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Rationale:

The Event Horizon Telescope (EHT) successfully took a picture of M87's black hole (BH) shadow surrounded by a ringlike emission, which is
one of the strongest confirmations of Einstein’s general relativity and existence of supermassive BHs at the centers of galaxies. The picture
also accelerates our investigations on the launching mechanism of relativistic jets in active galactic nuclei. A puzzling/surprising fact is that
M87'’s jet is unseen in the EHT picture, although it is overwhelmingly bright at longer wavelengths. The missing link between the BH shadow
and the jet now draws much attention as one of the most important remaining issues. To address this issue, along with EHT, complementary
VLBI observations at long wavelengths (3mm/7mm/10mm), offered by such as the Global Millimeter VLBI Array (GMVA), the Very Long
Baseline Array (VLBA) and the East Asian VLBI Network (EAVN) will play increasingly important roles.

The main purpose of this workshop is to get better understanding on BH-powered outflows in the universe. The M87 jet is a prototype in
such sources and the first M87 EHT results provide us with a lot of new perspectives on it. Hence, the lineup of invited speakers in this
workshop are mostly linked to the first EHT M87 results, and the following topics will be covered by those talks.

Invited Speakers:
« K. Akiyama (MIT/NRAO): Next generation EHT & space-VLBI
¢ M. Honma (NAOJ/Mizusawa): Overview of the first EHT results
o T. Jung (KASI): KVN/e-KVN
« T. Kawashima (NAOJ): BH shadow & jet connection
« Y. Kawazura (Tohoku U): Plasma physics in accretion flows
o J.-Y. Kim (MPIfR): mmVLBI view of 3C279
« S. Kisaka (Tohoku U): BH magnetospheres
¢ R. Lu (SHAQ): M87 jet base seen at 3.5mm
o D. Mazin (ICRR): High-energy & multi-wavelength science
Y. Mizuno (Goethe U Frankfurt): BH shadow & gravity theories
« M. Nakamura (ASIAA): Jet theories & simulations
« K. Niinuma (Yamaguchi U): EAVN-high
o K. Ohsuga (U Tsukuba): BH high-power accretion & outflow
J. Park (ASIAA): M87 jet velocity & surrounding wind
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Event Horizon Telescope
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Figure 1. Eight stations of the EHT 2017 campaign over six geographic
locations as viewed from the equatorial plane. Solid baselines represent mutual

visibility on M87* (4-12° declination). The dashed baselines were used for the P h Oto N ri ng 0) E /§ Lj: ~5 RS

calibration source 3C279 (see Papers III and IV).

 Technical developments for VLBI at 1.3 mm (230 GHz)
« Angular resolution 6 ~ 1.3 mm/10* km ~ 25 nuas



M87

« Low-luminosity AGN with
Ly ~ 1042 el’g/S ~ 10-6 LEdd
(for Mgy ~ 6 x 10° M)

« Radiatively inefficient accretion | : g
flow (RIAF) I |

* rg~10" cm, rg/c ~10 hr

« Radio jet (FR | type)
Liet ~10%2 —10% erg/s
« BZ process?
* Lt ~Mdot c? ?

Declination Offset (mas)
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Walker+2018



86 GHz (3.5mm); VLBA+GBT
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Asada & Nakamura 2012; Hada+2013, 2016, 2017; Nakamura+2018; Kino, Takahara+2015
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GRMHD simulations
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« Magnetohydrodynamic
simulations in fixed Kerr
spacetime

« Radiatively inefficient
accretion flow (RIAF)

» Spinning BH-driven jet
where B?/pc? >> 1 via
Blandford-Znajek process

Blandford & Znajek 1977;
KT & Takahara 2014;2016

e.g. Koide et al. 2000; Komissarov 2001,
McKinney & Gammie 2004; Noble+2006
Barkov & Komissarov 2008; Tchekhovskoy et al.
2011; Ruiz et al. 2012; Contopoulos et al. 2013



Black hole shadow & photon ring

Zero-spin BH with emitting plane

3

4
13 \/g T
GRMHD models
SANE, a, = 0, Ryjgy = 10

Simulated EHT observations (XO—COOI’dinate (M)

* The shadow shape does

v NOT strongly depend on
e BH spin

R. Takahashi 2004; Chan, Psaltis & Ozel 2013; Pu+2016

« Photons will have orbited the BH
many times (near the unstable
orbit), picking up extra brightness
on their way to the observer

Gralla, Holz & Wald 2019




MS8T* April 11, 2017

EHT images

 Central depression in
brightness with a flux ratio
>~ 10:1

* Ring shape

* no extended component
(jet / accretion disk)
-> EHT 2020

* Flux ~0.5 Jy
« Asymmetry
 Stable in different days

April 10
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Paper V: Physical origin of the asymmetric ring

MS7 April 6 GRMHD Blurred GRMHD
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Figure 1. Left panel: an EHT2017 image of M87 from Paper IV of this series (see their Figure 15). Middle panel: a simulated image based on a GRMHD model. Right
panel: the model image convolved with a 20 pas FWHM Gaussian beam. Although the most evident features of the model and data are similar, fine features in the
model are not resolved by EHT.

« Working hypothesis: Kerr BH with -1 < a.=Jc/GM? < 1
» GRMHD simulations + GRRT imaging

« Examine if the model is consistent with the EHT data
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Rough estimates
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GRMHD simulation library

Kerr BH with fixed M & a-
3D ideal MHD models

Codes: BHAC (Porth+17), H-AMR (Liska+18),
iharm (Gammie+03), KORAL (Sadowski+13)

Initial condition: hydrodynamically static torus
+ poloidal B field

 Accretion flow AM Il BH spin

Outflow-only boundary condition

Density floor

Porth+ 2019

Quasi-steady state at » <~ 10 7r,: 5000 <~ t/rqc' <~ 10

2 key parameters: normalized magnetic flux & BH spin
« SANE models (¢ ~ 3): a-=-0.94, -0.5, 0, 0.5, 0.75, 0.88, 0.94, 0.97, 0.98
« MAD models (¢ > 50): a+=-0.94, -0.5, 0, 0.5, 0.75, 0.94

¢ = (I)BH(Mrgz ¢y 1/2



GR Ray-Tracing calculations

T/ T

- Thermal electrons assumed, with one parameter Rygn ol — ' y ol

10'} 10.0

100.0

(cf. Howes 2006; Kawazura+2018)

100_

g&/Qe

R T — Rh1gh 613 + ! 107 / 10" ﬁf

T,

1072 .

2 2 . 02 i Howes 2010 |
1+82 " 14 B2 =

107 100 107

« Emission from regions with B> pc? (i.e. funnel region) is set to zero

* 100-500 images from each GRMHD models,
each of R4, = 1, 10, 20, 40, 80, 160
|ncI|nat|onz_12° 17° 22° 158° 163°, 168° (not highly affect image)

 Various codes that include RAIKOU (Kawashima+)

« MHD velocity field is invariant under scaling p -> Cp, B -> C’B, u -> Cu

C is adjusted for F, ~ 0.5 Jy, then M determines ring size & M ~ 47rr2pv7“




« Time-averaged images

* i =163 deg (Accretion disk
angular momentum)

« Arrows: BH spin vector
projected onto the sky

So many models are
acceptable. This is likely
because the source
structure is dominated by
the photon ring

Asymmetry is controlled
by the BH spin (except
the SANE Rygn < 10)




Prograde models: a.>0 & [inigh = 10 Ruig = 160

Location of the origin for
all photons that make up
an image

[GM/c?]
[GM/c?)

Emission at 1 <r/ry <4
(unstable photon orbit
region) dominant

The funnel wall is bright
for high R4, cases

Funnel is wider for MAD
than for SANE

[GM /)

6 8
[GM /Y [GM/cH



Other constraints

» Radiative efficiency
 L,,/Mdot ¢? < thin disk radiative efficiency

« Simultaneous X-ray observation (2-10 keV)
* Single IC scattering of synchrotron photons

* Py ~ 1042 — 10% erg/s
« Conservative lower limit: 1042 erg/s
 All a.=0 models rejected
 SANE models with la.|=0.5 rejected

Piz ~ 2.8f(a.)(¢/50)2Mc*  flax) =ai(1++/1—a2)7?

(for a« < 0.95)



Other constraints

 EHT image, radiative efficiency, X-ray, jet power

SANE
Mdot/Mdoteyq ~ 105 — 104

MdOtEdd =10 LEdd/C2

MAD
MdOt/MdOtEdd ~ 10_6




EHT2017 Summary

« EHT 2017 data are consistent with the hypothesis that
* 1.3 mm emission arises within a few r, of a Kerr BH
 Optically-thin synchrotron emission of thermal electron in RIAF
* Image is generated by strong grav. lensing & Doppler beaming

« M=6.5+7,,x10% M, (M/D = 3.8%0-4, s nas), which is
consistent with previous estimate based on stellar
dynamics

« The strongest evidence for the presence of SMBHSs in
centers of galaxies

- Case of a- = 0 rejected by condition P, > 1042 erg/s
* The jet is driven via BZ process in the models with a- #0



EHT 2020 forecast

GRRMHD Model EHT 2020

(%

100 pas

« EHT Collaboration, ALMA Cycle 7 M87 Proposal

« 3 more telescopes including Green Land Telescope will
make it so sensitive as to detect extended component



Connection of the ring with the jet

Nakamura+2018  « 2D high-resolution MHD simulation
t/t,=11000 a=09 - Stagnation surface
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Keplerian disk Kerr BH with a=0.1 Kerr BH with a=0.998
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K. Takahashi, KT, Kino, Nakamura & Hada 2018; Ogihara, K. Takahashi & KT 2019



M87 proper motion

Jet axial distance (de-projected): z (pc)
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M87 spectrum

e Jet SSC model
r~10% cm
B~ 55 mG

e Matter dominant
at 10 r,?

Abdo+09
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Figure 4. SED of M87 with the LAT spectrum and the 2009 January 7 MOJAVE
VLBA 15 GHz and Chandra X-ray measurements of the core indicated in red.
The non-simultaneous 2004 TeV spectrum described in Figure 2 and Swift/
BAT hard X-ray limits (Section 3) of the integrated emission are shown in light
brown. Historical measurements of the core from VLA 1.5, 5, 15 GHz (Biretta
etal. 1991), IRAM 89 GHz (Despringre et al. 1996), SMA 230 GHz (Tan et al.
2008), Spitzer70,24 pum (Shietal. 2007), Gemini 10.8 pwm (Perlman et al. 2001),
Hubble Space Telescope HST) optical/UV (Sparks et al. 1996), and Chandra
1 keV from Marshall et al. (2002, hidden behind the new measurements) are
plotted as black circles. The VLBA 15 GHz flux is systematically lower than the
historical arcsec-resolution radio to infrared measurements due to the presence
of intermediate scale emission (see, e.g., Kovalev et al. 2007). The blue line
shows the one-zone SSC model fit for the core described in Section 3.



* We consider a toy model of emission ring
at the deepest stagnation regions
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Stagnation ring model (Preliminary)
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« Clear photon ring is
observed more easily in
the case of diffuse, non-
localized emission

* The simple model

indicates the ring at

approaching jet appears
to be too bright

Kawashima+ in prep.






Photon ring

10 20 30 40 | - |
Brightness Temperature (10° K) — '
a=0.94, Rhigh = ]0, MAD o i

Johnson+2019 Number » of half-orbits



M87 jet observations (activated by
East-Asia reseqrchers)

VLBA 7/mm
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Core-shift
(Blandford & Konigl 1979)
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 High-accuracy core-shift measurement suggests the central

engine resides very close to 7mm core Hada+2011



BHs with largest angular sizes

Object Mg, d IRs
(10°Msur)  (Mpc) (uas)
SgrA* 0.04 0.008 10
M8E7 60 o) | § V4 4
Sombrero 10 9.0 2.2
M84 8.5 17 ]
Cen A 0.5 3.8 0.3

(= 2r, = 2GM/c?)



Summary & Discussion

 Radiative effects: GRMHD vs radiation GRMHD
 Non-thermal electrons

» Analysis limitations
 Fast light approximation
 Untilted disks
 Pair production
* Floors

» Alternatives to Kerr BHs



Ongoing & future works

 Polarization: further constraints on n,, B
* Need parameter survey

« Combination of EHT data and lower freq. VLBI data
(Nakamura+18; Chael+19; Kino+14, 15; K. Takahashi+18)

« EHT 2020: more stations

* imaging extended component
* time variability?

« Future EHT 345 GHz campaigns

« Green Land Telescope developed by ASIAA, Taiwan
« Lower optical depth & higher spatial resolution

« -> Kawashima+2019; Nakamura+2019 in prep.



EHT data + EAVN data

2017.03

£, HiF, &, #c o

a @®6.7GHz
TRa haslaip” Bl Network, (FAVN Collaboration)

« High cadence observations of M87/SgrA*
» Data quality comparable to VLBA
« 22/43 GHz - spectral index



GMVA + ALMA 2020 forecast

86 GHz ¢~ 18 GMVA+ALMA Without ALMA
(Nakamura+18; (2020)

Kawashima+ in prep.)
Qrmg by forward jet
50uas (7rs)

o~1
(Moscibrodzka+16;
Davelaar+ in prep.)

*— ring by counter jet

50uas (7rs)

« EHT Collaboration, ALMA Cycle 7 + GMVA Proposal
« GMVA = Europe telescopes + VLBA & more [at 86 GHZ]

« Asymmetric approaching-jet & bright counter-jet emission
In the small ¢ model



The first EHT results: 6 ApJ Letters

Paper |: The Shadow of the Supermassive Black Hole (Summary Paper)
Coordinators: G. Bower, H. Falke & D. Psaltis

Paper II: Array and Instrumentation
Coordinators: S. Doeleman, V. Fish & R. Tilanus

Paper lll: Data Processing and Calibration

Coordinators:L. Blackburn, S. Issaoun & M. Wielgus

Paper IV: Imaging of the Central Black Hole in M87

Coordinators:K. Akiyama, K. Bouman, A. Chael, J. Gomez & M. Johnson

Paper V: Physical Origin of the Asymmetric Ring

Coordinators: C. Gammie, Y. Mizuno & H.-Y. Pu

Paper VI: The Shadow and Mass of the Central Black Hole

Coordinators: K. Asada, A. Broderick, J. Dexter & F. Ozel



Event Horizon Telescope

R

Figure 1. Eight stations of the EHT 2017 campaign over six geographic
locations as viewed from the equatorial plane. Solid baselines represent mutual

visibility on M87" (4+12° declination). The dashed baselines were used for the
calibration source 3C279 (see Papers III and IV).
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« Angular resolution 6 ~ 1.3 mm/104 km ~ 25 npas
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Retrograde models: a-<0 P = 10 Rijgh = 160

ISCO radius is much
larger

[GM/c
[GM/c

MAD funnel widths are
similar in pro- and retro-

grade cases
(cf. Tchekhovskoy & McKinney
2012)

Even in SANE models,
funnel is wide

0 2 4 6 8 10 12
[GM/

(GM/c?) (GM/c?)



M Od e I fitti n g Single Snapshot Model

 Probability distribution of parameters M/D, C,
and PA via MCMC method

 Each simulation code derive similar

10

Brightness Temperature (10°K)
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Large-scale jet orientation PA~288°
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Average Image Scoring” Summary

Flux® as’ (p)* Naodel® MIN(p)" MAX(p)®
SANE —0.94 0.33 24 0.01 0.88
GRMHD models SANE —0.5 0.19 24 0.01 0.73
SANE, a, = -0.94, Ry, = 80 SANE, a, = 0, Rz = 10 MAD, a, = 0.94, Ry, = 10 SANE 0 0.23 24 0.01 0.92
2 SANE 0.5 0.51 30 0.02 0.97
= SANE 0.75 0.74 6 0.48 0.98
SANE 0.88 0.65 6 0.26 0.94
.  SANE 0.94 0.49 24 0.01 0.92
"y SANE 0.97 0.12 6 0.06 0.40
.= MAD —0.94 0.01 18 0.01 0.04
& MAD —0.5 0.75 18 0.34 0.98
MAD 0 0.22 18 0.01 0.62
MAD 0.5 0.17 18 0.02 0.54
_ MAD 0.75 0.28 18 0.01 0.72
= MAD 0.94 0.21 18 0.02 0.50

Average of snapshot images

1 obs.

» Qverall, the observed image is consistent with expectations for the
shadow of a Kerr BHs predicted by general relativity

« S0 many models are acceptable. This is likely because the source
structure is dominated by the photon ring

« If the BH spin and M87’s large scale jet are aligned, then the BH
spine vector is pointed away from Earth
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Turbulence cascade

2
10 I « Alfven turbulent cascade
1 € /;_J
_ 2  MHD inertial range
1oLl A//( -> jon Larmor scale
: ~ (conversion to ion heating)
) -> kinetic Alfven waves
Q i 00:_ (ultimately heating electrons)
A | A | :
| R /C » For low beta, ion thermal
10~ 1t ol [/ speed << Alfven speed, so
3 / Howes 2010 that ions cannot interact with
S (L Alfvenic perturbations
05T "10p 10! 10
Bi

Kawazura, Barnes & Schekochihin 2018



GRMHD code comparison
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Polarization
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Figure 5. First and second panels: polarized emission \/ 0%+

U? for each pixel originating from below (blue) and above (red) the mid-plane together with

polarization ticks for model RH40. Third and fourth panels: same as first and second panels but with Faraday effects switched off. The model without Faraday
effects shows coherent polarization signals from both counter and forward jets.

counter jet and forward jet. In Fig. 5, the counter-jet polarization
(first panel) is evidently significantly scrambled compared to the
coherent signal from the forward jet (second panel). The total LP
degree from the counter jet is 1 per cent. This is smaller than the
total polarization degree of the forward jet which is 3.1 per cent.

Moscibrodzka, Dexter, Davelaar & Falke 2017



Black Hole Shadow

Non-spinning Black Hole Maximumly Rotating Black Hole

~4 .8 Rs

~5.2 Rs

Figure credit: H.-Y. Pu



Participants to Paper V from East Asia region

N,

M. Kino
(NAOJ/Kogakuin)

T. Kawashima
(NAOJ)

We will connect jet-ring!
(Tohoku) (ASIAA)

M. Nakamura
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Image models

Fig. 11. Simulated photograph of a spherical black hole with thin accretion disk

e Standard disk model
Luminet 1979; Bardeen 1973

* RIAF + jet models (GRMHD simulations + GRRT calculations)
Falke, Melia & Agol 2000; Dexter+2012; Moscibrozka+2016




