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

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

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

After validating the imaging performance of the EAVN array, in Chapter 4, we then
move to detailed study of M87 jet. In our study, we performed intensive monitoring of
the M87 jet with the EAVN between 2013 and 2021 to trace the dynamics of M87 jets

at 43 GHz and 22GHz. Moreover, to further increase our time coverage and complement



the EAVN data, we additionally analyzed various archival VLBI data on M87 that were
obtained between 2006 and 2018, resulting in a total of 159 epochs VLBI data for

imaging and another 159 data for a light curve analysis.

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

angle additionally supports the precession scenario rather than the instability model.

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

of the jet power.



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

reveal/constrain the direct connection between the jet base and BH more definitively.

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

the existence of a tilted accretion disk inside, the unification of AGN may be updated.

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

physics of SMBH and jet launching.
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