3D GRMHD simulation of accretion flows onto BH

and relativistic jet formation
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AGN : BH+accretion disk
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Basic Equations : GRMHD Egs

(GM=c=1, a: Kerr spin parameter)

—\/l_—ga,u(\/ —gput) =0 Mass conservation Eq.
0,(v/—gTH) = \/—gT{TA,. Energy-momentum conservation Eq.

Oi(v/—gB") + 0;(v/—g(b'v! — b’u')) =0  Induction Eq.
p=(v—1)pe EOS (y=4/3)

1 9i(v/—gB*%) = 0 No-monopoles uub“ = () Ideal MHD condition
VI constraint uuu” — — 1 Normalization of 4-velocity
Energy-momentum tensor

T = (ph £ P)uu + (P + Drnag) g™ — DI
Pmag = 0D, /2 = b2/2

b = "My, Fy. /2 B = F*

Kerr-Schild metric (no singular at event horizon)

ds* = gudt* + 2g4,dtdr + 2g:4dtdd + grrdr? + 2g,¢drde + geedd* + gpsdd?

2r 2r 2
gttzi_l 9rr=1+§ g¢¢:sin2t9(Z+a28111229(1+—£))
2r —2ar sin® 6 .2 r
_ _ 6 = —asin“0(1 + —

oo = X Y =712+ a?cosf g=det(gu)=—Xsin*0



Computational domain, grids
Spherical coordinate (r, 6, @) R[1.4:3e4] 6[0:11] ¢[0:217]
[Nr=124 NB6=124, N¢p=28]
r=exp(n,), d6~1.5°, dp~13°: uniform
— not enough high resolution to resolve MRI growth
Units L :Rg=GM/c? (=Rs/2), T :Rg/c=GM/c3, mass : scale free
~1.5x10%cm(Mg,,/10°M ~0.5day (Mg, ,/10°M

Initial condition
Fisbone-Moncrief (1976) solution — hydrostatic solution of disk
around BH (a=0.9, rH~1.44), l, = —u'ug =const=4.45,r,=6.
— equilibrium state : gravitational potential, pressure gradient, and
centrifugal force
— geometrical thick disk
— Impose weak poloidal B-field

sun) Sun)

Ay x max [p/pmax — 0.2, 0]

GRMHD code (Nagataki 2009,2011)

HLL flux, 2" order in space (van Leer), 2"4 or 39 order in time
See also, Gammie +03, Noble + 2006
Flux-interpolated CT method for divergence free



Initial Condition

Log10 (Mass density) Log10( Pgas/Pmag)
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Fisbone-Moncrief (1976) solution : a=0.9, l, = —u'ug=const=4.45,r,=6.
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Plasma Beta @ equator
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Time evolution log10(plasma beta=P__ /P
@ equatorial plane
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Magnetized jet launch

betas 210123 46 t=00010 GM/CM
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Magnetized jet launch

beta: 210123 465
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B-field amplification and saturation
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Radial Energy powrer (outflow 0<6<10° )
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Radial energy power (outflow 0<6<10° )
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Wakefield acceleration (Tajima & Dawson PRL 1979)
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AGN : UHECR accelarator ? (2)

Wakefield acceleration model (excited by Alfven wave) (Ebisuzaki & Tajima 2014)
Intense laser pulse => strong Alfven wave (v,~c, &)
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Summar
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