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Magnetic Energy Dissipation in the Universe 

•  Magnetic reconnection is the dominant mechanism for 
dissipating magnetic energy in the universe 

•  The conversion of magnetic energy to heat and high speed 
flows underlies many important phenomena in nature 

•  Known systems are characterized by a slow buildup of 
magnetic energy and fast release 

•  A significant fraction of the released magnetic energy goes 
into energetic particles 



Astrophysical reconnection 
  

•  Solar and stellar flares 

•  Pulsar magnetospheres, winds, PWNe 
 

•  AGN (e.g., blazar) jets, radio-lobes 

•  Gamma-Ray Bursts (GRBs) 
 

•  Magnetosphere 

Crab 

M87 
GRB 



Magnetic Reconnection Basics  

•  Reconnection is driven by the magnetic tension in newly 
reconnected field lines 
–  Drives outflow at the Alfven speed cA 

–  Pressure drop around the x-line pulls in upstream plasma 
•  Dissipation required to break field lines 

–  At small spatial scales since dissipation is weak 
•  Reconnection is self-driven 

–  No external forcing is required 



Classic Resistive MHD Description 

•  Formation of macroscopic Sweet-Parker layer 

•  Slow reconnection  
-  not consistent with observations 

•  Macroscopic nozzle 
•  Sensitive to resistivity 

Vin ~  (Δsp /L) CA  ~  (τA/τr)1/2 CA  <<  CA 

sp 



Impulsive flare timescales 

•  Hard x-ray and radio 
fluxes 
–  2002 July 23 X-class flare 
–  Onset of 10’s of seconds 
–  Duration of 100’s of 

seconds.  

RHESSI and NoRH Data 

(White et al., 2003) 



Mechanisms for the fast release of magnetic 
energy: insensitive to dissipation 

•  Hall reconnection: an open Petschek-like outflow exhaust 
produces fast reconnection (Shay et al ‘99, Birn et al ‘01)  

•  Multi-island reconnection (Daughton et al ‘09, 
Bhattacharjee et al ‘09, Cassak et al ‘09) 
–  Large-scale current layers break up into secondary islands 



Multi-island reconnection 

•  Large-scale current layers break up into secondary islands 

•  Secondary islands carry particles out of the current layer 
–  Bursty reconnection  

 

•  Where? 
–  Low resistivity MHD: S = τr/τA > 104 – solar corona? 
–  Pair plasma 
–  Collisionless: strong guide magnetic field at low β – solar corona? 

Particle 
 flux 

time 



Hall Reconnection 
•  Any system with dispersive waves at small scales produces 

an open exhaust and fast reconnection independent of 
dissipation (Birn et al ’01, Rogers et al ’01) 
–  Whistler or kinetic Alfven waves 
–  Signature quadrupolar Hall magnetic field has been documented in 

the magnetosphere and laboratory 

•  Particle flux from the current layer is steady 
•  Collisionless regime except high guide field 
     and low β 



RHESSI  
observations  

•  July 23 γ-ray flare 
(Holman, et al., 2003) 

•  Double power-law fit 
with spectral indices: 

     1.5 (34-126 keV) 
     2.5 (126-300 keV) 



RHESSI occulted flare observations 

•  Observations of a December 31, 2007, occulted flare 
–  A large fraction of electrons in the flaring region are part of the 

energetic component (10keV to several MeV) 
–  The pressure of the energetic electrons approaches that of the 

magnetic field 
–  Remarkable! 

30-50keV 

17GHz 

Krucker et al 2010 



Energy release during reconnection 
   

•  The change in magnetic topology for reconnection takes 
place in the “diffusion” region 
–  A very localized region around the x-line  
–  This is not where significant magnetic energy is released 

•  Energy release primarily takes place downstream of the x-
line where newly-reconnected field lines relax their tension 

•  Mechanisms for particle heating and energization can not 
be localized in the “diffusion region”  



Basic mechanisms for particle energy gain 
during reconnection 

•  In the guiding center limit 

•  Curvature drift 
–  Slingshot term (Fermi reflection) increases the parallel energy 

•  Grad B drift 
–  Betatron acceleration increases perpendicular energy – µ conservation 
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Electron heating during reconnection 
•  Carry out 2-D PIC simulations of electron-proton system with a weak 

and strong guide fields (0.2 and 1.0 times the reconnection field) 
–  819.2di x 409.6di 
–  Compare all of the heating mechanisms 
–  Dahlin et al ‘14 

di =
c
ω pi



Electron heating mechanisms: weak guide field 

•  Slingshot term dominates (Fermi reflection) 
•  Parallel electric field term small – a surprise 
•  Grad B term is an energy sink 

–  Electrons entering the exhaust where B is low lose energy because 
µ is conserved. 

– 15 –

Fig. 3.— Total heating in simulation A (bg = 0.2). Black indicates the total heating: the

solid line is the time variation of the electron thermal energy, the dashed line is the sum of

the terms on the right side of eq. 5.



Electron heating mechanisms: strong guide field 
•  Fermi and parallel electric field term dominate 

–  Longer current layers where             with a guide field  

– 16 –

Fig. 4.— Total heating in simulation B (bg = 1.0). The color scheme is the same as in Fig.

3. In contrast to Fig. 3, the curvature and E� terms are comparable in magnitude.

E|| ≠ 0



Spatial distribution of heating rate from Fermi 
reflection 

•  Electron heating rate from Fermi reflection  
–  Fills the entire exhaust 
–  Not localized to narrow boundary layers 
–  Traditional fluid picture of energy cascade to small scales and 

dissipation does not apply  

the heating and cooling in island cores result in little net
heating, as can be seen, for example, inside the island at
x ! 165 at t¼ 80.

Figure 10 shows N for EkJk at t¼ 100 from simulation
B. The dominant heating occurs near the primary X-lines at
x ! 30 and 100 as well as the secondary X-lines (due to
island mergers) at x ! 150 and 190. Inside the islands, there
is net cooling. Many of the small scale fluctuations in the
EkJk term correspond with electron holes, which are driven
by electron beams generated near the X-line.9 Because they
tend to appear as bipolar structures in the heating term, they
produce little net heating.

A number of the islands exhibit dipolar heating: the cur-
vature term makes positive and negative contributions (red
and blue) at the opposite ends of an island. Figure 11 exhibits
this behavior. The island on the right drives heating due to
Fermi reflection at both ends, and the plot of vx shows large
inward flows indicating island contraction. By contrast, the

island on the left has dipolar heating. The entire island is
moving in the #x direction. In the simulation frame, particles
see receding field lines at the left end of the island and lose
energy in a reflection. Equivalently, uE $ j < 0. However,
the magnitude of the velocity at the right end is greater than
that at the left, so the cooling at the left end is more than off-
set by the heating at the right: N shows that the total heating
across the island is positive. This is ultimately an issue of
frame-dependence: in the frame of the island, both ends are
contracting towards the center so that uE $ j > 0.

V. SIMULATION RESULTS: ELECTRON SPECTRA

During reconnection with a strong guide field, which is
expected to be the generic regime in most space and astro-
physical systems, the dominant mechanisms for electron
acceleration are the parallel electric field and Fermi reflection
associated with the curvature drift, both of which accelerate
electrons parallel to the local magnetic field. An important
question, therefore, is whether the energetic component of the
spectrum exhibits the strong anisotropy that is reflected in the
moments Tk and T? in Fig. 4. Figure 12 shows electron spec-
tra for the momenta parallel and perpendicular to the magnetic
field. These spectra are taken from a simulation with the same
initial conditions as in simulation B but in a larger domain
Lx % Ly ¼ 819:2% 409:6 carried out to t¼ 400. The larger
simulation produces much better statistics in the particle spec-
tra compared with simulation B shown earlier. In the parallel
momentum, a clear nonthermal (that is, non-Maxwellian) tail
develops by t¼ 50 and continues to strengthen until the end of
the simulation. The perpendicular momentum also develops a
nonthermal tail, but with an intensity that is smaller by more
than two orders of magnitude. We note that these energetic
spectra do not form power laws, which are not expected in
periodic simulations that lack a loss mechanism.11

It is hence clear that the dominant nonthermal accelera-
tion occurs in the parallel component and the anisotropy sur-
vives over long periods of time as the simulation develops. An
important question is what mechanism causes the perpendicu-
lar heating of energetic electrons. If the magnetic moment

FIG. 10. The spatial distribution of the rate of parallel electron heating at
t ¼ 100X#1

ci from the strong guide field simulation (above) and its spatially
integrated value N. The dominant heating is from the current layers around
the X-lines, while the contribution from electron holes in the islands appears
to cause electron cooling.

FIG. 11. The effect of island motion on heating from the curvature drift from
the strong guide field simulation at t ¼ 120X#1

ci . The top panel shows the heat-
ing from the curvature drift, the middle panel shows its spatially integrated
contribution N, and the bottom panel shows the horizontal bulk flow vx.

FIG. 9. Plots of the heating from the curvature-drift and its spatially inte-
grated contribution N (see Eq. (8)) from the weak guide field simulation at
t ¼ 50X#1

ci and 80X#1
ci . For each time, the top half shows the spatial distribu-

tion and the bottom half shows its integrated contribution N.

092304-6 Dahlin, Drake, and Swisdak Phys. Plasmas 21, 092304 (2014)
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Acceleration mechanism for highest energy 
electrons 

•  Fermi reflection dominates energy gain for highest energy 
electrons 

 
–  Where                 

•  Recent simulations of pair and relativistic reconnection also 
see the dominance of Fermi reflection (Guo et al ’14, Sironi 
and Spitkovsky ‘14) 

dε
dt
~ qv||E|| + q

vc •

E

vc ~ v||
2

E|| 
Vc 



Electron spectral anisotropy 
•  The dominant acceleration mechanisms accelerate 

electrons parallel to the local magnetic field – Fermi 
slingshot and E|| 
–  Extreme anisotropy in the spectrum of energetic electrons 
–  More than a factor of 102 

–  What limits the anisotropy? 

solid – parallel 
dashed - perp 

t 



Electron heating: dependence on the guide field 

•  Fermi reflection dominates for weak guide field 
•  E|| dominates for strong guide field 
•  Consistent with gyrokinetic ordering  

E uE

ℓα R
B

FIG. 1. Consider a curved magnetic field line of length ℓ = αR, where R is the local radius of

curvature and α is a small angle. The inward/outward advection of the field line by u
E
changes

the radius of curvature: Ṙ = u
E
· (R/R). Using κ = −R/R2, we find uE · κ = −ℓ̇/ℓ.

FIG. 2. (a)-(c) Cumulative electron heating due to Fermi reflection (red), E∥ (blue) and betatron

acceleration (magenta) for three different values of bg. (d) Total electron energy gain due to Fermi

and E∥ as a function of guide field.

9

Br/Bg Dahlin et al ‘16 



Production of energetic electrons: E|| versus Fermi  

•  Compare the production of 
energetic electrons versus the 
strength of guide field 
–  Weak to modest guide field Fermi 

dominates 
–  Large guide field E|| dominates 

•  Virtually no energetic particles 
produced in strong guide field 
reconnection 

•  Parallel electric fields are 
inefficient drivers of the most 
energetic electrons 

FIG. 4. (a) Electron energy spectra at Ωcit = 75. (b) Enhancement relative to initial spectrum

fe(ϵ, t = 75)/fe(ϵ, t = 0). (c) Energetic electron enhancement (ϵ = 0.6) versus fraction of electron

heating due to E∥. The E∥ heating for bg = 0 is not calculated due to the poor applicability of the

guiding-center model.

12



A measure of particle acceleration efficiency 
•  A measure of the rate of energy release and particle 

acceleration is the parameter 

–  Dominantly positive in a reconnecting system and negative in a 
dynamo systems 

–  The dominance of positive values establishes that particle 
acceleration is a first order Fermi mechanism 


κ •

VExB = (


b •

∇

b)• c


E ×

B

B2



Heating and the electron-ion 
energy partition during 

reconnection: weak guide field  



Electron-ion Energy Partition: single x-line  

•  Where does the released magnetic energy go? 
•  Available magnetic energy per particle from Poynting flux 

•  Magnetopause enthalpy flux observations (Phan et al ‘13, ‘14) 

 
–  Parallel heating exceeds perpendicular heating 

•  Magnetotail observations (Eastwood et al ‘13) 
–  Ions carry most of the released magnetic energy 
–  Dominantly parallel heating 

•  MRX observations (Yamada et al ‘14) 
–  Ions carry 2/3 and electrons 1/3 of the released energy 

W0 =
1
nup

Bup
2

4π
=micAup

2

ΔWe =
5
2
ΔTe = 0.043W0ΔWi =

5
2
ΔTi = 0.33W0

ΔWflow = 0.5W0



Scaling of electron and ion heating: simulations 

•  The partition of energy going 
to electrons and ions is not 
universal 
–  Higher upstream electron 

pressure leads stronger electron 
heating (red triangles) and 
reduced ion heating. Why? 

–  Total electron and ion heating 
is universal 

•  Total electron and ion heating 
matches magnetopause 
observations 

HAGGERTY ET AL.: PARTITION OF HEATING IN RECONNECTION X - 19

Figure 1. Overview of electron and ion heating: (a) ∆Te, (b) ∆Ti and (c) ∆(Te + Ti)

versus mic2
Aup. The three red triangles have upstream Te/Ti = 9. The change in total

temperature appears insensitive to Teup with ∆(Te + Ti) ≈ 0.15 mic2
Aup

D R A F T August 27, 2015, 2:04pm D R A F T

Δ(Ti +Te ) ~ 0.15micA
2

Haggerty et al 2105 



Ion heating mechanism: single x-line 

•  Ion energy gain from Fermi reflection  
–   leads to large parallel heating of ions 
–  Measured throughout the magnetosphere 
–  For CA ~ 2000km/s have T|| ~ 25keV 

•  Measured scaling of ion temperature 
consistent with Fermi reflection (Phan 
et al 2014) 

–  Smaller than expected 

RD 

RD 

CA 

ΔT ~ 1
3
micA
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Electron heating mechanism: single x-line 

•  PIC simulations yield (Shay et al 2014) 

–  Same scaling as ions but less heating 
–  Single pass Fermi reflection ~ mev0cA is too small to explain 

observations and simulations 
–  How do the electrons gain so much energy? 

ΔTe = 0.033micA
2



A large scale potential controls the relative 
heating of electrons and ions 

•  The development of a large scale potential boosts electron 
heating and suppresses ion heating 
–  A large-scale potential develops to keep hot electrons in the exhaust 

from escaping upstream (Egedal et al ‘08) 

–  The potential holds in electrons and enables them to undergo multiple 
Fermi reflections 

2

flows are along x̂ and the inflows are along ŷ. Simulations
are performed in a periodic domain with a system size of
Lx×Ly = 204.8 di0×102.4 di0, and 100 particles per grid
in the inflow region. Simulation parameters are given in
Table I.

Run mi/me c/cA0 ∆x Br n Te Ti

301 25 15 .05 1.0 0.2 0.25 0.25
305 25 15 .05 1.0 0.2 2.25 0.25
325 25 15 .05 1.0 0.2 0.0625 0.3125
901 25 30 .05 2.236 0.2 2.25 0.25
904 100 80 .025 2.236 0.2 2.25 0.25
603 25 15 .05 2.236 0.2 0.25 1.25
707 100 30 .025 1.0 0.2 0.0625 0.3125
691 25 15 .05 2.236 0.2 1.25 1.25
692 25 15 .05 0.447 0.2 0.05 0.05
693 100 30 .025 1.0 0.2 0.25 0.25
694 25 15 .05 1.0 0.2 0.0833 0.25
695 25 15 .05 1.0 0.2 0.25 0.0833

TABLE I. Initial simulation parameters. Electron to ion mass
ratio mi/me, speed of light, grid spacing ∆x and upstream
conditions: Reconnection (in-plane) magnetic field Br, den-
sity n, Electron and ion temperatures Te and Ti.

The initial conditions are a double current sheet[16].
A small magnetic perturbation is used to initiate recon-
nection. Each simulation is evolved until reconnection
reaches a steady state, and then for analysis purposes
during this steady period the simulation data is time av-
eraged over 100 particle time steps, which is typically on
the order of 50 electron plasma wave periods ω−1

pe .
Method: To quantify the effects of the parallel poten-

tial on the ion temperature, the average ion heating is
determined by averaging over the width and the length
of the exhaust (the boxed green hashed region illustrated
in Figure 1c) and then subtracting off the inflowing tem-
peratures. In Figs. 1a-c, within around 10 di of the x-line
at x ≈ 155, the ion temperature (Ti ≡ Trace [Ti] /3) is
dominated by Ti⊥. Farther downstream in the exhaust,
Ti∥ increases substantially and broadens in the inflowing
direction.

In Fig. 1e, a cut along y at x = 194.5 reveals that n and
Ti show roughly flat profiles in the exhaust. To calculate
an effective thermal energization per particle, for each x
location a cut along y is taken and Pi and n are averaged
in the exhaust region to determine ⟨nTi⟩ and ⟨n⟩, with
⟨Ti⟩ ≡ ⟨nTi⟩ / ⟨n⟩ [14]. The exhaust averaging region is
denoted by vertical dashed lines in Fig. 1e which corre-
spond to the green hashed region boundaries in Fig. 1c.
The inflowing ion temperature Tiup is determined by spa-
tially averaging a typical inflow region, and the ion tem-
perature increment is then ⟨∆Ti⟩ ≡ ⟨Ti⟩ − Tiup. A plot
of the resultant ion temperature increments as a function
of x are shown in Figure 1f. These increments stabilize
to spatially uniform values around 25 di downstream of
the x-line (dashed green vertical line). The values of
∆Ti used for the statistical study are shown as the black
dashed horizontal lines.

FIG. 1. Definition and determination of ∆Ti. (a) Ti∥, (b)
Ti⊥ and (c) Ti using the same color scale; averaging region
enclosed by green bounding line, with ion temperature incre-
ment determined in hashed region. (d) Spatially smoothed
E∥ with single field line in black. (e) n, Ti, and Te∥ along
y at x = 194.5. Averaging region denoted by dashed lines.
(f) Variation of temperature increments ⟨∆T ⟩ with distance
from x-line. The vertical line shows the left boundary of the
hashed region and the horizontal lines show averaged asymp-
totic values used in statistical study.

In this study the principle mechanism investigated for
ion heating is outlined by Drake et. al. 2009 [3]. In the
reference frame moving with the reconnected field lines
(i.e. frame where E⊥ = 0) the cold ion population enters
the reconnection exhaust with a parallel velocity equal to
the field line velocity in the stationary frame (v0). The

Δϕ ~ Te ln
nexhaust
nup

"

#
$$

%

&
''

Haggerty et al 2105 



The same potential suppresses ion heating 

•  In the frame of the exhaust ions move inward at CA 

•  Ion velocity is reduced by the potential to Vd 

CA 

exhaust Vd Vd 

1
2
miVd

2 =
1
2
miCA

2 − eϕ



Particle acceleration in multi-island reconnection 
•  Single x-line reconnection can not explain the most energetic 

particles seen in the magnetosphere and flares 
–  The potential is too weak to contain the most energetic electrons 
–  Energies around 10keV in flares 

•  Particles trapped in contracting and merging magnetic islands 
can undergo multiple Fermi reflections  

Tajima and Shibata ’97 
Drake et al ’06, ’10, ‘13 
Oka et al ’10 
Dahlin et al ‘14, ’15, 16’ 
Guo et al ‘14, ‘15 



Energy gain in a bath of merging islands 
•  Total area preserved
•  Magnetic flux of largest island is 

preserved  
•  Particle conservation laws 

 p|| L 
•  Field line shortening drives energy gain 

 

•  The merging of two equal size islands 
doubles the particle energy 

 

µ = p⊥
2 / 2mB

dp||
2

dt
~ 2 0.1cA

r1 + r2
p||
2

dp⊥
2

dt
~ − 0.1cA

r1 + r2
p⊥
2 ⇓

⇑



Particle acceleration in a multi-island 
reconnecting system 

•  Average over the merging of a bath of magnetic islands 
•  Kinetic equation for                  with ζ = p||/p 

–  Equi-dimensional equation – no intrinsic scale 
–   powerlaw solutions 
–  Drake et al 2013 
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Energetic particle distributions 

•  Solutions in the strong drive limit – balance between drive and loss 
–  Typically heating time short compared with loss time  

•  Pressure of energetic particles rises until it is comparable to the 
remaining magnetic energy 
–  Equipartitian  
–  Powerlaw solutions for the particle flux  

•  Non-relativistic 

•  Relativistic 

•  These distributions are the upper limits so that the energy integrals 
do not diverge 

 
 

 
 

j ~ p2 f (p) ~ p−3 ~ E−1.5

j ~ E−2



MeV electrons in a coronal hard x-ray source 

•  How to get MeV electrons in the corona? 
–  A two-step process – heating in single x-line reconnection 

following by island merging 

•  First step: single x-line reconnection splits released energy 
between electrons, ions and bulk flow 
–  βe ~ ¼ 
–  For B ~ 50G, with n ~ 109cm-3, obtain Thot ~ 15keV 

•  Second step: island mergers 
–  Each merger doubles the electron energy – field line shortening 
–  How many island mergers takes 10keV electrons to 1MeV? 

–   Take typical island of  size W ~ 103km  
–  Two island merging time 
–  1MeV electrons in   

 

15keV ×2N =1MeV ⇒ N = 6

tmerge ~ (W / 2) / 0.1cA ~1.5s
t1MeV ~ 6tmerge = 9s



Particle acceleration in 3D reconnection 
•  In a 3D system with a guide field magnetic reconnection 

becomes highly turbulent (Daughton et al ‘11) 
–  No magnetic islands 
–  Does merging island picture fail? 
–  Chaotic field line wandering and associated particle motion 

•  What about particle acceleration? 

Figure 5.3: Contours of Jez in the 2D simulation tΩci = 50. A 3D visualization of

the equivalent isosurface with a level 15% of the maximum current density is shown

for the upper current sheet. The structure is laminar, consisting of simple 2D flux

ropes (islands).

86

Figure 5.2: Isosurface of Jez in the 3D simulation tΩci = 50. The isosurface level is

60% of the maximum current density (a 2D slice of the same quantity is shown on

the bottom). The current is filamentary, exhibiting significant 3D structure.
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Energetic electron spectra in 3D reconnection 
•  3D simulation with domain size 102.4dix51.2dix25.6di 

•  The rate of energetic electron production is greatly 
enhanced in 3D 
–  The number of energetic electrons increases by more than an order 

of magnitude 
–  The rate of electron energy gain continues robustly at late time 

with no evidence for saturation as in the 2D model. Why?  

in 2D systems (where d=dz ¼ 0, as in Ref. 19). We show
that this occurs because the complex 3D magnetic fields ena-
ble the most energetic particles to continually access
volume-filling acceleration sites rather than being confined
to a single magnetic island that no longer accelerates par-
ticles once it has fully contracted. We also examine the
energy dependence of the dominant Ek and Fermi accelera-
tion mechanisms and find that Fermi reflection is the primary
accelerator of the energetic electrons.

We explore particle acceleration via simulations using
the massively parallel 3D particle-in-cell (PIC) code p3d.29

Particle trajectories are calculated using the relativistic
Newton-Lorentz equation, and the electromagnetic fields are
advanced using Maxwell’s equations. The time and space
coordinates are normalized, respectively, to the proton cyclo-
tron time X"1

ci ¼ mic=eB and inertial length di ¼ c=xpi. The
grid cell width is de=4, where de ¼ di

ffiffiffiffiffiffiffiffiffiffiffiffiffi
me=mi

p
is the electron

inertial length. The time step is dt ¼ 0:01X"1
ci ¼ 0:25X"1

ce ,
where Xce ¼ ðmi=meÞXci is the electron cyclotron frequency.

We focus on a 3D simulation with dimensions Lx % Ly
%Lz ¼ 51:2di % 25:6di % 25:6di and an analogous 2D

simulation with Lx % Ly ¼ 51:2di % 25:6di. These simula-
tions use an artificial proton-to-electron mass ratio mi=me

¼ 25 in order to reduce the computational expense.
Simulations with differing mass-ratios and domains are pre-
sented to demonstrate the generality of the results.

All simulations are initialized with a force-free configu-
ration and use periodic boundary conditions. This is chosen
as the most generic model for large-scale systems such as the
solar corona where the density jump between the current
layer and upstream plasma is not expected to be important.
The magnetic field is given by: Bx ¼ B0tanhðy=w0Þ and
Bz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2B2

0 " B2
x

p
, corresponding to an asymptotic guide field

Bz1 ¼ Bx1 ¼ B0. We include two current sheets at y ¼
Ly=4 and 3Ly=4 to produce a periodic system, and
w0 ¼ 1:25de. This initial configuration is not a kinetic equi-
librium, which would require a temperature anisotropy,30 but
is in pressure balance.

The 3D simulations use at least 50 particles per cell for
each species, and the 2D simulations use 1600 particles per
cell. The initial electron and proton temperatures are iso-
tropic, with Te ¼ Ti ¼ 0:25mic2A, and the initial density n0
and pressure p are constant so that b ¼ 8pp=B2 ¼ 0:5. The
speed of light is c ¼ 3cA

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=me

p
, where cA ¼ B0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pmin0

p
.

Reconnection develops from particle noise via the tear-
ing instability, generating interacting flux ropes that grow and
merge until they reach the system size at tXci & 50. The mac-
roscopic evolution of the 2D and 3D systems is similar at this
point, though the 2D simulation has released roughly 15%
more magnetic energy. Fig. 1 shows an isosurface of one
component of the electron current density Jez at tXci ¼ 50 in
the 3D simulation. The current exhibits filamentary structure
that develops from instabilities with kz 6¼ 0 that are prohibited
in 2D reconnection simulations.25

In Fig. 2, energy spectra are shown for a variety of simu-
lations in 2D and 3D with differing domain sizes and mass
ratios. The spectra reveal significant electron acceleration in

FIG. 1. Isosurface of Jez at tXci ¼ 50. The isosurface level is 60% of the maxi-
mum current density (a 2D slice of the same quantity is shown on the bottom).

FIG. 2. (a)–(c) Global electron energy
spectra. The 3D simulation dimensions
Lx % Ly % Lz are: (a) 102:4 % 51:2
%25:6, (b) 51:2 % 25:6 % 12:8, and (c)
51:2 % 25:6 % 25:6. Dotted lines indi-
cate initial spectra, solid lines in (b)–(d)
correspond to t¼ 50. Dashed and solid
lines in (a) correspond to t¼ 50 and
t¼ 125, respectively. (d) Average elec-
tron energization rate vs. energy for the
3D simulation shown in (c).
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in 2D systems (where d=dz ¼ 0, as in Ref. 19). We show
that this occurs because the complex 3D magnetic fields ena-
ble the most energetic particles to continually access
volume-filling acceleration sites rather than being confined
to a single magnetic island that no longer accelerates par-
ticles once it has fully contracted. We also examine the
energy dependence of the dominant Ek and Fermi accelera-
tion mechanisms and find that Fermi reflection is the primary
accelerator of the energetic electrons.

We explore particle acceleration via simulations using
the massively parallel 3D particle-in-cell (PIC) code p3d.29

Particle trajectories are calculated using the relativistic
Newton-Lorentz equation, and the electromagnetic fields are
advanced using Maxwell’s equations. The time and space
coordinates are normalized, respectively, to the proton cyclo-
tron time X"1

ci ¼ mic=eB and inertial length di ¼ c=xpi. The
grid cell width is de=4, where de ¼ di

ffiffiffiffiffiffiffiffiffiffiffiffiffi
me=mi

p
is the electron

inertial length. The time step is dt ¼ 0:01X"1
ci ¼ 0:25X"1

ce ,
where Xce ¼ ðmi=meÞXci is the electron cyclotron frequency.

We focus on a 3D simulation with dimensions Lx % Ly
%Lz ¼ 51:2di % 25:6di % 25:6di and an analogous 2D

simulation with Lx % Ly ¼ 51:2di % 25:6di. These simula-
tions use an artificial proton-to-electron mass ratio mi=me

¼ 25 in order to reduce the computational expense.
Simulations with differing mass-ratios and domains are pre-
sented to demonstrate the generality of the results.

All simulations are initialized with a force-free configu-
ration and use periodic boundary conditions. This is chosen
as the most generic model for large-scale systems such as the
solar corona where the density jump between the current
layer and upstream plasma is not expected to be important.
The magnetic field is given by: Bx ¼ B0tanhðy=w0Þ and
Bz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2B2

0 " B2
x

p
, corresponding to an asymptotic guide field

Bz1 ¼ Bx1 ¼ B0. We include two current sheets at y ¼
Ly=4 and 3Ly=4 to produce a periodic system, and
w0 ¼ 1:25de. This initial configuration is not a kinetic equi-
librium, which would require a temperature anisotropy,30 but
is in pressure balance.

The 3D simulations use at least 50 particles per cell for
each species, and the 2D simulations use 1600 particles per
cell. The initial electron and proton temperatures are iso-
tropic, with Te ¼ Ti ¼ 0:25mic2A, and the initial density n0
and pressure p are constant so that b ¼ 8pp=B2 ¼ 0:5. The
speed of light is c ¼ 3cA

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=me

p
, where cA ¼ B0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pmin0

p
.

Reconnection develops from particle noise via the tear-
ing instability, generating interacting flux ropes that grow and
merge until they reach the system size at tXci & 50. The mac-
roscopic evolution of the 2D and 3D systems is similar at this
point, though the 2D simulation has released roughly 15%
more magnetic energy. Fig. 1 shows an isosurface of one
component of the electron current density Jez at tXci ¼ 50 in
the 3D simulation. The current exhibits filamentary structure
that develops from instabilities with kz 6¼ 0 that are prohibited
in 2D reconnection simulations.25

In Fig. 2, energy spectra are shown for a variety of simu-
lations in 2D and 3D with differing domain sizes and mass
ratios. The spectra reveal significant electron acceleration in

FIG. 1. Isosurface of Jez at tXci ¼ 50. The isosurface level is 60% of the maxi-
mum current density (a 2D slice of the same quantity is shown on the bottom).

FIG. 2. (a)–(c) Global electron energy
spectra. The 3D simulation dimensions
Lx % Ly % Lz are: (a) 102:4 % 51:2
%25:6, (b) 51:2 % 25:6 % 12:8, and (c)
51:2 % 25:6 % 25:6. Dotted lines indi-
cate initial spectra, solid lines in (b)–(d)
correspond to t¼ 50. Dashed and solid
lines in (a) correspond to t¼ 50 and
t¼ 125, respectively. (d) Average elec-
tron energization rate vs. energy for the
3D simulation shown in (c).
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Impact of 3-D dynamics on particle acceleration 
•  In 3-D field lines can wander so particles are not trapped 

within islands 
•  Electrons gain energy anywhere in the reconnecting volume 

where magnetic field lines are locally relaxing their tension 

3D 

2D 

Dahlin et al ’15 

Electrons with γ > 1.5 



October 16, 2015, event 

•  MMS is a four satellite mission to 
study the electron dissipation region 
during reconnection in the 
magnetosphere 
–  Spacecraft separation below 10km 
–  Cadence of full electron distributions in 

30ms 

•  MMS encounter with a 
magnetopause reconnection event 
(Burch et al 2016) 



MMS observations 
in the electron 
diffusion region 

•  Measurements of the electron 
distribution functions in 30ms 
–  Over the 120s interval have 

4000 electron distribution 
functions 

–  Amazing!! 
•  Measurements of intense 

current JeM 
•  Measurement of bursty 

electric field with  
             EM ~ 10mV/m 

–  Much larger than expected 
reconnection electric field 

–  Suggests a turbulent dissipation region  



 Asymmetric reconnection at the 
magnetopause 

•  Large EN on the 
magnetosphere side of the x-
line holds back the high 
pressure sheath ions 
–  Ions nearly unmagnetized 
–  Large EN is generic to 

asymmetric reconnection 

•  EN causes electron orbits to 
take the form of cusps 

EN 

N 

L 



Electron crescent distributions 

•  The cusp-like orbits of 
electrons in EN leads to 
crescent distributions 
(Hesse et al 2014, Besho et 
al 2016, Shay et al 2016) 

•  Why are the crescents 
important? 
–  EN sweeps the electrons away 

from the x-line 

–  Therefore limits the current 
at the x-line and facilitates 
reconnection 

–  Crescents are the evidence of 
electrons being swept out of 
the diffusion region by EN 

N

M
L

Magnetosphere

Magnetosheath

EN

1

2
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4

N/N0 = 0.75

N/N0 = 1.0

N/N0 = 1.5

Shay et al 2016 



MMS observations 
in the electron 
diffusion region 

•  Measurements of the electron 
crescent distributions 
–  Demonstration of the 

importance of EN in sweeping 
electrons from the x-line and 
facilitating reconnection 

•  Measurements of intense 
current JeM 

•  Measurement of bursty 
electric field with  

             EM ~ 10mV/m 
–  Much larger than expected 

reconnection electric field 
–  Suggests a turbulent dissipation region  



Main Points 
•  Solar observations suggest that magnetic energy conversion 

into energetic electrons is extraordinarily efficient  
•  Fermi reflection and E|| are the main drivers of electron 

acceleration during reconnection 
–  First order rather than second order Fermi acceleration 
–  Strong anisotropy of the energetic particle spectrum. What limits 

this anisotropy? 

•  Ion energy gain dominated by Fermi reflection 
•  Partitioning of electron and ion energy gain is not universal 

–  An electric potential controls partitioning 
–  Excellent agreement with magnetospheric satellite measurements 

•  Multi-x-line reconnection is required to produce the 
energetic component of the spectrum 
–  Powerlaw spectra require a loss mechanism 

 



Main Points 

•  The efficiency of energetic electron production in 3D 
increases dramatically compared with 2D 
–  Electrons can wander throughout the reconnecting domain to access 

sites of magnetic energy release  
–  No longer trapped within relaxed (contracted) magnetic islands as 

in 2D 

•  How are electrons confined within finite size regions where 
magnetic energy is being dissipated? 
–  Their transit time is much shorter than their energy gain time 

•  Heated and energetic particles feed back magnetic energy 
release through the pressure anisotropy 

 
–  Reduction of the field line tension that drives reconnection 
–   At the marginal firehose condition have no reconnection drive 

p|| > p⊥



Powerlawspectra from reconnection 

•  Under what conditions do we expect 
powerlaws during reconnection? 
–  With electron-proton reconnection in non-

relativistic regime in periodic systems do 
not see powerlaws 

•  Need loss mechanism to balance source to obtain 
powerlaws? 

•  Powerlaws develop in magnetically 
dominated plasmas. Why?  

–  Powerlaws with indices p < 2 must have 
limited range in energy so the total 
integrated energy remains finite 

•  Does a limited range powerlaw with index p < 2 
make sense? 

σ = B2 / 4πn(mi +me )c
2 >>1

4

Fig. 3.— Temporal evolution of particle energy spectrum, from a
2D simulation of ⇥ = 10 reconnection. The spectrum at late times
resembles a power-law with slope p = 2 (dotted red line), and it
clearly departs from a Maxwellian with mean energy (⇥ + 1)mc2

(dashed red line, assuming complete field dissipation). In the inset,
dependence of the spectrum on the magnetization, as indicated in
the legend. The dotted lines refer to power-law slopes of �4, �3,
�2 and �1.5 (from black to green).

Fig. 4.— Temporal evolution of particle energy spectrum, from
a 3D simulation of ⇥ = 10 reconnection. The spectra from two 2D
simulations with in-plane (out-of-plane, respectively) anti-parallel
fields are shown with red dotted (dashed, respectively) lines. In
the inset, positron momentum spectrum along x (green), y (blue),
+z (red solid) and �z (red dashed), for 2D and 3D, as indicated.

nection region (more precisely, for |y| . 500 c/⇤p), from
a 2D simulation with ⇥ = 10.2 At the X-lines, more
than half of the initial magnetic energy is converted
into particle kinetic energy. Fig. 3 shows that a self-

2 In our spectra, we do not include the hot particles that were
initialized in the sheet to provide the pressure support against the
external magnetic field. With this choice, the late-time spectrum
is nearly independent from the current sheet initialization (S14).

consistent by-product of relativistic reconnection is the
generation of a broad non-thermal spectrum extending
to ultra-relativistic energies. For ⇥ = 10, the spec-
trum at � & 1.5 can be fitted with a power-law of slope
p ⇥ �d logN/d log � ⇤ 2 (dotted red line).3 The spec-
trum clearly departs from a Maxwellian with mean en-
ergy (⇥+1)mc2 (red dashed line, assuming complete field
dissipation). As shown in the inset of Fig. 3, the power-
law slope depends on the magnetization, being harder
for higher ⇥ (p ⇤ 1.5 for ⇥ = 50, compare solid and
dotted green lines). The slope is steeper for lower mag-
netizations (p ⇤ 4 for ⇥ = 1, solid and dotted black
lines), approaching the result from earlier studies of non-
relativistic reconnection, that found poor acceleration ef-
ficiencies (Drake et al. 2010).
As described below, the power-law shape of the energy

spectrum is established as the particles interact with the
X-points, where they get accelerated by the reconnec-
tion electric field. After being advected into the major
islands shown in Fig. 1a, the particles experience a vari-
ety of other acceleration processes (Drake et al. 2006; Oka
et al. 2010), yet the power-law index does not apprecia-
bly change. As described in S14, the anti-reconnection
electric field between two merging islands plays a ma-
jor role for the increase in the spectral cuto� shown in
Fig. 3. For magnetizations ⇥ & 10 that yield p . 2,
the increase in maximum energy is expected to termi-
nate, since the mean energy per particle cannot exceed
(⇥ + 1)mc2.4 For a power-law of index 1 < p < 2 start-
ing from �min = 1, the maximum Lorentz factor should
saturate at �max ⇤ [(⇥ + 1)(2� p)/(p� 1)]1/(2�p).
So far, we have shown that 2D simulations of rela-

tivistic reconnection produce hard populations of non-
thermal particles. The validity of our conclusions may
be questioned if the structure of X-points in 3D is sig-
nificantly di�erent from 2D. In particular, the DK mode
is expected to result in heating, not in particle acceler-
ation (Zenitani & Hoshino 2007). In Fig. 4 we follow
the temporal evolution of the particle spectrum in a 3D
simulation with ⇥ = 10. We confirm the conclusions of
earlier studies (Zenitani & Hoshino 2008; Cerutti et al.
2013b), that the spectrum at early times is quasi-thermal
(black to cyan lines in Fig. 4), and it resembles the distri-
bution resulting from the DK mode (the red dashed line
shows the spectrum from a 2D simulation with out-of-
plane anti-parallel fields, to isolate the contribution of the
DK mode). As shown in §2, the DK mode is the fastest
to grow, but the sheet evolution at late times is con-
trolled by the tearing instability, in analogy to 2D simu-
lations with in-plane fields. The X-points formed by the
tearing mode can e⇤ciently accelerate non-thermal par-
ticles, and the spectrum at late times (cyan to red lines
in Fig. 4) presents a pronounced high-energy power-law.
The power-law slope is p ⇤ 2.3, close to the p ⇤ 2 index of
2D simulations with in-plane fields. With respect to the
2D spectrum (dotted red line in Fig. 4), the normaliza-
tion and the upper energy cuto� of the 3D spectrum are
smaller, due to the lower reconnection rate (vrec ⌅ 0.02 c

3 The peak at � . 1.5 contains the cold particles that are drifting
towards the sheet at the reconnection speed vrec ⇥ 0.08 c.

4 For ⇥ . 10 (so, p & 2), the increase in maximum energy does
not stop, but it slows down at late times. As the islands grow
bigger they become slower, so the anti-reconnection electric field
during mergers gets weaker.

Sironi & Spitkovsky ‘14 



An upper limit on energy gain during reconnection 

•  Magnetic reconnection dominantly increases the parallel 
energy of particles, depending on the degree of magnetization 
–  Traditional limits in which particle energy gain is balanced by 

synchrotron loss yield upper limits on photons of around 160MeV 
–  Photon energies above this are seen in the Crab flares 
–  Spectral anisotropy can change these limits 

•  An true upper limit on energy comes from a balance between 
the energy gain due to the magnetic slingshot (~ γ/R) and the 
particle radiation due to its motion along the curved field line 
(~ γ4/R2) 

 
–  Where                             is the classical electron radius and R is the 

field line radius of curvature. 
–  For the Crab flares this limit yields electron energies of 1015eV 

γ < R / Rc( )1/3

Rc = e
2 /mc2


