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Magnetic reconnection (MR) is a fundamental 
process in astrophysics, spaces and laboratories 

Solar	flares Earth Magnetosphere

11 

ITER (magnetic fusion) 
� International 

Thermonuclear 
Experimental Reactor. 

� Began construction 
2007, France.  

� Starts operating 2016. 
� Will attain 500MW 

fusion power for 400s. 

MCF�Tokamk� ICF

Dramatic	topology	change

Fast	release	of	magnetic	

energy	to	plasma	kinetic	and	

thermal	energy	with:	

• Heat	of	background

• Flows	(driven)

• Jets	(explosion)
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MR in tenuous, quasi-steady, cold plasmas has 
been widely studied
Magnetic	Reconnection	Experiment	(MRX)	at	PPPL	 FLARE	at	PPPL	
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Magnetic reconnection (MR) [1], breaking and reorganizing the topology of magnetic

field dramatically, is a fundamental process observed in space, laboratory and astrophysics

[2–5]. MR provides a mechanism for fast release of magnetic energy to plasma kinetic and

thermal energy with heat, flows and jets. Investigations of the dynamics of such explosive

event have aroused broad interest for half a century, which, however, depend critically on the

plasma and inflow conditions. MR in tenuous, quasi-steady, cold plasmas has been widely

studied [6–9], where the thermal pressure in plasmas is smaller than the magnetic pressure,

i.e. β = 2n0Te0/B2
0 < 1. However, MR in strongly driven, β > 1 plasmas has not been

previously accessible in laboratory, which occurs frequently in astrophysics, such as those at

the Earth’s magnetopause [10] (where the driver is the super Alfvénic solar wind), the solar

photosphere [11], the heliopause [12] and the supernovae remnants.

Thanks to the rapid progresses of laser technology, recent high-energy-density (HED)

experiments using a pair of colliding plasma bubbles produced from laser-irradiated solids

[13, 14, 16] are capable of providing such extreme condition of MR, where the magnetic field

is self-generated through the Biermann battery effect or externally applied. In traditional

experiments, various observed phenomena, such as the out-of-plane quadrupole magnetic

field, bipolar poloidal electric field and plasma heating etc. were recognized as evidences for

MR, and in their simulations it was also generally admitted that they are consequences of

MR [15]. However, in this strongly-driven, high β regime, the hydrodynamic plasma inflow

is a significant source of energy and the compression and amplification of magnetic fields are

expected to play significant roles in the reconnection dynamics, which are inherently distinct

from the traditional MR scheme. Many of the experimentally-observed phenomena can be

induced merely by plasma collisions and two-fluid effects [19] instead of MR. It is necessary

to distinguish the consequences caused by MR from those by plasma bubble collisions and

two-fluid effects and determine a key sign of MR occurrence in the HED regime.

In this Letter, we re-examine the MR dynamics in the HED regime with the help of the-

ory and particle-in-cell (PIC) simulations. Inspired from laser-solid interaction physics, we

consider the interactions of two colliding laser-produced plasma bubbles with self-generated

poloidal magnetic fields of respectively anti-parallel and parallel field lines, where no MR

should occur to the latter. Through comparing the simulation results of two cases, we address

the unique characteristics of MR in the HED regime prior, during and after the reconnection

process so that the causes and consequences of MR can be clearly distinguished from those
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thermal pressure < magnetic pressure
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Hall effect induces fast MR

Harris current sheet model
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MR in the high-energy density (HED) and relativistic 
plasmas also widely exist in Astrophysics 

MR at	Active Galactic Nucleus

(heating of AGN,	high-β )

MR at	supernova explosion

(Supersonicmagnetized flows collide, relativisticMR )

• Strongly driven: ram pressure > 
magnetic pressure

• High-β: β= 2n0Te0/B2 > 1, thermal
pressure > magnetic pressure

• Relavistic plasmas
• QED regime

High-Energy Density regime in
high power laser-produced plasma

MR at	Radio Pulsar

(Relativistic,Magnetic field >1012G)
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MR in HED and relativistic plasmas can be accessible
by intense laser experiments

OMEGA (30-40kJ) and
OMEGA EP (2.5kJ, 1-10ps)

National Ignition Facility
(1.8MJ,3-5ns) 

SG-IIU laser facility
(3ns, 3kJ, PW beam, 1kJ, 1-10ps)

MR in HED HED Experiments

MR in Laser-Solid Interactions12

Configurations

B Field ⇠ rn ⇥rT
Experiment Parameters

Vulcan Laser in UK
I

1ns, Square Pulse
I

1.054µm, 200J
I

1 ⇥ 10

15W/cm2

I
30 � 50µm FWHM

Spot Seperation 200µm
Targets

I
3mm ⇥ 5mm

I
20 � 100µm Thick

Probe Beam
I

10ps, 263nm
I Side On

12Nilson, P. et al., 2006, Phys. Rev. Lett.

XuZ (CAPT) Magnetic Reconnection Oct 24th 16 / 32

• B	field:	Biermann	Battery	effect

• plasma	inflow	speed:	~	thermal	expansion	Cs

MR in HED HED Experiments

MR in Laser-Solid Interactions12

Configurations

B Field ⇠ rn ⇥rT
Experiment Parameters

Vulcan Laser in UK
I

1ns, Square Pulse
I

1.054µm, 200J
I

1 ⇥ 10

15W/cm2

I
30 � 50µm FWHM

Spot Seperation 200µm
Targets

I
3mm ⇥ 5mm

I
20 � 100µm Thick

Probe Beam
I

10ps, 263nm
I Side On

12Nilson, P. et al., 2006, Phys. Rev. Lett.

XuZ (CAPT) Magnetic Reconnection Oct 24th 16 / 32

Collision	of	two	laser-produced	plasma	bubbles	
with	self-generated	poloidal magnetic	fields:	

P. Nilson, PRL, 2006 

Vulcan laser facility
(2.6kJ in ns, 1PW in 1ps)
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Summary of HED MR experiments

MR in HED HED Experiments

Above Experimental Parameters16

Characteristic
� ⇠ 10 � 100

Vdriven ⇠ Cs
L/di ⇠ 10 � 100

Narrow ribbon
Finite LB < L

Model Feature:
Forced Inflow
High Plasma Beta
Finite B Flux

16Fox, W., A. Bhattacharjee, and K. Germaschewski, 2012, Phys. Plasmas.
XuZ (CAPT) Magnetic Reconnection Oct 24th 19 / 32
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One main concern of MR in the HED regime
Special features of MR in the HED regime:

a) strongly-driven	inflow:
hydrodynamic	plasma	inflow	provides	a	significant	source	of	energy	for	MR

b) β= 2n0Te0/B2 > 1, hot plasma bubble collision:
compression and amplification of plasma densities and magnetic fields in the

interaction center play a significant role.
c) Electrons	are	magnetized	and	ions	are	unmagnetized	

two	fluid	effects

Concern:	experimental	observations	such	as	heating,	jetting,	field	evolution
characteristics	are	really	consequence	of	MR	in	the	HED	regime?

Reexamine	and	identify	the	key	sign of	MR in	the	HED	regime	
(strongly-driven inflow,	β>1)
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Simulation setup for MR in the HED regime (anti-
parallel and parallel cases)

• Assume the toroidal magnetic ribbons, neglecting LPI process
• Two bubbles expand radially V0 = 2.0Cs, 0.8Cs, 0.2Cs

• Alfvén speed VA = c/100, mi/me = 100
• Plasma beta β = 5, n0/nb = 10 
• Simulation domain 25.6di × 12.8di, di ion skin depth

Two	cases	are	employed and	compared:
• Anti-Parrallel (AP) - case:		plasma bubble	collision	+	MR
• Parralle (P) - case:				 plasma bubble	collision	+	No	MR	

Z.	Xu,	B.	Qiao*,	PRE 93�033206	 (2016).
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Basic pictures of plasma bubble collision: evolution of 
magnetic field topologies and plasma density distributions

Z.	Xu,	B.	Qiao*,	PRE 93�033206	 (2016).
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Basic pictures of plasma collision: evolution of magnetic 
field topologies and plasma density distributions

Z.	Xu,	B.	Qiao*,	PRE 93�033206	 (2016).

• Bubble squeeze each other enhance 
B by 2.5�factors and density from 
0.1 to 0.6.

• For the AP-case, the current layer in 
the center becomes too intense, it 
breaks up through 
instabilities/turbulence, leading to 
onset of MR.

• For the P-case, the current in the 
center cancel out each other, leading 
to no MR.

The MR reconnection flux 
evolution:

c, magnetic field to B0, length to di, time to the ion cyclotron frequency Ω−1
ci , temperature

to T0, electric current to n0ec, and electric field to B0c.

Firstly, let’s look at the basic physical picture of the interaction of colliding plasma

bubbles, i.e., the evolutions of magnetic field topologies and plasma density distributions for

both cases. Figure 2(a) plots the MR reconnection flux Ψ/B0di = (
∫

B × dl)/B0di versus

time t. We can see clearly from the red line that the MR in the AP-case can be roughly

divided into three stages as expansion (τ = 0 ∼ 0.8), stagnation (τ = 0.8 ∼ 2.1) and post-

stagnation (τ > 2.1) stages. However, for the P-case, there is no reconnection flux increase

for the whole interaction, shown in the black line, because no MR occurs.

During the bubble expansion stage, the out-of-plane current jz are generated by j =

∇×B/µ0, which together with the poloidal magnetic field establishes a j×B force, pushing

plasmas radially outward. The magnetic fields B at t = 1.2 are shown in Figs. 2(b) and

2(e), respectively. For both cases, two expanding plasma bubbles squeeze each other near

the interaction center (x = 0 and y = 0), enhancing B up to 2.5 times of the initial B0.

Meanwhile, plasmas are piled up with the maximum densities both increased from 0.1 to

0.6, which, however, is confined inside the respective bubbles by B at this stage, as shown

in Figs. 2(h) and 2(k).

At later time, for the AP-case, due to the anti-parallel magnetic field lines, the currents

in the center of two plasma bubbles add up, and a narrow current layer forms there due

to bubble collision and squeezing, whose magnitude increases rapidly because of magnetic

field piling-up. When the current layer becomes too intense, it breaks up through self-driven

instabilities or turbulences (such as Weibel/or beam instabilities), which leads to the onset

of MR. However, for the P-case, since the currents in the center between two plasma bubbles

cancel out each other, no MR can occur although bubble collisions and magnetic field piling-

up still exist. Therefore, considerable differences of the magnetic field configuration between

two cases can be seen in Fig. 2(c) and 2(f) at τ = 1.8. For the AP-case [2(c)], the magnitude

of the field drops to almost zero at the interaction center due to the magnetic annihilation,

which allows more background plasmas entering in, as shown in Fig. 2(i). However, no

significant changes take place in the P-case [2(f)] from τ = 1.2 to 1.8 and even later 2.5,

where the enhanced magnetic field just becomes wider along x-direction because of bubble

squeezing between each other. Because of the persistence of magnetic field confinement, less

background plasmas enter into the interaction center, as shown in Fig. 2(l).

4

1

0
1

0
1

0
0

AP-case P-caseInitial variablesn

v

B

radius
nb

Ln

2Lb
-10 -5 5 10

FIG. 1. (color online). PIC simulation setup: modeling for the collision of a pair of laser-produced

expanding plasma bubbles with self-generated antiparallel (left) and parallel (right) magnetic

field ribbons, named respectively as the ”AP-” and ”P-” cases. The middle plots show the

initial variables of density n, radial expanding velocity |V |, and magnetic field |B| versus radius,

normalized by n0, V0, B0, di, respectively. Detailed simulation parameters are shown in the text.

FIG. 2. (color online) Simulation results of Fig. 1: (a) the reconnected flux  /B0di versus time ⌧

for both AP- and P- cases, where the dashed green (light gray) and blue (gray) lines show those

for the AP-case when the driven inflow velocity V0 decreases to 0.8 and 0.2 (units of C
s

); The

inset in (a) shows the narrow current layer (current density j

z

) forms at time t = 1.2. (b)-(g) the

poloidal magnetic fields B at ⌧ = 1.2, 1.8 and 2.5 for respectively AP- [(b)-(d)] and P- [(e)-(g)]

cases; (h)-(m) the corresponding plasma density distributions n
e

for respectively AP- [(h)-(j)] and

P- [(k)-(m)] cases.

11
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Quadrupole magnetic field Bz and bipolar electric field Ey
can be induced by merely two plasma bubble collisions.

AP-case P-case

AP-case P-case

Bz
(out-of-plane)

Ey
(in-plane)

Z.	Xu,	B.	Qiao*,	PRE 93�033206	 (2016).
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Quadrupole magnetic field Bz and bipolar electric field Ey
can be induced by merely two plasma bubble collisions.

FIG. 3. (color online) Simulation results of Fig. 1 at time τ = 1.2: (a) and (b) the out-of-plane

magnetic field Bz, (c) and (d) the bipolar poloidal electric field Ey, at time τ = 1.4: (e) and (f)

electron temperature Te, (g) and (h) ion temperature Ti for the AP- and P- cases, respectively.

11

• electrons	move	from	the	upper	bubble	(upstream)	down	towards	the	
center,	and	then	shift	along	the	magnetic	field	line	going	backwards.	---> Bz

• the	magnetized	electrons	are	well	frozen	along	the	magnetic	field	line,	
being	pushed	deeper	than	ions	towards	the	interaction	center.	----> Ey
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Electron and ion heating can also be seen in both cases 
due to bubble collision and piling up instead of MR

FIG. 3. (color online) Simulation results of Fig. 1 at time τ = 1.2: (a) and (b) the out-of-plane

magnetic field Bz, (c) and (d) the bipolar poloidal electric field Ey, at time τ = 1.4: (e) and (f)

electron temperature Te, (g) and (h) ion temperature Ti for the AP- and P- cases, respectively.

11

FIG. 3. (color online) Simulation results of Fig. 1 at time τ = 1.2: (a) and (b) the out-of-plane

magnetic field Bz, (c) and (d) the bipolar poloidal electric field Ey, at time τ = 1.4: (e) and (f)

electron temperature Te, (g) and (h) ion temperature Ti for the AP- and P- cases, respectively.

11

• Temperature	profile	is	similar	over	whole	simulation
• Most	area	is	heated	by	bubble	collision
• The	anomalous	heating	in	experiment	shall	be	check
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The ratio of jet velocity to the local acoustic speed should 
be carefully checked to identify MR occurrence
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Key sign of MR occurrence in HED regime: the Lorentz-
invariant scalar quantity De in electron dissipation region

7%[Zenitani 2011 PRL]
the	non-ideal	 Joule	dissipation	 term

The	charge	 term
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Key sign of MR occurrence in HED regime: the Lorentz-
invariant scalar quantity De in electron dissipation region

AP-case

AP-case

P-case

P-case

Bz

De
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Magnetic reconnection in the high-energy density regime 6

which is a well known result in the previous MR researches (e.g., Ref. [25]), though,
which one (@

x

P
exz

or @
y

P
eyz

) is the dominant term is still exploring in the HED regime
[8, 15]. Since we are more interested in the distinguishable properties between A- and
P-case here, we refer the readers to Refs. [8, 15, 17, 18] for more detailed comparison
of each fluid terms in Eq. 4 with the PIC results.

(a) A case@1.2

y

-3

0

3

6

0 1 2 3
1

1.5

2

2.5

Time

(c) 

0 1 2 3

0.1

0.2

Time

(d)

x
6 0 6

-6

x

 
6 0 6

(a) A-case (b) P-case

EDR

A

P

P

A
U1

U2

Figure 3. PIC simulation results: (a,b), the electron dissipation region
indicated by D

e

at time ⌧ = 1.4, where the red color indicates positive values
and blue color negative; (c,d), the magnetic energy U1 =

R
B2/(2µ0)d⌦ and

U2 =
R

B2
z

/(2µ0)d⌦ over the whole simulation box ⌦ vary with time, where the
blue dotted line and the red line indicate the P- and A-case, respectively.

With the emergence of fields E
z

in A-case, the electron dissipation region (EDR)
arises while the dissipation term is not zero J · (E + v

e

⇥ B). Usually, this term is
enough to distinguish the electron dissipation region while the relativistic properties
are not evident in the PIC simulations. However, since the relativity is much easier
to be attained by the intense laser in the HED regime, we plot the EDR in figure 3(a)
to catch this characterization by a di↵erent quantity proposed in the Ref. [27]. It is a
Lorentz-invariant scalar quantity in the electron frame,

D
e

= J
µ

Fµ⌫u
⌫

= �
e

[j · (E + v
e

⇥B)� ⇢
c

(v
e

·E)] , (6)

where Jµ, Fµ⌫ and u⌫ are the 4-current, electromagnetic tensor, 4-velocity,
respectively, with the Lorentz factor �

e

= [1 � (v
e

/c)2]�1/2 and the charge density
⇢
e

= (n
i

� n
e

)e. The component j
z

· (E + v
e

⇥ B)
z

mainly contributes to such a
dissipation, through which the magnetic energy is reduced as indicated by the red line
in 3(c). For P-case, on the contrary, the opposite direction of the fields E

z

are cancelled
out, hence, no electron dissipation region appears in 3(b), and the total magnetic
energy U1 =

R
B2/(2µ0)d⌦ over the whole simulation box ⌦ only drops slightly,

which is indicated by the blue line in 3(c). By comparing 3(c) and 3(d), for A case,
the decrease of total magnetic energy U1 is mainly due to the magnetic annihilation
in the xy-plane, even though, the the magnetic energy U2 =

R
B2

z

/(2µ0)d⌦ over the
whole simulation box ⌦ increase over time due to the two-fluid e↵ects, see figure 3(d).
Therefore, it is confirmed the MR process help to relax the free magnetic energy and
launch the jets as mentioned above.

Apart from the relaxation of magnetic energy, the MR process will also lead to
a relaxation of plasma density gradient. From the view of magneto-hydrodynamics,

Magnetic reconnection in the high-energy density regime 8

bubbles collide eccentrically head-on. The physical meaning is a little vague there and
it also challenges the present visualization techniques in handling these complex 3D
configurations. We do not report the results here, but conclude that the 3D e↵ects in
simulations have prolific features to explore, which has the enlightening significance
for the explanations of experiments.

-0.3

0

0.3

-0.3

0

0.3

Bz

Bx-5

0

5

-5

0

5

z

z

(a) (b)

Bz Bx

(c)

(d)

Slice

x
-24 -12 0 12 24

Figure 5. Magnetic fields in 3D kinetic simulations at time ⌧ = 0.8: (a) and (b),
the magnetic fields B

z

and B
x

in 3D view, respectively (c) and (d), the magnetic
fields B

z

and B
x

on the xz-plane (y = 0), respectively.

Besides the 3D e↵ects, the relativistic feature is also challenging. As is known,
the concept of reconnection in the relativistic regime is a little awkward, if one writes
the transformed magnetic fields by a di↵erent observer moving with a velocity v

o

as,

B0 = �
o

(B � v
o

⇥E

c2
) + (1� �

o

)
B · v

o

v2
o

v
o

, (7)

where � is the relevant Lorentz factor. Unfortunately, this means the notion of
magnetic field lines is intrinsically non-relativistic. Therefore, in a relativistic limit,
there is no simple definition of magnetic topology that behaves as intuitive as that
in the non-relativistic limit [28, 29, 30, 31]. For instance [29, 31], it requires to reset
the time to recover the standard form of the connection theorem, since the time
and space are coupled with each other in the Minkowski spacetime. However, the
main challenge is how to establish a bridge between these theoretical results and the
numerical treatments. As always seen in previous simulation and experiments, the
singular point - “magnetic null” in numerous studies is useful as an indication for
the reconnection events. Without such a helpful sign to tell the occurrence of MR
while the X-point is not “stable” as it used to be, it is hard to tell whether the MR
happened or not. Since the intense laser is capable to drive a relativistic MR events
in the laboratory, the above questions of MR in the HED regime are urgent to be
answered.

In summary, by simulations, we have explored most distinguished features of
MR in the HED regime such as two-fluid e↵ects, jetting, heating. By clarifying the
consequences due to the pure bubble colliding e↵ects, we present the MR process
can convert the free magnetic energy into particles through non-thermal acceleration.
With additional discussion of the 3D e↵ects and relativistic features, the results
obtained here are helpful to guide the future HED experiments for the MR process.
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With the emergence of fields E
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in A-case, the electron dissipation region (EDR)
arises while the dissipation term is not zero J · (E + v
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⇥ B). Usually, this term is
enough to distinguish the electron dissipation region while the relativistic properties
are not evident in the PIC simulations. However, since the relativity is much easier
to be attained by the intense laser in the HED regime, we plot the EDR in figure 3(a)
to catch this characterization by a di↵erent quantity proposed in the Ref. [27]. It is a
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= [1 � (v
e

/c)2]�1/2 and the charge density
⇢
e

= (n
i

� n
e

)e. The component j
z

· (E + v
e

⇥ B)
z

mainly contributes to such a
dissipation, through which the magnetic energy is reduced as indicated by the red line
in 3(c). For P-case, on the contrary, the opposite direction of the fields E

z

are cancelled
out, hence, no electron dissipation region appears in 3(b), and the total magnetic
energy U1 =

R
B2/(2µ0)d⌦ over the whole simulation box ⌦ only drops slightly,

which is indicated by the blue line in 3(c). By comparing 3(c) and 3(d), for A case,
the decrease of total magnetic energy U1 is mainly due to the magnetic annihilation
in the xy-plane, even though, the the magnetic energy U2 =

R
B2

z

/(2µ0)d⌦ over the
whole simulation box ⌦ increase over time due to the two-fluid e↵ects, see figure 3(d).
Therefore, it is confirmed the MR process help to relax the free magnetic energy and
launch the jets as mentioned above.

Apart from the relaxation of magnetic energy, the MR process will also lead to
a relaxation of plasma density gradient. From the view of magneto-hydrodynamics,

3D PIC simulations have confirmed the theory

• many	experimental	observations	

observed	of	MR	in	the	HED	regime	

do	not	necessarily	mean	the	

occurrence	of	MR

• Electron	dissipation	region	need	to	

find	an	Lorentz	invariant	variable	as	

the	key	sign	of	MR	occurrence:

De	=																																												
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Introduction

Magnetic reconnection (MR) in the high-energy-

density (high-β) regime

MR in the relativistic regime

Summary
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How to define MR topology in relativistic regime

Outline

Relativistic Challenge - Simple Example

B = (y

3, x

3, 0), E = (x, y, ≠2z) ,

move in the z-direction v

z

= v

o

:

B

Õ = (“
o

(y

3 + v

o

y), “
o

(x

3 ≠ v

o

x), 0) ,

[G. Hornig and K. Schindler, Phys. Plasmas(1996)]

XuZ (CAPT) X-point conservation November 12, 2015 5 / 10

The Lorentz transformation of magnetic field:

!! = !! !− !!
!!×! + (1− !!) !∙!!!!!

!!�!!: the observer’s velocity 

!! = !− !!!! ×! ≈ !!• in the unrelativistic regime:

The	magnetic	field	configurations	is	independent	of	the	reference	frames
• in the relativistic regime, the magnetic field is coupled with electric field in the Lorentz 

transformation:
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2. 2D MAGNETIC CONFIGURATIONS

Firstly, let us reconsider how we form the physical idea
of the magnetic topology. The Lorentz transformation
of magnetic field,
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where v
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is observer’s velocity and �
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= [1�(v
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is the relevant Lorentz factor, which will degenerate into
the Galileo transformation of magnetic B

0 = B � v

o

⇥
E/c2, in the non-relativistic regime v

o

⌧ c. Thanks
to the classical plasma conditions E/c ⌧ B, a further
reduction B

0 ⇠ B leads the magnetic field topology in-
dependent of the reference frame. Therefore, the mag-
netic field line comes into a physical meaning, which
makes it reasonable to discuss the process of break-
ing the magnetic field line, and hence the reconnection
physics. However, there is a dilemma in the relativis-
tic reconnection case while generating the notion of the
magnetic configuration.
To make it more specifically, we begin with a case,

which was addressed by Hornig & Schindler (1996). It
challenges the concept of x-point, which may disap-
pear if the observer is in a relativistic limit. We revisit
this simple but interesting example given in their paper
(Hornig & Schindler 1996), where the EM fields,

B = (y3, x3, 0) , E = (x, y,�2z) , (2)

The contained hyperbolic x-point will turn to be an o-
point

B

0 = (�
o

(y3 + v
o

y), �
o

(x3 � v
o

x), 0) , (3)

for an observer move in the z direction, see the scheme
Figure 1 from the left side to right side. The opposite
side transformation is the same if move in the negative
z direction. Obviously, the above situation satisfy the
static Maxwell’s equations if no plasmas is considered.
However, the key question is weather this case will oc-
cur with such self-generated EM fields condition, in real
plasma, while the relativistic reconnection is ongoing.

A B
?

X

Figure 1. Transformation scheme of x-point and o-point

Actually, if analyse the EM fields near the x-point
carefully, it’s important to find that the above situ-
ation implies a condition that, in the squared region

(|x|, |y| < 1), the in-plane electric fields exceed the in-
plane magnetic fields, i.e., B

x,y

⇥
O(x3)

⇤
< E

x,y

[O(x)].
This condition fundamentally di↵ers from that the EM
fields self-generated by plasmas near the the magnetic
null region. If one writes the generalized Ohm’s law ,
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⇥B = � 1

n
e

e
r ·P

e

+
m

e

ne2
dJ

dt
+(P

ie

�P

ei

) , (4)

where the P

ie

, P
ei

refer to the resistivity between ions
and electrons. In most magnetic dominated region, the
right hands side of the equation is close to 0, even in
the dissipation region where the non-diagonal pressure
or other terms take e↵ects, the in-plane fields always
keeps the form,

(E + v

e

⇥B)
x,y

⇠ 0 . (5)

It means that the in-plane electric fields is constraint by
the magnetic fields. We assume that the electric fields
E

x,y

response linear to the magnetic field near all the
magnetic null region, hence the eigenvalues of the the
magnetic field gradient rB keep signs. Note there are
only two type of magnetic null in 2D, one with same
sign of eigenvalue (o-point) and one with the opposite
sign (x-point). Therefore, the 2D structure magnetic
configurations near the magnetic null keep ”stable” in
the current sheet plane.
In order to see the variations of magnetic configura-

tions, consider the linearized magnetic field around the
x-point B = (B0y/�, B0x/L, 0), where �, L is the cur-
rent width and length, respectively. For an observer
moving in the z-direction, if the above assumptions hold,
the situation of the given example will not occur. The
interesting physics discussed in the literatures about the
reconnection region and the plasmoids is maintained, for
the relativistic electron-ion plasmas, let alone the rela-
tivistic pair plasmas cases no two fluids e↵ects evolved.
The assumption could be released in a weak sense, if
the resulted torsion distance of point A, B in Figure 1
is not large enough to be observable with a coarse res-
olution. It is more interesting for the observer moving
in the perp direction, e.g., in y-direction, the observed
magnetic field as the Equations. 1,

B0
x

= �
o

(B
x

+ v
o

E
z

/c2) , B0
y

= B
y

. (6)

For simplicity, assume the reconnection electric fields
E

z

⇠ Rv
A

B0, where R is the normalized magnetic re-
connection rate, v

A

the Alfvén velocity, and B0 the ex-
ternal magnetic fields. Therefore, the transformed mag-
netic field is,

B0
x

= �
o

B0

⇥
1 +R(v

o

v
A

/c2)
⇤
y/� , B0

y

= B0x/L . (7)

In most cases, this condition holds, even the Alfvén ve-
locity gets close to the speed of light c. We plug in
the reconnection conditions, to see how the out-of-plane
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or other terms take e↵ects, the in-plane fields always
keeps the form,
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locity gets close to the speed of light c. We plug in
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?

• The	numerous	studied	singular	point	“magnetic	null”	(Pontin et	al.	2011;	Olshevsky et	al.	2016)	may	

not	be	“stable”	for	a	relativistic	observer,	

• X- and	O-point	can	transform	to	each	other	(Hornig &	Schindler	1996)	(no	plasma	is	considered)
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MR in relativistic regime – X-point check (local view)

Lab frame

Observer moving along z-
direction with γ=10

Observer moving in plane
with –vx=vy=0.995c (γ=10 )

Observer moving along z-direction
with a pseudo superluminar velocity 
vz=3c can only turn x-point to o-point

X-points in relativistic

plasmas are	generally	

conserved.

3

electric field modify the profile of magnetic configura-
tions, by further assuming that the E

z

is an even func-
tion E

z

(x, y) = RB0 exp(�(x/L)2 � (y/�)2) near the
center. It turns out that the x-point only shifts a dis-
tance about Rv

A

/c�. The same discussions hold if the
observer have the velocity in x-direction, see Figure 2-
(c),(d). We conclude that the magnetic configurations
near the null-point is ”stable”, in the sense that the ex-
otic physical features around the x-point is stable, but
the magnetic field lines could ”wander” a distance if the
observer having a perpendicular velocity.

3. SIMULATION SETUP

We performed 2.5D simulations of magnetic reconnec-
tion to address our assumption, with an explicit rel-
ativistic PIC code EPOCH (Arber et al. 2015). The
initial state is a relativistic Harris equilibrium (Melzani
et al. 2014b; Zenitani 2015; Liu et al. 2015) with a re-
versing magnetic field, B = B0 tanh(y/w)x̂+B

g

ẑ , each
species follows a drifted Maxwell-Jüttner distribution,

f
s

/ sech2(
y

w
) exp


��

d

T
s

(�m
s

c2 +m
s

V
d

u
z

)

�
, (8)

which is boosted by a drift velocity of electron +V
d0 and

ions �V
d0, and �, �

d

are the Lorentz factors of parti-
cle velocity v(= u/�) and drift velocity V

d

, restactively.
We use the Sobol method introduced by Zenitani (2015)
to load particles according to the relativistic distribu-
tion correctly (Melzani et al. 2013; Swisdak 2013). The
drift velocity V

d

is determined by Harris equilibrium,
B0/(µ0w) = 2�

d

n0
0eVd

. The temperature is determined
by the pressure balance B2

0/2µ0 = n0
e

T
e

+ n0
i

T
i

, where
w is the half width of current sheet and n0

s

denotes the
number density in the comobile frame. The background
plasma follows the non-drifted relativistic Maxwell dis-
tribution f

b

/ n
b

exp
�
��mc2/T

b

�
.

We consider mass ratios of pair plasma and ion-
electron plasma with mass ratio m

i

/m
e

= 25, with and
without guide field. In fact, the equilibrium is depen-
dent on the ratio !

ce

/!
pe

(Melzani et al. 2014a,b), with
electron plasma frequency !

pe

= (n0e
2/✏m

e

)1/2 defined
by the density in the current sheet, and electron cy-
clotron frequency !

ce

= eB0/me

in the asymptotic mag-
netic field. The case with guide field employ the field
B

g

= 1.0B0. The main case we present in this letter typ-
ically employ the ratio !

ce

/!
pe

= 3. It leads the drift ve-
locity V

d

= 0.468c, electron temperature T
e

= 2.4m
e

c2,
and ion temperature T

i

= 0.096m
e

c2. The magnetiza-
tion parameter �

e

⇠ 89, �
i

⇠ 3.6 can be calculated by
�
s

= B2(µ0n0ms

c2)�1(�
s

h
s

)�1, where h is the comobile
enthalpy. The half width of the current sheet is set as
w = 0.5d

i

, where d
i

is the ion inertial length. The back-
ground plasma number density is n

b

= 0.1n0, and same
temperature of particles T

b

= 2.5⇥ 10�3m
e

c2. The do-

main size is L
x

⇥L
y

= 60d
i

⇥120d
i

with 1500⇥3000 cells,
and more than 1 ⇥ 109 particles are employed. Bound-
aries are periodic along x-direction and a perfectly con-
ducting wall that reflects particles are placed in the y-
direction. A localized perturbation near the center is
used to induce a dominant x-point.

4. RESULT AND DISCUSSION

The initial perturbation and the instability to the col-
lisionless tearing mode, leads the formation of x-points
in the current sheet, inducing the out-of-plane electric
field E

z

. In the simulations, the case with guide field
B

g

= 1.0B0 is more stable. More discussions is referred
to Melzani et al. (2014a,b) for the ion-electron system
and Sironi & Spitkovsky (2014); Liu et al. (2015) for the
relativistic pair plasma case.
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Figure 2. Magnetic field line in the plane ⌧ = 360!�1
pe

.

(a,b,c-1) the anti-parallel case at time , and (a,b,c-2) the

guide field case, respectively. (a-1,2) the lab frame; (b-1,2)

observed by reference without perpendicular velocity v
x

=

v
y

= 0 and Lorentz factor � = 10. (c-1,2) observed by

reference with a mere perpendicular velocity �v
x

= v
y

=

0.995c and Lorentz factor � = 10. (d) observed by reference

with a pseudo superluminal velocity v
z

= 3c.

Let us see the concerning time ⌧ = 360!�1
pe

of ion-
electron system, when the reconnection is ongoing, as
shown in Figure 2 of two cases with and without guide
field. The Figure 2 (a-1,2) presents the magnetic field
line form the lab reference and the grey regions denote

Relativistic	plasmas: Relativistic	Harris	equilibrium:

5

a

b

FIG. 2. The drifting Maxwell-Jüttner distribution of initial loaded particles in the Harris current sheet for
T
s

= 225m
e

c2 and �
d

= 15. a, normalized histogram (circles) of p
z

for the particles according the exact expression f(p
z

) (red
line). b, the contour is the distribution of the loaded particles and the lines present the the exact expression 2⇡p

r

F
s

(p
z

, p
r

),
where p

r

=
p

p2
x

+ p2
y

.

merged algorithms will rid some microphysics of this pair production process. In order to reduce such a loss, we only
merged the photons, and in the one space grid, at a later time > 115!pe, and a large merge step �⌧ = 10!pe in the
simulation. The momentum grid is split in x, y and z direction by 12, 12 and 8, respectively. To check the accuracy
of the merge algorithms, we run test cases to check the conservation of the momentum and energy, as shown in Fig.2.

As can be seen from Fig.4b, the emitted photons and created positrons in the plasmoid with an approximately
linear growth. The number of created positrons exceeded that of the original positrons about the time 140!�1

pe , which
has been shown in the Fig.2c of the Letter. Interesting for the future research, it could be inferred from Fig. 4b that,
in a long time, the density of particles will increase by reducing the energy near the O point (see Fig. 5). Finally,
it obtains a high value, so that the resistivity and other QED e↵ects should be re-considered, for the collisionless
condition breaks down but towards a high mutual pair-photon collision regime [11].
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Summary

MR	in	the	HED,	relativistic	and	near-Schwinger	QED	regimes	has	

been	studied:
u Many experimental observations observed of MR in the HED

regime do not necessarily mean the occurrence of MR.
u The	magnetic	nulls	(X- and	O- points)	of	MR	configuration keep

conserved in	the	relativistic	regime,	but	it	will	wander	in	a	small	
region	where	the	Lorentz	invariants	keeps,	when	the	observer	
reference	frame	changes.
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Thanks for you attention!


