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|.1.MR in High-Energy Astrophysical Phenomena
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|.2. MR in Accretion Disks & JetS ref ) Machida&Matsumoto (2003), Ap] 585, 429.
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|.3. Poynting-Dominated Plasma
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. . S , (1958
2.1 Magnetic Reconnection " parken (19571 1963)

Assumptions: steady flow and uniform resistivity
(Sweet-Parker model)

ion rate:

K
v

K
Ky
v

RRIBR XXX

In many astrophysical ghs
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2.2. Conditions for Fast Reconnection

Uin Pout Vout 5_ >

CA Pin || €A |

>

fast outflow

| —=

broader sheet

4
strong compression

(strong dissipation)

<




2.3. Relativistic Effects on Reconnection

ref) Lyutikov&Uzdensky 2003, Ap) 589, 893
Lyubarsky, (2005), Ap), 358, | 13.
Zenitani etal, (2009),Ap) 696, |385.
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2.4. Reconnection Jet Acceleration
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ref ) Shibata & Tanuma, 2001, EPS, 53,473

. o Loureiro et al. 2007, Phys. Plasmas 14, 100703
3.1. Plasmoid-Chain Bhattacharjee et al., 2009, Phys. Plasmas 16, 12102

Takamoto, 2013, Ap) 775, 50.
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reconnection rate (vg / C )

3.2. Lundquist Number Dependence

ref ) M.Takamoto, 2013, ApJ, 775, 50.
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ref ) Lazarian & Vishniac (1999),Ap}, 517,700
3.3. 3D Turbulent Sheets ) Higashimori+, (20|(3), P?RLPIJIO, 255001
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ref ) Lazarian & Vishniac (1999),Ap), 517,700

3.4.Theoretical Explanation  Eyink Lazarian,Vishniac, 2011)
Ap), 743, 51.
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3.5. Relativistic Turbulent Reconnection
ref) Takamoto+ (2015),Ap), 815, |6.
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3.6. Lundquist Number Dependence
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3.7 Necessary Turbulence Energy in Poynting-Dom.
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If we assume: Viurb/ca= 0.3, 0 = 10,

Sturb /EB ~ 001

* just 1% of magnetic field energy is sufficient!!



3.8. Self-Generated Turbulence in Sheets!?

ref) Huang & Bhattacharjee (2016),Ap] 818
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3.9. Relativistic Self-Generated Turbulence in Sheets
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3.10. some results
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3.1 1.Model of MR in global 3D simulation

if MHD

if 2D & S>104

If 3D & strong turbulence (viurn>0.1ca) » Glegiitl
high-resolution

f3D & 0>1 & high S

If collisionless

* new formalisms (cosmic-ray, anisotropy, PIC, etc)

if strong cooling or radiation dominated

* resistive RMHD with proper resistivity




Summary

/ * We investigated various kinds of relativistic reconnection
in Poynting-dominated plasma

*We found that the reconnection rate is highly enhanced
( dissipation time ~ 20 - 30 Alfvén crossing time )
—Turbulent Reconnection : vr/ca ~ 0.05

* Reconnection rate becomes independent of
the Lundquist number (resistivity)

* Only 1% of magnetic field energy is sufficient
to drive turbulent reconnection in high-O jets!

\° Compressible effect becomes important in high-0 plasma.
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ref) MT+,(2015),Ap), 812, I5

Re I atiVi Sti C J etS Rieger & Aharonian, (2012), MPLA 27, 30030
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2.1. Relativistic Magnetohydrodynamics

Basic equations of RMHD:

O (p) + 0 (p") = 0,

O (phioryIv? —|b°V) + 0; (phior v v + protd? — b)) = 0,
Ot (pfrtotY] — Prot — (bo)z) + @'(Ui —6°b*) = 0,

0,B7 4+ 0;(v'B? — B"/) =0, 0;B"=0.

b? b?

hoz]- ) ot — as a
tot +€+p Dtot = Pg +2

-

features:| « correction from Lorentz factor and inertia of energy
| « tension and pressure from magnetic field
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2.2. Relativistic Effects:

Lorentz contraction:

lab frame density: 0 = P|Y larger density

Alfven velocity:

B

ca/c=

.
V/4mphl+ B2

Electric Field:

ql

~ (VE)E ~ v*B*/R ~

jx B~ (VxB

PRV - VV

—(‘9tE|)><B~(V><B—8th)><B

~ (VX B) x BI__ PO inertia from
magnetic field



2.5. DTM Temperature dependence

ref) Takamoto+(2015), MNRAS 454, 2972.
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2.4. Relativistic Plasmoid-Chain ref) Takamoto, (2013),4p) 775,50.
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| 0. Particle Acceleration by Reconnection

e If Turbulent Reconnection:

* shock-like acceleration

ref) Pino&Lazarian, (2005), A&A 441, 845. o] %

N (E) o E-2.5

* X-point Acceleration:

* direct acceleration

by electric field at X-point
ref) Zenitani & Hoshino (2001),Ap]L, 562, 63.

Bessho & Bhattacharjee (2012),Ap], 750, 129.

Sironi & Spitkovsky, (2014),ApJL, 783, 21.
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Kolmogorov Turbulence

Assumptions: - Homogeneous and isotropic turbulence
. Steady state

L L/2 L/4
]@/ > @
@

> e

Energy Cascade

V] = UL(Z/L)l/S X ll/3 :eddy velocity

E(k) X k_5/3 : Energy Spectrum

\



MHD Turbulence (Goldreich-Sridhar model)

Assumptions: - Magnetic Field exists

- Steady state

Features: -eddy Is enlarged along B

ko oc k'

- Turbulent motion perpendicular
to B obeys Kolmogolov law

E(k.) o k*?

]{?HCA ~ kJ_Uk; .critical balance




Theoretical Explanation

)\J_I eddy
l




ref ) Eyink, Lazarian,Vishniac, (201 1),

3.1.Theoretical Explanation  An745.
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3.4. Turbulence-Strength Dependence
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3.5. Compressible Effect

driven by K
Alfven mode

Escape as
compressible
modes!!




3.7. Compressible Effects
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Relativistic Ideal Fluid

Basic equations of relativistic hydrodynamics (RHD):

Dpp =

— ‘?,,u“ :Mass Conservation

0
Uy = @p : Equation of Motion

d,

phD
pDe = —u“ : Equation of Energy
Yuv = Nuv + Uy Uy : spatial projection tensor

nuual/ — (_u,uul/ + ’Yuu)ay

—uu D+ 'V, :3+1 decomposition




3.6. Compressible Effect: 2

ref ) Banerjee & Galtier, PRE 87,013019, (2013).

Energy cascade law in MHD turbulence:
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3.6. Alfven to Fast Mode Convergion ref) MT &Lazarian (2016).AplL. 831, 1.
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fast mode power linearly increases with Alfven component

compression mode increases with O-parameter
(OV)/(6V) o< (OV)a/Crast L (when o < 1),
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3.8. initial condition for self-generated turbulence

Initial condition:
*Harris current sheet

cold upstream flow

(T ~ O I mCZ) 2 L I hot current sheet
*hot current sheet e
(Tsheet ~ mCZ)

* Box size: cold background
* mesh size: 160Lx20Lx40L
Ay, A, A, ~0.04L, 0.02L, 0.02L 160 L
* uniform resistivity
* Large IS_unqu(;JSist number: [E y BC/47T]
L~ o =
* Poynting dominated : phc2y?v

O=5



2. Poynting Dominated Plasma of Astrophysical Phenomena
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