. Indeed, when the internal
energy is sufficiently high, the jet acceleration can be nourished by the conversion
of internal into kinetic energy of the bulk flow. The main feature of this mech-
anism is its efficiency also in conical jets, ideally extending the jet acceleration
well beyond its collimation region. By comparing our synthetic results with the
observational ones from NGC 315 and other AGN jets, further insights on jet
propagation are proposed. Specifically, by directly comparing the simulated and
observed speed and opening angle profiles in NGC 315, it is suggested that the
variations in the Lorentz factor and width evolution, which are observed across
different epochs, may be a consequence of variability in the jet injection con-
ditions, which may occur on time scales of a few months. Another jet property
investigated through simulations is its transverse structure. Specifically, the limb-

brightening observed in numerous AGN jets, NGC 315 included, can be connected
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with a stratified structure in which the spine is faster than the surrounding layers.
Such a scenario is suggested from the simulations in two different cases: either
assuming a non-force-free configuration for the magnetic fields (the gas pressure
depends on the magnetic pressure) or including a relatively thick shear layer in
the magnetic field force-free configuration (the gas pressure is independent of the
magnetic pressure). In the second scenario, the simulation results suggest that,
if the highly magnetized jets are expanding with a force-free configuration, winds
may be necessary to shield the internal spine from the action of the external
medium.

In conclusion, the results presented in this thesis highlight the strength of
the direct comparison between observational and theoretical data and may serve
as starting points for further studies. In detail, the work presented in Chapter
5 will be the basis for future works aimed at: i) deepening our understanding
of the role of the shear layer and the winds, in different categories of AGN; ii)
producing synthetic spectral index maps by means of a post-processing analysis
and compare them with the results shown in Chapters 4 and 6. In addition,
the model developed to compute the magnetic field from the core shift in an
accelerating jet can be a relevant resource for the scientific community to provide
more precise constraints on the jet magnetization up to its base.

Alongside the scientific results, the algorithms and the pixel-based Python
scripts developed to analyze radio images will be made public in the near future.
These scripts are part of VCAT, a collection of tools that will allow users to easily
extract information and physical parameters from radio maps. This package is

currently under development and will soon be released to the community.
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