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• 0. Introduction

• 1. Linking BH to jet
- Synergistic study by mm-VLBI (EHT) and cm-VLBI 

• 2. Radio-TeV connection at jet base
- Synergistic study by VLBI and VHE instruments

• 3. High-resolution view of HST-1
- Long-term radio monitoring and recent status



Was everything answered about SMBH of M87?

M87
D = 16.8 Mpc
MBH = 6.5 x 109Msun

Of course no!
Opening new era of SMBH astrophysics



Post-BH shadow era: 
Questions to be addressed

• What’s the exact spacetime geometry near SMBH? 
• What drives accretion onto SMBH? 
• How SMBH generates powerful relativistic jets?
• What’s the key parameters controlling accretion & jet?
• BH spin? B-fields? Accretion rate?

• How particles are highly accelerated near SMBH?
• What makes the diversity of AGN/SMBH? 

MWL study together with EHT is essential



M87 is bright across whole EM spectrum  

Abdo+2009

Extended jet

IC
Highest energy particles

Fully optically thin
Synch

Synch or IC
Accretion flows

IC & Accretion flows



M87 MWL campaign during EHT-2017
(EHT-MWL Working GP et al.)

On behalf of MWL WG, made with MWLgen, software by J. Farah

Results hope to come soon!

First-ever MWL dataset allowing us to establish simultaneous 
broadband SED together with a BH shadow image!
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Formation of AGN jet

Observations 

Theory B-dominated 
+ spinning BH

Matter-
dominated

Launch Acceleration and collimation (ACZ) Shock/dissipation

mm-VLBI cm-VLBI

AGN jets are 
powered by 
accretion 
onto SMBH

Marscher+2008

Profile? How far? 
Conversion efficiency?



Quest for uncovering ACZ of M87 jet

?

Asada&Nakamura 2012; Hada+2013
Nakamura&Asada 2013; Hada+2016
Kim+2018; Nakamura+2018

Nakamura+2018

Collimation profile Velocity profile



Quest for uncovering ACZ of M87 jet

Intensive (~biweekly) 
monitoring with EAVN/KaVA
(Hada+2017, Park+2019)

Park+2019



• Beautiful coexistence of collimation and acceleration zone

• MHD-driven jet of M87 is now strongly supported by both EHT and cm-VLBI

Collimation profile Velocity profile

Quest for uncovering ACZ of M87 jet

Park+2019Nakamura+2018

For more details about jet kinematics, see Jongho Park’s talk at AGNjetWS2020



Year-scale “wobbling” of BH shadow

• Year-scale PA change of bright part of EHT ring
• What causes such wobbling? Still highly uncertain
• Any possible hint/correlation in large-scale jet? 

Wielgus+2020



Accumulation of 43GHz VLBI data reveals 
year-scale wobbling of jet base at ~100Rs

100Rs/0.06pc
(projected)



2017 2018 2019



Periodic oscillation of jet PA 
and North-South brightness ratio?

2006-2018: VLBA 43GHz
2016-2020: EAVN 43GHz

Yuzhu Cui, KH+ 
preliminary

201
7

South ridge 
brighter 

North ridge 
brighter 

PA=288°



2006-2018: VLBA43
2016-2020: EAVN43

Yuzhu Cui, KH+ 
preliminary

201
7

PA=288°

？

Weilgus+2020 201
7

McKinney+2013, Liska+2017, Chatterjee+2020 Mizuno+2009; 2012

Precession with a tilted accretion disk MHD kink instability

Periodic oscillation of jet PA 
and North-South brightness ratio?



GLT

First global VLBI with ALMA at 86GHz

• 86GHz: a “sweet spot” to connect BH shadow and jet 
• First 86GHz global VLBI with ALMA done in 2018
• EastAsia M87 team is leading this, stay tuned! 

230GHz

43GHz

86GHz

GRMHD+GRRT simulations
(Kawashima & Nakamura)

GMVA
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M87 as a TeV emitter
• One of few radio galaxies 

detected in GeV/TeV
• Several TeV episodes in the past
• 2005: HST-1?
• 2008 (+2010, 2012): Nucleus
• Some γ-ray photons must be 

produced near SMBH where 
EHT/VLBI is directly resolving

Abramowski+2012 Acciari+2009



Large discrepancy in Ue/UB ratio
GRMHD jet models and VLBI

Why large discrepancy despite observing similar spatial scales? 

Ue/UB ~ 103-104

Broadband SED modeling

Ue/UB ~ 10-5-10-4

MAGIC Collaboration+2019
Abdo+2009

Chael+2019
Kino+2015



Akiyama+2015
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TeV (VERITAS)

43GHz core 
(VERA)

22GHz core
(VERA)

(Moderate) TeV event in 2012

EHT core
No change

Extended component 
brightened

Beilicke+2012
Hada+2014 EHT 230GHz

EHT
core 43GHz

core
22GHz
core

TeV

TeV site could be some 
distance offset from BH 
(but inner than 43GHz core)



Triple-ridge jet structure revealed by
high-sensitivity VLBI imaging

Spine

Sheath

Sheath

Asada+2016
Hada+2017

Tavecchio&Ghisellini2008
Aleksic+2015

VLBA+VLA 15GHz

Strong evidence that M87 jet is stratified
Different layers may be associated with 
high/low-energy components



Growing EHT-MWL campaigns on M87

• Growing MWL coverage
• Low state in 2017
• High state in 2018 
• Hopefully resume 2021

Joined

2021



Future synergy between EHT and 
next-gen high-energy instruments

• Expansion of EHT in coming years will 
allow us to image shadow + extended 
jet up to ~1000Rs at 3Rs resolution, 
covering a full range of scales expected 
by various VHE models

• Joint observations with ngEHT and CTA!

Chael, Akiyama+
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HST-1
• Peculiar complex knot at 100pc (~1”)

• Fastest feature in M87 jet
• ~6c@optical (also in X-rays: Snios+2020)
• ~4c@radio

• Quasi-stationary feature in upstream edge

• Possible recollimation shock at the end of ACZ 

Biretta+1998

0.8c

Cheung+2007



Radio-to-TeV flares in 2005

What’s the subsequent evolution of HST-1? Recent status?

Cheung+2007
VLBA 1.7GHz



16-year-long VLBI monitoring of HST-1
(VLBA or EVN at 1.7/5GHz)

KH, Giroletti+ 
in prep



Light curves
20
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VLBI 1-2GHz total flux of HST-1

MAGIC Collaboration+2019

HST-1 at optical



• Long-term VLBI monitoring continues to witness active evolution of HST-1
• Detection up to ~6c motion discovered also at radio (comp4)

Upstream edge 
of HST-1 “d”

20
05

 Te
V

Repeated ejections of superluminal 
components from upstream edge of HST-1



3D helical motion in HST-1?

2006

comp3

comp2

comp1

comp3
comp2
comp1• Most of ejected 

components follow 
non-radial trajectories

Apparent speed on the sky

• Significant change in apparent 
speed when changing moving 
direction



Present and future on HST-1 study
• Despite being quiescent after 2005, HST-1 continues to exhibit 

interesting activities on mas-scales
• Fastest flows in M87 jet, likely traveling in helical paths
• Many other peculiar observational characteristics
• HST-1 will continue to be the “suspect” of gamma-ray production. 

Worth while keeping our MWL eyes
• HST-1 will be a very interesting target of future MWL study with 

SKA, ngVLA and CTA



Summary
• EHT obtained the first BH shadow image of 

M87, but still many key questions remain to 
be solved

• MWL study together with EHT is essential

• Future MWL collaboration with next-gen 
MWL instruments (ngEHT, global VLBI, SKA, 
ngVLA, XRISM, CTA etc), as well as state-of-
the-art theory/simulations, will be 
promising to fully understand the nature of 
SMBH in M87 and other AGNs

Let’s enjoy the workshop!


