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Large-scale electron acceleration by parallel
electric fields during magnetic reconnection
J. Egedal1*, W. Daughton2 and A. Le1

Reconnection is the process by which stress in the field of a
magnetized plasma is reduced by a topological rearrangement
of its magnetic-field lines. The process is often accompanied by
an explosive release of magnetic energy and is implicated in a
range of astrophysical phenomena1. In the Earth’s magnetotail,
reconnection energizes electrons up to hundreds of keV
(ref. 2) and solar-flare events can channel up to 50% of the
magnetic energy into the electrons, resulting in superthermal
populations in the MeV range3–5. Electron energization is
also fundamentally important to astrophysical applications6

yielding a window into the extreme environments. Here
we show that during reconnection powerful energization of
electrons by magnetic-field-aligned electric field (E‖) can occur
over spatial scales that hugely exceed previous theories and
simulations7. In our kinetic simulation E‖ is supported by
non-thermal and strongly anisotropic features in the electron
distributions not permitted in standard fluid formulations, but
routinely observed by spacecraft in the Earth’s magnetosphere.
This allows for electron energization in spatial regions that
exceed the regular de-scale electron-diffusion region by at least
three orders of magnitude.

Over the past decade, spacecraft have made detailed
measurements in the vicinity of reconnection sites in the Earth’s
magnetotail. In particular, electron distribution functions, f ,
have been obtained in situ; as an example, in Fig. 1 we consider
measurements by the Cluster mission from the much studied event
of 1 October 2001 (ref. 8). Previous analyses have established that
Cluster 3 passed through a reconnection region as shown in the
schematic representation of Fig. 1a (ref. 9), and the distribution
in Fig. 1b is typical for the reconnection inflow region, where the
electrons are heated in the parallel direction up to 1 keV (fromabout
100 eV), whereas no energization is observed for the perpendicular
direction. In contrast, for the distribution in Fig. 1c observed in the
exhaust region, the electrons are heated in both the parallel and
the perpendicular directions all the way up to 14 keV. This type of
distribution is common in the exhaust close to the reconnection
region and is referred to as a flat-top distribution because f (ε)
is nearly constant (flat) for a large range of energies (here, for ε
between 1 keV and 14 keV; ref. 10).

Analysis of spacecraft data as well as kinetic simulations shows
that the moderate parallel energization of electrons in the inflow
region is caused by the acceleration potential Φ‖ =

∫
∞

x E‖ dl ,
where spatial integration, dl , from the location, x, is carried along
magnetic-field lines to the ambient plasma11. Thus, eΦ‖ is the
energy gained from the parallel electric fields E‖ by electrons
entering the reconnection region in a straight shot along a
magnetic-field line.
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Figure 1 | Example of strong electron energization recorded by spacecraft
in the Earth’s magnetotail. a, Schematic of the Cluster mission’s encounter
with a reconnection region on 1 October 2001. b,c, Electron distributions
recorded in the inflow region (a) and exhaust (b) as indicated by the red
and black circles, respectively. The data correspond to the parallel direction
(along the magnetic field), θ = 7.5◦, and near-perpendicular directions
θ =82.5◦ and θ =97.5◦. For the inflow region, the value of eΦ‖ can be
inferred from the ‘shoulder’ in f(ε,θ) observed in the
parallel direction14,20,26.

Meanwhile, the strong energization of the flat-top distributions
in the reconnection exhaust, up to more than ten times the initial
ion temperature (∼1 keV), is not well understood and has so
far not been reproduced in kinetic simulations of reconnection.
The observations of the flat-top distributions call for a highly
efficient mechanism for converting magnetic energy into electron
kinetic energy during the reconnection process. Below we present
results from a large-scale kinetic simulation that reproduces the
electron energization in the exhaust by electrons accelerated directly
in parallel electric fields as characterized by eΦ‖. The heating
mechanism is also consistent with the flat energization spectra
observed for the superthermal electrons12.
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Figure 2 | Kinetic simulation results and spacecraft data demonstrating electron energization by parallel electric fields. a–c, Contours of constant ne, E‖
and eΦ‖, respectively. d–i, Electron distributions for the points marked in c. The magenta lines indicate the trapped passing boundaries. j–l, Electron
distributions recorded by spacecraft Cluster 1 in a separator crossing. The magenta dots indicate the locations of measurements in velocity space. The
simulated distributions in g–i qualitatively match these experimental distributions.

The two-dimensional simulation was carried out on the Kraken
petascale supercomputer, using the kinetic particle-in-cell code
VPIC (ref. 13), which solves the relativistic Vlasov–Maxwell system
of equations. The case described here is initialized with a Harris
current sheet and further details regarding the set-up are given in
the Methods section.

The present simulation differs from previous two-dimensional
simulations in two important aspects. First, it uses a low value of the
normalized upstream electron pressure, βe∞=2µ0peb/B2

0=0.0028,
lower by a factor of 18 when compared with most previous
investigations. Here peb and B0 are the upstream values of the
electron pressure and magnetic field, and µ0 is the vacuum

permeability. The reduced value of βe∞ is applied to be in better
agreement with the dataset from the Cluster mission discussed
above14 and because new theoretical results have shown that
eΦ‖/Teb becomes large at small values of βe∞ (ref. 15). Here Teb
is the upstream electron temperature (Methods). Second, most
previous simulation domains have spanned an area of the order
of 20di× 20di or less, where di is the ion inertial length. For the
present simulation the domain is much larger (320di×30di), such
that the boundary conditions do not limit the size of the regions
where electrons are energized over the time considered.

Figure 2a–c shows the profiles of the electron density, ne,
the parallel electric field, E‖, and Φ‖. Along the separators (the
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Figure 3 | Classification of electron trajectories near a magnetic
separator. a, Representative electron trajectories reaching a point in the
exhaust region. Trajectories A and D are ‘passing’ while trajectories B and C
are trapped. Strong pitch-angle diffusion occurs at the midplane where the
magnetic field is weak and the field lines bend strongly. b, Regions in the
(v‖,v⊥) plane corresponding to the four classes of electron trajectories. The
magenta lines represent the trapped–passing boundaries. c, Colour
contours of an inflow electron distribution function recorded by the Wind
spacecraft at 08:00:22 UT on 1 April 1999 (ref. 2). The black contour lines
are obtained from the theoretical model of refs 20,26.

magnetic-field lines connected to the x line), cavities are observed
where ne is reduced by almost an order of magnitude from the
upstream value. Within these cavities, strong alternating parallel
electric fields are observed, which is the signature of so-called
electron holes. In previous simulations such structures have been
observed in the vicinity of the electron-diffusion region in guide-
field reconnection along two of the four separators16. In contrast,
here the cavities are observed along all four separators and travel
downstream with the exhaust as new sets of cavities form close to
the reconnection site. Below we discuss the formation of electron
beams inside the cavities (Fig. 2i), which are the likely driver of
the electron holes. The magnitude of Φ‖ increases dramatically
within the density cavities, corresponding to an average E‖ pointing
away from the reconnection region, which accelerates electrons
towards the region, consistent with observations in magnetopause
reconnection17. The magnitude of Φ‖ and the spatial extent of
Φ‖ are decisively enhanced when compared with previous results.
The value of eΦ‖ ∼ 0.7mec2 is about an order of magnitude larger
than previous results, and the region where eΦ‖ is large fills the
entire exhaust, reaching about 60di downstream to the right of
the reconnection region. In the left exhaust, secondary magnetic
islands are observed, which suppresses the values of eΦ‖ by about
a factor of two. Scans in the size of the simulation domain and
the value of βe∞ show that it is the low value of βe∞ that is
responsible for the large value of eΦ‖ observed. As described in
the methods section, the normalized potential, eΦ‖/Teb, should
be used when comparing with spacecraft data. We find that the
simulation value of eΦ‖/Teb ∼ 90 is in good agreement with the
values inferred from the shoulder energy of the exhaust flat-top
distributions recorded by the Cluster mission (Fig. 1c). While not
shown here, the reconnection region is characterized by electron-
pressure anisotropy, p‖�p⊥, which drives extended electron jets as
previously studied15.

In Fig. 2c six points are selected for which the respective electron
distributions as a function of the parallel and the perpendicular
velocities, (v‖,v⊥), are shown in Fig. 2d–i. In agreement with the
Cluster observations discussed above, the distribution in Fig. 2d
demonstrates the heating along the parallel direction characteristic

for electrons in the inflow region. Observations of parallel heating
in the inflow are common and accurately accounted for in an
analytic theory involving the electron response to Φ‖ (Fig. 3c).
Also consistent with the Cluster observations, in the distribution in
Fig. 2e for point 2 located within the exhaust, we observe a flat-top
distribution where f (ε) is near constant for ε<0.4mc2. The dashed
magenta lines represent the trapped–passing boundaries, which are
controlled by the local values of Φ‖ and B. These boundaries are
important for the structure of f (v‖,v⊥) andwill be discussed below.

Near point 3 in the exhaust close to the x line and separator
the largest values of Φ‖ are observed. The resulting distribution
(Fig. 2c) shows electrons heated up to |γ v‖| ∼ 1.4c in the direction
of incoming electrons. Meanwhile, the distributions in Fig. 2g–i of
points 4, 5 and 6 facilitate a direct comparison with distributions
in Fig. 2j–l measured by Cluster 1 during a separator crossing. In
both simulation and spacecraft data we observe a gradual change
from distributions heated in only the parallel and anti-parallel
directions into hot isotropic distributions with a clear beam feature
superimposed. In both the simulation and the experimental data,
the beam is travelling towards the reconnection region, a feature
that is commonly observed in separator crossings18,19.

To understand how the various distributions are formed, it is
important to consider the underlying electron dynamics. Because
of their low mass, electrons rapidly move along magnetic-field
lines while slowly convecting with the field lines through the
reconnection region. In Fig. 3a we consider different classes of
electron trajectories reaching the point marked in the exhaust
region. The trajectories marked by A and D we denote as passing,
as these pass through the reconnection region along field lines
without any reflections. Meanwhile, the trajectories marked B and
C we denote as trapped, because they bounce back and forth along
field lines as the magnetic field lines convect into the reconnection
region. Especially at low energies, the trapped trajectories can
be more complicated than indicated, including trapping in local
structures of the parallel electric field. However, these details do not
significantly influence the overall form of the electron distributions,
which are largely determined by how the trapped and passing
trajectories partition the (v‖,v⊥) plane as shown in Fig. 3b. The
boundary between regions A and B and the boundary between
regions C and D we denote as the trapped–passing boundaries,
and these are readily characterized in terms of the local values
of Φ‖ and B (ref. 20).

To account for the flat-top distribution in Fig. 2e it is important
to note that not only will Φ‖ accelerate ‘new’ electrons into the
region, it will also help confine the hot electrons that entered the
region at earlier times. For the flat-top distribution, only electrons
in region D of the (v‖,v⊥) plane will escape the reconnection
region. Meanwhile, the intense beam of incoming electrons in
region ‘A’ will be well confined as it reaches the midplane and
the pitch angle scatters mainly into regions B and C because the
characteristic Larmor radius is larger than the curvature radius
of the magnetic field21. Thus, the electrons escaping with high
parallel energies ε∞ > eΦ‖ in region D are being replaced by
nearly fixed-energy electrons (ε= eΦ‖). In principle, this will lead
to a distribution peaked at ε = eΦ‖, but such non-monotonic
features in f (ε) are highly unstable, leading to instabilities including
the observed electron hole formation22. This causes electrons to
scatter to lower energies such that f (ε) is ‘flat’ for ε < eΦ‖. In
agreement with our interpretation, for the distribution in Fig. 2e
the trapped–passing boundary between regions A and B is clearly
visible and agrees fullywith that calculated using the observed values
of B and Φ‖ (the magenta line). In addition, we note the presence
of the incoming beam in region A setting the shoulder energy of
the flat-top distribution.

In the present simulation, we find that enΦ‖ ≈ B2
0/(2µ0), such

that the pressure of the flat-top distributions largely balances the
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upstream magnetic-field pressure. Using this condition of pressure
balance an upper limit is obtained, eΦ‖/Teb≈ (n0/n)(Te0+Ti0)/Teb.
Because the density of the exhaust, n, is similar to that of the lobe
plasma, nb, the magnitude of eΦ‖/Teb becomes substantial. We also
note that, whereas the magnetic energy dissipation mainly occurs
in the density cavities remote from the x line, the most energetic
distributions are observed closer to the x linewhere eΦ‖ ismaximal.

In the simulation, the area of large values of eΦ‖ fills the entire
exhaust and its spatial extent is clearly not limited to the kinetic
length scales de or di. This suggests that energization by eΦ‖may also
be applicable to solar flares, where electrons are rapidly energized at
the onset of reconnection strongly enough to balance the external
magnetic-field pressure (as is the case here) in regions that are six
orders of magnitude larger than di (ref. 23). We note that our new
energization mechanism could also be important to flare models
invoking incremental energization at multiple reconnection sites
between magnetic islands and flux ropes. In such large systems,
E‖ may also be important for accelerating ions. However, more
work is still required to determine if the spatial extent of eΦ‖
increases proportionally to the system size and if the large values
of eΦ‖ persist in more complicated geometries including a strong
guide magnetic field.

Methods
The two-dimensional kinetic simulation13 is initialized with a Harris24 neutral sheet
with magnetic field profile Bx = B0 tanh(z/di). To better mimic the magnetotail,
open boundary conditions25 are employed in the x and z directions. Following
previous two-dimensional studies25, a weak 3% magnetic perturbation is included
to initiate reconnection within the central region. The initial particle distribution
included counter-drifting Maxwellian ion and electron populations localized to
support the Harris current layer and along with a separate uniform background
resulting in a total density profile n(z)= n0sech2(z/di)+nb. Here n0 is the central
Harris density, nb is a uniform background density and nb/n0 = 0.05 for this
simulation. The ion-to-electron temperature ratio of the Harris population is
Ti0/Te0 = 5, whereas the temperatures, Tib and Teb, for the uniform background
populations have the same ratio, but are a factor of three colder for both species.
Lengths are normalized by the ion di = c/ωpi and electron de = c/ωpe inertial
scales, where ωps = (4πe2n0/ms)1/2 for each species s= i,e. The domain size is
Lx×Lz = 320di×30di, corresponding to 40,960×3,840 cells. The simulation used
600 particles per cell for each species for a total of 188 billion particles. Other
parameters aremi/me= 400 and ωpe/�ce= 2, where�ce= eB0/(mec) and the time
step was 1tωpe = 0.1. The simulation results shown in Fig. 2 correspond to time
t�ci = 61. The unit of energy in the simulation is mec2, but as a standard measure
to save computational resources the initial temperatures of the background plasma,
Tib ∼mec2/29 and Teb ∼mec2/144, are much larger than the corresponding values
in the Earth magnetotail (about 1 keV and 200 eV, respectively). Therefore, when
comparing with the magnetotail the relevant quantities must be renormalized in
terms of the applied values of Tib and Teb. Fully three-dimensional simulations have
been carried out for the antiparallel scenario studied here and two-dimensional
simulations with mi/me = 1,836 have also been completed. Although those
simulations applied smaller simulation domains they show that the heating
mechanism described here is robust also in three dimensions and at full mass ratio
between the electrons and ions.
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