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menRn=1 v & (AGN jets)
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KerrfFZE

ds® = gudx"dx" = —a’dr® + y;;(B'dr + dx')(B/dr + dx/),

Bover-LindquistM 4z a = J/(Mry)
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Penrose process

ds® = gudx"dx" = —a’dr® + y;;(B'dr + dx')(B/dr + dx/),
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Blandford-Znajek process

* Slowly rotating Kerr BH
» Steady, axisymmetric
* Split-monopole B field

Flat-space solution |H , = —27QpB" /v sin0

* Force-free

approximation - I
(Electromagnetically _ R
dominated) ", T
L 00X, B Byt ik R g T e =
I
< _ |
V- Sp =0 H, = 2m(Qp — Q) B" /v sin § Regularity at horizon
%iﬁ(ib\b\(:btﬁﬂﬁénémb\ ? Blandford & Znajek 1977
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BZ process(3ZEER (&) < dDhH
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M87

« LLAGN with
L,~10% erg/s ~ 10 Lgy,
(fOI’ MBH ~ 0B X 109 Msun)

° FR_I type, but LJ NMdOt 02? M87 VLBA+GBT 3 mm / 86 GHz
* Mechanism of a BH jet /
accretion disk

 Imaging of a black hole
shadow ..
» Test of GR Counter Jet

« BH as a central engine of AGN

Forwa‘d JBt

Hada+2016



86 GHz (3.5mm); VLBA+GBT 15 GHz; VLBA+VLA
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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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S ( 0 >2 ( v )2 L o0 1 2 3 4 5 6
40pas /) \230GHz/ 6 x 109K Brightness Temperature (10? K)



Black hole shadow & photon ring

Zero-spin BH with emitting plane
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GRMHD models
SANE, a, = 0, Ryg = 10

.y  Simulated EHT observa tions oco—coordinate ( M)
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R. Takahashi 2004; Chan, Psaltis & Ozel 2013; Pu+2016



THE ASTROPHYSICAL JOURNAL LETTERS, 875:L5 (31pp), 2019 April 10 The EHT Collaboration et al.

M&7 April 6 GRMHD Blurred GRMHD

0 1 2 3 4

10 20 30
Brightness Temperature (107 K)
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.
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GRMHD + GRRT calculations

10g 120

Porth+ 2019

BH spin: a.=-0.94, -0.5, 0, 0.5, 0.75, 0.97 & more
r <~ 10 rg CEETE R IARE

BHZE iR ¢ = PpuMr, c) /2
SANE models (¢ ~3), MAD models (¢ > 50)
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inclination i = 12°, 17°, 22°, 158°, 163°, 168°

y%é/ ()5)( _g (Q:MBH tjwtorus
(RS RT—I)LEAD ESDMEIMEZ RDD)



inclination i = 163°
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Ongoing work
 Polarization: further constraints on n,, B

« 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 constructed by ASIAA, Taiwan

« Lower optical depth & higher spatial resolution
-> Kawashima+2019; Nakamura+2019 in prep.



Connection of the ring with the jet
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« BZ processD&FAIRVEEHLIFESINDH ?
O BxwmN> Ty hORERAAXA—220
O Pgz = Pgz(a-, Ogp)
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« Stagnation surface

 Blob formation found in 2D high
resolution simulations

« The most upstream of blobs may not be
the stagnation surface

« But MHD simulations do not include pair-
creation gaps



Large-scale jet emission model

_ vV —_ Consistent with numerical
\Ij T A/r (1 —+ COS 9) FF simulations

20}
" Re

cf. Tchekhovskoy+2008

1 ~
BPZEV\I/X¢, B¢=:

E—_lovy— —R—QquB

C C

. EXxDB Approaching MHD velocity
— 32 C, at far zone

V-(nv)=0

K. Takahashi, KT, Kino, M. Nakamura & Hada 2018
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BP type: (& FAZERENTET )L BZ type: BHEREIET)L

1
() = Qkep = \/C;—]\f () = §QBH = const.




BP type: & MAZERENET )L
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normalized n'

1000

Triple-ridge image
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GMVA + ALMA 2020 forecast

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

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

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

*— ring by counter jet

S50uas (7rs)

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

* Bright counter-jet emission & asymmetric limb-brightening
in the small ¢ model
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1 > NiR) \— X M@t

BH + accretion flow Relativistic jet

Gamma-ray Afterglow

Photosphere |nternal

:
i

dissipation Reverse Forward
shock shock
Prompt emission (~100 keV) Late-time Opt afterglow
GAP, INTEGRAL [T, ~1-3% (Covino+03)
(Yonetoku+11;12; Gotz+09;13) [Ic ~ 0.6 % (Wiersema+14)
Prompt Opt? (Troja+17) Radio: ALMA?

Early-time Opt afterglow: Liverpool, Kanata

[T, ~30% (Mundell+13), IT_. ~ 10% (Steele+09),
[, ~10% (Uehara, KT, Kawabata+12)

I, < 8% (Mundell+07)
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Figure 8.1a Decomposition of linear polarization into components of right and
left circular polarization.
L% as . BRI EOLEL
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) THERIL

Figure 8.16 Faraday rotation of the plane of polarization.

« TI(70-300keV) > 35% (20)
for GRB110721A (D > 2.5Gpc)

KT, Mukohyama, Yonetoku et al. 2012; » |§| <2 X 10—15
Myers & Pospelov 2003 ’
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Summary
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JVLS —,

(Goldreich & Julian 1969) E x BSD
Sp = p Steady, axisymmetric

w2 | VxE=0 = E=-V¢
WﬂNDZéEE(:/ ll" ~szgj — ()
Electric field screened by plasma

E-B=0

PROTONS

CO-ROTATING
MAGNETOSPHERE

()
2 m k= TFegpr
C

>
vSp:_EJp>O QF:qulsar




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?)



Location of the engine

VLBA 7/mm

MillARC SEC

Core-shift
(Blandford & Konigl 1979)

0.4 0.2 0.0 -0.2 -0.4 -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 /mm core Hada+2011



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




Azimuthal angle change

Photon ring
Schwarzschlld BH
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 Photons which are seen near the critical curve will have orbited
the BH many times and then pick up extra brightness on their way
to the observer

« Photon ring (+ lensing ring) is bright in the optically-thin case
Gralla, Holz & Wald 2019



Rough estimates

T ~ 0.3 T i ~ 102 (22) K
(&

g—

n;kgl; + n.kgl. = 51032/87'('

47rin v, [ v ,\17 Optically-thin
b, = 5 = \/57"' - 6_(1/_8) thermal e synchrotron

_ ~05Jy 3D 67'('@26 Vs (Leung+2011)
eB 0.\ >
s = 02~ 0.3 | == H
Y 9rmec  © ( 10) GHz

—1.3 —0.47 —2.4
Ne >~ 3 X 10* (T) 8'62 < L ) Le cm ™o

—0.63 0.14 —0.71 T, ~6x10°K
B~5 r —0.19 [ 1L Te G °
r P 3T, 10T}




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“




Photon orbits

Helstive FMadtoa (MUY
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Time-averaged images

| = 163 deg (Accretion
disk angular momentum)

Arrows: BH spin vector
projected onto the sky

Asymmetry is controlled
by the BH spin (except
the SANE R4 < 10)

Much emission comes
from the funnel wall that
rotates in a similar way
as the BH

Doppler beaming




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



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 O d e I fitti n g Single Snapshot Model 2

0.8

0.2 A

0.0

15

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

 Each simulation code derive similar

10

Brightness Temperature (10°K)

5
distribution o PAy, = 228°
0
1
: —— THEMIS 1% —— GENA 1%
I === THEMIS 10% === GENA 10%
: ...... THEMIS 100% """ GENA 100%
1
1
1
1
1
1
1
1
1
1
1
1
A A A N N P ot 1 A I Py
1 e | gl Ay L T
1 2 3 4 5 6 7

M/D (jias)
« M ~6.5%07,.x10° M, (derived in paper VI)
« Consistent with the previous estimates based on stellar dynamics




i <90° a.<0
i>90° a.>0

These cases are

more likely

i<90° a.>0
i>90° a.<0

i <90°

dp/dPA

dp/dPA

PA ~ 288°, large-scale jet orientation
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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



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

« SANE models: EHT image, radiative efficiency, X-ray, jet power

+++-

__|_ _|__

+4+- | F++- | - - - | - | - -
+4+- | +++- | +++- | - - | -

Mdot/Mdotegq ~ 105 — 104




Other constraints

« MAD models: EHT image, radiative efficiency, X-ray, jet power
20 40 80 160

MdOt/MdOtEdd -~ 10_6



Discussion

 Radiative effects: GRMHD vs radiation GRMHD
 Non-thermal electrons

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

» Alternatives to Kerr BHs



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



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



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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Parametrize electron distribution

A constant fraction of electrons are
assumed to have power-law energy
distribution

n(R,£z1) = no exp [_ (1 — Rp)2]

2A72

-Z;=A =57, :fixed
- R, varied
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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



