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M87 radio observation Hada +(2011)

Hilghlly collimated outflows from
4 center of galaxy

— central engine
supermassive black hole
+
accretion disk
— relativistic outflows
Bulk Lorentz factor : ' ~ 10

— multiwavelength emission
radio to high energy y-rays

— strong candidate of
ultra high energy cosmic ray
accelerator
via Fermi acc. ? (1954)
wake field acc.
(Ebisuzaki & Tajima 2014)
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I::'IL,\:I:/ > (Black Hole(BH)+ disk)
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Z&j) (Shibata +1990,

Balbus & Hawley1991) ﬂ
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-- MRI growth (B 7 => Low beta state)

Magnetorotational instability(# & B+ & E 14)

— =&)[o
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disk

85 : dQ,, /dr<0
ocr1> :Kepler rotation

— B oc exp (iwt) &M B A 18R
Unstable @ 0 <kV, <1.73 Q
Most unstable @ kV_~Q, ou~0.75QK

—MRI [Z& > THIE @Em
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Basic Equations : GRMHD Egs.

GM=c=1, a: dimensionless Kerr spin parameter
\/L__gaﬂ(ﬂ /—gpu“) — () Mass conservation Eq.

0,(/—gTH) = \/—gT5T?,, Energy-momentum conservation Eq.
(91;(\/ —gBi) + @(V—g(biuj — bjuz)) — () Induction Eq.
p=(y—1)pe EOS (y=4/3)

Constraint equations.

1 |
—_gaz'(\/ —gB') =0 chfr;rsTt]?;r?Fmes uuu“ — — 1 Normalization of 4-velocity
vV i

uﬂb” — () Ideal MHD condition

Energy-momentum tensor

T = (ph + b* ulu” + (pg + Pmag) 9" — V0"
Prmag = 0", /2 = b2 /2 S

b = "M, Fy./2 B'= F*

GRMHD code (Nagataki 2009,2011)

Kerr-Schild metric (no singular at event horizon)
HLL flux, 2" order in space (van Leer), 2"9 or 3 order in time

See also, Gammie +03, Noble + 2006
Flux-interpolated CT method for divergence free



Initial Condition
z Logl0 (Mass density) Log10( P,¢/P ag)

0g10 (mass density) t =0 Log10 (plasma beta) t=0
100 I 3 100

Z | 1[1.4:3e4] 6[0:11] @[0:21T]
Nr=124, 3
s0 L NO=124, 252 |
° Np=60

-100 | & -100 I I | 5
0 50 100 150 200 0 50 100 150 200

Ay x max [p/ pumax — 0.2, 0]

Fisbone-Moncrief (1976) solution — hydrostatic solution of tori around
rotating BH (a=0.9, rH~1.44), [ = _utu¢ =const =4.45, 1. =6. > I,
With maximum 5% random perturbation in thermal pressure.

Units L :Rg=GM/c? (=Rs/2), T :Rg/c=GM/c3, mass : scale free
~1.5x10%3cm(Mg,,/10°M ~500s (Mg,,/105M

sun) sun)



Grids to capture MRI fastest growing mode
Wavelength of fastest growing mode in the disk

Ay =2T<C_>/Q (R)~ 0.022 (RIR

ISCO

Ng = 252
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-2 0

0 =mry+ 11— h)sin(27z)  AB=cost

=[0:1] Ax,=cost
0.2

h=1

McKinney and Gammie
NN

2

X
h

) 15 3
<CS>~<CA >~10

R s (2=0.9)=2.32

C

Any coordinates described by
analytic function can be applied
(generalized curvilinear coordinates)

Oxs(P) =T + ih—f(n - 20) (T = D).
T

ead
f’f
L T

"

0.0 0.5 1.0 1.5 2.0 25 3.0

Porth + 2017

— Oirig

—— New



Higher resolution calculation in 0 around equator

-40

-40

Log10(Mass density)

-20 0 20
X

40

40

20

-20

-40

—

- High

Log10(Magnetic pressure)

Low

1.6
1.29
0.98
0.67
0.36
0.05
-0.26
-0.57
-0.88
-1.19
-1.5
-1.81
-2.12
-2.43

- 274

-3.05

[ -3.36

-3.67
-3.98
-4.29
4.6

Right : about 8 times higher resolution in theta @ equator




Log 10{rha}

25
. 0.5
0 1.5
—1.3.5

85.5
-7.5

[ t=00000 GM/c 3

LogioO{l/beta): -4-3-2-10 1

Disk : Fishbone Moncrief solution, spin parameter a=0.9 (0.7, 0.5, 0.3, 0.1)
spherical coordinate R[0.98 r, (a):3e4] 6[0:11] ¢[0:21]

[INR=124,N6=252, Np=60] r=exp(n,), 6 :non-niform (concentrate @ equator)
d@~6°: uniform Poloidal B filed, _min=100




<IBphil>, <|B,|> at equator

M at event horizon
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B-filed amplification & mass accretion

| T R I L L
(a) 1
— rising time scale ~30GM/c3 ~ MRI fastest growth rate
tyr) 30 @ lsco TO <|Bppil> ——
.— B -
Mo ‘Averaged strength of B components @ equator and aroundSCO
: Mass acceretion rate @ Eevet horizon (b) :
i NI I b s A AT B NS B AN R AN BT R
0 1000 2000 3000 4000 5000 6000 7000 8000

time [GMgy/c°]



jet ele-mag power

0.06
0.05
0.04
0.03
0.02
0.01

time [GMg/c’]

North (+z) 8<20°
0O 1000 2000 3000 4000 5000 6000 7000 8000



= 0.06 North (+2) <20°]
S 0.05 ]
o
= 0.04 -
£ 0.03 -
< 0.02 .
@ 0.01 |
0 — R R Ly e [P Lo [P [P A
0 1000 2000 3000 4000 5000 6000 7000 8000
time [GMg
<Bp>@R=3Rg averaged torolaal B
40 . -‘ - ! 0.015
o~ 0.01
S 0 0.005
<0 0
O..20 -0.005
N -
-40 1 | 1 ‘ | ] ] 8315
1000 2000 3000 4000 5000 6000 _ 7000 8000 e
Time [GMg,/c’] Suzuki +2009 Shi + 2010,

Machida +2013



s 0.06 | North (+z) 9<20° |
S 0.05 | -
o
= 0.04 - -
£ 0.03 | -
& 0.02 | .
@© 0.01 |
0 — R R Ly e [P Lo [P [P A
0 1000 2000 3000 4000 5000 6000 7000 8000
time [GMg
<Bp>@R=3Rg averaged torolaal B
40 . -‘ - ! 0.015
o~ 0.01
S 0 0.005
<0 0
O..20 -0.005
N -
-40 1 | 1 ‘ | ] ] 8315
0 1000 2000 3000 4000 5000 6000 _ 7000 8000 e
Time [GMg,/c’] Suzuki +2009 Shi + 2010,

Machida +2013



jet ele-mag power

<Bp>@R=3Rg

11}

Z [GMBH/CZ]

0.06
0.05
0.04
0.03
0.02
0.01

N B
o O O

North(+z)e<2oO

0 100

averagey torolaal B

6000 7000 8000

1000

2000

3000

4000 5000
Time [GMBH/c ]

6000

7000 8000

0.015
0.01
0.005
0

-0.005
-0.01
-0.015

Suzuki +2009 Shi + 2010,

Machida +2013

Takasao+2018 =>& ik



jet ele-mag power

<Bp>@R=3Rg
I

jet ele-mag power

z [GMp/c?]

0.06
0.05
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0.03
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N B
o O O

North (+z) 6<200

0 100
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Tin i
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South (-z) 8<20°
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time [GMg,/c>]
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Butterfly dlagram IS common feature of accretion disk

(a) S '”'_”Iw2kpc
i . Machida + 2013
! " 13D MHD sim
; 1of galactic
I +1dynamo
z om|| D OF ‘
I -
w - _
-5 f % . _
-0.0% L "'-‘:,“t;‘ J
-0,10 | 7
-0 .
100 110 120 ‘ 130 B 140 ‘ 150 0

t (orbits)

CNON _  aa— |
-2-10° -1-10° 0 1-10° 2.10°

Shi + 2011
Local box sim.
Protosteller disk

12U LERIE
10[E 85 A At ©
BHEAEDD

R
N

Siegel + 2018 —20
GRMHD 40

+ v cooling as CDLLIUHY L Y . _
central engine of 0 50 100 150 Liska + 2018
GRB(collapsar) t [ms] GRMHD+AMR

15 20 25 30 35 40
t [10* r,/c]

00 05 10




Event horizon / ISO(innermost stable circular orbit)
Schwarzschild \

g I l
, event horizon Both TH and rISCO
F1E 81 SCO 1 approaches r=1
[GMBH/C7 ]_ | as a=>1
(maximum spin)
W 6 a=0.1 1 _
> ° 1203 - Since B-field
g AN | amplification occurs in
g 4t N - the disk (r>r_ISCO),
3 | a=0.7 ° | the timescale of
,| counter-rotation | Co-rotation ° B-filed amplification
_a<0 2>0 ———_ | may depends on
"I ] | ] ] ] | ]

1 08 06 04 02 0 02 04, 08 0_SOJKerr-spln parameter.
spina BHEERITTAE > (a)

ry =14+ V1 — a2 (9,, =0 @ Boyer-Lindquist)

risco = 3+ g(a) T V[3 = f(a)][3+ fla) + 29(a)
flay=1+(01-a)P[1+a)+(1—-a)"”

gla) = v/ (3a% + f(a)?)
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Butterfly diagram & EM jet power

0.006 T e e T
J a=~0.

0.005 |- EM luminosity [&/hELy
g 0.004 | Mdot(r ,) DEFHDL |
é:j 0.003 | .
.‘§ 0.002 W \N\ i

0.001

0 1000 200 3000 4 5000 6000 7000
time [GMg c3]
averaged torgidal B

40 0.015
30 —
TN 0.01
10 — 0.005
Em 0 — 0
©-10 0.005
v20

30 — = -0.01

-40 ' ' ‘ -0.015

0 1000 2000 3000 4000 5000 6000 7000

<Bp>@R=5.4 GM/c? Time [GMgyyc”] a=0.3



Pondermotive 1IZ kA HIFINE
—oxybhIZHBOEREIEEREIREET SHEMILT

— strength parameter a, at maximum peak in Alfven flare
highly exceeds unity as estlmated In Ebisuzaki & Tajima (2014);

1 ."r‘-_)_ - :) :l. fj
(ln = = 5.6 _ — “
T e 105, 01l

— CIvrDBENTMNEZEIZLYAIfven wave=>EM wave
Ponderomotive HIZ&E->THREBRIFMAINESTND

relativistic Alfven wave

/\

ele/ctrons 11 protons
gamma-rays cosmic rays

— blazars Ebisuzaki & Tajima 2014
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o 'EGamma-ray flux ~— ] ¢ | ]
E e o a. >> 1)
: .E E>100MeV 57GM/c® |, ° | | é ( X o
TE 4 g_ pre-flare ‘ plateau f—'* post-flare‘ - %ﬁ% ;&:E_ I\ /\ 0) % m
P oE I [ Lo 132GM/c?
UE% =e== J> L ._: - &%E,‘]ﬁj\ﬁg_?—é
§,.0] RSN I-BF+HiH
%2.4 _:/ygnl\npﬁygq-s
jt | BIALTIUBE U IH)

55440 55460 55480 Tin;e(MJD')sssuo 55520 55540

Fermi observation Abdo + ApJ 2010
our results 3C454.3 AO0235+164

rising timescale of flares (7) 30 574 325P

repeat cycle of flares (7>) 100 | 13%“‘ 433P

3C454.3 (M g, ~5x10%M_,. Bonnoli et al. 2011)

n



FED

3D GRMHD simulations of rotating BH+accretion disk

— MRI 2k W5 NE &R BRI D B fE 2 B

@ /1—RAE/IN\NTA—F a K KELHL
B Z &)/ jet DPoynting Yt E X
— FILIT TNV AD S
@ 7R E E {1 TOH:IZ D IZTRER H 5 F5E B

@ [ #z$n

B 75 [A]

O — I TYNIEDY  RAVTALT HS
H#FHIE]TEJJ@}_/E'~
@ -1 =T D N:E (proton: UHECR, electron blazars)

SR BEMEZEN-5HRE

T8




Wakefield acceleration (Tajima & Dawson PRL 1979)

Acceleration mechnism by interaction between wave and plasma.

v
N Laser plasma F=g¢q (E T X B)

mterac;]tlon _ Osillation by Electrifield = v
= 8 shape motion.  ssijlation up, down)

vXB force = ossilation forward
a) Relativistic

electron propagation (\\ ShOI;t pulse Iaser and baCkward
| h , [V[ ~ ¢ =>large amplification motion

by vxB. (8 shape motion).
If there is gradient in E?, charged

particles feel the force towars lees E?
side. = “Ponderamotive force”

E1-1 v

K

- -

Effective acceleration for
|~1018W/cm? (relativistic intensity).
Experimentally observed.

Relativistic Alfven wave can be applied to wakefield
acceleration. (Takahashi+2000, Chen+2002,
Lyubarusky 2006, Hoshino 2008)




