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1. Poynting Dominated Plasma of Astrophysical Phenomena

Gamma ray burst

Pulsar Wind Nebula

Relativistic Jet
ref ) Tchekhovskoy, McKinney, Narayan  
       (2012), JphCS,372.

Fast Dissipation
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Figure 3. A snapshot and time-dependence of a magnetically-arrested accretion disk [19].
A movie is available at http://youtu.be/nRGCNaWST5Q . The top panels, (a) and (b), show
the vertical (x � z) and horizontal (x � y) slices through the accretion flow. Color shows the
logarithm of density: red shows high and blue shows low values (see color bar). The black circle
shows a BH (a = 0.99) and black lines show field lines. The bottom 3 panels show, from top
to bottom, mass accretion rate, Ṁ (panel c), dimensionless flux through the BH, �BH (panel
d), and outflow e�ciencies of the whole outflow, ⌘ (red solid line), the jet, ⌘jet (green dashed
line), and the wind, ⌘wind (blue dash-dotted line) (panel e). Since ⌘jet and ⌘wind are measured
at r = 100rg, they lag by �t ⇡ 100rg/c relative to ⌘, which is measured at r = rH. Colored
symbols show values at the snapshot time, t ⇡ 12305rg/c. At t = 0, the accretion flow contains
a large amount of large-scale magnetic flux. Accretion brings mass and flux to the hole, and �BH

increases until it reaches a maximum value at around t ⇡ 6000 time units. At this time the BH
is saturated with magnetic flux and produces as much power as possible. However, the accretion
flow brings in even more flux, which impedes the accretion and leads to a magnetically arrested
disk. Some of the flux escapes from the BH via magnetic interchange and flux eruptions, two of
which are seen in panels (a) and (b), which frees up room for new flux. This process continues
in a quasi-periodic fashion, and on average the BH produces outflows at ⌘ ⇡ 140% e�ciency,
i.e., outflows carry more energy than the entire rest-mass energy supplied by accretion.

much higher values of ⌘ than previously reported [19]. In fact, ⌘ > 100%, therefore jets and winds
carry more energy than the entire rest-mass supplied by the accretion, and this unambiguously
shows that net energy is extracted from the accreting BH. This is the first demonstration of net
energy extraction from a BH in a realistic astrophysical scenario. Thicker MADs (h/r ⇡ 0.6)
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δ/L = 1/√S too thin… 3

2. Magnetic Reconnection & Sweet-Parker model

Sweet-Parker model 
= steady reconnection model with uniform resistivity
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Sweet-Parker Model

Reconnection rate:	


  uin ~ cA / √ S	


     S = L cA / η

In many astrophysical objects, 

     S = L cA / η >> 1

  uin ~ cA / √ S << cA

very slow ....

ref) Sweet, (1958)	


      Parker, (1957; 1963)
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3D Turbulent Effects
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Turbulent motions enhance 	


magnetic field diffusion. 

ref ) Lazarian & Vishniac, (1999), ApJ, 517, 700.	


       Kowal et al. (2009), ApJ, 700, 63.3. Turbulent Sheets
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broadened by turbulent eddies	


=> faster ! (vR/cA is independent of resistivity)

ref ) Lazarian & Vishniac, (1999), ApJ, 517, 700.	


       Kowal et al. (2009), ApJ, 700, 63.3. Turbulent Sheets
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4. Theoretical Explanation
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FIG. 1.ÈGeometry of magnetic Ðeld lines in three-dimensional recon-
nection. The reconnected lines stretch and carry the conducting plasma
with them. The plasma is also redistributed along the Ðeld lines.

model oppositely directed magnetic Ðelds are brought into
contact over a region of size Magnetic Ðelds reconnectL

x
.

along a very thin Ohmic di†usion layer andL
y
B g/Vrec,Ñuid is ejected from this layer at a velocity of order in aVAdirection parallel to the local Ðeld lines. The layer in which

Ohmic di†usion takes place is usually referred to as the
current sheet. Here we will refer to the volume where the
mean magnetic Ðeld strength drops signiÐcantly as the
reconnection zone, in order to allow for the presence of
collective e†ects that may broaden the reconnection zone

FIG. 2.È(a) Structure of the reconnection region when the Ðeld is turb-
ulent. Local reconnection events happen on the small-scale rather thanj

Aand this accelerates reconnection. The plasma is redistributed along theL
xÐeld lines in a layer of thickness Sy2T1@2, which is much thicker than the

region from which the ejection of the magnetic Ðeld takes place.Dj
M(b) Local structure of magnetic Ðeld lines.

well beyond the current sheet. The reconnection velocity in
the Sweet-Parker picture is determined by the constraint
imposed by the conservation of mass condition Vrec L

x
B

Although this model is two-dimensional, it can beVA L
y
.

generalized to three dimensions by allowing the two mag-
netic Ðeld regions to share a common Ðeld component,
which has the e†ect of rotating them so that they are no
longer exactly antiparallel. This has no e†ect on the Sweet-
Parker reconnection process (see Fig. 1). However, it does
change the nature of the constraint somewhat. In addition
to ejecting matter from the reconnection zone, we must also
allow for the ejection of the magnetic Ñux due to the
common Ðeld component. This is, in e†ect, the same con-
straint in this case.

We consider the case in which there exists a large-scale,
well-ordered magnetic Ðeld of the kind that is normally
used as a starting point for discussions of reconnection. This
Ðeld may, or may not, be ordered on the largest conceivable
scales. However, we will consider scales smaller than the
typical radius of curvature of the magnetic Ðeld lines, or
alternatively, scales below the peak in the power spectrum
of the magnetic Ðeld, so that the direction of the unper-
turbed magnetic Ðeld is a reasonably well deÐned concept.
In addition, we expect that the Ðeld has some small-scale
““ wandering ÏÏ of the Ðeld lines. On any given scale the
typical angle by which Ðeld lines di†er from their neighbors
is / > 1, and this angle persists for a distance along the Ðeld
lines with a correlation distance across Ðeld lines.j

A
j
MThe modiÐcation of the mass conservation constraint in

the presence of stochastic magnetic Ðeld component is self-
evident. Instead of being squeezed from a layer whose width
is determined by Ohmic di†usion, the plasma may di†use
through a much broader layer, (see Fig. 2),L

y
D Sy2T1@2

determined by the di†usion of magnetic Ðeld lines. The
value of Sy2T1@2 can be determined once a particular model
of turbulence is adopted (see ° 3), but it is obvious from the
very beginning that this value is determined by Ðeld wan-
dering rather than Ohmic di†usion as in the Sweet-Parker
case.

In the presence of a stochastic Ðeld component, magnetic
reconnection dissipates Ðeld lines not over their entire
length but only over a scale (see Fig. 2b),DL

x
j
A

> L
xwhich is the scale over which the magnetic Ðeld line deviates

from its original direction by the thickness of the Ohmic
di†usion layer If the angle / of Ðeld devi-j

M
~1 B g/Vrec,local.ation does not depend on the scale, the local reconnection

velocity would be and would not depend on resis-DVA /
tivity. We claim in ° 3 that / does depend on scale. There-
fore, the local reconnection rate is given by theVrec,localusual Sweet-Parker formulae but with instead of i.e.,j

A
L

x
,

It is obvious from Figure 2a thatVrec,local B VA(VA j
A
/g)~1@2.

magnetic Ðeld lines will undergo reconnectionDL
x
/j

Asimultaneously (compared with a one-by-one line reconnec-
tion process for the Sweet-Parker scheme). Therefore, the
overall reconnection rate may be as large as Vrec,global Bwhich means that the reconnectionVA(L

x
/j

A
)(VA j

A
/g)~1@2,

efficiency critically depends on the value of Morej
A
.

realistically, we will Ðnd that there are other global con-
straints that end up determining the actual global reconnec-
tion speed.

The relevant values of and Sy2T1@2 depend criticallyj
Aon the magnetic Ðeld statistics. Therefore, in the next

section we will brieÑy explore the expected properties of
magnetic turbulence.
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Initial condition:	


   •Harris Current Sheet	


   •mesh number:	


    512*512*1024	


    (resolving MHD turbulence)	


   •parameters: 	


  1)injection velocity of turbulence	


	

 2)σ-parameter	


  3)resistivity	


$

   •Resistive Relativistic MHD approximation  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ref ) Takamoto & Inoue, (2011), ApJ ,735, 113
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5. Turbulent Reconnection

σ = 5 σ =0.04

• kB T/mc2 = 1	


• driven turbulence  
     injected around central region 

B0B0
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6. Lundquist Number Dependence

no turbulence

turbulence

fast & resistivity independent 
mechanism
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7.  Too Strong Turbulence Effects
– 6 –
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Fig. 2.— Averaged reconnection rate dependence on various variables. Left top: injected

velocity dispersion; Right top: magnetization parameter σ; Left middle: resistivity η; Right

middle: Lundquist number S = LcA/η; Left bottom: injection timing of turbulence ∆tinj;

Right bottom: injection region.

saturated!!

compressible region
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8. Compressible Effects: 1
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9. Compressible Effects: 2
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2D Kinetic Reconnection



Initial condition:	


   •Harris Current Sheet	


    (Bx=B0 tanh[z/λ],   	


     n = n0/cosh2[z/λ]	


     λ = λi / 2 )	


   • total number of particles	


         =1010	


   • Mi / me = 100	


   • nbackground /nsheet = 0.0875	


   • plasma β = 0.02	


   • 1024MPI*6OpenMP=6144core	


   • 2D AMR-PIC code

15
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10. PIC Simulation Setup

ref ) Fujimoto & Machida, (2006), JCP, 214, 550-566.	


       Fujimoto, (2011), JCP, 230, 8508-8526.
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11. Reconnection in Kinetic Region
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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)	


$
• Too strong turbulence reduces reconnection rate	


    because of the compressibility!!	




