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On 28 October 2003, a large group of sunspots in the
Sun’s southern hemisphere erupted, producing an intense
x-ray flare and a large, fast coronal mass ejection (CME). That
solar flare, like many others, released on a time scale of min-
utes as much as 1025 joules of electromagnetic energy—
roughly equivalent to all the energy stored in fossil fuels on
Earth, or 10 million times as much energy as that released
from a volcanic explosion. Surprisingly, up to 50% of that en-
ergy can appear as accelerated electrons. Flares also acceler-
ate ions near the Sun to energies greater than 100 MeV. 

The day after the October solar event, the CME slammed
into Earth’s magnetic field and triggered a powerful geomag-
netic storm during which electrons were accelerated to rela-
tivistic energies inside Earth’s radiation belts. Strong, geo-
magnetically induced currents over northern Europe caused
the electrical grid to fail, which triggered a subsequent black-
out on the ground. NASA officials issued a flight directive for
space-station astronauts to take precautionary shelter. Air-
lines meanwhile deviated from their high-latitude routes to
avoid the high radiation levels and communication-blackout
areas. NASA would later report that approximately 59% of
its Earth and space science missions were affected and global
positioning systems disturbed.

The conversion of electromagnetic energy to accelerated
particles near the Sun and in the terrestrial magnetosphere
during that and many similar events occurs with efficiencies
that are large and time scales that are short compared with
those associated with classical collisional dissipation. Mag-
netic field reconnection is often invoked as the trigger that ul-
timately releases the energy from the magnetic field through
a variety of processes. The concept of reconnection was first
suggested more than a half century ago by Ronald Giovanelli
as a mechanism for particle acceleration in solar flares, and
the specific term “magnetic reconnection” was introduced a
few years later by James Dungey in connection with particle
acceleration in Earth’s magnetosphere.1,2

Magnetic field reconnection is thought to operate in ac-
tive galactic nuclei, magnetars, pulsars, gamma-ray bursts,
stellar coronae, and planetary magnetospheres. The purpose
of this article is to discuss magnetic reconnection from first
principles in order to explain how it works and what it is ca-
pable of doing. Of the many topics of current interest in re-
connection physics, this article will focus on the mechanisms

for accelerating charged particles and will discuss reconnec-
tion between solar and terrestrial magnetic field lines. (For a
more complete discussion of recent research advances, see
reference 3.)

Field-line motion
Magnetic field reconnection occurs when two magnetized
plasmas, having a sheared magnetic field across their inter-
face, flow toward each other.4 Its characteristic feature is a
modification of the original magnetic field topology because
of the presence, within some relatively small region, of dissi-
pative processes that convert electromagnetic energy to
plasma energy. One inflowing plasma and magnetic field be-
comes connected to the other as a result of the topological
change due to reconnection.

An example of the geometry of reconnection and its as-
sociated topological change is shown in figure 1. Reconnec-
tion may occur at all longitudes and latitudes, depending on
the geometry, but for simplicity we show the interaction be-
tween the solar and terrestrial fields near the equator. At the
reconnection site, the two fields of opposite polarities com-
bine, a process that accelerates the plasma along the newly
connected field lines.

So far, we’ve assumed that magnetic field lines flow with
the plasma in which they are embedded. But do they really
move? That question is as meaningless as asking whether
magnetic field lines really exist, because no experiment can
be devised to test either question. If the interpretation of a re-
sult is made easier by imagining that magnetic field lines
exist and that they move, one may certainly use those con-
structs, provided that Maxwell’s equations aren’t violated.
For example, one can imagine measuring the magnetic field
vector everywhere in space at a given time and then tying the
vectors together to make lines whose direction is the local di-
rection of the magnetic field and whose local density is pro-
portional to its strength.

Can one imagine those field lines moving in a way that
reproduces the temporal evolution of the magnetic field
geometry found by solving Maxwell’s equations? To con-
sider the question, assume that magnetic field lines move
with the velocity E × B/B2, where E and B are the electric and
magnetic field vectors in the frame of interest. If that velocity
causes the magnetic field geometry to evolve in the same
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way as do solutions to Maxwell’s equations—which will be
shown to be true for a special case—then the concept of mov-
ing magnetic field lines provides a comparatively useful
simplification.

Under what conditions does the construct of field-line
motion produce the same solution? Assuming that two
points a and b on the same field line move at the E × B/B2 ve-
locity to points a′ and b′, the condition that the field-line di-
rection is preserved in this motion is that (a′ − b′) is parallel
to B; that is, B × (a′ − b′) = 0.

After working through the vector algebra, that condition
becomes

                                       B × (∇ × E‖) = 0,                                 (1)

where E‖ ≡ B(E · B/B2) is the component of the electric field
parallel to the local magnetic field—henceforth called the
parallel electric field.5 When this condition is satisfied, the
movement of magnetic field lines at the E × B/B2 velocity pro-
duces the same result as do Maxwell’s equations. Interest-
ingly, the result does not depend on the presence of plasma.
However, if plasma is present, and because low-energy
plasma also flows at the E × B/B2 velocity, one may visualize
the plasma and magnetic field lines moving together in what
is called the frozen-in condition.

An idealized case 
Consider the idealized case of two planar magnetic fields
having a 180-degree shear between them—one field line
pointed up, the other down—and an electric field pointed out
of the plane, as illustrated in figure 2. Electromagnetic energy
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Figure 1. Magnetic-field interactions 
between Earth and the Sun in the noon–
midnight meridian plane. (a) The interac-
tions result in interplanetary magnetic field
lines (purple) that start and end at the Sun
without passing through Earth, field lines
that make up Earth’s magnetosphere (blue)
and that start and end at Earth without
passing through the Sun, and field lines
(green) that pass through both Earth and
the Sun. (b) The solar wind carries the
southward-directed interplanetary field to
the right, where, as seen in this smaller-
scale view, it encounters Earth’s field at the
magnetopause—the locus of pressure bal-
ance between the (mostly magnetic) ter-
restrial energy density and the (mostly
plasma) interplanetary energy density. At
the reconnection site (red), the oppositely
directed field lines connect. Plasma and
field lines are then convected into Earth’s
poles and into the tail of the magneto -
sphere. (c) This magnified view of the area
surrounding the reconnection site shows a
detail of the interaction, which produces
connected (green) field lines. The gray rec-
tangle represents a sheet of current flow-
ing out of the page, which is associated
with the curl of the magnetic field. Plasma and fields flow in from the panel’s right and left and flow out of the top and bottom
as electromagnetic energy is converted into particle kinetic energy. 
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Figure 2. The motion of magnetic field lines. At time t1 the
field line on the left points downward and moves to the right
while the field line at the right points upward and moves to the
left, both at a velocity E × B/B2. The electric field E points out of
the page. Because there is no electric field component parallel to
the local magnetic field in this model, B × (∇ × E∥) = 0 and the
field lines continue moving at that velocity for times t2 and t3. The
picture of the lines moving through each other just before t4,
however, is unphysical, as that would imply a magnetic field
pointing in two directions at a single point in space. 
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appears to be converted to plasma kinetic energy in this pic-
ture because there exist, out of the figure’s plane, an electric
field and a current density j associated with ∇ × B, so j · E > 0.
To relate the energy conversion to magnetic field reconnec-
tion, simply trace the pair of magnetic field lines in time, one
moving rightward, the other leftward. But that tracing, under
the assumption of zero E‖, leads to the nonphysical result in
which the magnetic field points in two directions at a single
point in space. 

One way to avoid that result is for there to be no E com-
ponent out of the plane in the central region of  figure 2, so
that field lines do not flow together. That scenario would pro-
duce a tangential discontinuity in which any flow in the cen-
tral region is normal to the plane of the figure and reconnec-
tion does not occur. Another way to avoid a nonphysical
result is for equation 1 to be unsatisfied in the central region.
In that case, one can no longer assume that field lines advance
at the E × B/B2 velocity. Thus, for reconnection to occur, there
must be a nonzero E‖ that violates equation 1. 

To understand the origin of that parallel electric field,
consider the electrons and ions as fluids whose physical
properties are obtained as the average of single-particle prop-
erties over small spatial volumes. Newton’s second law for
such an electron fluid is

     neme[∂Ue/∂t + (Ue · ∇)Ue] = −ene(E + Ue × B) − ∇ · Pe + Pei , (2)

where Ue is the electron fluid velocity; ne and me are the elec-
tron density and mass, respectively; e is the magnitude of the
elementary charge; Pe is the electron pressure tensor; and Pei
is the momentum transferred to electrons from ions per unit
volume per unit time.

A similar equation exists for ions. Subtraction of the ion
equation from equation 2 yields a generalized Ohm’s law,
which, after linearization and the removal of small terms,
may be written as

                 E = −Ue × B − ∇ · Pe/en + (me/ne2)∂j/∂t + ηj,             (3)

where η is the resistivity that arises from the exchange of mo-
mentum between electrons and ions, and n is the plasma den-
sity.6 The second, third, and fourth terms on the right side of
this equation are called, respectively, the pressure term, inertia
term, and resistivity term. If they are all zero, E‖ is also zero be-
cause the first term on the right is perpendicular to B. In that
case, the ion fluid velocity Ui = Ue = E × B/B2 and the ion fluid,
the electron fluid, and the magnetic field lines move together
in what is known as ideal magnetohydrodynamics (MHD)—
an approximation that combines the single-fluid equations and
Maxwell’s equations to describe a plasma as a conducting fluid.

Because the Ue × B term of equation 3 is not associated
with a parallel electric field, the nonzero E‖ required for re-
connection must come from parallel components of (in their
order of importance) the divergence of the electron pressure
tensor, electron inertia, or resistivity. The violation of equa-
tion 1 in the central region of  figure 2 because of those terms
is what allows magnetic field lines to reconnect. The energy
gained from reconnection propels the inflowing plasma up-
ward or downward out of the region.

Particle-in-cell simulations
Because it is not possible to obtain the magnetic field topol-
ogy of reconnection by thinking of magnetic field lines mov-
ing at the E x B/B2 velocity through the region where they in-
tersect, researchers must resort to simulations that produce a
self-consistent solution of coupled partial differential equa-
tions—Maxwell’s equations and Newton’s second law—with
given initial conditions. While different simulations have

4

0

−4

4

0

−4

2

2

2

2

0

0

0

0

−2

−2

−2

−2

−0.1

−0.1

−0.25

−0.5

0

0

0

0

0.1

0.1

0.25

0.5

4

0

−4

4

0

−4

j E· ( )Ui z

[ × ( × )]B E∇ ‖ z
E‖

a b

c d

x

z

x

z

x

z

x

z

Figure 3. Plasma parameters from a particle-in-cell
simulation of magnetic field reconnection at the mag-
netopause, where field lines from the solar wind con-
nect with terrestrial field lines. The spatial dimensions
are in units of the proton inertial length c/ωpi, where c
is the speed of light and ωpi is the ion plasma fre-
quency. For the ion plasma density at the magne-
topause, the plotted area scales to 300 x 600 km2; the x
direction is sunward, with z perpendicular to the eclip-
tic plane, as in figure 1. (a) In regions where B × (∇ × E∥)
is nonzero—the blue, red, and yellow areas here—
magnetic field lines cannot be thought of as moving at
the E × B/B2 velocity. (b) A nonzero E∥, the electric field
component parallel to the local magnetic field, is re-
quired for reconnection. (c) The conversion rate of elec-
tromagnetic energy to particle energy is given by j · E.
In the few blue regions, the inverse occurs. (d) The z
component of the ion flow velocity Ui is directed per-
pendicular to the ecliptic plane. That component,
whose peak corresponds to about 300 km/s, is an order
of magnitude larger than the inflow in the x direction.
The horizontal black line in each panel represents the
trajectory taken by the satellite whose data are shown
in figure 4.



www.physicstoday.org June 2010    Physics Today 37

used different approximations—ideal, resistive, and two-
fluid MHD and others—one particularly successful tech-
nique is that of particle-in-cell (PIC) simulations of plasmas.7,8

In that technique, the orbits of a large number of charged par-
ticles—currently as many as 200 billion—are computed in
self- consistent electric and magnetic fields. 

The term “ particle-in-cell” refers to the fact that the par-
ticle charges and velocities are accumulated on a spatial grid
and the resulting charge and current densities are used in the
solution of Maxwell’s equations. The cost of such a simulation
is then proportional to the number of particles N rather than
to N2, as would be the case for a direct evaluation of the forces
between pairs of particles. The PIC approach, unlike MHD,
makes no approximations to the basic physics determining
the behavior of collisionless plasmas. Computational limita-
tions, though, necessitate a number of compromises in the
choice of physical parameters, such as the ion-to-electron
mass ratio m/me. For example, the computational-time cost of
a simulation scales as (m/me)2 with a two-dimensional spatial
grid and as (m/me)5/2 with a 3D grid. Thus a computation that

requires a week of com-
puter processing time
with m/me = 200 would
require 1.6 years in two

dimensions and 4.9 years in three dimensions with the true
proton-to-electron mass ratio of 1836.

Figure 3 and figure 1c show the results of a 2D PIC sim-
ulation9 using a mass ratio of 200. At the subsolar magne-
topause, where field lines from the solar wind meet Earth’s
field lines, the plasma density n is about 10 cm−3 and the pro-
ton inertial length c/ωpi about 75 km; c refers to the speed of
light and ωpi to the ion plasma frequency (ne2/ε0m)1/2. The ad-
vantage of inertial length units is their generalizability to dif-
ferent environments. For example, in the solar corona, where
n is some 109 cm−3, c/ωpi is only about 10 m. 

Figure 3 depicts the parallel electric fields, the electro-
magnetic energy conversion, and the concomitant ion accel-
eration due to reconnection.

Satellite measurements
On 2 April 2001, NASA’s Polar satellite crossed a reconnecting
magnetopause north of the reconnection site along a trajec-
tory illustrated by the horizontal line across each panel of fig-
ure 3. The crossing, whose data are shown in figure 4, oc-
curred at an altitude of 52 240 km.

An interesting feature seen in both computer simula-
tions and space measurements is the presence of parallel elec-
tric fields on the magnetosphere side, well away from the
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Figure 4. Electric and magnetic fields meas-
ured during a crossing of NASA’s Polar satellite
through a reconnection region. The data have
been rotated into a coordinate system similar to
that in figures 1 and 3 and in which z is parallel
to the reconnecting components of the mag-
netic field and perpendicular to the ecliptic
plane. These data can thus be interpreted as if
the spacecraft traveled toward Earth along the
black horizontal line from the magnetosheath to
the magnetosphere, as depicted in figure 3. 
(a) The plasma density in the magnetosphere is
typically an order-of- magnitude smaller than
that in the magnetosheath. (b) In agreement
with simulated data, the z component of the
magnetic field was measured as increasing from
a small negative value in the magnetosheath to
a large positive value in the magnetosphere. 
(c) The z component of E × B/B2 is a proxy for
the plasma flow illustrated in figure 3d and,

 because it is positive on average, shows that the spacecraft traversed the reconnection region north of the reconnection site. 
(d) A measurement of E∥ during a 0.2-s interval of the crossing reveals large and spiky electric fields in general agreement
with the confined, patchy regions of nonzero E∥ fields seen in simulations. One discrepancy, still unresolved, is that the
 simulated values are an order of magnitude smaller than those observed in space. (Adapted from ref. 14. )
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Figure 5. The energy gained per particle in a single reconnection event may be estimated
by considering two magnetic field lines that form a plane. Imagine a rectangular box of
height h in that plane and length L out of the plane. Because the electric field E is perpendi-
cular to the plane, the direction of E × B/B2 is into the rectangular box from both the right
and left surfaces of area hL. For a plasma density n, the number of particles entering the
box each second from both sides is 2n(E/B)hL. According to Poynting’s theorem, the electro-
magnetic energy entering the box is the integral over the surface of the Poynting flux,
E × B/μo. The major contribution to that surface integral comes from the two sides. The
electromagnetic energy input is thus about 2(EB/μo)hL, and the energy available per parti-
cle is  [2(EB/μo)hL]/[2n(E/B)hL] = B2/μon = mVA

2, where VA is the Alfvén speed, (B2/μonm)1/2, and
m is the ion mass. 
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 reconnection site itself. The fields are an order of magnitude
larger than calculated in the simulations. Understanding that
discrepancy is at the forefront of current research.

Energy conversion
The energy available per cold particle in a single reconnection
event is on the order of 1⁄2mVA

2, where VA is the Alfvén speed
(B2/μonm)1/2, with μo the permeability of free space (see 
figure 5). The outflow energy for an electron, 1⁄2 meVA

2, is then
about 1 eV, many orders of magnitude less than the energies
of electrons observed in the magnetosphere or in solar flares.

Because the bulk particle energy gained in a single re-
connection event is insufficient to explain observations, how
can reconnection be associated with the rapid acceleration of
electrons to high energies in space? According to PIC simu-
lations, reconnection at more than one site along a current
sheet can produce magnetic islands as a result of two separate
reconnection outflow regions that coalesce. The conversion
of the electromagnetic energy to particle energy in those is-
lands can then give rise to high energy tails extending to a
few hundred times the electron thermal energy. Examples of
ion and electron spectra shown in figure 6 from a PIC simu-
lation—using an m/me ratio of 25—illustrate the energy gain
from island formation. 

The situation is more complex for solar flares. In that
case, observations indicate that as much as 50% of the re-
leased energy appears in the form of energetic electrons. One
recent suggestion10 is that multiple reconnection sites may be
involved: In three dimensions with magnetic field lines inter-

twined like spaghetti, many regions of sheared magnetic
fields will appear; reconnection can thus occur at many loca-
tions simultaneously, and magnetic islands may be volume
filling rather than constrained to form as a single chain along
the symmetry line of a current sheet. Those islands might
then grow and contract, and electrons would gain energy by
reflecting from the contracting islands, as in the classic Fermi-
acceleration mechanism. The repetitive interaction of elec-
trons with many such islands may allow large numbers of
electrons to be accelerated to high energies.

Future directions
In this article we’ve discussed magnetic reconnection from a
first-principles perspective based on the underlying kinetic
(two-fluid) nature of a collisionless plasma. That approach is
essential for understanding the small-scale physics that de-
termines how the topology of the field lines becomes recon-
figured in the vicinity of the reconnection site. However,
major challenges remain in extending the kinetic approach to
the macroscopic scales that characterize real systems. For ex-
ample, a reconnection site in the solar corona is on the order
of 10 m, much smaller than the roughly 2 × 107 m typical size
of x-ray bright points—coronal structures uniformly distrib-
uted over the solar surface and situated above pairs of oppo-
site polarity magnetic fragments in the photosphere. It may
never be possible to treat such large-scale structures using a
first-principles approach, so reduced physics models such as
MHD are likely to remain necessary to address the macro-
scopic consequences of reconnection.
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Figure 6. Simulation of single and multiple
reconnection events. (a) The magnetic field
lines (white) and the out-of-plane electron
current density (orange) are associated with
the thin (gray, rectangular) current sheet of
figure 1c. The current sheet breaks up into
multiple islands containing closed magnetic
field loops due to the combination of a tear-
ing-mode instability—the energetically favor-
able tearing of an extended current sheet into
smaller bundles of current—and reconnection
that occurs in the spaces between small is-
lands. (Spatial dimensions are in units of the
proton inertial length and the current density
is normalized by the plasma density and the
Alfvén speed.) (b, c) In time the magnetic is-
lands coalesce into larger, lower-energy con-
figurations, and the released electromagnetic
energy further accelerates the charged parti-
cles. (d, e) Spectra for the simulated flux of
ions and electrons reveal the increased en-
ergy imparted to both types of charged parti-
cles when multiple islands coalesce. For
Earth’s magnetosphere, the maximum coales-
cence energies in these plots correspond to
200 keV for protons and more than 100 keV
for electrons. Near the Sun, in contrast, the
volume is thought to be filled with current
sheets associated with a complex three-
 dimensional magnetic field geometry, and
faster, more energetic acceleration would be
expected to produce the observed higher 
intensities of relativistic ions and electrons.
(Images courtesy of Mitsuo Oka.) 
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Even within the kinetic framework, fundamental issues
are yet to be resolved. Our picture of reconnection is largely
based on 2D models in which no variation in the direction of
the initial current is considered. One can then speak of a sin-
gle reconnection site. But when one drops the 2D restriction,
a new class of current-aligned instabilities becomes possi-
ble.11 Such instabilities could give rise to additional sources
of dissipation that modify the reconnection rate. 

Alternatively, the instabilities might alter the spatial
structure of the current layer, which could, in turn, result in
multiple reconnection sites that form and interact with each
other. Results of 3D PIC simulations for electron–positron
pair plasmas indicate that the reconnection onset is patchy
and occurs at multiple sites that self-organize into a single,
large diffusion region.12 That region tends to elongate in the
direction of outflowing particles and becomes unstable to the
formation of structures with finite extent in the current direc-
tion. As the capabilities of massively parallel supercomputers
continue to increase, 3D PIC simulations of reconnection will
become widespread.

Although numerical studies have been invaluable to our
understanding of magnetic reconnection, hypotheses must
ultimately be tested against observations. NASA is develop-
ing an ambitious four-spacecraft mission—Magnetospheric
Multiscale, whose launch is scheduled for 2014—to probe the
microphysics responsible for magnetic reconnection in the
boundary regions of Earth’s magnetosphere, particularly
along its dayside boundary with the solar wind and the
boundary between open and closed magnetic field lines in
the magnetic tail.13

Magnetospheric Multiscale will also investigate how the
energy conversion that occurs during magnetic reconnection
accelerates particles to high energy and what role plasma tur-
bulence plays in magnetic reconnection events. The hope is
that the mission, together with its theoretical interpretation,
will fundamentally advance our understanding of magnetic
reconnection and the role it plays throughout the universe. 
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