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Outline

* Introduction: theoretical issues on AGN jets
« Steady axisymmetric models

* Recent discussions in the community
« East Asia-VLBI results & discussions
 GRMHD simulations + GR ray-tracing



VvF, (erg/cm’/s)

vF, (erg/cm’/s)

Relativistic jets

Time-integrated photon spectrum (3.3 s - 21.6 s)

1

il
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[b]: 3.35 - 9.7 s (Band)

[c]:9.7 s - 10.5 s (Band + CUTPL)
[d]: 10.5 s - 21.6 5 (Band + PL)
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Theoretical iIssues

* Energy source
» Mass source

» Acceleration
 Collimation

o Stability

* Dissipation

* Classification

External
medium

Black Hole

Koide et al. 2000; Komissarov 2001; McKinney & Gammie 2004;
Barkov & Komissarov 2008; Tchekhovskoy et al. 2011; Ruiz et al.
2012; Contopoulos et al. 2013



Energy source

Conversion from

€< Poynting to matter
o\ V.S=-E-J<0
B¢@
S TJ V-S=0
E
= ® V.- S=-E-J>0
— Conversion from

matter to Poynting

» Rotating BH or accretion disk?
 Contribution of gas pressure?



Blandford-Znajek process

Resistive force-free simulation
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Ergosphere does not allow force-free plasma with no outward Poynting flux
1
(B* = D)o = =B f(Qr, 7, 0) + —(Qr — Q) H,

f(Qp,r,0) =+ Qx) = —a” + 7,0(Qr — Q).
Blandford & Znajek 1977; Komissarov 2004; KT & Takahara 2014, 2016



Large-scale SRMHD simulation

Field lines and I'p Current lines and T Komissarov+ 2007
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« Flow near the axis is non-relativistic and self-collimated
« Then the outer part expands and accelerates
« Equipartition between Poynting and Kinetic <-> blazar emission model



inflow —=— —= outflow

0 (degree)
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Steady GRMHD
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M87 galaxy jet
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S o0 « Limb-brightening

« Superluminal blobs
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Hada, Kino, Doi et al. 2016
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The East-Asian VLBI Network
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Event Horizon Telescop
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Counter-Jet

e
BH

Central region of M 87

(GRMHD simu

Counteyr-Jet

EHT alrréy 2017

with ALMA
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Jet width profile

Jet axial distance (de-projected): z (pc)
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M. Nakamura, Asada, Hada, Pu, Tseng, KT, Kino, Nagai, K. Takahashi, et al. 2018



MHD velocity vs superluminal motion

Jet axial distance (de-projected): z (pc)
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Magnetic field strength estimates
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Kino, Takahara, Hada et al. 2015

Poynting Power Limit (510744 erg/s)
T R .
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Synchrotron Limit
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Figure 3. Allowed region of v, ., and By (the red cross points enclosed by
the black trapezoid). The colored contour lines show the allowed log (UL/Up).
The tags log (Uy/Up) = —4, —4.4, -5, and —5.4 are marked as reference values.
The physical quantities and parameters adopted are Ljy = 5 x 10* ergs™!
and p = 3.0. The minimum ~, is limited by vy, ops at 230 GHz.



Characteristic image structure
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Takahashi, KT et al. 2018; Ogihara, KT & Takahashi submitted soon



Steady axisymmetric model

normalized B' normalized n'
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GRMHD simulations

40 FrrrrprreT T NAARARRRRERS « Initial condition:
i 1 hydrodynamically equilibrium
: : torus
20 - -  Starting with putting poloidal B
- . loop
s ﬁ + Density floor: Pin = Prin(r)
< of -
_40_....|....|....|...._ o R

0 10 20 30 40 O 10 20 30 40
R ¢2/(GM) R ¢2/(GM)

Gammie+ 2003; McKinney & Gammie 2004; Noble+2006



“Painting” of simulation results

E—
10 10 I, R b? R 1
T, M Lp2 TV p2
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* No emission assumed from the
funnel region (0 > 1)
. Based on 3D GRMHD sim. with a = 0.94 .

Moscibrodzka, Falke, & Shiokawa 2016



Model images at 43 GHz
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Model images at 230 GHz

« Counter-jet dominant
« Asymmetric shape

Moscibrodzka, Falke, & Shiokawa 2016; Hada, Doi, Kino et al. 2011



stagnation
surface

Pair production

number density of MeV photons in the magnetosphere:

null surface
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L Mg,=3 -10° M, |

- 12,,7/2 311/2
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Levinson & Rieger 2011; Levinson & Segev 2017
See also Hirotani & Pu 2016; Broderick & Tchekhovskoy 2015

ol » Breakdown of MHD (pair-creation gap)
at null surface and stagnation surface(?)
x » Dynamic kinetic physics
B s -> PIC simulation in BH magnetosphere

v[Hz]

Figure 10. Model L: time-averaged spectral energy distribution. Two lines show

the model with iz = 107® and 7; /T, = 1. m is chosen to normalize to 1.7 Jy MOSClbrOdea+2011 LeV|nson & CerUttI 2018



Long-term 2D simulations
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M. Nakamura, Asada, Hada, Pu, Tseng, KT, Kino, Nagai, K. Takahashi, et al. 2018
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Two-temperature simulations
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Summary

* Looking forward to the EHT data release

 For global PIC simulations of BH
magnetospheres, see Kisaka-kun’s talk






Relative Declination (mas)

VLBI: recent progress for M87
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Hada et al. 2016; 2017; Nakamura, Asada et al. 2018



Agreement with force-free solution
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Figure 13. Field lines for the a/M = 0.1 GRFFE model withv =3 /4 att =
0 (initial state, non-rotating solution, dotted lines) and r = 1.2 x 103 to (final
converged rotating solution, solid lines). The field lines threading the black
hole show mild decollimation, as in the paraboloidal case, and the field lines
from the outer regions of the disc show some collimation.
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McKinney & Narayan 2007



Steady axisymmetric models
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~JandT| .5 Blazar emission models
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see KT & Takahara 13; 14; 16




