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Electron Acceleration in magnetic reconnection
Solar Flares

Earthʼs magnetotail
High energy electrons are observed in 
   X-lines (Oieroset et al. 2002)
   downstream region (Imada et al. 2007)
    magnetic islands (Chen et al. 2007)

Chen et al. 2007
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Figure 3 Four-spacecraft views of the three largest energetic electron bursts and their corresponding magnetic islands. a,d,g,j, Differential energy fluxes of electrons
observed by Cluster 1–4, respectively. Two secondary peaks correspond to energetic electrons observed at the electron-current sheets (marked by dotted brown lines, and
labelled as ‘ecs’) where the reconnection X lines reside. b,e,h,k, Three components of magnetic fields showing generic signatures of magnetic islands: bipolar Bz ; unipolar or
double-peaked By . c,f,i,l, Electron densities (black curves) and high-time-resolution electron fluxes for energies greater than 50 keV (ref. 26) (red curves, 4 sample s−1).
Energetic electron fluxes peak at the density compression sites within islands (dotted cyan lines).m, The projection of the relative spacecraft positions onto the y–z (GSM)
plane. n,o,p, A detailed view of Bz , By and the compressed density within a three-dimensional island observed by Cluster 2–4. The By structure observed by Cluster 3
(double peaked) differs from that observed by Cluster 2 and 4 (single peaked), implying that the in-plane current of the island varies significantly over a few hundred
kilometres in the out-of-plane direction.

Fig. 2 and plotted in Fig. 3), which contains the three strongest1

electron bursts, further substantiate the link between energetic2

electrons and magnetic islands. Energetic electron fluxes from3

all four spacecraft (Fig. 3a,d,g,j) show that the three strongest4

bursts were observed only by Cluster 2–4. The flux enhancements5

were observed up to the energy of 127 keV. Cluster 1, being the6

northernmost spacecraft of the four, detected only a small electron7

burst (Fig. 3a) as it crossed the edge of a small island (Fig. 3b).8

Three components of the magnetic field recorded during the9

highlighted period (Fig. 3b,e,h,k) show decreases in Bx , bipolar Bz10

and single-peaked and double-peaked By (signatures of magnetic11

islands which will be discussed in the next paragraph). The12

out-of-plane magnetic field By observed by Cluster 2 and 413

at around 09:47:40  (the red unipolar pulses marked by14

dotted cyan lines in Fig. 3e and k) are highly correlated. This15

high correlation enables us to estimate the velocity of the16

island to be ∼500 km s−1 away from the Earth, and the size17

of the island ∼2,500 km (see the Methods section), about two18

ion inertial lengths. This size is roughly the full width of the19

thin current sheet, and is comparable to the inter-spacecraft20

separation (∼2,000 km). For comparison, the gyroradius of 127- 21

keV (highest energy observed) electrons in a 10 nT magnetic 22

field is ∼85 km, much smaller than the estimated size of the 23

magnetic island. 24

The electron density is highly compressed within islands 25

(black curves in Fig. 3c,f,i, and l). Such density compression, 26

bipolar Bz and single-peaked and double-peaked By are all 27

features of the observed islands (Fig. 3m–p show a multispacecraft 28

view of a three-dimensional island). These features are generic 29

signatures of two-dimensional magnetic islands, as demonstrated 30

by our Hall magnetohydrodynamic simulations of collisionless 31

reconnection (Fig. 4), and PIC11,17 and hybrid simulations18. 32

High-time-resolution data of the electron fluxes (16 times 33

higher resolution than those shown in Fig. 3a,d,g,j) for energies 34

greater than 50 keV reveal that energetic electron fluxes (red 35

curves in Fig. 3c,f,i,l) peak at the density compression sites 36

within islands (dotted cyan lines mark seven magnetic islands 37

that have the strongest density compression and corresponding 38

energetic electron fluxes). This key finding establishes a direct 39

link between energetic electrons and magnetic islands, and 40
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Magnetic reconnection is the underlying process that releases1

impulsively an enormous amount of magnetic energy1 in solar2

flares2,3, flares on strongly magnetized neutron stars4 and3

substorms in the Earth’s magnetosphere5. Studies of energy4

release during solar flares, in particular, indicate that up to5

50% of the released energy is carried by accelerated 20–100 keV6

suprathermal electrons6–8. How so many electrons can gain so7

much energy during reconnection has been a long-standing8

question. A recent theoretical study suggests that volume-9

filling contracting magnetic islands formed during reconnection10

can produce a large number of energetic electrons9. Here we11

report the first evidence of the link between energetic electrons12

and magnetic islands during reconnection in the Earth’s13

magnetosphere. The results indicate that energetic electron14

fluxes peak at sites of compressed density within islands, which15

imposes a new constraint on theories of electron acceleration.16

In situ observations have demonstrated productions of17

energetic electrons by magnetic reconnection10. However, how18

electrons that are much lighter than ions can be accelerated in large19

numbers to suprathermal energies during magnetic reconnection20

remains an outstanding puzzle. In the context of reconnection in21

the Earth’s magnetotail, even the largest possible electron outflow22

velocity (the upstream electron Alfvén velocity VAe = B/
√

4πmen,23

where B is the magnetic field strength, me the electron mass and24

n the plasma density) corresponds to electron energies of only25

about 2 keV. Thus, outflows driven by reconnection can in no way26

account for the observed suprathermal energies (of the order of27

10–100 keV) of electrons.28

State-of-the-art particle-in-cell (PIC) simulations of29

reconnection, aiming to address suprathermal electron production,30

show that electrons are primarily accelerated at the X line or31

separatrices (see Fig. 1) by electric fields11–13. The consequence of32

primary electron acceleration at the X line and separatrices is the33

emergence of energetic electrons at these sites. The PIC simulations,34

although fully self-consistent, are only two dimensional. It is35

difficult to see how the mechanism of electron acceleration36

a

b

Magnetic field line

Unstable current sheet

Magnetic islands

z

x y

t

Bz
2

3
4

Separatrix

Reconnection X line

1Cluster

Figure 1 Schematic diagrams of magnetic islands in the Earth’s magnetotail.
a, The noon–midnight plane of the near-Earth magnetosphere showing multiple
magnetic islands formed in a two-dimensional cartoon of the unstable magnetotail
current sheet during reconnection. The coordinate system is defined such that x is
towards the Sun, z is normal to the current sheet, and y is directed out of the x–z
plane. b, Signatures of magnetic islands in the z component of the magnetic field
(Bz ) as observed by a spacecraft. The current of the current sheet flows in the
positive y direction, and so do the filamentary currents within magnetic islands. The
positions of the four Cluster spacecraft are sketched to depict the tetrahedron
configuration (the different sizes of the spacecraft represent their displacements in y
as shown in Fig. 3m). The trajectory of the tetrahedron barycentre is represented by
a dashed line to illustrate the relative motion of the spacecraft and island (the island
moves away from the Earth). As a result of this motion, Bz shows a bipolar signature.
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Up to 50% of released magnetic energy can go to kinetic energy 
of high energy electrons. (Lin et al., 2003, Holman et al. 2003)

Energetic electrons up to 100keV 
are observed in magnetic islands

High energy electrons
core magnetic fields
electron densities



2D PIC simulations

m  /m  =100, v  /c=1/20, T  /T  =5i e A i e

small guide field B  =0.01By 0

Harris sheet (width 0.5 d ) with two X-linesi

Electron energization in a magnetic island

Fz ~ qvxBy / c

z



Energization mechanism in magnetic islands
1. acceleration by the out-of plane electric field E
2. acceleration by the in-plane electric field E  and E  

y

x z



Electrons are energized
when their bounce frequencies
are close to wave frequencies. 

ω = 0.24Ωe

~
edEz / dz

me

me
d 2z
dt 2

= −eEz −
e
c
(vxBy − vyBx )

~ −e
dEz

dz
z



Electron energization in coalescing magnetic islands

m  /m  =100, v  /c=1/20, T  /T  =5i e A i e

small guide field B  =0.01By 0

Harris sheet (width 0.5 d ) with 8 X-linesi



Before the coalescence

After the coalescence



Heating and cooling in coalescing islands

Heating occurs in the thin current 
sheet and the outer ends of the two
coalescing islands.

Cooling occurs in the regions beside 
the thin current sheet.



Particle acceleration and heating in electron-positron plasmas
Pulsar winds, extragalactic jets, etc.
Fast reconnection is realized, even though there is no Hall effect. 

Relativistic Harris sheet with zero guide field
v  ~ 0.9c, T  =T  , λ=4d  , n  =0.01nA i e i b 0



Particles are energized by 
the inductive electric field
formed in the two ends of
the magnetic island.

Particle energization in contracting magnetic islands

Inductive electric field

E  ~V  B  /cy x z



Particles are reflected
in the ends of 
the magnetic island, 
and gain energy.

Particle reflection in the ends of the island



There are both similarities and differences between this acceleration mechanism 
and a Fermi process by Drake et al., 2006. 



Particle energization in 
coalescing islands

Some particles are accelerated 
by the reconnection in coalescing islands, but 
many are decelerated there. 

Particles are accelerated in the two ends of the 
coalescing islands.



Summary

Electron acceleration in both electron-proton plasmas and electron-
positron plasmas has been studied by 2D PIC simulations.

In magnetic islands in electron-proton plasmas, electrons are 
accelerated by the out-of-plane electric field and the in-plane 
electric fields. Particles are energized by wave-particle interaction.

In magnetic islands in electron-positron plasmas, particles are 
accelerated by the out-of-plane electric field in the two ends of the 
island. Particles are energized by multiple reflection there.

In coalescing islands, reconnection between the two islands can 
accelerate some particles. Some particles are decelerated by the 
negative electric field there. 


