
Probing the formation region of
relativistic jet in nearby active galactic
nucleus M87 with the East Asian VLBI

Network
by

Yuzhu CUI

Dissertation

Department of Astronomical Science

School of Physical Sciences

Doctor of Philosophy

The Graduate University for Advanced Studies, SOKENDAI

October 2021



ii

In the Appreciation to the Wonderful Memories in Japan



iii

Contents

1 Introduction 1
1.1 General Picture of Active Galactic Nuclei . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Super Massive Black Holes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Accretion flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Relativistic Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4.1 Formation and launching . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4.2 Acceleration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4.3 Collimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4.4 Jet wobbling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5 Motivations and uniqueness of this thesis . . . . . . . . . . . . . . . . . . . . . . . 17

2 Radio galaxy M87: the best laboratory to study SMBH and AGN jets 19
2.1 First black hole shadow image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Multi-scale view of the M87 jet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3 Collimation and acceleration profile of M87 jet . . . . . . . . . . . . . . . . . . . . 24
2.4 Outstanding remaining questions . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 East Asian VLBI Network and its imaging performance 27
3.1 EAVN array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2 Performance evaluation of TMRT and NSRT . . . . . . . . . . . . . . . . . . . . . 29

3.2.1 Source selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.2 Selected observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.3 Data reduction processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.5 Remaining issue: amplitude offset of TMRT . . . . . . . . . . . . . . . . . 49
3.2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3 East-Asia-To-Italy-Nearly-Global VLBI Network . . . . . . . . . . . . . . . . . . . 51

4 Dynamics of the innermost jet in M87 from 2006 to 2021 53
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.2 Observations and data reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56



iv Contents

4.2.1 EAVN data at 22 and 43GHz . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2.2 VLBA data at 24 and 43GHz . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2.3 EATING data at 22GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2.4 GMVA data at 86GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2.5 VERA data at 22 and 43GHz . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.3.1 EAVN images of the M87 jet . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.3.2 Proper motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3.3 Year-scale jet evolution over 2006 to 2021 . . . . . . . . . . . . . . . . . . 66
4.3.4 Position angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.3.5 Light curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.4.1 Instability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.4.2 Precession model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.4.3 Estimation of parameters based on PA variation . . . . . . . . . . . . . . . 77
4.4.4 Comparison with theoretical scenarios . . . . . . . . . . . . . . . . . . . . 80
4.4.5 Evidence of variable jet-launching speed from SMBH . . . . . . . . . . . . 87
4.4.6 Jet properties during the EHT-2017 period . . . . . . . . . . . . . . . . . . 88
4.4.7 Comparison with other sources . . . . . . . . . . . . . . . . . . . . . . . . 89
4.4.8 New insight/implications on SMBH and jet production revealed by this

study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 Summary and future work 103

6 Acknowledgments 107

List of Figures 111

List of Tables 119

Bibliography 121



v

Abstract

Relativistic jets in Active Galactic Nuclei (AGN) are the most energetic phenomena in the universe
and believed to be powered by the accretion of matter onto the central supermassive black holes
(SMBH). Since the first discovery of AGN jet in the giant elliptical galaxy M87, the formation
mechanism of AGN jets is still among the central key questions in astrophysics. To better
understand the formation of AGN jets, the key is to directly resolve the innermost jet regions
close to the central black hole where the jet is just generated from the central engine.

To tackle this challenging question, in this thesis we focus on the nearby radio galaxy M87.
Thanks to its proximity, we can resolve the jet formation regions significantly close to the black
hole with Very Long Baseline Interferometory (VLBI), as represented by the recent BH shadow
imaging with the Event Horizon Telescope (EHT). Thus, M87 is the best target to study in detail
the physics of AGN jet formation mechanisms and its connection to SMBH.

To monitor the jet dynamics of M87, we especially made use of the data from the East Asian
VLBI Network (EAVN). EAVN is a newly established international VLBI network in East Asia.
Therefore, in Chapter 3, we firstly perform detailed evaluation of imaging performance of EAVN
based on two representative epochs observed in 2017. We especially carefully compare the imaging
performance between KaVA (KVN and VERA Array) and KaVA+Tianma65m+Nanshan26m which
is the core array of EAVN. We demonstrate that Tianma 65m Radio Telescope significantly
enhances the overall array sensitivity (a factor of 4 improvement in baseline sensitivity and 2 in
image dynamic range compared to the case of KaVA), while the addition of Nanshan 26m Radio
Telescope further doubles the east-west angular resolution. Therefore, we conclude that EAVN is
a powerful VLBI array to study AGN jets.

After validating the imaging performance of the EAVN array, in Chapter 4, we then move to
detailed study of M87 jet. In our study, we performed intensive monitoring of the M87 jet with
the EAVN between 2013 and 2021 to trace the dynamics of M87 jets at 43 GHz and 22GHz.
Moreover, to further increase our time coverage and complement the EAVN data, we additionally
analyzed various archival VLBI data on M87 that were obtained between 2006 and 2018, resulting
in a total of 159 epochs VLBI data for imaging and another 159 data for a light curve analysis.

Thanks to the extensive analysis of a large number of high-quality data set, we successfully
obtained a set of high-fidelity, high-resolution images for the innermost regions of the M87
jet covering a broad range of time scales from days to weeks to decades, which for the first
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time allowed us to reveal the long-term evolution of this jet in unprecedented detail, as well
as to confirm the short-term structural evolution (e.g., ejection of relativistic flows) that was
previously suggested. By stacking the obtained jet images on a yearly basis, we found significant
structural variation near the jet base on time scales of years, especially in the direction transverse
to the jet axis. We carefully measured the variation of jet position angle (PA) as a function of
time. Together with PA measured in the literature, we discovered that the M87 jet appears to be
periodically oscillating which could be difficult to explain by hydrodynamical instability effects.
We tested/modeled the observed properties of M87 via a precessing jet model. We demonstrated
that the precessing jet scenario can successfully explain the observed jet PA oscillation with a set
of reasonable model parameters. We derived that the precession periodicity (9.64�0.46) years, half
opening angle of precession cone (2.2�0.03) degrees, and viewing angle with respect to the
precession axis (29.01�0.27) degrees, respectively. Moreover, the observed correlation between
the variability of core flux and viewing angle additionally supports the precession scenario rather
than the instability model.

Knowing that the M87 jet base is precessing, we further discussed the possible origin causing
such precession. We considered two popular models responsible for precession of AGN jets: the
binary black hole (BBH) scenario and the Lense-Thirring (LT) effect caused by the misalignment
between the normal of accretion disk and the spin vector of the central BH. We conclude that the
BBH scenario is unlikely since it requires an extremely close BBH separation and short orbital
period to reproduce the observed results. On the other hand, the precession periodicity estimated
from the LT effect is on a time scale of 10 years, which is consistent with our best-fitting
results. Moreover, the possible intrinsic change of initial jet launching speed may be a natural
consequence of the BH+disk system being not stationary. Hence, we suggest that the precession
seen at the M87 jet base is most likely triggered by the LT effect rather than BBH. In turn, this
strongly suggests that the SMBH of M87 is spinning, i.e., a Kerr black hole. This is in good
agreement with the recent implications from the EHT, and moreover, provides another strong
piece of evidence that the M87 jet is ultimately generated by the Blandford&Znajek mechanism,
where the spinning energy of BH is the primary source of the jet power.

The presence of precession at the jet base of M87 also highlights that low-frequency (<230GHz)
VLBI observations are very important for EHT, since the proper interpretation of the EHT images
requires accurate input of large-scale jet parameters (e.g., jet viewing angle, jet speed and PA).
The precession naturally indicates that the jet viewing angle is changing with time, and our
results indicate that the jet viewing angle was minimum during 2017 when the first EHT images
of M87 was obtained, suggesting that the Doppler-boosting effect was stronger than in the other
years. Future, more detailed joint analysis of simultaneous EAVN and EHT data will allow us to
reveal/constrain the direct connection between the jet base and BH more definitively.

Finally, our M87 results based on intensive analysis at the innermost jet region suggest that a
tilted accretion existing in the central engine. This could be a common feature in the AGN
showing a wobbling jet. Our study and discussion provide a good guideline to similar studies for
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other sources. After increasing numbers of sources being identified the existence of a tilted
accretion disk inside, the unification of AGN may be updated.

In summary, our results presented here bring about a new insight into the powerful jet
formation mechanism from supermassive black holes. The dynamics of the downstream jets are
indeed tightly connected to the dynamic properties of the central engine. Therefore, our study
here demonstrates that EHT alone is not enough but joint low-frequency VLBI observations are
critically important to fully constrain the fundamental physics of SMBH and jet launching.
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1
Introduction

1.1 General Picture of Active Galactic Nuclei

Active galactic nuclei (AGN) are the bright compact region at the center of galaxies that emit

much higher luminosity (up to! � 1048erg s� 1[1]) than that of the normal galaxies (e.g., the Milky

Way,! � 1043erg s� 1 [2]). Such excess of the non-stellar emission, observed throughout the whole

electromagnetic spectrum, is widely accepted as the result from the active accretion of matter

onto a supermassive black hole (SMBH) at the center of its host galaxy (" BH � 106 � 1010" � [3],

where" � � 2 � 1033g is the mass of the Sun). As the most luminous persistent sources of

electromagnetic radiation in the universe, AGN can be used as a means of discovering distant

objects (redshifts up toI = 7”5, [4, 5]) to investigate the early universe; the growth of AGN is also

responsible for the formation and evolution of stars, galaxies and galaxy clusters [6, 7, 8]. Hence,

understanding the physics of AGN has profound impact on a broad range of studies from black

hole physics to galaxy astronomy to cosmology.

A representative schematic picture of AGN is shown in Figure 1.1. Although the morphology

of AGN varies with di�erent viewing angles (q), there are several key components that are

thought to commonly exist essentially in all AGN: the central SMBH, accretion disk, jet, torus,

broad line region (BLR) and narrow line region (NLR) [10]. The physical scale of SMBH is around

10� 7 � 10� 3 parsec (pc) depending on the black hole mass. Due to the gravitational in�uence, the

matter around SMBH loses its angular momentum through magnetic stress [11], drifts to the orbit

and forms an accretion disk covering the scales of10� 7 � 1pc. The radiation from the accretion

disk is primarily emitted in optical/ultraviolet (UV) bands. Based on the leading theoretical



2 Chapter 1. Introduction

Figure 1.1: Uni�ed scheme of an active galactic nucleus (adopted from [9]).

models of BH accretion [12, 11, 13], the magnetic �eldB lines tied to the infalling plasma and/or

accretion disk are dragged with their angular rotation and produce a Poynting �ux directed along

the rotation axis away from the black hole [14]. This powerful out�ow, which can extend to

10� 7 � 106 pc, is often called as AGN jet and an important but poorly understood component.

How the energy is extracted from the central engine determines the observational characteristics

of the AGN jets [15, 16, 17]. The torus of plasma and molecular gas and dust at1 � 10pc is related

to the emission at infrared (IR) band and AGN obscuration. The BLR (0”01� 1pc) inside the torus

locates dense ionized and dust-free gas cloud moving at several thousands km s� 1. Outside the

torus (10� 103 pc), namely NLR, relatively slower gas (about hundreds km s� 1) produces narrow

emission line widths. The detailed physical nature of these individual components is still under

hot debate. In particular, the SMBH, accretion disk and jet are strongly related to the topic of this

thesis and will be discussed more in the following sections.

As for the classi�cation of AGN, it depends on several key properties, namely radio-loudness,

viewing angle, accretion rate (¤" acc), broad emission lines and radio spectral type [10, 18, 19, 20, 21].

Based on the radio loudness [22, 23, 24], AGN can be primarily divided into two categories:

radio-loud (RL) and radio-quiet (RQ) classes. In RL AGN, radio galaxies are one of the main

sub-classes of RL AGN which have relatively large viewing angles. Due to the misalignment of

the jet with respect to our line-of-sight, radio galaxies exhibit two-sided radio morphology

extending to kilo-to-mega parsec (kpc-to-Mpc) that is far outside of the host galaxy. Depending

on the location of the highest surface brightness regions, radio galaxies are further divided into
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Fanaro�-Riley (FR) type I and II [25, 26], namely core- and edge-brightened types, respectively. FR

II sources show relatively higher jet power with huge lobes compared with FR I. Radio galaxies are

good targets to investigate AGN jets. Blazars with smaller viewing angles are extremely luminous

and variable emitters in the universe due to strong Doppler boosting e�ects [19]. In RQ AGN, the

presence (absence) broad emission lines classi�es the sources into Seyfert I (II) galaxies [27].

Figure 1.2: Correlations of dynamically measured black hole masses and bulk properties of host
galaxies (adopted from [28]). a, Black-hole mass" BH versus stellar velocity dispersion (f ) for
65 galaxies with direct dynamical measurements of" BH. The solid black line in a shows the
best-�tting power law for the entire sample:log10¹" BH•" � º = 8”29¸ 5”12log10»f •¹ 200:< B � 1º¼.
b, Black-hole mass versus V-band bulge luminosity,! V (! � •V, solar value), for 36 early-type
galaxies with direct dynamical measurements of" BH. The solid black line shows the best-�tting
power law:log10¹" BH•" � º = 9”16¸ 1”16log10¹! V•1011! � º. BCG is short for Brightest Cluster
Galaxies.

For all types of AGN, SMBH has signi�cant in�uence on the galaxy evolution [29, 30, 31, 32,

33, 34]. The so-called" BH� f and" BH� ! V relation (wheref is stellar velocity dispersion and! V

is V-band bulge luminosity) shown in Figure 1.2 strongly indicate the presence of some causal

connection between the growth of SMBH and the growth of galaxy bulges, although the exact

origin of this �feedback" is still a matter of debate [28]. For jetted AGN, the out�ow from the

central engine is the most notable feature which is comparably powerful with accretion power [35]

and can reach to hundreds kpc scale out of the host galaxy [36]. It could be the essential `bridge'

for the interaction and energy exchange between AGN and surrounding environment [37, 38].

In addition, the fraction of jetted AGN is around. 15%[24, 39], which implies the formation

mechanism of jet can distinguish AGN fundamentally. Hence, the properties of AGN jets are the
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extreme cosmic phenomena which makes great contributions to understanding the nature of

AGN.

Figure 1.3: Comparison between Schwarzschild (non-rotating) and Kerr (rotating) black holes:
(left) morphology and (right) the radius of the innermost stable circular orbit (ISCO) (credit:
NASA/JPL-Caltech). The Kerr black holes contain two types: retrograde and prograde rotation.

1.2 Super Massive Black Holes

Black holes are one of the most intriguing objects in the universe. In the eighteenth century, John

Michell [40] and Pierre-Simon Laplace [41] proposed the concept of black holes as �invisible

bodies". Albert Einstein's �eld equation of general relativity published in 1918 provided a

mathematical insight into understanding the physics of black holes [42, 43]: a tiny spacetime

region compressed with a massive object generates signi�cantly strong gravity to trap everything

even the light. Soon in 1916, Karl Schwarzschild derived the �rst solution to describe a spherically

symmetric black hole, namely a Schwarzschild black hole [44, 45]. The event horizon is a boundary

beyond which the light cannot escape [46]. Later in 1963, the solution for a rotating black hole

was discovered by Roy P. Kerr [47]. The discovery of the X-ray binary Cygnus X-1 in 1970s was

the �rst observational hint of the existence of BHs. As for the existence of SMBH, since the �rst

recognition of the quasi-steller object 3C273 being an object at a cosmological distance [48], many

pieces of observational evidence have been accumulated, including ionized gas orbiting [49],

H2O maser[50], highly broadened KU emission line [51], and stellar distributions [29]. The �rst

observational image for the event-horizon-scale structure of SMBH has recently been obtained by

the Event Horizon Telescope Collaboration [52], which will be introduced more in Section 2.1.
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As for the classi�cation of BH, according to the rotation state there are two types of black

holes: Schwarzschild (non-rotating) and Kerr (rotating) black holes. For Schwarzschild black

holes, the horizon is called the Schwarzschild radius and de�ned as' s = 2' g = 2�" BH•22, where

' g is the gravitational radius,� is the gravitational constant, and2 is the speed of light in vacuum.

The corresponding event horizon radius is' H = ' g¹1 ¸
p

1 � 02º where0 is the dimensionless

spin parameter. The morphology comparison between Schwarzschild (non-rotating) and Kerr

(rotating) black holes is shown in Figure 1.3 (left). Depending on its mass, BH can be divided in to

stellar-mass BHs (" BH � a few to 10" � , e.g., X-ray binaries [53] and Gamma-ray bursts [54]),

intermediate-mass BH (" BH � 102� 5 " � , e.g., Ultraluminous X-Ray Sources [55]), and SMBH (e.g.,

AGN). Almost all galaxies (97%) harbor SMBH in the galactic center [29]. For instance, the mass

of black hole in the center of our galaxy (Sagittarius A¢ , or Sgr A) is around4 � 106 " � [56].

For the Kerr black holes, the angular momentum in the ergosphere provides rotational energy

which can be magnetically exacted by the Blandford-Znajek mechanism [12]. The magnetic

�elds surrounding the BH drive the matter away from the BH together with a large amount of

energy. As a result, supermassive rotating black holes can be vital to provide su�cient energy for

generating powerful AGN jets.

1.3 Accretion �ows

The accretion of matter onto the central SMBH is the ultimate energy source of AGN. Various

di�erent types of accretion are known to exist. The Bondi accretion is a spherically-symmetric

steady accretion proposed by Hermann Bondi in 1952 [57]. The thermal energy in the region

within Bondi radius (AB = 2�" BH•22
s, where2s is the sound speed of the plasma) is dominated by

the gravitational potential of the SMBH. The accretion e�ciency in Bondi accretion is much lower

than disk accretion. Hence, the disk accretion is necessary for the most powerful jets which require

more fuel from the accretion disk [58]. In 1969, Lynden-Bell developed a SMBH-accretion disk

paradigm in which there is a rotating gaseous disk with accretion �ow surrounding SMBH [59].

In accretion process, the gravitational energy is transferred into magnetic and thermal energy. In

1924, Arthur Eddington pointed it out that there is a luminosity limitation when the radiation

pressure force is equivalent to the gravitational force, namely Eddington luminosity! Edd. The

luminosity ! due to mass accretion is proportional to the accretion rate¤" acc which can be

expressed as! = [ ¤" acc22. Note that[ is the e�ciency of converting gravitational potential

energy to electromagnetic radiation through mass accretion, which can exceed unity in the

super-Eddington regime.

Depending on the magnitude of¤< = ¤" acc• ¤" Edd (where the Eddington accretion rate
¤" Edd = ! Edd•¹ [22º), accretion disk can be generally classi�ed as three primary types; advection-

dominated accretion �ows (ADAF) or radiatively-ine�cient accretion �ows (RIAF), standard thin

disks and slim disks (see Figure 1.4):

(1) Slim disk. The solutions for this type of accretion was discovered by Abramowicz Marek A. and



6 Chapter 1. Introduction

Figure 1.4: Scheme of the accretion �ow around an accreting black hole in di�erent spectral states
as a function of the accretion rate in Eddington units,¤< = ¤" acc• ¤" Edd, where ¤" acc is accretion
rate and ¤" Edd is Eddington accretion rate. The central black circle indicates the black hole with
arbitrary mass. (adapted from [60]).

his cooperators which describes the disks with very high accretion rates (¤" acc � ¤" Edd) [61, 62, 63].

The accretion state is regarded as a supercritical one due to! ¡ ! Edd. In this state, the mass

accretion rate is so high (i.e., the optical depth of the disk is so high) that the di�usion timescale

of photons in accretion disks is longer than viscous accretion timescale. As a consequence, the

trapped photons inside the disk emerges strong radiative force (radiation pressure gradient force)

and the disk becomes geometrically thick. This is the reason why, in the slim disk state, the disks

are geometrically and optically thick (� • ' � 0”5 andg ¡ 1, whereg is the optical depth of the

disk). In addition, semi-relativistic jets and out�ows will be driven by the strong radiative force of

the accretion disks. The e�cient radiation can release very high luminosity with respect to! Edd.

For AGN, this type of accretion �ows are suggested in Narrow-line Seyfert 1 galaxies [64, 65] and

a part of quasars [66].

(2) Standard thin disk. It was constructed by Shakura and Sunyaev in 1973 with relatively high

accretion rates (¤" acc � 0”1 ¤" Edd) [67]. The gas density is high enough to radiate the thermal

energy produced by viscous heating e�ciently and stay geometrically thin (� • ' � 1) but

optically thick (g ¡ 1). Hence, the matter in the disk is cooled e�ciently by radiation. For SMBH,

the temperature of the inner part of the thin disk typically reaches up to� 106 K, which results in

the black body radiation peaking in optical to UV bands (so-called the big blue bump). This type

of accretion disk is suggested in luminous AGN such as quasars.

(3) RIAF/ADAF. This type of accretion was proposed by Narayan and Yi in 1994, where the

accretion �ows have very low accretion rates (¤" acc � ¤" Edd) [68]. Low accretion rate means that
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the gas density is too low to e�ciently radiate emission. As a consequence, the energy produced

by the viscous heating is restored in the inner part of the �ow, resulting in a hot, geometrically

thick (� • ' � 1, where� and' is the half height and radius of the disk, respectively) and optically

thin (g Ÿ 1) accretion �ow. Since the thermal energy of the gas is comparable to the gravitational

energy, the gas may be able to escape from the gravitational binding of SMBH. Hence, ADAF/RIAF

are generally favored to e�ciently generate out�ows or jets. This type of accretion �ow is

suggested in low-luminosity AGN where the luminosity is only a tiny fraction of the Eddington

luminosity. FR-I radio galaxies including M87 (the primary target of this thesis) are also in this

category.

It turns out that the accretion disk is also related to the formation of the out�ow [69]. One

of the well-known mechanism to produce a collimated jet is Blandford-Payne process (BP

mechanism) which was proposed in 1982 [11]. In this model, magnetic �eld lines are threaded

through a rotating accretion disk. Plasma are driven by the twisted magnetic �eld and propagate

away of the source center. The out�ow generated by the innermost accretion disk can reach to

sub-relativistic velocity.

1.4 Relativistic Jets

AGN jets are strongly related to the central SMBH and accretion disk. The radio galaxy M87 is the

�rst observational record of AGN jet reported by Curtis in 1918 [70]. The non-thermal emission

from jet is detectable from radio toW-ray and its primary process for the radio-to-optical emission

was suggested to be synchrotron radiation by the mid twentieth century [71, 72]. In Figure 1.5,

Marscher et al. [73, 74] proposed a model for AGN jets by compiling various multi-wavelength

studies. Even though many details are still under hot debate, this is a good representation to

consider a general picture of AGN jet emission at di�erent positions. From massive observational

investigations, AGN jets hold plenty of intriguing characteristics such as limb-brightening [75, 76],

collimation with intrinsic opening angles ranging from¹0”1 � 9”4º� [77, 78], relativistic motion

with apparent speed up to 50 c [79], and periodic wobbling or oscillation [80]. These observational

properties are closely relevant to the mechanisms of formation, collimation, acceleration and

dissipation of relativistic jets. Concurrently there are also various e�orts from theory and

simulations to explain these observational properties. In this section, we will brie�y go through

some latest theoretical models together with related observational studies of AGN jets.

1.4.1 Formation and launching

Jet formation is a long-standing puzzle in AGN science. There are two major possibilities of jet

formation: 1) jets are hydrodynamically driven and launched by gas pressure gradients [81, 82, 83];

2) jets are magnetohydrodynamically produced and accelerated by the magnetic pressure

gradients [12, 11, 84]. The latter model is the most plausible model which is supported by recent

theoretical studies and simulations [13, 85].



8 Chapter 1. Introduction

Figure 1.5: Sketch of the structure and locations of emission at di�erent wavebands in a
quasar/active galactic nucleus (AGN), created by A. Marscher et al. [73, 74]. In the quasar case,
the jet points almost toward us. In the AGN sketch, the jet is viewed at a wider angle, so it is
more of a side view. The small dot at the center of the disk represents a supermassive black hole.
The colors signify "frequency strati�cation" of the emission. The highest-frequency synchrotron
emission requires the highest energy electrons, which are found only very close to the location
where they were energized, since they lose energy rapidly by emitting radiation. The accretion
disk (which extends above and below the black hole in the sketch) is hotter closer to the black
hole, so its thermal emission peaks at higher frequencies closer to the black hole.

According to the magnetohydrodynamic (MHD) models, magnetic �elds are ultimately

anchored to the rapidly rotating black hole (Blandford-Znajek mechanism) [12,87] and/or the inner

part of accretion �ows (Blandford-Payne mechanism) [11, 14] (see Figure 1.6). The di�erential

rotation of black hole's ergosphere and/or accretion �ows tightly twist the magnetic �elds, which

are responsible for driving out�ows/jets along the rotation axis. The jet power is proportional

to the mass accretion rate¤" acc and jet production e�ciency b, namely%jet / b ¤" acc22 [86].

Depending on types of sources,b can range from. 0.1 (e.g., galactic micro-quasar Cygnus

X-1 [88]) to over 1 (e.g., FR II [89]). Generally, a non-spinning BH holds a relatively low e�ciency

to generate jet power which can not exceed 100 per cent and may favor BP mechanism [90]. On

the other hand, some of recent comprehensive studies of AGN jets [35, 89, 91, 92, 93, 94] suggest

that the observed jet power of AGN tends to be signi�cantly higher than the accretion power (see

Figure 1.7). In this case, the BZ process can be responsible for the jet formation. In addition, BP

mechanism generally has the di�culty in accelerating the plasma to relativistic velocity because

of its high-mass loading [11, 84, 95]. However, relativistic motion is commonly observed in AGN

jets (see Section 1.4.2). Hence, the current theory of AGN jet production accommodates two

scenarios such that the BZ process leads to relativistic Poynting �ux dominated jets while the BP

process launches sub-relativistic mass dominated disk winds that may surround the central

BZ-origin jet.
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Figure 1.6:Left (adapted from [86]): 3-D model of two di�erent magnetic surfaces characterized
by values of the �ux function	 = 	 1 and	 = 	 2, separated by a radial distanceXA. The surfaces
where vectorsB lie are calledmagnetic surfaces. The wobbling magnetic �eldB lines are indicated
with red and blue lines.	 is constant along magnetic �eld lines. All theB lines on the same
magnetic surface rotate with same velocity, but it di�ers between surfaces.Right(adapted
from [12]): a schematic 2-D diagram of electromagnetic structure of force-free magnetosphere in
the BZ mechanism.E is electric �eld. J is electric current vector.
 H is angular velocity of black
hole. Subscripts p,q and r indicate the poloidal, toroidal and radial component, respectively.
Electric �eld has no toroidal component. The disks are assumed to be Keplerian.) is the
electromagnetic structure of the magnetosphere of the transition region.! is light surface. The
magnetic �elds from BH (BZ mechanism) and (or) accretion disk (BP mechanism) may work in jet
formation.
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Figure 1.7:Left (adapted from [96]): Measured magnetic �ux of the jet,� jet,versus! 1•2
acc" under the

assumption� \ = 1 and an accretion radiative e�ciency of[ = 0”4 for the sample of 76 sources.
Right(adapted from [94]): Jet power versus accretion power based on a simple one-zone leptonic
model [97] and an e�ciency [ = 0”3. These two �gures demonstrate that the MAD model works
well for explaining most of the observational jet power which can be larger than accretion power.
Namely, BP mechanism is not su�cient to produce the AGN jets alone.

1.4.2 Acceleration

After the formation of Poynting out�ows from the black hole, the poloidal component of the

Lorentz force (Pp � Hq , where the subscripts p andq indicate the poloidal and toroidal component,

respectively) accelerates and drives them to relativistic speeds. With increasing distance from the

black hole, the magnetic energy is gradually converted into kinetic energy under the so-called

�magnetic nozzle e�ect" [98, 99, 100, 101] and partially dissipates into radiation through shocks

and dissipative waves [102, 103, 104] (see Figure 1.8-Left).

There are several key parameters to investigate the acceleration: (1) observed apparent

velocity which is+app = Vapp2, whereVapp is normalized apparent speed and2 is the speed of

light, (2) intrinsic normalized velocityV = + •2 = Vapp•¹ Vappcos\ ¸ sin\ º, (3) Lorentz factor

� = ¹1 � V2º� 1•2, namely in relativistic regimeV ! 1 we have� � 1. Based on the latest

systematic studies of AGN jets by the Monitoring of Jets in Active Galactic Nuclei With VLBA

Experiments (MOJAVE) program at 15 GHz [105, 79], jet acceleration is mainly detected at

distances within� 100 pc (de-projected) from the core, beyond which stable or decreasing

velocities start to appear. The transition region could be related to the recollimation shock which

will be discussed more in Section 2.3. Due to the Doppler e�ects [106], relativistic velocity is

common in AGN jets. The highest apparent speed about� 502 is observed in PKS 0805-07 jet with

corresponding� � 50[107]. The majority of maximum apparent speeds in AGN distribute below

302 and peaks in the sources with low synchrotron peak frequencies (see Figure 1.8-Right) [79].

According to various axisymmetric MHD simulations [102, 108, 110], the value of Lorentz
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Figure 1.8:Left (adapted from [104]): the axisymmetric GRMHD simulation result of energy
exchange from Poynting (indicated by magnetizationf in green color) and thermal (indicated by
speci�c enthalpy� in black color) energy to kinetic (Lorentz factor� in red color) energy along a
magnetic �eld line as a function of cylindrical radius. The speci�c total energy �ux` is almost
constant which is shown in blue color.Right: Maximum apparent jet speed vs. synchrotron peak
frequency for jets in the MOJAVE survey [79].

Figure 1.9:Left (adapted from [108]): the schematic view of axisymmetric GRMHD jet with a
spine-sheath structure. The di�erential of velocity in spine-sheath structure is responsible for
the limb-brightening feature in AGN jets due to the Doppler beaming e�ects.Right(adapted
from [109]): Uniformly weighted, averaged VLBA image of M87 at 43 GHz. Contours start from
the 3f image rms level and increase by factors of

p
2.
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factor � strongly depends on the black hole spin and becomes larger at the outer layer which is

so-called a sheath. The relatively lower value of� distributes in the inner layer which is so-caller

spine. The �spine-sheath" structure is proposed as one of the fundamental features for a BH-driven

jet [111, 112] (see Figure 1.9-Left). A limb-brightening feature which is dominated by the sheath

emission has been observed in several AGN such as M87 [109, 113] (see Figure 1.9-Right),

3C84 [76, 114], Mrk 501 [115], Mrk 421 [116], Cygnus A ([117]), and 3C353 [118]. Note that

the magnetic and/or pressure instabilities may give birth to internal shocks which appear as

stable/moving knots with enhanced synchrotron emission [111, 119, 120]. These moving knots

could be the suitable components to monitor acceleration pro�le. However, apparent velocity

measurement is a�ected by various factors such as data quality and sampling interval. Moreover,

the viewing angle as a critical parameter to have an insight into the intrinsic velocity varies

between di�erent sources and is not fully �xed for each source.

1.4.3 Collimation

Along with the acceleration process, the toroidal component of the Lorentz force helps to collimate

the jet. Based on the ideal MHD approximationK ¸ 1
2\ � H = 0, in the case of non-relativistic case

(+ � 2), the Lorentz force is greater than the electric forcedK (whered is the mass density) and

dominates the collimation. In the case of relativistic �ows (\ q � \ p � 2), the electric force

becomes comparable to the Lorentz force. Hence, additional pressure support from the external

medium is necessary to keep the highly collimated and relativistic jet. The winds from the

accretion �ows may play an important role in this additional process [121].

Various numerical studies have been made to explore di�erent solutions of jet shape, including

cylindrical [101], conical [122] and parabolic shapes [81]. The most popular model is that

AGN jets start with relatively wide opening angles (¡ 60� ) near a black hole and collimate

asymptotically into a parabolic shape as suggested in Figure 1.10-Left [87]. A statistical research

on the intrinsic opening angle of 65 AGN jets observed by VLBA at 15 GHz show very narrow

ranges (0”1� � 9”4� ) and con�rm the increasingly high collimation trend up to� 104 pc scale as

shown in Figure 1.10-Right[78].

Recent observational work on individual sources including FR-I radio galaxies (e.g., M87 [123,

124, 109]; NGC 6251 [125]; NGC 4261 [111]; NGC 315 [126]), FR II radio galaxies (Cygnus A [127]),

quasars (3C 273 [128]) and Seyfert galaxies (1H 0323+342 [129]) clearly show the collimation break

around105 Schwarzchild radii (' s) where the jet shape transits from parabolic to conical pro�les,

implying a common jet collimation mechanism regardless of the type accretion state. A recent

statistical research on 10 nearby jets also con�rmed the common transition in AGN jets [130]. In

some AGN which contain dense surrounding material (found by free-free absorption), the jet

shape may also show the transition from cylindrical to conical structure [76, 131].
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Figure 1.10:Left (adapted from [87]): A radial cross-section of the Poynting-dominated jet along
three �eld lines showing the opening angle in degrees. The overlapping dashed lines are parabolic
�ts within the radial range that has a similar collimation. This indicates the parabolic shape is the
common feature in AGN jets which is not a�ected by the magnetic �eld strength.Right(adapted
from [78]): Intrinsic opening angle versus median distance from the 15 GHz core for the 65 AGN
jets with viewing angle estimates. The observational results of AGN jets con�rm the common
existence of parabolic shape predicted by the simulations.

1.4.4 Jet wobbling

One of the remarkable features seen in both kpc- and pc-scale AGN jets is bent or wobbling. The

large-scale jets with wobbling morphology are more related to instabilities in the �ows and the

interaction between the jets and ambient environment [132, 133]. The jet direction at pc scales

can be90� di�erent from that of the kpc-scale jet in some cases [134]. Di�erent mechanisms

working at pc- and kpc-scale jet could lead to the misalignment of the jet direction between

these scales. For the sources with small viewing angles and wobbling jets, relativistic beaming

e�ects could be one of the main reasons for the misalignment among di�erent regions [135]. The

magnetic �eld strength increases towards the upstream side of the jet �ow. Hence, AGN jets

structure at pc scales are more strongly governed by the central BH+disk compared with the jet

regions far from the BH, where the external e�ect is more relevant. Hence, probing jet wobbling

near the jet base (at pc scales or even less) can provide us a close insight into the connection

between the jet launching and BH+disk system.

Intensive VLBI monitoring observations have been made to trace the pc-scale jet morphology

for various types of AGN [137, 80, 138]. With the increase of time coverage of the monitoring,

a growing number of sources are con�rmed to show non-radial motion such as swinging or

wobbling (see Figure 1.11). According to the latest result from the MOJAVE survey (made by

VLBA at 15 GHz), there are typically three types of pc-scale jet position angle (PA) variation

(Figure 1.12): (1) components in jet propagate outward non-radially with a smooth evolution of

PA (e.g., 1758+388); (2) sharp change of PA due to a rapid fading which connects inner jet PA with
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