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Abstract

Jets powered by active galactic nuclei (AGN) are some ofmost powerful phe-

nomena of the cosmos. Understanding the underlying physical mechanisms

is necessary to enhance our knowledge of the universe. The focus of this the-

sis lies on the innermost region of the radio source 3C84, harboured in the ra-

dio galaxy NGC 1275, which exhibits such energetic jets. Perhaps connected

to this jet activity is a perpendicularly to the bulk jet flow oriented structure,

whichwas recently revealed in a RadioAstron space very-long-baseline inter-

ferometry (VLBI) image. Interpreting this structure and its implications to jet

physics is one of themainmotivations of this thesis. It is accomplished byutil-

isingmillimetre-VLBI observations of 3C84 at the highest resolution,with the

available data covering a period ofmore than twentyyears and at different fre-

quencies.

The thesis is organised as follows: in Sect. 1 an overviewof the astrophysi-

cal background required to interpret the data is introduced. This includes brief

descriptions of the radiation received by the telescopes, of black holes and

AGN, aswell as of astrophysical jets. AGN classification schemes and the rel-

evant details of jet physics are also discussed.

Section 2 offers a review of the technical background, including the basics

of the technique of interferometry and VLBI arrays, calibrating a VLBI data set

and imaging it.

In Sect. 3we utilise quasi-simultaneous observations at 15, 43, and 86GHz

and create the highest resolution spectral index images of 3C84 to date. Our

analysis reveals the existence of a spectral index gradient in the north-south

direction, with values between α43−86 ∼ 2 upstream of the 86GHz VLBI core

and α43−86 ∼ −2 downstream. In this context, we discuss the spectral in-
dex distribution. Wedetermine the location of the jet apex to be 400− 1500Rs
(Schwarzschild radii) upstreamofthe86GHzVLBIcore,bymeansoftwo-dime-

nsional cross-correlationanalysis. In that region, themagneticfieldappears to

be amix between poloidal and toroidal,with a strength of 2− 4G.

Section 4 presents an alternative approach for pinpointing the jet apex of

3C84, by directly imaging the core region. The temporal stacking of a num-

ber of 86GHz data sets at different epochs confirms the existence of a double

component structure present in the core region, concurring the RadioAstron

result. Both a conical and a parabolic jet expansion profile are then fit to the

data to determine the shape of the expansion. This constrains the position of

the jet apex to 200− 3000Rs upstream of the 86GHzVLBI core. Our analysis

also reveals a possible change of viewing angle along the jet flow (perhaps in-



dicative of jet bending) and sets an upper limit for the viewing angle of 35◦ for

the inner jet.

Section 5 showcases a comprehensive study of the evolution and jet kine-

matics of 3C84 over more than twenty years. Our analysis reveals the ejec-

tion of numerous components from the core region, which seem to move at

subluminal speeds,with newercomponents being faster. Wealso checked for

possible differences between thevelocities of the43 and86GHz components

individually but only found marginal evidence of faster motion at 86GHz. The

jet width appears frequency dependent,with the jet width decreasingwith in-

creasing frequency, which might be explained by stratification in the context

of the spine-sheath jet stratification scenario. We also produced spectral in-

dexmapsat43− 86GHz,whichshowthat theorientationofthespectral index

gradient position angle is time variable. This further indicates that the black

hole is positioned off-centred from the total intensity maximum and that the

jet axis is changingwith time.

Finally, in Sect. 6 our analysis and results are summarised and in Sect. 7 an

outlook for the future is provided.



Zusammenfassung

Astrophysikalische Jets, die von aktiven galaktischen Kernen (AGN) angetrie-

benwerden, sind einige derenergischsten Phänomene des Kosmos. DasVer-

ständnisderzugrunde liegendenphysikalischenMechanismen ist notwendig,

um unserWissen über das Universum zu erweitern. Der Schwerpunkt dieser

Arbeit liegt auf dem innersten Bereich derRadioquelle 3C84, die sich im Kern

derRadiogalaxieNGC 1275befindetundsolchenergiereicheJetsaufweist. Die-

se Jet-Aktivität steht möglicherweise im Zusammenhang mit einer senkrecht

zurHauptströmungdesJetsorientiertenStruktur,diekürzlich ineinerRadioAs-

tronWeltraumvery-long-baseline interferometry (VLBI)Beobachtungentdeckt

wurde. Die InterpretationdieserStrukturund ihreBedeutungfürdieJet-Physik

ist dieHauptmotivation dieserArbeit. DazuwerdenMillimeter-VLBI Beobach-

tungenvon3C84mitderhöchstenAuflösungübermehrals zwanzigJahreund

bei verschiedenen Frequenzen verwendet.

Die Doktorarbeit ist wie folgt aufgebaut: Im Abschnitt 1 wird ein Überblick

überdentheoretischenHintergrundgegeben,derzur InterpretationderDaten

erforderlich ist. Kurz beschrieben werden die von den Teleskopen empfan-

geneStrahlungunddiedarausresultierendenErkenntnissezuSchwarzenLöch-

ern undAGN, sowie astrophysikalischen Jets. AußerdemwerdenAGN-Klassi-

fizierung und relevante Details der Jet-Physik diskutiert.

Im Abschnitt 3 nutzen wir quasi-simultane Beobachtungen bei 15, 43 und

86GHz und erstellen die höchstauflösendsten Spektralindexbilder von 3C84

bis dato. UnsereAnalyse deutet auf die Existenz eines Spektralindexgradien-

ten in Nord-Süd-Richtung, mit Werten zwischen α43−86 ∼ 2 stromaufwärts

des 86GHz VLBI-Kerns und α43−86 ∼ −2 stromabwärts. In diesem Zusam-

menhang diskutieren wir die Spektralindexverteilung. Mit Hilfe einer zweidi-

mensionalen Kreuzkorrelationsanalyse bestimmenwir die Position des Jet-

Apex; siebefindetsich400− 1500Rs (SchwarzschildRadii) stromaufwärtsvom

86 GHz VLBI-Kern. In dieser Region scheint das Magnetfeld eine Mischung

aus poloidalem und toroidalem Feld zu sein,mit einemWert von 2− 4G.

ImAbschnitt 4wird ein alternativerAnsatz vorgestellt, um die Position des

Jet-Apexvon3C84durchdiedirekteAbbildungderKernregion zu lokalisieren.

Die zeitliche Stapelung einer Reihe von 86GHz Datensätzen, beobachtet zu

verschiedenenEpochen,bestätigtdieExistenzeinerDoppelkomponentenstruk-

tur in der Kernregion, die mit dem RadioAstron-Ergebnis übereinstimmt. Um

dieFormderExpansionzubestimmen,werdendieDatenaneinkonischesund

ein parabolisches Jetexpansionsprofil angepasst. Dadurch wird die Position

des Jet-Apex auf200− 3000Rs stromaufwärts des 86GHzVLBI-Kerns einge-



grenzt. Unsere Analyse zeigt auch eine mögliche Änderung des Sichtwinkels

entlangdesJet-Flusses (vielleichteinHinweisaufeineJet-Krümmung)und legt

eine Obergrenze für den Sichtwinkel von 35◦ fest.

Abschnitt 5 beinhaltet eine umfassende Studie der Entwicklung und Jet-

Kinematik von 3C84 über mehr als zwanzig Jahre. Unsere Analyse zeigt den

Ausstoß zahlreicher Komponenten aus der Kernregion, die sich anscheinend

mit relativ langsamerGeschwindigkeit bewegen,wobei neuereKomponenten

schneller sind. Wir haben auch nachmöglichen Unterschieden zwischen den

Geschwindigkeiten der 43 und 86GHz-Komponenten gesucht, fanden aber

nur marginale Hinweise für eine schnellere Bewegung bei 86GHz. Die Jet-

Breitescheint frequenzabhängigzusein,wobeidieJet-Breitemit zunehmender

Frequenz abnimmt, was durch eine Schichtung im Zusammenhang mit dem

Spine-SheathJet-Stratifikationsszenarioerklärtwerdenkönnte. Wirhabenauch

Spektralindexkarten bei 43− 86GHzerstellt, die zeigen, dass dieAusrichtung

desPositionswinkelsdesSpektralindexgradientenzeitlichvariabel istunddass

sich dieOrientierungdes inneren Jetsmit derZeit verschiebt. Dies ist einweit-

erer Hinweis darauf, dass das Schwarze Loch nicht in der Mitte des Gesamt-

intensitätsmaximums liegt.

Schließlich,werden imAbschnitt 6 unsereAnalyseundErgebnisse zusam-

mengefasstund imAbschnitt 7wirdeinAusblickaufnochoffeneundzukünftig

zu behandelnde Fragen gegeben.
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1 ABRIEFDESCRIPTIONOFTHEUNDERLYINGASTROPHYSICAL
CONCEPTS

1 A brief description of the underlying astrophysi-

cal concepts

Humans have evolved optical sensors on the retinas of their eyes, which are

sensitive to the visible part of the electromagnetic spectrum. This fact is di-

rectly connected to the spectrum of the Sun,whose flux peaks at thesewave-

lengths. When lookingupat thesky, initiallywith theirnakedeyesand laterwith

primitiveoptical telescopes,earlyastronomerscouldonlydistinguishstarsand

galaxies in this narrow optical band; a rather limited view of the cosmos.

Fortunately, technological advancements allowed astronomers, in the be-

ginningof the twentieth century, to reveal a ‘hidden’part of theuniverse, byob-

serving radio waves. The newly evolved radio astronomy branch enabled as-

tronomers to peer through thick, gaseous and dusty discs, dense clouds, and

dusty torii and discover previously unthought marvels.

In this introductorysectionofthe thesis, the ideasandtheoretical concepts

needed to approach the subjects of black holes (BH), Active Galactic Nuclei

(AGN) and the jets emanating from them,will be reviewed through the lens of

radioastronomy. Aspecial emphasiswill beputonthe introductionofthe radio

source 3C84 – on which this thesis mainly focuses. The motivation for this

thesis follows then naturally.

1.1 Fundamental physical concepts

Beforedelving intotheworldofsupermassiveblackholes (SMBH),highlyener-

geticAGN, and powerful jets, some basic concepts need to be clearly defined.

This section introduces a selection of the key notions.

1.1.1 Synchrotron radiation

2Afundamentalconcept,whichgovernstheemissionmechanismsofasource,

is the collision between particles with each other or with photons. A thermo-

dynamic equilibrium can be achieved, when the time frame of the collisional

system is long enough, so that themore energetic particles can disperse their

energy effectively among the lower energy particles. However, in many cases

the astrophysical plasma is too thin and the number of occurring collisions

is insufficient for this procedure to take place. In such cases the spectrum is

2This sectionmakes use ofmaterial presented in Rybicki &Lightman (1979), Longair (2011),
andMastichiadis &Vlahakis (2015).
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1 ABRIEFDESCRIPTIONOFTHEUNDERLYINGASTROPHYSICAL
CONCEPTS

characterised as non-thermal, and is described by a power law of the form:

Fν ∝ ν+α, (1.1)

where Fν is the frequency (ν) dependent source flux and α the spectral index

of the source.

Synchrotron radiation is a type of radiation produced by highly energetic

electrons, gyrating in magnetic fields. It is one of the most prominent astro-

physical radiation processes, present in numerous phenomena, such as jets

emanating from SMBHs insideAGN.

In the following, the expressions describing synchrotron radiation will be

derived from first principles. For a charged particle e with mass m, the rela-

tivistic equations describing its motion in amagnetic field (B)3 are:

d
dt

(γmv) =
e
c
v× B (1.2)

d
dt

(γmc2) = 0. (1.3)

Here v is the velocity of the charged particle, c the speed of light in a vacuum,
and γ is the Lorentz factor. Equations 1.2 and 1.3 can be combined into:

mγ
dv
dt

=
e
c
v× B. (1.4)

Separating the velocity into components parallel and perpendicular to the

field lines, it follows that v‖ is constant, whereas v⊥ is given by the following
equation:

mγ
dv⊥
dt

=
e
c
v⊥ × B, (1.5)

and since |v| is also constant, |v⊥| has to be constant as well. It can then be
shown, that the solution to Eq. 1.5 describes a helical motion, with a gyration

frequency of

ωB =
qB
mc

. (1.6)

The next step is to employ the Larmor formula, which connects the total

power emitted Psyn to the acceleration a of a charged particle as follows:

Psyn =
2e2

3mc3
|a|2 . (1.7)

3Vector quantities are denotedwith bold font.

2



1 ABRIEFDESCRIPTIONOFTHEUNDERLYINGASTROPHYSICAL
CONCEPTS

Figure 1.1: Sketchofelectronsmoving inahelicalpath,dictatedbythemagnetic
field lines and emitting synchrotron radiation.

Plugging Eq. 1.5 into Eq. 1.7 results in:

Psyn =
2e4

3m2c3
γ2β2⊥B

2, (1.8)

where the fact that|a⊥| = ωB|v⊥| is taken advantage of, and β⊥ = |v⊥| /c.
Equation 1.8 can be further simplified by assuming that the charged parti-

clesareelectronsandare isotropicallydistributed (< β2⊥ >= 2
3β

2). Specifically,

using the Thomson cross section,which is defined as

σT ≡
8π
3
r0, (1.9)

with r0 ≡ e2
mc2 , the radiated powermay be rewritten as:

Psyn =
4
3
σTcβ2γ2uB. (1.10)

Here uB = B2/8π is themagnetic field energy density.

Equation 1.10 describes the power radiated away and therefore the energy

losses of the electrons. By dividing the total energy of the electrons (Ee =

γmc2) by the total emitting power, the synchrotron cooling time τsyn canbede-

3



1 ABRIEFDESCRIPTIONOFTHEUNDERLYINGASTROPHYSICAL
CONCEPTS

rived as follows:

τsyn =
6πmc
σTγB2

≈ 25γ−1B−2 [yrs]. (1.11)

It is interesting to note that high energy electrons lose their energy faster than

their low energy counterparts. Furthermore, from Eq. 1.10 it follows that in a

proton-electron plasma,where the particles possess the same Lorentz factor,

the power radiated from the electrons is much greater, because then Eq. 1.10

simplifies to P ∝ 1/m2.

The last step to describe synchrotron radiation, is to find a mathematical

expression,which describes the observed spectrum. As Fig. 1.2 suggests, the

synchrotron spectrum consists of an optically thin and an optically thick part,

with themaximumdenotedbythe so-called turnover frequencyνm ≈ 1
2π

qB
mc2γ

2.

A relation between the flux and frequency in the optically thick regime can be

derived,byconsideringanelectron, themotionofwhich isdescribedbyEq. 1.5.

The motion is relativistic, hence the radiation is beamed into a cone charac-

terised by an opening angle of 1/γ (see Fig. 1.3). It can then be shown that the

peak of the spectrum of the single electron will be located at the critical fre-

quencyνc, given by the following expression:

νc =
γ2eB
2πmc

. (1.12)

The flux on the other hand can simply be written as Fν ∝ ν2Eavg, where Eavg
is the mean particle energy. But Eavg is just the energy of the particles, whose

frequencyequals the critical frequency, or, inmathematical terms: E2avg ∝ νc =

ν. Thus for theoptically thick regime,Fν ∝ ν2.5 andαthick = 2.5 (see alsoEq. 1.1).

This is commonly referred to as synchrotron self-absorption (SSC).

For the optically thin regime, under the assumption that the electrons are

distributed as a power law of the form N (E) ∝ E−p, it can be shown that the

optically thin spectral index is αthin = −(p− 1)/2. The overall spectrum is then

givenbythe followingequation (seeCondon&Ransom2016; Türleret al. 1999):

Fν = Fm
ν

(
ν

νm

)2.5
1− exp

(
−τm

(
ν/νm

)−(p+4)/2
)

1− exp (−τm)

 , (1.13)

whereFm
ν and τm are the turnover values of the flux and optical depth respec-

tively.

Adetailed derivation of the relations described above is beyond the scope

ofthiswork; the interestedreadermayconsult thetextbooksbyRybicki&Light-

man (1979) and Longair (2011).

4



1 ABRIEFDESCRIPTIONOFTHEUNDERLYINGASTROPHYSICAL
CONCEPTS

Figure 1.2: Exemplary synchrotron spectrum plot. The dashed black line cor-
responds to the peak of the spectrum, at 86GHz.

Figure 1.3: Sketchoftheangulardistributionoftheemitted radiationofanelec-
tron when the velocity and acceleration are perpendicularly oriented to each
other. The dashed line denotes the shape of a dipole in the rest frame of the
electron and the solid line the beamed shape in the reference frame of the ob-
server. Image adapted fromCondon &Ransom (2016).
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1 ABRIEFDESCRIPTIONOFTHEUNDERLYINGASTROPHYSICAL
CONCEPTS

1.1.2 Inverse Compton scattering

In 1923,ArthurComptondiscovered that thewavelengthofhardX-rayphotons

increases when scattered by electrons at rest (Compton 1923). In this phe-

nomenon, called Compton scattering, the incoming photon transfers some of

its energy to the electron, and itswavelength decreases by an amount depen-

dent of the transferred energy.

Here the opposite effectwill be reviewed, inwhich a highly energetic, rela-

tivistic electron up-scatters low energy photons. This effect is known as In-

verse Compton scattering and is of major interest and importance in astro-

physical settings. Figure 1.4 illustrates this phenomenon.

Figure 1.4: Sketch of the inverse Compton scattering phenomenon. The solid,
straight line denotes the highly energetic electron. The upper, longer wave-
length line represents the incident photon. The lower, shorterwavelength line
corresponds to the up-scattered, high energy photon.

Similar to synchrotron radiation, one can calculate the rate of energy loss

of a single electron, along the lines leading to Eq. 1.10. The final equation is the

following:

PICS =
4
3
σTcβ2γ2urad, (1.14)

whereurad is theenergydensityofthephotonfield. It isnoteworthythatEqs. 1.10

and 1.14 resemble each other,with the only difference being in the energyden-

sity factor. And the similarities continue, as in the inverse Compton scatter-

ing case the power law index αICS is given by the same relation as in the syn-

chrotron radiation case:

αICS = −p− 1
2

. (1.15)
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Foradetailedderivationof the above relation, the interested reader is directed

to theworks by Blumenthal &Gould (1970) and Rybicki &Lightman (1979).

Finally, it is interesting to examine the photon field relating to the inverse

Compton scattering process. In general, any photon field can supply the re-

quired photons. Commonly, a distinction is made between the seed photons

originating from inside the bulk jet floworoutside. In the formercase, the seed

photons might be supplied by the synchrotron radiation itself, in which case

theprocess is knownassynchrotronself-Compton. In the lattercase, theseed

photonsmightoriginatefromaplethoraofsources,suchasadustytorus,broad

line regions (BLR) or even the cosmic microwave background (CMB). Since

electrons can transfer a larger amount of energy to photons through the in-

verseComptonprocessthanby‘cooling’viasynchrotronradiation, inverseComp-

ton scattering is the primary energy sink for electrons if the seed photon num-

ber density is high enough. An upper limit for the temperature of synchrotron

self-absorbed sources exists – the inverse Compton limit, which is ≤ 1012 K

(Kellermann &Pauliny-Toth 1969). Electronswith temperatures exceeding the

inverseCompton limitquicklycooldowntothis limit,as inverseCompton‘cool-

ing’ is much faster than synchrotron ‘cooling’.

1.1.3 Black body radiation

4It isworthwhile tobrieflymentiontheconceptofthe thermalblackbodyradia-

tion,eventhough in the remainderofthis thesis, thedominant formof radiation

will be non-thermal. In order to inspect this type of thermal radiation, one has

to consider Planck’s function:

Bν (T) =
2hν3/c2

exp
(
hν/kBT

)
− 1

, (1.16)

whereh ≈ 6.63×10−27 erg sand is calledPlanck’s constant. Dependingon the

valueof theexponent in theexponential functionof thedenominator, a distinc-

tion between two limits can bemade. If hν � kBT, Eq. 1.16 simplifies toWien’s

law:

IWν (T) =
2hν3

c2
exp

(
hν/kBT

)
. (1.17)

On the otherhand, if hν � kBT, themore relevant to thiswork regime is known

as the Rayleigh-Jeans law:

IRJν (T) =
2ν2

c2
kBT. (1.18)

4This section is basedmostly on Rybicki &Lightman (1979).
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Especially in radio astronomy, a way of characterising the brightness of a

source at a specified frequency is done by utilising Eq. 1.18 and the concept

of the brightness temperature TB. Simply put, the brightness temperature is

defined for any value of IRJν by solving for TB:

TB =
c2

2ν2kB
IRJν . (1.19)

Following Lobanov (2015), Eq. 1.19 can be rewritten in a more practical way,

based on interferometric visibilities (see also Sect. 2):

TB =
πB2V0

2kB loge
(
V0/Vq

) , (1.20)

where B is the baseline distance,V0 is the zero-spacing visibility and

Vq = V0 exp

(
− π2θ2rq

2

4 loge (2)

)
. (1.21)

Here q = B/λ (λ is the observingwavelength), and θr is the emitting region size
(see Sect. 2.2 for a detailed discussion of the terms introduced in this para-

graph). It should be noted that, even though the radiation from BH-launched

jets for example is not thermal, the concept of TB is still oftentimes applied.

TwoothertemperaturesarealsodefinedviathePlanckfunction–thecolour

temperature Tc, and the effective temperature Teff. The former is used when

obtaining a spectrum resembling that of a black body, for which the absolute

value of the brightness might be unknown. Tc is then used to determine the

temperature of this source, regardless of the absolute brightness scale. The

latter isdeterminedbyequatingthemeasuredtotal, integratedfluxofthesource

(F ) to a black body flux, such that Teff ≡
(
F/σSB

) 1
4 , with σSB being the Stefan-

Boltzmann constant.

1.2 Black holes: A historical overview

5Black holes have always fascinated humanity, from the moment they were

first postulated, to the present day. Here a timeline of themajorbreakthroughs

will be reviewed,which is connected to the postulation of BHs and the subse-

quent, very recent, first observation. The starting point is in the 1970s. At that

time,evidencefortheexistenceofBHswasonlyvery indirect. Towardsthis, the

Uhuru satellitewas launched in late 1970, to studybinaryX-raysources. At that

5This section is partly based on Luminet (2019).
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point it was known that X-ray binaries not associated with supernovae rem-

nants,were linked tomass transfer systems containing a collapsed star (Giac-

coni 1974). Uhuru added to that knowledge byobservingHerculesX-1, Centau-

rus X-3 and Cygnus X-1,with perhaps themost significant of its achievements

being the conclusion that the latter contains a BH (seeGiacconi 1974; Giacconi

et al. 1974). This conclusion was based on the fact that the central X-ray emit-

ting component was compact, and had an optical counterpart, with a mass of

more than20M�. Close in timeLynden-Bell &Rees (1971) consideredBHmod-

els of galactic nuclei to discuss quasars as possibly being powered by mass

accreting BHs, concluding that BHs can indeed power them. Balick&Sanders

(1974) and Balick &Brown (1974) mapped Sagittarius A∗ (SgrA∗) at 86GHzwith

the NRAO interferometer, achieving a resolution of two arcseconds (as) and

revealing thermal emission from hot, optically thick regions. They concluded

that gas might have formed into a disc around SgrA∗. Later in the same year,

strongemission inthe inner,oneparsec (pc)core regionofSgrA∗wasreported,

with TB ≥ 107 K (Balick & Brown 1974), suggesting that the emission is of non-

thermal origin.

Alongwith the observational discoveries, theoretical advancements in BH

physics were following suit. The first calculation in Kerr geometry took place

in 1973 when Bardeen (1973) calculated the apparent shape of a Kerr BH (Kerr

1963; see also Bardeen et al. 1972). At the same time, the shape of the circu-

lar orbit of a star was published, complete with depictions of the primary and

secondary images of the star byCunningham&Bardeen (1973).

The first (simulated) bolometric image of a BH, which is surrounded by an

accretion disc (Lynden-Bell 1969; Novikov &Thorne 1973; Shakura & Sunyaev

1973), was produced and published by Luminet (1979), using a computer (see

Fig. 1.5). The picture shows a Schwarzschild BH (i.e. not rotating) with a geo-

metrically thin disc,which is characterised by gas elementsmoving in a circle

and for which the absorption by clouds is negligible. Theoretical calculations

aiding indepictingthethindisc realisticallyhadalreadybeendevelopedbythat

time, by Shakura & Sunyaev (1973) and Page & Thorne (1974). Of course, the

Einstein effect and Doppler boosting had to be taken into account aswell. The

resulting disc in Fig. 1.5 is the sum of these effects.

Almost a decade later, the first simulated, non-bolometric image of a ge-

ometrically thin relativistic accretion disc around a Schwarzschild black hole

were published byFukue&Yokoyama (1988). The authors also compared their

optical and X-ray images to a bolometric one, highlighting the apparentwave-

length shifts in the accretion disc.

Itwas in the 1990swhen thefirst (simulated) accretiondisc imagesof rotat-
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Figure 1.5: First bolometric, simulated image of a BH accretion disc, produced
withacomputer. Thephysical assumptionsarethat theBH isnon-rotating,and
has a geometrically thin disc. The gas elements are moving in a circular orbit
and the cloud absorption is negligible. The view presented is that of a distant
observer but close enough to resolve the image. Image credit: Luminet (1979)
(image taken from https://upload.wikimedia.org/wikipedia/commons/3/3
8/Luminet%27s_Simulation_of_a_Black_Hole_Accretion_disc.jpg).

ingKerrBHswerepublished. First Viergutz (1993) computed a coloured image

(in contours) of a slightly thick disc,with the secondary image included. Some

years later,Fantonetal. (1997)developeda ray-tracingprogrammetocreatean

image of an optically thick and geometrically thin accretion disc, and Bromley

et al. (1997) studied frame dragging effects around an extreme Kerr BH.

At the turn of the millennium technological advancements caught up with

theoreticaladvancements insimulations,andthefeasibilityof imagingthevicin-

ity and ultimately the shadow of a BHwith Very Long Baseline Interferometry

(VLBI, seeSect. 2)was alreadybeing considered (Falcke et al. 2000; Doeleman

et al. 2001). This became ultimately a reality, when in 2019 the Event Horizon

Telescope (EHT) collaboration published the first images of the shadowof the

BH inM87 (EventHorizonTelescopeCollaboration et al. 2019a,b,c,d,e,f), along

with thefirst EHT imagesofaBHpowered jet (Kimet al. 2020). In 2022, thefirst

image of the SMBH of our Galaxy followed (Event Horizon Telescope Collabo-

ration et al. 2022a,b,c,d,e,f).

1.3 AGN&Astrophysical jets

AGN constitute an extreme category of astrophysical sources. They account

for some of the brightest astrophysical sources and their emitted power can
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outshine our Galaxy by orders of magnitude. This power, however, is not just

the sumofall stars in thesegalaxies (as is in ourGalaxy forexample), but rather

it originates from their active core. Their radiation is characterised as non-

thermal (see Sect. 1.1.1) and it covers a broad part of the entire electromagnetic

spectrum. Furthermore emission fromAGNcan be set apart fromemission of

‘regular’ galaxies bystudying the spectrum.While non-active galaxies present

a spectrum characterised by absorption lines,AGN emission is usually rich in

emission lines.

Although someemission lineswere already reported at the turn of the pre-

vious century (Fath 1909), it wasCarl Seyfertwho realised that a fraction of the

galaxieshestudiedexhibitedpowerfulcoresandbroademission lines (Seyfert

1943). In his honour, a subgroup of active galaxies is nowadays called ‘Seyfert

galaxies’. Nonetheless, in the current nomenclature, a numberofotherobjects

are also part of the active galaxy denomination, such as quasars and radio-

galaxies. Theyare all part ofwhat is referred to as theAGN ‘zoo’ and it consists

of a number of subgroups, which will be described in Sect. 1.3.1. Figure 1.6 il-

lustrates an artistic impression of themain components constituting a typical

AGN.
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Figure 1.6: Artistic impression of the main constituents of an AGN. Image
credit: B. Saxton NRAO/AUI/NSF (image taken from https://public.nrao.
edu/gallery/a-unified-agn-model/).

1.3.1 AGN unification

6Aswill bedescribed inSect. 2.2,powerful radiotelescopesopenedanewwin-

dow into observations of the night sky and astronomers quickly discovered a

plethora of new types of galaxies. Almost contemporaneously (Barthel 1989;

Blandford & Rees 1978; Kristian 1973; Orr & Browne 1982; Penston et al. 1974;

Rowan&Stephenson 1977; Scheuer&Readhead 1979;Weedman 1973), efforts

weremade to answer the fundamental question ofwhether all these different

classes ofgalaxieswere intrinsicallydifferent or if theycould be explainedbya

common, unifyingmodel. Overviews of the current understanding of theAGN

6This section is partly based on Urry &Padovani (1995).
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unification problem are presented in Antonucci (1993) and Urry & Padovani

(1995), andwill briefly be reviewed in the rest of this section. The reader is rec-

ommended to use Fig. 1.7 as reference for the following description of theAGN

‘zoo’.

Figure 1.7: Sketch of the current understanding ofAGN.The viewing angle dic-
tates the type of object classified. Image taken from Beckmann & Shrader
(2012).

Even though the number of AGN characteristics is vast, leading to numer-

ous classifications, it is common practice to classify AGN based on only two

parameters, namely radio-loudness and emission line width. Conventionally,

the radio loudness parameterR is used to distinguish between radio-loud and

radio-quiet sources. It is defined as the ratio of the AGN radio luminosity at

5GHztotheoptical luminosityat4400 Å (Kellermannetal. 1989, 1994). IfR ≥ 10

for a given source, then it is defined as radio-loud, if not, it is defined as radio-

quiet (e.g.Stockeetal. 1992). It isnoteworthythat radio-loudAGN,onlyaccount

for 10− 15% of all AGN. Furthermore, each of the two categories is addition-

ally divided, based on the optical emission line properties, into types 0, 1, and

2. Type 0AGN exhibit ‘unusual’ emission line properties, type 1 AGN are char-
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acterised by broad optical lines and type 2AGN by narrow lines.

Type 0 radio-loud AGN are referred to as blazars. They are the most ex-

treme subclass of AGN, and are responsible for some of the most powerful

events in the cosmos. As can be seen in Fig. 1.7, they correspond to a jet point-

ing directly at the observer’s line of sight and are therefore subject to highly

relativistic effects (see Sect. 1.3.5). Based on their optical properties, blazars

are further split into BL Lacertae objects (BL Lacs) and Flat Spectrum Radio

Quasars7 (FSRQs). BLLacs lackstrongemissionorabsorption features in their

optical spectra and are comparatively weaker radio frequency flux emitters.

FSRQs, on the contrary, are powerful radio frequency flux emitters and fea-

ture broad emission lines in their optical spectra. For this reason they are also

placed in the type 1 radio-loud category. Alongwith them, this group also con-

sistsofBroad-LineRadio-Galaxies (BLRG)andSteepSpectrumRadio-Quasars

(SSRQ).As awhole, they are characterised by broad emission lines stemming

from the hot gas, along with bright continua. BLRGs are placed on the low

power side of Fig. 1.7,whereas FSRQs and SSRQs on the high power side (see

Fig. 1.7). The division between FSRQs and SSRQs is usuallymade at a spectral

index value of 0.5, for the radio spectrum, at a fewGHz. Type 2 radio-loudAGN

arepartofaclassofradio-galaxiescalledNarrow-LineRadio-Galaxies (NLRG).

They have weak continua and rather narrow emission lines, which might be

explained by the obscuration of a dusty torus between the source and the ob-

server. Twoofthemorphological typesconstitutingthiscategoryaretheFanar-

off-Riley type I and type II radio-galaxies (FRI, FRII; Fanaroff & Riley 1974). Re-

ferring again to Fig. 1.7, FRI type galaxies, which are characterised by often-

symmetric radio jets, whose intensity decreases from the core towards the

outer regions, are on the low power side. FRII type galaxies are on the high

power side, and usually exhibit prominent radio-lobes connected to the core

by well-collimated jets. It should be noted, however, that, depending on the

viewing angle, BLRGs can potentially be FRI or FRII type galaxies aswell.

Onlyabout 10%ofradio-quietAGNexhibitunusualabsorptionfeatures (Urry

& Padovani 1995). If their optical and ultraviolet spectra resemble that of P-

Cygni, they are classified as Broad Absorption Line (BAL) quasars (Turnshek

1984) and constitute the subclass type 0 of radio-quiet AGN. Broad line radio

quietAGN(type1)aresplit intoQuasars (Quasi-stellarobjects;QSOs)andSeyfert

1 galaxies. As shown inFig. 1.7,QSOsareonthehighpowerside. Since theyare

usually observed at great distances (the peakof theQSOpopulation is at z = 2

(Hewitt & Burbidge 1993)), no galactic surrounding around the emitter can be

7The word quasar is a contraction of the words quasi-stellar radio source, because when
theywere identified in visiblewavelengths, they resembled star-like emitters.
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distinguished. Seyfert 1 galaxies, contrastingly, are located on the low power

side and are therefore usually large spiral galaxies, only found nearby. Along

with Seyfert 2 galaxies,which are the narrow line (type 2 radio-quiet) counter-

part of Seyfert 1 galaxies, they constitute a common type of AGN observed in

the local universe. An overviewof the analysis presented in this section is pre-

sented in Fig. 1.8.

Figure 1.8: AsimplifiedschematicviewofthetaxonomyofAGN. Imageadapted
from Padovani (1999).

1.3.2 Central engine

As detailed in Sect. 1.2, the existence of SMBHs is the only plausible explana-

tion behind the radiative output of anAGN.ABH is generally characterised by

two quantities: its mass (MBH) and its spin (αs). Combining them yields a fun-

damental characteristic ofBHs, the so-calledevent horizon. Theevent horizon

is a boundary beyondwhich not even light can escape, as everything is pulled

towards the singularity. For a Schwarzschild BH – that is a non-rotating BH –

the radiuswhich defines this boundary is called the Schwarzschild radius (Rs).

It is simply the distance at which the gravitational escape velocity is equal to

the speed of light, and it is given by the following expression:

Rs =
2GMBH

c2
, (1.22)

where G is the gravitational constant. A derivative quantity is the so-called

gravitational radius, commonly defined as Rg = Rs/2 (e.g. Romero &Gutiérrez

15



1 ABRIEFDESCRIPTIONOFTHEUNDERLYINGASTROPHYSICAL
CONCEPTS

2020).

Amore realistic description of a BH should take into account that it is orig-

inating from a gravitational collapse of stars and gas and therefore has most

probably retained their angularmomentum. Kerr (1963) described aBH,which

is spinning,with the spin defined as:

αs =
jc

GMBH
2 , (1.23)

where j is the angular momentum of the BH. In this so-called Kerr metric, the

event horizon radius is given by the following formula:

Rk = 2Rg
(
1−
√
1− α2s

)
. (1.24)

Figure 2.16 presents thefirst ever imageof theevent horizonofsuchaBH,con-

gruouswith a Kerr BH.

In a spinning BH, energy extraction is possible via the Penrosemechanism

(Penrose 1969; Penrose & Floyd 1971). The concept is based on the ellipsoidal

region justoutsidetheeventhorizon,surroundingtheBHandco-rotating,called

the ergosphere. The ergosphere radius is given by the following formula:

Re = Rg

(
1−
√
1− α2s cos

(
θp
))

, (1.25)

where θp is the angle measured from the pole of the rotation. Since the ergo-

sphere is located outside the event horizon, matter can escape and thus en-

ergy can be extracted. The phenomenon of co-rotation is called the Lense-

Thirringeffectorframe-draggingand it causesthe inertial frametobedragged

in the direction of the BH spin (see e.g.Misner et al. 1973, and Fig. 1.9).

1.3.3 Accretion

A portion of the matter (e.g. stars, dust, and gas) rotating around a BH will in-

evitably cross the event horizon and fall onto the BH, thus turning some of its

gravitational energy into heat and electromagnetic radiation. Thismechanism

ofaccretion is thefundamentaldriverbehindAGNemission (Lynden-Bell 1969;

Salpeter 1964) and is generally referred to as the accretion flow. Under the as-

sumption of a spherical accretionflowonto theBH, the rate of accretion Ṁ can

be approximated by the following expression:

Ṁ = πρ2v, (1.26)
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Figure 1.9: Sketchof theergosphere, locatedoutside theevent horizonand the
rotation axis of the BH.

where ρ is the density of the accreting matter, v its velocity, and r the radial

distance from the BH. This type of spherically symmetric accretion was first

proposed byHerman Bondi (Bondi 1952) and is referred to as Bondi accretion.

By equating the velocity (v or the speed of sound cs of the environmental gas

if cs > v) of the accretingmatter to the escape velocity, a critical radius can be

determined, within which the total matter is captured. Equation 1.26 can then

be rewritten as:

Ṁ =
4πρG2M2

BH

c3s
. (1.27)

In termsoftheaccretion rate, thecorrespondingbolometric luminositycan

be written as Lbol = ηeṀc2, with ηe being the accretion efficiency factor. The

typical values for ηe are of the order of 0.1; matter accretion is thus a very effi-

cientAGN poweringmechanism.

However, there are limitations on the accretion onto a BH, dictated mainly

by the radiation pressure acting on the in-fallingmaterial. This upper limit can

be quantified by equating the pressure gradient of the in-falling matter to that

of the radiation pressure. This limit, called the Eddington luminosity, was first

identifiedbyEddingtonandhencebearshisname. Inmathematical terms,and

assuming that the in-fallingmattermostly consists of ionised hydrogen:

LEdd =
4πGcmpMBH

σT
, (1.28)
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where mp is the mass of a proton. Two derivative quantities can be defined –

the Eddington ratio λEdd and the Eddington accretion rate ṀEdd. The Edding-

ton ratio is defined as the ratio of the bolometric luminosity to the Eddington

luminosity:

λEdd ≡
Lbol
LEdd

. (1.29)

When λEdd = 1, the Eddington limit is reached. The Eddington accretion rate is

defined as follows:

ṀEdd ≡
LEdd
ηec2

. (1.30)

The different types of accretion along with the respective spectral state and

AGN type are displayed in Fig. 1.10.

Figure 1.10: Accretionflowtypes depending on the accretion rate. Image taken
from Liu (2013).

1.3.4 Jet launching &Collimation

The detailed processwhich leads to jet formation and collimation is still a sub-

ject of very active investigation and debate within the scientific community.

The current consensus is that jets are predominantly formed bymeans of rel-

ativistic magneto-hydrodynamic (RMHD) processes. The two main theoreti-

cal interpretations are the Blandford and Paynemodel (BP; Blandford &Payne
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1982) and the Blandford and Znajekmodel (BZ; Blandford&Znajek 1977). In the

BP scenario, the magnetic field lines are anchored in the accretion disc, the

rotation of which generates a centrifugally driven outflow. The energy is ex-

tracted via the Penrose mechanism (see also Sect. 1.3.3). A fraction of the ac-

creting matter could then be launched in this way and be accelerated further

downstream. In the BZ scenario, energy is directly extracted from the ergo-

sphere of the spinning BH. The magnetic field lines are again dragged by the

BH. Both jet launching scenarios result in a bipolar outflow, along the poles of

rotation of the BH.An illustration of the jet formation bymagnetic field lines is

presented in Fig. 1.11.

Figure 1.11: Jet formation schematic via matter acceleration along magnetic
field lines. The magnetic field lines start out with a predominantly poloidal
component. As time passes, the BH rotation winds the magnetic field lines
tight, until at somepoint thepressure is largeenough topushaway (i.e. launch)
theplasmathatwasholding themagneticfield lines inplace (acting like amag-
netic ‘spring’). The magnetic field lines then end up with both a poloidal and a
toroidal component. Image adapted fromDavis &Tchekhovskoy (2020).

So far, it has not been possible to observationally determine if either of the

BPorBZ jet launchingscenarios isdefinitelycausing the jet in agivenAGN.An-

other reasonable alternative is that both mechanisms are at play to some de-

gree,manifested in a stratified ‘spine-sheath’ scenario (see e.g. Tchekhovskoy

2015). Inthiscase,afaster innerspine is launchedviatheBZmechanism,whereas

the outer, slower sheath is launched via the BPmechanism.

Anotheropenquestion relating to jet propagation is the jet’s ability tomain-

taincollimationover largedistances. Consideringacylindricalcolumnofplasma,

confined by a purely azimuthal (toroidal) magnetic field, any small disturbance

will be amplified until the column is out of equilibrium and collapses. Such an

instability is referred to as a current-driven (CD) kink instability and it occurs in

magnetically dominated jets (e.g. Bateman 1978). Another example of a mode
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of instability is the so-called Kelvin-Helmholtz (KH) instability (see e.g. Ferrari

et al. 1978, and references therein). This type of instability occurs in kinetically

dominated jets and is amanifestation of the velocity shear in single fluid or the

velocity difference between two fluids (e.g. between the jet and the surround-

ing ambient medium). Figure 1.12 displays CD and KH instabilities.

Figure 1.12: Different types of jet flow instabilities. Left: Formation of a current-
driven kink instability in a numerical jet simulation. Image adapted from
Mizuno et al. (2011). Right: Kelvin-Helmholtz instability gradually developing in
an initially laminary flowing jet. Image credit: Nicole Sharp (image taken from
https://fyfluiddynamics.com/2011/02/this-photo-shows-the-developme
nt-of-a-flow/).

However, observational evidence suggests that jets remain intact despite

instabilities such as the ones described above; they may even be responsi-

ble for the curved paths that some jets seem to follow (e.g. Tchekhovskoy &

Bromberg 2016). The existence of an axial (poloidal) component increases the

jet stability as long as its magnitude is comparable to the azimuthal compo-

nent’sone. Thismightexplain the resilienceof jets toCD instabilities. KH insta-

bilities on the otherhandmight be counteracted bystabilising sheaths around

the jet (Mizunoet al. 2007). Future, higher resolution simulationsmight be able

to shedmore light on the intrinsic processes behind jet collimation.
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1.3.5 Relativistic beaming effects

Outflows like the one studied in this thesis move at relativistic speeds and are

therefore subject to relativistic effects. Twoare themain effects of concern for

this analysis: superluminal motion and Doppler boosting.

Superluminal motion is an apparent effect, in which astronomical sources

eject components,whichthenseemtomovefasterthanthespeedof light. Fig-

ure 1.13 serves as a handy guide to illustrate this description.

Figure 1.13: Schematic of the apparent superluminal motion effect whenmea-
suring the radiation of a jet at an inclination. The plot showcases themotion of
an ejected blob as a two dimensional projection on the sky. Image credit: Prof.
Dr. W. Steffen (image taken from https://www.iaa.csic.es/~jlgomez/Jose_
L._Gomez/Animations_files/superlum_jetplanos_050408_1_composite.pn
g).

In this example, a cosmological source ejects a component moving with a

velocityv, at an angleθ to theobserver (white blob in Fig. 1.13), somephotonsof
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which leave the component at time t1 (at the leftmost position) and someother

photons leavethecomponentatanothertimet2 (at the rightmostposition). The

light rays reach the observer at time t
′
1 and t

′

2 respectively. In this setting, it is

assumed that the source is farenough, such that thepositions, atwhich the ra-

diationwas emitted, can be presumed to be approximately the same, equal to

DL. Usingsimplegeometrical arguments, it canthenbeshownthat the relation

between∆t = t2 − t1 and∆t
′
= t

′

2 − t
′
1 is:

∆t
′
=
(
1− β cos (θ)

)
∆t, (1.31)

where β ≡ v/c. Even though the component has covered a distance dint =

v∆t, to the observer it appears that the component covered a fraction of the

distance, namely dapp = v∆t sin (θ), as can be seen in Fig. 1.13. The apparent

speed is then just

vapp =
v∆t sin (θ)

∆t′
, (1.32)

which can be rewritten and generalised by plugging Eq. 1.31 into Eq. 1.32 and

dividing both sides by the speed of light as follows:

βapp =
β sin (θ)

1∓ β cos (θ)
. (1.33)

The sign in the denominator is negative if the component is approaching and

positive if the component is receding. Indeed, if the viewing angle is small

enough and β large enough, it can occur thatβapp � 1.

Dopplerboosting isaphenomenon,whichwasalreadybrieflytouchedupon

in Sect. 1.1.1. It refers to the relativistic aberration effect describing particles

moving at velocities comparable to the speed of light, the emission of which

gets boosted towards their movement direction. It is customary to begin the

description by defining the Doppler factor (D) as the ratio of the energy mea-
sured at infinity to the energymeasured at the co-moving frameof the ejection

feature (Bao &Wiita 1997). Ignoring the effects of gravity on the path of the ra-

diation, the Doppler factor is given by the simplified form of Eq. 1.34:

D =
{(
1± β cos (θ)

)
Γ
}−1

, (1.34)

where Γ is the bulk Lorentz factor and the sign again depends on if the source

is approaching or receding. The wavefront received by the observer appears

to have a shorterwavelength, dependent onD. In termsof luminosity,which is
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equal to the energyemitted per unit of time, this relation can be expressed as:

Lapp = DξLint. (1.35)

Here Lapp is the apparent (measured) luminosity, Lint is the intrinsic (emitted)

luminosity and ξ = 3 − α if the source of radiation (for example a jet-flow) is

continuous or ξ = 2 − α if it consists of individual components. It follows that

for small viewing angles, the approaching section of the outflow can get ex-

tremely boosted, whereas the receding part de-boosted, resulting in only the

approaching jet being detectable (blazars). To quantify this phenomenon, one

can define the jet-to-counter-jet ratio8 R:

R ≡ Fappr

Frec
=

(
1+ β cos (θ)
1− β cos (θ)

)ξ

, (1.36)

whereFappr is the total, integratedfluxofthe jet (approaching),Frec is theoneof

the counter-jet (receding). Neighbouring radio-galaxies, such as 3C84,which

is the primary focus of this thesis, however, sometimes do exhibit a pc-scale

counter-jet (Vermeulen et al. 1994; Walker et al. 1994; see also Sect. 1.4). Util-

ising Eq. 1.36 holds valuable insights into this source, as will be discussed in

Sect. 4.

1.4 3C84 in the context of radio astronomy

As Scharwächter et al. (2013) put it, the numerous classifications of NGC 1275

(the host galaxy of 3C84) in the literature – among others, NGC 1275 has been

classified as a FRI galaxy, a peculiar Seyfert galaxy (Seyfert 1.5), a post-merger

galaxy, a coolingflowgalaxy, a low-ionisation nuclearemission-line region (LI-

NER), and even a BL Lac object – demonstrate the fact that there is a plethora

of physical phenomena to explore in just this one source.

3C84 is theprominent radio source in thegalaxyNGC 1275 (PerseusA),de-

picted in Fig. 1.14 both in optical and inX-rays. Using Equatorial (J2000) coordi-

nates,3C84 is locatedat03h19m48.1601s in rightascension (RA),+41d30m42.106s

in declination (DEC), measured for the VLBA Calibrator Survey (Beasley et al.

2002). The redshift is z = 0.0176 (Strauss et al. 1992) corresponding to DL =

78.9Mpc9. ThemassestimatesoftheSMBHrangebetween3.2×108M� (Park

&Trippe 2017) and 2.0× 109M� (Giovannini et al. 2018).

Being one of themost prominently bright radio sources in the northern sky

8It is implicitly assumed that the jet and counter-jet are intrinsically symmetric.
9DL is the luminosity distance. Λ cold dark matter cosmology (ΛCDM) is assumed, with

H0 = 67.8 km/s/Mpc,ΩΛ = 0.692,ΩM = 0.308 (Planck Collaboration et al. 2016).
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Figure 1.14: NGC 1275 at optical and X-ray wavelengths. Left: Composite op-
tical B, V, and R filter image of NGC 1275 taken with the Hubble Space Tele-
scope. The image reveals fine structures – filaments consisting of cold gas –
supported by themagnetic field lines of the galaxy. They are createdwhen ra-
diobubbles rise fromthecentral region,within the surroundinghot gas. Image
credit: NASA, ESA, and the Hubble Heritage (STScI/AURA)-ESA/Hubble Col-
laboration (image taken from https://commons.wikimedia.org/wiki/File:
NGC_1275_Hubble.jpg). Right: Composite imageofNGC 1275takenwithChan-
dra, at 1.4Ms exposure in the 0.5− 7 keV band, revealing the structure of the
X-ray emitting gas in detail. Image taken from Fabian et al. (2011).

(a jet poweras high as 1044− 1045 erg/s has been reported byAbdo et al. 2009;
MAGICCollaboration et al. 2018), 3C84has been a frequent target ofobserva-

tions since the very beginning of radio astronomy. The Perseus cluster,which

harbours NGC 1275 and 3C84 was discovered in 1905 (Wolf 1906). Very early

works by Hubble & Humason (1931), Humason (1932), and Seyfert (1943) had

already identified the peculiar morphology of NGC 1275 along with its almost

stellarnucleus. Sincethe 1950s,therewasalreadyspeculationabout theorigin

of the radiation. While Ryle et al. (1950) proposed that the source of radiation

was the entire galactic cluster, Baade & Minkowski (1954) theorised that the

radio emissionwas due to galaxy collision and that the source should be iden-

tified solely with NGC 1275, which was then confirmed by Baldwin & Elsmore

(1954). However, in the 1960s, Burbidge et al. (1963) and Burbidge &Burbidge

(1965)showedthattheemissionoriginatedfromthenuclearregionofthegalaxy,

basedonnewerobservations. ThefirstphotographsofNGC 1275 (Hα interfere-

nce-filter)werepublished in 1970byLynds (1970),andwere insupportofviolent

phenomena occurring in the nucleus. Nevertheless, the question, whether a

link between the galactic merger and the abundant nuclear activity exists, re-

mains unanswered (Haschick et al. 1982; Hu et al. 1983; Rubin et al. 1977).

Fromsomeoftheearliest interferometric (VLBI)observationsof3C84,con-

ducted inthe late 1970sandearly1980s, thefirstcentimetrespectral indexmap
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of3C84waspublishedbyUnwinetal. (1982). Thehybridmapspresentedamil-

liarcsecond resolution, and revealed a strong, inverted spectrum (due to SSC)

and that the source consisted of threemain components of compact emission

onmilliarcsecond scales.

The first 3mm (86GHz) images of 3C84 were produced by Backer et al.

(1987), Wright et al. (1988), and Baath et al. (1992), achieving even better, sub-

milliarcsecond resolutions. They revealed the existence of a two-component

jet in the nuclear region, which exhibited significant structural changes in the

time frame of these publications. Changes to the direction of the jet flow and

to the position angle (P.A.) of ejected componentswere also reported.

Bartel et al. (1988), Dhawan et al. (1990), and Krichbaum et al. (1992) pub-

lished some of the first 7mm (43GHz) images of 3C84. Specifically notewor-

thywas the discovery of the perpendicularity of some of these components to

the bulk jet flow, in the work by Bartel et al. (1988). Krichbaum et al. (1992) and

Dhawanet al. (1998) revealed in theirwork,which studied the kinematics of the

jet, that the jet components followed an asymmetric path, with curved trajec-

tories.

At 1.3cm (22GHz), works by Marr et al. (1989) and Venturi et al. (1993) re-

vealeda fastmoving knot, aswell asmultiple ejectionevents and features, one

ofwhich, as shown inSect. 5 (Paraschoset al. 2022b), appears tobecoincident

with the diffuse emission region C2 (e.g. Nagai et al. 2014, 2010).

High dynamic range images at 8.4GHz (Walker et al. 1994) and 22.2GHz

(Vermeulen et al. 1994) revealed for the first time the existence of a pc-scale

counter-jet, north of the compact VLBI core. Follow up work by Walker et al.

(2000) (see also Fig. 1.15) confirmed the existence of the emission in the north-

ern region,with the observations validating the assertion, that the spectra are

consistent with free-free absorption. The authors proposed the existence of

a free-free absorbing disc around the central engine. Newer maps at 15GHz

and 43GHz by Fujita &Nagai (2017) and at 43GHz and 86GHz byWajima et al.

(2020) also revealed the existence of components in the north of the core at

these frequencies, with a strongly inverted spectrum. These observational

properties can be summarised as the influence of dense ionised gas in a free-

free absorbing circumnuclear disc, with the possible existence of clouds su-

perimposed in the nuclear region of 3C84.

Suzuki et al. (2012), Nagai et al. (2014), and Punsly et al. (2021) studied 3C84

at 43GHz, taking advantage of the recent technological advancements, en-

abling them to produce high resolution, high sensitivity images. Specifically,

Suzuki et al. (2012) monitored the central region of 3C84 between 2002 and

2008 studying the kinematics of the ejected components. Nagai et al. (2014)
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studied the sub-pc scale of 3C84 and discovered a limb brightening in the

restarted jet,which theauthorsattributedtopossiblytransversevelocitystrat-

ification. Punslyetal. (2021) consideredVLBIobservationsof3C84,conducted

between 2018 and 2020, and found a double or triple nuclear structure in the

core.

Figure 1.15: VLBI images of 3C84 at different frequencies. From left to right:
5,8.4, 15.3, 22.2GHz taken fromWalkeret al. (2000), 22GHzobservedwithRa-
dioAstron (spaceVLBI) taken fromGiovannini et al. (2018), 43, and 86GHz. The
main distinguishable regions (following the naming convention of Nagai et al.
2014) are the core (C1) detectable at all frequencies, the diffuse emission re-
gion (C2), mostly detectable in the 22GHz RadioAstron image and the 43GHz
image,andthebright knot (C3),mostlydetectable in thesametwofrequencies.
Furthermore, in thehigherresolutionRadioAstron image,the limb-brightened,
double rail structure is prominent, together with the east-west elongation in
the core region,which is perpendicularly oriented to the bulk jet flow. Adefini-
tive interpretation of the latter is still pending.

The same double rail structure was also identified in a high resolution Ra-

dioAstron study of 3C84 (Giovannini et al. 2018; see also Fig. 1.15). Another

perplexing feature of this image is the evident elongation of the VLBI core in

the east-west direction – perpendicular to the bulk jet flow, the existence of

which has numerous implications and interpretations. Savolainen et al. (2021)

revisited the data from that observation, which also revealed a faint cocoon-

like structure envelopingmuch of the pc-scale southern jet.

At 86GHzOhet al. (2022) published imagesof3C84,whichwereobserved

between 2008 and 2015 (see also Sect. 4). This study revealed that the VLBI

core of 3C84 consists of at least two components, oriented in the east-west
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direction, matching the RadioAstron map. A large, historical, highly sensitive

overviewof 3C84 at 86GHz is presented in Paraschos et al. (2022b), (see also

Sect. 5). The double nuclear structure is observed there as well, which, com-

binedwith theobservationsmentionedabove, seemstoconfirmtheexistence

of this elongation in the core at multiple frequencies.

3C84 exhibits a high level of circular polarisation, up to 3%, with the sign

also changing along the jet (Homan &Wardle 2004). This high degree of po-

larisation can be explained by nearly saturated Faraday conversion. The first

linear polarised emission observations of 3C84, at longerwavelengths, were

presented by Taylor et al. (2006), revealing a very high Faraday rotation mea-

sure (RM) of∼ 7000 rad/m2, which might explain the very low values of linear

polarisationdetected. The regionswith themostprominentdetectionsare the

southern knot of the jet and the core. Inmore recent 43GHz observations,Na-

gai et al. (2017), on the other hand, find the polarised emission to be located al-

most entirely in the southern knot,which has alsomovedwith time. At86GHz,

Kim et al. (2019) found that the limb brightening appears to continue further

into the core region, than previously known. The RM model the authors ap-

pliedsuggests that theRMisduetoanexternal Faradayscreen. Atevenhigher

frequencies, Trippe et al. (2012) only found3σ upper limits for the linear polari-

sation, using observations conductedwith the IRAMPlateau de Bure Interfer-

ometer.

Ahigh resolution spectral indexmap of 3C84 at a frequency pair of 43 and

86GHzwerepresentedbyParaschosetal. (2021) (seealsoSect. 3),utilisingthe

imagesfirstpresented inKimetal. (2019). Theyfinda robust spectral indexgra-

dient in the north-south direction. In combinationwith the 15 and 43GHz pair,

the authors furthermore determined the core shift, finding that the jet apex is

located 400− 1500Rs upstream of the 86GHz VLBI core. The magnetic field

near the 86GHz corewas then estimated at B = 1.80− 4.0G.

3C84 isaγ-rayemittingsource (Abdoet al. 2009)with theemittedphotons

reachingenergies intheTeVrange (Aleksić et al. 2012). The locationfromwhich

theγ-rays areemitted remains elusive. Nagai et al. (2012)monitored3C84be-

tween 2009 and 2011, both with single dish and VLBI at 43GHz. The authors

introduced the C1, C2, and C3 notation, referring to the core, diffuse emission

to the southwest of the core and bright knot in the south respectively. In that

time frame, they found no clear association between the γ-rays and the radio

light curves. Increases in the radio flux density could be correlated to twoGeV

flares detected during the observation window. Nagai et al. (2016) also asso-

ciated the long term increase in γ-ray flux with the increase in the radio flux

of C3. Interestingly, the flaring activity of the γ-rays shows variations in time
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spans, which are as short as a week. Linhoff et al. (2021) excluded the region

close to the BH (outside the Lyα radius) to be the source of the γ-rays, based

on calculations of the optical absorption depth of high-energy photons in the

BLR of 3C84. Most recently, Hodgson et al. (2021) presented a detailed kine-

matics study of the 1− 3mas region of 3C84 at 43GHz, using theWISE code

(Mertens & Lobanov 2015), and its connection to γ-ray emission. The authors

find a 2− 3σ significance association between the γ-ray flares, and the split-

ting of slowlymoving emission regions.

1.4.1 Thesismotivation

ThetechniqueofVLBI at theshortestpossiblewavelengthshas revolutionised

astronomy,byprovidingadirectviewintothecoresofAGN,which,at lowerfre-

quencies, are synchrotron self-absorbed, with an angular resolution down to

50µas. It is nowpossible to explore and image spatial scales orders ofmagni-

tude smaller than one pc in size.

Millimetre-VLBI specifically facilitates the direct imaging of the vicinity of

SMBHs,which, depending on the distance andBHmass,maytranslate to sev-

eral tens to a few hundred Rs. At these scales, it is the assumption of current

AGN-launched jet models, that ultra-relativistic radio jets are formed and that

the acting electromagnetic forces cause the initial jet acceleration. Imaging

jets with millimetre-VLBI can thus be utilised to further the understanding of

underlyingmechanisms of jet formation, initial acceleration, jet expansion fur-

ther downstream and, general propagation. For example, such images can

assist in determining where the bulk energy is converted from magnetic to

kinetic. Furthermore, the combination of millimetre-VLBI flux and size mea-

surements of the source, with the observed spectral turnover frequency can

provide a measure of the balance between kinetic and magnetic energy. This

yields constraints to the existing theoretical jet launching scenarios.

Currentmillimetre-VLBImonitoring ofγ-ray loudAGN jets, part ofwhich is

3C84, is aimedat determining themorphologyof the jet base at sub-pc scales

and the jet kinematics, as well as ascertaining why the bulk jet flow appears

more curved in the central jet region than farther out. Some of the contempo-

rary interpretations favour projection effects (purely geometrical origin) as an

explanation,while others support the propagation of hydrodynamical ormag-

netic instabilities, or even precession-driven jet bending caused by a central

binary SMBH system.

Themain focus of the present thesis is the study of the structure and the
structural variability of the nearby radio-galaxy 3C84, which harbours an
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AGN-jet, using VLBI imaging at the highest possible resolution. The goal is
to better understand the details of jet launching, acceleration and collimation

relating to the observed AGN activity throughout the entire electromagnetic

spectrum,anddrawgeneralised conclusions forothersimilar sources. Ofpar-

ticular interest is the testing of jet launching models (BP versus BZ jet launch-

ing scenarios), and the search for correlations between flaring activity and jet

propagation on sub-pc scales. Using 3C84 as themain target for this analysis

is anatural consequencedueto thenumberofadvantages it offers. It is nearby

and harbours a SMBH (i.e. observations of unmatched resolution are achiev-

able), and as a radio-galaxy (i.e. not a blazar) features rather slow moving jet

components,which showonlymoderate relativistic boosting effects.

The remainderof this thesis is structured as follows: a briefoverviewof the

basic principles of radio astronomyand interferometry is presented in Sect. 2.

Section 3 is devoted to the core shift analysis utilised to pinpoint the jet apex

of 3C84. Section 4 is dedicated to the discovery of a double nuclear struc-

ture present in the nucleus of 3C84. Additional epochs are added to create a

large, historical data set of 86GHz observations of 3C84, spanningmore than

two decades; the results are presented in Sect. 5. The thesis culminates with

Sects. 6 and 7were the conclusions of thisworkand theoutlookare presented

respectively.
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2 Basics of radio astronomy& interferometry

The field of radio astronomy,which constitutes a subfield of observational as-

tronomy, has a rather brief history. It was born when a young engineer, by the

nameofKarl Guthe Jansky,was taskedwith identifying the source ofnoise dis-

turbing transatlantic communications (at 20.5MHz). He successfully identi-

fied the source of the interference to be the centre of the Milky Way, in 1931,

by using a rotating antenna he had built, which quickly was nicknamed ‘Jan-

sky’s Merry-go-round’. His discovery was published in 1933 (Jansky 1933a,b).

The next definingmoment in the historyof radio astronomywas in 1937. In that

year Grote Reber created the first parabolic reflecting antenna used as a ra-

dio telescope,which he then utilised to chart theMilkyWay at 160MHz (Reber

1944).

Theonsetofthesecondworldwarmeant that radioantennaewereusedas

radars to detect activities of the enemy. In this context it was James Hey (Hey

1946)whonoticed that theSunwasproducing radiowaves,whichappearedas

noiseonthe radarreadings. Thenextmajordevelopmentwas in 1951,whenthe

HI (21 cm) line in the interstellarmedium (ISM)was discovered by Ewen &Pur-

cell (1951). Then in 1965, Penzias &Wilson (Penzias &Wilson 1965) described a

isotropic, unpolarised, and free from seasonal variations excess antenna tem-

perature,which is nowknown to be theCMB10. In that sameyear,Weaver et al.

(1965) also discovered the first OH line maser at 1665MHz. Two years later, in

1967, thefirst pulsarswerediscoveredbyJ.Bell-Burnell andA.Hewish (Hewish

et al. 1968).

Of course radio astronomy has not been stagnant since those days, with

advancements and breakthroughs happening regularly. The advancements

of interferometry, which will be discussed in the next sections, opened a new

window into the observation of the universe. The culmination of the achieve-

ments is thefirst imageoftheeventhorizonofaBH (seeFig. 2.16; EventHorizon

Telescope Collaboration et al. (2021)).

2.1 First Principles

The great radio astronomical discoveries and advancements listed in the in-

troduction of this section rely on the operation and measurements of radio

telescopes. Here the theory behind their operation and how they functionwill

be explored inmore detail.

10This discovery was of such importance, that they received the Nobel price in physics in
1978.
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Figure 2.16: Polarisation field lines superimposed on a total intensity image of
M87 (Event Horizon Telescope Collaboration et al. 2021). Image credit: EHT
Collaboration.

A radio telescope is essentially an antenna, used to detect the radiowaves

emitted from a radio source. There are threemain types of antennae; their us-

agedependson the targetwavelength. Wired antennae (half dipoles) are used

for wavelength detection of more than 1m. Hybrid antennae (wire reflectors)

areutilisedfordetectingwavelengths∼ 1m. Reflectorantennaemeasuresub-

meterwavelengths. The focus herewill be on the latter.

The reflector, which coherently sums electric fields, and the feed, which is

thewaveguide, constitute the frontend,which togetherwith thebackendcom-

prise the main parts of the telescope. There are a multitude of different fron-

tends, differentiated by the focus geometry. The main ones are: the prime fo-

cus, the (offset) Cassegrain focus, theNasmyth focus, the beamwaveguide fo-

cus and the dual offset focus. Figure 2.17 (top, left) showcases the path that the

photons follow.

Regardless of the type of frontend, the signal is focused at some point and

then guided into the backend, where the signal processing takes place. The

backend is displayed in the top right part of Fig. 2.17. First, the signal arrives

at the receiver,which is usually one of two types. If the receiver uses thermal-

electric effects, it is referred to as a bolometric receiver. These types of re-

ceivers are usually used for sub-millimetre observations. In short, the incom-
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ing photons generate heat and the total power (resistance) changes due to the

material changing temperature. On the other hand, if the receiver uses the

propertiesofthe incoming light (recording theamplitudeandphase), it is ahet-

erodyne receiver (seeFig. 2.17bottom). The incoming radiowavescreateanal-

ternating current of the form V0 sin (ωt− φ) inside the detector. The detector

onlyworkswithonepolarisation,butusuallytwoare required. In reflectors, the

polarisation is split into two, either in the feed itself, or inside a polariser, also

called orthomode transducer (OMD). The main usage of the a heterodyne re-

ceiver is to ‘down-convert’thesignal. This isnecessary,becausethefrequency

of the incoming signal is too high to be easily sampled or processed. Signal

losses also scale as the square of the frequency; lower frequencies therefore

offer the additional advantage of less losses, during the filtering and digitisa-

tion process for example. The down-conversion fixes all these issue. The Low

NoiseAmplifier (LNA) is a cryogenicallycooleddevice (fornoiseminimisation),

which amplifies the incoming signal. Depending on the wavelength, the LNA

is applied either before or aftermixing. The last step, is the most important. It

involves the usage of themixer. As the name suggests, themixermixes the ar-

riving signalwith a single toneprovidedbytheLocalOscillator (LO).Theoutput

is referred to as the intermediate frequency (IF) and is the main quantity used

in the later calibration process. This IF signal is then forwarded further in the

backend for signal processing and detection. Finally, it is fed into a computer

for post-detection processing and digitisation. The digitisation is performed

withadigital-to-analogueconverter (ADC),throughNyquist sampling. Nyquist

sampling is based on the Nyquist theorem, which states that any bandwidth-

limited continuous function in a bandwidth∆ν can be reproducedwith homo-

geneously distributed samples, split into≤ ∆ν−1wide time bins.

Thesignalputoutbythecomputer isdimensionlessandthereforeneedsto

bematched to a physical quantity. This iswhere the Johnson-Nyquist theorem

comes in handy. It states that the power (Pν) of the signal can be thought of as

the temperature (TA) of a resistor in the followingway:

Pν = kBTA, (2.1)

where kB is the Boltzmann constant. In otherwords, the antenna can be imag-

ined as a resistor, where the thermal motion of the electrons create a current

I,with< I >= 0 but< I2 >6= 0. It should be noted that TA is not a real tempera-

ture; the real temperature of the antenna is close to the ambient temperature.

Besides the antenna temperature, numerous other sources contribute to the

noise level of theoutput registered, forexample receivercomponents. Follow-
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Figure 2.17: Radio telescope system and receiver circuit. Top: Schematic of
the data flow in a radio telescope. Image credit: Encyclopedia Britannica, Inc.
(https://cdn.britannica.com/34/4634-050-DA53D88D/Radio-telesco
pe-system.jpg). Bottom: Heterodyne receiver system circuit sketch. Image
recreated from RadioAstronomy lectures byDr. A. G. J. van Leeuwen .
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ing the same rationale, the output signal can be tied to a temperature,which is

called the system temperature, and is thus described by the following equa-

tion:

Tsys = TA + Trec = Tatm + TCMB + Tground + Tloss + Trec . . . , (2.2)

where Tatm is the equivalent temperature from the atmosphere, TCMB the tem-

peraturefromthecosmicmicrowavebackground,Tground thetemperaturefrom

the ground, Tloss the temperature corresponding to the various losses in the

signal propagation, and Trec is equivalent temperature from the receiver. Gen-

erally, Tsys � TA. The advantage of this approach is that it is possible to per-

form a ‘hot load’ (material at ∼ 300K) and ‘cold load’ (liquid nitrogen bath at

∼ 77K) calibration of the instrument instead of using an astronomical source

at every observation. The K/Jy multiplication factor should be approximately

stable and is periodically compared to the flux of known calibrator sources.

On the other hand, havingmeasured the TA, for example, from observing a

distant radio-galaxy, one can estimate the estimate the flux by employing the

Rayleigh-Jeans theorem, and solving for the brightness temperature TB. It can

then be shown, that for an extended source TA = TB. However, in reality this

is calculation is not as straightforward and Eq. 2.1 is valid for an idealised sys-

tem. An antenna does not respond to the input signal homogeneously for all

solid angles; instead, it is characterised by an antenna reception pattern (see

Fig. 2.18). The main distinguishing features are the main lobe (beam) and the

sidelobes. This pattern stems fromthe so-called Fraunhoferdiffraction,which

is described by the following equation:

θ ≈ 1.22 · λ
D
, (2.3)

where θ is the full width at half maximum (FWHM) of this main lobe, λ is the

wavelength, and D is the diameter of the aperture. Besides the effects caused

by the directionality of the antenna response pattern, the actual temperature

measured also depends on the antenna efficiency η, which is defined as the

ratio of the collected power to the incident power, and on the geometrical area

of the dishAgeom. Combining these terms, themeasured antenna temperature

T∗
A is given by equation 2.4:

T∗
A =

P∗
ν

kB
=

ηAgeomFν

2kB
, (2.4)

withFν being the net flux of the source. The thermal noise,which corresponds
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to the uncertainty of this calculation σT is given by the radiometer equation:

σT =
Tsys√
∆ν τint

, (2.5)

where τint is the integration time.11

Figure 2.18: Beam pattern and horn of antenna. Left: Antenna beam pattern
in three dimensions. Showcased are the main lobe and the sidelobes, in re-
lation to the brightness distribution of the source projected on the celestial
sphere. Image credit: Astronomy Instrumentation lecture by Prof. G. Woan
(https://radio.astro.gla.ac.uk/ralectures/beam%20patterns.pdf).
Right: Principal electric field (E) plane andmagnetic field (H) plane patterns for
a pyramidal horn antenna. The sketch shows the appearance of the antenna
pattern in relation to a feed horn. Image credit: Antenna Theory and Design
slides byProf. J.Wang (http://is.buaa.edu.cn/__local/3/33/4C/1F4302A04
6B7FD33140ACF16957_D01288D7_3A1F7C.pdf).

2.2 Interferometry&VLBI arrays

While the single dish radio telescopes, which was the focus of the previous

section, contributed to most of the major discoveries listed in the introduc-

tion, they suffer from two major limitations: their size and angular resolution.

To conceptualise this, one can consider the 21 cm Hydrogen line and the tele-

scope diameter needed, to achieve an angular resolution of just one arcsec-

ond. Solving Eq. 2.3 for D shows that one would need a telescope with a di-

ameter of 52.8 km. Currently, the two largest fully steerable telescopes are

the Radio Telescope Effelsberg (EF) and the Robert C. Byrd Green Bank Tele-

scope (GBT), both at a 100m diameter. Even transit instruments like the Five-
11This section is based on the Radio Astronomy lectures by Prof. A. G. J. van Leeuwen from

Astron and Prof. K.M. Dasyra from the University ofAthens.
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hundred-meter Aperture Spherical radio Telescope (FAST) and the RATAN-

600 (600m diameter) do not come close to the size needed.

Fortunately, a procedure by the name of interferometry exists, with which

a telescope, even larger than the Earth itself – if orbiting satellite antennae are

involved – can be simulated. In the following, a brief overview of the basics of

a connected two-antenna interferometer are presented, which are also illus-

trated in Fig. 2.19.

Figure 2.19: Schematic of a two antenna interferometer, with the backend cir-
cuit also displayed. Image taken from the Radio Astronomy lecture slides by
Prof. K.M. Dasyra.
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Similaras inasingledishsystem,the incident radiationfromtheextra-galactic

source reaches the ‘closest’ of the two antennae, and after a delay, denoted as

τg, theotherone. Thisdifference in timeτg is referred toas thegeometricdelay

betweenthetwoantennae,because it is apurelygeometrical effect, causedby

the different positions of the twoantennaewith regard to the source in the sky.

Applying simple vector calculus, it can be shown that τg can be described by

the following equation:

τg =
b · s
c

, (2.6)

where b is called the baseline, s is the direction towards which the antennae
are pointing at and c is the speed of light. The baseline is the vector distance

separating the two antennae as seen from the source, and it is usually mea-

sured in units ofwavelength. This plane is described by the unit vectors (u,v),
giving it the name (u, v)-plane. Following the schematic of Fig. 2.19, the signal

voltages (V1 and V2) at the two telescopes are amplified and arrive at themixer

in the form:

V1 = v1 cos
(
2πν

(
t− τg

))
, (2.7)

and

V2 = v2 cos (2πνt) , (2.8)

where v1 and v2 are voltage amplitudes and ν is the frequency. After undergo-

ing down-conversion, as described in Sect. 2.1, phase shifting and delay com-

pensation (see Fig. 2.19), the signal arrives at the correlator.

The correlator performs a coherent combination of the two signals by av-

eraging andmultiplying them, as follows:

re
(
τg
)
=< V1V2 >=

v1v2
2

cos
(
2πτg

)
. (2.9)

However, as the cosine in Eq. 2.9 suggests, re
(
τg
)
is an even function. In order

to correctly reconstruct the signal, the even part needs to be added. The cor-

relator achieves this by adding a 90◦ phase rotation in one of the two signals

(e.g. V2 → V
′

2) and then repeating the procedure. Then:

ro
(
τg
)
=< V1V

′

2 >=
v1v2
2

sin
(
2πτg

)
. (2.10)

and overall the response r
(
τg
)
is:

r
(
τg
)
= ro

(
τg
)
− ire

(
τg
)
. (2.11)

Equation 2.25 can be rewritten by introducing the complexvisibilityV ,which is
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the eminent quantity used for calibration. It is defined as:

V = Vq exp (iΦ) , (2.12)

with Vq being the visibility amplitude,which is the even and odd part of the re-
sponse added in quadrature (Vq =

√
ro
(
τg
)2

+ re
(
τg
)2) andΦ being the visi-

bility phase (Φ = arctan
[
ro
(
τg
)
/re
(
τg
)]
).

With the above formalism inmind, the fundamental theoremgoverning ra-

dio interferometry can now be introduced: the van Cittert-Zernike theorem

(vanCittert 1934; Zernike 1938). It states that for a spatially incoherent source a

constantphaserelationexistsbetweenthewavefrontsemitted fromthatsource.

In otherwords, it links the complex visibility to the true brightness distribution

of the source Iν (s), integrated over the solid angle of the source dΩ, per fre-
quency, through the Fourier transformation as follows:

Vν (b) =
∫∫

Iν (s)exp
(
−2πiνb · s/c

)
dΩ. (2.13)

The aboveequation canbe rewrittenwith thehelp of thedirectional cosinesof

the sky s = (l,m,n),which is definedwith respect to the phase tracking centre

s0, in the following form:

Vν (u, v,w) =

∫∫
Iν (l,m)exp

(
−2πi (ul+ vm+wn)

) dldm√
1− l2 −m2

. (2.14)

It isusuallyassumedthat theobservationonlytakes intoaccountaminutearea

of the sky (tangential plane). In that regime
√
1− l2 −m2 ≈ 1. Afurtherassump-

tionusuallyapplied is thatw = 0. Equation2.14 simplifies to the following form:

Vν (u, v) =
∫∫

Iν (l,m)exp
(
−2πi (ul+ vm)

)
dldm. (2.15)

It is then straightforward to calculate Iν (l,m) by applying the inverse Fourier

transform to Eq. 2.15:

IDν (l,m) =

∫∫
S (u, v)Vν (u, v)exp

(
+2πi (ul+ vm)

)
dudv. (2.16)

Noticeherethat asampling functionS (u, v)12was inserted into thecalculation,

to account for the incomplete response of the interferometer. TheD in the ex-

ponents denotes that this quantity is not the actual distribution of the source

brightness, but a so-called dirty image of it. Thus, the dirty image is just the

12The sampling function is a sum of delta functions, which are the measured visibilities at
each point in space, and zero everywhere else.
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convolution of Iν (l,m), with the dirty (synthesised) beamBν (l,m):

Bν (l,m) =

∫∫
S (u, v)exp

(
+2πi (ul+ vm)

)
dudv. (2.17)

A number of connected interferometer arrays exist, which work based on

the principles described above, including the Atacama Large Millimeter/sub-

millimeterArray (ALMA), and the Very LargeArray (VLA). They can resolve ra-

dio sources in unprecedented detail. But theyare still limited by their diameter

D. Recalling the examplewith theHI line, an observationwith an angular reso-

lution of just one arcsecond requires an arraywith a diameter ofmany kilome-

tres. Fortunately, theneedto resolveeversofinestructures inquasarspushed

ahead technological advancements, enabling radio astronomers to carry out

the first VLBI observations, which combine many radio telescopes at differ-

ent locations on Earth, in 1967 (Kellermann &Moran 2001; Moran 1998). Two

were the major technological advancements, which made this possible: the

first one is the development of time-tagging, which allows for the data from

the telescopes tobesynchronised, creatingonedata-streamatplaybacktime.

The second one is the transition to tape recorders at each observatory,which

means that the antennae need not be physically connected to each other. The

data are stored on magnetic tapes, and after the observations, all of them are

shipped to the correlator,which then applies to themthe procedure described

above. However, the produced data set is not yet final; the geometrical delay

needs to be compensated. This is achieved by applying an extremely detailed

model to the data. The applied corrections need to be accurate to a fraction of

the observedwavelength (converted into a time domain delay). Nevertheless,

the geometric delay compensation model will always be imperfect. For this

reason, further calibration needs to be applied, accounting for unpredictable

delays and time offsets (see Sect. 2.3.1 for more details). To this day, the same

steps are followed for correlating aVLBI observing session, except that nowa-

days the data are stored onmagnetic discs and drives.

In the following sections the currently functioningVLBI arrays,which oper-

ate at centimetre andmillimetrewavelengthswill be examinedmore closely.

2.2.1 VLBA

13The Very Long Baseline Array (VLBA), as the name suggests, is a VLBI array

coveringmostly the continental part of theUSA,with oneantennaalso located

on Hawaii and another one on the Virgin Islands. It consists of the following

13Thematerial of this section is adapted from https://science.nrao.edu/facilities/vl
ba/introduction-to-vlba.

39

https://science.nrao.edu/facilities/vlba/introduction-to-vlba
https://science.nrao.edu/facilities/vlba/introduction-to-vlba


2 BASICSOFRADIOASTRONOMY& INTERFEROMETRY

Table 1: Re-imaged 15GHzVLBAepochs of 3C84

Date Pol. VLBAStations
August 2010 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
June 2011 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
March 2012 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
July 2013 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
July 2014 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
June 2015 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
June 2016 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
April 2017 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
July 2018 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
June 2019 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
July 2020 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC

ten, identical, 25m antennae, from East toWest: St. Croix (SC), Hancock (HN),

North Liberty (NL), Fort Davis (FD), Los Alamos, (LA), Pie Town (PT), Kitt Peak

(KP), Owens Valley (OV), Brewster (BR), and Mauna Kea (MK). First light with

all ten antennae participating was achieved in May 1993. The baselines be-

tween them range between 200 km and 8600 km, allowing for compact radio

sources to be detected (TB > 105 K). The signals can be recorded in nine dis-

crete bands in addition to two narrowbands (although not simultaneously). All

antennaeareequippedwith receivers capableofobservingat frequenciesbe-

tween 312MHz and 96GHz. In this work, presented in the following chapters,

observations at 15, 43, and 86GHzwere utilised. For the first two frequencies,

the VLBA was used exclusively. Tables 1, and 2 summarise the epochs used

in this analysis, the polarisation, and the antennae, which were operational.

Oftentimes, the VLBA is combined with other telescopes and arrays around

the globe, to improve the sensitivity and the resolution (e.g. with the GBT, the

Very LargeArray or EF, creating the High SensitivityArray). At higher frequen-

cies, theVLBAis twiceperyearcombinedwithEuropeanandAsian telescopes

forming the Global millimetre-VLBI array.

2.2.2 GMVA

14As already introduced in 2.2.1, the Global millimetre-VLBI array (GMVA) is a

VLBI array, spanning thewhole Earth. It consists of antennae inAmerica,Asia,

and Europe. The American antennae are mostly comprised of the VLBA, with

theALMA,theLargeMillimeterTelescope (LMT),andtheGBTjoiningsomeob-

servations. The European stations are theYebesObservatoryRT40m (YS), the

14The material of this section is based on https://www3.mpifr-bonn.mpg.de/div/vlbi/
globalmm/.
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Table 2: Re-imaged 43GHzVLBAepochs of 3C84

Date Pol. VLBAStations
November 2010 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC

May 2011 Dual HN, KP, LA,MK,NL, OV, PT, SC
May 2012 Dual BR, HN, KP, LA,MK,NL, PT, SC

August 2013 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
May 2014 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC

September 2014 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
May 2015 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC

October 2016 Dual BR, FD, KP, LA, NL, OV, PT, SC
April 2017 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC

September 2017 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
April 2018 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC

October 2018 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
March 2019 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
May 2019 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC

January 2020 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
April 2020 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
June 2020 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC

October 2020 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
December 2020 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
March 2021 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
May 2021 Dual BR, FD, HN, KP, LA,MK,NL, OV, PT, SC
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IRAM 30m telescope on Pico Veleta (PV), the Northern Extended Millimeter

Array (NOEMA), the Effelsberg 100m telescope (EF), the Onsala SpaceObser-

vatory (ON), the Metsähovi Radio Observatory (MH), with the Greenland Tele-

scope (GLT) joining particular observations. Finally, the Korean VLBI Network

(KVN), consisting of the KVN Yonsei Observatory (KY), the KVN Ulsan Obser-

vatory (KY), and the KVNTamnaObservatory (KT), comprises theAsian anten-

nae participating. Figure 2.20 showcases the locations of most of the afore-

mentioned observatories. The observations are carried out in the 3mmband,

reaching angular resolutions down to 50µas. The great advantage of global

millimetre-VLBIwith the GMVA is that compact galactic and extra-galactic ra-

dio sources can be directly imaged at 86GHz.

Most of this thesis resolves around the fringe-fitting, calibration, and imag-

ing ofGMVAdata of 3C84, starting in 1999 and reaching up to the end of 2020.

Table3 summarises the epochs thatwere fringe-fitted, calibrated and imaged.

Figure 2.20: The telescopes comprising the GMVA (taken from Boccardi et al.
2017). Image credit: Helge Rottmann.

2.2.3 OtherVLBI arrays

Besides the GMVA and VLBA, the data from which were used in this thesis,

there are a number of otherVLBI arrays in existence. The EuropeanVLBI Net-

work (EVN) consists ofmultiple European antennae and is capable ofmeasur-

ingat frequenciesupto43GHz. It isoneofthemostsensitiveVLBIarrays in the

world at centimetre-wavelengths, and the only one capable of observations

taking place in real-time. Global-EVN measurements can also be performed,
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by combining European antennae with American and Asian ones, again at up

to 43GHz.

The Event Horizon Telescope, as the name suggests, set its goal to image

the immediatesurroundingsofaSMBH,atangularresolutionscalescompara-

ble to its event horizon. To achieve this goal, the EHTobserved in 2017 the cen-

treofthe radio-galaxyM87,aswell asSagittariusA∗, in thecentreofourGalaxy,

at 230GHz. Observations at such a high frequency are capable of penetrating

even themost optically thickmaterials. Thefirst images of the event horizon of

the SMBH inM87were published in 2019 as a result (e.g. Event Horizon Tele-

scope Collaboration et al. 2019a). Subsequently, in 2022, the first image of the

SMBHofourGalaxywas revealed (e.g. EventHorizonTelescopeCollaboration

etal. 2022a). At thetimeofobservationtheEHTwascomprisedofthefollowing

stations (EventHorizonTelescopeCollaboration et al. 2019b): ALMA,Atacama

Pathfinder Experiment (APEX), James Clerk Maxwell telescope (JCMT), LMT,

PV, SubmillimeterArray (SMA), SubmillimeterTelescope (SMT), and the South

Pole Telescope (SPT).

2.3 Calibration of a VLBI data set

In this section the concepts of phase and amplitude calibration will be intro-

duced. Then, their application in the calibration data-flow of a GMVA epoch

will be reviewed.

2.3.1 Calibration practicalities

The output of the correlator is not a final data product yet, to do science with.

Even though the correlation procedure corrects many inherent issues of the

visibilities, further steps need to be performed to account for effects such as

atmospheric corruption and positional inaccuracies. This is done via a set of

standardcalibration routines. Toconceptualise them,theobservedvisibilityVij
will be introduced,which differs from the true visibilityVij in the followingway:

Vij (t) = gi (t)g∗j (t)Vij (t) + εij (t) + ηij (t) , (2.18)

wheregi (t) is thecomplexelementgainofstation i, andg∗j (t) thecomplexcon-

jugate of the element gain of station j, εij (t) is the complex offset per baseline,

and ηij (t) the stochastic complex noise. Conversely, the observed correlated

phaseφc
ij (t,ν) differs from the true correlated phaseφv

ij (t,ν) as follows:

φc
ij (t,ν) = φv

ij (t,ν) + φe
ij (t,ν) , (2.19)
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where φe
ij represents the numerous residual phase errors, introduced by at-

mospheric and positional effects.

Fringe-fitting is a calibration procedure used to estimate thevarious phase

errors, such as offsets and drifts. Following Cotton (1995), a relation between

the phase of the interferometerφint
ij (t,ν) and the time dependent delay τdel (t)

exists,which states that:

φint
ij (t,ν) = 2πντdelij (t) . (2.20)

Applying then the fringe-fitting technique, one can calculate the delay and

delay rate of the phase by differentiating and expanding φint
ij (t,ν) to the first

term. Inmathematical terms:

∆φint
ij (t,ν) = φ0,ij +

(
∂φij

∂ν
∆ν+

∂φij

∂t
∆t
)
, (2.21)

whereφ0,ij is the zeroth order approximation,
∂φij
∂ν
is the delay and ∂φij

∂t the delay

rate. Having determined the delays and the delay rates, the appropriate cor-

rections can be applied to the visibilities, which are coherently integrated in

frequency and time space. Several algorithms have been developed over the

years to perform these operations. The most up-to-date ones utilise the fast

Fourier transform (FFT) fringe search.

As mentioned in Sect. 2.1, the output of the computer is not yet in physical

units15 of flux density. Since in radio astronomy the sources are usually faint,

measuring their flux in erg
cm2sHz would be impractical to use, as it is an unwieldy

amount. Insteadaunit ofJansky16 is used;with 1 Jy = 1023 erg
cm2sHz . It is customary

to introduce at this point the concept of systemequivalent flux density (SEFD),

which is defined as follows:

SEFD =
2kBTsys
Aeff

, (2.22)

where Aeff = ηAgeom. They are the effective and geometrical area of the an-

tenna respectively. Combining Eqs. 2.4 and 2.22, a Kelvin-to-Jansky conver-

sion factor for the cross-correlation amplitude can be obtained:

Fij = Cijd
√
SEFDiSEFDj

2∆ντint
, (2.23)

whereCij is amultiplication factor, dependent on thecorrelation coefficient per
15The units used by the correlator are calledWhitneys.
16In honour of K. G. Jansky.
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baseline (in arbitrary units) and d is a correction factor accounting for digital

sampling losses.

Caution needs to be exercisedwhen calibratingmillimetre-VLBI data sets,

as the atmospheric fluctuations affecting the opacity are more prominent. In

this case, the Tsys needs to bemodified,with a correction of the form:

T∗
sys = Tsys exp (τν · AM) , (2.24)

where T∗
sys is the corrected system temperature value outside of the atmo-

sphere, AM = sin (Elv) is the elevation (Elv) dependent ‘air mass’ and τν is the

atmospheric optical depth given by the formula:

τ = log
(
1− Tsys − Trec

Tatm

)
, (2.25)

where Trec is the receiver temperature. Tatm, as mentioned in Eq. 2.2, is the av-

erage, ambient temperature of the atmosphere (Martí-Vidal et al. 2012). It is

usually approximated by the following expression:

Tamb = 1.12 · Tground − 50K. (2.26)

Typical opacity ranges, for example at the Effelsberg 100m Telescope, are of

the order of 0.1− 0.2 at 3mm.

Finally, largescaledeviations fromaperfectly reflectingsurfacecan leadto

loss of sensitivity. The gravitational force,which is acting on the dish, deforms

the surface. The deformation is a function of the tilt in elevation and is com-

monly described with a polynomial in Elv denoted as G (Elv). Thus a further

correction to the T∗
sys is applied:

T∗∗
sys ≡

T∗
sys

G (Elv)
=

T∗
sys

α0 + α1 · Elv+ α2 · Elv2 + . . .
. (2.27)

Equation 2.22 can then finally be rewritten as:

SEFD =
T∗∗
sys

Γs
, (2.28)

where Γs is the so-called antenna gain, given by the formula:

Γs =
Aeff
2kB

. (2.29)
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2.3.2 Exemplary calibration of a GMVAdata set

Table 3 displays the 86GHzGMVAepochs used in this thesis. Epochswithout

an asterisk were fringe-fitted and calibrated by me. For epochs marked with

a star, a previous fringe-fitting was adopted. In this section, the performance

of the calibration and fringe-fitting is described, for the exemplary April 2020

epoch.

The observations of 3C84 took place on April 25th and 26th 2020 in dual,

circular polarisation, with a duration of 11.5hours. Theywere part of the com-

plementarymonitoringofFERMIsources (sourcesemitting γ-rays) conducted

by theVLBA-BU-BLAZAR group (Jorstad et al. 2017). The arraywas comprised

of the following antennae: BR, EF, FD, KP, LA,MH,MK, NL, ON, OV, PT, and YS.

The aggregate bitrate for recording was two Gigabits per second (Gbps), and

two-bit digitisation was used. The scan length was of the order of seven min-

utes. The datawere recordedwith a polyphasefilterbank, splitting the observ-

ing band into eight IFchannels. The bandwidth foreach IF is 32MHz, for a total

recording bandwidth of 2 × 256MHz. Finally, for the correlation procedure,

whichwas carried out at theMax-Planck-Institut für Radioastronomie (MPIfR)

in Bonn, Germany, the DiFX correlator (Deller et al. 2011) was used.

The output of the correlator is a uvfits file, which is read into the standard

Astronomical Image Processing System (AIPS, see Greisen 1990). After index-

ing the data and correcting for changes in the parallactic angle and the effects

of the Nasmyth mount for the YS station, the first major step is to do what is

calledmanual phasecalibration. This step is crucial, as the standardphase-cal

injection tonesmethod is impossible for 86GHz observations, since theVLBA

stations lack them, and the purpose is to correct the instrumental delays. In a

nutshell, first a global fringe-fit is performed, to identify high S/N FRING17 solu-

tions per antenna. Based on these, the delay and phase offsets between the

IFs are then eliminated (see Fig. 2.21).

Aproperglobal fringefit is the second step, over the full bandwidth, solving

forthe ratesanddelays,bycombiningall IFs. Herethepurpose is to rid thedata

of time-dependent rates and delays. The S/N limit was set to 4.1. A number of

different fringe solution intervals and delay/rate windows were then set, with

the ultimate goal ofmaximising the detection total. Themost detectionswere

registered forfringesolution interval of3.5minutes,with thedelaywindowbe-

ing200nanosecondsandthe ratewindow400mHz. Next, thesystemtemper-

ature (Tsys) and gain curve data, provided by each station, were read into AIPS,

usingthetaskANTAB.Theyareneededforthefluxamplitudecalibration. Outliers

17All the AIPS tasks like FRING etc. can be found in the cookbook: ftp://ftp.aoc.nrao.edu
/pub/software/aips/TEXT/PUBL/COOKBOOK.PDF.
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Figure 2.21: Plots generated with the task POSSM. Left: Appearance of phase
(andamplitude)beforefringe-fitting. Right: Samedataafterfringe-fitting. Note
the smoothing out of the slopes in the phase. Image taken from the AIPS simple
self calibration guide (https://casaguides.nrao.edu/index.php/AIPS-Sim
ple-Self-Cal).

were flaggedwith the task SNEDT. The actual amplitude calibration and opacity

correction (wherevernecessary)was thenperformedwith the taskcalledAPCAL

The penultimate step was to remove the cross-hand phase and delay offsets

between the two polarisations,with the task RLDLY. Finally, after averaging over

the frequencies, the uvfitsfilewas exportedwith the tasks SPLITand FITTP.Adata

flow chart of the procedure described above is displayed in Fig. 2.22.
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Figure 2.22: Data flow chart of the various tasks used in AIPS to obtain the final
calibrated uvfitsfile. Tasks POSSM and SNPLTare regularly used between thevari-
ous steps to inspect the data. Figure inspired byFig. 3.2 in Karamanavis (2015).

Theabovestepsareperformed inascripted,semi-automatedmanner,util-

ising ParselTongue (a Python interface to AIPS; see also Kettenis et al. 2006). A

detailed description of the whole, aforementioned procedure is presented in

Martí-Vidal et al. (2012). The rest of the epochs listed in Table 3 were fringe-

fitted and calibrated in similar fashion.

2.4 Imaging of a VLBI data set

In this section the concept of the CLEAN and the MEM algorithms will be intro-

duced and then the application of the former to a GMVA observation will be
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briefly discussed.

2.4.1 Imaging practicalities

18While an inverse Fourier transform can theoretically be applied to the visi-

bilities put out by the correlator to produce an image, this is in practice not as

straightforward. The reason is that errors in amplitude and phase, due to lim-

ited (u, v)-coverage, scatter the power across the image, giving the appear-

ance of excessive noise, and thus a simple deconvolution with the dirty beam

produces artefacts (e.g. sidelobes).

Fortunately, a procedure exists to reduce the noise impact,which is based

on the use of closure phases and closure amplitudes (Wilkinson 1989): self-

calibration. The only prerequisite to applying this procedure is that the target

source is of sufficient intensity,within the interferometer primary beam. It can

bethoughtofasusingthefocusofabasiccameratosharpenatargetedobject.

The rationale behind self-calibration is rather simple: by defining the closure

phase as an appropriate combination of the visibility phases between three

baseline pairs, forming a triangle, the errors cancel each other out. Follow-

ing Eq. 2.19, let φ(1)
c ,φ

(2)
c ,φ

(3)
c be the measured phases for the three baselines,

between the stations (1) , (2) , (3). Accordingly,φ(1)
v ,φ

(2)
v ,φ

(3)
v are the true visi-

bilities and e2,e3 are the errors contained such that:

φ
(1)
c = φ

(1)
v + e2 − e3 (2.30)

φ
(2)
c = φ

(2)
v − e2 (2.31)

φ
(3)
c = φ

(3)
v − e3. (2.32)

Defining the observable closure phase as:

O123 = φ
(1)
c + φ

(2)
c − φ

(3)
c = φ

(1)
v + φ

(2)
v − φ

(3)
v (2.33)

the errors indeed cancel out and thus the closure phase remains unaffected

by phase errors. Similarly, the observable closure amplitude can be defined,

although here four antennae are required. Here the station-based errors are

multiplicative so the definition is as follows:

A1234 =
|V12||V34|
|V13||V24|

=
|V12||V34|
|V13||V24|

, (2.34)

where the notation from Eq. 2.18 was followed. In this way, antenna based er-

rors cancel out as well. Both closure quantities can be utilised to significantly
18This section is based on Sect. 9 ofWilson et al. (2013).
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improve the quality of the visibility function.

The two main algorithms used are the Maximum Entropy Deconvolution

Method (MEM, seeCornwell &Evans 1985;Gull &Daniell 1978; Jaynes 1957;Wer-

necke&D’Addario 1977 among others) and the CLEAN algorithm (Högbom 1974).

The main usage of MEM is to distinguish between a number of contiguous im-

ages to determine the ‘optimal’ one. The difficulty lays in the fact that all pos-

sible images agree with the measured visibilities and that is the task for MEM

to solve. The selected image needs to be consistentwith all the previous data

as well, and have maximum smoothness. This is achieved by maximising the

entropyofthe image; hencethenameoftheprocedure. Thecaveat is thata ref-

erence image needs to be provided beforehand, supplying the a-priori knowl-

edgenecessaryfortheprocedure to function. MEM is usuallyemployed forhan-

dling extended sources, larger than a telescope primary beam. Point sources

ontheotherhand,arebesthandledbyCLEAN,whichwill bediscussed in thenext

paragraph.

The CLEAN algorithm is the most widely used technique for improving radio

interferometry images. As was already discussed, the dirty image, produced

from the dirtybeam (see Fig. 2.23) suffers from inherent issues related to large

sidelobes, calibration errors, and noise, as well as generally low S/N ratios. In

short, the CLEAN technique super-imposes a number of delta functions (simu-

lating point sources) to approximate the unknown intensity distribution (previ-

ously, in Sect. 2.2, the notation Iνwas used) of the source. Thismethod cannot

be done analytically, only iteratively and the iteration halts when the residual

brightness distribution is of the order of the theoretical noise limit in the in-

tensitiesmeasured. The iterative algorithm,which, in essence, applies an FFT

transform in the image planeworks in the following steps:

1. The intensity peak of the dirty image is located. This is usually facilitated

by so-called CLEAN window placement. These are support regions, de-

signed to help the algorithm recognise the regions, inwhich the user as-

sesses that sourceflux ispresent. It shouldbenoted that this renders the

method subjective to some degree.

2. A fraction f of the intensity peak located inside the CLEANwindows is then

subtractedfromthe image,usingan idealisedGaussianbeam(CLEANbeam),

whose sizematches themain lobe of the dirty beam. The loop gain f, be-

tween zero and one, helps the iteration to converge.

3. The location andvalue of the subtracted peakarewhat constitute a CLEAN

component (CC).
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4. Toarriveat the (first)CLEANmap,aCLEANbeam(commonlyaGaussianfunc-

tionwith aFWHMcomparable to theoneof thedirtybeam) isfitted to the

centreofthebeamofthe interferometer,andthenconvolvedwiththeCC.

This is tofill out thepixelswithmissing information,duetotheverynature

of the interferometric observations.

5. Steps 1-3 are repeated n times, until the residual map peaks inside the

CLEANwindows are beneath a limit, usually set by the noise in the visibili-

ties.

6. Additional CLEANwindows are set around secondary intensity peaks and

the previous steps are again repeated.

As presented, the CLEANmethod harbours some subjectivity and depends

on the personal biases (bymanually setting cleanwindows) and experience of

the user. However, it is a very powerful and computationally efficient method,

which is one of the reasons, why it is the most widely adopted technique. As

Thompson et al. (2017) showed, it also works successfully on different source

morphologies, provided that the source is sufficiently compact and bright.
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Figure 2.23: Illustration of themain concepts of image reconstructionwith the
CLEAN algorithm. Top left: Exemplary (u, v) plot of J1422+32. Top right: Dirty
beam (see Eq. 2.17). Bottom left: Dirty image (see Eq. 2.17). Bottom right: CLEAN
image of J1422+32. Figure taken from Frey&Mosoni (2009).

The last imaging step commonly applied to obtain the final CLEAN image is

the self-calibration of the data set (Cornwell & Fomalont 1999). An exemplary,

final CLEAN image is displayed in Fig. 2.23. Sect. 2.4.2 offers a review of how the

CLEANing procedure described in this section can be applied to a GMVA data

set.
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2.4.2 Exemplary imaging of a GMVAdata set

The uvfits file produced from the procedure detailed in Sect. 2.3.2 is then read

into DIFMAP (Shepherd et al. 1994), which is a software package used for imag-

ing. The data is inspected by eye to remove any previously unrecognised out-

liers in the visibilities (they can be caused by sub-optimal weather conditions

or antenna related malfunctions among others). A point source model is then

applied for a first step of phase self-calibration and then the data is coherently

averaged over ten seconds. Then the standard CLEANing procedure is applied,

togetherwith iterative phase and amplitude self-calibration, until the χ2 of the

closure phases is minimised and the maximum flux density on the shortest

baselines is achieved. The flux density depends mainly on the calibration de-

scribed inSect. 2.3.2 andsuffers fromuncertainty. Amethodofscaling theam-

plitude to reasonable values is described in the Appendix of Kim et al. (2019),

and it is the one thatwas followed here aswell. The (u, v) plot and the flux ver-

sus (u, v) distance plot of the April 2020 epoch are displayed in Fig. 2.24. The

last step is to perform a two dimensional, multiple circular Gaussian function

fit to the visibilities. The CC model is cleared for this purpose and the cali-

brated visibilities are iteratively fitted with an increasing number of such cir-

cularGaussian functions, until again theχ2 of the closure phases isminimised,

the maximum flux density of the CC image is approximately reproduced and

the image appears visually similar to the CC one. The task used for this anal-

ysis is called MODELFIT. The CC image contours and the superimposed circular,

Gaussian MODELFIT components of theApril 2020 epoch are displayed in one of

the panels ofFig. 2 in Paraschos et al. (2022b) (see alsoSect. 5). An overall flow

chart of both the calibration and imagingmethods is summarised in Fig. 2.25.
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Figure2.24: CharacteristicdiagnosticplotsofaVLBIdataset. Left: (u, v)plotof
3C84 from theApril 2020 session. Right: Amplitude as a function of the (u, v)
distance for the same epoch.
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Figure 2.25: Simplified data flow chart of the calibration and imaging proce-
dure. Figure adapted fromWilson et al. (2013).
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3 Paper 1: Pinpointing the jet apex of 3C 84

The discovery of an east-west elongated structure, perpendicularly oriented

to the bulk jet flow, in the core of 3C84, in a recent RadioAstronmap (Giovan-

nini et al. 2018), generated a number of questions regarding the true nature of

it and its implications. Possible explanations include the structure being an

elongated uniform disc, a stationary shock or even spatial bending of the jet

path,whichwould then followa strongly curved trajectory. In these scenarios,

the true location of the jet apex and by extension of the jet launching BH, plays

the primary role. Onewayof shedding light on the true nature of this structure

is bymeansofdetermining the spectral index and its gradient. As summarised

in Fig. 4 of Paraschos et al. (2022a), the spectral indexwill differ depending on

the nature of the structure.

Quasi-simultaneousVLBI observations of 3C84were taken inMayof 2015

at 15, 43, and 86GHz, providing the opportunity for a high-resolution spectral

indexstudyof3C84at the three frequencies. The followingpeer-reviewedpa-

per summarises this study and our attempt to determine the true location of

the BH of 3C84 via computation of the core shift, through a two-dimensional

cross-correlation analysis. A byproduct of our analysis, besides the creation

of spectral index maps of the source, is the calculation of the magnetic field

strength and its topology in the vicinity of the BH.

For this work, some previously published images by Kim et al. (2019) were

reused. I performed the cross-correlation analysis and re-imaged the data

sets, to gain a second, independent measurement of the core shifts. Further-

more, I created all the figures and composed the majority of the text, the final

form ofwhich resulted from extensive discussionswith the co-authors.

Credit: G. F. Paraschos et al.,A&A, 650, L18, 2021, reproducedwith permis-
sion© ESO.
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ABSTRACT

Nearby radio galaxies that contain jets are extensively studied with very long baseline interferometry (VLBI), addressing jet launching
and the physical mechanisms at play around massive black holes. 3C 84 is unique in this regard because the combination of its
proximity and large super massive black hole mass provides a high spatial resolution to resolve the complex structure at the jet base.
For 3C 84, an angular scale of 50 µas corresponds to 200−250 Schwarzschild radii (Rs). Recent RadioAstron VLBI imaging at 22 GHz
has revealed an east-west elongated feature at the northern end of the VLBI jet, which challenges past interpretations. Here we propose
instead that the jet apex is not located within the 22 GHz VLBI core region but more upstream in the jet. We base our arguments on a
2D cross-correlation analysis of quasi-simultaneously obtained VLBI images at 15, 43, and 86 GHz, which measures the opacity shift
of the VLBI core in 3C 84. With the assumption of the power-law index (kr) of the core shift being set to 1, we find the jet apex to be
located 83 ± 7 µas north (upstream) of the 86 GHz VLBI core. Depending on the assumptions for kr and the particle number density
power-law index, n, we find a mixed toroidal-poloidal magnetic field configuration, consistent with a region that is offset from the
central engine by about 400–1500 Rs. The measured core shift is then used to estimate the magnetic field strength, which amounts to
B = 1.80−4.0 G near the 86 GHz VLBI core. We discuss some physical implications of these findings.

Key words. galaxies: individual: 3C 84 (NGC 1275) – galaxies: jets – galaxies: active – techniques: interferometric –
techniques: high angular resolution

1. Introduction

3C 84 is a peculiar Seyfert 1.5-type radio galaxy (Véron-Cetty
& Véron 2006). It is located relatively nearby, at a distance of
76.9 Mpc (z = 0.0176) (Strauss et al. 1992)1, and harbours a cen-
tral super massive black hole (SMBH) of MBH ∼ 9 × 108 M�
(Scharwächter et al. 2013). This makes 3C 84 a prime target to
pinpoint the location of the SMBH and to study the magnetic
field in the very inner jet region for this enigmatic radio galaxy.
3C 84 has been studied with centimetre- and millimetre-very
long baseline interferometry (VLBI) for decades (e.g. by Walker
et al. 1994, 2000; Dhawan et al. 1998; Suzuki et al. 2012; Nagai
et al. 2014; Giovannini et al. 2018, and Kim et al. 2019, among
others). It features a complex two-sided jet (Vermeulen et al.
1994; Walker et al. 1994; Fujita & Nagai 2017; Wajima et al.
2020), which commonly exhibits moving radio emitting features
(blobs) that accelerate with apparent speeds from ≤0.1c on sub-
milliarcsecond (sub-mas) scales to 0.5c on milliarcsecond (mas)
scales (Krichbaum et al. 1992; Dhawan et al. 1998; Punsly et al.
2021). Bright and fast moving knots have been tracked over the
years (Dhawan et al. 1990, 1998), and two components have
also been ejected in the southern jet, called C2 and C3 (fol-
lowing the naming convention of Nagai et al. 2014). Recent
high-resolution VLBI imaging of 3C 84 with the RadioAstron
space telescope has revealed a limb-brightened double-railed jet,
possibly anchored in a very wide jet base of ∼250 Rs diameter
(Giovannini et al. 2018). This raises the question of whether

1 We assume Λ cold dark matter cosmology with H0 = 71 km s−1

Mpc−1, ΩΛ = 0.73, and ΩM = 0.27.

the jet in 3C 84 is launched via magneto-centrifugal acceleration
from the accretion disk – the Blandford & Payne (1982) (BP)
model – or via energy extraction directly from the ergosphere of
the spinning central black hole – the Blandford & Znajek (1977)
(BZ) model.

The unknown location of the SMBH in 3C 84 can be esti-
mated by assuming its proximity to the jet apex. The latter can
be determined from high-resolution VLBI imaging in the mil-
limetre bands. VLBI imaging at these short wavelengths not
only provides a higher angular resolution than in the centimetre
bands, but also helps to overcome opacity effects; these effects
are caused by the synchrotron self-absorption in the jet and by
free-free absorption from the circum-nuclear gas of the accre-
tion flow, which partially obscures the counter-jet and jet base
(Walker et al. 1994; Fujita & Nagai 2017; Kim et al. 2019).

Here we present a new study of 3C 84, which measures the
VLBI core shift. Such core shifts are also observed in the jets of
several other galaxies and blazars (e.g. Lobanov 1998a; Fromm
et al. 2013; Hada et al. 2011; Pushkarev et al. 2012; Haga et al.
2013; Park et al. 2021). Active galactic nucleus (AGN) jets emit
synchrotron radiation, which is susceptible to synchrotron self-
absorption. Synchrotron self-absorption is frequency dependent
(Rybicki & Lightman 1979). When the VLBI core is associated
with the τ= 1 absorption surface (e.g. Konigl 1981; Lobanov
1998a), its position becomes frequency dependent. The optically
thick VLBI core region becomes more transparent at higher fre-
quencies and shifts in the direction of the opacity gradient. For
a conical, homogeneous, and straight jet, this opacity gradient
points towards the jet apex. With this assumption, the observed
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position shift of the VLBI core can be used to estimate the mag-
nitude and topology of the magnetic field at the jet base (i.e.
toroidal vs. poloidal field; see Lobanov 1998b; Hirotani 2005;
Vlemmings et al. 2006; O’Sullivan & Gabuzda 2009; Pushkarev
et al. 2012; Fromm et al. 2013).

This Letter is organised as follows: in Sect. 2 we briefly sum-
marise the observations and data reduction and then present our
spectral and core shift analysis results. We discuss our results in
Sect. 3 and present our conclusions in Sect. 4.

2. Data, analysis, and results

In this section we present the 2D cross-correlation analysis used
to produce the spectral index maps and core shift. We define the
spectral index α as S ∝ ν+α. The observations were made with
the Very Long Baseline Array (VLBA) at 15 and 43 GHz and
the Global Millimeter VLBI Array (GMVA) at 86 GHz during
the period of 11−18 May, 2015. Total intensity and polarisation
imaging results have already been published; for the details we
refer to Kim et al. (2019). In this follow-up paper we used the
same data but now focus on the spectral properties and opacity
shift in the VLBI core region.

Following the analysis presented in Kutkin et al. (2014,
and references therein), we computed the core shift and mag-
netic field strength and estimated the topology of the magnetic
field. For the analysis described below, we convolved the maps
with a circular beam with a size corresponding to the geomet-
ric mean of the major and minor axis of the lower-frequency
beam (see Table A.1). After the convolution of each image pair,
we selected a region within the optically thin part of the jet for
the alignment, for which positions are frequency independent.
For the 15−43 GHz pair, we selected region A3, which is around
the bright and well-defined component C3 (Nagai et al. 2014),
located ∼2 mas south of the VLBI core (see Fig. 1). For the
43−86 GHz pair, we aligned the maps using region A2, which
is located closer to the core (see Fig. 1). A2 is bright enough and
well defined, and it also shows a steep spectrum (see e.g. Fig. 1),
which justifies our choice.

The next step was to iteratively shift one image against the
other in right ascension (RA) and in declination (Dec). For each
position shift (i, j) the cross-correlation coefficient was calcu-
lated as follows (Lewis 1995):

ρ(i, j) =

∑
x,y

[
f ν1 (x, y) − f̄ ν1

i, j

] [
f ν2 (x − i, y − j) − f̄ ν2

i, j

]
{∑

x,y

[
f ν1 (x, y) − f̄ ν1

i, j

]2 ∑
x,y

[
f ν2 (x − i, y − j) − f̄ ν2

i, j

]2
}0.5 , (1)

where x and y are the pixel indices in the different images,
f ν1 (x, y) is the flux density of the selected feature in the static
image at (x, y), f ν2 (x − i, y − j) is the flux density of the selected
feature in the shifted map (shifted by x − i and y − j), and f̄ ν1,2

i, j
are the mean fluxes in the selected feature. The maximum ρ(i, j)
yields the best shift position. For further details on the method,
we refer to Lewis (1995).

We aligned adjacent frequency maps pairwise to avoid arte-
facts due to the very different beam sizes at 15 and 86 GHz.
In order to be as conservative as possible, we used the larger
beam size at the longer wavelength (see Table A.1) for the align-
ment of each frequency pair. At 15−43 GHz, we obtain posi-
tion shifts of ∆RA = 60± 58 µas and ∆Dec = 240± 53 µas. At
43−86 GHz, we obtain position shifts of ∆RA = 20± 52 µas and
∆Dec = 120± 46 µas. A description of our conservative error

estimation is presented in Appendix A. Table A.2 summarises
the results.

We define the core of our images as the brightest and most
compact component at the northernmost region of the jet. As a
preparatory step for the 2D cross-correlation at 15 and 43 GHz,
we fitted circular Gaussian components at 15 GHz to the C3
and core region and determined their relative distance to be
2.24 ± 0.02 mas. We then aligned the 15 GHz and 43 GHz maps
by this shift and performed the cross-correlation. At 43 GHz
and 86 GHz, the intensity peak is at the northernmost region
of the jet and no additional shift is necessary. In this proce-
dure and at all frequencies, we fitted a circular Gaussian to the
VLBI core to identify their position shifts from the phase cen-
tres, finding <16 µas offsets at all frequencies (i.e. significantly
smaller than the pixel scale and the image shifts). We thus ignore
these offsets in the following analysis. The uncertainties of the
image alignment for both frequency pairs is further discussed in
Appendix A.

Figure 1 (left panel) displays the core shift values as a func-
tion of frequency. We used the VLBI core at 86 GHz as a refer-
ence, setting its position to zero. The two insets present the dis-
tribution of the cross-correlation coefficient for the 15−43 GHz
pair (left) and the 43−86 GHz pair (right).

We then used this map alignment to calculate the spectral
index distributions. In Fig. 1 (right panel) we show the spec-
tral index maps at 15−43 GHz and at 43−86 GHz. The north-
ern side of the core region exhibits an inverted spectral index of
α15−43 = 1.0 ± 0.3. The α15−43 gradually decreases southwards,
with a typical value of α15−43 = −0.5 ± 0.4 in the C3 region,
consistent with past spectral index measurements at lower fre-
quencies (e.g. Unwin et al. 1982; Bartel et al. 1988; Marr et al.
1989; Vermeulen et al. 1994; Walker et al. 1994; Taylor et al.
2006; Wajima et al. 2020).

For the 43−86 GHz pair, we detect a prominent spectral
index gradient between regions A1 and A2 (see Fig. 1), from
α43−86 = 2.0 ± 0.5 in the north-west to α43−86 = −1.0 ± 0.6 in
the south-east. Details on the spectral index error estimation are
given in Appendix A. Based on this, we conclude that the overall
trend of the spectral index gradients from inverted in the north-
ern region (A1) to steeper in the two southern regions (A2 and
A3) are significant and real. We also note that the apparent dif-
ference between the spectral index in the two southern regions
(A2: α ∼ −1.0; A3: α ∼ −0.5) may not be significant, due to
residual calibration uncertainties. However, due to the nature of
C3 (moving shock) and its interactions with the ambient jet, the
flatter spectrum in region A3 is not unexpected (e.g. Nagai et al.
2014).

If the size of the emission region increases linearly with the
distance, r, from the core, w ∝ r, the magnetic field strength and
particle density decrease with distance as B ∝ r−b and N ∝ r−n,
respectively. The distance between the jet apex and the apparent
VLBI core, ∆rcore, relates to the frequency with a power law of
the form:

∆rcore = r0

((
ν

86 GHz

)−1/kr

− 1
)

[µas], (2)

where kr = [2n + b(3−2αthin)−2]/(5−2αthin) (Lobanov 1998a),
n and b are the particle number density and magnetic field
strength power-law indices, respectively, and αthin is the opti-
cally thin spectral index. According to the definition of Eq. (2),
and using the 86 GHz core as the reference point, we can deter-
mine |r0|, which is the distance to the jet apex. To obtain the
absolute distances of the 15 GHz and the 43 GHz cores from
the 86 GHz core, we added the ∆RA and ∆Dec shifts listed
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Fig. 1. Core offset position fit and spectral index maps at 15−43 GHz and 43−86 GHz of 3C 84. Left: core shift of 3C 84 at frequencies of 15, 43,
and 86 GHz. The red line shows a fit of Eq. (2) to the core offset positions (for the numbers, see Table A.3). The shaded grey line denotes the
distance from the 86 GHz total intensity peak to the true location of the jet apex. The insets show 2D cross-correlation coefficients of the images
at two different frequency pairs. Each axis is in units of mas. The contours start at 1% and increase in steps of 10% relative to the maximum
cross-correlation coefficient (0.9975 and 0.9995, respectively). The perpendicular dashed white lines intersect at the maximum of the colour map,
which corresponds to the maximum value of ρ(i, j). Right: spectral index maps after image alignment. Left panel: 15 GHz image in contours and
the 15−43 GHz spectral index in colours. The contours start at 4.36 mJy beam−1 and increase by a factor of two. The maps are convolved with
a beam of 0.45 × 0.67 mas, oriented at a PA =−9.44◦. Right panel: 43−86 GHz spectral index in colours and the contours of the 43 GHz map,
which start at 4.26 mJy beam−1 and increase in steps of two. The maps are convolved with a beam of 0.20 × 0.37 mas, oriented at a PA = 14.1◦.
We only display regions that have (i) a S/N of at least five for the total intensity contours and (ii) a spectral index in the range −2 to 2, within 1
rms error (±0.14 for the 15−43 GHz pair and ±0.21 for the 43−86 GHz pair), gained from the uncertainty from a region the size of each beam,
centred around the core shift location of each frequency (see Appendix A for further details). Boxes marked by dashed white lines correspond to
the regions used for the 2D cross-correlation. A1, A2, and A3 are the three characteristic regions where the spectral indices were measured (see
Table A.4).

in Table A.2 in quadrature. Table A.3 summarises the result-
ing positions. The limited frequency range and scarcity of the
data points only allow a fit for one free parameter, namely r0.
We therefore assumed a physically motivated value of kr = 1,
as also observed in other VLBI jets (e.g. Lobanov 1998a; Hada
et al. 2011; Pushkarev et al. 2012; Fromm et al. 2013). We solved
Eq. (2) via the least squares fit method for r0. We used the inverse
variance of the data for their weighting. From the fit we obtain
r0 = 83 ± 7 µas, which is marked as a grey line in Fig. 1 (left)2.
This corresponds to a projected distance of 0.030± 0.002 pc,
or 413± 34 Rs (with the Schwarzschild radius, Rs). Adopting a
viewing angle in the range of 20◦−65◦ (Fujita & Nagai 2017;
Abdo et al. 2009), we determine the de-projected distance to be
0.028–0.11 pc, or 400–1500 Rs. For the position angle (PA) of
the jet apex, we obtain −20◦ ± 14◦ relative to the 86 GHz core
position in the image plane. In Fig. 2 we over-plot the core posi-
tions at 15, 43, and 86 GHz, as well as the estimated position of
the jet apex, on the intensity contours of the 86 GHz map. The
estimated position of the jet apex, marked as a filled circle, is
located north-west of the VLBI core at 86 GHz.

3. Discussion

3.1. Implications of the jet apex location

Over the years, a variety of interpretations have been proposed to
explain the highly complex structure in 3C 84. Based on 22 GHz
space-VLBI imaging with 20 µas resolution, Giovannini et al.
(2018) found an east-west, broadly elongated structure at the

2 We note the good agreement with the work of Oh et al. (2021), who
find an offset of 54−215 µas from long-term, time-averaged 86 GHz
GMVA imaging.

Fig. 2. Core locations at 15, 43, and 86 GHz (black) and extrapolated
jet apex location (dark red), plotted over the 86 GHz total intensity map.
The contours start at 0.1% of the image peak (1.82 Jy beam−1) and then
increase in steps of two. The solid light red line is obtained from a 2D
line fit to the core positions at different frequencies and the jet apex loca-
tion with respect to the reference point (i.e. 86 GHz core). The broken
light red lines show the 99% confidence interval of the fit.

northern end of the jet. The authors suggest that this may cor-
respond to a broad jet apex of ∼120 Rs width, with some diffuse
emission farther to the north, marking the onset of the counter-
jet. Our analysis indicates a different scenario, in which the jet
apex is located more upstream, at ∼400–1500 Rs north-west of
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the VLBI core at 86 GHz, as illustrated in Fig. 2. The measured
orientation along PA =−20◦±14◦ favours this scenario because it
is in line with the direction of the northern counter-jet PA =−25◦,
as seen on the larger mas scales (Vermeulen et al. 1994).

We point out that on sub-mas scales the northern emission
from the counter-jet is not yet unambiguously detected. It is
unclear if the emission seen north of the brightest jet components
at 43 GHz and 86 GHz belongs to the jet or to the counter-jet.
Fujita & Nagai (2017) report the detection of a counter-jet at 15
and 43 GHz in the northern 1−2 mas region. The apparent emis-
sion gap between this mas-scale region and the sub-mas-scale
region close to the VLBI core (as seen at higher frequencies)
may be explained by free-free absorption from optically thick
and clumpy gas, for example a torus or accretion flow (e.g.
Salomé et al. 2008; Fujita & Nagai 2017; Kim et al. 2019).
The highly inverted spectrum (α43−86 ∼ 2 for the core region;
see Fig. 1, right panel) could support such a scenario. How-
ever, highly inverted spectra (with spectral indices reaching up
to α = +2.5) are also possible for homogeneous self-absorbed
synchrotron emitting components. Depending on homogeneity,
the VLBI cores in many AGN jets more typically show inverted
spectra with lower indices in the range of 0 to 1.5, though
occasional higher values cannot be excluded. Dedicated spectral
and Faraday rotation measure-sensitive polarimetric millimetre-
VLBI observations in the future could help to clarify the
situation.

3.2. Magnetic field strength and topology

Following Lobanov (1998a) and Eqs. (38) and (39) in Fromm
et al. (2013), we determined the magnetic field strength in the
jet. We assumed a power-law index kr = 1. Details of the proce-
dure and parameter ranges are given in Appendix B. Table B.1
summarises the relevant parameters. For the location of the jet
apex with respect to the 86 GHz core (r0 = 76−90 µas), we com-
puted the magnetic field to be in the range of B = 1.80−4.0 G at
the 86 GHz core; this is lower than the magnetic field strength
estimate of 21 ± 14 G obtained by Kim et al. (2019), where
the synchrotron self-absorption formula from Marscher (1983)
was used with several assumptions. We followed the literature
(Fromm et al. 2013; Kutkin et al. 2014; Lisakov et al. 2017 and
references therein) to determine the magnetic field topology and
thus assumed a power-law index of n = 2 for the radial depen-
dence of the particle number density. From this, we derive b = 1
for the power-law index of the magnetic field, which is com-
monly interpreted as evidence for a toroidal magnetic field con-
figuration.

We note that the above analysis of the magnetic field strength
(see also Appendix B) largely relies on the Blandford & Königl
(1979) jet model, where the particle number density and the
magnetic field strength gradients depend on the shape of the jet
(see also Lobanov 1998a). Thus, we can further examine our
assumption by adopting a more realistic boundary shape of the
jet and checking the dependence of b on n. That is, the radius
(or transverse width) of a compact jet, w, depends on the core
distance, r. Previous such studies of 3C 84 (Nagai et al. 2014;
Giovannini et al. 2018) revealed that, on average, w ∝ r0.21.
Thus, the jet cross-sectional area A(r) ∝ w2 ∝ r0.42. The total
number of particles, Ntot, passing through each cross-section is
assumed to be conserved. Therefore, assuming a slab of width
dr, the total number of particle Ntot ∝ N(r)A(r)dr3 needs to be

3 We further assume a constant jet speed over the short distance scales
discussed in this Letter.

constant, where N(r) ∝ r−n. This leads to the number density
N(r) ∝ A(r)−1 or N(r) ∝ r−0.42, and thus we now have n = 0.42.
We then obtain b ≈ 1.7, which comes closer to a poloidal mag-
netic field configuration (b = 2). However, the underlying uncer-
tainty in b ≈ 1.7 could be large due to the k1 = 1 assumption.
Future millimetre-VLBI imaging of the electric vector polarisa-
tion angle (EVPA) distributions in the core region would inde-
pendently and directly measure the b parameter.

We also note that the jet apex and the location of the central
engine (the SMBH) may not coincide spatially. That is, the jet
apex, which is the upstream end of a luminous flow of relativistic
plasma, can only be physically associated with the central engine
when the jet base emits synchrotron radiation. Therefore, the
conversion of the magnetic or Poynting-flux energy into particle
energy at the jet base (e.g. ‘magnetoluminescence’; Blandford
et al. 2017) must be efficient enough. If this is not the case, the
‘physical’ origin of the jet (the location of the SMBH) may even
be located beyond the position of the jet apex derived above.

Blandford & Payne (1982) and Blandford & Znajek (1977)
presented two different jet launching scenarios. In the former the
jet is powered by magnetic field lines anchored in the accretion
disk, while in the latter the magnetic field lines are directly con-
nected to the ergosphere of the spinning black hole. Depend-
ing on the chosen value of n, we conclude that the magnetic
field configuration is either a toroidal or is of a mixed toroidal-
poloidal nature. Such a scenario is also consistent with obser-
vational findings, which indicate the presence of toroidal fields
in AGN jets from scales of parsecs to kiloparsecs (Molina et al.
2014; Knuettel et al. 2017). Under the assumption of the validity
of the Blandford & Königl (1979) jet model, our data suggest
that, at a distance of ∼400–1500 Rs from the jet apex, the mag-
netic field configuration is most likely mixed. We note that the
initial magnetic field configuration of the BP model is expected
to be toroidal, whereas the BZ model predicts a poloidal geom-
etry (Davis & Tchekhovskoy 2020). Therefore, the observed
mixed configuration either points to a stratified combination of
both the BP and BZ models or to a jet launching process in which
the initial field configuration is altered by some internal physi-
cal jet processes acting farther downstream, such as developing
shocks and/or instabilities.

To date, the magnetic field strength of only a few other
nearby AGN has been studied on scales of a few hundred Rs.
Baczko et al. (2016) determined the magnetic field strength of
NGC 1052 to be ≥100 G at ∼4 Rs. Kim et al. (2018) computed
the magnetic field of M 87 to be in the range of ∼60−210 G on
∼10 Rs scales.

Adopting b = 1 and extrapolating to 10 Rs, the magnetic field
of 3C 84 is of the order of 70−600 G and thus compares well to
those in NGC 1052 and M 87. Furthermore, we can extrapolate
the B0 of 3C 84 to a distance of 1 pc from the jet apex, B1 pc,
in order to compare this value to literature results of additional
AGN jets from a time when such high spatial resolution imag-
ing was not yet possible. Using b = 1, we obtain B1 pc to be
60−180 mG. Pushkarev et al. (2012) obtain B1 pc ∼ 400−900 mG
for a total of ∼100 jets in quasars and BL Lac objects based on
their core shifts. The B field found in 3C 84 is a factor of four to
six lower, which may indicate intrinsic differences between radio
galaxies and the more luminous quasars and BL Lac objects.

It is interesting to compare our result to the magnetic field
strength expected from the total jet power. Using the follow-
ing equation (see Eq. (8.35) in Ghisellini 2013 and the listed
assumptions),
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B ≤

√
8πP

AΓ2βc
, (3)

where P is the total jet power, β is the intrinsic speed of the
jet, Γ is the associated bulk Lorentz factor, and A is the total
cross-section of the jet, we can compute an estimate for the mag-
netic field strength from the total jet power for 3C 84. We note
that the equality holds only if the total energy budget of the jet
is solely dominated by the magnetic field. Abdo et al. (2009)
and MAGIC Collaboration (2018) report a jet power as high as
∼1044−1045 erg s−1, stemming from the observed extreme tera-
electronvolt γ-ray variability. Thus, for an emitting region the
size of the jet cross-sectional area (∼50 µas), a magnetic field
strength of .30−60 G would be possible without exceeding the
jet power. Our finding for the magnetic field strength does not
exceed this upper limit. The moderately large magnetic field
strength from the core shift, in comparison to the upper limit
estimated from the jet power analysis, therefore also supports
a scenario in which the magnetic field at the jet base is promi-
nent, which, in turn, is in support of magnetic jet launching (e.g.
Narayan et al. 2003; Tchekhovskoy et al. 2011).

4. Conclusions

In this Letter we have studied the spectral index and core shift of
3C 84. Our major findings and conclusions can be summarised
as follows.
1. We performed a 2D cross-correlation of the 15−43 GHz and

43−86 GHz image pairs, using quasi-simultaneous VLBI
observations from May 2015. The analysis of the core shift
reveals that the jet apex is located north-west of the VLBI
core at 86 GHz, displaced by 76−90 µas, with the distance
from the core as a function of the frequency, following
Eq. (2).

2. With the detected core shift and the possible location of the
jet apex north of the 86 GHz VLBI core, the east-west ori-
ented VLBI core structure (which is also seen in the 22 GHz
RadioAstron map) appears less likely to be the physical ori-
gin of the jet. We further note that a location of the true jet
apex north of this east-west oriented feature and north of the
86 GHz τ ∼ 1 surface would also lead to a smaller initial jet-
opening angle (as opposed to the 130◦ angle that has been
suggested by Giovannini et al. 2018).

3. The new spectral index images at 15−43 GHz and, espe-
cially, 43−86 GHz reveal the presence of a strong spectral
index gradient in the northwest-southeast direction, with an
inverted spectrum of the millimetre-VLBI core (α43−86 ∼

+2). With a synchrotron turnover frequency of νm ≥ 86 GHz,
3C 84 will be a suitable target for VLBI studies at higher
frequencies (e.g. with the Event Horizon Telescope, EHT;
Event Horizon Telescope Collaboration 2019).

4. At a de-projected distance of 400–1500 Rs (76−90 µas) from
the jet apex, the magnetic field topology is not purely
poloidal; a mixed poloidal-toroidal configuration is sug-
gested. This points towards a stratified combination of the BP
and BZ models (acting in parallel) or towards an alteration to
the initial magnetic field configuration due to some internal
physical jet processes acting farther downstream (e.g. devel-
oping shocks and/or instabilities).

5. We measure the magnetic field to be in the range
B0 = 1.80−4.0 G at the jet apex. This value is lower compared
to the maximum possible magnetic field strength derived
from the total jet power, which is .30−60 G. The magnetic

field also compares well with the magnetic field measured in
some other nearby AGN, such as M 87 and NGC 1052, and
suggests magnetic jet launching.

Overall, our study suggests that the complex nature of 3C 84
can be partially explained by the location of the jet apex being
upstream from the VLBI core at 86 GHz. Questions about the
nature of the east-west oriented elongated VLBI core, including
whether it is a stationary or oblique shock or part of a curved
filament in a wider jet channel, still remain open. A broader
frequency coverage from quasi-simultaneous observations may
be necessary to achieve an improved estimate of the power-law
index (kr) of the core shift. We plan to further investigate, and
constrain our results, by employing millimetre-VLBI monitoring
observations with the highest possible resolution (EHT, GMVA,
Global-EVN) in the near future.
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Appendix A: Error estimation

The total error budget of our cross-correlation analysis depends
on the cross-correlation image alignment error (σccf), the image
parameters, the correlation region, and the rms error (σcore) of
the core shift (Lisakov et al. 2017). The image size, convolv-
ing beam size, and pixel scale should be varied with frequency.
Before we performed a cross-correlation of two images, these
three parameters needed to be set to a common value. To consol-
idate the image parameter differences, we chose the beam size
and map size of the lower-frequency map and the pixel scale of
the higher-frequency map. We found minor offsets, which were
taken as the uncertainties for the image alignment, as described
in the next paragraph. The error of the core position (σcore)
depends primarily on the maximum resolution, dlim, that can be
achieved for a given map, which is given by Eq. (A.1) and taken
from Lobanov (2005):

dlim =

[
16
π

Θ2 ln 2 ln
(

S/N
S/N − 1

)]1/2

[mas]. (A.1)

Here, Θ is the radius of the circular beam and S/N is the signal-
to-noise ratio. For the 15−43 GHz pair, we calculated the S/N
from the ratio of the image peak and rms error to be ∼500 by
averaging the S/Ns from the 15 and 43 GHz images. We followed
the same procedure for the 43−86 GHz pair and determined the
S/N to be ∼375. We followed Schinzel et al. (2012) and used
Eq. (7) therein:

σcore =
D

S/N
, (A.2)

where D is either equal to dlim or to the central component size,
d, if dlim < d. In our case dlim > d, so the first case applied. The
final values for the error budget due to the uncertainty of the core
position, σcore, are σ15−43

core = 19 µas and σ43−86
core = 15 µas.

Subsequently, we adhered to the following procedure to cal-
culate the cross-correlation image alignment error, σccf . First,
two of the authors did independent imaging of the three avail-
able frequency maps to produce different sets of images. We then
aligned them using the similar, though not identical, optically
thin regions and observed the difference in the alignment. Then,
we used half of the shift differences as the image alignment
uncertainty. The resulting uncertainties are σRA

ccf = 30 µas and
σDec

ccf = 30 µas in the RA and Dec directions for the 15−43 GHz
pair and σRA

ccf = 40 µas and σDec
ccf = 20 µas for the 43−86 GHz

pair, respectively. For the final values for each image, we added

σcore to σccf in quadrature, thus σtot =

√
σ2

core + σ2
ccf , and used

σtot to calculate the errors shown in Table A.3.
We also estimated an error budget for our spectral index map

by creating spectral index error maps. We used a combination
of the image noise uncertainty and systematic amplitude cali-
bration error to derive the error budget, as presented in Eq. (3)
of Kim & Trippe (2014). The image alignment uncertainty, as
described in the previous paragraph, yields uncertainties of ∼0.3
for the 15−43 GHz pair and ∼0.5 for the 43−86 GHz pair. For the
15−43 GHz pair, we find a systematic amplitude calibration error
of 0.30 and for the 43−86 GHz pair 0.35; both these values refer
to the entire region of emission. Adding these in quadrature pro-
duces total error estimates of ∆αentire

15−43 = 0.4 and ∆αentire
43−86 = 0.6.

We also focused on the region around the core, this time exam-
ining only an area of the beam size for each pair, centred on the
location of the core shift, where we found the spectral index gra-
dient. The 15−43 GHz pair yields a systematic amplitude cali-
bration error of 0.14, and the 43−86 GHz pair 0.21. Adding again

Table A.1. Summary of the image parameters.

Image Beam [mas, deg] Pixel scale [µas/pixel]

Figure 1, left 0.45 × 0.67 (−9.44) 30
Figure 1, right 0.20 × 0.37 (14.1) 20
Figure A.1, left 0.55 × 0.55 (0) 30
Figure A.1, right 0.27 × 0.27 (0) 20

Table A.2. Relative core shifts for the low- and high-frequency align-
ment pairs.

νpair [GHz] ∆RA [µas] ∆Dec [µas]

15–43 60± 58 240± 53
43–86 20± 52 120± 46

Table A.3. Absolute distances from the extrapolated jet apex.

ν [GHz] ∆r [µas]

15 369 ± 80
43 122 ± 72
86 83 ± 7

Table A.4. Spectral index measurements per region.

Region α15−43 α43−86

A1 1.0 ± 0.3 2.0 ± 0.5
A2 – −1.0 ± 0.6
A3 −0.5 ± 0.4 –

Fig. A.1. Spectral index maps after image alignment, convolved with a
beam of a radius equal to the geometric mean of the lower-frequency
map beam (see Table A.1). Left panel: 15 GHz image in contours
and the 15−43 GHz spectral index in colours. The contours start at
4.41 mJy beam−1 and increase with a factor of two. The spectral index
map is convolved with a circular beam of 0.55 mas. Right panel: we
zoomed in on the nuclear region of the 43−86 GHz spectral index
image, shown in colour to better illustrate the spectral index gradient.
The contours start at 4.38 mJy beam−1, corresponding to the 43 GHz
image, and increase in steps of two. The spectral index map is con-
volved with a circular beam of 0.27 mas. We apply the same cutoffs as
in Fig. 1.
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the error from the alignment in quadrature to these values yields
total error estimates of ∆αcore

15−43 = 0.3 and ∆αcore
43−86 = 0.5. For

the three regions, the spectral indices and their errors are sum-
marised in Table A.4.

Appendix B: Magnetic field strength estimation

Table B.1. Fit parameters that appear in the text.

Parameter Value

kr 1
r0 83± 7 [µas GHz]
b 1
∆rcore 76−90 [µas]
αthin −0.77
γmax 103−105

PA −20◦ ± 14◦
βapp 0.1−0.2c
θ 20◦−65◦
φ 2.8◦−20◦
Ων

r 1.93–3.95 [pc GHz]
B0 1.80−4.0 [G]

Following Lobanov (1998a), the core shift (in mas) between two
frequencies, ν1 and ν2 (in GHz), with ν1 < ν2, can be expressed
in terms of the parameter Ων

r :

Ων
r = 4.85 × 10−9 ∆rcoreDL

(1 + z)2

 ν1/kr
1 ν1/kr

2

ν1/kr
2 − ν1/kr

1

 [
pc GHz1/kr

]
, (B.1)

where ∆rcore is the core shift in mas, DL is the luminosity dis-
tance in pc, and z is the redshift. We find that Ω15−43

r = 2.08±
0.15 [pc GHz] and Ω43−86

r =3.69± 0.26 [pc GHz]. For our sub-
sequent analysis, we used a weighted mean of the two, yield-
ing Ωr = 3.10± 0.13 [pc GHz]. Equation (39) in Fromm et al.
(2013), in turn, relates the magnetic field strength at a specified
distance (in pc) from the jet base:

B0 ≈
2πm2

ec4

e3

 e2

mec3

(
Ων

r

r0 sinϑ

)kr


5−2α0
7−2α0

πC (α0)
r0mec2

e2

−2α0

γ2α0+1
min

×
ϕ

sinϑ
K (γ, α0)

(
δ

1 + z

) 3
2−α0


−2

7−2α0

[G], (B.2)

with

K (γ, α0) =
2α0 + 1

2α0

[
(γmax/γmin)2α − 1

][
(γmax/γmin)2α+1 − 1

] (B.3)

and C(α0) being tabulated in Hirotani (2005) and r0 a fixed dis-
tance so that B = B0(r0/r)b. We set r0 to be 76−90 µas, which is
the distance from the 86 GHz VLBI core to the jet apex. Further-
more, γmin and γmax are the minimum and maximum Lorentz
factors for emitting electrons, θ is again the jet viewing angle,
δ ≡ [Γ(1 − β cos(θ))]−1 is the Doppler factor, Γ = (1 − β2)−

1
2

is the bulk Lorentz factor, and φ is the jet half opening angle.
For γmax we used the range γmax = 103−105, reported by Abdo
et al. (2009), and for γmin we used a low value of 1. The jet
speed and apparent jet speed are connected through Eq. (3.37)
in Ghisellini (2013). For the jet half opening angle we used the
formula φ = arctan(sin(θ) tan(φapp/2)) from Pushkarev et al.
(2017), having adopted the apparent opening angle range of
φapp = 3◦−20◦4. For the jet speed near the VLBI core, a typi-
cal value range of βapp = 0.1−0.2c for 3C 84 (Krichbaum et al.
1992; Dhawan et al. 1998; Punsly et al. 2021) was adopted, with
viewing angles in the range θ = 20◦−65◦, as discussed in Sect. 2.
For these parameters we computed the Doppler factor and obtain
δ ∼ 1.18−1.25. For the optical thin spectral index we estimated
αthin based on the flux densities in the radio (Laing & Peacock
1980) and ultraviolet (Bai et al. 2015) bands in the time-averaged
spectral energy distribution (SED), obtaining αthin ∼ −0.77. This
value agrees well with other spectral index measurements of the
more extended jet emission in 3C 84 seen at longer wavelengths
(e.g. Walker et al. 2000), as well as with our own results for the
optically thin jet region on ∼0.5 mas scales (Fig. 1).

4 We set as an upper limit the angle created by the upper and lower
limit of the PA of the core shift, as displayed in Fig. 2. For the lower
limit we used the full width at half maximum (FWHM) value of the
bright component at a distance of ∼2 mas from the VLBI core, as seen,
for example, in Fig. 1.
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4 Paper 2: A persistent double nuclear structure in

3C 84

Another way of studying the physical processes taking place in the core of

3C84 isbydirect imagingandatshortmillimetre-wavelengths. High-resolution

images of the core of 3C84 are a significant tool helping to shed light on the

details of the jet launching and collimation occurring.

In this peer-reviewed paperwe used 86GHz GMVAobservations of 3C84

between 2008 and 2015 to study the core structure of the source. The elon-

gatedstructurevisibleat22GHz intheRadioAstronmap(Giovanninietal. 2018)

appearsasadouble structureat86GHz,whichpersistsoverall epochs. Tode-

terminethe transverse jet profile,wefittedaconeandaparabola to the tempo-

rally averaged image of the nuclear region. In this mannerwe placed another,

independent constraint on the location of the jet apex. We further detected a

possible variation of the viewing angle along the jet (jet bending).

For this work, I contributed to the image production and analysis by inde-

pendently fringe-fitting, calibrating and imaging selected epochs. I also pro-

vided the analysis leading to the determination of the jet speed and jet viewing

angle. Finally, I contributed to the overall authorship of the text of the paper,

mainly in the Results and Discussion sections.

Credit: Ohet al. (includingG.F.Paraschos),MNRAS,509, 1024-1035 (2022).
Duetothe regulationsofthecopyrightholder, thepublishedversionofthisPhD

thesisonlycontainsadoi link,pointing to thepublication: https://doi.org/10
.1093/mnras/stab3056. In its place, an extended summary of themain results
is presented in Sect. 4.1.

4.1 Main results

This work explores the nuclear structure of 3C84 and its connection to the

bright radio jet it harbours. Themost striking featureobserved in all six epochs

used for this analysis, is the persistent elongation in the east-west direction

of the core component, denoted as C1. We thus decomposed this region into

two sub-components, denoted as C1a and C1b; they correspond to the blue

dots in Fig. 4.26. By time-averaging these six CC images of 3C84, observed at

86GHz,we produced a stacked image, the contours ofwhich are presented in

Fig. 4.26. The lowest level of the contours corresponds to one percent of the

flux peak (0.53 Jy/beam) and the levels increase by
√
2. The convolving beam

size is the same for all (0.138 × 0.0435mas, depicted in the bottom left corner

of Fig. 4.26), The alignment of the images presented in Fig. 4.26 is along the
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midpoint between C1a and C1b, which also serves as the reference point for

the further analysis.

Figure 4.26: Limits to the position of the jet apex in 3C84, based on conical
and parabolic fits to the transverse jet profile. The point of alignment for the
image stacking is themid-point between the two components, called C1a and
C1b. The image displayed here is rotated by 16◦ counterclockwise. The dark-
green cross (N2) represents the jet apex location using a conical fit (continu-
ous, olive-green line), whereas the red cross (N1) marks the jet apex position
resulting from a parabolic fit (dotted, pink line). The dark blue dots display the
average position of C1a and C1b throughout the epochs. The orange ellipse at
the bottom left corner visualises the restoring beam size.

Since the main objective of this work is to identify and estimate the loca-

tion of the jet apex, we further explored the nature of this elongation. A possi-
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ble scenarioexplaining theobservedtwocomponentsmightbeaBPlaunched

jet, with a broad jet footpoint originating from a wide accretion disc. Calcu-

lating however the size of the broad line region, revealed that it extends up to

10.8 light− days. This is a factor of three lower than the separation between

C1a and C1b (∼ 30 light− days). Since it is very unlikely that the accretion disc

is larger than the broad line region, C1 cannot be the jet base,which should be

located upstream of the reference point. To pinpoint the location more pre-

cisely, we fitted both a conical and a parabolic profile to the transverse flux

density profile of the jet. They are denoted with the continuous, olive-green

line and the dotted, pink line respectively, in Fig. 4.26. The apexes of the two

profiles are labelled as N1 for the parabolic profile and N2 for the conical pro-

file and are located∼ 54µas and∼ 215µas respectively upstream of the ref-

erence point. The exact coordinates of each apex position are shown in the

legend of Fig. 4.26. N1 is marked as a red cross and N2 as a dark-green cross,

with error bars indicating the positional uncertainties of the positions. Under

the assumption of a BHmass of 3.2 × 108M� we determine the upstream lo-

cation of the jet apex to be ∼ 590Rg and ∼ 2360Rg, respectively. Neither of

the two extrapolated profiles is strongly preferred by the data, so the two apex

positions are treated as upper and lower limits.

Combining these limitswithananalysis ofthe jet-to-counter-jet ratioyields

restraints to the viewing angle. The CC components in the jet and counter-jet

side were summed, resulting in a ratio of 13.7 for N1 and a lower limit of 42.7

for N2, which translates into a viewing angle range of 20◦ − 35◦. Greater and

smaller values for the viewing angle have been reported (e.g. Abdo et al. 2009;

Fujita&Nagai 2017), indicatingperhaps that the jet exhibits spatial bendsalong

its path and rotation of the expelled jet components or a combination of them.
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5 Paper 3: Jet kinematics in the transversely strati-

fied jet of 3C 84: A two-decade overview

Expanding the work presented in the previous section and in Oh et al. (2022),

we analysed and imaged all available epochs of 3C84 at 86GHz, compiling

and presenting one of the longest data sets of any source to date, at 86GHz19.

This plurality of images allows to comprehensively study the kinematics of the

components ejected from the core at 86GHz and compare trajectories and

speeds with the respective ones at 43GHz20. Velocities and ejection times

were computed, tying the historical total flux variability light curves of 3C84

from the pastwith the current observations. Additionally, temporal stacking of

the imagesrevealedtheprominent, time-independentcharacteristicsof3C84

at all three frequencies. Whenever sufficient sensitivity was present, and ob-

servations were close enough in time, spectral index maps at 43 and 86GHz

were produced, giving further insight into the spectral variability of the core

region of 3C84.

Forthiswork, Iperformedthefringe-fittingandcalibrationofselectedepoc-

hs, and the (re-)imagingofall epochs at 15, 43, and86GHz21, as explained inTa-

bles 1, 2, and 3. Furthermore, I created all figures and composed the majority

of the text, the final form of which again resulted from extensive discussions

with the co-authors.

Credit: Paraschosetal.,A&A, inpress (2022). Reproducedwithpermission
© ESO.

19ThePrincipal Investigatorofeach individualepochcanbe lookedupontheGMVAwebsite:
https://www3.mpifr-bonn.mpg.de/div/vlbi/globalmm/.

20The images used here can be found on BU-Blazar groupwebsite: https://www.bu.edu/b
lazars/VLBA_GLAST/0316.html.

21The 15GHz images used here can be found on the astrogeowebsite: http://astrogeo.o
rg/vlbi_images/.
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ABSTRACT

3C 84 (NGC 1275) is one of the brightest radio sources in the millimetre radio bands, which led to a plethora of very-long-baseline
interferometry (VLBI) observations at numerous frequencies over the years. They reveal a two-sided jet structure, with an expanding
but not well-collimated parsec-scale jet, pointing southward. High-resolution millimetre-VLBI observations allow the study and
imaging of the jet base on a sub-parsec scale. This could facilitate the investigation of the nature of the jet origin, also in view of the
previously detected two-railed jet structure and east-west oriented core region seen with RadioAstron at 22 GHz. We produced VLBI
images of this core and inner jet region, observed over the past twenty years at 15, 43, and 86 GHz. We determined the kinematics
of the inner jet and ejected features at 43 and 86 GHz and compared their ejection times with radio and γ-ray variability. For the
moving jet features, we find an average velocity of βavg

app = 0.055 − 0.22c (µavg = 0.04 − 0.18 mas yr−1). From the time-averaged VLBI
images at the three frequencies, we measured the transverse jet width along the bulk flow. On the ≤1.5 parsec scale, we find a clear
trend of the jet width being frequency dependent, with the jet being narrower at higher frequencies. This stratification is discussed in
the context of a spine-sheath scenario, and we compare it to other possible interpretations. From quasi-simultaneous observations at
43 and 86 GHz, we obtain spectral index maps, revealing a time-variable orientation of the spectral index gradient due to structural
variability of the inner jet.

Key words. galaxies: jets – galaxies: active – galaxies: individual: 3C 84 – techniques: interferometric –
techniques: high angular resolution

1. Introduction

Studying the kinematics of active galactic nucleus (AGN) jets on
the sub-parsec (pc) scale has only recently been made possible
by the advancement of technology utilised in centimetre and mil-
limetre very-long-baseline interferometry (VLBI). Still, only a
few sources provide the necessary criteria required to resolve the
complex physical phenomena at play. The best-suited candidate
AGN should be nearby and harbour a supermassive black hole,
which powers a jet, preferably transversely resolved, and which
is oriented with respect to the observer at a moderately large
viewing angle to avoid strong Doppler beaming effects. The exis-
tence of measurements over a long timeline at high cadence, and
at different frequencies, is also advantageous.

3C 84, the radio source associated with the central galaxy
NGC 1275 in the Perseus cluster (Ho et al. 1997), fulfils all
these criteria. The prominent type 2 radio galaxy is indeed

very nearby (DL = 78.9 Mpc, z = 0.0176, Strauss et al.
1992)1 and harbours a supermassive black hole (MBH ∼

9 × 108 M�, Scharwächter et al. 2013). A multitude of epochs
at numerous frequencies are available in the literature, as
the source has been studied in detail for over more than
half a century (Baade & Minkowski 1954; Walker et al. 1994,
2000; Dhawan et al. 1998; Suzuki et al. 2012; Nagai et al. 2014;
Dutson et al. 2014; Giovannini et al. 2018; Kim et al. 2019;
Paraschos et al. 2021). Two jets emanate from the central engine
(Vermeulen et al. 1994; Walker et al. 1994; Fujita & Nagai
2017); one moves southward and is very prominent, while the
northern one is much fainter and is obscured by free-free absorp-
tion on milli-arcsecond (mas) scales (Wajima et al. 2020). The

1 We assume Λ cold dark matter cosmology with
H0 = 67.8 km s−1Mpc−1, ΩΛ = 0.692, and ΩM = 0.308
(Planck Collaboration XIII 2016).
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subject of the exact value of the viewing angle is still in con-
tention. VLBI studies at 43 GHz indicate a viewing angle of
θLOS ≈ 65◦ (Fujita & Nagai 2017) based on the jet-to-counter-
jet ratio; on the other hand, spectral energy distribution (SED)
fittings of γ-rays place the viewing angle on the lower side, at
θLOS ≈ 25◦ (Abdo et al. 2009) or even θLOS ≈ 11◦ (Lister et al.
2009a). We note that the different viewing angles are mea-
sured in different regions and therefore suggest a spatial bend-
ing of the jet. Nevertheless, the viewing angle is large enough to
allow for excellent tracking of the different radio emitting fea-
tures (Oh et al. 2022). The jet kinematics derived from observ-
ing these features over multiple VLBI maps yield rather slow
speeds, accelerating from βapp ≤ 0.1c on sub-mas scales up
to ∼1.4c on mas scales (Krichbaum et al. 1992; Dhawan et al.
1998; Suzuki et al. 2012; Punsly et al. 2021; Hodgson et al.
2021; Weaver et al. 2022).

In this work, we present a comprehensive tracking and cross-
identification of travelling features visible in the central 0.5 mas
jet region of 3C 84, both at 43 and 86 GHz, and spanning a time
range of more than two decades. Tracing the individual travel-
ling features over such a time range provides valuable insight
into the physical mechanisms in action at a relatively small dis-
tance to the supermassive black hole. The component position
registration at different frequencies bears the potential to study
the stratification of the inner jet.

Furthermore, we look at the expanding and collimating
behaviour of the jet by adding images (stacking process) that
are observed close in time (quasi-simultaneous) at 15, 43, and
86 GHz. From this we obtain an estimate of the initial expan-
sion profile within the first milli-arcsecond radius from the VLBI
core. In this context, we also discuss the pressure power-law
index derived from the expansion profile and the implications
for the medium surrounding the inner jet.

This paper is organised as follows. In Sect. 2, we summarise
the observations and data reduction. In Sect. 3, we present our
analysis and results. In Sect. 4, we discuss our results, and in
Sect. 5, we put forward our conclusions.

2. Observations and data reduction

2.1. Data description and total intensity calibration

We analysed all available 86 GHz VLBI observations of 3C 84,
which make a total of twenty-four full-track VLBI experiments,
ranging from April 1999 to October 2020, which to our knowl-
edge are all available epochs of 3C 84 at the particular fre-
quency observed with the Coordinated Global Millimeter VLBI
Array (CMVA) and its successor, the Global Millimeter VLBI
Array (GMVA). The observations were made at a cadence of
roughly one per year. The superior resolution that the 3 mm
VLBI offers provides a unique opportunity to study the pc-scale
jet of 3C 84 in great detail. The post-correlation analysis was
done in a similar manner as described in Kim et al. (2019) and
using the standard procedures in AIPS (Greisen 1990; see also
Martí-Vidal et al. 2012).

Furthermore, we obtained 18 VLBI images of 3C 84 from the
VLBA-BU-BLAZAR monitoring programme at 43 GHz. Fur-
ther details of the structure of the programme, as well as a
description of the data reduction and results can be found in
Jorstad et al. (2005, 2017). The earliest epochs available are
from 2010; we chose one or two epochs per year, up to the
most recent one (May 2021), to match the cadence of the 86 GHz
epochs.

The same selection procedure was followed for the 15 GHz
images. In this case, we used the Astrogeo VLBI FITS image
database2. We point out here that the images comprising this
database are of heterogeneous quality, given the nature of obser-
vations. Since the earliest available epoch is dictated by the lack
of 43 GHz images before 2010, the first 15 GHz epoch analysed
is from 2010, again reaching up to 2020. An overview of the
behaviour of 3C 84 at 15 GHz is also presented in Britzen et al.
(2019), where the authors analysed epochs between 1999 and
2017.

Complementary elements to our analysis are the radio
variability and total flux light curves of 3C 84 at different
frequencies. For this investigation, we obtained radio light
curves at 4.8, 8.0, and 14.8 GHz, ranging from 1980 to
2020, from the University of Michigan Radio Observatory
(UMRAO), at 15 GHz from the Owen’s Valley Radio Obser-
vatory (OVRO; see also Richards et al. 2011, for a descrip-
tion of the observations and the data reduction), at 37 GHz
from the Metsähovi Radio Observatory (MRO), and at 230
and 345 GHz from the Submillimeter Array (SMA). Addi-
tionally, we used the publicly available3 γ-ray light curve of
NGC 1275 (3C 84) at MeV-GeV energies, for which observa-
tions were carried out in survey mode (Atwood et al. 2009; see
also Fermi Large Area Telescope Collaboration 2021). Detailed
studies of the γ-ray emission in 3C 84 are available in the
literature; for example, in Abdo et al. (2009), Aleksić et al.
(2012), Nagai et al. (2012, 2016), Hodgson et al. (2018, 2021),
Linhoff et al. (2021). In this work, we focused on possible cor-
relations of the γ-ray variability with the VLBI component ejec-
tion. Finally, we used three historical measurements of the total
intensity flux of 3C 84 from the Mauna Kea Observatory (MKO)
at 1.1 mm (Hildebrand et al. 1977), the National Radio Astron-
omy Observatory (NRAO) at 1.3 mm (Landau et al. 1983), and
at the NASA Infrared Telescope Facility (IRTF) at 1.0 mm
(Roellig et al. 1986).

2.2. Imaging

After having obtained the frequency-averaged 86 GHz data
through fringe fitting and calibration, we analysed them with
the difmap package (Shepherd et al. 1994). We again followed
the procedure described in Kim et al. (2019) to obtain clean
component (CC) images. The second step of our imaging pro-
cedure was to fit circular Gaussian components to the visibili-
ties, which provides a fit to the data with best possible χ2, and
until the CC image was satisfactorily reproduced. In our analy-
sis, we omitted Gaussian components, which represent the more
extended emission beyond r ≥ 0.5 mas. Their physical inter-
pretation would be more ambiguous, owing to S/N limitations
and their low brightness temperature. Figure 1 displays the con-
tour maps of the clean images with circular Gaussian model
fit components super-imposed as orange circles. Details of the
contour levels and rms noise magnitude are given in the caption.
The individual beam sizes and pixel scales are summarised in
Table F.1.

Imaging with VLBI and Gaussian component model fitting
can be subjective. Some alternative methods have been utilised
recently, such as wavelet-based analysis (e.g. Mertens & Lobanov
2015) and CC cluster analysis techniques (e.g. Punsly et al. 2021).
Inspired by the latter and in order to increase the robustness of our

2 http://astrogeo.org/vlbi_images/
3 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_
lc/source/NGC_1275
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results, as a third step we implemented an additional CC cluster
analysis, which yields very similar results, within the error bud-
gets, for the feature identification and their velocities as computed
from the Gaussian component model fitting (see Sect. 3.1). In
view of uv-coverage limitations and residual calibration effects,
we regard the latter method as most reliable, based on the smaller
number of free fit parameters.

For the 15 and 43 GHz maps, we downloaded the respective
data files (already fringe fitted and calibrated) from the websites
mentioned in Sect. 2.1. We then followed the same steps as with
the 86 GHz data sets. Figure 2 showcases the circular Gaussian
components, super-imposed on the CC images, and the individ-
ual beam sizes and pixel scales are summarised in Table F.2 for
the 43 GHz epochs. The circular Gaussian component model fit-
ting for the 15 GHz data was exclusively done to align the images
to each other, as in some epochs the C3 region (Nagai et al.
2014) was brighter than the nucleus. Cross-identifying features
at this frequency with the higher frequency maps is virtually
impossible, due to the large beam size at 15 GHz. The beam sizes
and pixel sizes are summarised in Table F.3.

3. Analysis and results

3.1. Component cross-identification

Figures 1 and 2 showcase the travelling features over time
labelled with identifiers (IDs). Our procedure for identifying a
travelling feature through the epochs was as follows: starting
from the 43 GHz maps, we established the trajectories of the
main travelling features by requiring that the fit to their veloc-
ity produced the minimal dispersion. Continuity arguments also
dictate that features cannot move upstream, barring some level
of uncertainty regarding their position. A formal description
of our positional error estimation is presented in Appendix F.
Nevertheless, we note that some features have been reported to
move back and forth (e.g. Hodgson et al. 2021), although fur-
ther downstream, in the C3 region. Such a flip is interpreted as
new features emerging. The model parameters are presented in
Table F.4.

We established the trajectories of the core features at 86 GHz.
Of course, one should expect to identify more features at 86GHz
than at lower frequencies, since the generally smaller beam size
resolves a finer structure near the core. A comprehensive table
of the model parameters is shown in Table F.5. Five of the six
43 GHz features could be robustly cross-identified with 86 GHz
features based on the matching position, time of appearance, and
velocity. We labelled these features as in Table F.6. We note here,
however, that our analysis implicitly assumes that the features
are first visible at 86 GHz near the core and only later become
visible at 43 GHz, once they have travelled further downstream.
It can be argued that a scenario, in which the ejection near the
core is not picked up at 86 GHz due to the sparse cadence, and is
instead only later detected downstream at 43 GHz, is also possi-
ble. Finally, we point out that for the cross-identification we only
focused on the positional information provided by the visibility
phases and not the absolute flux information, since the flux den-
sity at 86 GHz can be subject to large uncertainties. The relative
fluxes, however, are less uncertain.

In order to render the results more robust, we used the CC
cluster method for estimating feature velocities as follows: first
we super-resolved each image, with a beam size at least half
of the nominal value presented in Tables F.1–F.3, to visually
recognise each bright feature location, corresponding to a CC
cluster. Then, we computed the coordinates of the CC clus-

ter centroid by calculating the average of the CC coordinates
in the image plane, inside a radius the size of the correspond-
ing modelled Gaussian component. We used the jackknife tech-
nique (Efron & Stein 1981) to estimate the mean position. For
the procedure described above, we only considered CC compo-
nents with a flux above 5% of the maximum flux CC inside the
radius, defined as described earlier in the section. This approach
produced a second set of feature coordinates, allowing us to esti-
mate their velocities more confidently (see Sect. 3.2) by aver-
aging these values and the ones obtained by fitting the standard
Gaussian component coordinates.

3.2. Kinematics

In Fig. 3, we show the cross-identified features. Each travelling
feature is colour-coded and the open and filled symbols corre-
spond to the 43 and 86 GHz travelling features, respectively. The
dashed lines describe the velocity and (back-extrapolated) tem-
poral point of ejection. The velocities and their uncertainties of
the cross-identified features ‘F1’, ‘F2’, ‘F3’, ‘F4’, and ‘F5’ are
listed next to the first time each feature is identified. They were
calculated from a weighted averaging of the velocities obtained
from the Gaussian component positions and from the CC cluster
centroids.

Having established the feature correspondence through the
years, we performed a weighted linear regression analysis to
each trajectory. A formal description of the fitting procedure is
presented in Appendix B. Figure 3 displays the apparent motions
of the travelling features. We find that the average velocity of the
86 GHz features amounts to µWavg = 0.13±0.05 mas yr−1 (βWavg

app =
0.16 ± 0.06c), whereas for 43 GHz the features move, on aver-
age, at µQavg = 0.071±0.026 mas yr−1 (βQavg

app = 0.087±0.032c). In
order to compare the two, we also computed the 86 GHz velocity
of features ejected after 2010. This calculation yields an average

velocity of µW2010
avg = 0.15 ± 0.03 mas yr−1 (β

W2010
avg

app = 0.18 ± 0.04c)
at 86 GHz4. These latter two values show a difference within
their respective error budgets. Performing a z test reveals that
the difference between the two values is statistically significant,
to at least 2σ. Slightly larger velocities at 86 GHz may indi-
cate that higher frequency observations trace the inner part of
the jet sheath, which moves faster, whereas lower frequency
43 GHz observations detect the slower moving outer part of the
sheath (see transverse velocity stratification as discussed in, e.g.
Ghisellini et al. 2005). This spine-sheath scenario is more exten-
sively discussed in Sect. 4.3.

For earlier epochs (between 1999 and 2002), we tracked the
travelling features further downstream, increasing the number
of data points for the fit. The feature velocities, for which an
adequate number of data points for a fit were identified, are
displayed in Table. F.7. Among these earlier epoch features,
‘W1’ seems to be the most intriguing. Back-extrapolating to
determine the ejection year, we find that the feature emerged in
1981.63 ± 2.5, which corresponds to the onset the total intensity
maximum (flare) at centimetre radio wavelengths (see Fig. 4).
W1 can be tentatively identified in past maps from the literature.
At 22 GHz, Venturi et al. (1993) reported a travelling feature
ejection they called ‘C’5 in 1986, which can also be identified

4 These values are obtained by computing the weighted mean of
the data points, with the weights being the inverted squares of their
uncertainties.
5 This component is different from the centre of alignment we used in
our maps, also labelled C.
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Fig. 1. Circular Gaussian components super-imposed on 86 GHz clean images. The legend of each panel indicates the epoch at which the
observations were obtained. The beam of each epoch is displayed in the panels as a filled orange circle. The contour levels correspond to 3%, 5%,
10%, 20%, 40%, and 80% of the intensity peak for all epochs, except May 2012, where 10%, 20%, 40%, and 80% of the intensity peak were
used because the data quality was limited. The epochs are convolved with the same circular beam with a radius of 0.088 mas. This radius size was
obtained by geometrically averaging the beam sizes of all displayed epochs. A summary of the beam parameters of each individual epoch and
peak fluxes is provided in Table F.1. Each feature is labelled based on its date of emergence, with the lower number indicating an earlier ejection
time. As a centre of alignment, we always used the north-westernmost feature inside the core region, which we labelled ‘C’. We note that feature
‘W2’ was detectable in the April 2002 epoch and feature ‘W6’ was not detectable in the May 2007 epoch due to S/N limitations. A summary of
the characteristics of each feature is provided in Table F.5.

A1, page 4 of 23

5 PAPER 3: JETKINEMATICS INTHETRANSVERSELYSTRATIFIED JETOF
3C 84: ATWO-DECADEOVERVIEW

73



G. F. Paraschos et al.: Jet kinematics in the transversely stratified jet

Fig. 2. Circular Gaussian components super-imposed on 43 GHz clean images. The legend of each panel indicates the epoch at which the
observations were obtained. The beam of each epoch is displayed in the bottom right side as a filled orange circle. The contour levels correspond
to −1%, 1%, 2%, 4%, 8%, 16%, 32%, and 64% of the intensity peak, except in November 2010, where, due to lower data quality, the contour
levels were adjusted to −10%, 10%, 20%, 40%, and 80% of the intensity peak. The epochs are convolved with the same circular beam, with a
radius of 0.24 mas. This size was obtained by geometrically averaging the beam sizes of all displayed epochs. A summary of the beam parameters
and peak fluxes is provided in Table F.2. Each feature is labelled based on its date of emergence, with the lower number indicating an earlier
ejection time. As a centre of alignment, we always used the north-westernmost feature inside the core region, which we labelled as ‘C’. We note
that feature ‘Q1’ seems to split into two (labelled ‘Q1a’ and ‘Q1b’) in August 2013; similarly, ‘Q2’ seems to split into two (labelled ‘Q2a’ and
‘Q2b’) in September 2017. These splits might be due to improved sensitivity in these epochs or variations of the intrinsic brightness and size of
the jet feature or a combination of the two. A summary of the characteristics of each feature is provided in Table F.4.
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Fig. 3. Plot of motion of the cross-identified, colour-coded features. The empty and filled symbols correspond to the 43 and 86 GHz features,
respectively. The velocity fit with the uncertainty is displayed above the first occurrence of each feature. The size of each symbol is normalised to
the flux of the central feature (C) of that epoch. The velocities are also listed in Table F.6.

as a bright feature in the 1 mas region south-west of the nucleus,
in the 43 GHz map presented in Romney et al. (1995). The posi-
tion matches that of feature W1 in our 1999 86 GHz image.
The trajectory of motion furthermore places W1 in the region
where the diffuse blob C2 emerged (Nagai et al. 2010, 2014).
We included three flux density measurements at 1 mm from the
literature, denoted with green boxes in Fig. 4, to facilitate a
comparison between the ejection time of W1 and the flux den-
sity peak. Although there are only three measurements available,
the maximum flux at 1 mm appears roughly in 1982, consistent
with the expectation that the flare first became visible at shorter
wavelengths. In both cases, our analysis tentatively connects the
appearance of C2 to the major outburst of early 1980s.

For newer epochs, the ejected features seem to move with
the expected average velocity (µWavg = 0.13 ± 0.05 mas yr−1 or
β

Wavg
app = 0.16 ± 0.06c). On the other hand, features moving per-

pendicularly to the bulk jet flow exhibit slower speeds. A char-
acteristic example is that of ‘W10’, which was also identified
by Oh et al. (2022). The authors find a velocity of ≤0.03c, in
agreement with our result of µW10 = 0.011 ± 0.011 mas yr−1

(βW10
app = 0.013 ± 0.013c). Surprisingly, the emergence of a new

feature, ‘W14’, in 2019 seems to not follow this rule. For it,
we find a velocity of µW14 = 0.063 ± 0.034 mas yr−1 (βW14

app =
0.078 ± 0.042c), close to the upper limit of ∼0.1c, which has
been observed for the core region of 3C 84 in the past.

The picture becomes clearer at 43 GHz, with just six trav-
elling features needed to describe the central region of 3C 84.
Here, we make a comparison with the reported velocity range
of βapp ≈ (0.086 − 0.1)c by Punsly et al. (2021). The authors
of this work only used observations between August 2018 and
April 2020 to study the core of 3C 84 and arrived at this result
both by grouping the pair of nuclear CC and by using circular
Gaussian component models. In this work, on the other hand,
we did not use all available epochs in that time frame, as the
goal was the direct comparison with 86 GHz images at a compa-
rable cadence. We did, however, double the cadence for 2020
and add the more recent epochs (up to May 2021) to facili-
tate our analysis. In our interpretation, three features emerged
in that time frame: one feature (‘Q4’), which emerged in 2018,
one in early 2019 (‘Q5’), and one which emerged in early 2020
(‘Q6’). This leads to different feature velocities, with Q4 mov-
ing at µQ4 = 0.094 ± 0.007 mas yr−1 (βQ4

app = 0.116 ± 0.008c) and
Q6 at µQ6 = 0.093 ± 0.010 mas yr−1 (βQ6

app = 0.115 ± 0.012c).
Averaging them leads to a virtually identical value of µQcomb =

0.094 ± 0.001 mas yr−1 (βQcomb
app = 0.116 ± 0.001c). The feature

Q5 only appears in two epochs, therefore not fulfilling our cri-

terion set for feature velocity determination. We note here that
for this comparison we used the velocity that we computed by
fitting only the 43 GHz epochs.

Jorstad et al. (2017) did a similar kinematics analysis for
epochs between 2007 and 2013 at 43 GHz and found moving
feature velocities of βapp ∼ 0.2c further downstream (βapp =
0.5 − 3.0 mas from the VLBI core) than the region we are
studying. This is in line with the known acceleration of fea-
tures downstream along the jet in 3C 84 (Krichbaum et al. 1992;
Dhawan et al. 1998; Suzuki et al. 2012; Punsly et al. 2021;
Hodgson et al. 2021).

3.3. Outburst ejection relations

For 3C 84, a conclusive relation between radio features and γ-
ray flares, as well as their ejection sites, is still elusive (see
e.g. Nagai et al. 2012; Linhoff et al. 2021; Hodgson et al. 2018,
2021). The emergence of new VLBI features in AGN radio-
jets (often but not always) can be associated with the onset
of radio flares (e.g. Savolainen et al. 2002; Karamanavis et al.
2016). Here, we investigate the possible association between
the detected new VLBI features in 3C 84 and the total intensity
light curves, by back-extrapolating their trajectory to estimate
the ejection time, which is the time of zero separation from the
VLBI core. We also explored the connection between the flare
intensity and ejected feature velocity.

Figure 4 overlays the ejection time of each feature on the
radio and γ-ray light curves of 3C 84 in the top panel, with the
bottom panel displaying a zoomed-in version to aid the reader
in comparing the ejection times with the finer details of the vari-
ability curves. The grey shaded area in the top panel of Fig. 4
denotes the ejection time of the oldest VLBI feature we can iden-
tify in our data set, which is W1. Also, for the features F1 and
F2 , only variability data at centimetre wavelength are available.
The flux densities of the centimetre light curves are decaying,
and no correspondence to flare activity is apparent. However,
feature F3 seems to be associated with the onset of a centimetre
flare peaking in 2013.19. At this time, no prominent flare in the
γ-ray light curve is obvious. Feature F4 appears at the onset of
a more prominent millimetre flare, which is visible in the cen-
timetre and millimetre bands, with a peak in 2016.66. Interest-
ingly, F4 could be associated with a γ-ray flare, which occurred
at the onset of this radio flare and peaked in 2015.82. Feature F5
occurred during the decay phase of the centimetre and millime-
tre flare of 2016.66 and seems to correspond to a rising phase
in the γ-rays, which reached the brightest γ-ray flux peak so far
of 3C 84 in 2018.35. We further note that the peak of this γ-ray
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Fig. 4. Total variability radio light curves and γ-ray flux. Top: presented here are radio light curves of 3C 84 from 1980 to 2020 at 4.8, 8.0, 14.8,
15, 37, 230, and 345 GHz (in order of appearance in the legend). The black data points correspond to γ-ray flux. The dark-green data points
are individual, historical, total flux measurements. The grey shaded area at the onset of the total intensity peak around 1983 could tentatively be
connected to the ejection of feature W1, which may correspond to the prominent C2 region identified in later maps. The five other shaded areas are
colour-coded in response to the cross-identified features F1 through F5, as described in Fig. 3, and denote the approximate ejection time. Bottom:
zoomed-in version of the top panel showing the years 2005–2022.

flare occurred after the decay of the preceding radio flare, which
is quite unusual. The good correspondence of the ejection times
of the features F4 and F5 with two maxima in the γ-ray light
curve, which bracket this prominent centimetre and millimitre-
peak, is also remarkable.

The appearance of feature F4 at the onset of the big radio
flare peaking in 2016.66 and the local γ-ray flare during this
ejection, suggests that the γ-ray emission region of this event
is located within the VLBI core region. The relatively long time
lag between the peak of the radio flux in 2016.66 and the peak of
the subsequent γ-ray flare of 2018.35, however, suggests that the
γ-rays of this event are produced further downstream in the jet.
This hypothesis is further supported by the lack of an enhanced
radio flux following this γ-ray flare. It remains unclear how the

ejection of F5 relates to the observed variability in the radio
bands.

Besides the individual associations between the features and
the flares, there may also be one between the component veloc-
ities and the radio flux densities. The slowest feature F2 (µF2 ∼

0.024 mas yr−1 or βF2
app ∼ 0.03c) seems to correspond to the

lowest flux level out of the five features, whereas the fastest fea-
ture F4 (µF4 ∼ 0.09 mas yr−1 or βF4

app ∼ 0.11c) corresponds to the
highest flux level. The remaining features also follow this pattern
(see Fig. 5). This pattern might also be transferred to the γ-ray
flux, with F3, the slower out of the three overlapping features,
corresponding to a lower flux level than the two remaining ones.
Such behaviour could be explained if jet features move along a
curved trajectory, leading to a time-variable Doppler beaming.
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Fig. 5. Back-extrapolated apparent velocity of features F1 through F5
and the 37 GHz flux (S 37) associated with them. A clear, increasing
trend is observed.

3.4. Image stacking

Even though image stacking smears out details from individual
maps, it offers a better insight into the wider jet funnel and into
its transverse profile and possible stratification. For that reason,
we averaged all epochs in time at 15, 43, and 86 GHz and dis-
play them in Fig. 6. The centre of alignment was always cho-
sen to be the core feature (labelled as C), which we defined as
the north-westernmost feature in each epoch. With this choice,
we eliminate effects due to time variability of the jet origin, as
we can consistently align all images at the same position. We
also refer to a previous core shift analysis (Paraschos et al. 2021)
that shows a moderate frequency dependence of the VLBI core,
typically much smaller than the beam size. The 86 GHz image
showcases only the nucleus because in the southern region the
diffuse flux is mostly resolved out, and thus a ridge line cannot be
robustly traced. For completeness, we display the same stacked
map of 3C 84 at 86 GHz in its entirety in the bottom right panel
of Fig. F.1. An overview of the stacking, slicing, and Gaussian
fitting procedure is detailed in Appendix C.

3.5. Spectral index

Following the procedure described in Paraschos et al. (2021), we
created spectral index maps for selected epochs (see Fig. 7),
by performing a two-dimensional cross-correlation analysis. We
used the optically thin and still compact emission region C3 for
the alignment, except for the data from October 2020, where C3
was not well determined. Instead, we used another optically thin
feature in this observation, which is located south-west of the
VLBI core and is centred at (0.2, −0.4) mas. In the two earliest
epochs, we identify a spectral index gradient along the north-
south direction, with spectral indices from α43−86 ∼ 3−4 in the
north and α43−86 ∼ −2 in the south. In September 2014, Septem-
ber 2017, and October 2020, the orientation of the spectral index
gradient changed towards a northwest-southeast direction. The
spectral indices range again from α43−86 ∼ +(2−4) in the north-
west and α43−86 ∼ −2 in the southeast. Spectral indices much
lower than −2 are likely due to beam resolution effects and/or
uncertainties in the flux density scaling at 86 GHz and therefore
may not be real. The uncertainty calculation for the individual
epochs, as well as the spectral index uncertainty maps (Fig. D.1),
are summarised in Appendix D.

4. Discussion

4.1. Projection effects

Our analysis presented in the previous section rests on the
assumption that the jet does not significantly precess the VLBI
core region and that bright VLBI features are expelled from the
VLBI core region, which was identified as the most luminous
feature in the radio maps. This hypothesis is physically moti-
vated and ties well into the existing literature both for 3C 84 (see
identification scheme in Nagai et al. 2014 and Oh et al. 2022),
as well as for other prominent AGN jets like M 87 (Kim et al.
2018) and NGC 1052 (Baczko et al. 2016), to name only a few.

The fact that we are able to cross-identify jet components in
3C 84 at two frequencies and describe the motion of the VLBI
components by a steady and linear function of time supports the
assertion that we are in fact observing features ejected from the
central engine. This holds for the feature trajectories from the
core up to the ∼1 mas region. The limited time base of this data
set does not allow us to see strong deviations from linear motion,
but the misalignment between inner (sub-mas) and outer (mas-
scale) VLBI jets suggests spatially bent and non-ballistical com-
ponent trajectories, similar to those seen in many other AGN
jets.

4.2. Jet cross-section

We used the stacked images to measure the transverse jet profile.
Since the jet of 3C 84 exhibits an increasingly complex structure
with increasing distance from the core (likely due to the contribu-
tion of C2 Nagai et al. 2010, 2014), we split the region of inter-
est into two: the core region (z0 < 0.75 mas for 43 and 86 GHz
observations and z0 < 1 mas for 15 GHz ones; here, z0 is the
distance from the core (z0 = r|x=0)) and the region downstream
(z0 > 0.75−1 mas). Based on the shape of the intensity slices (see
Fig. C.1), we fitted a single Gaussian function to the core region
of the 86 GHz image and a double Gaussian function to the down-
stream region. For the 15 and 43 GHz images, we fitted a double
Gaussian function in both regions. From the single Gaussian fit,
we determined the full width at half maximum (FWHM) of each
slice. To arrive at the deconvolved jet width, we subtracted the
beam from the FWHM in quadrature. From the double Gaussian
function fit, we considered the dominant (brighter) one to measure
the transverse width of the main jet.

The results of our analysis are presented in Fig. 8. We find
that the measured, deconvolved jet widths of the lower frequen-
cies are overlapping close to the jet origin and the jet width
becomes frequency dependent further downstream (see Fig. 8);
that is, the jet width changes with frequency within core separa-
tions of 1.5 ≤ z0 ≤ 4 mas. To quantify the degree of change in jet
width, we calculated the median of the differences (w15−w43) and
(w43−w86): ∆r15−43 = 0.091±0.027 and ∆r43−86 = 0.082±0.024.
The fact that the pairwise differences are both positive indi-
cates the presence of a systematic trend. This is a characteris-
tic property of a stratified jet, where different frequencies could
map different parts of the jet (Pelletier & Roland 1989; Sol et al.
1989; Komissarov 1990). Similar limb brightening in 3C 84
was reported by Nagai et al. (2014), Giovannini et al. (2018),
and Kim et al. (2019), although these studies were based only
on single epochs. However, we note that the 86 GHz measure-
ments may represent a lower limit to the true jet width; this
is due to beam resolution effects and dynamic range limita-
tions (see also Table F.9). In order to test the significance of
the smaller 86 GHz jet width, we added a normally distributed
random noise signal to the 15 and 43 GHz stacked images, such
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Fig. 6. Stacked images of 3C 84 at 15, 43, and 86 GHz. Left: 15 GHz stacked images of epochs from 2010 to 2020, as listed in Table F.3. The green
disc represents the common circular beam used to convolve all images before averaging. The continuous red line depicts the ridge line, which is
the point with the highest intensity at each slice. Each axis is in units of mas. The coloured region and contours correspond to regions with a S/N
of at least five. Details of the beam size, flux, and rms are listed in Table F.9. The contour levels are −2%, −1%, −0.5%, 0.5%, 1%, 2%, 4%, 8%,
16%, 32%, and 64% of the intensity peak. Middle: same as left panel, but for 43 GHz. An epoch summary is listed in Table F.2. Details of the
beam size, flux, and rms are listed in Table F.9. Right: same as left and middle panels, but for 86 GHz. An epoch summary is listed in Table F.1.
The common convolving beam is listed in Table F.9. Details of the beam size, flux, and rms are listed in Table F.9 as well. For a zoomed-out view
of the 86 GHz total intensity map at different time bins, including the 2010–2020 bin presented here, see Fig. F.1.

Fig. 7. Spectral index map of selected epochs. The contour levels were set at −1%, 1%, 2%, 4%, 8%, 16%, 32%, and 64% of the intensity peak at
each epoch. The total intensity cut-off was set at 50σ. The limiting values for the spectral indices are indicated in the colour bars beside each panel.
A summary of the image parameters is presented in Table F.10. The corresponding spectral index uncertainty maps are presented in Fig. D.1.
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Fig. 8. Deconvolved jet width and jet width difference as a function of the distance from the core. Left: deconvolved jet width as a function of the
distance (projected) from the VLBI core at 15, 43, and 86 GHz. The blue, green, and red markers correspond to slices taken from the 15, 43, and
86 GHz images shown in Figs. 6 and F.1, respectively. The corresponding solid lines mark the power-law fits with their indices: γ15 = 0.36± 0.38,
γ43 = 0.27 ± 0.13, and γ86 = 0.90 ± 0.06 (see Table F.12). All slices are drawn parallel to the abscissa and are evenly spaced at 50 µas apart. We
note that the 86 GHz data points might be indicating a lower limit for the jet width due to dynamic range limitations. Right: difference between
the jet width at 15 GHz and 43 GHz (∆r15−43; dashed grey line) and 43 GHz and 86 GHz (∆r43−86; dashed orange line). In both cases, the median
values ∆r15−43 and ∆r43−86 are positive.

that their dynamic range matched that of the 86 GHz observa-
tions. Interestingly, we find that the systematic trend persists.
The median values with added noise are ∆rn

15−43 = 0.099±0.030
and ∆rn

43−86 = 0.085 ± 0.021 (i.e. still positive). This indicates
that the frequency-dependent jet width may be real, even when
accounting for dynamic range limitations at 86 GHz.

4.3. Jet collimation

A parameter frequently used in discriminating between jet for-
mation models is the collimation profile; that is the width of the
jet w, as a function of the distance from the core z0 (see e.g.
Daly & Marscher 1988). This parameter is fundamentally tied to
the characteristics of the jet and the external medium, specifi-
cally the ratio of the external pressure Pext to the internal pres-
sure Pjet, as has been shown in theoretical models and simulations
(Komissarov et al. 2007; Tchekhovskoy et al. 2008; Lyubarsky
2009). When the external pressure of the gas is described by a
power law of the form P ∝ r−p, with p < 2, then the bulk jet
flow follows a parabolic profile. On the other hand, if the oppo-
site is true and p > 2, then the bulk jet flow follows a conical
profile (Komissarov et al. 2009). In both cases, this pressure is
counteracting the force-free expansion of the magnetised jet. In
this regime, the power law from Eq. (C.4) is connected to Pext by
γ = p/4.

By using a stacked image of 3C 84 (constructed from numer-
ous epochs) to highlight the underlying structure of the jet, we
attempt here, for the first time for this source, a comparison of
the collimation of the jet profile of 3C 84 in the nuclear region at
three different frequencies. As shown in Fig. 8, we chose to fit
a power-law function to the initial expansion region where the
jet width is increasing but not yet affected by the presence of C2.
The resulting power-law indices are γ15 = 0.36±0.38 at 15 GHz,
γ43 = 0.27 ± 0.13 at 43 GHz, and γ86 = 0.90 ± 0.06 at 86 GHz,
respectively. These power-law index values are summarised in
Table F.12. Our result also appears to align well with the findings
of Oh et al. (2022). In that work, the authors fitted both a conical
and a parabolic jet profile, but they could not conclusively select

one over the other. Our measurement of γ86 = 0.90 ± 0.06 at
86 GHz indicates an initially conical jet profile.

Figures 6 and F.1 showcase the complex structure of the jet
of 3C 84 in the z0 > 0.75 − 1 mas region. Plotting the jet width
at all three frequencies produces a jagged outline as a result of
both the jet collimation and expansion (Daly & Marscher 1988),
as well as image artefacts due to a low S/N at the edge of the jet.
On the contrary, the difference between the jet widths at 15, 43,
and 86 GHz provides a better method of investigating and illus-
trating whether a systematic trend is present (see Fig. 8, right). We
find a decrease in jet width with increasing frequency, suggest-
ing a transverse jet stratification scenario (i.e. spine-sheath struc-
ture; seee.g.Pelletier & Roland1989;Sol et al. 1989;Komissarov
1990). Similar stratified jet geometries – also seen via polarisa-
tion and rotation measure analyses (e.g. O’Sullivan & Gabuzda
2009; Hovatta et al. 2012; Gabuzda et al. 2017) in other AGNs –
could result from twisted magnetic flux tubes (e.g. Tchekhovskoy
2015) or hybrid models, where the central black hole and the inner
accretion disc both contribute to the jet formation (Paraschos et al.
2021; Mizuno 2022).

Another possible interpretation, however, is that the observed
synchrotron radiation reflects magnetised jet plasma that is
undergoing rapid synchrotron cooling transverse to the jet flow.
Synchrotron losses within the jet might manifest as a frequency-
dependent jet width, reflecting the radial dependence of the mag-
netic field strength and the underlying electron power-law distri-
bution across the jet.

A halo or cocoon enveloping the extended emission
in the pc-scale region (detected at lower frequencies, e.g.
Taylor & Vermeulen 1996; Silver et al. 1998; Savolainen et al.
2021) has been put forth in the past as a possible explana-
tion of the jet collimation in 3C 84 (e.g. Nagai et al. 2017;
Giovannini et al. 2018). However, this halo or cocoon is
extended and exhibits a steep spectrum. Such low surface bright-
ness temperature features are too faint to be detectable at higher
frequencies with the present millimetre-VLBI array.

We note that an increased, external pressure around the
nucleus of 3C 84 – for example as provided by such a cocoon or
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halo – would help to explain the observed downstream accelera-
tion of moving features. In this picture, the higher external pres-
sure on the nucleus confines the ejected features into a spatially
restricted region, which the features can only traverse slowly.
Further downstream, where the external pressure decreases, the
features are able to accelerate more freely.

We compare the power-law indices of the jet expansion
found in this work to other studies of 3C 84 from the litera-
ture. Giovannini et al. (2018) found a power-law index of γ86 ∼
0.17, utilising RadioAstron observations of 3C 84 at 22 GHz, and
Nagai et al. (2014) computed a power-law index of γ86 ∼ 0.25
using Very Long Baseline Array (VLBA) observations. Both
these publications used a single epoch and took into account the
entirety of the jet in their fittings. To contrast our results with
these publications, we followed a similar procedure, performing
a fit over the full length of the jet, which produces γall

15 = ∼0.1
at 15 GHz, γall

43 = ∼0.3 at 43 GHz, and γall
86 = ∼0.4 at 86 GHz,

respectively. Our 43 GHz estimate of the power-law index is very
similar to the one from Nagai et al. (2014) and the 22 GHz power
law index by Giovannini et al. (2018) fits well into the picture of
increasing power-law indices with frequency for the entirety of
the southern bulk jet flow.

Collimation profile studies have also been published for sev-
eral other AGNs. Boccardi et al. (2016) found that the power-
law index of the collimation profile of Cygnus A is γ43 ∼ 0.55,
and Hada et al. (2013) showed that for M 87 the power-law index
of the collimation profile is γcombined ∼ 0.56 − 0.76. While the
86 GHz data seem to agree with these values, the lower fre-
quency measurements are divergent. This might indicate source-
dependent intrinsic differences; for example, of the jet power or
in the medium that surrounds these jets (Boccardi et al. 2021).

4.4. Implications of the spectral-index values and orientation

The spectral index of a synchrotron self-absorbed emission
region usually ranges between α ≤ +2.5 in the optically thick
regime and −0.5 ≤ α ≤ −1 in the optically thin regime (see e.g.
Rybicki & Lightman 1979). An optically thick external absorber
located between the source and observer, however, could alter
the spectrum, causing a stronger spectral inversion.

The highly inverted spectrum at the northern end of the
3C 84 jet (see Fig. 7) therefore suggests free-free absorption
from a foreground absorber. In 3C 84, it could result, for exam-
ple, from a circum-nuclear disc or torus (Walker et al. 2000).
This view is further supported from recent VLBI observations
at 43 GHz (KaVA) and 86 GHz (KVN), though at a lower
angular resolution (Wajima et al. 2020). A foreground absorber
would also act as an external Faraday screen, explaining the
observed frequency-dependent polarisation in the central region
(Kim et al. 2019), and it would also explain the apparent absence
of the counter-jet on sub-mas scales at 86 GHz.

The observed variation in the orientation of the spectral index
gradient on timescales of a few years (see Fig. 7) could challenge
the interpretation via foreground absorption, unless the absorber
were time variable or inhomogeneous. In any case, we have to
consider the inclination of the jet relative to the observer. If we
are observing the source as displayed in Fig. 14 in Kim et al.
(2019), we would be peering into the bulk jet flow at an angle.
The trajectories of the ejected features could be aligned or mis-
aligned with the line of sight from time to time, thus temporarily
affecting the orientation of the spectral index gradient. In this
case, the variation of the orientation of the spectral index gra-
dient in the core region could then be explained by the bent jet
kinematics (helical motion, rotating jet base) rather than by some
small-scale variations (sub-pc) in the foreground screen. Future

monitoring observations and more detailed simulations taking
into account time-dependent jet bending (helical motion) and
absorber variations may shed more light on the observed vari-
ation in the spectral index gradient orientation.

5. Conclusions

In this work, we presented a detailed kinematics analysis of 3C 84
at 43 and 86 GHz. Furthermore, we established an estimate for
the environment around the jet flow in the core region. Our major
findings and conclusions can be summarised as follows:
1. We cross-identify moving components ejected from the

VLBI core at 43 and 86 GHz. The components move with
velocities of µavg = 0.04 − 0.18 mas yr−1 (βavg

app = 0.055 −
0.22c) on average. We find marginal evidence (∼2σ) for a
faster motion at 86 GHz.

2. The ejection of feature W1, identified at 86 GHz and pos-
sibly corresponding to C2, appears to be temporally coin-
cident with the onset of the total intensity maximum (flare)
at centimetre wavelengths in the early 1980s. For the cross-
identified radio features (F1 through F5), however, a simple
one-to-one correspondence between the onset of centimetre,
millimetre, and γ-ray flares seems to be lacking. For com-
ponents F4 and F5 , the data suggest an association between
component ejection and a subsequent brightening in the γ-
ray band. The delayed γ-ray flare peak suggests that the
region of γ-ray production is located not in the VLBI core,
but further downstream.

3. The complexity of the source structure of 3C 84 complicates
the measurement of the transverse jet width. However, in
the innermost jet region (z0 ≤ 1 mas), we can characterise
the transverse jet profile at 86 GHz by one Gaussian func-
tion. Further downstream and at 15 and 43 GHz, a double
Gaussian profile is more appropriate. In this downstream
region (z0 > 1.5 mas), we find evidence for a systematic vari-
ation of the jet width with frequency. From a comparison of
the brighter Gaussian profile at each frequency, we formally
obtain the following power-law indices for the transverse jet
profiles: γ15 = 0.36 ± 0.38 at 15 GHz, γ43 = 0.27 ± 0.13 at
43 GHz, and γ86 = 0.90 ± 0.06 at 86 GHz.

4. The 86 GHz observations seem to trace the inner sheath part
and suggest a parabolic jet flow profile. The 15 and 43 GHz
observations, on the other hand, seem to outline the outer
sheath, characterised by a more conical jet flow profile. The
different profiles suggest different jet opening angles at each
observed frequency or effects of synchrotron cooling trans-
verse to the jet axis or a combination of the two.

5. The spectral index images of the individual epochs, reveal
a strong spectral index gradient with a time variable orien-
tation. Its position angle (PA) may be affected by moving
jet features being ejected in different directions. Density or
opacity variations in a foreground absorber, however, cannot
be ruled out.

Overall, our study suggests that the jet stratification could par-
tially explain the motion of the different features seen at 43
and 86 GHz. Currently, only a handful of VLBI observations
of 3C 84 are available at intermediate frequencies (e.g. 22 GHz)
and none at all at higher frequencies (e.g. 230 GHz). It is there-
fore important to bridge this gap by employing more and denser
in-time-sampled VLBI monitoring observations in the near
future. VLBI imaging at even shorter wavelengths (e.g. with the
Event Horizon Telescope) will provide an even higher angular
resolution, facilitating more detailed studies of the central super-
massive black hole and the matter surrounding it.
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Aleksić, J., Alvarez, E. A., Antonelli, L. A., et al. 2012, A&A, 539, L2
Astropy Collaboration (Robitaille, T. P., et al.) 2013, A&A, 558, A33
Astropy Collaboration (Price-Whelan, A. M., et al.) 2018, AJ, 156, 123
Atwood, W. B., Abdo, A. A., Ackermann, M., et al. 2009, ApJ, 697, 1071
Baade, W., & Minkowski, R. 1954, ApJ, 119, 215
Baczko, A. K., Schulz, R., Kadler, M., et al. 2016, A&A, 593, A47
Boccardi, B., Krichbaum, T. P., Bach, U., et al. 2016, A&A, 585, A33
Boccardi, B., Perucho, M., Casadio, C., et al. 2021, A&A, 647, A67
Britzen, S., Fendt, C., Zajaček, M., et al. 2019, Galaxies, 7, 72
Daly, R. A., & Marscher, A. P. 1988, ApJ, 334, 539
Dhawan, V., Kellermann, K. I., & Romney, J. D. 1998, ApJ, 498, L111
Dutson, K. L., Edge, A. C., Hinton, J. A., et al. 2014, MNRAS, 442, 2048
Efron, B., & Stein, C. 1981, Ann. Stat., 9, 586
Fermi Large Area Telescope Collaboration 2021, ATel., 15110, 1
Fomalont, E. B. 1999, in Synthesis Imaging in Radio Astronomy II, eds. G. B.

Taylor, C. L. Carilli, & R. A. Perley, ASP Conf. Ser., 180, 301
Fujita, Y., & Nagai, H. 2017, MNRAS, 465, L94
Gabuzda, D. C., Roche, N., Kirwan, A., et al. 2017, MNRAS, 472, 1792
Ghisellini, G., Tavecchio, F., & Chiaberge, M. 2005, A&A, 432, 401
Giovannini, G., Savolainen, T., Orienti, M., et al. 2018, Nat. Astron., 2, 472
Greisen, E. W. 1990, in Acquisition, Processing and Archiving of Astronomical

Images, 125
Hada, K., Kino, M., Doi, A., et al. 2013, ApJ, 775, 70
Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Nature, 585, 357
Hildebrand, R. H., Whitcomb, S. E., Winston, R., et al. 1977, ApJ, 216, 698
Ho, L. C., Filippenko, A. V., & Sargent, W. L. W. 1997, ApJS, 112, 315

Hodgson, J. A., Rani, B., Lee, S.-S., et al. 2018, MNRAS, 475, 368
Hodgson, J. A., Rani, B., Oh, J., et al. 2021, ApJ, 914, 43
Homan, D. C., Ojha, R., Wardle, J. F. C., et al. 2002, ApJ, 568, 99
Hovatta, T., Lister, M. L., Aller, M. F., et al. 2012, AJ, 144, 105
Hunter, J. D. 2007, Comput. Sci. Eng., 9, 90
Jorstad, S. G., Marscher, A. P., Lister, M. L., et al. 2005, AJ, 130, 1418
Jorstad, S. G., Marscher, A. P., Morozova, D. A., et al. 2017, ApJ, 846, 98
Karamanavis, V., Fuhrmann, L., Krichbaum, T. P., et al. 2016, A&A, 586, A60
Kim, J. Y., Krichbaum, T. P., Lu, R. S., et al. 2018, A&A, 616, A188
Kim, J. Y., Krichbaum, T. P., Marscher, A. P., et al. 2019, A&A, 622, A196
Komissarov, S. S. 1990, Sov. Astron. Lett., 16, 284
Komissarov, S. S., Barkov, M. V., Vlahakis, N., & Königl, A. 2007, MNRAS,

380, 51
Komissarov, S. S., Vlahakis, N., Königl, A., & Barkov, M. V. 2009, MNRAS,

394, 1182
Krichbaum, T. P., Witzel, A., Graham, D. A., et al. 1992, A&A, 260, 33
Landau, R., Jones, T. W., Epstein, E. E., et al. 1983, ApJ, 268, 68
Linhoff, L., Sandrock, A., Kadler, M., Elsässer, D., & Rhode, W. 2021, MNRAS,

500, 4671
Lister, M. L., Cohen, M. H., Homan, D. C., et al. 2009a, AJ, 138, 1874
Lister, M. L., Aller, H. D., Aller, M. F., et al. 2009b, AJ, 137, 3718
Lyubarsky, Y. 2009, ApJ, 698, 1570
Martí-Vidal, I., Krichbaum, T. P., Marscher, A., et al. 2012, A&A, 542, A107
McKinney, W. 2010, in Proceedings of the 9th Python in Science Conference,

eds. S. van der Walt, & J. Millman, 56
Mertens, F., & Lobanov, A. 2015, A&A, 574, A67
Mizuno, Y. 2022, Universe, 8, 85
Nagai, H., Suzuki, K., Asada, K., et al. 2010, PASJ, 62, L11
Nagai, H., Orienti, M., Kino, M., et al. 2012, MNRAS, 423, L122
Nagai, H., Haga, T., Giovannini, G., et al. 2014, ApJ, 785, 53
Nagai, H., Chida, H., Kino, M., et al. 2016, Astron. Nachr., 337, 69
Nagai, H., Fujita, Y., Nakamura, M., et al. 2017, ApJ, 849, 52
Oh, J., Hodgson, J. A., Trippe, S., et al. 2022, MNRAS, 509, 1024
O’Sullivan, S. P., & Gabuzda, D. C. 2009, MNRAS, 400, 26
Pandas Development Team. 2020, https://doi.org/10.5281/zenodo.
3509134

Paraschos, G. F., Kim, J. Y., Krichbaum, T. P., & Zensus, J. A. 2021, A&A, 650,
L18

Pelletier, G., & Roland, J. 1989, A&A, 224, 24
Planck Collaboration XIII. 2016, A&A, 594, A13
Punsly, B. 2021, ApJ, 918, 4
Punsly, B., Nagai, H., Savolainen, T., & Orienti, M. 2021, ApJ, 911, 19
Richards, J. L., Max-Moerbeck, W., Pavlidou, V., et al. 2011, ApJS, 194, 29
Roellig, T. L., Becklin, E. E., Impey, C. D., & Werner, M. W. 1986, ApJ, 304,

646
Romney, J. D., Benson, J. M., Dhawan, V., et al. 1995, Proc. Nat. Academy Sci.,

92, 11360
Rybicki, G. B., & Lightman, A. P. 1979, Radiative Processes in Astrophysics

(New York: Wiley)
Savitzky, A., & Golay, M. J. E. 1964, Anal. Chem., 36, 1627
Savolainen, T., Wiik, K., Valtaoja, E., Jorstad, S. G., & Marscher, A. P. 2002,

A&A, 394, 851
Savolainen, T., Giovannini, G., Kovalev, Y. Y., et al. 2021, A&A, submitted

[arXiv:2111.04481]
Scharwächter, J., McGregor, P. J., Dopita, M. A., & Beck, T. L. 2013, MNRAS,

429, 2315
Shepherd, M. C., Pearson, T. J., & Taylor, G. B. 1994, in Bull. Am. Astron. Soc.,

26, 987
Silver, C. S., Taylor, G. B., & Vermeulen, R. C. 1998, ApJ, 502, 229
Sol, H., Pelletier, G., & Asseo, E. 1989, MNRAS, 237, 411
Strauss, M. A., Huchra, J. P., Davis, M., et al. 1992, ApJS, 83, 29
Suzuki, K., Nagai, H., Kino, M., et al. 2012, ApJ, 746, 140
Taylor, G. B., & Vermeulen, R. C. 1996, ApJ, 457, L69
Tchekhovskoy, A. 2015, in The Formation and Disruption of Black Hole Jets,

eds. I. Contopoulos, D. Gabuzda, & N. Kylafis, Astrophys. Space Sci. Library,
414, 45

Tchekhovskoy, A., McKinney, J. C., & Narayan, R. 2008, MNRAS, 388, 551
Venturi, T., Readhead, A. C. S., Marr, J. M., & Backer, D. C. 1993, ApJ, 411,

552
Vermeulen, R. C., Readhead, A. C. S., & Backer, D. C. 1994, ApJ, 430, L41
Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, Nat. Methods, 17, 261
Wajima, K., Kino, M., & Kawakatu, N. 2020, ApJ, 895, 35
Walker, R. C., Romney, J. D., & Benson, J. M. 1994, ApJ, 430, L45
Walker, R. C., Dhawan, V., Romney, J. D., Kellermann, K. I., & Vermeulen, R.

C. 2000, ApJ, 530, 233
Waskom, M. L. 2021, J. Open Source Softw., 6, 3021
Weaver, Z. R., Jorstad, S. G., Marscher, A. P., et al. 2022, ApJS, 260, 12

A1, page 12 of 23

5 PAPER 3: JETKINEMATICS INTHETRANSVERSELYSTRATIFIED JETOF
3C 84: ATWO-DECADEOVERVIEW

81



G. F. Paraschos et al.: Jet kinematics in the transversely stratified jet

Appendix A: 43 and 86 GHz contour images

Here, we briefly describe the CC images of 3C 84 at 86 and
43 GHz. They are displayed in Figs. 1 and 2, respectively. Super-
imposed are circular Gaussian components used to model the
flux. The features belonging to close in time epochs exhibit
similar structure, which confirms our modelling. The naming
convention we used is based on the observing band, plus the
timestamp of the ejected feature. For example, the two fea-
tures in the top left panel of Fig. 1, are labelled W2 and W1,
because 86 GHz observations correspond to the W band, and
W2 is upstream of W1 , and therefore it was ejected first. All
described motions concern the alignment centre, which is the
north-westernmost feature in the VLBI core.

Appendix B: Individual feature velocity modelling

After having identified the travelling features, we used a linear
fit of the following form:

d(t) = v0t + d0, (B.1)

where d(t) is the distance travelled during t, v0 is the approxi-
mately constant velocity, and d0 is the initial point of ejection,
in order to estimate the velocities. Since the cross-identified fea-
tures correspond to the same physical feature, we fitted a single

line to both 43 and 86 GHz data points, which is displayed in
Fig. 3. The fit parameters are summarised in Table F.6. Here,
we implicitly assumed that position deviations due to opacity
shifts are negligible. We also fitted lines to the features indi-
vidually per frequency. The fit was applied to the averaged fea-
ture positions, calculated from the circular Gaussian components
and the CC clusters. These individual fit parameters are sum-
marised in Tables F.7, and F.8, as well as being displayed in
Fig. B.1. We used the inverse of the uncertainties squared as
weights. For our conservative uncertainty estimation, we used
the approach described by Eqs. (14-5) in Fomalont (1999) for
the weights, or 1/5 of the beam size (commonly used as a lower
limit estimate for sufficiently high S/N images, as is the case
here; see e.g. Hodgson et al. 2018; Oh et al. 2022), depending on
which value was greater, for the component distance and compo-
nent size uncertainties. For the P. A. errors, we used the simple
error propagation of the formula θ = 2 · arctan (size/distance ).
All the aforementioned parameters, for all components, at both
43 and 86 GHz, are shown in Tables F.4 and F.5. With this
careful approach, we incorporated systemic uncertainties, while
also exceeding stochastic noise uncertainties. All parameters,
describing the individual features, are summed up in Tables F.4
and F.5. The velocities together with their uncertainties derived
from the fit are listed in Tables F.7 and F.8.

Fig. B.1. Plot of motion of all colour-coded features. Top: Motion of the 86 GHz features identified through all available epochs. The velocity fit
with the uncertainty is displayed above the first occurrence of each feature. The size of each feature is normalised to the flux of the central feature
(C) of that epoch. The velocities are also given in Table F.7. Bottom: Same as above, but for the 43 GHz features. The velocities are also given in
Table F.8.
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Appendix C: Image stacking

Below, we present the image stacking and Gaussian function fit-
ting procedure used to create Figs. 6 and 8, in detail. Since indi-
vidual VLBI images can be subjective and single epochs can
suffer from sidelobes and similar related imaging issues, stack-
ing all available epochs and analysing the time-averaged image
provides the highest level of confidence for our results6. Before
stacking the maps, we convolved each input image with a cir-
cular Gaussian beam, the size of which was computed by aver-
aging the major and minor axes of all input images and then
calculating the geometrical beam of these averaged major and
minor axes. The values of the convolving beam radii are listed
in Table F.9. Since all our maps were already aligned at the
origin, we need not apply any further shifts prior to averaging
the images. The time-averaged maps are shown in the panels of
Fig. 6, with details of the contour levels and cut-offs described in
the caption. We implemented three different weighting methods
to ascertain which features of the images are robust. Specifically,
we applied dynamical range and rms weighting of each epoch,
as well as equal weighting for all epochs. The displayed images
in Fig. 6 were produced with the latter method. We find that the
lower frequency flux consistently envelops the higher frequency
flux.

For the jet width calculation, we made slices oriented paral-
lel to the abscissa. We chose this approach to focus on the overall
bulk jet flow and disregard individual features, which cause the
ridge line to deviate locally from the overall north-south flow
direction. To counteract the local deviations and better compare
the mean jet widths at each frequency, we performed a Savitzky-
Golay filtering (Savitzky & Golay 1964) and interpolation of the
data. Here, we define the ridge line as the point of maximum
intensity at each slice. The minimum distance of the first slice
intersection with the ridge line to the core is dictated by the beam
size: anything smaller we treat as unresolved.

To extract the jet width, for the core region at 86 GHz (z0 <
0.75 mas) we used a single Gaussian function of the following
form:

Gtot(x; A, µ, σ) = A exp
(
−(x − µ)2

2σ2

)
, (C.1)

where Gtot(x) is the Gaussian function at the position x, A is
the amplitude, µ is the mean value, and σ is the variance from
which the FWHM of the slices transversely drawn to the bulk jet
flow are calculated. For the 15 and 43 GHz observations, as well
as further downstream for the 86 GHz observations, we used a
sum of two Gaussian functions, Gtot = Gbright + Gfaint, and con-
sidered the FWHM of the brighter Gaussian Gbright. We calcu-
lated the deconvolved FWHM denoted as θ using the following
equation:

θ =
√

FWHM2 − beam2. (C.2)

Figure C.1 displays the 15, 43, and 86 GHz jet profile at repre-
sentative distances from the VLBI core.

For data weighting, we used the rms from the averaged maps.
The uncertainty budget of the fit δθ consists of three parts: (i) the
uncertainty of the FWHM (δFWHM) of the slice for which we
used the Fomalont (1999) description; (ii) the uncertainty of the
fit (δfit); and (iii) an uncertainty introduced by the convolution
beam (δbeam) (assumed to be 1/5 of its radius). We added them
in quadrature: δθ =

√
δFWHM2 + δfit2 + δbeam2.

We characterised the dependence of the jet width as function
of core separation using a power law of the following form:

w(z0) = c1zγ0, (C.3)

where w(z0) is the width at distance z0 from the core, c1 is a mul-
tiplicative constant, and γ is the power-law index describing the
jet expansion, with the results showcased in Fig. 8. In Table F.12,
we summarise the power-law index for each frequency.

Having obtained the deconvolved bulk jet flow width, we fit-
ted a power law of the following form:

w(z0) = c1zγ0, (C.4)

where w(z0) is the width at distance z0 from the core, c1 is a
multiplicative constant, and γ is the power-law index describing
the widening rate of the jet, with the results given in Fig. 8. The
power-law index per frequency is displayed in Table F.12.

6 We considered all available epochs up to October 2020 for the
43 GHz observations, to match the time frame imposed by the
86 GHz data availability.
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Fig. C.1. Representative transverse jet profiles (dots) and single and double Gaussian function fits (continuous lines) at 15, 43, and 86 GHz.
Different colours represent slices in the nuclear region (z0 = 0.6 mas at 15 GHz; z0 = 0.4 mas at 43 and 86 GHz) and at separations of z0 = 1 mas,
2 mas, and 3 mas from the core, with the colour-coding as displayed in the figure legend.
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Appendix D: Spectral index uncertainty

Figure D.1 provides the spectral index uncertainty maps of the
individual epochs. The uncertainty in each map can be separated
into two parts: the uncertainty in the spectral index gradient P.
A. and the uncertainty of the absolute values of the spectral
index. The latter exists because the 86 GHz VLBI flux measure-
ments are constantly lower than the flux measured with single-
dish telescopes, as the small VLBI beam resolves out much of
the diffuse flux. Thus, the flux at 86 GHz needs to be scaled up.
Finally, there is some uncertainty in the registration of the phase
centre of each epoch (i.e. the location of the core feature C).
Paraschos et al. (2021) showed that this uncertainty is less than
the pixel scale and can therefore be neglected.

We followed the procedure described in the appendix of
Kim et al. (2019) to find the scaling factor g and its uncertainty
δg per epoch. The spectral index is defined as

α =
log

(
S43
gS86

)
log

(
ν43
ν86

) , (D.1)

where (ν43, S43) and (ν86, S86) are the frequency and flux at
43 and 86 GHz, respectively. We then calculated the spectral
index uncertainty through standard error propagation, taking into
account the uncertainties from the fluxes (δS43, and δS86) and
from the scaling factor (δg). The resulting maps exhibit val-
ues between α43−86 ∼ 0.1 − 0.7, except for the May 2014 and
September 2014 observations, where the uncertainty rises to
α43−86 ∼ 1.0 − 1.2.

For the estimation of the robustness of the P. A. of the spec-
tral index gradient to the change from north-south to northwest-
southeast, we shifted the October 2020 map in both x and y axes
and studied the directionality of the spectral index gradient. In
the currently displayed image, the P. A. of the shift between the
43 and 86 GHz image is P.A. =∼ 68◦. We found that in order
to produce a north-south-oriented spectral index, we needed to
shift the same two images by P.A. =∼ 21◦, which is a significant
offset. We can thus conclude, that the orientation of the spectral
index gradient is robust.

Fig. D.1. Individual spectral index error maps of 3C 84 between 43 and 86 GHz for the same selected epochs as in Fig. 7. The same contour levels
and beam sizes were applied. A summary of the image parameters is presented in Table F.10. The procedure to determine the uncertainties is
described in Appendix D.
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Appendix E: Time binning

Figure F.1 displays two different time binning methods of the
epochs presented in Fig. 1. The top four panels show a six-year
bin, whereas the bottom two ones show an approximately ten-
year bin. In the six-year binned images, we can recognise the
swinging of the P. A. of the southern jet. In the first bin, the bulk
of the jet flow follow a southwest trajectory. In the second bin,
we find a purely southern flow. The third bin is less conclusive,
although a tendency towards a southeast trajectory can be recog-
nised, which is then confirmed in the last bin. We can conclude
that the period swing is approximately six years, which agrees
well with the estimate of five to ten years found by Punsly et al.
(2021). On the other hand, in the ten year bin, this behaviour is
less pronounced. One conclusion we can draw from the ten-year
time bins is that the jet has expanded towards the south, from
∼ 1.5 mas to ∼ 3.5 mas.

Zooming in on the core region in Fig. F.1, the east-west
elongation seems absent in the first time bin and can only be
tentatively detected in second time bin. Then, it features more
prominently in the third and fourth bins. Moving further south to
the 0.5 − 1.5 mas region, the jet seems ridge brightened, before
turning limb brightened in the mid 2000s. This is in line with
the previous work by other authors at lower frequencies (e.g.
Walker et al. 2000; Nagai et al. 2014 at 22 and 43 GHz).

Appendix F: Parameter tables

In this section, we present all the tables mentioned in the main
text. Table F.1 displays the 86 GHz epoch, synthesised beam
size of the array, pixel scale of the images created, as well as
the total intensity maximum in Jy/beam. Accordingly, Table F.2
and Table F.3 refer to the same parameters for the 43 and
15 GHz epochs. Homan et al. (2002) estimated a flux uncertainty
of the order of 5% to 10% for individual features in 22 GHz
images, and Punsly (2021) estimated 10% for 43 GHz images.
Our approach is to be conservative with our error estimation;

therefore, we factor in a 20% uncertainty for all our epochs at
each frequency. It should be noted here that the GMVA is known
to suffer from large uncertainties in the flux density. A visibility
scaling method is introduced by Kim et al. (2019), culminating
in an up-scaling factor of the order two. Our analysis is inde-
pendent of the absolute flux densities, and thus we opted not to
apply this correction. The reader should therefore keep in mind
that the various GMVA fluxes reported in this study might we
underestimated by a factor of ∼ 2.

Tables F.4 and F.5 summarise all the moving features we
identified at 86 and 43 GHz, respectively. The first column
denotes the individual feature ID. The second column is the
observing epoch; column three denotes the flux of the fit feature.
The final three columns correspond in sequence to the distance
and the P. A. between each feature and the core, and the size of
the feature, defined as the width of the feature.

Table F.6 contains a list of the IDs and velocities of the cross-
identified features. For these cross-identified features, we esti-
mate the error for the ejection year to be ±6 months, which is
set by the average cadence of available 86 GHz epochs. Tables
F.7 and F.8 display the feature IDs and corresponding interpo-
lated velocity at 86 and 43 GHz, respectively. Components ‘W4’,
‘W5’, and ‘W13’ were only identified in one epoch and we there-
fore could not derive a velocity estimate. For the individual fea-
tures, we impose a 5σ uncertainty (with 1σ = 0.5 years, from
the cross-identified features), and thus conservatively estimate
the error for the ejection year to be ±2.5 years. A description of
the fitting method and error estimation is offered in Appendix B.

Table F.9 displays the circular convolving beam used to pro-
duce the stacked images of Fig. 6, per frequency. The last two
columns correspond to the intensity peak of the stacked image
and the rms error. Similarly, Table F.11 displays the parameters
associated with Fig. F.1.

Finally, Table F.12 displays the power-law indices per fre-
quency. The fitting procedure and error estimation is explained
in Appendix C.
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Fig. F.1. Full showcase of stacked images of 3C 84 at 86 GHz, with different time bins. The title of each panel indicates the time bin used. The
same procedure was followed to produce the panels, as described in the caption of Fig. 6. All image parameters are summarised in Table F.11
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Table F.1. Summary of image parameters at 86 GHz.

Epoch Beam size (mas) Beam orientation (deg) Pixel scale (mas/pixel) Smax (Jy/beam) rmsmean (mJy/beam)

1999.25 0.16× 0.07 -7.29◦ 0.01 0.69± 0.14 0.69
1999.75 0.16× 0.06 -12.08◦ 0.01 0.84± 0.17 0.01
2001.75 0.21× 0.04 -9.46◦ 0.01 0.47± 0.09 0.75
2002.25 0.31× 0.06 -3.74◦ 0.01 0.48± 0.10 0.63
2002.75 0.23× 0.04 -20.62◦ 0.01 0.27± 0.05 0.26
2004.75 0.14× 0.04 -10.58◦ 0.01 0.52± 0.10 0.87
2005.25 0.11× 0.04 -3.11◦ 0.01 0.42± 0.08 0.84
2007.33 0.10× 0.04 -3.89◦ 0.01 1.01± 0.20 1.21
2007.75 0.12× 0.04 -2.48◦ 0.01 2.06± 0.41 2.85
2008.33 0.12× 0.04 -15.53◦ 0.01 0.78± 0.16 1.30
2008.75 0.14× 0.05 -25.49◦ 0.01 4.08± 0.82 10.22
2010.75 0.09× 0.09 0.00◦ 0.01 0.52± 0.10 0.88
2011.33 0.15× 0.06 -16.89◦ 0.01 0.25± 0.05 0.63
2012.33 0.16× 0.08 -2.46◦ 0.01 0.31± 0.06 0.52
2013.67 0.12× 0.04 -11.03◦ 0.01 0.30± 0.06 0.58
2014.33 0.11× 0.04 -11.06◦ 0.01 1.20± 0.24 0.48
2014.67 0.19× 0.03 -20.88◦ 0.01 0.50± 0.10 1.45
2015.33 0.14× 0.05 -13.81◦ 0.01 0.65± 0.13 0.85
2016.67 0.17× 0.04 -21.96◦ 0.01 0.63± 0.13 0.25
2017.25 0.10× 0.04 -13.30◦ 0.01 0.25± 0.05 0.16
2017.67 0.11× 0.05 -24.02◦ 0.01 2.87± 0.57 9.03
2019.25 0.15× 0.04 -29.45◦ 0.01 0.67± 0.13 1.21
2020.25 0.11× 0.05 -16.07◦ 0.01 0.54± 0.11 3.16
2020.75 0.15× 0.04 -7.89◦ 0.01 0.35± 0.07 0.66

Table F.2. Summary of image parameters at 43 GHz.

Epoch Beam size (mas) Beam orientation (deg) Pixel scale (mas/pixel) Smax (Jy/beam) rmsmean (mJy/beam)

2010.83 0.45× 0.15 -22.70◦ 0.02 2.20± 0.44 0.85
2011.33 0.35× 0.14 8.69◦ 0.02 1.92± 0.38 0.32
2012.33 0.36× 0.15 16.47◦ 0.02 2.13± 0.43 0.58
2013.58 0.31× 0.15 -3.40◦ 0.02 1.90± 0.38 0.19
2014.33 0.40× 0.16 16.26◦ 0.02 3.43± 0.69 0.28
2014.67 0.34× 0.13 -1.14◦ 0.02 3.20± 0.64 0.20
2015.33 0.29× 0.20 -4.05◦ 0.02 3.93± 0.79 0.42
2016.75 0.52× 0.26 23.41◦ 0.02 7.81± 1.56 2.22
2017.25 0.33× 0.15 1.75◦ 0.02 3.47± 0.69 0.72
2017.67 0.34× 0.14 8.37◦ 0.02 3.34± 0.67 0.44
2018.25 0.28× 0.15 -6.95◦ 0.02 2.47± 0.49 1.02
2018.75 0.31× 0.16 6.05◦ 0.02 3.53± 0.71 1.15
2019.16 0.35× 0.18 7.39◦ 0.02 2.51± 0.50 0.90
2019.33 0.41× 0.17 -12.05◦ 0.02 2.40± 0.48 0.87
2020.00 0.35× 0.17 -2.33◦ 0.02 1.73± 0.35 0.30
2020.25 0.33× 0.15 3.25◦ 0.02 2.24± 0.45 0.37
2020.42 0.28× 0.16 11.05◦ 0.02 1.71± 0.34 0.58
2020.75 0.44× 0.17 4.61◦ 0.02 1.81± 0.36 0.40
2020.92 0.36× 0.16 7.71◦ 0.02 1.89± 0.38 0.59
2021.16 0.36× 0.18 12.62◦ 0.02 1.59± 0.32 1.45
2021.33 0.29× 0.19 -16.99◦ 0.02 2.08± 0.42 1.03
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Table F.3. Summary of image parameters at 15 GHz.

Epoch Beam size (mas) Beam orientation (deg) Pixel scale (mas/pixel) Smax (Jy/beam) rmsmean (mJy/beam)

2010.58 0.69× 0.47 -11.98◦ 0.03 4.9± 0.98 1.64
2011.41 0.66× 0.49 -12.79◦ 0.03 4.7± 0.94 1.33
2012.16 0.91× 0.56 25.77◦ 0.03 8.99± 1.8 1.34
2013.50 0.72× 0.55 -57.56◦ 0.03 7.39± 1.48 0.91
2014.50 0.64× 0.38 -7.82◦ 0.03 6.74± 1.35 0.65
2015.41 0.64× 0.44 -28.44◦ 0.03 4.05± 0.81 0.96
2016.42 0.64× 0.36 -7.52◦ 0.03 8.19± 1.64 0.67
2017.25 0.61× 0.38 -11.74◦ 0.03 5.15± 1.03 0.67
2018.50 0.7× 0.39 -8.97◦ 0.03 3.74± 0.75 0.97
2019.41 0.86× 0.46 -24.84◦ 0.03 5.22± 1.04 0.75
2020.50 0.67× 0.37 -4.10◦ 0.03 3.47± 0.69 0.81

Table F.4. Physical parameters of each model feature at 43 GHz.

ID Epoch Flux Density (Jy/beam) Distance (mas) P. A. (deg) Size (mas)

Q1 2010.83 2.29± 0.46 0.33± 0.05 151.28± 13.15 0.17± 0.03
Q1 2011.33 1.61± 0.32 0.37± 0.04 161.39± 10.89 0.23± 0.02
Q1 2012.33 1.42± 0.28 0.42± 0.05 170.78± 12.28 0.35± 0.02
Q1 2013.58 0.23± 0.17 0.41± 0.04 -176.01± 7.29 0.13± 0.02
Q1 2013.58 0.27± 0.21 0.47± 0.04 154.38± 5.72 0.10± 0.02
Q2 2013.58 0.25± 0.05 0.10± 0.04 107.37± 39.05 0.06± 0.02
Q2 2014.33 0.06± 0.01 0.12± 0.05 141.03± 37.77 0.08± 0.03
Q2 2014.67 0.24± 0.05 0.12± 0.04 152.29± 39.77 0.09± 0.02
Q2 2015.33 0.41± 0.08 0.19± 0.05 154.31± 19.64 0.09± 0.02
Q2 2016.75 2.55± 1.91 0.29± 0.16 -172.28± 75.31 0.32± 0.08
Q2 2017.25 0.74± 0.15 0.33± 0.04 -165.23± 10.39 0.15± 0.02
Q2 2017.67 0.41± 0.08 0.37± 0.04 -166.32± 7.82 0.11± 0.02
Q2 2017.67 0.17± 0.03 0.38± 0.04 160.18± 9.78 0.20± 0.02
Q2 2018.25 0.55± 0.11 0.37± 0.04 -170.32± 10.06 0.23± 0.02
Q2 2018.75 0.47± 0.09 0.44± 0.04 -161.40± 7.31 0.17± 0.02
Q2 2019.16 0.58± 0.12 0.40± 0.05 -170.28± 10.08 0.20± 0.03
Q2 2019.33 0.78± 0.16 0.42± 0.05 -172.00± 11.45 0.26± 0.03
Q2 2020.00 0.43± 0.09 0.40± 0.05 -176.60± 9.88 0.20± 0.02
Q2 2020.25 0.47± 0.09 0.41± 0.04 -174.63± 6.59 0.07± 0.02
Q2 2020.42 0.52± 0.10 0.40± 0.04 -177.43± 6.88 0.12± 0.02
Q2 2020.75 0.36± 0.07 0.38± 0.06 -178.46± 11.11 0.17± 0.03
Q3 2014.33 0.50± 0.10 0.31± 0.05 163.50± 20.34 0.29± 0.03
Q3 2014.67 1.08± 0.81 0.29± 0.04 177.71± 12.79 0.17± 0.02
Q3 2015.33 0.57± 0.11 0.35± 0.05 -162.78± 11.54 0.19± 0.02
Q4 2017.25 0.68± 0.14 0.17± 0.04 136.26± 20.97 0.08± 0.02
Q4 2017.67 0.58± 0.12 0.16± 0.04 125.81± 21.33 0.08± 0.02
Q4 2018.25 0.08± 0.02 0.25± 0.04 125.67± 12.58 0.12± 0.02
Q4 2018.75 0.23± 0.05 0.21± 0.04 106.07± 23.73 0.18± 0.02
Q4 2019.16 0.99± 0.20 0.31± 0.05 138.69± 12.45 0.15± 0.03
Q4 2019.33 0.69± 0.14 0.34± 0.05 140.35± 10.65 0.11± 0.03
Q4 2020.00 0.60± 0.12 0.41± 0.05 142.80± 7.26 0.09± 0.02
Q4 2020.25 1.50± 1.12 0.38± 0.04 143.21± 8.19 0.13± 0.02
Q4 2020.42 1.22± 0.91 0.43± 0.04 145.06± 7.42 0.18± 0.02
Q4 2020.75 0.35± 0.07 0.49± 0.06 153.65± 7.26 0.13± 0.03
Q4 2020.92 0.62± 0.12 0.52± 0.05 131.26± 5.29 0.02± 0.02
Q4 2021.16 0.40± 0.08 0.55± 0.05 129.77± 5.68 0.11± 0.03
Q4 2021.33 0.83± 0.17 0.50± 0.05 124.54± 5.37 0.03± 0.02
Q5 2019.16 1.13± 0.85 0.19± 0.05 90.36± 18.47 0.06± 0.03
Q5 2019.33 0.40± 0.08 0.21± 0.05 98.63± 17.98 0.09± 0.03
Q6 2020.00 1.70± 0.34 0.21± 0.05 107.76± 19.15 0.11± 0.02
Q6 2020.25 1.76± 0.35 0.21± 0.04 106.71± 14.60 0.07± 0.02
Q6 2020.42 1.96± 0.39 0.25± 0.04 111.53± 12.84 0.11± 0.02
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Table F.4. continued.

ID Epoch Flux Density (Jy/beam) Distance (mas) P. A. (deg) Size (mas)

Q6 2020.75 1.54± 0.31 0.27± 0.06 114.92± 13.57 0.09± 0.03
Q6 2020.92 3.78± 0.76 0.28± 0.05 112.53± 19.62 0.24± 0.02
Q6 2021.16 2.80± 0.56 0.32± 0.05 113.74± 16.76 0.24± 0.03
Q6 2021.33 2.24± 0.45 0.31± 0.05 110.00± 11.85 0.14± 0.02

Table F.5. Physical parameters of each model feature at 86 GHz.

ID Epoch Flux Density (Jy/beam) Distance (mas) P. A. (deg) Size (mas)

W1 1999.25 0.11± 0.02 0.38± 0.19 -163.48± 39.86 0.19± 0.09
W1 1999.75 0.42± 0.08 0.42± 0.07 -164.85± 10.54 0.07± 0.04
W1 2001.75 0.08± 0.02 0.47± 0.07 -164.83± 9.04 0.07± 0.04
W2 1999.25 0.12± 0.02 0.19± 0.12 160.03± 55.28 0.12± 0.06
W2 1999.75 0.12± 0.02 0.23± 0.07 171.15± 19.63 0.07± 0.03
W2 2001.75 0.49± 0.10 0.43± 0.13 170.32± 20.47 0.13± 0.07
W2 2002.75 0.09± 0.02 0.47± 0.04 163.98± 4.68 0.04± 0.02
W3 2001.75 0.25± 0.05 0.15± 0.04 176.11± 16.78 0.04± 0.02
W3 2002.25 0.24± 0.05 0.31± 0.12 178.72± 26.71 0.12± 0.06
W3 2002.75 0.25± 0.05 0.39± 0.06 175.11± 9.05 0.06± 0.03
W4 2002.75 0.07± 0.01 0.22± 0.05 164.33± 15.35 0.05± 0.03
W5 2002.75 0.26± 0.05 0.04± 0.03 -160.75± 62.06 0.03± 0.01
W6 2004.75 0.56± 0.11 0.07± 0.05 116.79± 65.90 0.05± 0.03
W6 2005.25 0.23± 0.05 0.18± 0.17 155.33± 118.69 0.17± 0.09
W6 2007.75 1.46± 0.29 0.20± 0.15 172.03± 77.76 0.15± 0.07
W6 2008.33 0.71± 0.14 0.28± 0.16 158.93± 49.09 0.16± 0.08
W6 2008.75 0.72± 0.14 0.26± 0.07 156.89± 17.74 0.07± 0.04
W7 2007.75 0.70± 0.14 0.07± 0.02 169.50± 17.13 0.02± 0.01
W7 2008.33 0.36± 0.07 0.16± 0.06 144.20± 26.67 0.06± 0.03
W7 2008.75 0.54± 0.11 0.17± 0.04 119.22± 15.17 0.04± 0.02
W8 2008.33 0.37± 0.07 0.13± 0.04 179.03± 20.07 0.04± 0.02
W8 2008.75 1.09± 0.22 0.14± 0.03 154.30± 11.76 0.03± 0.01
W8 2010.75 0.51± 0.10 0.20± 0.10 -175.97± 39.25 0.10± 0.05
W9 2011.33 0.02± 0.00 0.08± 0.02 157.51± 16.56 0.02± 0.01
W9 2013.67 0.05± 0.01 0.15± 0.01 -179.69± 6.64 0.05± 0.01
W9 2014.33 0.36± 0.07 0.20± 0.01 168.14± 4.26 0.05± 0.01
W9 2014.67 0.06± 0.01 0.27± 0.02 176.51± 3.86 0.06± 0.01
W10 2011.33 0.10± 0.02 0.04± 0.02 95.73± 71.27 0.05± 0.01
W10 2012.33 0.13± 0.03 0.10± 0.02 95.46± 20.38 0.06± 0.01
W10 2013.67 0.27± 0.05 0.04± 0.01 79.48± 39.22 0.04± 0.01
W10 2014.33 0.61± 0.12 0.05± 0.01 74.04± 23.92 0.02± 0.01
W10 2014.67 1.04± 0.21 0.09± 0.02 87.86± 17.78 0.06± 0.01
W10 2015.33 0.23± 0.05 0.12± 0.02 96.81± 11.30 0.05± 0.01
W11 2014.33 1.15± 0.23 0.08± 0.01 165.62± 15.53 0.06± 0.01
W11 2014.67 0.44± 0.09 0.15± 0.02 141.40± 11.26 0.11± 0.01
W11 2015.33 0.47± 0.09 0.15± 0.02 157.32± 14.09 0.13± 0.01
W11 2016.67 1.21± 0.24 0.16± 0.02 164.22± 11.06 0.14± 0.01
W11 2017.67 0.48± 0.10 0.21± 0.02 175.87± 5.37 0.09± 0.01
W12 2016.67 0.02± 0.00 0.08± 0.02 133.28± 18.83 0.05± 0.01
W12 2017.25 0.07± 0.01 0.17± 0.01 151.50± 5.73 0.07± 0.01
W12 2017.67 0.18± 0.04 0.23± 0.02 142.48± 4.36 0.07± 0.01
W13 2017.67 1.26± 0.25 0.12± 0.02 92.64± 11.13 0.07± 0.01
W13 2019.25 0.66± 0.13 0.14± 0.02 154.19± 8.46 0.07± 0.01
W14 2019.25 0.43± 0.09 0.05± 0.02 30.50± 28.16 0.03± 0.01
W14 2020.25 0.62± 0.12 0.07± 0.01 84.37± 13.39 0.03± 0.01
W14 2020.75 0.48± 0.10 0.16± 0.01 74.03± 7.11 0.07± 0.01
W15 2020.25 0.06± 0.01 0.21± 0.01 170.47± 4.12 0.04± 0.01
W15 2020.75 0.10± 0.02 0.23± 0.01 164.54± 3.79 0.04± 0.01
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Table F.6. Combined feature velocity and ejection date of cross-identified features.

ID ID43 ID86 Ejection date Velocity (c)

F1 Q1 W6 2001.96± 0.5 0.047± 0.004
F2 Q2 W9 2003.50± 0.5 0.034± 0.004
F3 Q3 W8 2011.79± 0.5 0.066± 0.005
F4 Q4 W12 2015.86± 0.5 0.117± 0.007
F5 Q6 W15 2017.88± 0.5 0.115± 0.010

Table F.7. Component velocity and ejection date at 86 GHz.

ID Ejection date (year) Velocity (c)

W1 1981.63± 2.5 0.029± 0.011
W2 1996.86± 2.5 0.100± 0.008
W3 2001.15± 2.5 0.312± 0.039
W4 – –
W5 – –
W6 2002.72± 2.5 0.054± 0.008
W7 2006.89± 2.5 0.110± 0.024
W8 1993.38± 2.5 0.012± 0.010
W9 2010.15± 2.5 0.061± 0.020

W10 2007.79± 2.5 0.013± 0.013
W11 2011.08± 2.5 0.038± 0.010
W12 2016.13± 2.5 0.186± 0.002
W13 – –
W14 2018.64± 2.5 0.078± 0.042
W15 – –

Table F.8. Component velocity and ejection date at 43 GHz.

ID Ejection date (year) Velocity (c)

Q1 2001.87± 2.5 0.05± 0.02
Q2 2011.30± 2.5 0.06± 0.01
Q3 2008.92± 2.5 0.07± 0.05
Q4 2015.84± 2.5 0.12± 0.01
Q5 – –
Q6 2017.88± 2.5 0.11± 0.01

Table F.9. Summary of image parameters for the stacked images.

Frequency (GHz) Beam radius (mas) Pixel scale (mas/pixel) Smax (Jy/beam) rms (mJy/beam)

15.4 0.56 0.03 3.18± 0.64 0.45
43.1 0.24 0.02 3.02± 0.60 0.24
86.3 0.08 0.01 0.75± 0.15 0.77
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Table F.10. Summary of image parameters of the spectral index maps.

Epoch Beam radius (mas) Pixel scale (mas/pixel)

Stacked 0.24 0.02
2011.33 0.22 0.02
2014.33 0.25 0.02
2014.67 0.21 0.02
2017.25 0.22 0.02
2017.67 0.22 0.02
2020.75 0.28 0.02

Table F.11. Summary of image parameters of the time binned stacked images.

Time bin (years) Beam radius (mas) Pixel scale (mas/pixel) Smax (Jy/beam) rms (mJy/beam)

1999-2004 0.20 0.01 0.81± 0.16 0.25
2005-2010 0.17 0.01 2.31± 0.46 1.82
2011-2015 0.17 0.01 1.06± 0.21 0.33
2016-2020 0.15 0.01 1.38± 0.28 1.61
1999-2008 0.19 0.01 1.60± 0.32 0.92
2010-2020 0.16 0.01 1.23± 0.25 0.83

Table F.12. Power-law fit parameters for the stacked images per frequency.

Frequency (GHz) Power law index

15.4 0.36± 0.38
43.1 0.27± 0.13
86.3 0.90± 0.06
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6 Conclusions

The focus of this thesis is to address a number of open questions related to

AGN-launched jets. Toachievethisscientificgoal,onemuststudythe jet launch-

ing processes around a SMBH in nearbyAGN.Only a handful of extra-galactic

sources fulfil the requirements necessary to successfully research jet launch-

ing. Themain requirements rendering a radio-source suitable for such a study

is themass of the central SMBH,which should be as large as possible (a larger

mass corresponds to fewer Schwarzschild radii per pc); the distance to Earth,

whichshouldbeassmall aspossible; andtheviewingangle,whichshouldalso

be as slight as possible, to avoid strong Doppler boosting effects.

3C84 is perfectly suited for such a study, as it fulfils all threemajor require-

ments, and as such, was chosen to be the primary target of this thesis. VLBI

observationsofthesource,bothatcentimetreandmillimetrewavelengths,are

the primary means of penetrating the otherwise opaque medium around the

SMBH and resolving the ultimate vicinity around it. Theywere thus utilised in

thepresent thesis. Belowthemain conclusionsof the threeprojects constitut-

ing this thesis are presented, aimed at achieving this common goal.

In Sect. 3 we presented our work, which revolved around the nuclear re-

gion of 3C84, by taking advantage of quasi-simultaneous observations of the

source (at 15, 43, and 86GHz), taken in May of 2015 (Kim et al. 2019). Using

the technique of two-dimensional cross-correlation, we aligned the images

of 3C84 at these three frequencies, and determined the core shift (i.e. the

distance of the jet apex to the 86GHz VLBI core). Byproducts of this analy-

sis are the spectral index maps between the 15− 43 and 43− 86GHz pairs,

as well as the computation of the magnetic field. The 2D cross-correlation

analysis yielded a distance of 76− 90µas (400− 1500Schwarzschild radii or

0.028− 0.11 pc) between the86GHzVLBI core and the jet apex. This core shift

analysis places the location of the BH further upstream, rendering the previ-

ously seenelongatedVLBI core structure (Giovannini et al. 2018) less probable

to be the actual physical origin of the jet. A location this north would also put

a constraint on the apparent jet opening angle, confining it to smaller values

(< 21◦) than the 130◦ reported in Giovannini et al. (2018). In the new spectral

index images, we detected a strong spectral index gradient in the northwest-

southeastdirectionwithan invertedspectrumofthemillimetre-VLBIcore (α43−86 ∼
+2). This indicates thepresenceofstrongsynchrotronself-absorptionorfree-

free absorption by somematter in the foreground. For a synchrotron turnover

frequency of νm ≤ 86GHz, 3C84would present itself as a highly suitable tar-

get for higher frequency VLBI studies (e.g. with the Event Horizon Telescope;
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Event HorizonTelescope Collaboration et al. 2019b). Calculating themagnetic

fieldstrengthandtopologyatthe jetapex (atade-projecteddistanceof400− 1500Rs
or 76− 90µas) is of major importance to make a statement about the poten-

tial jet launching scenarios, in addition to comparing 3C84 to other prominent

AGN sources. We find that the magnetic field topology is not purely poloidal;

ratheramixedpoloidal/toroidalconfiguration isput forth. Thissuggestsastrat-

ified combination of the BP and BZ models (acting simultaneously). Another

possibility is the alteration of the initial magnetic field configuration caused

by shocks and instabilities. The actual magnetic field strength was measured

in the range B0 = 1.80− 4.0G at the jet apex, which is lower than the maxi-

mum possible magnetic filed strength derived from the total jet power (which

is. 30− 60G). The derived value of themagnetic field strength is on parwith

the one measured in M87 and NGC 1052, two comparable nearby AGN, and

suggestsmagnetic jet launching.

We continued our focus of the inner region of 3C84 in Sect. 4, where we

introduced our analysis of six high-resolution (beam< 50µas) GMVAmaps of

the source over the period between 2008–2015. We detect a persistent trans-

verse nuclear structure. An analysis of the Hβ lines revealed that the C1 com-

plex isunlikelytobethe jetbaseortheaccretiondisc,whichconfirmsthe result

by Paraschos et al. (2021) that the BH is probably located upstreamof theVLBI

core. Utilising both conical and parabolic profile model fitting, we computed

with this method that the jet apex is located ∼ 600− 2400Rg upstream and

under the assumption of a BHmass of3.2× 108M� (or∼ 200− 3000Rg using

the sameBHmassandviewingangle assumptions as inParaschoset al. 2021).

Aforegroundabsorber influencing these results cannot be ruledout, however.

We also report tentative evidence for the correlation between the P.A. and the

brightness temperature TB of the C1a and C1b regions along with a tentative

differentiation in the viewing angle between the C1 and C3 regions of 3C84.

This result might suggest that the jet is indeed spatially bent. It might also be

indicative of the presence ofmoving jet components, in addition to being indi-

rect evidence ofγ-ray emission occurringwithin the C1 region.

Section 5 is a culmination of our efforts to understand the inner physical

processes taking place in the nucleus of 3C84. In this work, we analysed and

are presenting a comprehensive historical view of 3C84, based onmore than

two decades of observations at 86GHz. We detected numerous components

being ejected from theVLBI core, someofwhichwe cross-identified at 43 and

86GHz. Wefind that the 86GHz componentsmovemarginally faster (2σ) than

the 43GHz components (µW
2010
avg = 0.15± 0.03mas/yr orβ

W2010
avg

app = 0.18± 0.04c

versus µQ
2010
avg = 0.071 ± 0.026mas/yr or β

Q2010avg
app = 0.087 ± 0.032 c). We fit-
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ted Gaussian functions to the jet profile, to determine the transverse jetwidth.

Beside the inner core region at 86GHz,where onlyoneGaussian functionwas

sufficient,wefittedasumoftwoGaussianfunctionsandconsideredtheFWHM

of the brighter of the two as indicative of the jet width. We find that jet width

depends on the observing frequency in the≤ 1.5pc region, with the jet width

increasing with decreasing frequency. This indicates a frequency dependent

stratification of the jet. Fitting a power law index to the initial jet expansion re-

gion within the core points to a conical jet profile, with the power law indices

being: γ15 = 0.36 ± 0.38, γ43 = 0.27 ± 0.13, and γ86 = 0.90 ± 0.06. Fi-

nally, the spectral indexmaps of the individual epochs revealed that the spec-

tral index gradient changeswith orientation, indicating that jet features might

beejected intodifferentdirectionsatdifferent times. Thespectral indexvalues

rangefromα ∼ 3− 4 in thenorth/northwest toα ∼ −2 in thesouth/southeast.
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7 Outlook

The work in this thesis presents new findings from ultra-high-resolution VLBI

imagingat short,millimetrewavelengthsandamulti-frequencyviewofthenu-

clear and few-pc region of 3C84. This was achieved by presenting detailed,

high angular resolution observations of 3C84 at 15, 43, and 86GHz. However,

manyquestions regarding the truephysical natureof the jet baseand jet origin

of 3C84 still remain unanswered.

Towardsanswering them,aseriesofnew,multi-frequency,high-resolution

observationsof3C84areongoing. Athreeepochmonitoringof3C84at86GHz

with theGMVA, taking advantage of the improved recording capabilities of the

involved stations, aswell as the recent technological improvements, promises

to reveal the inner depths of the core of the source in unprecedented detail. At

themoment of the conclusion of this PhD thesis, the analysis of the first epoch

is already taking place. Furthermore, 22 and 43GHz observations, simultane-

ouslyobserved theGlobal-EVNarray,will provide the opportunity to study this

sourcewithpolarimetry, in addition tospectrally. Specifically, 22GHzobserva-

tions can also serve as a direct comparison to the data from the RadioAstron

mission, captured at the same frequency. Moreover, the EHT observed 3C84

in its spring2022campaign. At230GHztheseobservationssignifythehighest

resolution of the core of 3C84 to date and show that imaging studies at these

shorter wavelengths are feasible and promising. Besides the direct imaging

of the jet origin, a combination of the quasi-simultaneous observations of the

source at 86GHz with the GMVA (just weeks apart), will also yield the highest

resolution and highest frequency-pair spectral indexmaps.

Apart fromthealreadyconductedobservations, it isvitally importanttocon-

tinueobserving3C84andothernearbyAGNwithnextgeneration instruments.

TheVLBA-BU-BLAZARprojectconductedbytheBostonUniversityAGNgroup

group and its successor BEAM-ME have been observing 3C84 in an almost

monthlycadenceformorethanadecade,withtheVLBAarray,at43GHz. Keep-

ing up this observation rhythm is of utmost importance, since 3C84 exhibits

structuralvariability in time framesasshort as fewweeks. In thesamevein, the

in-house recently started M2FINDERS22 program aims to also monitor 3C84

at 86GHz. The next generation VLA (ngVLA), which will serve as a successor

to theVLBA,will be highly important in this endeavour. It improves the current

capabilities of theVLAandALMAby increasing the sensitivity and spatial res-

olution by an order ofmagnitude, at the samewavelengths. Similarly the next

generation EHT (ngEHT),will add tenmore antennae to the existing EHTarray,

22https://www.mpifr-bonn.mpg.de/m2finders
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thus improving its sensitivity and spatial resolution, promising even sharper

images of 3C84. Space-VLBI will also play a prominent role in the future ob-

servations of radio-galaxies like 3C84. Even though the RadioAstronmission

ceased its operation, a successormission is on its way, namedMillimetron. It

will be placed at the Lagrange point L2 of the solar system in the anti-solar di-

rection andwill observe at wavelengths between 0.07 and 10mm.

In summary, the multi-frequency and high-resolution imaging presented

in this work demonstrates the capabilities ofmillimetre-VLBI,when applied to

nearby radio-galaxies. In the near future andwith further improved sensitivity,

other nearby, but fainter radio-galaxies could be studied aswell. Pilot surveys

to find suitable candidates are already underway. For a systematic study of jet

launching in different types of radio-galaxies (e.g. FRI and FRII) a more flexible

scheduling of the EHT– also at other times of the year –would be highly desir-

able. Overall the future ofVLBI observations in general, as well as specifically

of 3C84, looms brightly.
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A Appendix

Here all the images of 3C84, at 15, 43, and 86GHz are presented, which are

listed in Tables F1, F2, and F3, in Sect. 5.

Figure 1.27: Total intensity images of 3C84 at 15GHz. The contour levels are 2,
4, 8, 16, 32, and 64% of the intensity maximum of each epoch. The ellipses in
the bottom right corner of each plot represents the convolving beam size and
are given, togetherwith themaximumflux and rms, in Table F3 of Sect. 5.
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Figure 1.28: Total intensity images of 3C84 at 43GHz. The contour levels are
the same as in Fig. 2 of Sect. 5. The ellipses in the bottom right corner of each
plot represents theconvolvingbeamsizeandaregiven, togetherwith themax-
imumflux and rms, in Table F2 of Sect. 5.
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Figure 1.29: Total intensity images of 3C84 at 86GHz. The contour levels are
the same as in Fig. 1 of Sect. 5. The ellipses in the bottom right corner of each
plot represents theconvolvingbeamsizeandaregiven, togetherwith themax-
imumflux and rms, in Table F1 of Sect. 5.
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