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Motivation from observation



Flare observation in core of M87: TeV-y & VLBI (43GHZz)
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TeV-gamma flare
clearly synchronized
with VLBA flare!

Acciari et al. Science 20009.

The VERITAS Collaboration,
the VLBA 43 GHz M87
Monitoring Team (P.E.Hardee),
the H.E.S.S. Collaboration,

the MAGIC Collaboration

NRAO e-news (2009, July)



Knot ejection synchronized with flare of M87

o Epoch image Acciari et al. Science 2009.
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Such correlation is also

Before flare During flare found in solar flares.
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With respect to micro-QSOs, similar correlation was
also found (Mirabel & Rodriguez 1990, Nature).



“Knot” ejection and flare correlation in solar flare
events: X-ray images of plasmoid ejection
associated with a solar flare (Oct. 5, 1992).
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Observation of plasmoid ejection after solar
flare and magnetic reconnectlon
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025258 UT

X-ray image of long-

durational-event (LDE) flare
observed by Yohkoh satellite.

K. Shibata and T. Ohyama,
Living Review of Solar Physics 2011
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Magnetic bridges anchored at shear flow

plasma cause magnetic reconnection to
cause drastic phenomena like a flare
with plasmoid ejection.




Knot ejection synchronized with flare of M87

B) Epoch image Acciari et al. Science 20009.
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General Relativistic
Magnetohydrodynamics (GRMHLC

* |[deal GRMHD
 Resistive GRMHD

To simulate plasmas in the black hole magnetosphere

(Corona)
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ldeal GRMHD simulation of spontaneous formation of

anti-parallel magnetic field around spinning black hole:
Even with uniform magnetic field as its initial condition around a rotating
black hole, magnetic reconnection is expected to occur!

A AUnifor stronj\ A

magnélic field

Initial donditionl Uniformi, thin
plasma

<10

To simulate magnetic reconnection around

(Komissarov 2005)

-Schwarzichild radius

=605
‘ 2C

a=09

Current sheet

P
(Equilibrium Anti-

5 x/r, 10 parallel magnetic field)

black hole, resistive GRMHD is required!



Covariant form of standard resistive GRMHD equations

General relativistic equations of conservation laws:

proper rest mass density

vV, (/‘)i]vk)élz O (particle number)

-velocity

VT =0 (energry and momentum)

v \ Energy-momentum tens

Maxwe” equatlons Dual tensor of v Fleld strength tensor 4-current density
Vv *ﬁv:O }\/AFWZ_JHL/

Ohm’ s law with resistivity: FU" = 77! J, +!UVJV !Uﬂ !
resistivity

Zero in the case of

Kerr Metric:  ds* =g, dx"dx’ loal GRVIHD
2. 1.2, _ 2 . . _ . .
o ="y gi=h; gy =—hw, (i=123); 8ij =0 (@#))
Lapse function: o = \/hg + Z(h.a).)z Shift vector: B.=ho /o

@ @ ﬁz(ﬁl’ﬁZ’ﬁ3)

(gravitational time delay) (velocity of dragged frame)



3+1 Formalism of Resistive GRMHD Equations

%ﬁpemal relativistic mass density, yp (Conservatlve form)
9D —_V. LO‘D v+ﬁ)J (conservation of particle number)
at "Tereral relativistic effect

Special relativistic total momentum density

[ (T +_)] (D+e)Va+af _pPs (equation of motion)

curv

E)P

spe01al relativistic effect

=hyp+ExB T =hy »+| p +2+2 I-BB-EE

%Spemal relativistic total energy density

gg L (P D"+_)J PVa-T:c (equation of energy)

t _ A

5= vrlelboaxs)] a(i+pp)r G -v{alpxi)
V.B=0 p.=aV-E (Maxwell equations)

E+9xB= g[j—f(pe —(f)-j))f)} (Ohm’ s law with finite resistivity)

We treat Ampere’s law as an equation of time evolution
of electric field (Watanabe & Yokoyama 2006).



Longer term ideal GRMHD simulation of
uniformly magnetized plasmas around Kerr BH

Magnetic <16 O ldeal GRMHD simulation of uniformly
agnetized plasma around rotating
black hole (Komissarov 2005)
.— Kerr

black hole , rame- dragglng Schwarzsc‘hlld radius,
J PC entlal,a)¢L<Oz’,& t =60

ergosphere |

Magnetic
reconnection?

Frame-dragging™ 3
effect

black hole Angular o .
~ A momentum, L<0

Aitial: uniform magnetic field (Wald solution)
= sprit monopole-like magnetic field in ergosphere
= magnetic reconnection in ergosphere



Initial condition of a simple case
with split-monopole field a4 = 0.999905

Long-term simulation of 1.5 ,
i /=0
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Results:
Simulations of magnetic reconnection

around Schwarzschild black hole by
resistive GRMHLC
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Initial condition: Split monopole magnetic
field around Schwarzschild black hole

= S 0 (black hole
* Black Hole: J spin parameter)

max

 Magnetic Field © Split monopole magnetic field

B :Boiztanh(e_n/z), B, =B, =0,
r

AO
N BO:BLR:O, 1=1,

Vertical equilibrium around currer)t sheet

e Plasma : \ due to Harris magnetic field
P, _ B 1 '
= e D 2t cosh’((6-7/2)/A6)
oM Py = A5, p
V=087, =i =0, 8w

r B, =0.025



Magnetic reconnection with uniform resistivity in
split-monopole magnetic field around black holes

. Schwarzschild black hole case ¢ =Y
Py =1
1.5 mt////%%y///////;/ //%l/m ’ BO — 10, A6 =0.1
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Magnetic reconnection with uniform
resistivity in split-monopole magnetic field
around black holes

« Schwarzschild black hole case:

1n=0.001r, (S=100)

P | Petschek type fast magnetic
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with uniform resistivity!
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Magnetic reconnection with uniform resistivity in
split-monopole magnetic field around black holes

“Diffusive slip-through rate of magnetic field lines across plasma”
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Reconnection rate of magnetic
reconnection: Definition

0.4% /k | 1=9Ts
'Be -_ _ '
0 -- ----------- - -------- ' R = oL ¢ OCT]J¢

B, v\B,

R : reconnection §
ms " rate, R, —~

0
1 B, =10
v, O A6 =0.1




Time evolution of magnetic reconnection
rate: Dependence on resistivity

1 t/TS 10



Dependence of power index of
reconnection rate on resistivity

R oct”

Rutherford regime
of tearing mode




Models of magnetic reconnection

* Linear growth |

_ Tearing instability Ry oce™, V=75
* Non-line h
@ir:grf;ie of tearing insta@kmr(;c:> \
« Stationary model R _=const.
— Sweet-Parker model R_ = 1/~S (S>>1)
— Petschek model R.,=m/8InS

(S>>1 except for reconnection region)



Magnetic reconnection rate
n=0.001r, 0,=01, v,=1, B,=1~10
7,=0.17,, §=100 Thickness of current sheet

—cs OcsV
T,=—" (Alfven transit time) §=—CS'A
vA

(Magnetic Reynolds number)

« Sweet-Parker model: possible even in uniform
resistivity

v. o 1
w=—=—=—>=0.1
ve, L S

* Petschek model: anomalous resistivity is required

R =Yn=" _0085
v, 8InS§

Simulations with much lower resistivity (n=10-4) are required.



A “Toy” model of the fast magnetic reconnection
in ergoshpere: Mechanism of “Daruma-Otoshi”

Model: Simple magnetic reconnection caused by localized current density aJ,, in thin current sheet

Black —— — MHD-equilibriumissbreken.
hole —>— — —>—
v ailibrium fT'da' _ - =i
-—eﬁ‘p"_* orce —\t—eurre'rﬁ heet :
0 current sheet much thinner!
————— ' *——————p
Fal Lof igh pressure gas A Magnetic
hight— ‘@ J = econn
pre:&su%‘ — —
=S E—

Daruma-otoshi:
Japanese traditional
toy. When one piece
Is hit to go out, the
pieces upper and
lower collide.




Correlation between reconnection rate and
thickness of current sheet

thickness of current sheet
around the X-point

" n =0.005 | = 0.0151x3 a — 0
Rmrm | n=0.001 EEL vmm p 0 —
¥ T 1=0.0005 B, =10
0.001
A6 =0.1
1 10

t/Tg



Summary

* We performed resistive GRMHD simulations of magnetic
reconnection in split monopole field around Schwarzschild
black hole (the simplest situation).

« We found magnetic reconnection like Petchek model
reconnection which has point-like reconnection region. The
time evolution of the reconnection rate shows power law.
The power index depends on the resistivity. We cannot
identify the reconnection around the black hole as known
reconnection models.

* A simple toy model: thinner current sheet is induced by the
reconnection outflows and the localized current density in
the current sheet induces the reconnection..

Future plan
Simulations with much lower resistivity (n=10%) are required.



