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Marscher+ 2008

VLBI: story across  
many order of magnitude



RIAF (Radiatively Inefficient Accretion Flow):  
low accretion rate      insufficient interaction bt. ion & e-     
      (1) geometrically thick accretion flow 
      (2) two temperature accretion flow

Li,  Yuan,  & Xie 2016Ho 1999
LLAGN



Li,  Yuan,  & Xie 2016Ho 1999

frequency photon sphere GR effect

LLAGN

r >> rg r ~ rg

syn radiation from e- with thermal & non-thermal energy distribution! 



LLAGN
Li,  Yuan,  & Xie 2016Ho 1999

thanks to low accretion rate: 
optically thin

r >> rg r ~ rg



the need of GRMHD simulations
• to simulate 3D structure of jet

• to simulate dynamical feature

• for RIAF, radiation contribution to the dynamics 
can be ignored

• one-fluid simulation has been actively 
developed since ~2000

• uncertainty for simulating radiation feature of 
two temperature flow

applying radiative transfer to 
GRMHD simulations:

credit: C.-K. Chan

Hirose et al.  2004

Mckineey & Gammie 04

general relativistic magnetohydrodynamics



• to simulate 3D structure of jet

• to simulate dynamical feature

• for RIAF, radiation contribution to the dynamics 
can be ignored

• one-fluid simulation has been actively 
developed since ~2000

• uncertainty for simulating radiation feature of 
two temperature flow + non-thermal syn. jet

the need of GRMHD simulations



Mao et al. 2017



EHT image library 
(Ti/Te parametrization according to plasma beta)



Ressler+ 2016 
post-processing 

“two-fluid” GRMHD 
simulation of Sgr A*; 
thermal synchrotron 

images



how can 
phenomenological models help?

• usually semi-analytical: prompt, flexible, and 
heuristic (useful for demonstration and parameter 
search) 

• a complementary way to study global properties of 
the jet (funnel) region

• wide applications: from horizon to large scale



why phenomenological models?
• Here we are talking about GRMHD models 

includes all GR features, model become 
SRMHD automatically far away from the 
source and gravity effect is negligible

• Not necessary works well if key features in 
not included, or the simplicity does not exist.

• What are the key feature for BH accretion/
jet?
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outline
• Black hole structure/magnetosphere with RIAF 
environment

•accretion

•numerical simulation

•semi-analytical model


•jet

•numerical simulation

•semi-analytical model
 credit: Shiokawa



event horizon ergosphere

static limit

Non-rotating BH:
described by Schwarzschild 

geometry (1916)

Rotating BH:
described by Kerr geometry (1963)

! R =
2GM

c2

black hole: spacetime structure

�1 < a⇤ = (J/MBHc)/MBH < 1
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event horizon

ergospherestatic limit

a = 0.998  i = 45 degree

a = 0  i = 45 degree



a = 0.998  i = 0.1 degree

a = 0.998  i = 45 degree

photon geodesics



extraction of BH rotational 
energy by magnetic fields

movie: Shiokawa

few plasma (nearly vacuum)

Semenov+04

Penrose&Ford 71, 
Blanford&Znajeck 77, 

Takahashi+90

 Koide+02



more plasma —> accretion flow

“stationary state”

magnetic field

strong weak

braking
Magneto-

Rotational 
Instability

(Bulbus & Hawley 91)



accretion



McKinney & Narayan 07

initial magnetic field 
configuration does matter



Mckineey &Gammie 04

beta=1
beta=3

ut=-1

magnetic energy
= mass energy



Hirose et al.  2004



Davelaar+ 2020( see, e.g. Moscibrodzka+2013,2014)



*Photon

*GR +  HD/ MHD

*energy shift 

*radiative transfer 

Ecomoving

Eobs
= p↵u↵|0

p↵u↵|1

u↵

I = I⌫/⌫3= invariant

dI
d⌧⌫

= �I + ⌘
�

� = ⌫↵⌫ ⌘ = j⌫/⌫2

p↵

GR Radiative Transfer 

(invariant) (invariant)



Constructing 
Dynamical Jet Evolution�

Eemit(ui),femit (ui), θemit(ui)�

dt�
Observer’s image frame�
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ui (xi)�

Eobs,fobs�
Eemit(ui),femit (ui), θemit(ui)�
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p↵

dI
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= �I + ⌘
�

d⌧
d� = ��1↵0,⌫

dI
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⇣
j0,⌫
⌫3

⌘

��1 ⌘ Ecomoving

Eobs
= p↵u↵|0

p↵u↵|1

I = I⌫/⌫3= invariant

observer’s image frame

fluid’s co-moving frame

( dt
d� ,

dr
d� ,

d✓
d� ,

d�
d� ,

dpr

d� , dp✓

d� )

pt = �E

p� = Lz

Fuerst & Wu 2004

Younsi et al.  2012

“observer-to-source approach”



10 GM/c2

4 GM/c2

~40μas for M87
(6.6 × 109 M◉, 16.7 Mpc)

10 GM/c2

~40μas for M87; ~50μas for Sgr A*

credit: Pu



GRMHD numerical simulation + GRRT

phenomenological model + GRRT



phenomenological model + GRRT

GRMHD numerical simulation + GRRT



Z = r cos ✓

R = r sin ✓

ne = n
0
e exp(

Z
2

2(HR)2
)r�1.1

Te = T
0
e r

�0.84

B
2

8⇡
= 0.1

nempc
2

6r

n
0
e = 5e6(cm�3)

T
0
e = 5.3e11(K)

H = 0.1

Keplerian rotation
Broderick+ 2006, Pu+ 2016, 2018



Modeling Sgr A*

GM/c2

GM/c2

Pu+ 2016
(see aslo Broderick+06,09,11,16)



230GHz

86.5 GHz

*a=0, viewing angle =68o (Broderick et al.2011) 
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free-fall
rotation

Keplerian
rotating

Dynamical dependency
*effect of flow dynamics only

sub-Keplerian



*position angle =150o (Broderick et al.2016) 

Pu+ 2016



Pu+ 2016



Jet



Broderick  & Loeb  2009 Dexter, McKinney, & Agol  2012 

Yu, Yuan, & Ho 2016 Li,  Yuan,  & Xie 2016

accretion or jet ? compact or extended?

M 87



Nakamura+18



Notes on the jet region

contribution from regions (I) (II) for LLAGN?

ISCO

McKinney & Gammie (2004) 

funnel

ISCO

⌦F

r

(I) (II)

vs.



Hirose et al.  2004



Flow acceleration (I)

Sonic

Hydrodynamics:
v~0



Flow acceleration (II)

Sonic

A    = Alfven
SM = slow magnetosonic
FM = fast magnetosonic

Hydrodynamics:

MagnetoHydrodynamics (MHD)

SM FM

v~0

A



Flow acceleration (II)

Sonic

A    = Alfven
SM = slow magnetosonic
FM = fast magnetosonic

Hydrodynamics:

MagnetoHydrodynamics (MHD)

SM FM

v~0

super-fast MHD(acceleration = conversion from 
EM energy to kinetic energy)

A



Flow acceleration (III)

Sonic

A    = Alfven
SM = slow magnetosonic
FM = fast magnetosonic

A SMFM

Hydrodynamics:

MagnetoHydrodynamics (MHD)

GRMHD

SM FM

FM

v~0

super-fast MHD(acceleration = conversion from 
EM energy to kinetic energy)

SM

A

A

separation surface/ stagnation surface



Flow acceleration (III) A    = Alfven
SM = slow magnetosonic
FM = fast magnetosonic

A SMFM

GRMHD

FMSM A

separation surface/ stagnation surface

(outer) light surface(inner) light surface
R⌦F ⇡ 1
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Bp > B�
<latexit sha1_base64="9v9FSUJo3LqHr7Umy2HLwnSGkAE=">AAAB+HicbVBNSwMxEJ2tX7V+tOrRS7AInsquCHqSUi8eK9haaJclm2bb0Gw2JFmhLvtLvHhQxKs/xZv/xrTdg7Y+GObx3gyZvFBypo3rfjultfWNza3ydmVnd2+/Wjs47OokVYR2SMIT1QuxppwJ2jHMcNqTiuI45PQhnNzM/IdHqjRLxL2ZSurHeCRYxAg2Vgpq1VaQyfwa2TaQY5YHtbrbcOdAq8QrSB0KtIPa12CYkDSmwhCOte57rjR+hpVhhNO8Mkg1lZhM8Ij2LRU4ptrP5ofn6NQqQxQlypYwaK7+3shwrPU0Du1kjM1YL3sz8T+vn5roys+YkKmhgiweilKOTIJmKaAhU5QYPrUEE8XsrYiMscLE2KwqNgRv+curpHve8NyGd3dRb7aKOMpwDCdwBh5cQhNuoQ0dIJDCM7zCm/PkvDjvzsditOQUO0fwB87nD1VQkt4=</latexit><latexit sha1_base64="9v9FSUJo3LqHr7Umy2HLwnSGkAE=">AAAB+HicbVBNSwMxEJ2tX7V+tOrRS7AInsquCHqSUi8eK9haaJclm2bb0Gw2JFmhLvtLvHhQxKs/xZv/xrTdg7Y+GObx3gyZvFBypo3rfjultfWNza3ydmVnd2+/Wjs47OokVYR2SMIT1QuxppwJ2jHMcNqTiuI45PQhnNzM/IdHqjRLxL2ZSurHeCRYxAg2Vgpq1VaQyfwa2TaQY5YHtbrbcOdAq8QrSB0KtIPa12CYkDSmwhCOte57rjR+hpVhhNO8Mkg1lZhM8Ij2LRU4ptrP5ofn6NQqQxQlypYwaK7+3shwrPU0Du1kjM1YL3sz8T+vn5roys+YkKmhgiweilKOTIJmKaAhU5QYPrUEE8XsrYiMscLE2KwqNgRv+curpHve8NyGd3dRb7aKOMpwDCdwBh5cQhNuoQ0dIJDCM7zCm/PkvDjvzsditOQUO0fwB87nD1VQkt4=</latexit><latexit sha1_base64="9v9FSUJo3LqHr7Umy2HLwnSGkAE=">AAAB+HicbVBNSwMxEJ2tX7V+tOrRS7AInsquCHqSUi8eK9haaJclm2bb0Gw2JFmhLvtLvHhQxKs/xZv/xrTdg7Y+GObx3gyZvFBypo3rfjultfWNza3ydmVnd2+/Wjs47OokVYR2SMIT1QuxppwJ2jHMcNqTiuI45PQhnNzM/IdHqjRLxL2ZSurHeCRYxAg2Vgpq1VaQyfwa2TaQY5YHtbrbcOdAq8QrSB0KtIPa12CYkDSmwhCOte57rjR+hpVhhNO8Mkg1lZhM8Ij2LRU4ptrP5ofn6NQqQxQlypYwaK7+3shwrPU0Du1kjM1YL3sz8T+vn5roys+YkKmhgiweilKOTIJmKaAhU5QYPrUEE8XsrYiMscLE2KwqNgRv+curpHve8NyGd3dRb7aKOMpwDCdwBh5cQhNuoQ0dIJDCM7zCm/PkvDjvzsditOQUO0fwB87nD1VQkt4=</latexit><latexit sha1_base64="9v9FSUJo3LqHr7Umy2HLwnSGkAE=">AAAB+HicbVBNSwMxEJ2tX7V+tOrRS7AInsquCHqSUi8eK9haaJclm2bb0Gw2JFmhLvtLvHhQxKs/xZv/xrTdg7Y+GObx3gyZvFBypo3rfjultfWNza3ydmVnd2+/Wjs47OokVYR2SMIT1QuxppwJ2jHMcNqTiuI45PQhnNzM/IdHqjRLxL2ZSurHeCRYxAg2Vgpq1VaQyfwa2TaQY5YHtbrbcOdAq8QrSB0KtIPa12CYkDSmwhCOte57rjR+hpVhhNO8Mkg1lZhM8Ij2LRU4ptrP5ofn6NQqQxQlypYwaK7+3shwrPU0Du1kjM1YL3sz8T+vn5roys+YkKmhgiweilKOTIJmKaAhU5QYPrUEE8XsrYiMscLE2KwqNgRv+curpHve8NyGd3dRb7aKOMpwDCdwBh5cQhNuoQ0dIJDCM7zCm/PkvDjvzsditOQUO0fwB87nD1VQkt4=</latexit>

Bp < B�
<latexit sha1_base64="0rVhqRZOdNihkQC3FgEormVblyU=">AAAB+HicbVBNSwMxEJ2tX7V+tOrRS7AInsquCHrwUOrFYwVbC+2yZNNsG5rNhiQr1GV/iRcPinj1p3jz35i2e9DWB8M83pshkxdKzrRx3W+ntLa+sblV3q7s7O7tV2sHh12dpIrQDkl4onoh1pQzQTuGGU57UlEch5w+hJObmf/wSJVmibg3U0n9GI8EixjBxkpBrdoKMplfI9sGcszyoFZ3G+4caJV4BalDgXZQ+xoME5LGVBjCsdZ9z5XGz7AyjHCaVwapphKTCR7RvqUCx1T72fzwHJ1aZYiiRNkSBs3V3xsZjrWexqGdjLEZ62VvJv7n9VMTXfkZEzI1VJDFQ1HKkUnQLAU0ZIoSw6eWYKKYvRWRMVaYGJtVxYbgLX95lXTPG57b8O4u6s1WEUcZjuEEzsCDS2jCLbShAwRSeIZXeHOenBfn3flYjJacYucI/sD5/AFSNpLc</latexit><latexit sha1_base64="0rVhqRZOdNihkQC3FgEormVblyU=">AAAB+HicbVBNSwMxEJ2tX7V+tOrRS7AInsquCHrwUOrFYwVbC+2yZNNsG5rNhiQr1GV/iRcPinj1p3jz35i2e9DWB8M83pshkxdKzrRx3W+ntLa+sblV3q7s7O7tV2sHh12dpIrQDkl4onoh1pQzQTuGGU57UlEch5w+hJObmf/wSJVmibg3U0n9GI8EixjBxkpBrdoKMplfI9sGcszyoFZ3G+4caJV4BalDgXZQ+xoME5LGVBjCsdZ9z5XGz7AyjHCaVwapphKTCR7RvqUCx1T72fzwHJ1aZYiiRNkSBs3V3xsZjrWexqGdjLEZ62VvJv7n9VMTXfkZEzI1VJDFQ1HKkUnQLAU0ZIoSw6eWYKKYvRWRMVaYGJtVxYbgLX95lXTPG57b8O4u6s1WEUcZjuEEzsCDS2jCLbShAwRSeIZXeHOenBfn3flYjJacYucI/sD5/AFSNpLc</latexit><latexit sha1_base64="0rVhqRZOdNihkQC3FgEormVblyU=">AAAB+HicbVBNSwMxEJ2tX7V+tOrRS7AInsquCHrwUOrFYwVbC+2yZNNsG5rNhiQr1GV/iRcPinj1p3jz35i2e9DWB8M83pshkxdKzrRx3W+ntLa+sblV3q7s7O7tV2sHh12dpIrQDkl4onoh1pQzQTuGGU57UlEch5w+hJObmf/wSJVmibg3U0n9GI8EixjBxkpBrdoKMplfI9sGcszyoFZ3G+4caJV4BalDgXZQ+xoME5LGVBjCsdZ9z5XGz7AyjHCaVwapphKTCR7RvqUCx1T72fzwHJ1aZYiiRNkSBs3V3xsZjrWexqGdjLEZ62VvJv7n9VMTXfkZEzI1VJDFQ1HKkUnQLAU0ZIoSw6eWYKKYvRWRMVaYGJtVxYbgLX95lXTPG57b8O4u6s1WEUcZjuEEzsCDS2jCLbShAwRSeIZXeHOenBfn3flYjJacYucI/sD5/AFSNpLc</latexit><latexit sha1_base64="0rVhqRZOdNihkQC3FgEormVblyU=">AAAB+HicbVBNSwMxEJ2tX7V+tOrRS7AInsquCHrwUOrFYwVbC+2yZNNsG5rNhiQr1GV/iRcPinj1p3jz35i2e9DWB8M83pshkxdKzrRx3W+ntLa+sblV3q7s7O7tV2sHh12dpIrQDkl4onoh1pQzQTuGGU57UlEch5w+hJObmf/wSJVmibg3U0n9GI8EixjBxkpBrdoKMplfI9sGcszyoFZ3G+4caJV4BalDgXZQ+xoME5LGVBjCsdZ9z5XGz7AyjHCaVwapphKTCR7RvqUCx1T72fzwHJ1aZYiiRNkSBs3V3xsZjrWexqGdjLEZ62VvJv7n9VMTXfkZEzI1VJDFQ1HKkUnQLAU0ZIoSw6eWYKKYvRWRMVaYGJtVxYbgLX95lXTPG57b8O4u6s1WEUcZjuEEzsCDS2jCLbShAwRSeIZXeHOenBfn3flYjJacYucI/sD5/AFSNpLc</latexit>

Vp < V�
<latexit sha1_base64="X/CejnwBFAMfsUCUAEe05OthuFg=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGBF24KLpxWcE+oB2GTJppQzOZkGSEOsyXuHGhiFs/xZ1/Y9rOQlsPXO7hnHvJzQklZ9q47rdTWlvf2Nwqb1d2dvf2q7WDw45OUkVomyQ8Ub0Qa8qZoG3DDKc9qSiOQ0674eR25ncfqdIsEQ9mKqkf45FgESPYWCmoVTtBJvNrZNtAjlke1Opuw50DrRKvIHUo0ApqX4NhQtKYCkM41rrvudL4GVaGEU7zyiDVVGIywSPat1TgmGo/mx+eo1OrDFGUKFvCoLn6eyPDsdbTOLSTMTZjvezNxP+8fmqiKz9jQqaGCrJ4KEo5MgmapYCGTFFi+NQSTBSztyIyxgoTY7Oq2BC85S+vks55w3Mb3v1FvXlTxFGGYziBM/DgEppwBy1oA4EUnuEV3pwn58V5dz4WoyWn2DmCP3A+fwCQepME</latexit><latexit sha1_base64="X/CejnwBFAMfsUCUAEe05OthuFg=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGBF24KLpxWcE+oB2GTJppQzOZkGSEOsyXuHGhiFs/xZ1/Y9rOQlsPXO7hnHvJzQklZ9q47rdTWlvf2Nwqb1d2dvf2q7WDw45OUkVomyQ8Ub0Qa8qZoG3DDKc9qSiOQ0674eR25ncfqdIsEQ9mKqkf45FgESPYWCmoVTtBJvNrZNtAjlke1Opuw50DrRKvIHUo0ApqX4NhQtKYCkM41rrvudL4GVaGEU7zyiDVVGIywSPat1TgmGo/mx+eo1OrDFGUKFvCoLn6eyPDsdbTOLSTMTZjvezNxP+8fmqiKz9jQqaGCrJ4KEo5MgmapYCGTFFi+NQSTBSztyIyxgoTY7Oq2BC85S+vks55w3Mb3v1FvXlTxFGGYziBM/DgEppwBy1oA4EUnuEV3pwn58V5dz4WoyWn2DmCP3A+fwCQepME</latexit><latexit sha1_base64="X/CejnwBFAMfsUCUAEe05OthuFg=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGBF24KLpxWcE+oB2GTJppQzOZkGSEOsyXuHGhiFs/xZ1/Y9rOQlsPXO7hnHvJzQklZ9q47rdTWlvf2Nwqb1d2dvf2q7WDw45OUkVomyQ8Ub0Qa8qZoG3DDKc9qSiOQ0674eR25ncfqdIsEQ9mKqkf45FgESPYWCmoVTtBJvNrZNtAjlke1Opuw50DrRKvIHUo0ApqX4NhQtKYCkM41rrvudL4GVaGEU7zyiDVVGIywSPat1TgmGo/mx+eo1OrDFGUKFvCoLn6eyPDsdbTOLSTMTZjvezNxP+8fmqiKz9jQqaGCrJ4KEo5MgmapYCGTFFi+NQSTBSztyIyxgoTY7Oq2BC85S+vks55w3Mb3v1FvXlTxFGGYziBM/DgEppwBy1oA4EUnuEV3pwn58V5dz4WoyWn2DmCP3A+fwCQepME</latexit><latexit sha1_base64="X/CejnwBFAMfsUCUAEe05OthuFg=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGBF24KLpxWcE+oB2GTJppQzOZkGSEOsyXuHGhiFs/xZ1/Y9rOQlsPXO7hnHvJzQklZ9q47rdTWlvf2Nwqb1d2dvf2q7WDw45OUkVomyQ8Ub0Qa8qZoG3DDKc9qSiOQ0674eR25ncfqdIsEQ9mKqkf45FgESPYWCmoVTtBJvNrZNtAjlke1Opuw50DrRKvIHUo0ApqX4NhQtKYCkM41rrvudL4GVaGEU7zyiDVVGIywSPat1TgmGo/mx+eo1OrDFGUKFvCoLn6eyPDsdbTOLSTMTZjvezNxP+8fmqiKz9jQqaGCrJ4KEo5MgmapYCGTFFi+NQSTBSztyIyxgoTY7Oq2BC85S+vks55w3Mb3v1FvXlTxFGGYziBM/DgEppwBy1oA4EUnuEV3pwn58V5dz4WoyWn2DmCP3A+fwCQepME</latexit>

Vp > V�
<latexit sha1_base64="6NKxr6sqeBcBNE+qrjwJi4rmAwA=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGBF1J0Y3LCvYB7TBk0kwbmsmEJCPUYb7EjQtF3Pop7vwb03YW2nrgcg/n3EtuTig508Z1v53S2vrG5lZ5u7Kzu7dfrR0cdnSSKkLbJOGJ6oVYU84EbRtmOO1JRXEcctoNJ7czv/tIlWaJeDBTSf0YjwSLGMHGSkGt2gkymV8j2wZyzPKgVncb7hxolXgFqUOBVlD7GgwTksZUGMKx1n3PlcbPsDKMcJpXBqmmEpMJHtG+pQLHVPvZ/PAcnVpliKJE2RIGzdXfGxmOtZ7GoZ2MsRnrZW8m/uf1UxNd+RkTMjVUkMVDUcqRSdAsBTRkihLDp5Zgopi9FZExVpgYm1XFhuAtf3mVdM4bntvw7i/qzZsijjIcwwmcgQeX0IQ7aEEbCKTwDK/w5jw5L86787EYLTnFzhH8gfP5A5OUkwY=</latexit><latexit sha1_base64="6NKxr6sqeBcBNE+qrjwJi4rmAwA=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGBF1J0Y3LCvYB7TBk0kwbmsmEJCPUYb7EjQtF3Pop7vwb03YW2nrgcg/n3EtuTig508Z1v53S2vrG5lZ5u7Kzu7dfrR0cdnSSKkLbJOGJ6oVYU84EbRtmOO1JRXEcctoNJ7czv/tIlWaJeDBTSf0YjwSLGMHGSkGt2gkymV8j2wZyzPKgVncb7hxolXgFqUOBVlD7GgwTksZUGMKx1n3PlcbPsDKMcJpXBqmmEpMJHtG+pQLHVPvZ/PAcnVpliKJE2RIGzdXfGxmOtZ7GoZ2MsRnrZW8m/uf1UxNd+RkTMjVUkMVDUcqRSdAsBTRkihLDp5Zgopi9FZExVpgYm1XFhuAtf3mVdM4bntvw7i/qzZsijjIcwwmcgQeX0IQ7aEEbCKTwDK/w5jw5L86787EYLTnFzhH8gfP5A5OUkwY=</latexit><latexit sha1_base64="6NKxr6sqeBcBNE+qrjwJi4rmAwA=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGBF1J0Y3LCvYB7TBk0kwbmsmEJCPUYb7EjQtF3Pop7vwb03YW2nrgcg/n3EtuTig508Z1v53S2vrG5lZ5u7Kzu7dfrR0cdnSSKkLbJOGJ6oVYU84EbRtmOO1JRXEcctoNJ7czv/tIlWaJeDBTSf0YjwSLGMHGSkGt2gkymV8j2wZyzPKgVncb7hxolXgFqUOBVlD7GgwTksZUGMKx1n3PlcbPsDKMcJpXBqmmEpMJHtG+pQLHVPvZ/PAcnVpliKJE2RIGzdXfGxmOtZ7GoZ2MsRnrZW8m/uf1UxNd+RkTMjVUkMVDUcqRSdAsBTRkihLDp5Zgopi9FZExVpgYm1XFhuAtf3mVdM4bntvw7i/qzZsijjIcwwmcgQeX0IQ7aEEbCKTwDK/w5jw5L86787EYLTnFzhH8gfP5A5OUkwY=</latexit><latexit sha1_base64="6NKxr6sqeBcBNE+qrjwJi4rmAwA=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGBF1J0Y3LCvYB7TBk0kwbmsmEJCPUYb7EjQtF3Pop7vwb03YW2nrgcg/n3EtuTig508Z1v53S2vrG5lZ5u7Kzu7dfrR0cdnSSKkLbJOGJ6oVYU84EbRtmOO1JRXEcctoNJ7czv/tIlWaJeDBTSf0YjwSLGMHGSkGt2gkymV8j2wZyzPKgVncb7hxolXgFqUOBVlD7GgwTksZUGMKx1n3PlcbPsDKMcJpXBqmmEpMJHtG+pQLHVPvZ/PAcnVpliKJE2RIGzdXfGxmOtZ7GoZ2MsRnrZW8m/uf1UxNd+RkTMjVUkMVDUcqRSdAsBTRkihLDp5Zgopi9FZExVpgYm1XFhuAtf3mVdM4bntvw7i/qzZsijjIcwwmcgQeX0IQ7aEEbCKTwDK/w5jw5L86787EYLTnFzhH8gfP5A5OUkwY=</latexit>



form MHD jet to GRMHD jet

separation 
surface

Alfven surface

Light Surface

slow surface

outflow

inflow
H.-Y. Pu (ASIAA)

time-averaged GRMHD simulation result 
McKinney 2006

fast magnetosonic surface
(FMS)

trans-field:  
Grad-Shafrnov (GS) eqn.

parallel-field:  
wind (Bernoulli) eqn.

Tµ⌫
;⌫ = 0

<latexit sha1_base64="0E/HwW/M8s+5kjX7pVHe/2iN+6M=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlEUBCh6MZlhb6giWEynbRDZyZhHkINxV9x40IRt/6HO//GSZuFth643MM59zJ3TpRSIpXrflulpeWV1bXyemVjc2t7x97da8tEC4RbKKGJ6EZQYko4bimiKO6mAkMWUdyJRje533nAQpKEN9U4xQGDA05igqAyUmgfNO8zn2mf60mYXebtyq2EdtWtuVM4i8QrSBUUaIT2l99PkGaYK0ShlD3PTVWQQaEIonhS8bXEKUQjOMA9QzlkWAbZ9PqJc2yUvhMnwhRXzlT9vZFBJuWYRWaSQTWU814u/uf1tIovgozwVCvM0eyhWFNHJU4ehdMnAiNFx4ZAJIi51UFDKCBSJrA8BG/+y4ukfVrz3Jp3d1atXxdxlMEhOAInwAPnoA5uQQO0AAKP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz/4UZTi</latexit><latexit sha1_base64="0E/HwW/M8s+5kjX7pVHe/2iN+6M=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlEUBCh6MZlhb6giWEynbRDZyZhHkINxV9x40IRt/6HO//GSZuFth643MM59zJ3TpRSIpXrflulpeWV1bXyemVjc2t7x97da8tEC4RbKKGJ6EZQYko4bimiKO6mAkMWUdyJRje533nAQpKEN9U4xQGDA05igqAyUmgfNO8zn2mf60mYXebtyq2EdtWtuVM4i8QrSBUUaIT2l99PkGaYK0ShlD3PTVWQQaEIonhS8bXEKUQjOMA9QzlkWAbZ9PqJc2yUvhMnwhRXzlT9vZFBJuWYRWaSQTWU814u/uf1tIovgozwVCvM0eyhWFNHJU4ehdMnAiNFx4ZAJIi51UFDKCBSJrA8BG/+y4ukfVrz3Jp3d1atXxdxlMEhOAInwAPnoA5uQQO0AAKP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz/4UZTi</latexit><latexit sha1_base64="0E/HwW/M8s+5kjX7pVHe/2iN+6M=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlEUBCh6MZlhb6giWEynbRDZyZhHkINxV9x40IRt/6HO//GSZuFth643MM59zJ3TpRSIpXrflulpeWV1bXyemVjc2t7x97da8tEC4RbKKGJ6EZQYko4bimiKO6mAkMWUdyJRje533nAQpKEN9U4xQGDA05igqAyUmgfNO8zn2mf60mYXebtyq2EdtWtuVM4i8QrSBUUaIT2l99PkGaYK0ShlD3PTVWQQaEIonhS8bXEKUQjOMA9QzlkWAbZ9PqJc2yUvhMnwhRXzlT9vZFBJuWYRWaSQTWU814u/uf1tIovgozwVCvM0eyhWFNHJU4ehdMnAiNFx4ZAJIi51UFDKCBSJrA8BG/+y4ukfVrz3Jp3d1atXxdxlMEhOAInwAPnoA5uQQO0AAKP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz/4UZTi</latexit><latexit sha1_base64="0E/HwW/M8s+5kjX7pVHe/2iN+6M=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlEUBCh6MZlhb6giWEynbRDZyZhHkINxV9x40IRt/6HO//GSZuFth643MM59zJ3TpRSIpXrflulpeWV1bXyemVjc2t7x97da8tEC4RbKKGJ6EZQYko4bimiKO6mAkMWUdyJRje533nAQpKEN9U4xQGDA05igqAyUmgfNO8zn2mf60mYXebtyq2EdtWtuVM4i8QrSBUUaIT2l99PkGaYK0ShlD3PTVWQQaEIonhS8bXEKUQjOMA9QzlkWAbZ9PqJc2yUvhMnwhRXzlT9vZFBJuWYRWaSQTWU814u/uf1tIovgozwVCvM0eyhWFNHJU4ehdMnAiNFx4ZAJIi51UFDKCBSJrA8BG/+y4ukfVrz3Jp3d1atXxdxlMEhOAInwAPnoA5uQQO0AAKP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz/4UZTi</latexit>

Tµ⌫ = Tµ⌫
EM + Tµ⌫

Plasma
<latexit sha1_base64="iU1gix5jAlkyqv7OczWhIhflFEw=">AAACIHicbZDLSgMxFIYzXmu9jbp0EyyCIJQZEepGKIrgRqjQG3RqyaRpG5pkhlyEMsyjuPFV3LhQRHf6NGbagtr6Q+DjP+ckOX8YM6q05306C4tLyyurubX8+sbm1ra7s1tXkZGY1HDEItkMkSKMClLTVDPSjCVBPGSkEQ4vs3rjnkhFI1HVo5i0OeoL2qMYaWt13FL1Lgm4CYRJz3+wkwSSw6ub9HjWqzCkOErzHbfgFb2x4Dz4UyiAqSod9yPoRthwIjS2d6iW78W6nSCpKWYkzQdGkRjhIeqTlkWBOFHtZLxgCg+t04W9SNojNBy7vycSxJUa8dB2cqQHaraWmf/VWkb3ztoJFbHRRODJQz3DoI5glhbsUkmwZiMLCEtq/wrxAEmEtc00C8GfXXke6idF3yv6t6eF8sU0jhzYBwfgCPigBMrgGlRADWDwAJ7AC3h1Hp1n5815n7QuONOZPfBHztc3+A+kDA==</latexit><latexit sha1_base64="iU1gix5jAlkyqv7OczWhIhflFEw=">AAACIHicbZDLSgMxFIYzXmu9jbp0EyyCIJQZEepGKIrgRqjQG3RqyaRpG5pkhlyEMsyjuPFV3LhQRHf6NGbagtr6Q+DjP+ckOX8YM6q05306C4tLyyurubX8+sbm1ra7s1tXkZGY1HDEItkMkSKMClLTVDPSjCVBPGSkEQ4vs3rjnkhFI1HVo5i0OeoL2qMYaWt13FL1Lgm4CYRJz3+wkwSSw6ub9HjWqzCkOErzHbfgFb2x4Dz4UyiAqSod9yPoRthwIjS2d6iW78W6nSCpKWYkzQdGkRjhIeqTlkWBOFHtZLxgCg+t04W9SNojNBy7vycSxJUa8dB2cqQHaraWmf/VWkb3ztoJFbHRRODJQz3DoI5glhbsUkmwZiMLCEtq/wrxAEmEtc00C8GfXXke6idF3yv6t6eF8sU0jhzYBwfgCPigBMrgGlRADWDwAJ7AC3h1Hp1n5815n7QuONOZPfBHztc3+A+kDA==</latexit><latexit sha1_base64="iU1gix5jAlkyqv7OczWhIhflFEw=">AAACIHicbZDLSgMxFIYzXmu9jbp0EyyCIJQZEepGKIrgRqjQG3RqyaRpG5pkhlyEMsyjuPFV3LhQRHf6NGbagtr6Q+DjP+ckOX8YM6q05306C4tLyyurubX8+sbm1ra7s1tXkZGY1HDEItkMkSKMClLTVDPSjCVBPGSkEQ4vs3rjnkhFI1HVo5i0OeoL2qMYaWt13FL1Lgm4CYRJz3+wkwSSw6ub9HjWqzCkOErzHbfgFb2x4Dz4UyiAqSod9yPoRthwIjS2d6iW78W6nSCpKWYkzQdGkRjhIeqTlkWBOFHtZLxgCg+t04W9SNojNBy7vycSxJUa8dB2cqQHaraWmf/VWkb3ztoJFbHRRODJQz3DoI5glhbsUkmwZiMLCEtq/wrxAEmEtc00C8GfXXke6idF3yv6t6eF8sU0jhzYBwfgCPigBMrgGlRADWDwAJ7AC3h1Hp1n5815n7QuONOZPfBHztc3+A+kDA==</latexit><latexit sha1_base64="iU1gix5jAlkyqv7OczWhIhflFEw=">AAACIHicbZDLSgMxFIYzXmu9jbp0EyyCIJQZEepGKIrgRqjQG3RqyaRpG5pkhlyEMsyjuPFV3LhQRHf6NGbagtr6Q+DjP+ckOX8YM6q05306C4tLyyurubX8+sbm1ra7s1tXkZGY1HDEItkMkSKMClLTVDPSjCVBPGSkEQ4vs3rjnkhFI1HVo5i0OeoL2qMYaWt13FL1Lgm4CYRJz3+wkwSSw6ub9HjWqzCkOErzHbfgFb2x4Dz4UyiAqSod9yPoRthwIjS2d6iW78W6nSCpKWYkzQdGkRjhIeqTlkWBOFHtZLxgCg+t04W9SNojNBy7vycSxJUa8dB2cqQHaraWmf/VWkb3ztoJFbHRRODJQz3DoI5glhbsUkmwZiMLCEtq/wrxAEmEtc00C8GfXXke6idF3yv6t6eF8sU0jhzYBwfgCPigBMrgGlRADWDwAJ7AC3h1Hp1n5815n7QuONOZPfBHztc3+A+kDA==</latexit>



Q: Is it possible to quickly 
approximate GRMHD flow structure in 

the funnel region?



Yes!

semi-analytical model

phi-slides of 3D GRMHD 
simulation (one snapshot)



• fast-magnetosonic (FMS) point exist only 
when the magnetic flux decreases with 
distance (Takahashi & Shibata 1998, 
Tchekhovskoy et al. 2009)

• mass loading + force-free field = FMS surface 
exist and efficient  MHD flow acceleration take 
place (Beskin et al. 1998, Beskin & Nokhrina 2006)

• collimation              acceleration              FMS

Known MHD features



force-free 
magnetosphere perturbation (outer) FMS exist 

at a finite distance

solving  
Grad-Shafrnov (GS) eqn.:
tough or time-consuming

plasma 
loading

GIVEN a global field geometry, solving  
wind eqn.:

easier to handle



force-free 
magnetosphere perturbation

approx.

approx. plasma 
loading

magnetic pitch angle

apply constraint for the magnetic pitch angle

rewrite the wind eqn as 
func of pitch angle, then 
analysis the condition for 

the existence of FMS 
(Tomimatsu & Takahashi 2003, 
Takahashi & Tomimatsu 2008)

(outer) FMS exist 
at a finite distance

GIVEN a global field geometry, solving  
wind eqn.:

easier to handle



force-free 
magnetosphere perturbation

approx.

approx. plasma 
loading

apply constraint for the magnetic pitch angle

(outer) FMS exist 
at a finite distance

iteration (in principle possible)

Pu & Takahashi 20:  
even without iteration, the approximation is good enough



model includes:  
extract BH energy by the inflow—> outward 

Poynting flux is smoothly propagate to outflow 
region—> jet acceleration

varying jet energy

linear acceleration

Pu & Takahashi 20
(see also Pu+ 13, 15)

McKinney 06



a good approximation of the force-free field (Tchekhovskoy et al. 2008)

varying field line configuration

stagnation 
surface

outer light surface





varying BH spin



varying BH spin



applying to VLBI observations

• dynamics vs. mass-loading; the later is treated as free 
parameter, as the injection of non-thermal electrons are 
unknown (see also Ogihara’s talk)


• Could the stagnation surface be a possible injection site? 
(Pu+2018, Kawashima+2020) 



applying to VLBI observations
• fiducial parameters for the following movies: 


• adopt similar mass and distance as M87 for LLAGN 
parameters, i=60 degree, beam size: 50x120 uas (GMVA 
observation for M87, Kim+18)


• non-thermal electron with a distribution follows 


1. electron number follows power-law decay with distance


2. more mass loading near the jet edges


3. emission contributed only from black hole threading 
field lines



varying black hole spin

Note: to illustrate jet emission, 
accretion emission is not 

included here



varying jet opening angle



varying mass 
loading

beam 
direction 
matters!



summary
• key direction in VLBI: connecting 

horizon-scale to large scale accretion/
jet physics


• challenge: origin of non-thermal 
electrons, subsequent cooling, 
parameter space survey, shock, 
entrained and other physics beyond 
horizon scale


• Phenomenological models (with 
possible implement of new physics) for 
BH accretion and jet are ready for help!

*hypu@ntnu.edu.tw
example jet images 

at 230 GHz


