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Non-relativistic MHD reconnection 
model

Sweet-Parker model Petschek model
Sweet ’58, Parker’57 Petschek ’64

http://www.psfc.mit.edu
Magnetic energy is dissipated
by Ohmic diffusion in the 
diffusion region.

Magnetic energy is liberated not only the 
diffusion region but mainly at the slow shock.

R � (log RM )�1R � R�0.5
Mreconnection rate reconnection rate

slow reconnection rate faster energy conversion

outflow speed ~ Alfvén vel. outflow speed ~ Alfvén vel.



Reconnection Site in High Energy 
Astrophysical Phenomena

pulsar
GRBBH accretion disks

Coroniti+ ’90

McKinney & Uzdensky ’12



What we want to know about MRX
1. What triggers the magnetic reconnection?

What is the origin of the electric resistivity ? 

2. Particle acceleration
How are the non-thermal particles generated in MRX?
This problem would be related to the origin of hard X-ray observed in BHB.

3. Energy conversion 
What kind of energy is the magnetic energy finally converted into. 

4. Reconnection rate
How fast can MRX convert magnetic energy?

In this talk, I discuss about Energy conversion and Reconnection rate
in the framework of fluid approximation. 



Non Relativistic Sweet-Parker 
Type Magnetic Reconnection

•Equation of motion along x axis.

•induction equation

•Gauss’s law

•assume incompressibility Bi, pi, vi
Y

X

Outflow velocity is close to the Alfvén 
velocity of the sheath plasma.

outflow velocity

Sweet ’58, Parker ’57, Priest & Forbes ’98
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Outflow velocity and reconnection rate

Bi, pi, vi

X

Bo, po, vo

Relativistic  means...
that the magnetic energy density 
(B2/8π) exceeds the rest mass 
energy density(ρc2).

✦mass conservation relation
 between the inflow and outflow: 

(1)

Magnetic energy is converted into the kinetic energy:
✦non-relativistic (ρc2 >> B2/8π)

✦relativistic (ρc2 << B2/8π)
→from equation 2, outflow velocity approaches to c for a larger B:
→from equation 1, rec. rate might be enhanced by factor γo in relativistic regime?

=(compression ratio）
x (aspect ratio) 
x (Lorentz contraction)

→ (2)

where

See, also 
Blackman & Field ’94
Lyutikov & Uzdensky ’03
Lyubarsky ’05

inflow
outflow

©Dyson



Relativistic Resistive MHD(R2MHD)
mass conservation equation

gas energy conservation

gas momentum equation

Maxwell equations

We solve 11 hyperbolic equation.algebraic equations
gas：E.o.S.
E.M. : Ohm’s law



Maximum outflow velocity on the plane of x=0.

Mach number seems to decrease with increasing B
mildly relativistic outflow

Takahashi+ 11
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Relativistic Sweet-Parker MRX
Relativistic Resistive Magnetohydrodynamic (R2MHD) simulations color: ρ

curve: B

σi=2.5
σi=5
σi=10
σi=20

where
MA increases with time and it saturates.
The saturated MA is smaller for a larger B in the relativistic regime?
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Energy conversion in Relativistic MRX

Most of magnetic energy is converted into the thermal energy. 
Outflow is overpressured. 

Energy composition of outflow

Thermal/
kinetic energy

Initial Magnetic Field strength

Magnetic/kinetic 
energy
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Bernoulli constant

h is almost constant between inflow and 
outflow (assuming steady state).

•Continuity equation

•Energy conservation

Lyubarsky ’05, HRT et al. ’10
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Reconnection Rate
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Reconnection rate is 
independent from the B strength.

Most of magnetic energy is converted to the thermal energy
-> The thermal energy contributes to the plasma inertia.
-> The plasma is hard to be accelerated and the bulk Lorentz factor is of order 1.
-> The effect of Lorentz contraction does not work efficiently. 
-> Sweet-Parker type magnetic reconnection is a slow process.

Magnetic Reynolds number

Lyubarsky ’05
HRT+’11



Relativistic Petschek type MRX
Numerical simulations of the Relativistic Petschek type 
magnetic reconnection with spatially localized resistivity.

Zenitani+ ’10

Relativistic Petschek type Magnetic Reconnection.
　Outflow is accelerated up to the Alfvén velocity by the magnetic tension force.
　Reconnection rate is enhanced in the relativistic regime (Watanabe & Yokoyama ’06).

　The thermal energy is comparable to the kinetic energy in the outflow (Zenitani ’09)

Uout ~ UA
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see, 
Watanabe & Yokoyama ’06, 
Zenitani et al. ’10, 
Zanotti & Dumbser ’11



Summary of Relativistic Magnetic 
Reconnection

Sweet-Parker model Petschek model

Takahashi+ ’11

?

Watanabe & Yokoyama ’06, Zenitani+ ’10, Zanotti & Dumbser ’11

Magnetic energy is liberated by Ohmic 
dissipation in the diffusion region.

R � R�0.5
Mreconnection rate

slow reconnection rate

mildly relativistic outflow

Magnetic energy is liberated not only the 
diffusion region but mainly at the slow shock.

R � (log RM )�1reconnection rate
faster energy conversion

outflow speed ~ Alfvén velocity~relativistic



short comments: collisionless MRX
– 8 –
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Fig. 3.— (a) Temporal evolution of the current sheet thickness at x/L = 0, measured by

the scale height of the current density (log J

y

). (b) Temporal evolution of the reconnection

rate (E
y

/B0) in run 1.

In the collisionless plasma, phenomenological
resistive parameter is not introduced. 
Reconnection proceeds
very fast (reconnection rate is of order 0.1).

Reconnection rate is large. Particles are efficiently accelerated.

Zenitani+ ’08
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FIG. 2: Illustration of (a) the plasma sheet reconnection in the early stage, (b) the reconnec-

tion during magnetic island merging/coalescence in the late stage, and (c) the interaction of an

energetic particle with magnetic islands. Black lines show magnetic field lines, red arrows show

the reconnection outflows with Alfvén speed VA, and the blue dashed line is the trajectory of the

energetic particle.

ing to
! pmax

pmin
f(p)dp. Panels e and f show the densities of the energetic populations with

(pmin, pmax) = (50, 200) and (200,∞), respectively. ((pmin, pmax) = (0,∞) for panels a–c.

) The gyroradius for the energetic particle with p/mc = 200 is about 10λ, which roughly

corresponds to the size of the magnetic island during the island merging stage. In contrast

to the total plasma density, we see that (1) the middle energy range (panel e) is localized

around the magnetic island, and (2) the high-energy plasma (panel f) forms a void structure

inside the islands. We find that the thermal plasma is mainly confined in the islands (i.e.,

the weak magnetic field region), while the energetic particles are preferentially distributed

outside the islands (i.e., the stronger magnetic field region).

The reason why energetic particles have the tendency to be localized in the strong mag-

netic field is simply illustrated in Figure 2. Reddish regions surrounded by black lines are

the magnetic islands and red arrows are the Alfvénic reconnection jets. In the early evolu-

tion of magnetic reconnection (panel a), the energetic particles are known to be generated

in and around the X-type reconnection region, and they are ejected into the plasma sheet

in association with the reconnection outflow jet [6]. On the other hand, in the later phase

of magnetic coalescence/island merging (panel b), the reconnection outflows are always di-

rectly towards the strong magnetic field region [15]. That is, the thermal plasma is supplied

5

Particles are efficiently accelerated
by the reconnection E field.
Also multiple acceleration does work in 
multiple MRX (Matsumoto san).

Zenitani+ ’01

Hoshino ’12



Turbulence

The Astrophysical Journal, 775:50 (10pp), 2013 September 20 Takamoto
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Figure 2. Top: the temporal evolution of the reconnection rate in the case of
σin = 14. The blue line at t = tA is the starting time of the plasmoid instability.
The green line at t = 2.2tA is the time when the largest plasmoid leaves the
numerical domain. Bottom: the temporal evolution of the reconnection rate of
runs B1–B4.
(A color version of this figure is available in the online journal.)

the relation of the Sweet–Parker sheet. If we use the above
critical value, Sc = 3 × 103, in the strongly magnetized case,
the reconnection rate is ∼0.02cA, which agrees with the values
indicated in the top panel of Figure 2.

4.3. The Evolution of the Plasmoid Structure

Figure 1 shows that the aspect ratios of plasmoids take
different values, depending on the magnetization parameter
σin; the aspect ratio seems to decrease as the magnetization
parameter σin increases. This result can be explained as follows.
The left panel of Figure 4 is the density profile of a plasmoid
at t = tA. This figure shows that its aspect ratio is about 14:1
and that the inner structure of the plasmoid is very similar to
that of the Petschek reconnection case that was investigated
by Zenitani & Miyoshi (2011). The right panel of Figure 4
is the density profile of the same plasmoid at t = 1.2tA. We
find that the plasmoid size in the z-direction shrinks because
of the appearance of slow shocks. These shocks are generated
by the steepening of slow waves that are induced by collisions
with other plasmoids. In the example shown in Figure 4, slow
waves are generated by collisions with the plasmoid at z ∼ 48δ
in the left panel. As these slow shocks propagate across the
plasmoid, the upstream plasma in the plasmoid is compressed
and the plasmoid size shrinks in the z-direction. Figure 5 shows
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Figure 3. Plot of the time-averaged reconnection rate ⟨vR/cA⟩ over the statistical
equilibrium region with respect to the Lundquist number SL. Top: the strongly
magnetized case: σin = 14. Bottom: the weakly magnetized case: σin = 0.14.
(A color version of this figure is available in the online journal.)

Figure 4. Snapshots of the density profile of the initially triggered plasmoid
in the case of σin = 1.4. The left panel is at t = tA and the right panel is at
t = 1.2tA.
(A color version of this figure is available in the online journal.)

the density configuration of the plasmoid triggered by the initial
perturbation of runs B1 and B2 at a time just before the plasmoid
escapes from the numerical domain. In run B1, σin = 0.14 and
we find that the aspect ratio of the plasmoid maintains its initial
value of approximately 14:1. This result occurs because the

5

Sweet-Parker type current sheet is not 
stable to the tearing mode instability with high
Magnetic Reynolds number.

HRT+’11

Takamoto+’13

Shibata & Tanuma ‘01

The reconnection rate is independent from the 
magnetic Reynolds number also in the 
relativistic plasma.

Magnetic Energy dissipation in 
turbulence (not reconnection).

The energy dissipation rate is 
independent from the resistivity.

Takamoto+’12
Sweet Parker

Plasmoid ins.



The Relativistic GEM Challenge
[Zenitani, Takahashi, Takamoto, & Bessho 2014]
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PIC Takahashi
Two-fluid Zenitani
RRMHD Takahashi
RRMHD Takamoto
RRMHD Zenitani 2010b
RRMHD Zenitani SP

Reconnection 
Rate (σE = 4)

• A milestone in relativistic reconnection research!

- What determines the energy efficiency in Relativistic MRX?
- Is it possible to construct resistivity model in relativistic plasma?

Particle

Two fluid
(pair)

MHD
(PC)

MHD
(SP)

preliminary

Geospace Environmental Modeling (GEM) Challenge 
project has an aim of understanding the magnetic reconnection occurred 



High energy astronomical environment...,
Radiation effect cannot be ignored

Neutron 
Star  

L~106cm AGN
L~1014cm

Solar 
coronae

stellar 
mass 
B.H. 

L~106cm

mean free path for
electron scattering
free-free emission

We develop the Relativistic
 Resistive Radiation MHD (R3MHD) code.

Magnetic energy is amplified by MRI.
Part of B energy is converted to 
thermal energy through MRX in 
accretion disks.

Ohsuga ’09

non-relativistic radiation MHD 
simulation of super critical accretion 

flow onto the stellar mss BH.



Relativistic Resistive Radiation MHD(R3MHD)
mass conservation equation

gas energy conservation

gas momentum equation

Maxwell equations

15 hyperbolic equation

algebraic equationsRadiation moment equation

gas：E.o.S.
rad.：M-1 closure
E.M. : Ohm’s law



model
　force-free Harris sheet
　localized resistivity

Petschek Type Reconnection in Uniformly 
Distributed Radiation Field
parameter:
　density 1.0x10-2 g/cm3, 
　Tgas 1x108 K, 
　Trad 1x108 K, 
　B=1x1010 Gauss

radiation process
　abs.: free-free absorption　(m.f.p.=1.6x104km)
　scat.: electron scattering (m.f.p.=2.5x10-3km)

VA=0.69c
β=4.1x10-5
σ=0.89 radiation energy density



model
　force-free Harris sheet
　localized resistivity

Petschek Type Reconnection in Uniformly 
Distributed Radiation Field
parameter:
　density 1.0x10-2 g/cm3, 
　Tgas 1x108 K, 
　Trad 1x108 K, 
　B=1x1010 Gauss

radiation process
　abs.: free-free absorption　(m.f.p.=1.6x104km)
　scat.: electron scattering (m.f.p.=2.5x10-3km)

VA=0.69c
β=4.1x10-5
σ=0.89 outflow velocity

without radiation

with radiation



energy composition

Rad. flux: Fr enthalpy flux: ET

Kinetic energy 
flux: FK

Poynting flux: P

inflow energy flux

outflow energy flux

Poynting flux

Radiation flux

Enthalpy flux

Kinetic energy  flux

Energy Flux

Magnetic energy ->
 Thermal and kinetic energy
The radiation energy is 
comparable to those energies.



Radiation Dragging Force

rad. force (dragging)
total

EOM for 
R3MHD

E.M. force(Lorentz)

gas pressure force

EM force
rad.
force

radiation dragging

color: jzcolor: Er0, arrows: Fr



reconnection rate

with radiation

without radiation

=inflow velocity / Alfvén velocity

The outflow velocity decreases due to the radiation dragging force.
-> The inflow velocity slightly decreases to balance the mass 

conservation between the inflow and outflow:
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Radiative Cooling

and the RDK (Fig. 2). The overall speedup in mode evo-
lution is readily plausible as radiation cooling diminishes
the thermal contribution to the average particle energy
h!i ’ 3

ffiffiffi
2

p
!" . Hence, gyro orbits shrink with the thermal

energy content of the system hrci! !th!c0, and the bulk
momentum of current constituents " ’ "0 ¼ 1 is preserved
in lowest order approximation. Consequently the RCS
collapses in thickness at early times (cf. Fig. 2 at t ¼
24), and the RTM and RDK proceed on accordingly re-
duced spatial and temporal scales. This is within expecta-
tions since the RCS system evolves on the scales hrci and
hrci=c adapted to particle gyration. However, the RTM-
RDK balance would then remain untouched.

Intriguingly the radiation losses affect precisely this
RTM-RDK balance. The RTM progressively supersedes
the RDK in linear growth [Fig. 1(b)]. This result sets itself
apart from the picture established thus far [16]: RTM and
RDK are unresponsive to temperature variations in the
ultrarelativistic regime at T=ðmc2Þ> 10 with RDK pre-
vailing over RTM. Accordingly the potential influence of
RCS temperature and width on the mode balance is out-
ruled. Since the incorporation of radiative effects repre-
sents a disturbance of the Harris-Hoh solution, the system
evolves after initialization self-consistently into a new
‘‘quasiequilibrium,’’ thereby remaining entirely one di-
mensional. Notably, this relaxation phase is completed
before any of the 2D RCS instabilities are setting on.
Consequently the observed transition towards a prevailing
RTM mode is generally linked to the sustained presence of
radiative processes. The simulations show that the key to
understanding radiation-induced modifications relies on
temperature anisotropies (Fig. 3): Radiation losses impress
a distinct lateral pattern of temperature anisotropies A ¼
T?=Tjj % 1 onto the RCS profile. A < 0 proceeding in-
wards from the RCS edges is overcompensated to A > 0
in the central regions during the dynamic phase of RCS
collapse. The impact of temperature anisotropies on RCS

evolution and, in particular, on RTM-RDK as competitive
instabilities is decisive and has never been envisaged be-
fore. Scrutinizing the individual contributions in the !3

term shows that synchrotron losses "& B̂ are the perva-
sive channel of radiation emission. Synchrotron losses are
gyrotropic, i.e., they act pervasively on the particle mo-
mentum perpendicular to the magnetic field, and, hence,
induce a T-anisotropy A in the system. Anisotropies com-
mence at the RCS edges as synchrotron emissivity is /B2

0,
thereby establishing T? < Tjj (viz., A < 0). Upon the im-
mediate reduction of thermal pressure the RCS is com-
pressed by the lobe magnetic field. As the magnetic
gradient around the separatrix steepens, the perpendicular
particle momentum (viz., the perpendicular plasma pres-
sure) is enhanced in conjunction with the preserved first
adiabatic invariant in each particle orbit. Within the
radiation-dominated regime the adiabatic compression
overcompensates synchrotron cooling evoking A > 0 in
the RCS central region (Fig. 3).
Anisotropies are purely radiation induced as A ¼ 0 is

observed for the RCS in the case of # ¼ 0. Reference [14]
proved that even modest A > 0 causes a decisive boost of
the tearing mode growth. Following [14] the quick onset of
the RTM in Fig. 2(a) is credited to the initial RCS collapse

in thickness (!RTM!
%1
c0 ! w5=2

0 ), followed by enhanced

linear growth arising from A > 0 (!RTM!
%1
c0 ! A1=2). As

the radiation-induced cooling is compensated by magnetic
energy dissipation in reconnection, the dynamic RCS col-
lapse ceases and the RCS ensues at quasistationary thick-
ness. Then A < 0 successively populates the entire RCS y
profile, thereby damping the further formation of incipient
tearing islands. Ultimately, this substantiates the transition
from Petschek X-type to Sweet-Parker reconnection topol-
ogy becoming apparent with the increasing weight of
synchrotron contributions # [cf. Fig. 2(a) for the nonlinear
phase at t ¼ 15=!]. Again we emphasize that the topologi-
cal reconfiguration of the RCS commences after the initial

FIG. 2 (color). Comparison of RTM (a) and RDK (b) evolution (shown as RCS contours in density n in a simulation half-plane) for
the regime without radiation loss (# ¼ 0), compensating loss (# ¼ 10%12), and dominant loss (# ¼ 10%11), respectively. Evident is
the radiation-induced collapse of the RCSs at early times t ¼ 24w0=c. In the reconnection plane (a) radiation losses foster the
transition from Petschek X-type to Sweet-Parker magnetic topology, where in the later nonlinear phase (displayed at 15 e-folding times
1=! of the corresponding linear mode) tearing filaments are connected by elongated RCS sections, then being in a rather radiation-
quiescent state.

PRL 103, 075002 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

14 AUGUST 2009

075002-3

Particle-In-Cell simulation of the Relativistic Current Sheet with radiative cooling

Jaroschek & Hoshino ’09
The current sheet gets thinner due to the radiative cooling.
The thin current sheet becomes unstable to the tearing instability and the 
reconnection rate is enhanced (similar to plasmoid instability).

Also the current sheet is essentially thermally unstable? 
 (Uzdensky & McKinney ’13).



Schematic Summary of MHD reconnection

~1

~1

In the relativistic reconnection, 
 - outflow velocity decreases due to the radiative dragging force.
 - reconnection rate decreases to balance the mass conservation.

Sweet-Parker

Sweet-Parker

Petschek with scattering

Petschek with scattering

Petschek

Petschek

outflow velocity

rec. rate

Alfvén vel.

B2/�c2



Simple MHD Model

　Sweet-Parker type 

• The outflow velocity is mildly relativistic (γ~1).

• The reconnection rate is small:

　Petschek type  

• The outflow velocity is relativistic (γ=√(1+σ).

• The reconnection rate is large 

Recent Progress

• Turbulence: would enhance the reconnection rate whether the turbulence 
is self-generated (plasmoid) or externally driven.

• Radiation:

• Scattering effect slows down reconnection due to the dragging effects.

• Cooling effects increases reconnection rate by accompanying tearing 
mode or thermal instability. 

• Collisionless reconnection: is a fast process for energy conversion. 
Nonthermal particles are generated.

• Connection between MHD and collisionless scale is not well understood.

Summary


