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Motivation: Relativistic Jets In the Universe

Gravitati
collapse

AGN Gamma-ray burst
QUASAR MICROQUASAR LA 1 - Light
years
‘R RADIO RADIO
«— LOBE LOBE
0
RELATIVISTIC RELATIVISTIC y-rays
> 1 O JET ~ J
! = r Y >100 1 -1au
. g\;ﬁgﬁ- ggf’m L g?:‘RPANWN E:Iatiwsnc
}i RADIATION RADIATION 5 J
E o
;_%’ § 1 ~1km
- £ |
€ 5
g =
S

Forming Spinning
Black hole (?)

ACCRETION

SPINNING DISK (~10° km) [fl SPINNING
SUPERMASSIVE STELLAR-MASS
BLACK HOLE BLACK HOLE

ACCRETION
DISK (~10° km)

Mirabel, Rodriguez 1998



Relativistic Jets In the Universe

e Active galactic nuclel, Quasars:
Y >10, L.~ several M ps

1 et
* Microquasars: Y ~ 3, Ljt ~ several ps

« Gamma-ray bursts: 7> 100, L;,; ~ 1AU-several ps

Relativistic Jet Formation Mechanism

Acceleration of plasma/gas
Collimation of plasma/gas outflow

1)Magnetic field

2) Radiation pressure
3) Gas pressure




Magnetic Formation of
Relativistic Jet around Black Hole

 Interaction between plasma and magnetic

field around (near) black hole including
general relativistic effects

 Most simple approximation:
General Relativistic

Magnetohydrodynamics (GRMHD)



Summary of OUR Previous Results
with respect to Relativistic Jets

e Sub-relativistic jet
(Disk case with Uniform magnetic field)
1999

e ‘Poynting flux jet’, but No outflow
(Uniform plasma with Uniform magnetic field)
2002, 2003

« Relativistic outflow, but No colimated jet
(radial magnetic field), 2004

— No Clear Relativistic Jet



Realistic Magnetic Configuration of
Black Hole Magnetosphere

Magnetic bridge: | (Corona)
Bridge of magnetic field lines ;/
between ergosphere and disk | Magnetic Field/Lines

Magnetosphere

Black Hole Magnetosphere
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Non-Relativistic Simulation with Dipole-Magnetic Field and Disk

N
S = N W R Ln

& o= N W B h

(bridge of magnetic field lines

time =1.55 =~ =1

/

O = N W &

9 = b W B Ln

between star and disk)

Hayashi,Shibata,
and Matsumoto
(1996)



_fast shock

neutral wind
14

cold disk wind

Hayashi,Shibata, and Matsumoto (1996)

However, black hole does not sustain (dipole) magnetic field.



Non-relativistic Calculation of
Current Loop Case

fime = Gm —> =10 fime = 3m S =I_E|
a
-
‘ q -2
- | 3}/ Kudoh,
~ | “§ Matsumoto,
1 °% & Shibata

(2003)
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Magnetic Field induced by
Current Loop around Kerr Black Hole

B=YV X A <+<—Vector potential o
Elliptic integrals

A=A of first and second

! ! kinds
: A — h¢ [1 4r9 (arg )2 r ]Anonrela, current loop \
. é h;onrela A b
‘
A\nonrela, currentloop _ Ho I RO |: (2 —k? )K (k ) _2E (k ):|
¢ —

I
7 JRE+r2+2R;rsing k®
B 4R,rsin g
RS +r?+2R,rsing
But, A nonrela —co  (r—R,, 6 = /2)
We smooth A ymonrela around r=R,, 6 =m/2

k2



Current Density of Initial Magnetic Field

6.0

4.0

Z/Ts

2.0

0.0

0.0

2.0
R/JFS

t = 0.007g

4.0

1.00

r0.80

r0.60

40

.20

.00

Ro=Rs
o =0.5R¢

Solid line:
Magnetic field line

Color: Jo
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Quasi-hydrostatic Equilibrium of Plasma
around Kerr Black Hole

Hydrostatic Equilibrium of Plasma

or E « : lapse function

p=p{a (F"”)(“)—lJ [ : Specific heat ratio, 5/3
i - [, : Positive constant

p= Frlpocz(a(”’”)“” —1]

But, these variables are infinite at horizon.
Modification to finite variables at horizon
— Quasi-hydrostatic equilibrium

a—alr,6)
=1+ (N — 1 )exp(=(r =1, )/(r — 1))

F>r (r—r,)

smt
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Base of General Relativistic MHD In Kerr Space-Time

* General relativistic equation of conservation laws and Maxwell equations:

V. (nU")=0 (conservation of particle number)
vV, T#=0 (conservation of energy and momentum)
9. Fyu+ 9.+ 9;F,=0 (Maxwell equations)
vV FEY=-0Y

* Frozen-in condition:  F, U"=0

. Kerr Metric: ds®= g, dx" dx";

Qoo = - hoz; Oii=- hiz;
0oi=- Mo (i=123); g;=0 (i#j)

n: proper particle number density. p : proper pressure. c: speed of light.
e . proper total energy density, e=mnc” + p/(I-1).
m : rest mass of particles. 7 specific heat ratio.
U“" : velocity four vector. A#v: potential four vector. J# : current density four vector.
V#": covariant derivative. ¢ w - Metric.
T*W energy momentum tensor T = pg"’ + (e+p)U" U'+F"°F" -ng“FM}M
F . : field-strength tensor, F , =3, A, -8 A,



Vector Form of General Relativistic MHD Equation
(3+1 Formalism)~ similar to Classical MHD

28pecial relativistic mass density, yp

=-V - [aD(v+ )] (conservation of particle number)
géneral relativistic effect

2 Special relativistic total momentum den5|ty

ab

oP
= =V -[a(T+cpP)]- [ D +E V(c’a)+af,,—P:6  (equation of motion)
ASpemal relativistic total energy density | special relativistic effect
Z—f _ _V.[g(c?P-Dc?v+eve)]-(Va)-¢’P-T.g (equation of energy)
oB 1 OE B
= — JoX® +——_V>< B+—xE
p» V x [OL(E C|§><B)] L:CB- ot { ( c H
4
V-B=0 Pe ZC—ZV'E (Maxwell equations)
E+vxB=0 (ideal MHD condition)
where
a\/hj +23:(%j2 : (Lapse function) Bl = hC‘—Zi : (shift vector) v, =CP : (shift velocity)
L __ 1 oh L)
for = z (G i7" —GyT ”) Gii :_mﬁ ! hj OX’
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Initial Condition

J

 Black Hole: a =0.99995 (Almost maximally rotating)

max

 Magnetic Field: Magnetic field induced by current
loop around black hole (J,=1.57/2, Ry=rg, 6=0.5r1¢)

e Plasma:

— Corona
quasi-hydrostatic equilibrium (I"'y=5, p,=0.018, r,,=0.8r)
v=0
— Disk
0 disk — 10010 corona  *Pdisk = Pcorona
v, =0, V, =2V kepier 4 CO-rotating disk

o)

¢



Boundary Condition

e Calculation region:
1.016r, <r <80r,

0.01<0<x/2
 Boundary condition:

Radial boundary condition: free boundary condition

AXxi-symmetric and mirror boundary conditions
at 6=0.01, x/2
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Current Density of Initial Magnetic Field

t = 0.007g
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~_Solid line:
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Color: J
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S te= =0 -0@0-000

1 Solid line:

Magnetic
Field line

Color: logpo
1 Arrows:
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Azimuthal component of Magnetic Field
t =10.331,

e B RN

.

i CEE AR

Color: B4/ 0c?
Solid line:  Magnetic field line
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Solid line:
Magnetic field line
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AIrows:
Velocity



What happen after the final time of
present calculations?



Non-relativistic Calculation of
Current Loop Case

fime = Gm —> =10 fime = 3m S =I_E|
a
-
‘ q -2
- | 3}/ Kudoh,
~ | “§ Matsumoto,
1 °% & Shibata

(2003)
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Initial Condition

J

* Black Hole:  a=-——=0.99995 (Almost maximally rotating)

max

 Magnetic Field: Magnetic field induced by current
loop around black hole (J,=1.57/2, Ry=rg, 6=0.5r1¢)

e Plasma:

— Corona
hydrostatic equilibrium (I ,=4, p,=0.018)
v=0

— Disk

0 disk = 30010 corona ’pdisk = pcorona
v, =0, V, =Vkepler < CO-rotating disk

-Cotnter-rotating-cisk
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MASECHL, W5 DA ALE RS
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Frame-dragging effect

Solid line:
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Summary and Speculation

Sub-relativistic jets were formed from the magnetic
bridge between the ergosphere and disk around
rapidly rotating black hole.

 The magnetic bridges between the ergosphere
and the disk are twisted by the frame-dragging
effect in the ergosphere. The twist by the disk is
negligible in the present cases.

 The magnetic pressure of the twisted magnetic
flux tubes brows off the plasma around the black
hole.

 The outflow Is collimated by the magnetic force
to become (sub-relativistic) jet.



Speculation for further work toward relativistic jet:

«Stronger magnetic field — Relativistic acceleration
(parameter scan with respect to J,)

> Relativistic Jet!



o9 oh— IR E
TH LA ATIVITERGMEE !

To599R—ILhhinT
SATHBEIZE NS

\ <37“ ﬁzz—uE'JﬁliI)L:ba‘
e Ahlzralon,
/“. 2EITHIET D
IS5 A<
’ ‘ X RO Ty b
e
T390k IV E




Expected phenomena caused by closed magnetic
field of current loop near rotating black hole

Magnetic Field

'Kerrv
Black
M Hole
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connectio
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Magnetic reconnection should be
important near black hole horizon!



 Magnetic reconnection
— Electric resistivity
— Resistive relativistic MHD:
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