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Introduction

Plasmas are abundant in the Universe. They constitute more than 90% of the
baryonic matter, from the hot dilute gas in clusters of galaxies, to the halos of
galaxies, supernova remnants, accretion disks, stellar winds, stellar atmospheres,
and the magnetospheres of neutron stars. We know about them from observation
of the radiation they emit, and we interpret these observations with the help of
atomic and nuclear data obtained in the laboratory1. Unfortunately, in the labor-
atory the production of plasmas with properties similar to most natural plasmas
is impossible. It is thus a fortunate circumstance that Earth’s environment is
filled with a dilute, high-temperature plasma2,3 which allows one to study its
properties in situ. This fact has turned near-Earth space into an accessible plas-
ma-physics laboratory that can serve the astrophysical needs. 

Among the first discoveries of space plasma physics were the solar wind and the
magnetosphere of Earth. The solar wind is the continuous plasma stream emit-
ted radially out from the Sun. It compresses Earth’s magnetic field and confines
it to the magnetosphere. The solar wind is supersonic. Hence, as it flows around
the magnetosphere a bow shock builds up in front of the magnetosphere. At
much larger distance from the Sun, the solar wind interacts with the interstellar
gas forming the heliosphere, with its outer boundary, the heliopause, and the ter-
mination shock standing in the heliosphere at some distance before the
heliopause. Figure 1 illustrates these three important Solar System plasma
regions. Physical processes and properties of their plasma populations are pre-
sented elsewhere in this book4. 

Stellar winds have been modelled after the solar wind, and the interaction of
supersonic stellar winds with the interstellar gas has been modelled after the
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heliosphere. Similarly, the magnetosphere served as a model for the magnetos-
pheres of the magnetized planets5-6, of pulsars7, and even of black holes8.

Physical dimensions in the solar wind and Earth’s magnetosphere are typically
much smaller than the mean free path – the distance a particle travels before col-
liding with another particle. The plasma is then said to be “collisionless”. On the
other hand, in the large astronomical objects – the galaxies and clusters of galax-
ies – the physical dimensions are typically larger than the mean free path of the
plasma constituents. This has been taken as justification for a description of
astrophysical plasmas as fluids. However, in the plasma the validity of fluid
dynamics is limited not only by the mean free path, but also by the ion gyration
radius, which limits the motion of the charged plasma components in the pres-
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Figure 1. A combined view of (left) the Sun with its corona and expanding solar wind, (right) the
entire heliosphere, and (top insert) Earth’s magnetosphere. The scale increases from left to right.
The solar planetary system (SPS) appears as the small system of elliptic planetary orbits. Left: The
solar wind is represented by its velocity vectors vSW, in dependence on solar latitude. Bright is the
dense low velocity solar wind in the ecliptic plane. Right: The bubble of the heliosphere in the
interstellar medium produced by the solar wind. Its boundary is the Heliopause; HBS is the helios-
pheric bow shock. A standing termination shock (TSW) evolves inside the heliosphere. Top insert:
The magnetosphere with its bow shock (BS) and magnetopause (MP) boundary. MT is its long
magnetospheric tail containing a thin tail current sheet (TCS). The interplanetary magnetic field
(IMF) penetrates the magnetopause due to reconnection. Colour indicates plasma density and tem-
perature; both are large between the bow shock and the magnetosphere and in the TCS.
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ence of a magnetic field. Since in most natural plasmas, the mean free path is
much larger than the gyration radius, it is characteristic for natural plasmas that
important processes take place on small scales, much smaller scales than the
mean free path. Indeed, a multitude of in-situ measurements performed during
the past four decades in the plasma of Earth’s environment have demonstrated
that the dynamics of hot dilute plasmas are governed by collisionless processes.
Thus, not only in the heliosphere, but also in a large variety of astrophysical
object shock waves, magnetopauses and many other plasma phenomena do actu-
ally evolve under collisionless conditions. The plasma in Earth’s environment
offers the unique opportunity to study these phenomena in-situ. 

In the following we discuss three collisionless plasma processes and their rele-
vance for astrophysics: the merging of magnetic flux tubes, i.e. “reconnection”,
the generation of electric potential drops along the magnetic field, and the 
formation of “collisionless shocks”.   

Collisionless Reconnection: The Microscopic View

The left part of Figure 2 shows the simplified mechanism of reconnection: two
oppositely directed magnetic flux tubes of about equal magnetic field strength
approach each other at some velocity. At the point where they come into contact,
the flux tubes rearrange and stretch; a process in which the plasma tied to the
flux tubes is accelerated into two oppositely directed jets that emanate from the
site of first contact. The existence of this mechanism in the collisionless space
plasma has been proved9 by in-situ observation of plasma jetting at the Earth’s
magnetopause. 

The mechanism of collisionless reconnection
Reconnection occurs where collisionless plasmas containing oppositely directed
magnetic fields approach each other10. Its effect is the release of the magnetic
energy that was stored in the sheared magnetic field. In a collisionless plasma,
this energy cannot be dissipated by friction and heating. Instead, the energy is
transformed into the kinetic energy of the jets, and part of it goes into the accel-
eration of a small number of particles to high energies11. In addition, reconnec-
tion reorders the plasma in such a way that two initially separated plasmas can
mix after reconnection has taken place by moving along the newly formed mag-
netic flux tubes, as shown in Figure 2.

According to this description, reconnection appears a simple process. However,
the devil is in the detail. Reconnection requires that plasma and magnetic field
decouple locally, otherwise the magnetic fields could not rearrange. But in col-
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lisionless plasma it is strictly forbidden for the particles to leave their magnetic
flux tubes. Charged particles are “frozen” into the magnetic field. Reconnection
should not then be possible. 

Narrow current sheets as the site of reconnection
The way out of this dilemma is to realize that the transition regions between the
approaching flux tubes are narrow current sheets like those in the magnetopause
and tail of the magnetosphere shown in Figure 1. Their width is comparable to
the ion gyration radius, roughly 100 km at the magnetopause and 1000 km in the
magnetospheric tail. In these narrow sheets the ions behave as if there is no mag-
netic field and the motion of ions and magnetic flux tubes decouple. The multi-
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Figure 2. Left: Schematic representation of the reconnection process. Two magnetic flux tubes of
opposite orientation in slow approach from above and below contact, reconnect (yellow), and
escape to the right and left. Two fast-diverging plasma jets (green) are generated. Plasma elements
A-D reorder with respect to their field lines (from Refs. 15 and 16). Centre top: The finite exten-
sion of the central reconnection region along the current, as seen in the electric field. The current
is flowing downward. Blue and green indicate the direction of downward fields, yellow and red
upward fields. To the left and right of the reconnection region, the horizontal structure shows the
wavy kinking of the current sheet. Centre below: Side view of the same reconnection region. The
current is out of the plane. Blue and red indicate upward and downward directed reconnection
electric fields. The important observation is the white curve, which is the orbit of one particular
arbitrary electron. Initially the electron performs a small-amplitude oscillation around the magnet-
ic field. On encountering the moving reconnection site, it is accelerated and the gyro radius of its
orbit increases. Right: The time evolution of the particle energy distribution function. Time
increases from foreground to background. It is counted in plasma periods (inverse plasma frequen-
cies). It can be seen that the initial Maxwell-distribution evolves into a final high-energy power-
law distribution. The average electron energy increases by more than a factor of 10 in the 200 
plasma periods when the final state is reached. For a plasma period of 0.001 seconds (corresponding
to a density of 0.01 per cubic centimetre), this time is just 0.2 seconds (from Ref. 14).
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spacecraft Cluster mission12, one of the cornerstones of the ESA “Horizon 2000”
Science Programme13 initiated in 1984 by Roger Bonnet (then Director of the
ESA Science Programme) has contributed substantially to the proof that the cur-
rent sheets involved in reconnection are indeed narrow. 

Galactic and extragalactic reconnection
In the Galaxy, the magnetic field strength is ~10-6 gauss, and the ion gyro radius
of the galactic matter is 100–10 000 km. These scales are miniscule compared to
galactic dimensions.  Hence, under most conditions reconnection will be colli-
sionless. What happens physically in reconnection can be studied in-situ solely
in near-Earth space. Such studies must be accompanied by numerical simula-
tions of the self-consistent motion of particles. In order to be applicable to galac-
tic and extragalactic conditions, these have to be relativistic. Such simulations14

have shown that charged particles are accelerated to ultra-relativistic energies in
reconnection, and in a few hundred seconds develop power-law energy distribu-
tions like those observed in cosmic rays. 

Individual reconnection sites cannot be resolved by observation from a distance.
Very many of them can be placed into the volume of galactic and extragalactic
radiation sources. Integrated over the volume, their effect is visible in the 
synchrotron radiation that is emitted by the accelerated electrons. The electron
energies obtained in acceleration are high enough to explain, for instance, the
synchrotron emission from variable galactic radio sources. In fact, only a small
fraction of the volume needs to be filled in order to reproduce the radiation 
intensities emitted. 

Parallel Electric Fields: The Auroral Paradigm

Celestial objects attract our attention through beautiful pictures. In contrast, the
plasma phenomena in space are invisible. The only exception is the polar light,
the “aurora”, that is observed in the high-latitude upper atmosphere during 
disturbances of the geomagnetic field with its colourful, highly structured and
variable appearance (see Fig. 3). In times past, humans attributed the aurora to
fights of the goddesses in the sky. Later Christian generations saw in the aurora
the shining of the candles held up by the Saints during processions in heaven17. 

The main problem with the aurora
In the 1950s it became clear that the auroral light is emitted at 100–400 km alti-
tudes by electron beams with energies of kilo electron volts precipitating along
the magnetic field into the upper atmosphere. There they hit the atmospheric
atoms and stimulate them to emit light. The atomic excitation and optical emis-
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sion mechanisms in aurorae are very well understood and will not be addressed
here. But what is the origin of the energetic electron beams?

Microscopic electric double layers
In the early 1970s, Hannes Alfvén18 and others became convinced that electrical
potential differences of kilovolts along Earth’s magnetic field lines must exist
when aurorae occur. These potential differences are caused by the auroral elec-
tric current flowing far above the visible aurora along the magnetic field into
(and out of) the ionosphere, but why are there no current short-circuits with elec-
tric potential drops so large?

This puzzle was partially resolved when high-time-resolution plasma data
became available from above the auroral region19 at altitudes of 2500-7000 km.
“Microscopic electric double layers” were detected, that is isolated stationary
electric-field structures ~1 km in extent along the magnetic field in narrow 
~10 km wide magnetic flux tubes. The width of these flux tubes is much larger
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Figure 3. A ground-based recording of an aurora. The folded braid of the intense light emission
comes from altitudes between 100 and 400 km. The auroral bands are horizontally extended in lat-
itudinal direction over long distances. In latitudinal direction, they are very narrow and consist of
narrow rays. This narrow striation fine structure is along the straight but inclined magnetic field
lines, indicating the very narrow filamentation of the magnetic-field-aligned auroral currents and
the acceleration process actingat altitudes high above the aurora.
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than the electron or ion gyration radii, and these microscopic double layers are
thus nearly one-dimensional. They are organized in chains with the field-aligned
distances between them a few times their individual extents. A large number of
them fit into an auroral magnetic flux tube over the ~4000 km altitude range.
Their individual small potential drops add up to the large auroral potential of
several kilovolts that accelerates electrons and ions in opposite directions. This
acceleration has been confirmed by in-situ observations20 in the aurora. The narrow
flux tubes are directly related to the ray-like striations in the optical aurora in
Figure 3. 

Aurora-like phenomena in the cosmos
Meanwhile, it has been realized that auroral phenomena are quite common in the
Universe and we extrapolate from the in-situ studies in the near-Earth plasma that the
microscopic electric double layers play a similar role to that in the Aurora Borealis.
Aurorae have been detected on the magnetized planets of the Solar System (see Fig. 4).
Similar phenomena occur in the solar atmosphere during flares and they have been
generalized to magnetized stars and flare stars. One also expects that magnetized
extrasolar planets exhibit aurorae21, often much more violent than on the planets in the
Solar System. In the strong converging magnetic fields in pulsar magnetospheres or
in astrophysical jets that emanate from the centre of Active Galactic Nuclei (AGN),
field-aligned electric currents will generate very large numbers of these remotely
unobservable microscopic double layers. Their potential drops add up to enormous
potentials, of the order of the energy of the engine that produces the jets. Such elec-
tric fields necessarily accelerate particles up to relativistic cosmic-ray energies.
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Figure 4. Left: A satellite recording of Earth’s optical aurora showing the auroral oval around the
magnetic pole and the two regions of simultaneous high auroral activity on the nightside and at the
foot point of the dayside polar cusp. Right: A Hubble Space Telescope optical observation of the
auroral oval on Jupiter. Similar to Earth the auroral oval encircles the entire polar region. On the
nightside, it consists of several active rings. The bright “hot spot” to the left is the foot point of the
magnetic flux tube that is locked at the tectonically active Jupiter moon Io.
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Coherent radiation from aurora-like systems 
As a by-product, the accelerated particles emit radiation in the strong magnetic
field22. Earth and Jupiter emit radio waves of enormous intensity at kilometre and
hectometre wavelengths, respectively, from their auroral regions. The output is
many orders of magnitude more intense than incoherent synchrotron emission
from the energetic particles could ever provide. In fact, the radiation mechanism
resembles the well-known laser and maser effects.  Analogous to lasers, the
microscopic double layer electric field “pumps” the velocity distribution of the
electrons in the plasma into an “excited state”, which in this case is a deformed
electron distribution function. In close similarity to the laser, the pumped-up
electrons release their excess energy in concert in the form of coherent radiation. 

A simple radiation mechanism like this should be realized in many strongly
magnetized astrophysical systems like blazer jets, AGNs, and neutron-star mag-
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Figure 5. The remnant of the 1054 AD supernova observed by Chinese astronomers (the so-called
Crab nebula) in optical (left) and X-ray (right) emissions. The optical (Hubble Space Telescope)
view shows the entire Crab consisting of a rapidly expanding and highly turbulent supernova
wind, which forms a whole network of shock waves. The bluish colouring towards the centre of
Crab indicates the increasingly high temperatures of the gas therein. The X-ray image (from the
Chandra spacecraft) on the right shows the most central part of Crab around the (invisible) Crab
pulsar. Two narrow radiation jets escape along the rotation axis of the neutron star. In their outer
parts, these jets are deformed by the interaction with the surrounding material. The invisible pul-
sar magnetosphere is surrounded by a magnetic torus of much larger radius containing a toroidal
field, which maps into the torus-like radiation belt. The bright inner ring is the termination shock
of the pulsar wind. Both the optical and X-ray radiation is (electron) synchrotron emission in the
magnetic field of Crab. In the outer weak magnetic field regions, the emission is in the optical eV
range, while in the strong-field inner part it is in the X-ray keV range.  
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netospheres. Radiation energies up to the energy range of gamma rays are
expected there.  The enormous amplification of the radiation in the presence of
the microscopic double-layer electric fields implies that radiative cooling is very
significant in systems exhibiting field-aligned potentials and relativistic particle
acceleration. The decisive plasma processes proceed on microscopic scales far
below the mean free path and many orders of magnitude below any resolvable
astronomical scales. They are not accessible other than by analogy with the
processes taking place in the aurora.

Collisionless Shocks: Lessons from the Bow Shock 

Shocks as a general phenomenon in the cosmos
One encounters shocks everywhere in astrophysical systems: in supernova rem-
nants, in colliding galaxies, in astrophysical jets, as termination shocks near the
light cone in pulsar winds, and so on. As an example, Figure 5 (left) shows an
optical picture of the Crab nebula, the remnant of a supernova explosion
observed by Chinese astronomers in 1054 AD. It appears to consist of a 
network of intensely radiating shocks, which are produced in the interaction
between the relativistic supernova wind and the surrounding galactic gas. The 
X-ray plot of the central part of Crab on the right shows the vicinity of the (invis-
ible) Crab pulsar with its X-ray jets ejected along the axis of rotation and the
ring-like termination shock at the light cylinder. All of these shocks are collision-
less23 in the sense that their widths are just a few ion gyro radii thick, which is
much less than the mean free path. The fact that they are visible in electromag-
netic radiation implies that they generate high-energy electrons which emit syn-
chrotron radiation, and that magnetic fields are involved – a clear indication of
the collisionless nature of the shocks. In contrast, gas-dynamic shocks are dom-
inated by collisions. Their widths are comparable to the mean free path, and the
radiation they emit is thermal. 

Shocks accessible for direct observation include the bow shocks of the magnet-
ized Solar System planets, comets, travelling interplanetary shocks, and the
heliospheric termination shock shown in Figure 1. 

Earth’s bow shock as the best-investigated shock
Earth’s bow shock24 is the most accessible and best-studied of them all. It is 
generated in the interaction between the solar wind and the magnetosphere, in
which the ions are supersonic while the electrons remain subsonic. Its width is
of the order of one ion gyro radius, only ~1000 km thick. A summary of obser-
vational results in and near Earth’s bow shock is given in Figure 6. The bow
shock is a quasi-stationary phenomenon standing at sunward distances of 12 to
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14 Earth radii from Earth’s centre. Depending on the direction of the magnetic
field with respect to the collisionless shock, one can distinguish “quasi-perpen-
dicular” and “quasi-parallel” shocks. The bow shock allows both types to be
investigated because its shape is that of a bent parabolic shield in front of the
magnetosphere.

The true shock transition region
Because of the absence of dissipation in collisionless plasmas, shock formation
relies on the reflection of a substantial part of the inflowing plasma at the shock
front. The larger the Mach number, the more particles will be reflected. At a
Mach number smaller than 10, the bow shock reflects only a few percent of the
solar wind. The reflected particles escape along the magnetic field upstream into
the solar wind. They excite oscillations of the magnetic field in the region
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Figure 6. Left: Geometry of Earth’s bow shock with the electron and ion foreshocks. The small
inserts show the evolution of the shock-reflected ion beam from the narrow beam distribution into
a ring of diffuse heated ions. The steep peak in the centre of each insert is the cold and fast inflow-
ing supersonic plasma stream.  The turbulent upstream magnetic field region is indicated (from
Ref. 15, Chapter 62). Moreover, it can be seen that the bow shock is curved like a paraboloid. It
consists of two parts: the region on the lower left where the magnetic field is tangential to the
shock – this is traditionally called the quasi-perpendicular shock – and the remaining regions
where the magnetic field has a large angle to the shock – the quasi-parallel shock. Right: The mag-
netic field amplitude across the lower left quasi-perpendicular part of the shock showing the field
increase in the shock ramp (top) and the electric fluctuation spectrum across the shock (below).
The plasma emission line at high frequencies maps the shock density profile. The intense low-fre-
quency fluctuations in the shock ramp and foot are caused by a multitude of localized small-scale
electric-field structures, so-called electron and ion holes (from Ref. 25).
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upstream of the shock until this region becomes highly turbulent. The turbulence
scatters the reflected particle beams and retards the solar wind stream. Thus the
true shock transition is the entire turbulent region, not just the narrow shock
front. The spatial extent of both together is much larger than the width of the
shock front, while still remaining much smaller than the mean free path – in the
case of the bow shock just some ten Earth radii. 

Relativistic shocks in the cosmos
The shocks in the very-high-Mach-number relativistic plasmas in supernova rem-
nants, galaxies and clusters of galaxies necessarily reflect a very large percentage
of the inflowing plasma back upstream, and create an extended upstream turbulent
transition region. This transition region appears broad enough to become visible in
the synchrotron radiation emitted by the scattered relativistic electrons.

Shocks are also produced in encounters of plasma shells in collimated jets,
which are ejected from pulsars and AGNs, and in relativistic winds. Such an
interaction is similar to the case of travelling shocks in the solar wind which are
observed in corotating interaction regions26. The shocks evolve locally as current
sheets where the shells interact, and are accompanied by strong large-scale mag-
netic fields which confine the particles.  The particles are forced to oscillate back
and forth until they have been accelerated via the first-order Fermi mechanism
to such high speeds that their gyro radii exceed the width of the shock. The
resulting particle distributions will again exhibit power-law tails27, which map to
power-law spectra in the emitted synchrotron radiation. The centre of the Crab
nebula (shown on the right in Fig. 5) is an example. Here the torus-like shock
magnetic field formed in the relativistic wind and the pulsar jets appear in the 
X-ray radiation with energies of several kilo electron volts, which is the signature
of shock-accelerated relativistic electrons.    

Conclusions

These few examples of fundamental processes in collisionless plasmas allow us
to conclude that several important astrophysical phenomena will be understood
only when referring to microscopic scales far below the mean free path. Not
unexpectedly, the interesting physics takes place on small spatial and temporal
scales far below observational resolution. Fortunately, space plasma physics pro-
vides the unique opportunity to study processes of this kind in-situ and in real
time in the accessible near-Earth space and the heliosphere. These are the only
places in the entire Universe where humans can investigate processes in colli-
sionless plasmas experimentally and in detail and infer their macroscopic
effects.  
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