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Outline

* High-resolution radio view of an AGN jet
 Recent observational progress on M87

* Growing international VLBI projects

« Event Horizon Telescope (EHT)
« East Asian VLBI Network (EAVN)



AGN jets

Cygnus A VLA (NRAO)
el g 10”

~10° pc

/
A Relativistic jet

AGN/SmBH (subpc —kpc)
(<<1pc)

* Powered by the central engine (SMBH + accretion disk)
» Very fast, collimated, magnetized, nonthermal plasma outflows
« Radio-to-TeV emission (synch. + IC), Doppler beaming



Longstanding questions

 Collimation (@ ~1°)
« Acceleration ("'>10)
* Role of B-fields

« Central engine
« SMBH, accretion flow

* Multi-layered (spine-sheath)
* High-energy emission (~TeV) 100Es

« Size <10°Rs ~ 1pc ~ 1mas
* (10°M,,,@1Gpc)

* => High-resolution VLBI§ “%&

Meier+01 Koide+02



Very Long Baseline Interferometer
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(Cm-)VLBI network in the world

VLBA

D~10000km
D~ 8000km A~ 6-20cm
A~ 0.7-20cm
D~ 2300km
A~0.7-1cm

KVNZFI A9 5B THEkMDERANHY
uvEEMNVERAD A DERI LY FITIEF S,

KaVA (KVN and VERA Array)



Why VLBI suitable for jet study?

* Shape

e Collimation, transverse
structure

 Motion

« Acceleration, velocity fields

 Polarization

» B-field structure

* VLBI can directly map these
key quantities

+ 3C120 VLBA (Gomez+2000)

P

VLA 6cm

VLBI 18cm

VLBI 1.3cm

L O

vLBl 7mm —— 1mas=1.1pc~4x10°Rs



Radio galaxy M87 (Virgo A, 3C274)

Event horizon apparent radius ranking

Object M d IRs

BH
(10° M)  (Mpc) (was)

SgrA* 0.04 0.008 10

& M87 60 16.7 7
Sombrero 10 9.0 22

1kpc (2x106Rs) M84 8.5 17 1

Cen A 0.5 3.8 0.3

Bl VLBA 7mm « 1mas = 0.08pc = 140Rs
(Junor+1999)

 “The Rosetta Stone of
AGN jets”

— 0.06pc = 100Rs



Where is the central engine?

(Hada et al. 2011)
VLBA 7mm

MilliARC SEC

Core-shift
(Blandford & Konigl 1979)

0.4 0.2 0.0 -0.2 -04 -0.6 -0.8 -1.0 -1.2 -1.4
MilliIARC SEC

 High-accuracy core-shift measurement suggests the central
engine resides very close to 7mm core



Core-shift: What’s the benefit?

Marscher 2011

a
Accretion disk

* Now various physical quantities can be
measured as a function of radial distance “z”



Jet radius (Rs)

Determine jet collimation profile R(z)
(Asada & Nakamura12; Hada+13)
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Jet radius (Rs)

Determine jet collimation profile R(z)
(Asada & Nakamura12; Hada+13)
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Jet radius (Rs)

Determine jet collimation profile R(z)
(Asada & Nakamura12; Hada+13)

106 lllllll| | IIIIIII| | lllllll| | lllllll| | lllllll| | lllllll| | IHIIH| I TTTII
| Y
MERLIN 1.7 GHz (AN12) 0 \0’0‘ /
10° = B
= VLBA 2.3 GHz (H13) =
- £
B 28]
10* == .
= \C
= VLBA 24 GHz (H13) ‘OO
[ VLBA 43 GHz (AN12, H13) ?a(a 10 ,1,*’4/[
103 =— R& Lo wp" :
102 =
10 =
/ .
| llllllll A Illllll | Illlllll | Illlllll | Illlllll | Illlllll | Illlllll
10 102 103 10* 10° 10° 10’ 108

De-projected distance along jet (Rs)



Imaging jet launch structure at highest
resolution & transparency (Hadaet . 2016)

VLBA (25m)
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Mauna Kea, Hawaii

Fort Davis, Texas

3mm observations with VLBA+GBT100m



Imaging jet launch structure at highest
resolutlon & transparency (Hada et al. 2016)
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z~10-100Rs structure
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First detection of polarization near BH

 M87 inner jet: severe
Faraday depolarization
at long wavelengths
(>7mm)

 3mm VLBI just began to
detect polarized fluxes

— Toroidal-dominated B-
field at jet base?

* 1mm VLBI (with ALMA)
more promising
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Relative Declination (mas)
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Multi-layered (“spine-sheath”)
unification paradigm of AGN jets

Clausen-Brown+ 2013

Blazars

Spine dominated

GeV/TeV
A lot of “indirect” evidence in RC'C_"-O galaxies
favor of this scenario, but no | T
“direct” evidence so far \ o
. 79
No jet is known in which both i .N -.

the spine/sheath are imaged 'Sﬁed"rh.dom'ianed R

at the same time Extended jet ot fadio



Can we detect a spine at radio?

* 6¢ motion of HST-1
¢+ O,., < 19° (Biretta+1999)

 Faster flow may be more
Doppler boosted

« O(spine) > d(sheath)

Brightness enhancement
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In M87 we might see a spine as well as
the known sheath



The first hint of a spine ridge !!?

Asada, Nakamura & Pu 2016

VSOP 5GHz
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15 -
New pc-scale jet image (Hada+ in prep)

10 - 4
0.4 pc (projected)

* VLBA + phased ol
* The highest qua

>




Continuing triple-ridge structure

ensity (mJy/beam)
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“Spine-sheath” collimation profile
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Work in progress...

Observing App"cation Date: Aug 01, 2016

Proposal ID: VLBA/17A-318
Legacy ID: BH221
Pl: Kazuhiro Hada
Type: Regular
Category: Active Galactic Nuclei
Total time: 36.0

Ultra-deep imaging of the spine-sheath structure of the M87 jet

Abstract:

Detailed imaging of the transverse structure of relativistic jets in active galactic nuclei (AGN) is essential to
understand the multi-layered ("spine-sheath") jet paradigm and their launching mechanisms. The radio galaxy M87
contains one of the nearest AGN jets, offering a rare opportunity to resolve and image the detailed transverse jet
structure at unprecedented linear scales. Here we propose full-track VLBA+Y27+EB observations of M87 at 8, 15
and 24GHz, in order to obtain ultra-deep images of the pc-to-subpc-scale transverse structure of this jet. Our primary

nhiartiviae ara eciimmarizad ac fallnwe: (1) Ahtain Arancliicivia avidanra Af a narcictant Mrinla-ridAa" etriirctiira whirh

* |s the observed central ridge really a spine?
* We obtained new VLBA + phasedVLA data

 Collimation efficiency (differential collimation)
* Velocity gradient between sheath-spine
« Spectral properties

« Stay tuned!
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Event Horizon Telescope



Millimeter VLBI

A D \ '
0 =34 (m) (6000km> (1as)

™ n,BPT2)/2,=(p+4)/2

* BH shadow
* Inner accretion flow
« Jet launching ‘

« Gamma-ray site

Takahashi, R




Event Horizon Telescope (EHT)

* Global VLBI array ﬁ’ i §
at 1.3mm/230GHz st

« US, EU, EA joint
project . /M
» More than 100 A
members , Mexico®
- EA b= J

. Mizusawa VLBI . _— iy
Observatory (JP) f
« ASIAA (TW) e ‘.S‘ﬁ(‘.)l.l.tfl*}’hole -
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Flux density (Jy)

Early EHT results

(Doeleman+08, 12)
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Rapid expansion of EHT network




Rapid expansion of EHT network




Rapid expansion of EHT network

2015




Rapid expansion of EHT network

2017




Rapid expansion of EHT network

20187




April 2017: First EHT run with ALMA
M87 EHTConsortium

VLBA image at 7 mm

@ @@ o&m

SgrA*

1 R P
Y0 R EHTarray2017

EHT Consortium

40 20 0 -—-20-40 40 20 0 -—-20-40 40 20 0 -—-20-40
Relative RA (u.as) Relative RA (pas) Relative RA (uas)

Imaging BH shadow and accretion tlow

Imaging jet-launch structure (BZ vs BP)
Imaging B-field topology (poloidal vs toroidal)
Other jet sources: 3C273, 3C279, OJ287, CenA



SgrA*

M87

Multi-wavelength collaboration

EHT+ALMA (230GHz)
MAGIC (TeV)

HESS (TeV)

NuSTAR (X-ray)
Chandra (X-ray)
SWIFT (X-ray)

VLT (IR)
GMVA+ALMA (86GHz)
EAVN (43GHz)

EAVN (22GHz)

EHT+ALMA (230GF
VERITAS (TeV)
MAGIC (TeV)

Fermi (GeV)
NuSTAR (X-ray)
Chandra (X-ray)

B SWIFT (X-ray)

B HSA (8,15,22GHz)

B EAVN (43GHz)

B EAVN (22GHz)

« Horizon-scale MWL science
« Radio-to-TeV SED
* Origin of flares
 Particle energetics
« Blazar zone

« EHT welcomes “External
collaborators” who join/lead

MWL science with EHT
data/results

 Observational/Theoretical

« Hada: contact person



Probing TeV site with VLBI

EHT 1.3mm (Aklyama+2015)
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EA white paper (astro-ph 1705.04776)

White Paper on East Asian Vision for mm/submm VLBI:

Toward Black Hole Astrophysics down to Angular Resolution of 1 Rg
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East Asia VLBI Network
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KaVA: a core array of EAVN

First international VLBI array in EA
Operation started from 2014

D = 2300km

A =1.3cm(22GHz), 7Tmm(43GHz)
Resolution: 1.2mas, 0.6mas

Good imaging performance
Dense monitoring capability
My telescope!
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SearCh for jet | M87 KaVA 1.3¢m monitpring
acceleration zone (vada+2017) o s

M87 jet velocity-distance profile 20
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EAVN-EHT tie-up campaign (Spring 2017)
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13 stations joined from EA
(JP7,KR4,CN 2)

« Complement EHT
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More to come  rast 500m (China)  TVN (Thai
in East Asia i\

- EAVN will rapidly R
expand in the next E‘\(ﬁz\
few years A s

+ & VLBA o

* Broader range of 5

science targets %

« Synergy with CTA

* EAVN is a
telescope for EA
community!
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