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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 22 GHz.
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 (<230 GHz)
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

Contents

vii

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.

1

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 𝐿 ≈ 1048 erg s−1 [1]) than that of the normal galaxies (e.g., the Milky
Way, 𝐿 ≈ 1043 erg 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 (𝑀BH ∼ 106 − 1010 𝑀⊙ [3],
where 𝑀⊙ ≈ 2 × 1033 g 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 to 𝑧 = 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 different viewing angles (𝜙), 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 influence, the
matter around SMBH loses its angular momentum through magnetic stress [11], drifts to the orbit
and forms an accretion disk covering the scales of 10−7 − 1 pc. The radiation from the accretion
disk is primarily emitted in optical/ultraviolet (UV) bands. Based on the leading theoretical
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Figure 1.1: Unified scheme of an active galactic nucleus (adopted from [9]).

models of BH accretion [12, 11, 13], the magnetic field B lines tied to the infalling plasma and/or
accretion disk are dragged with their angular rotation and produce a Poynting flux directed along
the rotation axis away from the black hole [14]. This powerful outflow, 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 at 1 − 10 pc is related
to the emission at infrared (IR) band and AGN obscuration. The BLR (0.01 − 1 pc) 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 classification of AGN, it depends on several key properties, namely radio-loudness,
viewing angle, accretion rate (𝑀¤ 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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Fanaroff-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 effects [19]. In RQ AGN, the
presence (absence) broad emission lines classifies 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 𝑀BH versus stellar velocity dispersion (𝜎) for
65 galaxies with direct dynamical measurements of 𝑀BH . The solid black line in a shows the
best-fitting power law for the entire sample: log10 (𝑀BH /𝑀⊙ ) = 8.29 + 5.12 log10 [𝜎/(200 𝑘𝑚 𝑠 −1 )].
b, Black-hole mass versus V-band bulge luminosity, 𝐿V (𝐿⊙,V , solar value), for 36 early-type
galaxies with direct dynamical measurements of 𝑀BH . The solid black line shows the best-fitting
power law: log10 (𝑀BH /𝑀⊙ ) = 9.16 + 1.16 log10 (𝐿V /1011𝐿⊙ ). BCG is short for Brightest Cluster
Galaxies.
For all types of AGN, SMBH has significant influence on the galaxy evolution [29, 30, 31, 32,
33, 34]. The so-called 𝑀BH –𝜎 and 𝑀BH –𝐿V relation (where 𝜎 is stellar velocity dispersion and 𝐿V
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 outflow 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 field 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 significantly strong gravity to trap everything
even the light. Soon in 1916, Karl Schwarzschild derived the first 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 first observational hint of the existence of BHs. As for the existence of SMBH, since the first
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],
H2 O maser[50], highly broadened K𝛼 emission line [51], and stellar distributions [29]. The first
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.

1.3 Accretion flows
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As for the classification 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 defined as 𝑅s = 2𝑅g = 2𝐺𝑀BH /𝑐 2 , where
𝑅g is the gravitational radius, 𝐺 is the gravitational constant, and 𝑐 is the speed of light in vacuum.
√
The corresponding event horizon radius is 𝑅H = 𝑅g (1 + 1 − 𝑎 2 ) where 𝑎 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 (𝑀BH ∼ a few to 10 𝑀⊙ , e.g., X-ray binaries [53] and Gamma-ray bursts [54]),
intermediate-mass BH (𝑀BH ∼ 102−5 𝑀⊙ , 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 around 4 × 106 𝑀⊙ [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
fields 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 sufficient energy for
generating powerful AGN jets.

1.3

Accretion flows

The accretion of matter onto the central SMBH is the ultimate energy source of AGN. Various
different 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 (𝑟 B = 2𝐺𝑀BH /𝑐 s2 , where 𝑐 s is the sound speed of the plasma) is dominated by
the gravitational potential of the SMBH. The accretion efficiency 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 flow 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 𝐿Edd . The
luminosity 𝐿 due to mass accretion is proportional to the accretion rate 𝑀¤ acc which can be
expressed as 𝐿 = 𝜂 𝑀¤ acc𝑐 2 . Note that 𝜂 is the efficiency 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 𝑚¤ = 𝑀¤ acc /𝑀¤ Edd (where the Eddington accretion rate
𝑀¤ Edd = 𝐿Edd /(𝜂𝑐 2 )), accretion disk can be generally classified as three primary types; advectiondominated accretion flows (ADAF) or radiatively-inefficient accretion flows (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
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Figure 1.4: Scheme of the accretion flow around an accreting black hole in different spectral states
as a function of the accretion rate in Eddington units, 𝑚¤ = 𝑀¤ acc /𝑀¤ Edd , where 𝑀¤ acc is accretion
rate and 𝑀¤ 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 (𝑀¤ acc ≥ 𝑀¤ Edd ) [61, 62, 63].
The accretion state is regarded as a supercritical one due to 𝐿 > 𝐿Edd . In this state, the mass
accretion rate is so high (i.e., the optical depth of the disk is so high) that the diffusion 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 (𝐻 /𝑅 ∼ 0.5 and 𝜏 > 1, where 𝜏 is the optical depth of the
disk). In addition, semi-relativistic jets and outflows will be driven by the strong radiative force of
the accretion disks. The efficient radiation can release very high luminosity with respect to 𝐿Edd .
For AGN, this type of accretion flows 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 (𝑀¤ acc ∼ 0.1𝑀¤ Edd ) [67]. The gas density is high enough to radiate the thermal
energy produced by viscous heating efficiently and stay geometrically thin (𝐻 /𝑅 ≪ 1) but
optically thick (𝜏 > 1). Hence, the matter in the disk is cooled efficiently 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 flows have very low accretion rates (𝑀¤ acc ≪ 𝑀¤ Edd ) [68]. Low accretion rate means that
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the gas density is too low to efficiently radiate emission. As a consequence, the energy produced
by the viscous heating is restored in the inner part of the flow, resulting in a hot, geometrically
thick (𝐻 /𝑅 ∼ 1, where 𝐻 and 𝑅 is the half height and radius of the disk, respectively) and optically
thin (𝜏 < 1) accretion flow. 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 efficiently generate outflows or jets. This type of accretion flow 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 outflow [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 field lines are threaded
through a rotating accretion disk. Plasma are driven by the twisted magnetic field and propagate
away of the source center. The outflow 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
first observational record of AGN jet reported by Curtis in 1918 [70]. The non-thermal emission
from jet is detectable from radio to 𝛾-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 different positions. From massive observational
investigations, AGN jets hold plenty of intriguing characteristics such as limb-brightening [75, 76],
collimation with intrinsic opening angles ranging from (0.1 − 9.4) ◦ [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 efforts from theory and
simulations to explain these observational properties. In this section, we will briefly 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].
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Figure 1.5: Sketch of the structure and locations of emission at different 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 stratification" 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 fields are ultimately
anchored to the rapidly rotating black hole (Blandford-Znajek mechanism) [12, 87] and/or the inner
part of accretion flows (Blandford-Payne mechanism) [11, 14] (see Figure 1.6). The differential
rotation of black hole’s ergosphere and/or accretion flows tightly twist the magnetic fields, which
are responsible for driving outflows/jets along the rotation axis. The jet power is proportional
to the mass accretion rate 𝑀¤ acc and jet production efficiency 𝜉, namely 𝑃 jet ∝ 𝜉 𝑀¤ acc𝑐 2 [86].
Depending on types of sources, 𝜉 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 efficiency
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 significantly 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 difficulty 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 flux 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 different magnetic surfaces characterized
by values of the flux function Ψ = Ψ1 and Ψ = Ψ2 , separated by a radial distance 𝛿𝑟 . The surfaces
where vectors B lie are called magnetic surfaces. The wobbling magnetic field B lines are indicated
with red and blue lines. Ψ is constant along magnetic field lines. All the B lines on the same
magnetic surface rotate with same velocity, but it differs 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 field. J is electric current vector. ΩH is angular velocity of black
hole. Subscripts p, 𝜙 and r indicate the poloidal, toroidal and radial component, respectively.
Electric field has no toroidal component. The disks are assumed to be Keplerian. 𝑇 is the
electromagnetic structure of the magnetosphere of the transition region. 𝐿 is light surface. The
magnetic fields from BH (BZ mechanism) and (or) accretion disk (BP mechanism) may work in jet
formation.
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1/2
Figure 1.7: Left (adapted from [96]): Measured magnetic flux of the jet,Φjet ,versus 𝐿acc
𝑀 under the
assumption Γ𝜃 = 1 and an accretion radiative efficiency of 𝜂 = 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 efficiency 𝜂 = 0.3. These two figures 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 sufficient to produce the AGN jets alone.

1.4.2

Acceleration

After the formation of Poynting outflows from the black hole, the poloidal component of the
Lorentz force (𝑱 p × 𝑩𝜙 , where the subscripts p and 𝜙 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 effect" [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 𝑉app = 𝛽 app𝑐, where 𝛽 app is normalized apparent speed and 𝑐 is the speed of
light, (2) intrinsic normalized velocity 𝛽 = 𝑉 /𝑐 = 𝛽 app /(𝛽 app cos 𝜃 + sin 𝜃 ), (3) Lorentz factor
Γ = (1 − 𝛽 2 ) −1/2 , namely in relativistic regime 𝛽 → 1 we have Γ ≫ 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 effects [106], relativistic velocity is
common in AGN jets. The highest apparent speed about ∼ 50 𝑐 is observed in PKS 0805-07 jet with
corresponding Γ ∼ 50 [107]. The majority of maximum apparent speeds in AGN distribute below
30 𝑐 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 magnetization 𝜎 in green color) and thermal (indicated by
specific enthalpy ℎ in black color) energy to kinetic (Lorentz factor Γ in red color) energy along a
magnetic field line as a function of cylindrical radius. The specific total energy flux 𝜇 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 differential of velocity in spine-sheath structure is responsible for
the limb-brightening feature in AGN jets due to the Doppler beaming effects. Right (adapted
from [109]): Uniformly weighted, averaged VLBA√image of M87 at 43 GHz. Contours start from
the 3𝜎 image rms level and increase by factors of 2.
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factor Γ 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 Γ 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 profile. However, apparent velocity
measurement is affected 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 different sources and is not fully fixed 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 approximation 𝑬 + 𝑐1 𝑽 × 𝑩 = 0, in the case of non-relativistic case
(𝑉 ≪ 𝑐), the Lorentz force is greater than the electric force 𝜌𝑬 (where 𝜌 is the mass density) and
dominates the collimation. In the case of relativistic flows (𝑽 𝜙 ≪ 𝑽 p ∼ 𝑐), 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 flows may play an important role in this additional process [121].
Various numerical studies have been made to explore different 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 confirm 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
around 105 Schwarzchild radii (𝑅s ) where the jet shape transits from parabolic to conical profiles,
implying a common jet collimation mechanism regardless of the type accretion state. A recent
statistical research on 10 nearby jets also confirmed 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 field lines showing the opening angle in degrees. The overlapping dashed lines are parabolic
fits within the radial range that has a similar collimation. This indicates the parabolic shape is the
common feature in AGN jets which is not affected by the magnetic field 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 confirm 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 flows and the
interaction between the jets and ambient environment [132, 133]. The jet direction at pc scales
can be 90◦ different from that of the kpc-scale jet in some cases [134]. Different 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
effects could be one of the main reasons for the misalignment among different regions [135]. The
magnetic field strength increases towards the upstream side of the jet flow. 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 effect 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 confirmed 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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Figure 1.11: Example of bent and wobbling jet of BL Lac. The solid line indicate the jet center in
each epoch. Three epochs are selected to show the variation of the jet center with time [136].
a further nearby feather (e.g., 1520+319); (3) a large jump caused by the displacement of the newly
ejected components compared with the previous ones (e.g., 0851+202). Among 447 sources,
Lister et al. (2021) [138] identified 13 AGNs as the first type. Some of the well-sampled jets show
quasi-periodic oscillation as shown in Figure 1.11-(4). Unfortunately, the accurate periodicity or
even periodic motion itself cannot be concluded due to the insufficient sampling time coverage in
their work.
For a handful of individual objects, particularly dedicated investigations of jet PA variation
have been performed using multiple frequencies and large amount of data (e.g., 3C279 [139],
3C 273 [140, 141], NRAO 150 [142], OJ 287 [143, 144], 3C 345 [145], S5 0716+714 [146], BL
Lac [147, 148, 136], PG 1553+113 [149], PKS 0735+178 [150], 1308+326 [151], PG 1302-102 [152]).
Most of the reported sources are blazars and quasars which have relatively smaller viewing
angles compared with radio galaxies. The variation of jet structure is more significant in the
sources with smaller viewing angles due to the Doppler beaming effects. Only two radio galaxies,
3C84 [153, 154] and M87 [113], are reported to show variable PA by now. With the accumulation
of more data from monitoring projects, there are an increasing number of sources showing
quasi-periodic wobbling. However, again by the limited time sampling coverage, it is still not easy
to conclude the exact periodicity with a certain model. For some cases, it is even difficult to
identify whether it is periodic or not. Hence, various different models are applied in the same
source to test different possibilities. To better understand the nature/origin of jet wobbling, other
observational aspects (e.g., variability [155], proper motion [156] and polarization [157]) are also
often discussed together with the PA variation since those quantities may be closely related to the
change of jet direction.

1.4 Relativistic Jets
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Figure 1.12: (1)-(3) Three typical types of inner jet PA variation versus time. (4) Best fitted results
with sinusoid curves for 0945+408 which represents the cases with possibly periodic variation in
PA. [138]
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Various models are proposed in the literature to explain the observed wobbling of AGN
jets. The most popular models can be generally divided into two main categories: precession
and instabilities. As shown in Figure 1.13, the origins of precession contain the possibilities
of Lense-Thirring precession [158] related to a tilted accretion disk (e.g., NGC1068 [159]) or
(and) effects from a binary black hole system (e.g., OJ287 [160]). The key difference between the
precession models and instability models is whether there is a clear periodic pattern or not.
Unless the sampling time coverage is long enough, identification of such periodic motion is
generally the most challenging part in this kind of study.
The geometric configuration of precession model is well examined by studies of X-ray binaries,
jet
e.g., SS 433. The successful studies of SS 433 jet PA reveal a precession period (𝑃prec ) around 163
days, an opening angle of precession cone (𝜓 ) around 20◦ and a viewing angle with respect to the
jet
precession axis (𝜃 ) around 80◦ [161, 162, 163]. The three parameters, 𝑃prec , 𝜓 and 𝜃 , are the key
parameters in the precession model. The fitting results of tens of AGN jets PA based on the
precession model suggest periodicity on time scales of years [164], indicating that studying the
wobbling of AGN jets indeed require long-term monitoring projects. Detailed precession models
may be slightly different in different works based on different assumption specific to individual
sources [165, 166].

Figure 1.13: Two main possibilities which cause jet precession. (a) A snapshot of GRMHD
simulation of highly tilted accretion disk around a spinning black hole conducted by Liska
et al. (2018) [167]. The white and red arrows indicate the axis of BH spin and accretion disk
rotation, respectively. (b) 3D view of binary BH (BBH) model adopted from Paschalidis et
al. (2021) [168]. The white lines represent the magnetic field lines which are anchored on the BH
horizon. Two-side twin jets are produced. Colored regions are accretion disk.
In general, most of MHD simulations of BH accretion and jet formation assume that the BH
spin axis is aligned with the accretion rotation axis as shown in Figure 1.9 [169]. Such jets are
expected to form a straight beam. However, recent observations show evidence of wobbling jets in
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an increasing number of objects. These observational progress has stimulated further refinements
of theoretical simulations. The misalignment between the BH spin and disk rotation axes can lead
to Lense-Thirring (LT) forces which make the accretion disk precess and warp [170]. Detailed 3D
general relativistic MHD simulations have been preformed to understand the properties of tilted
disks [171, 172, 167]. For the case of a RIAF-type geometrically-thick) tilted thick disk-jet system,
Liska et al. (2018) [167] for the first time proved that precessing jets can be launched by tilted
disks [167]. The direction of the simulated jet follows that of accretion disk rotation axis, not that
of BH spin axis. It is a sign that (1) jets may be used as a probe of disk precession; (2) tilted disks
system may commonly exist in AGN who have precessing jets. However, whether it can recover
the periodic motion seen at downstream and the time scales of periodicity are poorly studied.
The investigations on tilted disk system become more active in recent theoretical field, as well.
To test such theories more robustly, observational results having matched spacial scales with
the simulations are eagerly awaited. In this regard, VLBI observations of the M87 jet can be
best-suited to address this, as in fact demonstrated in Chapter 4.

1.5

Motivations and uniqueness of this thesis

The identification on wobbling AGN jets attracts a growing interest in the high-energy astrophysical community. It is related to the fundamental studies of AGN jets, like jet formation and
launching, acceleration and collimation, which are one of the central topics in astrophysics. There
are various and significant efforts made based on theoretical simulations and multi-frequency
observations. To resolve the innermost region of AGN jets, very long baseline interferometry
(VLBI) observations in radio bands is a powerful tool thanks to its high angular resolution,
even though it is still difficult to directly reach event-horizon scales for most sources. Instead,
detailed monitoring of jet dynamics right after its launching allows us to study the physical
properties of the central engine. Long-term jet wobbling can be one of the important hints
to investigate the BH-scale activity. There is an increasing number of sources identified the
existence of PA variation over time. Possible models are also discussed based on the long-term
monitoring observations. However, most of identified sources are blazar and quasar whose
resolved jet regions are far from the BH. More investigations on the nearby jets where horizon
scales accessible are urgently to be settled.
For the researches on both central BH and relativistic jets, the radio galaxy M87 is one of the
best targets due to the large black hole mass (𝑀BH = 6.5 ± 0.7 × 109 𝑀⊙ [52]) and the proximity
(𝐷 = 16.8 ± 0.8 Mpc, 1 mas ≈ 0.08 pc [173]). The recent groundbreaking results by the Event
Horizon Telescope Collaboration (EHTC) directly access the event-horizon-scale structures at
230 GHz [52, 174, 175, 176, 177, 177, 178]. Long-term monitoring on the downstream side of the
M87 jet, especially for scales from tens to 104 Rs where active collimation and acceleration of the
flow are at work, is crucial to address the key questions on AGN jets.
In particular, the East Asian VLBI Network (EAVN) is a rapidly evolving international VLBI
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array that is currently promoted under joint efforts among China, Japan, and Korea [179].
This is the biggest VLBI array in East Asia which can monitor the northern hemisphere at
centimeter wavelengths. Also the EAVN is actively expanding in cooperation with Italian,
Russian and Australian telescopes. Since 2016, we have been conducting intensive EAVN
observations of the M87 jet, as part of the Large Program led by the AGN Science Working Group,
to thoroughly understand the detailed physics and dynamics of the jet formation regions at
various time scales from days to weeks to years. EAVN is currently the only one facility which is
continuously monitoring M87 every year since 2016. Over 100 epochs data of M87 have been
obtained by 2021. The sampling time interval was as short as 1 days. Furthermore, part of these
EAVN observations are closely coordinated with the annual EHT observing campaigns of M87.
The near-in-time complementary EAVN and EHT observations of M87 allow us to connect
mas- and 𝜇as-scale emissions timely. It is one of the uniqueness of our EAVN program which
enables to trace the simultaneous properties of M87 from event-horizon scales (a few 𝑅𝑠 s ) to jet
collimation/acceleration scales continuously.
In summary, this thesis has two motivations: 1) Estimate the performance of EAVN array that
has newly emerged in East Asia. Especially, the array with KaVA+TMRT+NSRT is the core array
for EAVN. Performance evaluation for KaVA+TMRT+NSRT promote following EAVN activities. 2)
Investigate both the short- and long-term properties of M87. For the short-term, it means the
downstream M87 jet profile near-in-time with EHT observing window in 2017 and 2018. The
Quasi-simultaneous EAVN observations at the lower frequencies may offer complementary
information to properly interpret the EHT images. For the long-term, it includes the analysis of
M87 jet over 15 years with 115 EAVN data and 42 archive VLBA data at 22 and 43 GHz. In total,
the number of data for imaging analysis is 157 epochs which covers 2006-2021. Three more GMVA
epochs at 86 GHz are included to compare the jet properties at even closer regions to the BH.
There are 159 epochs of VERA observations analyzed for monitoring M87 variability. I will report
the results and related discussions obtained with our EAVN/VLBA/GMVA/VERA observations
in this PhD thesis. In Chapter 2, I will review the previous works on M87 in more details to
have a general picture of study progress of my target. As a newly established VLBI array, I will
describe and estimate the performance of EAVN which mainly focuses on KavA+TMRT+NSRT in
Chapter 3. The short-term properties of M87 jets close to EHT-2017 observation window and the
long-term dynamics over 15 years will be demonstrated in Chapter 4 to discuss the possible links
between BH- and mas-scale emission. I will present my future research plan and summarize this
PhD thesis in Chapter 5.
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Radio galaxy M87: the best laboratory to study
SMBH and AGN jets

M 87 (3C274, NGC4486, Virgo A, 𝑧 = 0.0043 [180]) is a giant, elliptical, radio galaxy at the center
of the Virgo cluster [181] with a prominent jet and a massive black hole. Thanks to its proximity
at a distance of 𝐷 = (16.8 ± 0.8) Mpc (1 mas = 0.08 pc, 1 mas yr−1 ≈ 0.3 c) [173] and relatively
large viewing angle 𝜙 = 19◦ ± 4◦ [182, 183], M87 offers an unprecedented opportunity to probe
the detailed structure of the jet over a wide range of distances from ∼ 10−2 pc to kpc scales.
Bright emission is detected throughout the whole electromagnetic spectrum from radio to
𝛾-ray [184, 185, 186, 187, 188]. Due to its low luminosity (𝑃178MHz ∼ 1.0 × 1025 W m−2 ) and jet
morphology, Fanaroff and Riley classified M87 as FR I type source [25]. The jet power 𝑃jet
ranges from 1042 to 1045 erg s−1 [189, 190, 191, 192, 193, 194]. In addition, the SMBH with mass
𝑀BH = (6.5 ± 0.7) × 109 𝑀⊙ (1 mas ∼ 129 Rs ) [52] harboring inside M87 makes it a privileged
target that allows us to directly access the event-horizon-scale structures, as demonstrated by the
first ever BH image reported by the EHTC [52]. The accretion rate is 𝑀¤ acc ∼ 2.7 × 10−3 𝑀⊙ yr−1 .
Namely, 𝑚¤ = 𝑀¤ acc /𝑀¤ Edd ∼ 2.0 × 10−5 , where 𝑀¤ Edd = 137 𝑀⊙ yr−1 with the radiative efficiency
𝜂 = 0.1 [177]. This rather low accretion rate makes M87 as an ideal target to study the BH and
jet physics associated with ADAF/RIAF type accretion flows [195]. There are remarkable and
continuous efforts being made to investigate various properties of the M87 jet. In this chapter, I
will review some recent studies of M87 mainly at radio bands.
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2.1

First black hole shadow image

In 2017 April, EHT VLBI campaign performed four epochs of M87 observations with Earthdiameter-length baselines based on eight stations at 230 GHz [52]. The super-high angular
resolution is up to ∼ 25 𝜇as which provides a chance to resolve the emission at the event horizon
scales of M87 (Figure 2.1). Although the existence of a black hole is predicted by Einstein more
than 100 years ago [42], this is the first ever black hole image captured by actual observations.
There are several main features revealed in the EHT image of M87:

Figure 2.1: Images of the M87 BH shadow via total intensity and linear-polarization intensity [52,
196]. The images show a bright ring formed as light bends in the intense gravity around a black
hole that is 6.5 billion times more massive than the Sun. This long-sought image provides the
strongest evidence to date for the existence of SMBH and opens a new window onto the study of
black holes, their event horizons, and gravity.
• The black hole shadow image shows a bright circular ring with a diameter 42 ± 3 𝜇as;
• Central darkness over 10:1 compared with the brightest emission part;
• Asymmetric north-south brightness emission distribution with a peak brightness temperature 𝑇B ∼ 6 × 1010 K at southern side;
• BH mass derived to be 𝑀BH = (6.5 ± 0.7) × 109 𝑀⊙ from the lensed emission at BH scales;
• The averaged electron density surrounding the black hole 𝑛 e ∼ 104−7 cm−3 with the electron
temperature 𝑇e ∼ (1 − 12) × 1010 K;
• Linear polarization degree fractions range from (2-15)% where the southwest part of the
ring reaches ∼ 15%;
• Rotation measure is around 103.3−5.5 rad m−2 ;

2.1 First black hole shadow image
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• The strength of the magnetic fields associated with the ring is estimated to be 𝐵 ∼ 1 − 30 G.
Detailed comparison of the EHT results with the state-of-the-art GRMHD simulations brings
us deep insights into the physical properties on the event-horizon scales. The magnetically
arrested accretion disks (MAD) are preferred for M87 which offer relatively high accretion rate up
to (3 − 20) × 10−4 M⊙ yr−1 . The magnetic field is slightly smaller than the magnetic field strength
50 G ≤ Btot ≤ 124 G estimated by Kino et al. (2015) [197] which is calculated based on early EHT
data observed in 2009 [198].

Figure 2.2: Snapshots of the M87* black hole obtained through imaging / geometric modeling, and
the EHT array of telescopes in 2009-2017. The diameter of all rings is similar, but the location of
the bright side varies. [199]
Prior to the EHT-2017 observations that obtained the BH shadow images, early experimental
EHT observations were conducted with a limited number of antennas (< 5 stations) in 2009,
2011, 2012 and 2013 [200, 198, 201]. Due to the insufficient uv-coverage, these experiments
were not able to recover interferometric images like the ones observed in 2017. However, by
applying a statistical modeling approach and comparing with the 2017 data analysis process,
these previous EHT observations confirmed the presence of a persistent ring structure with a
stable diameter of the ring and asymmetric brightness distribution [199]. Figure 2.2 presents the
best fitted models obtained from the five years EHT observations. Interestingly, these best-fit
models suggest that the position angle (PA) of the brighter part of the ring is changing in
different years. The brighter side may be related to the orientation of BH spin direction and
magnitude [177], magnetic field structure [202], misalignment between BH spin and accretion
disc rotation axes [167, 203, 204], magnetorotational instability caused by the turbulence in
accretion flow [205] and many other effects which need to be constrained in future observations.
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Two of the most interesting questions which can be complemented with lower-frequency VLBI
observations are how the downstream jet behaves near-in-time with the EHT observing window.
The contemporaneous low-frequency images from our EAVN observations play a unique and
critical role in connecting the horizon-scale structures to the large-scale jet. A long-term variation
research may be also helpful to complete the M87 jet model and provide some constraints to
better understand the variation of the emission at BH scales (see Chapter 4).
To test the connection among the synchrotron emission detected at different frequencies and
model the broadband spectral energy distribution, EHT Multi-Wavelength Working Group (MWL
WG) conducted extensive and quasi-simultaneous monitoring of M87 with multiple facilities from
the ground to the space, in which I contributed to the VLBI observations at radio bands. As
reported in EHTC MWL WG et al. (2021) [206], the M87 core was in a relatively low state.

2.2

Multi-scale view of the M87 jet

To see the whole structure of the M87 jet, Figure 2.3 from left to right displays the overall
morphology from kilo-parsec (kpc) to sub-parsec scales. There are plume-like structures shown
in the image obtained with Very Large Array (VLA) at 330 MHz (Figure 2.3-a). The eastern side
extends to 19 kpc and the south-western emission reaches over 35 kpc. The high dynamic range
image obtained with VLA at 15 GHz [207] resolves M87 jet at kpc scales, especially lobes at
both sides with respect to the central core (Figure 2.3-b). The distance between the edges of
eastern and western lobes is about 6 kpc. The one-side jet extents 1.6 kpc towards north-west
direction along position angle PA = 290◦ with respect to the central nucleus [208]. There are
several famous components resolved as knots G, D, E, F, I, A, B, and C which locate at 1".3, 3".5,
6".0, 8".5, 11".0, 12".0, 14".0 and 17".0 respect to the nucleus, respectively [208]. A similar structure
is confirmed with optical [185] and X-ray [186] observations.
As shown in Figure 2.3-c observed by Very Long Baseline Array (VLBA) at 1.7 GHz [210],
another characteristic component located at ∼ 1".0 from the nucleus is a peculiar component that
was firstly identified by the Hubble Space Telescope (HST). Hence, it is named as HST-1 by Biretta
et al. (1999) [182]. Extreme active flares from HST-1 were detected at radio, optical, X-ray and
𝛾-ray in 2005 [188, 212]. Another similar very high energy (VHE, > 100 GeV) 𝛾-ray flare event
happened in 2010 [213], which also had coincident flares at radio [210] and X-ray [214]. The
corresponding features and events discovered at multiple wavelengths from radio to X-rays
suggest the common synchrotron origin from non-thermal electrons even though the detailed
mechanism of 𝛾 rays and its connection to the rest of the energy bands are still puzzling. The
straight jet beyond HST-1 roughly forms a cone with an apparent opening angle Θapp = 6.5◦
(full-width-half-maximum, FWHM). Under the assumption of viewing angle 𝜙 = 17◦ , the intrinsic
opening angle is Θ = 2◦ .
With increasing the observing frequencies and baseline lengths, the VLBA images at 43 GHz
(Figure 2.3-d, [109]) and Global mm-VLBI Array (GMVA) images 86 GHz (Figure 2.3-e, [211])
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Figure 2.3: M87 radio structure at different scales [209]. (a) Lobe jet and outer lobes, showing the
present outburst and a more ancient one almost perpendicular to the former; (b) galaxy jet and
inner lobes; (c) full view of the black hole jet, including the prominent optical feature HST-1; (d)
innermost jet; (e) jet launching region near supermassive black hole; and (f) inner accretion disk
and black hole. Images b–d show the striking effects of relativistic beaming, even with the
jet pointing at an angle −17◦ to our line of sight (Walker et al. 2018 [113]). The counter-jet is
largely invisible, pointing away from us at an angle −163◦ . Images adapted with permission from
(a) NRAO, 330-MHz VLA; (b) NRAO, 15-GHz VLA; (c) NRAO, 1.7-GHz VLBA [210]; (d) NRAO,
43-GHz VLBA [109]; (e) 86-GHz global VLBI network [211]. 1 kpc corresponds to 12 arcseconds.
resolve the inner jet at pc and sub-pc scales thanks to high angular resolution. The overall
jet position angle is similar to that is observed at large scales PA ∼290◦ [210, 113]. In contrast
to kpc scales, the VLBI morphology of the M 87 jet is relatively smooth without prominent
knotty features. The limb-brightened intensity profile is significantly obvious at these scales. The
opening angle decreases with increasing distance to the core (𝑟 ). The apparent opening angle at
the jet base (𝑟 ∼ 0.06 mas) in Figure 2.3-e is around Θapp ∼ 127◦ ± 22◦ [211] which is consistent
with the value Θapp ≳ 100◦ within 0.25 mas reported by Hada et al. (2016) [75]. At the region
𝑟 ∼ 0.5 mas, Θapp ∼ 60◦ [184, 215]. The variation of opening angle with the distance to the core is
consistent with the theoretical model introduced in Section 1.4.3. And the highly collimated jet
structure of M87 leads the researches on AGN jet collimation profile [123, 109, 108] which will be
introduced more in Section 2.3.
In addition to the well-resolved jet regions, the resolved jet region, there is a compact “radio
core" (optical depth of the jet emission 𝜏 ≈ 1) representing the innermost part of the radio jet at
different frequencies. However, the apparent positions of the core with respect to the black hole
(𝑟 c ) depends on the observing frequency which is called core shift effects [119, 217, 218, 219]. The
most popular mechanism of the core shift is synchrotron self-absorption (SSA) [122]. One notable
research of the core shift in M87 was done by Hada et al. (2011) [216]. As shown in Figure 2.4, the
best fitting results obtained with quasi-simultaneous VLBA observations at 2, 5, 8, 15, 22 and
43 GHz is 𝑟 RA ∝ 𝜈 −0.94 , where 𝑟 RA is the measured offset from 43-GHz core in right ascension (RA)
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Figure 2.4: M87 core shift measurement (adapted from work in [216]). Left: Schematic diagram
explaining the radio core shift of a jet. Right: Plot of the core-shift measurements in right
ascension for M87 as a function of observing frequency.
as a function of frequency (𝜈). This is the first and most accurate measurement of core shift
measurement in the case of M87 which brings a deep insight into the jet base and the connection
with central black hole. For the core-shift of AGN jets, some following statistical studies with
over 100 sources were reported by MOJAVE project [220, 221].

2.3

Collimation and acceleration profile of M87 jet

Based on multi-frequency VLBI and interferometric radio images of M87 jet, the detailed
collimation profile was reported by Asada et al. (2012) [123], Hada et al. (2013) [109] and
Nakamura et al. (2018) [108]. The structure of M87 jet has been found to transition from parabolic
to conical shape while the jet flow goes down stream. The transition region is around Bondi
radius 𝑟 B = 6.9 × 105𝑟 g as shown in Figure 2.5-Left which is called a ’collimation break’. In the
case of M87, the pressure from the disc winds contributes a lot to the collimation [223]. The
change of the ambient pressure brings the transition in the M87 jet structure. According to
the MHD simulation [103], the external pressure 𝑃 ext is proportional to 𝑧 −𝑖 where 𝑧 is the jet
width and 𝑖 is the parameter defining the funnel shape (𝑧 ∝ 𝑟 𝑖 ). For the parabolic jet shape,
0 < 𝑖 ⩽ 2. Beyond the Bondi radius, the surrounding pressure is flat [224]. The jet expands into
conical shape. The observational results are consistent with the prediction. The best fitting of
the parabolic shape region is 𝑧 ∝ 𝑟 1.6 [108] and that of conical shape region is 𝑧 ∝ 𝑟 [123]. The
collimation profile revealed with M87 jet stimulates many following similar analysis on other
AGN jet sources [125, 111, 128, 129, 131, 126, 225].
Due to the law of energy conservation, the jet will accelerate when the Poynting energy is
transferred into kinetic energy. Park et al. (2019) [222] reported a comprehensive analysis on M87
kinematics profile with KaVA (∼ 2-weeks time interval) and VLBA data [226, 222] as shown in
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Figure 2.5: Collimation and acceleration of the M87 jet. Left: Jet collimation profile of M87
(adapted from work in [108]). The dark-gray line indicates the parabolic jet 𝑧 ∝ 𝑟 1.6 , while the
light-gray line indicates the genuine parabolic jet 𝑧 ∝ 𝑟 2 . The solid-black-thin line indicate the
conical jet shape 𝑧 ∝ 𝑟 .
Right: Jet velocity profile of M87 as a function distance (adapted from work in [222]).

Figure 2.5-Right. The apparent velocity accelerates from subluminal 𝛽 app < 0.5 at the distances
𝑟 < 1 mas to superluminal 𝛽 app ∼ 2.7 at distances 𝑟 ∼ 20 mas which is consistent with the trend
reported in previous works [227, 183, 113]. The highest proper motion 𝛽 app ∼ 6.1±0.6 was detected
by five optical epochs observed with HST during 1994-1998. This superluminal component is
HST-1 located at a projected distance of ∼80 pc (or 1.35 Rs ) from the jet base [182]. Following
HST-1 observations in radio bands confirmed this fast motion with 𝛽 app ∼ 5.1 [228, 229, 230].
Within the Bondi radius, there is a clear acceleration trend as a function of distance from the
black hole. The acceleration event happens simultaneously with the collimation process which
suggests the co-existence of acceleration and collimation in this region. Hence, this region is also
called the acceleration and collimation zone (ACZ). The jet speed starts to decelerate beyond
HST-1 due to the conical expansion [231, 232].
However, the magnitude of acceleration is not so high as the results indicated by GRMHD
simulations (see the open triangles in Figure 2.5-Right). It may be related to the inefficient
conversion from Poynting to kinetic energy [222]. Or it may be also possible that there are even
faster components or flows that have not properly been sampled/monitored yet. Our intensive
EAVN monitoring observations with time intervals as short as 5 days may provide a chance to
detect such possible fast motion (see Section 4.3.2).

26

2.4

Chapter 2. Radio galaxy M87: the best laboratory to study SMBH and AGN jets

Outstanding remaining questions

Although high-resolution radio studies have intensively been performed over the past years, there
are still a number of open questions on the detailed properties and exact formation mechanism of
the M87 jet. In particular, long-term evolution of the M87 jet as well as the connection between
mas- and 𝜇as-scale structures are still poorly understood since the proper understanding of these
properties requires VLBI dataset accumulated over many years. As seen in EHT 2009-2017
data [199], the emission surrounding the event horizon is variable on time scales of years. One
of the most plausible models to explain such an year-scale horizon-scale variable structures
is a Lense-Thirring precession caused by a tilted accretion disk [87, 171]. Indeed, in recent
years a greater deal of attention has been paid for the study of tilted accretion disks with a
spinning BH thanks to the rapid progress of 3-dimensional GRMHD simulations. Liska et
al. (2018) [167] have firstly demonstrated the production of a powerful relativistic jet from a
RIAF-type geometrically-thick tilted accretion disk. The launched jet follows the direction of the
accretion disk rotation axis and subsequently show a wobbling/precessing pattern over time.
Since such a precessing pattern propagates down the jet, we may be able to observe an associated
signature in the downstream jet regions until hundreds of gravitational radii from the BH, whose
scales can be directly traced by mas-scale VLBI for M87.
Despite such importance, so far very few studies have been made on the long-term evolution
of the M87 jet because such studies require dedicated long-term monitoring of the source over
many years as well as short-term densely sampled observations. The first systematic study
focused on such long time scales has just recently been made by Walker et al. (2018) [113], by
compiling 17 years (1999–2016) of VLBA archival data at 43GHz [113]. Very curiously, they in
fact found a transversally oscillating signature of the pc-scale jet on a time scale of ∼10 years.
However, the data quality and sampling intervals were not sufficient before 2006, which prevented
them from discussing the exact periodicity. The authors discussed the observed jet oscillation via
a hydrodynamic instability model and suggested that the M87 jet oscillation could be reasonably
explained by a Kelvin-Helmholtz instability caused by the interaction between the jet and the
surrounding medium. However, the possibility of precession was not discussed at all in spite of its
huge potential importance as described above. To allow us to also test the precession model, it is
essential to accumulate more years of VLBI monitoring dataset since the expected time scales of
periodicity can be a decade or more. Therefore, to unveil the long-term evolution of the M87 jet
more definitively, from 2016 we launched a new monitoring program of this jet by using the East
Asian VLBI Network, a newly emerged international VLBI array that permits us to attempt such
an ambitious study.
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3

East Asian VLBI Network and its imaging
performance

3.1

EAVN array

Very Long Baseline Interferometry (VLBI) is a powerful astronomical technique to observe
radio sources at high angular resolution. The recent successful detection of the black-hole
shadow in M 87 with the Event Horizon Telescope (EHT) is an excellent example of such
a technique at millimeter wavelengths [52]. VLBI also plays a unique role in resolving the
formation scales of relativistic jets powered by active galactic nuclei (AGN) (e.g., [16]). Moreover,
high-resolution VLBI can also precisely determine the spatial distributions, kinematics and
parallaxes of astrophysical masers, which provides insights into the structures of star forming
regions and our Galaxy (e.g., [233, 234, 235]). To further promote such VLBI science, it is essential
to enhance angular resolution, sensitivity and imaging performance of the network. This requires
the establishment of a large VLBI array across multiple countries.
In recent years, international collaboration of VLBI facilities in East Asia is rapidly growing.
In particular, the Korean VLBI Network (KVN; e.g., [236]) in Korea and the VLBI Exploration
of Radio Astrometry (VERA; e.g., [237]) in Japan were successfully combined into a single
network at 22 and 43 GHz as the KVN and VERA Array (KaVA), and now the joint array has
been in regular operation since 2014 (e.g., [238]). KaVA significantly improved the imaging
performance for bright AGN jets compared to the ones obtained with the individual arrays
thanks to the increased numbers of stations and baselines (e.g., [239]). Since then a growing
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number of publications based on KaVA have been produced for a variety of science targets
(e.g., [240, 241, 242, 243, 244, 245, 226, 246, 247, 248, 249, 250, 251, 222, 252, 253]).

Figure 3.1: Geographic distribution map of all the mian dishes in EAVN.
Nevertheless, the number of baselines, angular resolution and resulting fringe/image sensitivity
of KaVA are still limited. To further expand the international VLBI array in East Asia, the addition
of stations from the Chinese VLBI Network (CVN; (e.g., [254]) is certainly important. CVN is
operated under the auspices of the Chinese Academy of Sciences (CAS), and currently, it consists
of 4 primary stations: Tianma 65-m Radio Telescope in Shanghai (hereafter, TMRT), Nanshan
26-m Radio Telescope in Urumqi (hereafter, NSRT), Miyun 50-m radio telescope in Beijing
and Kunming 40-m Telescope in Yunnan. The large collecting area and wide geographically
distributed stations over the mainland in China are very complementary to VLBI facilities in
Korea and Japan. Therefore, combining KaVA and CVN (as well as other radio telescopes in these
countries such as the Japanese VLBI Network (JVN; e.g., [255, 256]), Sejong station in Korea
(e.g., [257]) and Five-hundred-meter Aperture Spherical radio Telescope in China (FAST; e.g., Nan
(2006) [258])) can greatly enhance the angular resolution and overall sensitivity of the network.
The concept of the East Asian VLBI Network (EAVN) was first discussed in 2003 (e.g., [259])
and the consortium to facilitate EAVN was established in 2004 (e.g., [260]). Since then, significant
joint efforts have been made among China, Japan and Korea to promote EAVN activities, and
some early EAVN experiments were already made in 2010 (e.g., [261, 262, 263]). However, in these
early days, the observations were temporarily coordinated with ad-hoc arrays and also KaVA was
still under commissioning. Observations with EAVN became more organized and intensive from
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Location

Name

Array

Tianma
Nanshan
Mizusawa
Iriki
Ogasawara
Ishigakijima
Tamna
Ulsan
Yonsei

TMRT
NSRT
MIZ
IRK
OGA
ISG
KTN
KUS
KYS

CVN
CVN
VERA
VERA
VERA
VERA
KVN
KVN
KVN

D𝑎
(m)
65
26
20
20
20
20
21
21
21

Lat.𝑏
(◦ )
31.092
43.471
39.134
31.748
27.092
24.412
33.289
35.546
37.565

Lon.𝑐
(◦ )
121.136
87.178
141.133
130.440
142.217
124.171
126.460
129.250
126.941
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Alt.𝑑
(m)
49.2
2029
116
574
273
65
452
170
139

𝜂 𝑒 (%)
K
Q
50
45
60
47
51
47
44
50
45
49
48
60
63
63
61
55
63

HPBW 𝑓
K
Q
44
22
115
141
71
149
78
143
78
144
79
126
63
124
63
127
63

Table 3.1: General information of the nine stations from EAVN array used in this paper. 𝑎
Diameter of each dish. 𝑏 Latitude. 𝑐 Longitude. 𝑑 Altitude. 𝑒 aperture efficiency. 𝑓 HPBW is Half
Power Beam Width in arcsecond.
2016, when KaVA was already in stable operation, TMRT started its early science operation
and NSRT was back in operation after its refurbishment (see section 3.2). To accelerate the
commissioning of KaVA+TMRT+NSRT which serves as a core array of EAVN, we performed
a large EAVN observing campaign between March and May 2017. The EAVN campaign was
performed by making use of the slots allocated to the KaVA AGN Large Program that intensively
monitored the nearby supermassive black holes M 87 and Sgr A★ at 22 and 43 GHz [197]. TMRT
and NSRT regularly participated in these KaVA sessions (and occasionally, some more stations
joined such as Hitachi, Takahagi, Kashima, Nobeyama, Sejong, Medicina and Noto), resulting in
the largest EAVN experiments that have ever made. Therefore, these datasets are very useful to
evaluate the array performance of EAVN as well as to study the physics close to the supermassive
black holes (SMBHs).
Array
KaVA (1)
KaVA+TMRT (2)
KaVA+TMRT+NSRT (3)

𝑎
𝑁 Ant

𝑁 bl𝑏

7
8
9

21
28
36

B𝑐 (km)
min
max
305
2270
305
2270
305
5078

Θ𝑑 (mas)
K
Q
1.24
0.63
1.24
0.63
0.55
–

𝜎𝐼𝑒 (𝜇Jy)
K
Q
155
268
95
165
75
–

Table 3.2: 𝑎 Number of antennas. 𝑏 Number of baselines. 𝑐 Baseline length. 𝑑 Angular resolution. 𝑒
Image sensitivity 𝜎𝐼 is the typical value adopted in the EAVN status report under the assumption
of an integration time 𝑡 = 4 hours and a total bandwidth 𝐵 = 256 MHz

3.2

Performance evaluation of TMRT and NSRT

The EAVN array is continuously expanding and the number of participating stations are increasing
year by year. In the EAVN-2017 campaign, while a total of 15 stations joined from East Asia and
Europe, the 9 stations KaVA, TMRT and NSRT participated in the campaign on a regular basis.
Figure 3.2 shows the geographical distribution of these sites and relative diameter. Table 3.1
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summarizes the basic information of the 9 stations which form a core array of EAVN. The
parameters listed here are from the EAVN status report. 1 Below we describe some more details
about TMRT and NSRT. For details of KaVA stations, see Niinuma et al. (2014) [239] and Hada et
al. (2017) [226].

Figure 3.2: Geographic distribution map of the radio telescopes used in this performance
evaluation. In addition, the correlation center in KASI/Daejeon is also shown. The size of the
cartoon antenna on the map is proportional to the diameter of the dish.
In this section, we report the initial results of EAVN imaging observations for several AGN
based on a subset of the EAVN-2017 campaign data. While here we focus on the performance
evaluation of the KaVA+TMRT+NSRT array, more dedicated scientific results/analysis on
individual sources using the whole campaign dataset will be reported in separate papers. In
section 3.2, we overview the VLBI network used in this paper, with a special emphasis on
TMRT and NSRT. The basic information about the observed sources is presented in section 3.2.1.
Section 3.2.2 includes the detailed information of the observations and data reduction processes.
The results and discussion are described in section 3.2.4. Following this, in section 3.2.5 we briefly
note one issue that remains to be fixed in future observations. In the last section, we summarize
the paper and the future plan of EAVN. Throughout this paper, we assume a flat ΛCDM universe
with the cosmological parameters from Collaboration et al. (2016) [264], 𝐻 0 = 67.8 km s−1 Mpc−1 ,
Ωm = 0.31, and ΩΛ = 0.69.
Tianma 65-m Radio Telescope (TMRT)
1 https://radio.kasi.re.kr/eavn/files/Status_Report_EAVN_2020A_20191031.pdf
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Figure 3.3: (a) The uv-coverage for M 87 in Session-K (22 GHz). Curves with blue, red and black
color indicate baselines related to TMRT, NSRT and among only KaVA, respectively. (b)-(c): Beam
pattern of KaVA, KaVA+TMRT in Session-Q (43 GHz), respectively. (d)-(f): Beam pattern of KaVA,
KaVA+TMRT and KaVA+TMRT+NSRT in Session-K, respectively.
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The Tianma 65-m Radio Telescope (TMRT) is operated by the Shanghai Astronomical
Observatory (SHAO) as a joint project between the Chinese Academy of Sciences (CAS) and
the city of Shanghai. The project was approved at the end of October 2008. After laying the
foundation in December 2009, the construction of the telescope started in March 2010 and
completed with the first-light detection in October, 2012. The location of the telescope is in
Sheshan, Songjiang District of Shanghai [265].
Cooperated with another 25-m-diameter radio telescope in Sheshan, the first interferometric
fringes of TMRT were detected with a 6.1-km baseline in November 2012. After that, the
TMRT starts commissioning and makes great contributions to a broad range of radio astronomy
researches such as blazars, microquasars, molecular spectral lines, pulsars, X-ray binaries and
geodynamics based on both single-dish and VLBI modes (e.g. [266, 267, 268]). As a representative
radio telescope in China, TMRT joins EAVN from the beginning of this project since 2013. TMRT
also regularly joins European VLBI Network (EVN) since 2014 in particular at low frequencies
(e.g. 5 GHz).
At present, TMRT is the largest fully steerable telescope in East Asia. It has a wide range
of observing wavelengths covering 1–50 GHz with 8 bands, namely L (1.25–1.75 GHz), S (2.2–
2.4 GHz), C (4–8 GHz), X (8.2–9.0 GHz), Ku (12–18 GHz), K (18.0–26.5 GHz), Ka (30–34 GHz) and Q
(35–50 GHz) bands [269]. The S/X- and X/Ka-band receivers are the dual-frequency co-axis
feed. The common observing frequencies of TMRT with KaVA are 22 GHz and 43 GHz (and
partially also 6.7 GHz). The maximum aperture efficiency of TMRT assembled to be reached
at 53◦ elevation is around 50% at 22 GHz and 45% at 43 GHz with the active surface control
system (see table 3.1. The active surface controller is set ‘ON’ by default. The nominal root
mean square (rms) of surface accuracy is 0.6 mm without active surface and 0.3 mm with active
surface at the elevation around 53◦ . The sub-reflector surface accuracy is 0.1 mm rms. The typical
pointing accuracy is 3 arcsecond when the wind speed is 4 m s−1 and 30 arcsecond if the wind
speed reaches 20 m s−1 . The slew rate is 0.5 ◦ s−1 and 0.3 ◦ s−1 at azimuth and elevation directions
respectively. Dual-pixel receivers are installed in TMRT at both 22 and 43 GHz which enables
simultaneous observations of multiple lines [270]. These two beams have a fixed separation
angle of 140 arcsecond at 22 GHz and 100 arcsecond at 43 GHz. One of the beams is placed at the
antenna focus for VLBI observations. The Half Power Beam Width (HPBW) is the measured beam
sizes listed in table 3.1.
Nanshan 26-m Radio Telescope (NSRT)
The Nanshan 26-m Radio Telescope in Urumqi (NSRT) operated by Xinjiang Astronomical
Observatory is another key station in CVN constructed in 1993. The telescope is located at the
northern foot of Tianshan with high elevation above 2029 m and over 75 km away from Urumqi
city which is surrounded by the superior observing environment with dry climate and low-level
radio frequency interference. Originally the telescope was designed with a diameter of 25 m, but a
refurbishment of the telescope was made from early 2014 and completed in late 2015 [271]. This
resulted in an enlargement of the main reflector to 26 m and improvement of the antenna surface
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accuracy. After this reconstruction was finished, NSRT participated in EAVN commissioning.
NSRT also joins EVN since early 1994 and International VLBI Service for Geodesy and Astrometry
(IVS) after 1996. Over the past 20 years, NSRT has made rich contributions to pulsar timing and
physics, molecular line survey and star formation, AGN jets and flux monitoring based on both
single-dish and VLBI modes (e.g. [272, 273, 274]).
NSRT features a Cassegrain-type design with a 26-m diameter main reflector and a 3-m
sub-reflector on Az-El mount. Receivers at six frequency bands, L, S/X, C, K (22–24.2 GHz), and Q
(30–50 GHz), are equipped, while the new cryogenic 43 GHz receiver has been installed in 2018
and is under evaluation. The surface accuracy is 0.4 mm (rms) for main-reflector and 0.1 mm (rms)
for sub-reflector. The slewing rates of the main reflector are 1.0 ◦ s−1 in azimuth and 0.5 ◦ s−1 in
elevation. The pointing precision is 10 arcsecond (rms). The aperture efficiency of NSRT is 60% at
22 GHz (see table 3.1).
Thanks to its unique location at the northwest of China, the east-west baseline coverage of
EAVN is significantly enhanced with the participation of NSRT (from 2270 km to 5078 km). This
offers a fringe spacing (𝜃 = 𝜆/𝐷, 𝜆 is the observing wavelength and 𝐷 is the maximum baseline
length) down to 0.55 milliarcsecond (mas) at 22 GHz (and 0.26 mas at 43 GHz), which is 2.3 times
smaller than KaVA only (see table 3.2).
Obs. Code
a17077a (Session-K)
a17086a (Session-Q)

𝜈 𝑎 (GHz)
22
43

Date
2017/03/18
2017/03/27

UT Time
12:45-19:45
13:10-18:10

Stations
KaVA (no KYS), TMRT, NSRT
KaVA, TMRT

Table 3.3: EAVN observations presented in this paper. 𝑎 Observing frequency. Observation target
for both are M 87. The observation mode is 32 MHz× 8 IFs.

3.2.1

Source selection

To evaluate the imaging performance of the KaVA+TMRT+NSRT array, we selected four wellknown AGN sources, i.e., 1219+044, 3C 273, M 84 and M 87. These sources were selected for
the following reasons: 1) the core flux densities are high enough to detect fringes, although
M 84 is a possible exception; 2) the mas-scale radio morphology covers diverse structures from
point-like to complicated; and 3) the sky positions are close with each other, which offers similar
observing/calibration conditions (e.g., atmosphere, gain curves) among these sources.
1219+044 (PKS J1222+0413) is a bright compact blazar located at a redshift of 𝑧 = 0.966
(1 mas = 8.15 pc, [275]). The source has recently been identified as a candidate of 𝛾-ray emitting
narrow-line Seyfert 1 galaxy [276]. Previous VLBA images at 15 GHz show an extremely compact
core-dominated structure (unresolved up to 442×106𝜆15𝐺𝐻𝑧 =8840 km) with a tiny amount of jet
emission toward the south [79]. Therefore 1219+044 may serve as a useful reference source to
check the gain value of newly joined antenna.
3C 273 (𝑧 = 0.158, 1 mas = 2.82 pc, [277]) is one of the most famous quasars [48] with a
powerful relativistic jet. Due to strong relativistic boosting, on mas scales the source shows a
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one-sided jet towards the south-west direction at a position angle −138◦ [278]. The viewing angle
of the jet is estimated to be ∼3.8◦ –7.2◦ [279]. The mas-scale jet structure is rather complicated
(knotty and helically twisted) with frequent ejections of new components from the core [280].

Tsys * (K)

M 84 (𝑧 = 0.00339, 1 mas = 0.07 pc, [281]) is a nearby low-luminosity elliptical galaxy in the
Virgo cluster. At radio, the source exhibits Fanaroff-Riley type I jet morphology on kpc scales.
The quasi-symmetric morphology of the jet and counter-jet indicates a jet viewing angle to
◦
be close to edge-on (74+9
−18 ) [281]. On mas scales, past VLBI images show relatively compact
morphology with a slight extension towards the north [282, 283]. The radio core flux density is
typically ∼100 mJy or less. Therefore, M 84 provides a useful reference to check EAVN imaging
performance for low luminosity objects.
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Figure 3.4: Opacity-corrected system temperature (𝑇sys
Session-K (upper panel) and Session-Q (lower panel).

M 87 (𝑧 = 0.00436, 1 mas = 0.08 pc, [284]) is the giant radio galaxy at the center of the Virgo
cluster with a prominent jet. The galaxy hosts a SMBH of 𝑀BH ∼6.5 ×109 𝑀⊙ [175]. On mas scales
the source exhibits a highly collimated jet at a position angle of ∼290◦ [75, 113]. In contrast to
3C 273, the VLBI morphology of the M 87 jet is relatively smooth without prominent knotty
features. Since M 87 is a primary target of the KaVA/EAVN Large Program [197], a large fraction
of the observing time was spent on this source in our observations.
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Selected observations

Here we selected two representative epochs from the EAVN 2017 campaign as summarized in
table 3.2. These observations were conducted on March 18th (observing code: a17077a) and March
27th (observing code: a17086a) at K and Q bands, respectively, under good weather conditions.
KYS did not join the K band session due to an issue at the site. TMRT participated in both epochs
along with KaVA, while NSRT was only available at 22 GHz. We observed M 87 as a primary
target of the EAVN campaign while the other sources (3C 273, 1219 +044, M 84) were observed
as calibrators. In detail, the K-band session lasted for 7 hours where scans of 3C 273 (6 min) –
1219 +044 (4min) – M 87 (47 min) – M 84 (4 min) – RT-VIR (4 min) were repeated for 6 cycles. The
Q-band session were performed for 5 hours where scans of 3C 273 (6 min) – 1219 +044 (2 min) –
M 87 (54 min) – M 84 (2 min) – RT-VIR (4 min) were repeated for 4 cycles. RT-VIR (H2O/SiO
masers) was inserted as a system/frequency check of the experiments.
Unfortunately NSRT failed to obtain the system temperature information due to the malfunction of the data acquisition system. Nevertheless, the observing condition at NSRT was overall
good and its amplitude was properly calibrated by taking advantage of the point source 1219 +044
(see in section 3.2.4 for details). The recording rate was 1 Gbps (2-bit sampling) where a total
bandwidth of 256 MHz was divided into eight 32-MHz intermediate frequency (IF) bands. Only
left-hand circular polarization was received. All the data were correlated at the Daejeon hardware
correlator installed in Korea Astronomy and Space Science Institute (KASI).
In Figure 3.3(a) we display the uv-coverage of the K-band session a17077a. The baselines
related to TMRT, NSRT and among only KaVA are shown with blue, red and black points,
respectively. The addition of TMRT to KaVA well improves the (𝑢, 𝑣)-coverage within 180 M𝜆,
while NSRT significantly extends the east-west baseline coverage. In Figure 3.3(b)–(f) we show
the corresponding beam patterns for KaVA-only, KaVA+TMRT and KaVA+TMRT+NSRT at K and
Q bands, respectively. One can see that the addition of TMRT to KaVA clearly reduces the side
lobes especially along the NE-SW direction. The addition of NSRT further double the angular
resolution along the east-west direction.

3.2.3

Data reduction processes

The EAVN data were reduced in the standard manner of VLBI data reduction procedures. We
used the National Radio Astronomy Observatory (NRAO) Astronomical Image Processing
System (AIPS) software package for the initial calibration of visibility amplitude, bandpass and
phase [285]. Subsequent imaging/CLEAN and self-calibration were performed with the Difmap
software [286]. More details are described in the following subsections.
Amplitude calibration
Amplitude calibration was performed to recover the correct source flux density from the
observed raw data. Following the initial inspections of the correlated data, the recorded crosspower spectra were normalized by the corresponding auto-power spectra with the AIPS task
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ACCOR. Next, a priori amplitude calibration was applied with the task APCAL, which calculates
the system equivalent flux density (SEFD) for each scan/station using the measured system noise
temperature and the elevation-gain curve of each antenna in the following way:
𝑆𝐸𝐹 𝐷 =

2𝑘𝐵𝑇𝑠𝑦𝑠 𝑒 𝜏
(Jy)
𝐴𝑒

(3.1)

where 𝑘𝐵 is Boltzmann constant, 𝑇𝑠𝑦𝑠 is the system noise temperature in Kelvin, 𝜏 = 𝜏0 sec 𝑧 is
the opacity at a zenith angle 𝑧 (𝜏0 is the opacity at zenith), and 𝐴𝑒 is the antenna effective aperture
area in square meter (𝐴𝑒 = 𝜋𝜂𝐴 𝐷 2 /4, where D is the antenna diameter in meter and 𝜂𝐴 is the
aperture efficiency). For KaVA data, the system temperature values stored in the log files are
★ =𝑇
𝜏
already opacity corrected (so-called 𝑇𝑠𝑦𝑠
𝑠𝑦𝑠 × 𝑒 ), while those of TMRT are not corrected yet
(Figure 3.4). Hence, for TMRT we manually performed opacity correction in AIPS/APCAL2 . The
fitting results (𝜏0 /𝑇𝑟𝑥 ) of zenith opacity and receiver temperature are 0.130/58 K in epoch a17077a
at K band and 0.165/30 K in epoch a17086a at Q band respectively which is consistent with typical
value in EAVN status report.
Finally at the end of amplitude calibration, we further rescaled the whole visibility amplitude
by a factor of 1.3 to properly correct the losses caused by multiple digitization processes in the
KaVA/EAVN backend system (see [287] for more details). We however note that APCAL was not
applied for NSRT data due to the acquisition failure of 𝑇𝑠𝑦𝑠 as described before. Instead, the
amplitude of NSRT was recovered by making use of the point source imaging of 1219 +044 (see
section 3.2.3 for more details).
Following the apriori calibration, the amplitude was further corrected over frequencies.
We performed bandpass calibration (task BPASS) for each antenna by using the auto-power
spectrum of 3C 273. We confirmed that the characteristic bandpass shape of each antenna was
fully removed at this stage.
Phase calibration
Following the amplitude calibration, we performed calibration of visibility phase with the
AIPS task FRING. First, using one good scan of 3C 273 the highest signal-to-noise ratio (SNR), we
derived and removed instrumental phase/delay offsets that are constant over the observing
session. After the manual phase corrections, we performed a global FRING fitting over the whole
scans and sources to fully remove phase/delay/rate residuals. Solution intervals of 1 min and
30 sec (with SNR threshold 5) were used for a17077a (K-band) and a17086a (Q-band), respectively.
For both epochs we successfully detected fringes on all baselines over most of the scans. In
particular, when TMRT was used as the reference antenna, the detection rate of fringes was
improved with higher SNR at both K/Q-bands thanks to its large collecting area. For comparison,
in Figure 3.5 we show baseline-based SNR obtained by FRING (on 3 baselines) for a point source
1219 +044, for which the correlated flux densities are similar at all the baselines.
The measured SNR of KTN-TMRT at 22 GHz were ∼4.4/∼3.4 times higher than those of
2 Note

that the 𝑇𝑠𝑦𝑠 measurements of TMRT were not as continuous as those of KaVA throughout EAVN sessions
in 2017 (see Figure 3.4). However, this issue has been fixed in later EAVN sessions since 2018
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KTN-MIZ/KTN-KUS, which are consistent with our expectation under the bad weather condition.
At 43 GHz, on the other hand, the measured SNR on KTN-TMRT was only ∼4.2 times higher than
KTN-MIZ, which is ∼30% smaller than expected (∼6 if we assume 𝐴eff = 45% and calculate with
★ ). The decrease of baseline SNR may be related to the reduction of aperture efficiency
practical 𝑇sys
or/and pointing errors of TMRT, which will be discussed in Appendix.
At 22 GHz, the SNR of KTN-NSRT is comparable with that of intra-KaVA baselines. This is
broadly consistent with our expectation given the typical sensitivity of NSRT.

Baseline SNR

Baseline SNR

For M 84, the fringes at 43 GHz were not detected even with TMRT. This would be reasonable
given the low core flux (∼100 mJy), relatively shorter integration time than Session-K, and the
issues at TMRT described in Appendix.
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Figure 3.5: Baseline SNR comparison of a17077a (upper) and a17086a (bottom).
Imaging and self-calibration
The calibrated data were exported to DIFMAP for imaging and self-calibration. We conducted
EAVN imaging in the following procedures. First, we flagged NSRT and TMRT because these
stations contained large systematic offsets in the initial amplitude due to the absence of apriori
calibration (for NSRT) or due to large uncertainties in the applied apriori information (for
TMRT). In particular we will discuss TMRT in more details in section 3.2.5. Then, we performed
imaging/self-calibration for the point source 1219 +044 only using KaVA, for which the apriori
amplitude calibration is accurate within 10–15% [239]. Since 1219 +044 is known to be almost
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Figure 3.6: Radplot of the data before (left) and after (right) self-calibration at 22 GHz (a17077K).
visibility data are averaged within 1 min.
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unresolved on baseline lengths (22.4 − 372.4) 𝑀𝜆22𝐺𝐻𝑧 and (43.7 − 325.4) 𝑀𝜆43𝐺𝐻𝑧 (see section 3.2.4
for more details), the self-calibrated KaVA model of this source serves as an ideal amplitude
reference for the remaining uncalibrated stations. We thus removed the overall amplitude
offsets of TNRT/NSRT by referencing to the source model obtained by KaVA. The amplitude
correction factors of TNRT/NSRT derived from 1219 +044 were also transferred to the scans of all
the other sources. Then after removing the amplitude offsets of TNRT/NSRT, we performed
imaging/self-calibration with all the stations together to obtain final images for each source.
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Figure 3.7: Radplot of the data before (left) and after (right) self-calibration at 43 GHz (a17086Q).
The visibility data are averaged within 1 mins.
In Figure 3.6 and Figure 3.7, we show the visibility amplitude of 1219 +044, 3C 273, M 84 and
M 87 at 22/43 GHz as a function of uv-distance (note that M 84 was non-detection at 43 GHz). In
both figures, the left and right panels are the visibility distribution before/after self-calibration,
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Source
1219 +044

Itotal
(mJy)
607

3C 273

13067

M 84

172

M 87

2009

1219 +044

692

3C 273

8617

M 87

1577

Array𝑎
1
2
3
1
2
3
1
2
3
1
2
3
1
2
1
2
1
2

Beam size
RMS𝑏 (mJy/beam)
(mas×mas, deg) Theo. Core Off-core
1.38, 1.06, -10
0.76
0.63
0.65
1.66, 0.96, -8
0.42
0.34
0.37
1.51, 0.53, 14
0.37
0.34
0.38
1.45, 1.03, -20
0.97
4.53
4.29
1.61, 0.91, -11
0.67
3.11
2.98
1.43, 0.58, 10
0.63
3.37
2.77
1.29, 0.98, -1
1.13
0.93
1.02
1.55, 0.90, -7
0.59
0.46
0.48
1.37, 0.63, 12
0.57
0.45
0.46
1.34, 1.08, -21
0.26
0.67
0.48
1.56, 0.96, -12
0.16
0.40
0.29
1.35, 0.58, 12
0.15
0.35
0.25
0.73, 0.56, -22
1.84
1.57
1.50
0.82, 0.52, -17
1.35
1.01
0.95
0.78, 0.52, -31
1.65
9.04
8.11
0.81, 0.50, -25
1.56
6.73
6.46
0.68, 0.57, -23
0.37
0.74
0.46
0.74, 0.51, -17
0.31
0.51
0.31

Ipeak
(mJy/beam)
598
598
594
5730
5540
5090
148
149
146
1326
1313
1154
672
672
3840
3840
1180
1180

Core
944
1759
1732
1264
1783
1511
159
325
326
1980
3284
3321
428
662
425
571
1596
2314

DR𝑐
Off-core
917
1608
1561
1335
1861
1840
145
307
316
2754
4544
4586
448
707
474
634
2565
3764

Table 3.4: 𝑎 Array combination: 1, 2, 3 indicate the stations of KaVA, KaVA+TMRT and
KaVA+TMRT+NSRT, respectively. 𝑏 Image rms noise level. 𝑐 Dynamic range (DR = I𝑝𝑒𝑎𝑘 /RMS).

respectively. From the plots for 1219 +044, one can clearly see that the calibrated amplitudes of
TNRT/NSRT are consistent with those of KaVA.

3.2.4

Results and discussion

Structure images
In Figure 3.8 and 3.9 we show the structure images of each source obtained from the Session-K
and Session-Q, respectively. For each source, images obtained from KaVA, KaVA+TMRT, and
KaVA+TMRT+NSRT are shown separately (with identical contour levels). Overall, the images
indicate a significant improvement of image quality when TMRT and NSRT were added to
KaVA, and the side lobes seen in KaVA images were greatly reduced for all the sources at both
frequencies. The resulting image dynamic range (𝐷𝑅 = 𝐼 peak /𝐼 rms , where 𝐼 peak is the total flux
density and 𝐼 rms is image rms noise level.) for each map is summarized in table 3.4 and Figure 3.10.
For all cases with different arrays and frequencies, the highest 𝐷𝑅 were obtained for M 87. This
is simply because the total integration time of M 87 was the longest and the corresponding
uv-coverage was much better than for the other sources.
For a proper comparison of relative improvement of image 𝐷𝑅 among different arrays, a good
measure would be the ratio of 𝐷𝑅 rather than the absolute 𝐷𝑅 for each image. In table 3.2.4 we
list the ratios of 𝐷𝑅 which were calculated as follows:
𝐷𝑅2 𝐷𝑅KaVA+TMRT
=
,
𝐷𝑅1
𝐷𝑅KaVA

(3.2)

𝐷𝑅3 𝐷𝑅KaVA+TMRT+NSRT
=
.
𝐷𝑅1
𝐷𝑅KaVA

(3.3)

𝑅21 =
𝑅31 =
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Figure 3.8: Structure images of 1219 +044 (a-c), 3C 273 (d-f), M 87 (g-i) and M 84 (j-l): KaVA (left),
KaVA+TMRT (middle) and KaVA+TMRT+NSRT (right) at 22 GHz (Epoch ID: a17077a). The first
contour is consistent in both images for the same source, namely 1.02 mJy/beam for 1219 +044,
9.32 mJy/beam for 3C 273, 1.20 mJy/beam for M 87, 1.37 mJy/beam for M 84. The increase steps are
2𝑛 (n = -1, 0, 1, 2, 3, ...). Synthesized beams are indicated in the left-bottom corner.
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Figure 3.9: CLEAN images of 1219 +044 (a, b), 3C 273 (c, d) and M 87 (e, f): KaVA (a, c, e) and
KaVA+TMRT (b, d, f) at 43 GHz (Epoch ID: a17086a). The first contour is consistent in both
images for the same source, namely 3.04 mJy/beam for 1219 +044, 20.19 mJy/beam for 3C 273,
1.49 mJy/beam for M 87. The increase steps are 2𝑛 (n = -1, 0, 1, 2, 3, ...). Synthesized beams is
(1.35×0.58) mas elongated in PA 126◦ indicated in the left-bottom corner.
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Overall, 𝐷𝑅 increased significantly when TMRT is added to KaVA, with actual improvement
factors varying from ∼34% to ∼112% by sources and frequencies. The highest relative improvement
was achieved in M 84, which is the weakest source in our sample. Then the point-like source
1219+044 comes second followed by M 87. The improvement was the lowest in 3C 273 due to
its most complicate structure among targets. The east-west angular resolution of the images
including NSRT is twice better than KaVA+TMRT images. However, the 𝐷𝑅 does not become
worse when the resolution becomes better.
Point-like source 1219+044
The EAVN images of 1219+044 shown in Figure 3.8(a)-(c) and 3.9(a)-(b) are characterized by
a quasi-unresolved structure at both frequencies, which is consistent with the flat visibility
amplitude distributions in the 𝑢𝑣 domain (Figure 3.6 and 3.7). For all images from different arrays,
we confirmed that the resulting image rms levels were close to thermal limits, as expected for
such a simple source structure.
The improvement of image 𝐷𝑅 for this source is remarkable: by adding TMRT(+NSRT) to
KaVA, a factor of ∼1.7–1.9 and ∼1.5–1.6 enhancement was seen at 22 GHz and 43 GHz, respectively.
Thanks to the significant improvement of image quality, the KaVA+TMRT(+NSRT) image(s)
at 22 GHz allowed us to detect a hint of weak extended emission towards the south, which is
consistent with the jet emission seen in the literature VLBI images [79].

Epoch

Source

Core region Off-core region
𝑅21
𝑅31
𝑅21
𝑅31
a17077a 1219+044 1.86 1.83 1.75
1.70
(22 GHz) 3C 273
1.41 1.20 1.39
1.38
M 84
2.05 2.05 2.12
2.18
M 87
1.66 1.68 1.65
1.66
a17086a 1219+044 1.55
–
1.58
–
(43 GHz) 3C 273
1.34
–
1.34
–
M 87
1.45
–
1.47
–
Table 3.5: Calculation equations are equation 3.2 and 3.3.

Kink of 3C 273 jet
As shown in figures 3.8(d)-(f) and 3.9(c)-(d), the addition of TMRT to KaVA increased the
image dynamic range of 3C 273 by ∼40% at both frequencies. Since the source structure of 3C 273
is complex with a bright core, the resulting image rms noise levels were ∼3 times larger than the
thermal noise limit, indicating that EAVN imaging of 3C 273 is highly dynamic range limited.
Another complication of 3C 273 imaging is that, due to the complicated source structure,
the calibrated visibility data could leave larger systematic errors than the case for a simple
structure source, especially for the portion of data that are sparsely distributed or isolated in
the (𝑢, 𝑣) plane. The NSRT data can be particularly the case since they consist of the longest
baselines with the absence of apriori amplitude information (Figure 3.3(a)). Hence, the image 𝐷𝑅

44

Chapter 3. East Asian VLBI Network and its imaging performance

Ipeak/Irms, outer

4000
3000

KaVA
KaVA+TMRT
KaVA+TMRT+NSRT

2000
1000

Ipeak/Irms, outer

0
3500
3000
2500
2000
1500
1000
500
0

1219+044 3C273
M84
M87
Source name (a17077a at K band)
KaVA
KaVA+TMRT

1219+044
3C273
M87
Source name (a17086a at Q band)

Figure 3.10: Dynamic range measured in the off-core region for each source in Session-K (upper)
and Session-Q (bottom). The detailed value are listed in table 3.2.4
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improvement of the KaVA+TMRT+NSRT at 22 GHz was relatively modest. Nevertheless, a factor
of 2 enhancement of the east-west resolution allowed us to resolve the fine-scale structure of the
core and jet of 3C 273.
The jet in quasar 3C 273 holds a well-known complicated structure which appears to be bent at
mas scales [288] while is highly collimated at as scales [289]. Previous high-resolution VLBI images
at ≤22 GHz consistently indicate a characteristic persistent “kink” morphology at ∼7–10 mas from
the core, where the bright edge of the jet flips from one side to the other [290, 291, 128, 79, 292].
We show the inner region of 3C 273 jet obtained with KaVA (Figure 3.11(a)), KaVA+TMRT
(Figure 3.11(b)) and KaVA+TMRT+NSRT (Figure 3.11(c)) in Session-K. In Figure 3.11(d), we show a
transverse slice of our 22 GHz images at 8 mas from the core, which is in the middle of the flipping
region. Thanks to the image 𝐷𝑅 improvement by a factor of 1.41, the addition of TMRT to KaVA
clearly recovered a limb-brightened profile (blue broken curve), confirming the previous VLBI
results. Moreover, the addition of NSRT further resolved the substructures in this region (red solid
curve). Although the image SNR is still constrained due to the limited integration time, the first
images presented here assure that future EAVN imaging with a longer integration time would be
indeed powerful to study the detailed structures of 3C 273 and also other similar powerful jets.
Weak jet of M 84
Although we failed to obtain fringes of M 84 at 43 GHz, the addition of TMRT/NSRT to KaVA
allowed us to robustly detect weak signals of this source at 22 GHz. The EAVN images clearly
(>10𝜎) detected a weak jet structure towards the north thanks to the factor of 2 improvement of
image 𝐷𝑅 compared to KaVA. In the KaVA+TMRT+NSRT image, there is a possible hint of slight
extension also towards the south, which could be associated with the counter-jet as seen in the
literature VLBI images [282, 283]. However, a robust confirmation of this structure would require
a deeper imaging observation with a longer integration time.
Counter feature of M 87
For M 87, the resulting dynamic range of EAVN images reached >4500 at 22 GHz (Figure 3.8(l))
and >3700 at 43 GHz (Figure 3.9(f)), thanks to the longest on-source time among the 4 sources. As
a result, the extended jet emission was clearly detected up to 30 mas (Figure 3.12) at 22 GHz, which
is important to investigate the collimation profile over long distances. The 𝐷𝑅 improvement of
EAVN images with respect to KaVA is more significant at 22 GHz (∼70%) than at 43 GHz (∼50%).
This should be mainly due to the overall higher array sensitivity as well as the longer on-source
at 22 GHz.
The significant enhancement of sensitivity and east-west angular resolution by adding
TMRT+NSRT enabled us to robustly detect/resolve the “counter-jet" at 22 GHz, which is extending
up to ∼2 mas at the eastern side of the core (see Figure 3.13-b). The detection of this feature was
cross-checked by different data analysis to make sure that its appearance is not an artifact. The
counter-jet of M 87 was firstly suggested in Ly et al. (2004) [283] and later confirmed in a number
of VLBA images at various frequencies [293, 227, 75, 211, 113]. Imaging of the counter-jet near
the core is vital to better understand the properties of jet-launching regions [75, 211, 113]. In
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Figure 3.11: Zoom in the inner region of 3C 273 in Session-K with KaVA (a), KaVA+TMRT (b) and
KaVA+TMRT+NSRT (c). The image is counterclockwise rotated by 45◦ and same image parameter
with Figure 3.8(d)-(f). Synthesized beams are indicated in the bottom-left corner. (d): Intensity
profile of slices cross the jet at 8 mas distance to the core. The shadow in green, pink and blue
colors indicates the flux below five times image noise in (a), (b) and (c), respectively.
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Figure 3.12: KaVA+TMRT+NSRT image of M 87 in Session-K covering the whole jet up to ∼30 mas
from the core. Contour levels are scaled as (-1, 0, 1, 1.4, 2, 2.8...)×1.20 mJy/beam. The synthesized
beam is shown in the bottom-left corner of the figure.
particular, accurate measurements of the jet-to-counter-jet brightness ratio (BR) allows us to
constrain some key parameters such as the viewing angle and launching velocity, based on the
standard theory of Doppler-boosting/deboosting of relativistically moving plasma.
In Figure 3.13, we examined the EAVN capability of BR measurements for M 87, where we
compared KaVA-only (Figure 3.13(a)) and KaVA+TMRT+NSRT (Figure 3.13(b)) at 22 GHz. We
measured BR in the following procedures. First, we sliced the jet perpendicular to the jet axis (PA
= 288◦ ) every 0.02 mas over radial distances from −2 mas to 2 mas from the core, and applied a
Gaussian fitting to each slice. Then the peak fluxes of the fitted Gaussians were recorded. In
Figure 3.13(c) and 3.13(d), we present the intensity profiles of the jet and counter-jet and the
corresponding BR 𝐼 Jet /𝐼 CJet as a function of the projected distance 𝑟 from the core. Here we assume
that the central engine is located at the core since the core-shift is known to be small (∼70 𝜇as) at
22 GHz [216]. Also the region within 0.4 mas from the center is omitted since the measured BR is
strongly affected by the limited angular resolution. As clearly seen in these plots, while 𝐼 Jet /𝐼 CJet
with KaVA becomes >1 only from 1.2 mas and beyond, KaVA+TMRT+NSRT well separated the jet
and counter-jet down to ∼0.6 mas to the core, which corresponds to physical scales of 0.05 pc or
75 Schwarzschild radii. However, the counter jet emission was not clearly resolved in Session-Q.
For comparison, we also plot the brightness ratio profile measured in previous VLBA 43 GHz
images by Walker et al. (2018) [113]. Note that the EAVN and VLBA results may not necessarily
be the same because of different frequencies/epochs as well as different beam sizes. Nevertheless,
we can consistently see some characteristic features both in the EAVN/VLBA results, such as a
flattening of BR between 1.0–1.25 mas, suggesting mild acceleration of the flow in this region.
We also stress that the results from EAVN 22 GHz and VLBA 43 GHz are complementary with
each other: while VLBA 43 GHz accurately measures BR closer to the core (due to the higher
resolution), EAVN 22 GHz can measure BR up to larger distances at higher SNR. Overall, the
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Figure 3.13: (a), (b): Zoom in the inner region of M 87 in Session-K and same image parameter
with Figure 3.8(j) and 3.8(l), respectively. The image is clockwise rotated by 18◦ . Synthesized
beams are indicated in the bottom-left corner. (c), (d): Corresponding brightness ratio (red) of the
jet (dark blue) and counter jet (light blue). Black line indicates the brightness ratio of jet and
counter jet obtained by stacked 49 epochs VLBA data at 43 GHz (see figure 25 in [113]).
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results presented here demonstrate that EAVN has a good capability to study the innermost
regions of the M 87 jet in detail.
At 43 GHz, due to the higher angular resolution transverse to the jet axis, the KaVA+TMRT
image clearly resolved the limb-brightening structure that is well known in this jet. Interestingly,
the southern limb of the jet appears to be brighter than the northern limb, which might be
connected to the asymmetric brightness distribution the black-hole shadow seen in the EHT
image [174].

3.2.5

Remaining issue: amplitude offset of TMRT

The EAVN results presented here suggest an amplitude offset at 43 GHz by ∼33% between the
baselines to TMRT and the ones among KaVA (see Figure 3.7). Given that the corrections for
digital signal processing and correlator [287] are properly implemented, the following possibilities
are left to account for the remaining offset/loss of the Tianma’s amplitude: (a) 𝑇sys measurement,
(b) opacity correction, (c) aperture efficiency, and (d) pointing accuracy.
For the two epochs presented here, the measured values of 𝑇sys , 𝑇rx and atmospheric opacity at
TMRT were all within the range of typical values. Therefore, we suspect that the latter two (c)(d)
are the most likely causes. Below we briefly discuss the possible impact of each of these effects.
Aperture efficiency: For a parabolic antenna with an rms surface deviation error 𝜖, the aperture
2
efficiency 𝜂 A is known to be 𝜂 A = 𝑒 −(4𝜋𝜖/𝜆) [294]. According to the TMRT observation log, the
active surface controller did not properly work in Session-Q. This suggests 𝜖 for Session-Q could
be worse as large as ∼0.6 mm [295]. At 22 GHz (𝜆 = 13 mm), this level of deviation is still <1/20 of
𝜆 and should not seriously degrade the sensitivity/amplitude from what we expect. On the other
hand, at 43 GHz (𝜆 = 7 mm) the efficiency results in 𝜂 A = 0.31, which is significantly smaller than
nominally adopted (𝜂 A = 0.45).
We can deduce the actual aperture efficiency of TMRT by comparing the observed fringe SNR
on the point source 1219+044 between different baselines (see Figure 3.5). If 𝜂 A,TM = 0.45 as
adopted in the a-priori calibration table, the SNR of KTN-TMRT should be 4.9 times higher than
those of KTN-MIZ/KTN-KUS baselines, respectively. On the other hand, the actual improvement
ratios were 3.4, which are 30% smaller than expected. If we assume that 𝜂 A of KTN, KUS and MIZ
are all correct (as summarized in table 3.1), this directly reflects the TMRT efficiency loss, which
is estimated to be 𝜂 A,TM ∼ 70% × 45% = 0.32. Indeed, this seems to be consistent with 𝜂 A for
𝜖 = 0.6 mm.
Pointing accuracy: This is an angular offset 𝜎𝜃 between the axes of the primary beam and the
2
practical oriented direction, and the loss of receiving power is described by Ψ = 𝑒 −4 ln 2(𝜎𝜃 /Θ) where
Θ is the HPBW of the main beam [296]. Pointing offsets are usually caused by the mechanical
inaccuracy and deformation due to gravity and wind pressure, which are more sensitive for a large
dish at high frequencies [297]. For TMRT, the typical pointing accuracy before and after pointing
calibration is within ∼10 and ∼3 as, respectively, under modest (∼4 m s−1 ) wind conditions. In the
observations reported here (Session-K and Session-Q), pointing calibration of TMRT was performed
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only prior to the sessions and no pointing slots were inserted during the sessions. Therefore the
pointing accuracy of TMRT may gradually decrease with time. Here again let us focus on the KTNTMRT 43 GHz SNR on 1219+044 shown in Figure 3.5, where the highest SNR is seen on the first scan.
If we assume that the observed SNR decrease on the later scans is fully caused by the increasing
pointing offset of TMRT, we can estimate an ·additional/differential‘ pointing offset Δ𝜎𝜃 for
√︁
each scan with respect to the first scan, such that Δ𝜎𝜃 = 2Θ × ln (𝑅n1 − 0.5)(arcsec), where
𝑅n1 ≡ (𝑆𝑁 𝑅scan−n /𝑆𝑁 𝑅scan−1 ) 2 = ΨTMRT,scan−n /ΨTMRT,scan−1 . This results in Δ𝜎𝜃 = 8.67 arcsec,
3.75 arcsecond, and 8.93 arcsecond for the 2nd/3rd/4th scans respectively, which implies a total
uncertainty to be at most ∼12 arcsecond. Note that this level of pointing error is still sufficiently
smaller than TMRT HPBW at 22 GHz (see table 3.1). This is consistent with the observed small
(∼10%) differences in amplitude between KaVA and TMRT at 22 GHz.
Therefore, the observed amplitude offset of TMRT can be explained if the aperture efficiency
was decreased to 𝜂 A ∼ 31% or if the pointing offset was as large as ∼12 arcsec. In reality, both of
the effects may contribute jointly, although the present data alone were difficult to conclude
which of the two effects is more dominant. In any case, the discussion here gives a useful guide to
improve future observing strategy of TMRT, such as the necessity of frequent pointing slots
during a session. Moreover, we note that the active surface control system of TMRT was fixed
after 2019. Therefore, the obtained array performance (sensitivity, imaging) based on these early
commissioning data should be considered as a lower limit and a higher improvement is expected
once TMRT joins with its full performance.

3.2.6

Summary

In this paper, we reported the first imaging results of bright AGN jets with KaVA+TMRT+NSRT
that serves as a core array of EAVN. Compared with only KaVA, we confirmed that the image
dynamic range for a point source (1219+044) can be improved by > 80% and > 50% at 22 and
43 GHz, respectively. For the source with extended jets M 87, KaVA+TMRT+NSRT successfully
recovered their rich structures at image 𝐷𝑅 over 4500, thanks to the significant enhancement of
sensitivity by TMRT and E-W angular resolution by NSRT. This demonstrates the excellent
capability of EAVN for study of jet formation and collimation of powerful relativistic jets. We also
imaged a relatively weak (∼100 mJy) source with short integration time.
It should be noted that the first EAVN results presented here were obtained during the
commissioning phase where TMRT and NSRT were still not in their full performance. This means
that a further performance improvement of the EAVN array is expected once the remaining issues
(in particular for TMRT) are fully settled. In fact, our preliminary analysis of more recent data
(obtained in 2019–2020) indicates the greater array sensitivity than the data presented here. From
2018 more stations (Nobeyama, Takahagi and Hitachi) are regularly joining EAVN at 22 and
43 GHz, additionally enhancing the array sensitivity and uv-coverage.
In the next few years and beyond, we will see several new stations in East Asia and Southeast
Asia, such as Extended-KVN (eKVN; e.g., [298]), QiTai Telescope (QTT; e.g., [299]) and Thai
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National Radio Telescope (TNRT; e.g., [300]), which are all capable of 22/43 GHz. In the meantime,
plans of EAVN experiments at low frequencies (1–10 GHz) together with the FAST 500-m telescope
(e.g., [258]) are being actively considered. Ultimately, the growing EAVN can be connected to
other cm-VLBI networks such as EVN, LBA and VLBA. This will facilitate the realization of a
truly global VLBI array at cm wavelengths.

3.3

East-Asia-To-Italy-Nearly-Global VLBI Network

In addition, EAVN is also expanding by collaborating with the Italian VLBI Network (IVN),
together with stations in Russia and Australia. After combing EAVN, IVN, Russian and Australian
telescopes, we can obtain over 10000 km baselines at both north-to-south and east-to-west
direction, which realizes a nearly global VLBI (namely East-Asia-To-Italy-Nearly-Global VLBI,
or EATING VLBI) [301, 302]. There are several key sources listed, like 3C84 and M87, to be
intensively studies by EATING VLBI. Especially for M87, to fully cover the Event Horizon
Telescope (EHT) observing windows in 2017/2018/2021, we successfully conducted K band
observations biweekly with EATING. It is a unique monitoring project at 22 GHz due to the
difficulty of realization with global VLBI, which requires a smooth cooperation among numbers
of different groups. We successfully obtained several nice image of M87 structure which can be
seen in Figure 3.14. The analysis of these data is still in progress, but our preliminary image
resolves the jet base of M87 at scales of ∼18 𝑅𝑠 , which is quite comparable to the scales of the
EHT. This demonstrates that EATING VLBI would be useful as a guide to properly interpret the
contemporaneous EHT images. For 3C84, this source is actually a very good target for EATING
VLBI because it is a high declination source and there is sufficient common sky between East Asia
and Italy. Similarly, other famous high declination sources such as BL Lac, Mrk421, Mrk501,
OJ287 and Cygnus A are suitable targets of EATING. Future regular EATING monitoring of these
sources at 22/43 GHz will uniquely determine the structural evolution of these jets at scales of
∼70 μas.
In following chapters, I will show the results and scientific discussion of M87 based on our
VERA, KaVA, EAVN, and EATING observations.
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Figure 3.14: M87 structure observed by EATING observations at 22 GHz. The restored beam size
is (1.6×0.3) mas beam along PA = 10◦ . The synthesized beam is shown in the bottom-right corner
of the figure. Contour levels are scaled as (0, 1, 1.4, 2, 2.8...)×5𝐼 rms where 𝐼 rms for each epoch is
listed in Table 4.9
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4

Dynamics of the innermost jet in M87 from
2006 to 2021

4.1

Introduction

Relativistic jets in Active Galactic Nuclei (AGN) are the most energetic phenomena in the universe,
and believed to be powered by the accretion onto the central supermassive black holes (SMBH).
To better understand the formation of AGN jets, the key is to directly resolve the innermost
jet regions close to the central black hole. The nearby radio galaxy M87 (𝐷 = 16.8 ± 0.8 Mpc,
1 mas ≈ 0.08 pc [173]) is the one of the most famous AGN with a well-collimated jet extended
from sub-parsec to kilo-parsec scales (see Chapter 2). Thanks to its proximity and SMBH, M87 is a
privileged target to study the jet launching/formation scales in the immediate vicinity of the
black hole. High-resolution Very Long Baseline Interferometry (VLBI) observations on M87 that
reach micro-arcsecond (𝜇as) and milli-arcsecond (mas) scales are a unique way to probe the
horizon-to-subpc-scale emission and then further provide constraints on the physics of AGN jet
formation.
For the regions at 𝜇as scales, the Event Horizon Telescope Collaboration (EHTC) conducted
VLBI observations on M87 with Earth-diameter-length baselines in April 2017 [52, 174, 175, 176,
177, 178, 196, 303]. The first-ever image of the central black hole silhouette in M87 was obtained.
The appearance of the black hole shadow with a diameter 42 ± 3 𝜇as shows an asymmetric
brightness distribution, namely the southern side is brighter than the northern side. The mass
of SMBH was preciously measured to be 𝑀BH = (6.5 ± 0.7) × 109 𝑀⊙ [177]. The position angle
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(PA) of the bright side is within the range of 150◦ to 200◦ counterclockwise with respect to the
north axis. Moreover, together with previous EHT observations in 2009, 2011, 2012 and 2013,
the asymmetric brightness distribution of the ring-like structure was found to be persistent
while the PA of the brighter side was significantly variable among different years [199]. The
time-dependent year-scale variation of the horizon-scale structure suggests the presence of
non-stationary nature of the central BH+disk system, which may also affect the dynamics of the
jet produced from them. Therefore, complementary low-frequency VLBI observations where the
jet emission can be better traced are very important to provide further constraints on the possible
connection between the horizon-scale structure and the innermost jet regions.
For the regions at mas scales, previous cm-VLBI observations revealed a limb-brightening
structure of the M87 jet [184, 109, 211, 113]. The overall PA of M87 jet is along with ∼ 288◦ [75, 211,
113]. Interestingly, the long-term VLBA data of M87 at 43 GHz suggest a possible quasi-periodic
oscillation of PA at mas scales [113] on time scales of ∼8–10 years. However, the cause of the jet
oscillation is still not clear due to the insufficient time coverage of the data on both long and short
time scales. Such a PA variation (on the sky plane) may also imply the change of jet viewing angle
relative to our line-of-sight, which is a fundamental parameter to convert the apparent quantities
to intrinsic ones. The year-scale variation seen in the mas-scale jet of M87 could be caused by
either hydrodynamical instabilities [113] or periodic precession of the jet nozzle [167]. To more
accurately determine the dynamics and evolution of the M87 jet, it is essential to intensively
monitor the jet with VLBI over a wide range of time scales from days to years.
To this end, since 2013 we have been conducting a dedicated monitoring program of M87 with
the KVN and VERA Array (KaVA; 2013–) and the East Asian VLBI Network (EAVN; 2017–)
(see Chapter 3). Part of these observations were further connected to the telescopes in Italy,
(East-Asia-To-Italy-Nearly-Global (EATING) VLBI [301]), which additionally enhanced angular
resolution. The monitoring program covers a broad range of time sampling intervals from
days to weeks to years, which enables us to study both short-term and long-term structural
evolution of the jet. In fact, KaVA/EAVN/EATING is currently the only facility that is regularly
monitoring M87 at 22/43 GHz, and part of our observations were successfully conducted along
with the EHT observations of M87 (2017, 2018 and 2021). This allows us to reveal/constrain
the simultaneous properties of the large-scale jet beyond the EHT ring [176]. Moreover, these
EHT-EAVN camapigns were also jointly performed with other multi-wavelength facilities from
optical to TeV 𝛾-rays (see Figure 4.1). This additionally allows us to study the connection of jet
launching to high-energy X-ray/𝛾-ray production mechanisms [206].
In this chapter we present our detailed study of the M87 jet at mas scales to (1) better constrain
the dynamics and evolution in the jet formation scales, and then (2) better understand the nature
of the central engine (SMBH+disk) generating the jet. To this end, we extensively analysed VLBI
data on both short-term and long-term scales. The short-term properties include relativistic
proper motion traced by our densely (weekly) monitored EAVN data during 2017 to 2020. The
long term properties include more gradual, year-scale structural evolution of the jet base over 15
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Figure 4.1: Composite image showing how the M87 system looked, across the entire electromagnetic spectrum, during the Event Horizon Telescope’s April 2017 campaign to take the iconic
first image of a black hole. Requiring 19 different facilities on the Earth and in space, this image
reveals the enormous scales spanned by the black hole and it forward-pointing jet, launched just
outside the event horizon and spanning the entire galaxy. [206]
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years. In section 4.2, detailed information about our observations and data reduction process
is described. In section 4.3, we present the main results obtained from our data, including (1)
structure images for the short term (section 4.3.1), (2) kinematic analysis based on visibility data
(section 4.3.2), (3) structure images for the long term (section 4.3.3), (4) PA variation over the
long term time (section 4.3.4), (5) variability based on multi-frequency data (section 4.3.5). In
section 4.4, the discussion related to our topic is presented based on the results. In section 4.5, we
summarize this work and show the future plan. Throughout this chapter, we assume a flat ΛCDM
universe with the cosmological parameters from [264], 𝐻 0 = 67.8 km s−1 Mpc−1 , 𝜓 m = 0.31, and 𝜓 Λ
= 0.69.

4.2

Observations and data reduction

The data presented in this chapter are mainly from EAVN and VLBA at 22/43 GHz, EATING at
22 GHz and Global Millimeter-VLBI-Array (GMVA) at 86 GHz, and VERA at 22/43 GHz. The
primary data used in this chapter are EAVN and VLBA data at 43 GHz since these data provide
optimal angular resolution, imaging sensitivity and monitoring intervals to study the jet base,
while the other data are also necessary to complement the 43 GHz data (e.g., higher resolution at
86GHz; larger field-of-view at 22 GHz; denser time-coverage of VERA for the light curve analysis
of the core). In total, the VLBI data we used for imaging analysis include 110 epochs from EAVN,
4 epochs from EATING, 42 epochs from VLBA and 3 epochs from GMVA. Basic information of the
data from different array is summarized in Table 4.1. Divided by observing frequency, there are 56
epochs at 22 GHz, 100 epochs at 43 GHz and 3 epochs at 86 GHz. Other than the imaging purpose,
we also added 159 epochs observed by VERA to monitor the core flux variability. The total
observing period covered by these observations is from 2006 to 2021. In the following subsections,
we describe details about each of these observations and data analysis. All the individual data are
summarized in Table 4.9.
Array
KaVA/EAVN
VLBA
EATING
GMVA
VERA

Frequency (GHz)
22/43
22/43
22
86
22/43

Θ𝑎 (mas)
0.6/0.6
0.40/0.23
0.1
0.1
1.2/0.6

𝑏
𝑁 epoch
110
42
4
3
159

𝑐
𝑃ob
2013-2021
2006-2018
2017, 2019, 2020
2014, 2017, 2019
2012-2019

Table 4.1: Summary of the data from different array. 𝑎 Typical angular resolution. 𝑏 Number of the
epochs. 𝑐 Observing years.

4.2.1

EAVN data at 22 and 43 GHz

Since 2013, KaVA [239] has regularly been monitoring M87 to trace the structural evolution
of the pc-scale jet [226, 222]. From 2017, the network was expanded to the East Asian VLBI
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Network [263, 304, 305, 179] by adding more stations from East Asia, enhancing the array
sensitivity and angular resolution. A total of 110 KaVA/EAVN epochs (49 epochs at 22 GHz and 61
epochs at 43 GHz) observed between 2013 and 2021 are reported in this work. The core array of
EAVN is KaVA+Tianma+Nanshan at 22 GHz and KaVA+Tianma at 43 GHz. The shortest baseline
length is 305 km between Ulsan-21m and Yonsei-21m telescopes for both frequencies while the
longest baseline length is 5078 km between Ogasawara-20m and Nanshan-26m telescopes at
22 GHz and 2270 km between Mizusawa-20m and Ishigaki-20m telescopes. This achieves a
maximum angular resolution up to 0.6 mas at both frequencies. More details can be referred to
Chapter 3.
Each of the EAVN sessions was made in a 5–7-hour continuous run at a data recording
rate of 1 Gbps (2-bit sampling, a total bandwidth of 256 MHz was divided into 32 MHz × 8 IFs).
Only left-hand circular polarization was recorded. All the data were correlated at the Daejeon
hardware correlator installed at KASI. All the EAVN data were calibrated in the standard manner
of VLBI data reduction procedures [306]. We used the AIPS software package for the initial
calibration of visibility amplitude, bandpass and phase calibration. The imaging/CLEAN [307]
and self-calibration were performed with the Difmap software. All data were calibrated in the
standard manner of VLBI data reduction procedures and under the guideline of EAVN data
reduction. More details are described in the EAVN memo 1 .

4.2.2

VLBA data at 24 and 43 GHz

To expand the time coverage of our study, we additionally reanalyzed 42 epochs of VLBA archival
data obtained between 2006 and 2018. Note that the VLBA data observed in 2012 and before 2006
are not included due to the poor quality. These VLBA observations were part of the long-term
monitoring program of M87 started from 2006 [113, 308]. There are 3 sessions observed at 24 GHz
and 39 sessions observed at 43 GHz. The recording rate ranges from 256 Mbps to 2048 Mbps
depending on sessions. Both left and right circular polarization were recorded for most of these
sessions. All the data were correlated with the VLBA software correlator in Socorro. The data
reduction process follows the standard process of VLBA data reduction. After the phase and
amplitude calibration in AIPS software package, we did self-calibration and final imaging in the
Difmap software. The angular resolution of VLBA image is around 0.40 mas at 24 GHz and
0.23 mas at 43 GHz, respectively.

4.2.3

EATING data at 22 GHz

To resolve the regions even closer to the core, part of our EAVN 22 GHz observations were
further connected to the telescopes in Italy (Medicina-32m, Noto-32m and Sardinia-64m). This is
so-called the “EATING VLBI array" project and extends our maximum baselines from 5078 km to
∼10000 km (mainly in the east-west direction). Here we include 4 epochs of EATING data that
1 https://radio.kasi.re.kr/eavn/data_reduction.php
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were obtained between 2017 and 2020 (see Table 4.2 for details). The maximum angular resolution
was 0.1 mas.
In each session, the total observing time was 5–7 hours where the Italina stations typically
joined in the last 3 hours. The recording rate is 1 Gbps (2-bit sampling, a total bandwidth of
256 MHz was divided into 16 MHz × 16 IFs). The data correlation were done with the Daejeon
hardware located in KASI. The data reduction procedure is similar with EAVN data reduction
process which follows the standard VLBI data calibration steps as mentioned above.
Epoch
a17107a
a19mk02q
a19mk02r
a2015a

Obs. Date
2017-04-17
2019-12-06
2019-12-21
2020-01-30

𝑎
𝑁 Ant
11
9
9
8

Stations
KaVA𝑐 (no KUS), TMRT𝑑 , NSRT𝑒 , HIT 𝑓 , MDC𝑔
KaVA, NSRT, SRTℎ
KaVA, NSRT, BDR𝑖
KaVA, SRT

Table 4.2: Antenna information of four EATING observations at 22 GHz. 𝑎 Number of participated
antenna. 𝑏 Baseline length. 𝑐 KaVA: Korean VLBI Network (KVN) and VERA, including Mizusawa20m, Iriki-20m, Ishigaki-20m, Ogasawara-20m telescopes in Japan and Tamna-21m, Ulsan-21m,
Yonsei-21m telescopes in Korea (see table 3.1). 𝑑 Tianma-65m telescope in China. 𝑒 Nanshan-26m
telescope in China. 𝑓 Hitachi-32m telescope in Japan. 𝑔 Medicina-32m telescope in Italy. ℎ
Sardinia-64m telescope in Italy. 𝑖 Badary-32m telescope in Russia.

4.2.4

GMVA data at 86 GHz

Similarly to EATING, to resolve the closer vicinity of BH where EAVN/VLBA cannot reach, we
additionally included three epochs of GMVA 86 GHz data: one combined two observations on
2014 February 11/26 [75], one observed on 2017 March 30 (project code MA 009, [206]) and one
combined two observations on 2019 April 04/09 (project code: MH004B). The first GMVA data
contains two sessions observed with eight out of ten telescopes from VLBA (without Hancock
and Saint Croix) and Green Bank-100m Telescope on February 11 and 26. The on-source time for
each session is 8 hours. Both left and right circular polarization were recorded. The recording
rate is 2 Gbps (2-bit sampling, a total bandwidth of 512 MHz was divided into 2 IF channels ×
128 MHz/channel × 2 polarization). The second GMVA data observed on 2017 March 30 was
done with eight out of ten telescopes from VLBA (without Hancock and Saint Croix), Green
Bank-100m, IRAM-30m, Effelsberg-100m, Yebes-30m, Onsala-20m, and Metsahovi-14m Telescopes.
The total on-source time is 14 hours. The weather condition was poor so only bright core and
southern limb were detected. The third GMVA data combined two sessions observed on 2019
April 04 and 09. The joint telescope are eight out of ten telescopes from VLBA (without Hancock
and Saint Croix), Green Bank-100m, Pico Veleta-30m, Effelsberg-100m, Yebes-30m, Onsala-20m,
and Metsahovi-14m Telescopes. The total observing time for each session is 11 hours. The data
reduction process is similar to that of the other two epochs. More details are described in Hada et
al. (2016) [75] and EHT-MWL Science WG et al. (2021) [206].
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VERA data at 22 and 43 GHz

Independently from KaVA/EAVN, VERA is also regularly monitoring M87 at 22 GHz (and
occasionally 43 GHz) GHz) from 2010, as part of the GENJI program [309, 310]. The purpose of
this program is to densely monitor the light curves the radio core of bright 𝛾-ray emitting AGNs,
and M87 is one of the primary targets of this program.
Through the VERA/GENJI program, a total of 159 epochs were obtained for M87 from 2010 to
2020. This includes 141 epochs at 22 GHz and 18 epochs at 43 GHz. The on-source time of M87 in
each session is around 10–30 minutes. Only left-hand circular polarization was recorded. The
observing bandwidth is 16 MHz with 14 IF channels which is sufficient to trace the bright core
and generate its light curves. The data reduction procedure follows the standard VERA data
reduction procedures as described in Nagai et al. (2013) [309] and Hada et al. (2014) [310]. The
typical angular resolutions were 1.2 mas and 0.6 mas at 22 GHz and 43 GHz, respectively. Note
that the VERA-only array is insensitive to the large-scale extended jet emission due to the lack of
short baselines (VERA: 1019-2270 km). Therefore, while VERA/GENJI can properly measure the
compact core fluxes, the total fluxes recovered by this program can be a lower limit of the actual
total jet fluxes.

4.3
4.3.1

Results
EAVN images of the M87 jet

Firstly, to highlight the overall structure of the M87 jet, we show in Figure 4.2 some representative
images of M87 obtained from our EAVN observations at 22 and 43 GHz. The EAVN images in
Figure 4.2 were obtained by stacking the data over the year of 2017, where some of them were
overlapped with the period of EHT campaign in April 2017. By stacking, we can enhance the
sensitivity to low-level emission and average-out any short-term minor fluctuations, which is
advantageous to highlight typical characteristic features over the stacked period. The images are
restored with circular Gaussian beams of 0.8 mas and 0.3 mas at 22 and 43GHz, respectively
(slightly super-resolution with respect to the typical beam sizes).
The detected jet emission extends to 10 mas at 43 GHz and over 30 mas at 22 GHz. The
limb-brightening feature was clearly resolved at regions further than 0.8 mas at 43 GHz and 4 mas
at 22 GHz from the core. In the regions within 1 mas from the core, the southern side of M87 jet at
43 GHz appears to be brighter than northern side. A consistent trend can also be seen in the inner
jet part of the 22 GHz image. At the eastern side of the core, both 22 and 43 GHz images can see
the faint emission extending to ∼1.5 mas from the core. This kind of feature is frequently reported
in the previous M87 VLBI images [227, 113], and most likely the Doppler-deboosted counter-jet
propagating away from us.
One of the most remarkable features found in our stacked EAVN-2017 images is that, in
contrast to the straight beam shape seen at 22 GHz, the position angle of the innermost jet
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region (≲ 3 mas) seen at 43 GHz appears to be significantly more horizontal (PA ∼ 280◦ ). This
jet-launching direction in 2017 is quite different from the well-known M87 jet PA ∼ 288◦ reported
in previous VLBA results [75, 113], suggesting the presence of year-scale evolution of PA at the
jet base. Then, to further check the morphological evolution of the jet base, in Figure 4.2 we
display nine individual EAVN 43 GHz images for 2017 (top row), 2018 (middle row) and 2019
(bottom row). Interestingly, as clearly seen in this Figure, while the jet-base morphology is quite
similar within the same year, the jet-base PA is significantly changing between different years.
Therefore, this hints that the jet-base PA variation is more associated with long-term (year-scale)
evolution of the jet rather than short-term relativistic motion. We will address this topic in very
detail in Section 4.3.3 and 4.3.4.

Figure 4.2: Stacked EAVN image of M87 jet at 22 GHz (bottom) and 43 GHz (middle) together with
EHT M87 BH results at 230 GHz (upper) observed in 2017. All images used here are from the
observations in 2017.

4.3.2

Proper motion

While the overall appearance/shape of the M87 jet looks largely stable on short (week-to-month)
time scales, previous VLBI monitoring studies of the M87 jet often report significant proper
motion of the jet on these time scales. To investigate kinematic property of M87, here we
conducted the Gaussian fitting on the visibility data observed by EAVN from 2017 to 2020. Note
that we did not perform kinematic analysis with 2021 EAVN data due to the limited epoch
number. It is difficult to identify the components with only four epochs. And it contains large
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Figure 4.3: Comparison of M87 jet structure based on the EAVN observations at 43 GHz during
2016 to 2019. The common circular beam size is restored as 0.5 mas. Contour levels are scaled as
(0, 1, 1.4, 2, 2.8...)×10𝐼 rms where 𝐼 rms for each epoch is listed in Table 4.9.
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uncertainty to connect them with 2020 EAVN observation under over half year interval. Figure 4.4
shows the distribution of the circular Gaussian components obtained from each EAVN epoch at
43 GHz grouped by observing year. The contour of the clean image is plotted to double check the
consistency of models and intensity distribution. The circles in different colors indicate different
components after identification in individual epoch. The same color for the same component is
used in the fitting result shown in Figure 4.5. After classifying the components, we conducted the
linear fitting for each group of same components and obtained the beat fitting results indicated
with solid lines in following Figure 4.4 and 4.5. The apparent velocity obtained from the best
fitting results, together with the components distribution over time, is shown in the Figure 4.6,
The detected apparent velocity in 2017 is faster than that in the other three years on average. The
overall fitting results of the components is around 1-2 c at the region within 1 to 5 mas. The
detailed fitting results are listed in Table 4.3.
Year
2017

2018

2019

2020

ID𝑎
C1
C2
C3
C4
C5
C6
C7
C2.5
C3.5
C1
C2
C3
C4
C1
C2
C3
C4
C1
C2
C3
C4

N𝑏
5
4
8
8
12
10
7
3
5
6
11
11
7
8
11
11
4
8
5
8
8

P𝑐 (MJD)
57764-57831
57764-57812
57764-57899
57764-57852
57777-57899
57812-57899
57847-57899
57852-57861
57839-57861
58123-58274
58123-58274
58123-58274
58205-58274
58478-58571
58478-58628
58478-58628
58571-58628
58924-58996
58924-58963
58924-58996
58924-58996

Days𝑑
67
48
135
88
122
87
52
9
22
151
151
151
69
93
150
150
57
72
39
72
72

R𝑒 (mas)
6.76-8.94
4.51-5.18
1.93-4.45
0.84-2.95
0.37-3.29
0.22-2.27
0.45-1.07
7.88-8.22
4.82-5.31
2.77-4.57
1.27-3.15
0.27-1.94
0.40-1.05
2.38-3.21
1.34-2.87
0.45-1.57
0.28-0.65
3.95-4.89
2.00-2.74
1.06-2.19
0.26-0.87

PL 𝑓 (mas)
2.18
0.68
2.52
2.12
2.92
2.05
0.62
0.34
0.49
1.80
1.88
1.66
0.65
0.84
1.53
1.12
0.37
0.94
0.74
1.13
0.61

𝑉app (mas yr−1 )
10.43±2.21
4.73±0.97
6.89±0.36
8.52±0.37
8.89±0.21
8.37±0.19
3.59±0.85
13.84±0.24
7.81±0.52
4.50±0.69
4.63±0.39
3.97±0.13
3.47±0.60
3.71±0.36
3.76±0.43
2.53±0.48
2.38±0.14
4.49±0.51
6.20±0.84
5.63±0.78
2.81±0.60
𝑔

ℎ (c)
𝛽 app
2.71±0.57
1.23±0.25
1.79±0.09
2.22±0.10
2.31±0.05
2.18±0.05
0.93±0.22
3.60±0.06
2.03±0.14
1.17±0.18
1.20±0.10
1.03±0.03
0.90±0.16
0.96±0.09
0.98±0.11
0.66±0.12
0.62±0.04
1.17±0.13
1.61±0.22
1.47±0.20
0.73±0.16

Table 4.3: Fitting results obtained from DIFMAP. 𝑎 Component ID which are same with the labels
in Figure 4.5. 𝑏 Component number. 𝑐 Tracing period in MJD. 𝑑 Time for the detected motion. 𝑒
Tracing region. 𝑓 Apparent path length of the detected motion. 𝑔 Apparent velocity in mas yr−1 . ℎ
Normalized apparent velocity.
To compare with previous kinematic study, we overlapped our results in blue color together
with the results reported in literature with gray color in Figure 4.7. The overall acceleration trend
is consistent between our results and previous work. The proper motion obtained from our data
is relatively higher than the most previous results but the difference is within 1𝜎. The high
cadence and continuous monitoring may be the reason why our results successfully detected

4.3 Results

63

Figure 4.4: Gaussian model fitting components overlapped on the contour maps. The different
colored circles indicate the models obtained from DIFMAP. The same color means they are
identified as the same moving jet components. The lines are the best fitting lines to indicate the
moving trajectories. The fitting results are summarized in Table 4.3 and . From left to right, they
are the image sequence for the observing year 2017, 2018, 2019 and 2020 as indicated at the top of
each image, respectively. The y axis is the observing day in Modified Julian Date (MJD) and the x
axis is the Relative Dec in the unit mas after clockwise rotating all the images with 18 degree.
Contour levels are scaled as (0, 1, 1.4, 2, 2.8...)×3𝐼 rms where 𝐼 rms for each epoch is listed in Table 4.9.
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Figure 4.5: Distribution of Gaussian model fitting components as a function of the separation to
the core in corresponding years. The best linear fitting results are indicated as the solid lines.
The size of makers is proportional to the integrated flux within the fitted circular Gaussian
component. The fitting errors are indicated with gray shadow.
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Figure 4.6: Comparison of the apparent velocity obtained with EAVN data from 2017 to 2020.
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relative faster proper motions compared with historical work.

Figure 4.7: Comparison of the proper motion results obtained from the model fitting (blue) with
the historical results (gray) as a function of the projected distance to the core.

4.3.3

Year-scale jet evolution over 2006 to 2021

From this section we extensively investigate the long-term evolution of the M87 jet. To further
check the yearly variation, we stacked the data observed within same year. The sequence of the
yearly stacked structure at 43 GHz is shown in Figure 4.8. The weekly variation is smoothed out
in the yearly stacked images. Note that in several years, including 2006, 2009, 2011, 2014 and 2015,
there is only one or two epochs in those years. Hence the apparent jet structure is much knotty
than other years. The jet structure further than 5 mas distance with respect to the core show
not much significant variation while the inner jet within 5-mas core separation show clear
time-dependent variation. Again the jet morphology in 2017 is distinguish among the structure
sequence. The detailed variation is quantitatively measured and described in section 4.3.4.
The brightness distribution variation is also seen in inner jet resolved by GMVA at 86 GHz
(see Figure 4.9). In 2014, the brightness of two limbs of M87 jet within 1-mas core separation is
quite symmetric while southern side is brighter in 2017 and northern side is brighter in 2019.
Note that the image quality in 2017 is relatively low compared with the other two years due to
the poor weather condition [206].

4.3.4

Position angle

After checking the variation of M87 jet structure with the yearly stacked image, there is a
significant PA angle change with time. And this time-dependent motion is more obvious for the
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Figure 4.8: Structure of M87 jet by yearly stacked EAVN and VLBA data at 43 GHz which covers
the time range 2006-2021. The common circular beam size is restored as 0.5 mas all the individual
epoch before stacking. The synthesized beam is shown in the bottom-left corner of the figure.
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Figure 4.9: M87 structure observed by GMVA observations at 86 GHz. The restored beam size is
0.1-mas circular beam. The synthesized beam is shown in the bottom-right corner of the figure.
Contour levels are scaled as (0, 1, 1.4, 2, 2.8...)×5𝐼 rms where 𝐼 rms for each epoch is listed in Table 4.9.
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W
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Figure 4.10: Shifted offsets of the peak locations in all the individual calibrated images at
K/VLBA-Q/EAVN-Q/W bands are indicated in green, orange, red and blue color, respectively. The
origin (0.0) is the phase-tracking center of each map. Thicker color indicates multiple epochs
overlapped. The original beam size at K band is relatively larger than Q and W bands. Hence, the
offsets with respect to the origin (0, 0) are relatively larger than other bands.
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innermost region with the confirmation from large-scale jet morphology obtained by EAVN data
at 22 GHz. To quantitatively check the variation of PA in the innermost region (⩽ 3 mas) of M87,
we firstly analyzed the individual epochs. We divide the jet within 3-mas core separation into four
parts based on the distance from the core: R1 (0.2-0.5) mas, R2 (0.5-1.0) mas, R3 (1.0-2.0) mas, and
R4 (2.0-3.0) mas as labeled in Figure 4.11-Left. All images are restored into circular Gaussian beam:
0.1 mas for GMVA data, 0.3 for VLBA data at 43 GHz, 0.5 mas for EAVN data at 43 GHz and VLBA
data at 22 GHz, 1.2 mas for EAVN data at 22 GHz. We regard the image peak intensity pixel as the
radio core. Due to the limitation in uv-coverage, there are some offsets between the location of
peak pixel and the phase tracing origin (0, 0) in each epoch. To align the core position among our
images, we shifted all images to make the peak pixel as the image center. The shifted offsets for
each epoch with respect to the origin in the calibrated images are shown in Figure 4.10. The
averaged offset in (Right Ascension, Declination) direction is (0.0037±0.0263,-0.0061±0.0207) mas
for K band data, (-0.0074±0.0099,0.0044±0.0086) mas for EAVN Q band data, (0.0021±0.0069,0.0021±0.0066) mas for VLBA Q band data and (-0.0033±0.0047,0.0067±0.0094) mas for GMVA W
band data, which are much smaller than the restored beam size. Note that the core position can
jitter on the sky, which may lead to the intrinsic variation of core position with frequency and
time. For the core shift among different frequencies, Hada et al. (2011) [216] made an accurate
estimate of M87 by using phase referencing method. The offsets are 0.026 mas between 22 and
43 GHz and 0.015 mas between 43 and 86 GHz, which are much smaller than the restored beam
size. In addition, the M87 core show extremely stable astrometric position with a scatter of ∼ 6 Rs
over several years based on the VLBA 43 GHz observations [311]. Hence we can regard the
location of M87 core as a stationary position. Taking the location of the peak as the center, we
conduct circular slicing every 0.1 mas from 0.2 to 3 mas respect to the core and accumulate the
slicing according to the region (see the black line in Figure 4.11-Right).
To reduce the influences from bright core, the starting distance of slicing is at least 1.4 times
beam size distant from the core. Hence, due to the limitation of beam size and sensitivity for the
data from different arrays, the effective slicing range is different: 0.2-1.0 mas for GMVA data,
0.5-3.0 mas for VLBA data at 43 GHz, 0.8-3 mas for EAVN data at 43 GHz and VLBA data at
22 GHz, 1.7-3 mas for EAVN data at 22 GHz. For the EATING data at 22 GHz, even though the
longer distance jet emission was detected, we limited the analyzed region within 0.2-0.5 mas
distance with respect to the core according to our scientific interests. The advantage of using
common circular beam size and slicing with circles is to avoid the effects from the elliptical beam
shape and rotation angle based on the presumption of the PA. The integration within certain
distance improves the signal-to-noise ratio and reduces the weight of the temporal emission
caused by instabilities in the individual epoch.
Then we performed the Gaussian model fitting to deconvolve the jet into two Gaussian
components as shown with shadow in Figure 4.11-Right. The peak locations of two components
are regarded as the locations of two limbs in M87 jets. The average of these two limbs is defined
as the jet center. The fitting errors come from two parts: 1) image noise which can be ignored due
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Figure 4.11: Left: Distribution of circular slicing regions. The color map at background is the
stacked image of EAVN and VLBA epochs at 43 GHz observed from 2013 to 2020 for reference.
The beam size is 0.3-mas circular Gaussian which is indicated at the bottom-left corner of the
figure. The four regions are labeled accordingly. Right: Integrated slicing samples in R2-R4
obtained from Left image. Limited by the 0.3-mas circular Gaussian beam size, only the regions
further than 0.5 mas from the core are considered. S and N indicate the southern and northern,
respectively.

Figure 4.12: Observed jet center PA variation as a function over time obtained from individual
epoch. The data at the regions covering the core separation within 0.2-0.5 mas are obtained from
GMVA data at 86 GHz and EATING data at 22 GHz. The data at outer regions from 0.5 to 3 mas
with respect to the core are from EAVN and VLBA data at 22/43 GHz. The detailed description of
data from each array is introduced in section 4.3.4.
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to the high enough signal-to-noise ratio after integration within each region, 2) Gaussian fitting
error output from the program.
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Figure 4.13: Comparison between nearby EAVN (Left) and VLBA data (Right). The restored beam
size for both epoch is 0.5-mas circular Gaussian beam.
The PA within 3-mas distance with respect to the core obtained from the individual epochs
are presented in section 4.3.4. The EHT observing windows in 2017 are also labeled with orange
color shadow. We highlight that the pink color points are from three GMVA data at 86 GHz and
EATING data 22 GHz. It is clear to see the M87 jet position angle has a clear variation with time
for all these four innermost regions. And PA reaches to the lowest value near 2017 that means
M87 toward to southern side more around 2017.
In addition to the check on individual epochs, we also conducted similar procedure for yearly
stacked images at both K and Q band. The stacked images have relatively higher SNR compared
with the individual epochs which is better to trace the yearly variation seen in M87 jet. Before
stacking the images, we firstly check the consistency between nearby VLBA and EAVN data as
shown in Figure 4.13. We selected two representative epochs observed in 2017, one EAVN data
(Obs. Code: a17094a) observed on April 4th and one VLBA data (Obs. Code: BG251A) observed on
May 5th. The PA at different regions are also labeled in the figure. The differences of the overall
jet PA between the nearby EAVN and VLBA data are within 1◦ which follows the decreasing
trend shown in Figure 4.12. The difference amplitude is much smaller than the maximum PA
variation ∼ 20◦ during these 15 years. Hence, it is safe to check the trend together with EAVN and
VLBA data. In addition, for the most EAVN-VLBA overlapped years, over 90% data are EAVN data.
The difference between EAVN and VLBA data can be ignored. The difference of the treatment
between stacked and individual images is that we averaged the whole interested region within
0.2-3 mas distance to the core according to the observing frequency. Since GMVA and EATING

72

Chapter 4. Dynamics of the innermost jet in M87 from 2006 to 2021

Figure 4.14: Same with Figure 4.12 but yearly stacked with 0.7-3.0 mas core separation and
without EATING/GMVA data. Note that the actual region cover by Q band is 0.7-3 mas and by
K band is 1.7-3 mas distance to the core. The detailed description of data from each array is
introduced in section 4.3.4.
data number is very limited which almost observed one epoch in the available years, we only
conducted this procedure with EAVN and VLBA data at 22 an 43 GHz. Limited by the angular
resolution, the actual distance is 0.7-3 mas covered by Q band data while 1.7-3 mas by K band.
The PA variation at both K and Q band over time is shown in Figure 4.14. The results of the jet
center PA from the 22 and 43 GHz data are consistent with each other over time even though the
time coverage of K band data is ∼8 years shorter than Q band results.

Figure 4.15: Variability of M87 core at multiple radio frequencies observed with multiple arrays.
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Light curve

In Figure 4.15, we show the light cure of the radio core obtained from VERA, EAVN, and VLBA
data at 22/43 GHz together with the archive Submillimeter Array (SMA) data at 230 GHz. The
angular resolution of SMA is around 3 arcsec. The time range is from 2013 to 2020. The core
fluxes measured by VLBI facilities in this plot are the peak fluxes integrated within 1-mas circular
Gaussian beam. Different arrays at different frequencies are indicated in different colors and
markers. The EHT observing windows in 2017 and 2018 April are labeled with orange shadow.
In EHT MWL et al. (2021) work [206], quasi-simultaneous observations covering broad band
confirmed that M87 is in a relatively low status compared with historical record. However, the
core dominance is still significant. From our longer time range light curve, it is clear to see the
core fluxes decrease from 2017 till 2019 and slightly increase after 2019. Due to the variability, it is
necessary to keep monitoring the quasi-simultaneous compact fluxes at the frequencies lower
than 230 GHz which is helpful to estimate the total fluxes at BH scale [176] and measuring the
magnetic fluxes (see Chapter 5). The correlation between the variability and the PA variation is
discussed in Section 4.4.3.

4.4

Discussion

4.4.1

Instability

Over the past years, the inner jet of M87 has intensively been investigated with VLBI by a
number of authors. Thanks to these, some key observational properties such as the global
jet shape (collimation) [111], short-term jet structural evolution (relativistic jet motion and
acceleration [222]) as well as the existence of SMBH at the jet base (BH shadow) [52] are robustly
confirmed. In contrast, the long-term (year-scale) structural evolution of the M87 is still poorly
understood because such a study obviously requires the accumulation of data over many years.
The dynamics of M87 jet at kpc scales show transverse motion produced by Kelvin-Helmholtz (KH)
instability [312] which is hydrodynamic turbulence. This nonlinear evolution generally happens
in the interaction regions between jets and ambient medium. By tracing two representative
feature he amplitude of the variation is larger at larger distance. The first systematic study on a
year-scale evolution of M87 jet at mas scales was just recently made by Walker et al. (2018) [113],
where they compiled 17 years of VLBA 43 GHz archival data. Interestingly, they for the first time
found a hint of jet PA oscillation quasi-periodically on time scales of 8-10 years. The amplitude
of the PA variation increases with time. However, the quality of the data before 2006 are not
good. In addition, due to the limited time coverage and sparse sampling intervals, they also only
discussed the possibility of KH instability [313, 314], based on their results.
While they argued that KH instabilities [313, 314] could reasonably explain the observed
oscillation, there is actually another possibility, precession, which can lead to a periodic pattern.
In addition to the quasi-periodic trend reported in Walker et al. (2018) [113], our dense monitoring
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after 2016 further confirm the continued systematic jet oscillation in total over 22 years. And
the amplitude of the PA variation is quite stable with time during 2006 to 2021 as shown in
Figure 4.14. These two features could be hard to be recovered by instability effects. Therefore, our
observational results here stimulate the examination of a precessing jet rather than the instability
model, and in fact for the first time allows us to test a precession model thanks to the sufficient
coverage of time span. Note that we did not include VLBA data before 2006 due to its poor quality.
In following subsections, we discuss the nature physics indicated by the PA variation based on
the precession model.

4.4.2

Precession model

To test whether precession can explain the observed jet PA variation or not, we start with a
simplified model (see Figure 4.16) under the assumption that jet is precessing within a conical
cone as a solid body. In Figure 4.16, the parabolic cone indicates the jet surface. The detailed jet
shape is omitted in the following discussion and here we only focus on the evolution of the
central jet axis in the precession model. Since the angular velocity of precession is expected
to be non-relativistic, we regard the observing time as the same as the intrinsic time without
considering time dilation. As shown in Figure 4.16, in the frame of the observer, jet axis (in green
color) rotates with respect to the precession cone axis (in blue color). The purple dotted line
indicates the intrinsic precession trajectory of the jet axis. In actual observations, what we can
observe is the PA of the projected jet axis on the sky plane which is shown in green dotted
arrow in the precession model, which is determined by fitting. The main parameters used in the
precession model are listed in Table 4.4. Note that 𝑡 0 is an arbitrary reference time point, which is
determined by the fitting. Following the expression used in related works [315, 154], the observed
PA can be connected with the intrinsic properties of the jet by applying a sequence of rotation
matrix Ri (𝛽) (where i indicates axis 𝑥, 𝑦 or 𝑧, and 𝛽 indicates the counterclockwise rotated angle
with respect to the axis i) from jet to observer frame. The following rotations directions are in
the case of M87 jet with a-priori information that the projected jet axis is along PA∼ 288◦ and
viewing angle with respect to the jet central axis is about 17◦ [113]. The clockwise rotation of jet
internal motion was reported based on the asymmetric brightness distribution of the north-south
limbs and the difference of apparent velocities in the two limbs [183]. However, it is not clear
whether this rotation is as same direction as the precession or not. To simplify the model, here we
regard the jet precession direction also follows the same clockwise direction.
In the frame of the jet, the unit vector of jet in a Cartersian coordinate system can be expressed
as ®j = [0, 0, 1]. In the precession frame, assuming the precession period is (𝑡 − 𝑡 0 ), precession
angular velocity is 𝜔 p and the half opening angle of the precession cone is 𝜓 , jet needs to rotate
𝜔 p (𝑡 − 𝑡 0 ) clockwise with respect to the 𝑧 axis, Rz (−𝜔 p (𝑡 − 𝑡 0 )), and 𝜓 counterclockwise (note
that due to the precession, the rotation direction here does not matter) with respect to the 𝑦 axis,
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Parameter
𝜙
𝜃
𝜂p
𝜓
𝜔p
jet
𝑃prec
𝑡0
𝑡
𝜂
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Definition
Viewing angle with respect to central jet axis
Viewing angle with respect to precession cone axis
PA of the precession cone axis
Half opening angle of precession cone
Angular velocity of precession
jet
Periodicity of precesssion, 𝑃prec = 2𝜋/𝜔 p
Reference time
Observing time
PA of projected jet axis

Unit
deg
deg
deg
deg
rad/year
year
year
year
deg

Table 4.4: Definition of parameters set in precession model.
Ry (𝜓 ). Namely the vector of jet axis in the precession frame is expressed as:
®jp = Rz (−𝜔 p (𝑡 − 𝑡 0 ))Ry (𝜓 )®j.

(4.1)

In the frame of the observer, the viewing angle with respect to the precession cone axis 𝜃
leads to once clockwise rotation with respect to the axis 𝑦, Ry (−𝜃 ). And the precession cone axis
must locate at a certain direction with a fixed position angle 𝜂 p which requires once rotation
counterclockwise with respect to axis 𝑧, Rz (𝜂 p ). Namely, the jet axis vector in the observer frame
is given by:
®jo = Rz (𝜂 p )Ry (−𝜃 )®jp .
(4.2)
By combing Equation 4.1 and 4.2, the jet axis components in the observer frame (𝑗xo (𝑡), 𝑗yo (𝑡), 𝑗zo (𝑡))
can be written as:
𝑗xo (𝑡) = 𝐴 cos 𝜂 p − 𝐵 sin 𝜂 p,
(4.3)

𝑗yo (𝑡) = 𝐴 sin 𝜂 p + 𝐵 cos 𝜂 p,

(4.4)

𝑗zo (𝑡) = − sin(−𝜃 ) cos(−𝜔 p (𝑡 − 𝑡 0 )) sin(𝜓 ) + cos(−𝜃 ) cos(𝜓 ),

(4.5)

𝐴 = cos(−𝜃 ) cos(−𝜔 p (𝑡 − 𝑡 0 )) sin(𝜓 ) + sin(−𝜃 ) cos(𝜓 ),

(4.6)

𝐵 = sin(−𝜔 p (𝑡 − 𝑡 0 )) sin(𝜓 ),

(4.7)

where,

The observed PA 𝜂 (𝑡) is the projected jet axis in the observer frame at observing time point 𝑡
which can be expressed as:
𝑗yo (𝑡)
𝜂 (𝑡) = arctan (
).
(4.8)
𝑗xo (𝑡)
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Figure 4.16: Geometric scheme of the model for the precessing jet in the frame of observer. The
black, blue and green axis indicate the line of sight, precession axis and jet axis, respectively.
There are three angles labeled in this figure: 𝜓 , 𝜙 and 𝜃 represent half opening angle of the
precession cone, viewing angle with respect to the jet axis and the viewing angle with respect to
the precession axis, respectively. (X, Y) plane is the plane of the sky.
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The viewing angle with respect to the jet axis at time point 𝑡 is 𝜙 (𝑡) which can be given by:
𝜙 (𝑡) = arcsin

√︃

𝑗xo (𝑡) 2 + 𝑗yo (𝑡) 2 .

(4.9)

In Equation 4.8, there are five free parameters: 𝜃 , 𝜂 p , 𝜓 , 𝜔 p and 𝑡 0 , where 𝜂 p is set to be 288◦
based on the previous observations [113]. The other two parameters 𝑡 and 𝜂 can be directly
obtained from the observations. To reduce the effects from the possible short-term fluctuations
and increase the confidence of the analysis based on higher SNR images, we applied this equation
to the jet center PA of the yearly stacked M87 images from 2006 to 2021. The fitting was
performed for the region within 3-mas core separation based on EAVN/VLBA data at Q band (see
the red points in Figure 4.14). The best-fitting results with the smallest reduced chi-square in
the least-square fitting are listed in Table 4.5, namely 𝜃 = (29.01 ± 0.27) ◦ , 𝜓 = (2.20 ± 0.03) ◦ ,
jet
𝜔 p = (0.65 ± 0.03) rad/year and the corresponding periodicity 𝑃prec = (9.64 ± 0.46) year. The
positive fitting value of 𝜔 p supports our assumption of close-wise precession direction. The
correlations among parameters are 𝐶 (𝑡 0, 𝜔 p ) = 0.842, 𝐶 (𝑡 0, 𝜃 ) = 0.255, and 𝐶 (𝜃, 𝜔 p ) = 0.237 while
other correlations are smaller then 0.1. In the hypothesis testing via Student’s t-test, the t-value
and p-value of the hypothesis that observed and fitted PA are same distribution are 0.82 and 0.42,
respectively. Compared with the significance level 𝛼 = 0.05, the obtained p value is significantly
larger than 𝛼. Hence, the fitting results are reliable.

4.4.3

Estimation of parameters based on PA variation

The first important parameter affected by precession is the jet viewing angle with respect to our
light of sight, which has an influence when we learn the intrinsic properties from the observations.
The orientation angle of M87 jet with respect to the line of sight is under widely debate for a long
time in the literature. The value of viewing angle estimated from kpc-scale observations range
from <10◦ [316] to >45◦ [208]. In the optical observations conducted between 1994 and 1998, the
bright jet knot at 1" from the nucleus (so-called HST-1) showed highly superluminal motion
up to 6 c [182]. In the following radio observations at 1.7-2.3 GHz between 2004 and 2011, the
slightly slow apparent velocity of HST-1 nearby components is confirmed to be ∼ 4 c [228, 229].
According to the theoretical relation between maximum viewing angle 𝜙 max and fastest apparent
velocity 𝛽 app,max [317]
2
𝛽 app,max
−1
cos 𝜙 max = 2
,
(4.10)
𝛽 app,max + 1
𝛽 app,max = 6 requires a maximum viewing angle around 19◦ . However, the wrapped filaments
seen in kpc scales observed by Very Large Array (VLA) at 2 cm suggest the jet is close to the
plane of the sky [208]. And the appearance of the H𝛼 disk in the circumnuclear region seen by
optical observations indicates the inclination angle is ∼ 42◦ [318]. This inconsistency among
different measurements or data sets is also seen at pc scales. Mertern et al. (2016) [183] derived a
viewing angle ∼ 18◦ based on the kinematic analysis with the VLBA data at 43 GHz in 2007 and
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Frequency
Q

Region
mas
0.7-3.0

𝑡0
year
2009.23±0.38

𝜃
deg
29.01±0.27

𝜓
deg
2.20±0.03

𝜔p
rad/year
0.65±0.03

jet

𝑃prec
year
9.64±0.46

( 𝜒 2 )𝑎
1.92

Table 4.5: Best-fitting results for the region from 0.7 to 3 mas with respect to the core. 𝑎 Reduced
chi-square.
2008 while the slow apparent velocity around (0.25-0.40) c detected by the VLBA and Global
observations between 1999 and 2004 at 43 GHz indicates the viewing angle within (30-45)◦ [293].
The brightness ratio of the jet to the counterjet measured at the distance 0.2-0.5 mas with GMVA
data suggests a viewing angle about (28-38)◦ [75] and (6-38)◦ [211]. In Figure 4.12, the expected
viewing angle variation over time is plotted in the bottom panel which indicates the possible
range of the viewing angle with respect to the jet axis is 𝜙 ∼ (26.8 − 31.2) ◦ with a averaged value
28.77◦ based on the precession model.
By comparing with previous work from the aspect of viewing angle, our best-fitting results lie
well in the possible range of the viewing angles based on the previous work. In addition, our
discussion here indicates that the long-standing debate about the diverse values of M87 jet
viewing angles reported in the literature could be (partly) explained by the year-scale intrinsic
time variation of the viewing angle caused by the precession effect, which has not could be
related to the intrinsic viewing angle variation caused by the precession process, which has not
been discovered and well discussed before. However, there is still some discrepancy between our
fitted viewing angle range and the possible range of the viewing angle reported in the literature.
There are several possible reasons. (1) The difference between the viewing angle detected at
kpc scales and pc scale may be caused by the misalignment between pc and kpc scale. The
relative large viewing angle 𝜙 > 45◦ has not been reported within 5 mas distance to the core. (2)
The viewing angle estimated by the ratio of jet to counter-jet intensity and velocity [183] may
suffer the influence of the local events which breaks the precondition, the exact symmetric
distribution between jet and counter jet, of this measurement. The large difference in the results
obtained by the same measurement from GMVA [75, 211] and VLBA [183, 113] data supports
this idea. (3) The small viewing angle 𝜙 = (19.2 ± 3.7) ◦ derived from the rotation model [183]
does not consider the effects from precession. (4) There may be another alternative set of the
best-fitting results which has slightly larger reduced chi-square. This can be checked more after
accumulating more data covering longer time range.
For M87, the periodicity of precession was hardly discussed before. The only one related work
was reported by Walker et al. (2018) [113]. The transverse motion with a periodicity around 8-10
years is revealed based on 17 years VLBA data at 43 GHz. The Kelvin-Helmholtz instability [313]
was considered to interpret these transverse motion. The periodicity obtained with our precession
jet
model which is 𝑃prec = (9.64 ± 0.46) years is more accurately determined than the values by
Walker et al. (2018) [113] thanks to more dense data. In addition, the periodic motion is more
clearly seen based on our analysis. Our results for the first time indicate the precession model
may be one of the possible models, which can be even more favoured one, to interpret the
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Figure 4.17: Best-fitting results over time at the region within 0.7-3 mas with respect to the core.
The observed PA obtained from the yearly stacked images at Q band are overlapped as points.
The detailed fitting results are listed in Table 4.5. The period covered by VLBA data is indicated
by dark gray shadow and EAVN period is indicated by blue shadow. Note that the period labeled
by the lighter gray color data included in Walker et al. (2018) [113] but we do not included in our
analysis due to poor data quality.

80
Year
2007
2014
2016
2017
2018
2019
2020
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𝑎
𝛽 app
2.31
0.72
0.71
1.91
1.08
0.81
1.24

𝜙𝑏
28
31
29
28
27
26
27

𝑐
𝛽 int
0.92
0.64
0.64
0.89
0.76
0.69
0.80

𝛾𝑑
2.56
1.30
1.30
2.16
1.55
1.39
1.65

𝛿𝑒
2.09
1.70
1.75
2.13
2.02
1.91
2.08

Reference
[183]
[226]
[222]
This work
This work
This work
This work

Table 4.6: Summary of the parameters of the components ejected within 3-mas core separation. 𝑎
Apparent velocity. 𝑏 Viewing angle with respect to the jet axis. 𝑐 Intrinsic velocity. 𝑑 Lorentz
factor. 𝑒 Doppler factor.
nonballistic motions detected in M87 jets.
There is another piece of evidence to support the precession model. The light curve of the
M87 core (innermost region near BH) monitored by multiple frequencies and facilities show
consistent trend in Figure 4.15, especially emission decreasing from 2017. According to the
Doppler beaming effects [319, 119], the emission of the approaching jet is Doppler boosted. In the
frame of observer, the emission from the relativistic jets 𝑆 int (𝜈) at the observing frequency 𝜈 is
variable as the viewing angle with respect to the jet axis 𝜙 varies with time. The observed jet
emission can be expressed as:
𝑆 obs (𝑡) = 𝑆 int (𝜈)𝛿 (𝜙, 𝛾, 𝑡) 2+𝛼 ,

(4.11)

where 𝛼 is the spectral index and Doppler factor 𝛿 (𝜙, 𝛾, 𝑡) = 1/[𝛾 (𝑡)(1 − 𝛽 int (𝑡) cos 𝜙 (𝑡))] (see
section 4.4.5 for more about the intrinsic velocity 𝛽 int (𝑡)). The observed flux strongly depends
on the Doppler factor. Considering that velocity measurements were made only for a limited
number of years, here we only discuss the consistency between our observed and expected
variability behavior within 2017-2020 where we successfully obtained apparent velocity with
dense EAVN observations. As summarized in Table 4.6, the Doppler factors for the observing year
2017/2018/2019/2020 are 2.13, 2.02, 1.91, and 2.08, respectively which indicate the enhancement is
the largest in 2017. In fact, the observed core emission (essentially at all the observed radio
frequencies) is the highest among 2017-2020, which is consistent with the observation shown in
Figure 4.15. Therefore, this additionally supports the precession scenario of the innermost region
of the M87 jet, while instabilities may not show such a correlation with the core light curves.

4.4.4

Comparison with theoretical scenarios

As introduced in section 1.4.4, there are two most popular models to explain the periodic
precession detected in the observations: binary black system model [320, 315, 159] and tilted
accretion disk model [171, 321, 167]. In this section, we discuss the possibility of these two cases
based on our fitting results from the observations.
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Figure 4.18: Expected variation of the observed jet PA (𝜂, up) and the viewing angle with respect
to the jet axis (𝜙, bottom) as a function of time based on the precession model. The best-fitting
results for each parameter listed in Table 4.5. Time-dependent 𝜂 (𝑡) and 𝜙 (𝑡) can be obtained
by Equation 4.8 and 4.9, respectively. The observed PA at 0.2-0.5 mas distance to the core are
indicated in pink points which are the same data in Figure 4.12
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Precession caused by a binary black hole system
One of the most popular and well-known scenarios for explaining the precession of AGN jets is
that such AGN consists of a supermassive binary BH system (e.g., OJ 287 [322]). In the case of
M87, the possibility of BBH has not much been discussed before since so far there were no
compelling observational evidence to support this scenario. Previous high-accuracy astrometric
VLBA 43GHz observations of M87 confirmed an extremely stable astrometric position of the radio
core (within a scatter of only 6𝑅s ) over several years [311], which does not support the presence of
a secondary gravitational source near the primary BH. Nevertheless, the debate becomes slightly
hotter after the possible detection of the offset (∼ 6.8 pc) between the location of AGN and the
optical photo-center of the galaxy by Batcheldor et al. (2010) [323] and Lena et al. (2014) [324]. A
binary black hole system might be able to interpret this displacement in M87. However, the
following HST observations did not confirm such a displacement, reducing the possibility of
BBH [324]. The reason for this inconsistency among the optical observations is unclear.
Nevetheless, here we fairly discuss the possibility of BBH based on our best-fitting results
obtained from precession model. According to the Kepler’s third law, the distance 𝑅p,s between
the primary and secondary BH is expressed as:
3
𝑅p,s
=

𝐺 (𝑀p + 𝑀s ) 2
𝑃orb,
4𝜋 2

(4.12)

where 𝐺 is the gravitational constant, 𝑀p and 𝑀s are the masses of the primary and secondary
BH, respectively. 𝑃 orb is the orbital period.
Following the assumption of the non-coplanar orbit with the accretion disk plane as described
in Caproni et al. (2006) [159] and Caproni et al. (2013) [148], the innermost region of accretion
disk is affected by the secondary BH and produces the precession. The outer radius of the
precession disk 𝑅prec is much smaller than the whole disk radius 𝑅out [320], generally [325]
𝑅out ≈ 0.88𝑓 (𝑞)𝑅p,s,
where
𝑓 (𝑞) =

0.49𝑞 2/3
.
0.6𝑞 2/3 + ln(1 + 𝑞 1/3 )

(4.13)

(4.14)

In the comoving frame, the shortest precession period 𝑃 prec can be connected with the primarysecondary BH separation 𝑅p,s by [326]

𝑃prec

3/2
𝑅p,s
8𝜋 5 − 𝑛
1
=
(
)
,
√︁
3/2
3 7 − 2𝑛 [0.88𝑓 (𝑞)]
𝐺𝑀p𝑞 cos Φ

(4.15)

𝑀s
where 𝑞 = 𝑀
is the ratio of secondary and primary BH mass, Φ is the angle of the orbit plane
p
with respect to the disk plane and 𝑛 is the index to indicate the state of the gas (e.g., 𝑛 = 3 for the
relativistic gas while 𝑛 = 3/2 for a non-relativistic case).
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In the observer frame, the observed precession period is
obs
𝑃 prec
= (1 + 𝑧)𝑃 prec,

(4.16)

where 𝑧 is the redshift. Based on the GRMHD simulation results in Liska et al. (2018) [167], the
observed jet precession can be linked with the disk precession as a whole system which can be
jet
disk ≈ 𝑃
written as 𝑃 prec = 𝑃prec
prec . The jet direction is generally perpendicular to the disk plane
which gives the orbit inclination Φ = 𝜓 , where 𝜓 is the half opening angle of the jet precession
cone.

Figure 4.19: Orbit period 𝑃orb (Upper) and two BHs merge time scale (Lower) as a function of the
BBH separation 𝑅p,s obtained by Equation 4.12 and Equation 4.17, respectively. The expected
range of the separation between primary and secondary BH 𝑅p,s is calculated by Equation 4.15
with 𝑞 = (𝑀s /𝑀p ) ⊏ [0.01, 1]. 𝑛 = 1.5 is adopted, which indicates a non-relativistic case.
In the case of M87, we take the 𝑀p = 6.5 × 109 𝑀⊙ [177], 𝑧 = 0.0043 [180], together with
jet
our fitting results 𝑃prec ≈ 𝑃 prec = 9.64 year, Φ = 𝜓 = 2.2◦ . By substituting these values into
Equation 4.15 and 4.12, we can obtain the possible range of 𝑅p,s and 𝑃orb for 𝑞 ⊏ [0.01, 1]
(see Figure 4.19-Upper). Here a non-relativistic 𝑛 = 3/2 case is considered. As shown in
Figure 4.19-Upper, 𝑅p,s and 𝑃orb decrease with the decrease of q. For 𝑞 ⊏ [0.01, 1] the result gives
𝑅p,s < 0.15 mas with a orbital period 𝑃orb < 1.1 years. This separation seems to be extremely small
and even smaller than the beam size of EAVN or VLBA at 43 GHz. For the BBH separation larger
than the BH shadow size (EHT [52]), the secondary BH should also exist within the unresolved
core of EAVN/VLBA images at 43 GHz. However, when the core is resolved at even higher
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resolutions with GMVA or EHT, we do not see any hint of such a secondary BH in the GMVA/EHT
images, like the displacement of the core or the variability corresponding to 𝑃orb < 1.1 years. For
the BBH separation smaller than the BH shadow size (EHT [52]), the BH shadow appearence is
expected to show some variation. However, there is no evidence to support it [199].
In addition, for a circular orbit, the merge time scale of a BBH can be expressed as [327, 328, 329]
𝑡 merge

𝑅p,s 4 108 𝑀⊙ 3
1
∼ 5.8 × 10 (
) (
)
yr.
0.01 pc
𝑀p
𝑞(1 + 𝑞)
6

(4.17)

The corresponding merge time scale for M87 is indicated in Figure 4.19-Lower, which is smaller
than 10 years. The survive time of the BBH in this case can not support the PA variation over 15
years. Therefore, the BBH scenario for M87 seems to be very challenging to explain the observed
precession and other radio observational facts consistently.

Precession caused by a tilted accretion disk
The interactions between SMBH and accretion disk at the central engine may significantly
affect the morphological evolution of the relativistic jets launched from them. Over the last
three decades, detailed theoretical simulations based on GRMHD have been performed to
understand jet formation and evolution from a spinning BH and magnetized disk [87]. While
these simulations successfully reproduce a well-collimated high-power jet seen in AGN, there
were some assumptions (or simplification) that were not seriously considered until in very
recent years. One of the common assumption set in the simulations was that the BH axis and
accretion disk rotation axis are aligned with each other [330, 331, 332, 333]. However, the angular
momentum axis of the accreting gas that originally comes from galaxy scales is arbitrary and
independent from the BH spin axis. Therefore, the misalignment between the BH spin and
accretion disk plane, called a tilted accretion disk, may be naturally expected to take place.
As a result, the Lense-Thirring precession [158, 334] happens under the frame dragging
from the central Kerr black hole with a strong dependence on the distance to the BH [171]. The
angular frequency of the Lense-Thirring precession can be expressed by [335, 336, 171]
ΩLT (𝑟 ) =

2𝐺 𝐽BH
,
𝑐2 𝑟 3

(4.18)

where 𝑟 is the distance to the SMBH, 𝐺 is the gravitational constant, 𝑐 is the speed of light in
vacuum and 𝐽BH is the angular momentum of SMBH which is given by
𝐽BH = 𝑎

2
𝐺𝑀BH
,
𝑐

(4.19)

where 𝑎 is the dimensionless spin (𝑎 ≥ 0 prograde and (𝑎 < 0 retrograde) and 𝑀BH is the mass of
the central SMBH. The inner radius of the precession region is related to the shortest precession
period.
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Figure 4.20: Lense-Thirring precession period as a function of BH spin 𝑎 based on Equation 4.18
and 4.19. Solid lines indicate the inserted precession radius. The best fitting jet precession period
is indicated in gray shadow.
In Figure 4.20, we show possible constraints according to Equation 4.18 and 4.19. Our
best fitting of jet precession period is indicated with gray shadow. Under the assumption
disk ∼ 𝑃 jet , the inner radius of the precession disk is suggested to be within (7-14) 𝑅
that 𝑃 prec
g
prec
2
(where 𝑅g = (𝐺𝑀BH )/𝑐 ). Although the constraint on the spin parameter is still rather loose
(𝑎 ∼ 0.1 − 0.9), the suggested scale of the precession disk is quite consistent with the size of the
emitting region observed by the EHT. The Lense-Thirring precession radius is an important
parameter related to the magnetic field strength at central region [167]. The innermost disk is
forced to be aligned with BH spin axis due to the Bardeen-Peterson effect [337]. The stronger
magnetic field strength will lead to smaller inner radius of the precession disk.
Nevertheless, limited by the computational cost and technical issues, comprehensive numerical
studies for tilted accretion disks had not been possible until Fragile et al. (2005, 2007) [338, 171].
In their simulations, the Lense-Thirring precession appears in the tilted accretion disk model.
And the disk is wrapped due to the differential of the Lense-Thirring force at different locations
with respect to the SMBH. The inner part of the disk suffers larger tilted angle with BH spin axis.
Then more recently, Liska et al. (2018) [167] for the first time have demonstrated that a highly
magnetized, tilted accretion disk around a spinning BH can successfully produce a relativistic jet
based on the their GPU-based, extensive 3-dimentional GRMHD simulation for a (RIAF-type)
thick accretion disk which is applicable for M87. The case for a thin tilted accretion disk also
works in the jet production [339]. In both cases, the precession jet is suggested which follows the
precession of the accretion disk.
Powerful jet production from tilted accretion disks is becoming a hotter topic especially along
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with the release of the first EHT image of M87 [52]. The prominent ring structure with the
asymmetric brightness is seen in the multiple epochs of EHT [199]. In addition, the location of
the brightest region surrounding the SMBH is variable with time. Chatterjee et al. (2020) [204]
applied their GRMHD simulations of tilted accretion disks to the EHT image of M87, and support
the possible existence of the misalignment between the SMBH and accretion disk. The possible
tilted angle is smaller than 60◦ after the comparison between the GRMHD simulation results and
EHT observational results. They also suggested significant flux variability of the core in the
precessing jet. We note that the simulation results in both Liska et al. (2018) [167] and Chatterjee
et al. (2020) [204] lead to a magnetically arrested disk.
Since the numerical studies of tilted accretion disk is also recently tested, there is a large space
of parameter setting, including viscosity in disks, disk type, magnetic field strength, BH spin, wave
propagation speed and simulation time, to be improved in the theoretical models. In addition,
the study of how the precession from disk efficiently affects jet precession is ongoing. Hence,
here we can only roughly compare with time scale order with theoretical results. In Fragile et
disk ∼ 0.3(𝑀 /𝑀 ) s.
al. (2007) [171], the presession period of the disk as a whole is estimated as 𝑃 prec
BH
⊙
9
disk
In M87 case with 𝑀BH = 6.5 × 10 𝑀⊙ [177], 𝑃prec ∼ 61 years which can indicate the maximum
period of jet precession period according to their model. As the Figure 3 shown in the Liska et
al. (2018) [167], the jet wobbles by several degrees over time scales of ∼ 104 𝑡𝑔 . In the case of
jet
M87, 𝑃prec ∼ 10 year. Our fitting result of the jet precession periodicity is in a good agreement
with the time scale suggested by the theoretical simulations. More careful comparison between
observational results and theoretical simulations applicable for M87 should be done in future
work.
For a century since the BH was proposed, there is a fundamental question that whether
the central BH is rotating or not. Even the comparison between GRMHD simulations and the
latest EHT results which directly image the SMBH shadow can not exclude non-spin case 𝑎 = 0
and span a large range of 𝑎 [52]. One of the large impacts from our work is that we provide an
independent evidence to support the central SMBH is rotating in M87. Since the Lense-Thirring
precession can only be realized when the BH is spinning, our results favors a Kerr BH for
the SMBH of M87. Accordingly, this indicates that the M87 jet is most likely produced by the
Blandford & Znajek (BZ) mechanism, where the spinning energy of BH is the ultimate source of
jet power. This is actually consistent with the implications from the recent EHT results.
Except for the BBH and tilted accretion disk models, there are other scenarios can cause disk
precession. For example, disk self-irradiation model [340] may be applicable to jet precession
in SS433 but not applicable to M87 because it requires high luminosity to drive the warps in
accretion disks. In addition, the mass accretion with different angular momentum vectors from
the outer mass-supply-region may be possible to explain the change of PA of the jets directly at a
certain moment, but it will be difficult to explain the periodic behavior observed in M87 jets.
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Evidence of variable jet-launching speed from SMBH

After obtaining the best-fitting results based on the precession model, the expected viewing angle
with respect to the jet axis in each year can be obtained as shown in Figure 4.12. As a result,
the expected values of the viewing angle 𝜙 in 2017/2018/2019/2020 are 28◦ , 27◦ , 26◦ and 27◦ ,
respectively. Both of the apparent velocity and variability can be affected by the viewing angle
changes due to the Doppler beaming effects [119]. Here we compare the observed results and
expected values of apparent velocity to test the effects from the variation of the viewing angle
based on the precession model obtained in section 4.4.3.
The apparent velocity can be expressed as a function of the viewing angle with respect to the
jet axis 𝜙 (𝑡):
𝛽 int sin 𝜙 (𝑡)
𝛽 app (𝑡) =
.
(4.20)
1 − 𝛽 int cos 𝜙 (𝑡)
The averaged apparent velocity of the components ejected within 3 mas distance to the core is
1.91 ± 0.65, 1.08 ± 0.14, 0.81 ± 0.19 and 1.24 ± 0.39 obtained from EAVN data at Q band in 2017,
2018, 2019 and 2020, respectively. In Figure 4.21, we plot the apparent velocity measured within
5-mas core separation obtained in this work as a function of time. In addition, we also pick up
some representative values of 𝛽 app detected in the earlier years from the literature [183, 226, 222]
and plot them together in Figure 4.21. Applying the maximum (𝛽 int = 0.92) and minimum
(𝛽 int = 0.54) intrinsic velocity reported in Mertens et al. (2016) [183] into the Equation 4.20, the
red and green solid lines indicate the corresponding expected 𝛽 app over time respectively, after
taking the variation of the viewing angle caused by the precession into consideration. As seen in
Figure 4.21, the observed apparent velocity shows variation with time, especially see in 2017-2020
obtained from our dense monitoring observations. And the intrinsic velocity after viewing angle
correction can not well explain this variation shown in the apparent velocity.This suggests that
the observed large variation of 𝛽 app cannot simply be explained by the change of jet viewing
angle, but it is more likely that the intrinsic jet speed is changing between different years.
In the literature, to explain the scattered apparent velocities observed in the same distances
from BH, there are several arguments suggesting the possible existence of two streamlines
with different intrinsic velocities in M87 [183, 222]. However, if this is the case, we should
see a similar large scatter range of 𝛽 app in all years (essentially regardless of time), while our
multi-year multi-epoch observations do not find such a trend, and the typical/averaged jet speed
is systematically changing in different years. Therefore, here we propose a new idea that the
intrinsic jet launching speed is changing with time. For reference, we insert both the expected
viewing angle and averaged apparent velocity between 2017 and 2020 into Equation 4.20. As
summarized in Table 4.6, the intrinsic velocity is 0.89,0.76,0.69 and 0.80 in 2017/2018/2019/2020,
respectively. The difference of the intrinsic velocity reaches ∼0.2 which is 2.5𝜎 (where 𝜎 is the
standard deviation of the expected intrinsic velocity within 2017-2020).
If the regular time dependence of the intrinsic velocity can be confirmed, it may be related
to the physical events happened in the central region. For instance, as indicated in Fragile et
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Figure 4.21: Expected variation of the apparent velocity over time based on the precession model.
al. (2007) [171], the asymmetric streamlines of the plasma accreted onto the SMBH seen in the
tilted accretion disk could be related to the new ejection seen in the downstream of the jet. The
time scale of the time-dependent variation of the intrinsic velocity is a key parameter in this
discussion.

4.4.6

Jet properties during the EHT-2017 period

The variation of viewing angles by a precessing jet highlights the importance of simultaneous
low-frequency (<230GHz) VLBI observations with EHT. And possible variation in intrinsic
velocity is critical to properly trace back to the BH scale emission. The timely constraints from
the downstream jets are essential to appropriately interpret the EHT results and understand the
fundamental physics of SMBH. The Lense-thirring precession must have the effects on both the
jet properties at downstream and the central engine. According to the numerical studies on the
case of strong enough magnetic magnetic field surrounding SMBH, the jets can extract abundant
energy from both accretion disk and SMBH and press the dick vertical thickness [321, 13, 341].
Due to the misalignment, the pressure from the jet to the disk may be also asymmetric. The
asymmetric brightness seen at EHT scale increases with the larger misalignment [204] may also
support that the asymmetric brightness in the BH shadow is related to the misalignment rather
than Doppler effect. Then the dynamic variation of the location of the brighter side seen in EHT
results is reasonable to be seen. The time scale could be same with the disk/jet precession time
scale. We overlapped the PA measured within 0.2-0.5 mas distance to the core from the GMVA
data at 86 GHz and EATING data at 22 GHz in Figure 4.18 and used orange shadow to indicate the
EHT period. Even though the number of data points are limited, the inner jet even closer to the
SMBH follows the PA variation but with a relatively larger amplitude. We may expect even larger
amplitude with closer core separation. As seen in the EHT results observed in 2017, the brighter
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Source

Ty𝑎

3C 279
3C 273
3C 345
OJ 287
B0605-085
S5 0836+710
S5 1803+784
PG 1553+113
BL Lac
3C 454.3
3C 84

B
B
B
B
B
B
B
B
B
B
G
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z𝑏

𝑐
𝑀BH
𝜙𝑑
109 𝑀⊙
deg
0.5362 0.8
21.5 ± 2
0.15834 6.6 ± 1.5
10.0 ± 0.8
0.5928 0.7
6.5
0.3056 0.3
12 ± 3
0.872
2.6 ± 2.2
2.16
0.68
0.36
12.7 ± 7.8
0.0686 0.03
4.43 ± 2.16
0.859
0.01756 0.95 ± 0.55 11-80

Period𝑒
year
22-30
16
9.5
22
7.9
107
8-9
2.24 ± 0.03
12.1
14.5
28.8

Model 𝑓

References

P/I
P
BBH/I
BBH
P
I
BBH
BBH
BBH/I
LT
BBH

[342, 139, 343]
[140, 141]
[344, 315, 145]
[143, 345, 166]
[346]
[347]
[348, 150]
[149]
[148, 136]
[349]
[153, 154]

Table 4.7: Summary of the periodic variation in AGN jets in previous studies. 𝑎 Types of
the sources: B and G indicate blazar and radio galaxy, respectively. 𝑏 Redshift. 𝑐 BH mass. 𝑑
Viewing angle adopted from corresponding references. 𝑒 Periodicity of precession in the observer
frame if applicable. 𝑓 Models used to interpret the oscillation where LT, BBH and I represent
Lense-Thirring pressession, a binary black hole system and instabilities, respectively. Note that P
indicate the author fitted observational data with precession cone but did not discuss the cause of
the precession.
southern side may be related to the jet direction which towards to the southern in 2017. Due to
the insufficient jet emission in EHT-2017 image and not enough time coverage of EHT data, it can
be concluded yet. More detailed comparison and test can be done with our future EHT and EAVN
observations.

4.4.7

Comparison with other sources

Here we briefly compare our study of M87 jet wobbling with those of other sources. To this end
we firstly visit the recent statistical work by Lister et al, 2021 [138]. The jet PA variation Δ PA is
one of the most interesting properties to be traced in the dynamic study. In the latest statistic
study on the pc-scale jets conducted by the MOJAVE monitoring project at 15 GHz [138], most of
the 173 well sampled AGN jets display a PA variation from 10◦ to 50◦ at the regions within
0.15-1 mas distance from the core over a time scale of ∼10 years. Some jets even show ∼ 200◦ PA
changes (e.g., 0202+319 with Δ PA = 197◦ and PKS 1622-253 with Δ PA = 179◦ ). The variation
range of PA is larger in the sources with smaller inclination angles, like quasars. There are 67
out of the 173 AGN jets showing periodic variation with the periodicity around 6-16.7 years.
However, no conclusive periodicity can be given due to the insufficient 10-25 year sampling time
coverage which is comparable to the time scale of the fitted periodicity. Even though there is no
detailed discussion about the origins of the precession in Lister et al.2021 [138], the statistic
results of no significant difference in the Δ PA distributions between quasars and radio galaxies
indicate that the PA variation may be one common features in AGN jets.
In addition, the discussion about the possible trigger of the wobbling jet has been actively con-
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ducted on some individual sources. In Table 4.7, we list the basic information of 11 representative
sources with the wobbling jets reported in literature. As indicated in the statistic study [138],
more quasars have been identified with wobbling jets than blazar and radio galaxies due to
the smaller viewing angle. Even though there is still no unified scenario used to explain the
phenomenon of oscillation seen in various AGN jets, mainly two types of theoretical models are
discussed in literature: (1) precession [315, 159, 350]; (2) MHD flow instability [351, 352, 132]. The
periodic/regular wobbling jets favor the precession model (e.g., PG 1553+113 [149]) while the
unstable disruption of jets is more likely associated with the instability (e.g., S5 0836+710 [347]).
And for the cause of the precession, a BBH system [168], is often applied to explain the jet
wobbling (e.g., OJ 287 [166]).
Compared with previous work, our M87 study is conducted at the closet region to the central
engine and based on densely monitored data over 15 years (up to 22 years together with the
results reported in Walker et al.2018 [113]). We provide a stronger and more reliable evidence to
support Lense-Thirring precession with the extensive analysis from different properties. Careful
comparison between a BBH system and a tilted accretion disk model is done for radio galaxy for
the first time. The combination of bring us a new insight of the central engine which suggest
an existence of a tilted accretion disk inside M87. Our investigation and discussion about the
possibility of a tilted accretion disk in M87 is a thoughtful trial to connect this theoretical model
to the observed wobbling jet, which will contribute to the understanding of other AGN jets.

4.4.8

New insight/implications on SMBH and jet production revealed by
this study

AGN jets are one of the most important phenomena in the universe which transport the abundant
energy and momentum from the central SMBH to the surrounding environment. Thanks to
intensive work from both theoretical and observational studies on diverse properties, some of the
key features, like collimation, kinematics and central SMBH imaging, are discovered. However, its
formation is still the top mystery. The dynamic studies of jets are required to have a touch of
this fundamental key question. With the expansion of time coverage of jet monitoring, one of
the interesting features is clearly seen in an increasing number of AGN which is the wobbling
phenomenon in both the statistic studies and the studies on individual source. This strongly
indicates there is a fundamental physical mechanism responsible for this property. This could be
one of the common features in AGN jets, at least for a certain part of AGN, which is hidden due to
insufficient sampling.
However, by now, no uniform model can interpret it. In addition, to have an sight into the jet
formation, we had better reach as close as possible to the central SMBH where the effects from
the central engine is stronger than the remote region. Hence, we investigated the most ideal
target M87 which has proximity, powerful jet, and SMBH at the same time. To study the dynamic
of M87 to connect with the central engine, we densely monitored innermost jet of M87 for a long
term. Our studies here address both short- and long-term evolution in M87.
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Compared with the previous work for the wobbling jet in other AGN sources, it is the first
time to preform the detailed discussion about the Lense-Thirring precession and BBH system in
the case of the radio galaxies. The region we analyzed with M87 data is also the closest scale with
respect to the SMBH where no other sources can ever reach. It is also the better region to test
Lense-Thirring precession due to the strong distance dependence of magnetic field strength.
Our indication for the presence of Lense-Thirring precession supports that the SMBH of
M87 is a spinning BH, which significantly advances our fundamental knowledge of central BH.
Furthermore, our indication that the BH is spinning in turn indicates that the BZ mechanism can
play a vital role the ultimate launching/formation of the M87 jet. In addition, the strong relation
between jet and disk precession and the related simulation results further indicate the existence
of a magnetically arrested disk in M87.

4.5

Conclusion

In this chapter,we investigated the detailed structural evolution of the innermost region of the
M87 jet by intensively analyzing 159 VLBI data, including 110 epochs EAVN, 4 epochs EATING,
42 epochs VLBA and 3 epochs GMVA, to cover as long as possible time coverage. The time
coverage of all data is 15 years from 2006 to 2021. The primary data are observed at 43 GHz
complemented by the data at 22 and 86 GHz, more specifically saying 56 epochs at 22 GHz, 100
epochs at 43 GHz and 3 epochs at 86 GHz, to better trace the dynamics at different regions of M87.
In order to trace the variability in M87, we included 159 more data at 22/43 GHz from VERA. Our
major results are summarized as follows:
• We obtained a sequence of high-quality jet images which show similar overall structure
with a time scale of a few weeks. The significant asymmetric brightness distribution is seen
in the innermost jet region, especially in 2017 where the southern limb is brighter than
northern limb. Our observations fully cover EHT observing windows which provide some
images obtained simultaneously with EHT in 2017. The jet structure near-in-time with
EHT-2017 at both 22 and 43 GHz are presented.
• We detected significant proper motion in the inner jet regions of M87 over multiple years.
The detected speed was broadly in agreement with previous studies. However, thanks to
the densely monitoring observations of EAVN over multiple years, for the first time we
found systematic change of apparent speed in different years. The overall apparent velocity
in 2017 is faster than following three years.
• We discovered year-scale systematic evolution of jet PA over 15 years. A hint of such
oscillation was first suggested by Walker, but here by adding more years of data set, we
detected robust evidence. In addition to PA seen at 43 GH, we further confirmed the
consistent variation with 22 and 86 GHz. The consistent structure variation at multiple

92

Chapter 4. Dynamics of the innermost jet in M87 from 2006 to 2021
frequency observed by different arrays strongly support that there is a physical mechanism
causing this wobbling phenomenon.
• We detected significant variability of core over time scales of years. Especially, the radio
core in 2017 and subsequent years gradually decreased its brightness. After 2019, the core
fluxes was gradually increasing.

Based on these results, we discussed the possible reason causing the significant jet PA
variation over time focusing on the inner most jet region which covers the 0.7-3 mas distance
with respect to the core. Together with the previous results reported by Walker et al. (2018) [113],
we confirmed the PA variation is a periodic motion over 22 years which cannot be recovered by
instability. To test the idea of precession, we applied a simple precessing jet model to the M87
inner jet data. The main implications from our modeling and discussion are summarized as
follows:
1. We tested whether the observed PA oscillation is caused by precession or instability. After
including our five years EAVN data, the jet PA apparently show very clear two cycles over
22 years data. We for the first time applied a precession model and successfully obtained
reasonable fitting results. The jet precession periodicity indicated by the best-fitting results
is on a time scale around 10 years, half opening angle of the precession cone around ∼ 2.2◦ .
Based on the precession model, we firstly confirmed that the viewing angle with respect to
the jet axis varies over time with a range of (26.8-31.2)◦ in M87. The variability show a tight
correlation with the viewing angle variation which is a strong evidence to support the
precession model. We conclude that precession is more likely.
2. Knowing that the M87 jet base is precessing, we then discussed the possible origin of the
precession. We tested two possible models: a tilted accretion disk model and a BBH system
model. Because of the extremely short BH separation in BBH model and consistent time
scale with Lense-Thirring precession, BBH is unlikely and titled disk is a more suitable
model in M87 case.
3. The precession by Lense-Thirring effect is only expected when the BH is spinning. In other
words, our results strongly suggest that the M87 SMBH is spinning. Accordingly, this
indicates that the M87 jet is most likely produced by BZ mechanism which is suggested by
the numerical studies on a tilted accretion disk. As a result, a magnetically arrested disk is
formed.
4. We checked the correlation between the proper motion and the variation of the viewing
angle. We found the variation seen in the apparent velocity can not simply be explained
by the variation of viewing angle. We for the first time propose the idea that the large
scattering seen in the apparent velocity measured at the same distance may be related to
the intrinsic velocity variation over time.

4.5 Conclusion

93

5. The existence of precession highlights that, to properly understand the properties of
EHT results, simultaneous low-freq VLBI observations are critically important since
interpretation of EHT images strongly depends on some key parameters such as jet viewing
angle, which we confirmed that it is time variable. For example, the smallest PA observed in
2017 may be able to connect with the symmetric brightness distribution seen in EHT results.
The possible jet direction could be indicated from the contemporaneous low-frequency
images. Since there is no sufficient jet emission detected in EHT-2017, the relation of the jet
direction between mas and 𝜇as can be tested by future combination between EAVN and
EHT observations. And the variable intrinsic velocity is essential to properly trace back to
the emission surrounding the BH.
6. Compared with the previous work done for other wobbling AGN jets, our study of M87 can
reach the closet region near the central SMBH where is more suitable and sensitive to test
the Lense-Thirring precession. Based on our dense and large amount monitoring data, the
discussion and model-fitting based on the precession is also more reliable. Our study
brings a new insight into the fundamental physics of the AGN central engine and provide a
guideline to the similar study on other AGN sources.
To sum up, the tilted accretion disk model is favored to be responsible for the jet wobbling in
M87 case based on our intensive data analysis and discussion. Limited by the time coverage which
is comparable to the fitted periodicity, we can not fully rule out the possibility of the instability as
discussed by Walker et al. (2018) [113]. The future monitoring observations are required.
Table 4.8: Summary of EAVN, VLBA, EATING and GMVA
Observations. 𝑎 Total flux density. 𝑏 Peak flux density after
restoring 1-mas circular beam size. 𝑐 Image noise.
Obs. Code

MJD

Obs. Date

Obs. Freq.

𝑎
𝐼 total

𝑏
𝐼 peak

𝑐
𝐼 rms

(yyyy-mm-dd)

(GHz)

(Jy)

(Jy beam−1 )

(mJy beam−1 )

1.01 ± 0.10
1.70 ± 0.17
1.41 ± 0.14
1.43 ± 0.14
1.61 ± 0.16
1.69 ± 0.17
1.65 ± 0.16
1.64 ± 0.16
1.49 ± 0.15

0.73 ± 0.07
1.22 ± 0.12
0.91 ± 0.09
0.89 ± 0.09
0.96 ± 0.10
0.99 ± 0.10
0.99 ± 0.10
0.97 ± 0.10
0.88 ± 0.09

1.12
0.65
0.54
0.58
0.65
0.55
0.20
0.21
0.47

EAVN
r13104a
r13339b
r13360a
r14015a
r14061a
r14074a
r14106a
r14123a
r14153a

56396
56631
56652
56672
56718
56731
56763
56780
56810

2013-04-14
2013-12-05
2013-12-26
2014-01-15
2014-03-02
2014-03-15
2014-04-16
2014-05-03
2014-06-02
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43
22
22
22
22
22
22
22
22
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Obs. Code
k14mk01a
k14mk03a
k14mk03b
k14mk04c
k14mk03d
k15mk02a
k15mk02c
k15mk02d
k16mk02a
k16mk02b
k16mk02c
k16mk02d
k16mk02f
k16mk02e
k16mk02g
k16mk02h
k16mk02i
k16mk02j
k16mk02k
k16mk02l
k16mk02n
k16mk02n
k16mk02o
k16mk02p
k16mk02p
k16mk02r
k16mk02s
k16mk02t
k16mk02u
k16mk02v
k17mk02a
k17mk02b
k17mk02c
k17mk02d
k17mk02e

MJD
56822
56901
56914
56965
57006
57145
57158
57159
57443
57444
57456
57457
57467
57468
57486
57487
57499
57500
57511
57513
57532
57533
57540
57541
57551
57554
57735
57736
57763
57764
57776
57777
57798
57799
57811

Obs. Date

Obs. Freq.

𝑎
𝐼 total

𝑏
𝐼 peak

𝑐
𝐼 rms

(yyyy-mm-dd)

(GHz)

(Jy)

(Jy beam−1 )

(mJy beam−1 )

2014-06-14
2014-09-01
2014-09-14
2014-11-04
2014-12-15
2015-05-03
2015-05-16
2015-05-17
2016-02-25
2016-02-26
2016-03-09
2016-03-10
2016-03-20
2016-03-21
2016-04-08
2016-04-09
2016-04-21
2016-04-22
2016-05-03
2016-05-05
2016-05-24
2016-05-25
2016-06-01
2016-06-02
2016-06-12
2016-06-15
2016-12-13
2016-12-14
2017-01-10
2017-01-11
2017-01-23
2017-01-24
2017-02-14
2017-02-15
2017-02-27

22
22
22
22
22
22
22
43
22
43
22
43
43
22
22
43
22
43
22
43
22
43
22
43
22
43
22
43
22
43
22
43
22
43
22

1.49 ± 0.15
1.49 ± 0.15
1.49 ± 0.15
1.54 ± 0.15
1.19 ± 0.12
1.45 ± 0.14
1.42 ± 0.14
1.57 ± 0.16
2.16 ± 0.22
1.27 ± 0.13
2.15 ± 0.21
1.28 ± 0.13
1.27 ± 0.13
2.17 ± 0.22
2.09 ± 0.21
1.12 ± 0.11
2.07 ± 0.21
1.11 ± 0.11
1.95 ± 0.20
0.89 ± 0.09
1.96 ± 0.20
1.04 ± 0.10
1.33 ± 0.13
0.91 ± 0.09
2.12 ± 0.21
0.87 ± 0.09
2.12 ± 0.21
1.80 ± 0.18
2.11 ± 0.21
1.89 ± 0.19
1.96 ± 0.20
1.93 ± 0.19
2.16 ± 0.22
1.87 ± 0.19
2.05 ± 0.20

0.77 ± 0.08
0.99 ± 0.10
0.94 ± 0.09
0.99 ± 0.10
0.79 ± 0.08
0.96 ± 0.10
0.95 ± 0.10
1.05 ± 0.11
1.41 ± 0.14
0.95 ± 0.09
1.41 ± 0.14
0.92 ± 0.09
0.90 ± 0.09
1.42 ± 0.14
1.29 ± 0.13
0.82 ± 0.08
1.27 ± 0.13
0.79 ± 0.08
1.18 ± 0.12
0.69 ± 0.07
1.16 ± 0.12
0.75 ± 0.08
0.87 ± 0.09
0.58 ± 0.06
1.22 ± 0.12
0.66 ± 0.07
1.51 ± 0.15
1.40 ± 0.14
1.50 ± 0.15
1.51 ± 0.15
1.41 ± 0.14
1.52 ± 0.15
1.52 ± 0.15
1.45 ± 0.15
1.45 ± 0.15

1.33
0.85
0.76
0.66
0.69
0.85
0.78
0.62
0.31
0.24
0.36
0.21
0.17
0.43
0.28
0.23
0.35
0.24
0.31
0.35
0.31
0.38
0.49
0.25
0.68
0.45
0.40
0.28
0.32
0.34
0.26
0.25
0.30
0.25
0.29
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Obs. Code
k17mk02f
a17077a
a17078a
a17086a
a17093a
a17094a
a17099a
a17104a
a17108a
a17114a
a17115a
a17130a
a17131a
a17146a
k17mk02g
k17mk02h
k18mk02a
k18mk02b
k18mk02c
k18mk02d
k18mk02e
k18mk02f
a18068a
a18069a
a18085a
a18087a
a18101a
a18111a
a18117a
a18118a
a18123a
a18127a
a18128a
k18mk02o
k18mk02p

MJD
57812
57830
57831
57839
57846
57847
57852
57857
57861
57867
57868
57883
57884
57899
58122
58123
58140
58143
58159
58160
58172
58173
58186
58187
58203
58205
58219
58229
58235
58236
58241
58245
58246
58272
58274

Obs. Date

Obs. Freq.

𝑎
𝐼 total

𝑏
𝐼 peak

𝑐
𝐼 rms

(yyyy-mm-dd)

(GHz)

(Jy)

(Jy beam−1 )

(mJy beam−1 )

2017-02-28
2017-03-18
2017-03-19
2017-03-27
2017-04-03
2017-04-04
2017-04-09
2017-04-14
2017-04-18
2017-04-24
2017-04-25
2017-05-10
2017-05-11
2017-05-26
2018-01-04
2018-01-05
2018-01-22
2018-01-25
2018-02-10
2018-02-11
2018-02-23
2018-02-24
2018-03-09
2018-03-10
2018-03-26
2018-03-28
2018-04-11
2018-04-21
2018-04-27
2018-04-28
2018-05-03
2018-05-07
2018-05-08
2018-06-03
2018-06-05

43
22
43
43
22
43
43
43
43
22
43
22
43
43
22
43
22
43
22
43
22
43
22
43
22
43
43
43
43
22
43
43
22
22
43

1.80 ± 0.18
1.97 ± 0.20
1.53 ± 0.15
1.58 ± 0.16
1.98 ± 0.20
1.64 ± 0.16
1.55 ± 0.15
1.57 ± 0.16
1.55 ± 0.16
1.81 ± 0.18
1.45 ± 0.15
1.88 ± 0.19
1.52 ± 0.15
1.44 ± 0.14
1.77 ± 0.18
1.39 ± 0.14
1.73 ± 0.17
1.26 ± 0.13
1.64 ± 0.16
1.35 ± 0.13
1.81 ± 0.18
1.36 ± 0.14
1.58 ± 0.16
1.27 ± 0.13
1.45 ± 0.15
1.26 ± 0.13
1.23 ± 0.12
1.25 ± 0.12
1.29 ± 0.13
1.22 ± 0.12
0.89 ± 0.09
1.15 ± 0.12
1.49 ± 0.15
1.48 ± 0.15
1.17 ± 0.12

1.40 ± 0.14
1.29 ± 0.13
1.29 ± 0.13
1.27 ± 0.13
1.34 ± 0.13
1.34 ± 0.13
1.23 ± 0.12
1.30 ± 0.13
1.27 ± 0.13
1.32 ± 0.13
1.24 ± 0.12
1.34 ± 0.13
1.23 ± 0.12
1.19 ± 0.12
1.27 ± 0.13
1.10 ± 0.11
1.28 ± 0.13
1.01 ± 0.10
1.17 ± 0.12
1.02 ± 0.10
1.22 ± 0.12
1.03 ± 0.10
1.09 ± 0.11
0.99 ± 0.10
1.08 ± 0.11
0.96 ± 0.10
0.96 ± 0.10
0.94 ± 0.09
0.96 ± 0.10
0.83 ± 0.08
0.67 ± 0.07
0.89 ± 0.09
1.01 ± 0.10
0.94 ± 0.09
0.81 ± 0.08

0.26
0.18
0.30
0.24
0.26
0.26
0.31
0.31
0.36
0.38
0.42
0.23
0.33
0.36
0.34
0.27
0.47
0.32
0.32
0.30
0.28
0.28
0.25
0.21
0.30
0.26
0.30
0.28
0.29
0.27
0.30
0.54
0.29
0.42
0.38
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Obs. Code
k18mk02q
k18mk02r
k18mk02r
k18mk02t
a19mk02a
a19mk02b
a19mk02c
a19051a
a19mk02f
a19kh01a
a19kh01c
a19kh01f
a19mk02h
a19mk02j
a19mk02l
a2011a
a2011b
a2011e
a2011f
a2011g
a2011h
a2011i
a2011j
a2029b
a2114d
a2114f
a2114g
BG251A
BG250A
BG250B1
BW082G
BW088A
BW088B
BW088D

MJD
58475
58478
58496
58497
58513
58515
58531
58534
58543
58564
58571
58585
58600
58610
58628
58924
58929
58948
58953
58963
58973
58983
58996
59209
59312
59348
59362
57878
58236
58263
53930
54127
54148
54172

Obs. Date

Obs. Freq.

𝑎
𝐼 total

𝑏
𝐼 peak

𝑐
𝐼 rms

(yyyy-mm-dd)

(GHz)

(Jy)

(Jy beam−1 )

(mJy beam−1 )

2018-12-23
2018-12-26
2019-01-13
2019-01-14
2019-01-30
2019-02-01
2019-02-17
2019-02-20
2019-03-01
2019-03-22
2019-03-29
2019-04-12
2019-04-27
2019-05-07
2019-05-25
2020-03-16
2020-03-21
2020-04-09
2020-04-14
2020-04-24
2020-05-04
2020-05-14
2020-05-27
2020-12-26
2021-04-08
2021-05-14
2021-05-28

22
43
22
43
22
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43

1.48 ± 0.15
1.05 ± 0.11
1.40 ± 0.14
1.04 ± 0.10
1.26 ± 0.13
1.04 ± 0.10
1.08 ± 0.11
1.04 ± 0.10
1.03 ± 0.10
0.99 ± 0.10
1.03 ± 0.10
1.03 ± 0.10
1.04 ± 0.10
1.09 ± 0.11
1.11 ± 0.11
1.19 ± 0.12
1.19 ± 0.12
1.21 ± 0.12
1.07 ± 0.11
1.20 ± 0.12
1.24 ± 0.12
1.14 ± 0.11
1.19 ± 0.12
0.95 ± 0.09
1.38 ± 0.14
1.36 ± 0.14
1.12 ± 0.11

0.88 ± 0.09
0.70 ± 0.07
0.88 ± 0.09
0.70 ± 0.07
0.72 ± 0.07
0.68 ± 0.07
0.71 ± 0.07
0.67 ± 0.07
0.69 ± 0.07
0.67 ± 0.07
0.70 ± 0.07
0.70 ± 0.07
0.70 ± 0.07
0.75 ± 0.07
0.75 ± 0.08
0.82 ± 0.08
0.81 ± 0.08
0.82 ± 0.08
0.75 ± 0.08
0.82 ± 0.08
0.83 ± 0.08
0.79 ± 0.08
0.84 ± 0.08
0.65 ± 0.06
0.91 ± 0.09
0.90 ± 0.09
0.77 ± 0.08

0.26
0.25
0.18
0.24
0.20
0.24
0.25
0.82
0.29
0.29
0.21
0.32
0.28
0.28
0.31
0.24
0.32
0.23
0.35
0.26
0.45
0.29
0.29
0.25
0.38
0.34
0.40

2017-05-05
2018-04-28
2018-05-25
2006-07-14
2007-01-27
2007-02-17
2007-03-13

VLBA
22
22
22
43
43
43
43

1.75 ± 0.18
1.22 ± 0.12
1.07 ± 0.11
1.58 ± 0.16
1.29 ± 0.13
1.59 ± 0.16
1.49 ± 0.15

1.16 ± 0.12
0.83 ± 0.08
0.75 ± 0.07
1.08 ± 0.11
0.84 ± 0.08
1.06 ± 0.11
0.90 ± 0.09

0.12
0.27
0.24
0.41
0.34
0.48
0.23
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Obs. Code
BW088E
BW088F
BW088G
BW088H
BW088I
BW088J
BW088K
BW088L
BW088U
BW090A
BW090B
BW090E
BW090G
BW090H
BW090J
BW090K
BW090L
BW090N
BW092B
BW093A
BW093B
BW093D
BW093E
BW095B
BW098A
BW106A
BH0186C
BH0186D
BW115A
BW115D
BW115H
BG251A
BG250A
BG250B1

MJD
54193
54213
54229
54253
54272
54296
54316
54338
54486
54491
54496
54511
54521
54527
54537
54544
54549
54561
54903
55214
55294
55317
55331
55605
56304
56446
56742
56785
57048
57461
57488
57878
58236
58263

Obs. Date

Obs. Freq.

𝑎
𝐼 total

𝑏
𝐼 peak

𝑐
𝐼 rms

(yyyy-mm-dd)

(GHz)

(Jy)

(Jy beam−1 )

(mJy beam−1 )

2007-04-03
2007-04-23
2007-05-09
2007-06-02
2007-06-21
2007-07-15
2007-08-04
2007-08-26
2008-01-21
2008-01-26
2008-01-31
2008-02-15
2008-02-25
2008-03-02
2008-03-12
2008-03-19
2008-03-24
2008-04-05
2009-03-13
2010-01-18
2010-04-08
2010-05-01
2010-05-15
2011-02-13
2013-01-12
2013-06-03
2014-03-26
2014-05-08
2015-01-26
2016-03-14
2016-04-10
2017-05-05
2018-04-28
2018-05-25

43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43

1.25 ± 0.13
1.27 ± 0.13
1.40 ± 0.14
1.37 ± 0.14
1.20 ± 0.12
1.23 ± 0.12
1.04 ± 0.10
1.05 ± 0.10
1.58 ± 0.16
1.32 ± 0.13
1.55 ± 0.15
1.61 ± 0.16
1.53 ± 0.15
1.86 ± 0.19
2.00 ± 0.20
1.87 ± 0.19
1.96 ± 0.20
1.94 ± 0.19
1.12 ± 0.11
1.57 ± 0.16
1.61 ± 0.16
1.53 ± 0.15
1.49 ± 0.15
1.47 ± 0.15
1.84 ± 0.18
1.59 ± 0.16
1.63 ± 0.16
1.50 ± 0.15
1.24 ± 0.12
1.60 ± 0.16
1.39 ± 0.14
1.53 ± 0.15
1.09 ± 0.11
1.02 ± 0.10

0.81 ± 0.08
0.83 ± 0.08
0.89 ± 0.09
0.78 ± 0.08
0.70 ± 0.07
0.73 ± 0.07
0.62 ± 0.06
0.62 ± 0.06
1.10 ± 0.11
0.84 ± 0.08
1.04 ± 0.10
1.14 ± 0.11
1.11 ± 0.11
1.27 ± 0.13
1.44 ± 0.14
1.35 ± 0.14
1.38 ± 0.14
1.35 ± 0.14
0.73 ± 0.07
1.04 ± 0.10
1.10 ± 0.11
1.04 ± 0.10
1.04 ± 0.10
1.07 ± 0.11
1.26 ± 0.13
1.07 ± 0.11
1.13 ± 0.11
1.04 ± 0.10
0.81 ± 0.08
1.05 ± 0.11
0.94 ± 0.09
1.16 ± 0.12
0.84 ± 0.08
0.69 ± 0.07

0.22
0.17
0.15
0.17
0.19
0.21
0.20
0.25
0.17
0.14
0.17
0.20
0.24
0.25
0.16
0.16
0.16
0.24
0.19
0.26
0.40
0.42
0.93
0.19
0.00
0.17
0.75
0.40
0.06
0.08
0.07
0.33
0.11
0.12

GMVA (86 GHz)
Continued on next page
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Obs. Code
GA029
MA009
MH004B

MJD
56699
57842
58577

Obs. Date

Obs. Freq.

𝑎
𝐼 total

𝑏
𝐼 peak

𝑐
𝐼 rms

(yyyy-mm-dd)

(GHz)

(Jy)

(Jy beam−1 )

(mJy beam−1 )

2014-02-11
2017-03-30
2019-04-04

86
86
86

1.00 ± 0.10
1.02 ± 0.10
0.67 ± 0.07

0.82 ± 0.08
0.89 ± 0.09
0.57 ± 0.06

0.23
0.43
0.47

Table 4.9: Summary of VERA Observations. 𝑎 Peak flux
density after restoring 1-mas circular Gaussian beam.
Obs. Date

MJD

(yyyy-mm-dd)
2010/11/04
2010/12/04
2010/12/16
2011/01/22
2011/01/30
2011/02/03
2011/02/04
2011/02/08
2011/05/09
2011/05/22
2011/08/22
2011/09/03
2011/09/07
2011/09/09
2011/09/12
2011/09/13
2011/10/06
2011/10/15
2011/11/05
2011/12/04
2011/12/20
2011/12/21
2012/01/23
2012/02/24

55504
55534
55516
55541
55512
55508
55505
55508
55594
55517
55596
55516
55508
55506
55507
55505
55527
55513
55525
55533
55520
55505
55537
55536

Obs. Freq.

𝑎
𝐼 peak

(GHz)

(Jy beam−1 )

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22

1.12 ± 0.11
1.13 ± 0.11
1.13 ± 0.11
1.13 ± 0.11
0.74 ± 0.07
1.19 ± 0.12
1.17 ± 0.12
1.17 ± 0.12
1.31 ± 0.13
1.27 ± 0.13
1.22 ± 0.12
1.13 ± 0.11
1.10 ± 0.11
1.13 ± 0.11
1.26 ± 0.13
1.36 ± 0.14
1.16 ± 0.12
1.05 ± 0.11
1.16 ± 0.12
1.19 ± 0.12
1.27 ± 0.13
1.04 ± 0.10
1.13 ± 0.11
1.04 ± 0.10
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Obs. Date

MJD

(yyyy-mm-dd)
2012/02/24
2012/02/27
2012/02/28
2012/03/16
2012/03/21
2012/03/21
2012/04/01
2012/04/05
2012/04/05
2012/04/16
2012/04/19
2012/04/23
2012/04/27
2012/04/27
2012/05/17
2012/05/17
2012/05/23
2012/06/21
2012/09/13
2012/09/22
2013/01/16
2013/02/15
2013/03/08
2013/03/08
2013/03/09
2013/03/30
2013/03/30
2013/04/03
2013/04/19
2013/04/19
2013/05/10
2013/05/10
2013/05/11
2013/05/24
2013/05/28

55504
55507
55505
55521
55509
55504
55515
55508
55504
55515
55507
55508
55508
55504
55524
55504
55510
55533
55588
55513
55620
55534
55525
55504
55505
55525
55504
55508
55520
55504
55525
55504
55505
55517
55508

Obs. Freq.

𝑎
𝐼 peak

(GHz)

(Jy beam−1 )

43
22
22
43
22
43
22
22
43
22
22
22
22
43
22
43
22
22
22
22
22
22
22
43
22
22
43
22
22
43
22
43
22
22
22

0.70 ± 0.07
1.04 ± 0.10
1.08 ± 0.11
0.64 ± 0.06
1.05 ± 0.11
0.67 ± 0.07
1.14 ± 0.11
1.10 ± 0.11
0.86 ± 0.09
1.26 ± 0.13
1.24 ± 0.12
1.27 ± 0.13
1.22 ± 0.12
1.11 ± 0.11
1.26 ± 0.13
1.04 ± 0.10
1.39 ± 0.14
1.57 ± 0.16
1.33 ± 0.13
1.27 ± 0.13
1.30 ± 0.13
1.25 ± 0.13
1.11 ± 0.11
0.82 ± 0.08
1.04 ± 0.10
1.15 ± 0.12
0.88 ± 0.09
1.15 ± 0.12
1.17 ± 0.12
0.93 ± 0.09
1.14 ± 0.11
0.83 ± 0.08
1.28 ± 0.13
1.25 ± 0.13
1.03 ± 0.10
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Obs. Date

MJD

(yyyy-mm-dd)
2013/05/31
2013/05/31
2013/06/01
2013/06/02
2013/08/17
2013/08/25
2013/09/22
2013/10/22
2014/01/12
2014/01/31
2014/02/12
2014/02/12
2014/02/23
2014/02/23
2014/03/10
2014/03/10
2014/03/22
2014/03/25
2014/03/25
2014/03/28
2014/04/12
2014/04/12
2014/04/15
2014/04/25
2014/04/25
2014/04/26
2014/05/06
2014/05/10
2014/05/10
2014/05/23
2014/05/24
2014/09/18
2014/10/14
2014/10/26
2014/11/02

55507
55504
55505
55505
55580
55512
55532
55534
55586
55523
55516
55504
55515
55504
55519
55504
55516
55507
55504
55507
55519
55504
55507
55514
55504
55505
55514
55508
55504
55517
55505
55621
55530
55516
55511

Obs. Freq.

𝑎
𝐼 peak

(GHz)

(Jy beam−1 )

22
43
22
22
22
22
22
22
22
22
22
43
22
43
22
43
22
22
43
22
22
43
22
22
43
22
22
22
43
22
22
22
22
22
22

1.09 ± 0.11
0.80 ± 0.08
1.22 ± 0.12
1.27 ± 0.13
1.29 ± 0.13
1.16 ± 0.12
1.06 ± 0.11
1.06 ± 0.11
1.39 ± 0.14
1.27 ± 0.13
1.21 ± 0.12
0.97 ± 0.10
1.32 ± 0.13
0.97 ± 0.10
1.34 ± 0.13
0.97 ± 0.10
1.27 ± 0.13
1.34 ± 0.13
1.01 ± 0.10
1.14 ± 0.11
1.32 ± 0.13
0.97 ± 0.10
1.14 ± 0.11
1.34 ± 0.13
0.96 ± 0.10
1.15 ± 0.12
1.26 ± 0.13
1.27 ± 0.13
0.95 ± 0.09
1.20 ± 0.12
1.22 ± 0.12
1.33 ± 0.13
1.13 ± 0.11
1.19 ± 0.12
1.05 ± 0.11
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Obs. Date

MJD

(yyyy-mm-dd)
2014/11/10
2015/02/05
2015/09/06
2015/11/01
2015/12/17
2015/12/18
2015/12/19
2015/12/24
2016/01/26
2016/03/12
2016/03/26
2016/05/04
2016/05/11
2016/08/25
2016/09/08
2016/09/09
2016/10/15
2016/10/27
2016/11/20
2016/12/22
2016/12/24
2017/01/25
2017/01/31
2017/02/21
2017/02/22
2017/03/31
2017/04/02
2017/04/30
2017/05/01
2017/05/21
2017/05/28
2017/06/06
2017/09/11
2017/10/03
2017/10/27

55512
55591
55717
55560
55550
55505
55505
55509
55537
55550
55518
55543
55511
55610
55518
55505
55540
55516
55528
55536
55506
55536
55510
55525
55505
55541
55506
55532
55505
55524
55511
55513
55601
55526
55528

Obs. Freq.

𝑎
𝐼 peak

(GHz)

(Jy beam−1 )

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22

1.19 ± 0.12
1.16 ± 0.12
1.19 ± 0.12
1.29 ± 0.13
1.24 ± 0.12
1.26 ± 0.13
1.25 ± 0.13
1.37 ± 0.14
1.57 ± 0.16
1.33 ± 0.13
1.24 ± 0.12
1.13 ± 0.11
1.12 ± 0.11
1.06 ± 0.11
1.10 ± 0.11
1.09 ± 0.11
1.33 ± 0.13
1.55 ± 0.16
1.57 ± 0.16
1.27 ± 0.13
1.52 ± 0.15
1.45 ± 0.15
1.58 ± 0.16
1.44 ± 0.14
1.78 ± 0.18
1.26 ± 0.13
1.32 ± 0.13
1.46 ± 0.15
1.41 ± 0.14
1.32 ± 0.13
1.38 ± 0.14
1.36 ± 0.14
1.20 ± 0.12
1.20 ± 0.12
1.38 ± 0.14
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Obs. Date

MJD

(yyyy-mm-dd)
2017/11/20
2017/12/09
2017/12/18
2018/01/14
2018/01/21
2018/01/28
2018/01/30
2018/02/02
2018/02/15
2018/03/06
2018/03/30
2018/04/26
2018/05/16
2018/05/31
2018/10/22
2018/12/15
2019/01/20
2019/03/05
2019/04/07
2019/04/20
2019/05/18
2019/06/07
2020/03/17
2020/04/02
2020/04/11
2020/05/05
2020/05/06
2020/06/06
2020/06/10
2012/08//29

55528
55523
55513
55531
55511
55511
55506
55507
55517
55523
55528
55531
55524
55519
55648
55558
55540
55548
55537
55517
55532
55524
55788
55520
55513
55528
55505
55535
55508
52662

Obs. Freq.

𝑎
𝐼 peak

(GHz)

(Jy beam−1 )

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22

1.09 ± 0.11
1.37 ± 0.14
1.37 ± 0.14
1.31 ± 0.13
1.33 ± 0.13
1.22 ± 0.12
1.11 ± 0.11
1.22 ± 0.12
1.19 ± 0.12
1.18 ± 0.12
1.10 ± 0.11
1.12 ± 0.11
1.05 ± 0.11
1.00 ± 0.10
0.95 ± 0.09
0.79 ± 0.08
0.63 ± 0.06
0.63 ± 0.06
0.63 ± 0.06
0.68 ± 0.07
0.65 ± 0.06
0.74 ± 0.07
0.78 ± 0.08
0.80 ± 0.08
0.77 ± 0.08
0.74 ± 0.07
0.80 ± 0.08
0.78 ± 0.08
0.91 ± 0.09
1.25 ± 0.12
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Summary and future work
In this thesis, to better understand the jet formation, we investigated both the short- and long-term
properties of the nearby radio galaxy M87 with dense and long time coverage monitoring data
observed by EAVN. As a newly established array in East Asia, we first conducted performance
evaluation of EAVN with two representative epochs observed in 2017. After confirming the
powerful and high imaging quality of EAVN, we move on to the detailed dynamic analysis of M87
jet. Together with VLBA/GMVA/EATING/VERA data, we confirmed the periodic wobbling jet
within 3-mas core separation. After the discussion about the possible physical mechanism to
interpret this feature, we conclude the Lense-Thirring precession with a tilted accretion disk is
favored model. The observed variability showing tight correlation with the precession provide
another evidence to support the precession model. The variation of the viewing angle with
respect to the jet axis and the intrinsic velocity is proposed based on the precession model which
highlight the importance of contemporaneous low-frequency images with EHT observations at
low frequencies. The timely constraints from the downstream are critical to properly understand
the EHT results. The Lense-Thirring precession may be responsible for the asymmetric brightness
distribution seen in the EHT black hole shadow image. The correlation between the BH-scale
dynamics and mas-scale jet dynamic may bring us a deep sight into jet formation. Nevertheless,
based on the confirmation of the Lense-Thirring precession, we can firstly conclude the existence
of the Kerr BH inside M87 which is the fundamental but tough question for the SMBH studies.
Accordingly, the BZ mechanism is preferred jet formation mechanism in M87 case. And a
magnetically arrested disk is suggested in M87.
To continue the study on the formation, acceleration and collimation of relativistic jets,
which are one of the central topics in astrophysics, I would like to keep monitoring M87 with
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EAVN to investigate the property of M87 jet at mas scale for a longer time scale. Lense-Thirring
precession is related to the properties of the central engine, like the disk type, BH spin, magnetic
field strength, and inclination angle between accretion disk and the SMBH spin axis, which
can investigate more to infer more physical constraints. I would like work more together with
theoretical group to figure out the relations more quantitatively. Thank to the membership in
EHTC, I would like to further connect our EAVN results with multiple EHT results to directly
confirm the possible physical relation between the central engine and downstream from the
observations, like the jet direction, intrinsic velocity, jet formation base, and time scale of the
evolution of the asymmetric brightness seen in BH shadow. Eventually, we can figure out and
conclude the jet formation mechanism. The detailed items include:
• Jet precession Even though we conclude the existence of the precession in M87 jet
in this thesis, the essential parameters can be as accurately as possible measured after
accumulating even sufficient data sets which can cover several precession cycles. So we will
continue our dense monitoring project to trace M87 precession motion.
• Kinematics As discussed in the section 4.4.6, the simultaneous observation with EHT is
required. If there is a new ejection detected during the EHT observing window, we can
possibly for the first time trace the component from the horizon-scale to the extended jet,
constraining its initial launching speed and its acceleration pattern, by combining the
simultaneous EHT and EAVN observations. The location of the jet formation base may be
discovered. Also, if the jet experiences a lateral expansion well beyond the light cylinder
(> 10 𝑟 g ), the VLBI core and its downstream emission at 43 GHz may be an ideal location for
observing this dynamical event. The variation of the intrinsic velocity can be well traced, as
well.
• Constrain the magnetic flux with MWL joint observations. In addition to the
kinematics, magnetic field constrains from lower frequencies are also essential. In EHTEAVN campaigns, we are able to conduct hybrid mode with KVN at K/Q/W/D bands
which can be dense observed near-in-time with EHT observing windows. It will improve
the magnetic fluxes constraints obtained from lower frequencies. It can be also closely
associated with the magnetic field strength which can constrain the accretion rate and
further distinguish the low or high accretion rate in M87.
• Asymmetric brightness distribution at two limbs. In addition to the significant
variation seen in PA, there is a hint that the asymmetric brightness of the two limbs also
show correlated variation to some degree. However, the brightness is more sensitive to
the image quality and local instabilities. More high-resolution images are required to
conduct more quantitative analysis to determine the time dependence. Then we may have a
deeper insights into M87 jet patterns which may be instructive to other AGN jets study.
Together with the mas scale jet profile monitored by EAVN and the SMBH properties
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revealed by EHT, it may be possible to connect the emission at EHT- and mas-scale and
further measure the black hole spin of M87. BH spin measurement is the key parameter to
conclude the jet formation mechanism.
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