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Planetary Magnetospheres

Thomas Earle Moore, NASA’s Goddard Space Flight Center

Abstract

This is a brief, equation-free introduction to the physics of planetary magnetospheres, emphasizing their relationship to the heliosphere at large, over the life of our solar system. It will focus on unifying principles, rather than providing a taxonomy of the many different magnetospheres in our own solar system. A planetary magnetosphere is a closed cell of plasma bound together by a permeating magnetic field, which may originate from any combination of internal or external currents. The essential features are thus an ionized atmosphere (ionosphere or plasmasphere), created by intrinsic and-or extrinsic sources of energy, and a magnetic field. At planetary scales, parcels of plasma sharing a common magnetic flux tube must move together as a unit distributed along that flux tube. The magnetic field thus plays the role of a connective tissue threading plasmas and binding them together via Maxwell stresses analogous to those of surface tension, but distributed throughout the volume. More powerfully than surface tension acts to confine water in droplets, magnetic fields confine plasmas in magnetic cells, or magnetospheres. Rotation and relative motion are important factors in the character of magnetospheres, while magnetic linkages within and between them exert strong control over their interactions via the process known as reconnexion, which acts as a plasma pump and energizer. 

Past 

Planetary magnetospheres come into existence with the planets and other bodies as they form. Prior to stellar ignition, the accreting material is thought to form a disk containing a mixture of states of matter, spinning somewhat like a gigantic cement mixer, but with the most rapid rotation at the center, according to Keplerian motion, but modified by gas (or plasma) pressure gradients. The disk transports material inward to form the central star, while transporting angular momentum outward, and dissipating energy in the flow shear between the differentially orbiting inner and outer portions of the disk. As the star ignites, it irradiates the stellar system with ionizing photons, creating plasmas within a few optical depths. It also develops a magnetic dynamo, coupling itself to ionized material it has created throughout the translucent cloud, and enhancing transport of angular momentum outward. Ignition also launches a mass outflow, mainly at high latitudes outside the massive and inward migrating proto-planetary disk near the equator. As planets form within that disk, they may produce their own magnetic dynamos where conditions are appropriate. Plasma pressure and Maxwell stresses modify the disk dynamics significantly, in ways that are not fully understood. 
With gravitational accretion of matter and release of energy and radiation, materials are vaporized and ionized until the solar wind outflow works its way into the equatorial disk regions, driving the less dense gas and plasma from the system, and leaving behind the greater condensations of matter that become planets and other bodies. In our solar system, magnetic coupling of the Sun’s rapid rotation throughout the partially ionized accretion disk, as illustrated in Figure 1, is thought to account for the excess of angular momentum in the outer solar system.  This coupling may also have spun up ionized material beyond its proper Keplerian orbital speed, causing much of it to flow away from the sun and become entrained in the solar wind, while braking the spin of the Sun in its polar regions and contributing to the differential rotation that has roiled the solar magnetic dynamo ever since. 
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Figure 1. Upper panel: Artist conception of a protoplanetary accretion disk after stellar ignition but before planet formation. [Robert Hurt/NASA JPL-Caltech] Lower: schematic of an accretion disk coupling with magnetized protostar, enhancing outward transport of angular momentum. [courtesy Joe Nuth/NASA/Goddard]. 

The effect of solar radiation and magnetized plasma expansion was to transport the more volatile components out of the inner solar system, evolving them from ices by heating them, and then blowing them away, just as we see happening to comets that stray into the inner solar system. The solar wind has been much diminished by now, but in the its T Tauri phase, it was powerful enough to open up the spaces among the planets by removing all but the largest and most dense objects remaining. To this day, the solar wind does its best to ablate volatile materials from everything in the solar system. 

Present

As the fourth state of matter, in which electrons are freed from atoms, plasmas are electrically conductive. They are also distinguished, especially in space, by their low densities and lack of particle collisions. This makes it tempting to consider treating them as a sum over individual charged particle motions, but plasma charges and currents determine the electric and magnetic fields, so these must be consistent. There are also turbulent electromagnetic fields that lead to randomization and the need for statistical techniques. 

Classical fluid (conservation) equations, augmented with electromagnetism and known collectively as magneto-hydrodynamics (MHD), provide an effective numerical method of simulating the behavior of planetary-scale magnetized plasmas. These equations describe plasma flows and resultant magnetic fields, with implicit electric and current flow fields, which are responsible for enforcing the common plasma motions along the magnetic field, known as the “frozen-in flux” condition. The basic idea is given in the inset: 

Flows of conducting plasmas are driven by pressure gradients and Maxwell stresses (field tension and pressure), created by energy stored or released within, or flowing through a plasma system. Plasma motions require a consistent electric field, and currents flow to spread the electric field along magnetic flux tubes so that connected plasmas are required to share the same motion. Reconnexion is the opening or closing of magnetic connexions between plasma cells. [UK spelling is used here in recognition of many UK contributions to the concept, especially as applied to magnetospheres]. 
In the past 25 years, large-scale three-dimensional MHD simulations have progressed from their infancy to their current status as realistic global circulation models for space weather, that successfully describe many of the observed features of magnetospheres. Such models can be set up to compute the interactions between multiple fluids, mainly ionospheric plasmas interacting with the solar wind plasmas. MHD simulations cannot treat smaller spatial scales, but hybrid simulations (kinetic ions, fluid electrons) do capture ion gyro-scale structures, which are especially prominent in smaller magnetospheres, such as those of comets or smaller moons and asteroids. Electron-scale features, such as the very thinnest current sheets, must still be described by fully kinetic particle in cell simulations, which must necessarily have local, rather than global scope. 

Magnetization

Magnetospheres are usually nested, or embedded within larger magnetospheres. For example, the terrestrial magnetosphere is embedded within the heliosphere, or magnetosphere of the sun. The heliosphere is in turn embedded within the magnetosphere of our galaxy, which in turn is embedded within the field and plasma of intergalactic space, and so on. 

A typical magnetosphere forms when magnetized plasma flows past a magnetized object. Some of the solar planets and moons have molten metallic cores that churn with overturning motions as they seek to lose the heat of their formation, of radioactive decay of their constituents, or of tidal deformations when the orbit a larger body at close distance. Strong convective overturning of conducting fluids often develops into a magnetic dynamo, an example of which is the Earth’s core. Rotation is also a significant factor in dynamo development, with the most rapid rotators having the most powerful dynamos, such as Earth, Jupiter, Saturn, Neptune, and Uranus. Despite its slow rotation, Mercury has a small intrinsic field, while Mars has lost its dynamo. Venus, which actually is in extremely slow retrograde rotation, has no sensible dynamo at all. 
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Fig. 1. Ilustration of a traditional magnetosphere, like that of Earth (a), characterized by its region of planetary field-dominated space inside of a
‘magnetopause outer boundary, and an induced magnetosphere (b), like that of Venus, where the ionospheric pressure forms the obstacle to the solar
wind.




Figure 2. Comparison of an intrinsic and an induced magnetosphere. [Courtesy Janet Luhmann, UCB]. 

Smaller, less conductive, and slowly spinning objects may not excite a magneto-dynamo, but a conducting object with no intrinsic magnetization and embedded within a strong flow of magnetized plasma forms what is called an “induced” magnetosphere, as shown in figure 2. The object may be conducting at multiple levels, because of surface or core conductivity, or because it is evolving gas that is being ionized by exposure to an ultraviolet radiation field. As always, magnetic fields couple together all conductors linked by magnetic flux tubes. The relative flow induces currents that deform the magnetic field and generate Maxwell stresses that decelerate the fast medium and accelerate the slow medium. The magnetic field linking the two regions becomes draped over the slower “obstacle” and is stretched out as the flow proceeds. Equilibrium is reached when the deceleration of the fast medium is matched by the acceleration of a tail of material extending downstream of the emitting source. A current sheet separates the two ends of the draped magnetic field lines, and is subject to both internal instabilities and dynamics owing to perturbations in the surrounding solar wind. Reconnexion across the current sheet may occur, creating a closed plasma cell (plasmoid) around the body, as described further below.  

Magnetosphere in 3D
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In three dimensions, a magnetosphere resembles a blunt object in the solar wind, the obstacle being the energy density (pressure) of its intrinsic magnetic field, which deflects the solar wind around it. Since the solar wind is generally super-Alfvénic (and also faster than the fastest magnetohydrodynamic wave mode), a bow shock must decelerate and compresses the solar wind before it can be deflected around the Earth, in a region called the magnetosheath, bounded by the magnetopause on the interior. Just inside the magnetopause is a layer of slowed solar wind known as the mantle. Polar magnetic flux tubes are swept back to form the north and south lobes, while plasma pressure trapped in the plasma sheet inflates closed flux tubes sandwiched between them. Within the more nearly dipolar inner magnetosphere are the radiation belts and plasmasphere, the latter being an extension of the ionosphere and atmosphere into a donut-shaped region encircling the Earth. The radiation belts co-exist with this cold plasma. It can readily be seen from figure 3 that cells of magnetized plasma soon acquire nearly as much structure as living cells. 

Figure 3. A 3D visualization of the terrestrial magnetosphere illustrates the principal regions and structures and their relationships. 

Reconnexion

When two magnetized plasma cells interact, the relative orientation of their magnetic fields determines the details of the interaction. This involves reconnexion of the magnetic fields, opening loops of closed flux within each cell to form linked flux tubes that connect and couple the cells (or vice versa). The cohesive, connective tissue of magnetic flux tubes is then extended between the cells (or pinched off), acting to accelerate each of the cells toward the velocity of the other, producing a merger (or a separation). When two magnetic cells approach, the shear between their fields causes them to connect together or “merge” by forming new flux tubes that connect the two cells, along which the two plasmas vie for influence as they mix and are pumped together into the newly connected region. The magnetic forces draw plasma flows from the two intake regions through the X line region, to the two exhaust regions. The result can be flows that are very different from those of normal gas dynamics of flow around a blunt object, as illustrated here in figure 4. 
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Figure 4. Distortion of boundary layer streamlines from aerodynamic cylindrical symmetry by dayside reconnexion for south, east and north interplanetary magnetic field (IMF), as simulated in ideal MHD.  Inferred X lines are indicated by white curves. 

In the Earth’s magnetotail, slowed solar wind and accelerated ionospheric plasmas form errant plasma cells in the tail of the magnetosphere, moving too fast to be restrained by the magnetic tension force. These episodically pinch off and escape from the main cell, forming new cells of mixed plasma called “plasmoids,” which escape downstream in the solar wind. The result is a continual ablation of the plasma from the small cell. Conversely, an appreciable amount of solar wind is slowed down and incorporated into the magnetosphere, with excess energy being either thermalized or transferred to the ionospheric plasmas, leading to increased rate of ionospheric loss downstream. 

In summary, reconnexion acts like a pump, moving plasma to/from the separate cells as they are disconnected/connected by reconnexion. The pump is powered by Maxwell stresses of the sheared magnetic fields, which are relieved in the process of the pumping action, generating fast flows that approach the Alfvén speed, a measure of the acceleration of plasma density by the Maxwell stresses. 

Turbulence and Acceleration

Reconnexion relieves shear stresses in the magnetic field and energy is released into the plasmas as they are accelerated by those stresses, as part of the pumping action. This action is often intense, sporadic and localized, such that it generates turbulent flows of both matter and electrical current. The result of turbulence is a cascade of energy from larger (MHD) scales to smaller scales as organized shear layers break up into disorganized, tumultuous eddies and vortices. As scale sizes decrease, the effects can involve kinetic scales of the ion or electron, gyro-motion. A variety of plasma wave-particle interactions then serve to dissipate the motions into thermal energy. 
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Figure 5. Comparison of normalized Lorentzian (or kappa) and Gaussian (or Maxwellian) distributions, with FWHM = 2.354 sigma. 

There is also an hypothesis, supported by laboratory measurements and space observations of reconnexion, which states that turbulent dissipation reverses the normal cascade to smaller scales in a reconnexion layer. Plasma turbulence is thought to impede the flow of current in a shear layer, and this enhances the local electric field near the X-line, thereby increasing the rate of reconnexion (magnetic flux transfer per unit time), so that microscopic turbulent features thereby affect the macroscopic field topology.

Magnetized space plasmas tend to acquire high velocity particles, with a subset gaining energies well in excess of the mean or thermal energy. The acceleration of such particles often produces a power law “tail” extending to high energy from the thermal core, whose mathematical description is given by the Lorentzian or “kappa” function, named for a parameter that describes the power law slope and prominence compared with the thermal core, as shown in Figure 5. Depending on the effectiveness of the acceleration and the sensitivity of a particular detector, particles are observed with energies extending up into the relativistic range of energies. 

In planetary magnetospheres, populations of electrons and ions with non-thermal energies are a persistent feature (Van Allen Radiation Belts) that ebbs and swells in prominence, and can do serious damage to the best-protected circuits or physiologies. The mechanisms that generate such particles are perplexingly distinct from those that control the thermal plasma distributions. The ionosphere begins at 1,000 K while the solar wind begins at about 1,000,000 K. But after processing by the magnetosphere, the storm plasmas reach thermal energies in the neighborhood of 1,000,000,000 K. These populations are important as seed populations for the non-thermal radiation belts, which appear as a tail with characteristic energies extending to 1-10 MeV. Space storm plasmas increase with unusually high solar wind density, whereas radiation belts increase with unusually high solar wind velocities, possibly implicating turbulence as an agent. 

Rotation and Circulation

Rotation is a critically important factor in the behavior of magnetospheres, because of the electromagnetic coupling of plasmas threaded by magnetic fields. A magnetized plasma that rotates must do so as a solid body, or its magnetic field must undergo stretching and shear that will eventually produce reconnexion to relieve the excessive magnetic stresses. In the context of our solar system, the premier case is that of the solar magnetic field, which enforces solid body rotation close to the solar equator. Beyond that, the solar magnetic field becomes tightly wound up as the sun fails to enforce co-rotation with increasing distance (and therefore at increasing latitude of connection with the solar atmosphere. The resultant shears lead to continuing or episodic reconnexion, both in the solar atmosphere, where the rotation rate difference between poles and equator produces solar active regions, and in the solar wind where the equatorial current sheet is often subject to reconnexion. The solar coronal plasma is flung outward once it is no longer constrained by the solar magnetic field. 

Planetary magnetospheres behave in an analogous fashion, if they rotate sufficiently fast. Jupiter’s magnetosphere has both a strong magnetic field and rapid rotation. Moreover, Jupiter’s magnetosphere is filled with plasma both from its ionosphere, and from planetary satellites. The latter small bodies, with their weak gravity, are copious sources of gas and plasma, as they are as well for Saturn and Uranus. Owing to their gravitation, only lighter species escape from the ionospheres of the gas giant planets. 
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Figure 6. Circulation (Dungey cycle) and rotation (Vasyliunas cycle) effects in Jupiter’s magnetosphere. The indicated X-line leads to disconnection of the plasma above in the figure. If the X-line is transient, plasmoids are released down the jovian magnetotail [Courtesy S W H Cowley/U Leicester]. 

Jupiter’s internal plasma sources load its magnetosphere with plasmas that are flung outward by Jupiter’s rotation, inflating its magnetic field until it can no longer restrain them. At the radius where the magnetic field can no longer enforce co-rotation, reconnexion leads to a more or less steady disconnection of the plasma to form plasma cells (plasmoids) that fly off downstream through Jupiter’s magnetotail, eventually joining the solar wind, as illustrated in Figure 6.  

The Earth’s ionosphere fills its magnetosphere with nearly co-rotating light ion plasma, to a radius of about 4 to 5 RE. Beyond that, the plasma is more often influenced by solar wind driven boundary layer circulation, rather than by co-rotation. Dayside magnetic reconnexion removes plasma and magnetic flux from the dayside and transport it into the magnetotail, where flux tubes form a sunward flowing plasma sheet. The magnetotail also sheds plasma by ejecting plasmoids at times. Thus, the rotation of the central body’s ionosphere competes with external plasma flow for control of the plasma within a magnetosphere. Mercury and Jupiter are examples of solar wind and planetary rotation-dominated magnetospheres, respectively, with Earth at midrange.  

As the solar wind seeks to erode away the plasma and magnetic fields of the Earth and carry them off downstream, the ionosphere responds to circulation of the inner magnetosphere by releasing plasmaspheric cold plasma to the dayside magnetopause region in the form of plasma plumes. Also, it responds to energy dissipated in the auroral zones by releasing O+ plasma into the magnetosphere. Energy goes into heating the neutral gas as well as topside ionospheric plasma. The situation is analogous to a water droplet suspended in a supersonic gas flow, for which the frictional interaction is so intense that it heats the droplet contents, turns them to vapor, and then carries them off downstream, with net ablation. 

Magnetotail And Space Storms

The magnetotail forms through reconnexion between the solar and terrestrial magnetic fields, as illustrated in Figure 4. As flux tubes with one end embedded in the Earth and the other embedded in the solar wind are formed by low latitude dayside reconnexion, their lower segment curves away from the sun so as to drag ionospheric plasmas in the same direction, while their higher segment curves toward the sun so as to exert drag on the solar wind, leading to the “S” shape of long and drawn out magnetotail lobe flux tubes. 

As lobe flux tubes are rejoined with solar wind flux tubes by reconnecting at high dayside latitudes, newly closed flux tubes are formed that are filled with solar wind plasmas and then expand rapidly along the flanks of the magnetosphere and into the magnetotail, supplying stretched flux tubes with solar plasma on them to the plasma sheet. The mix of high and low latitude reconnexion (therefore lobe and flank flux tubes) is controlled by the orientation of the IMF, with low latitude reconnexion (open lobe field) dominant for southward IMF and high latitude reconnexion (closed flank field) dominant for northward IMF.  

The location of reconnexion in the magnetotail varies substantially, between distant tail reconnexion where the solar wind reaches the midplane, and episodic reconnexion closer to Earth, ejecting plasmoids. The latter allows the closed flux tubes in the Earthward exhaust region to relax, or “dipolarize”. Plasmas are further heated and compressed as they are transported from the plasma sheet into the inner magnetosphere. The energy dissipation that goes into magnetospheric plasma clouds raises the pressure sufficiently to inflate the magnetic field that confines them. In fact, the peak pressure contained inside the magnetosphere often exceeds the driving solar wind dynamic pressure by a factor of 10-20. Equivalently, these plasmas carry currents in the same sense as the Earth’s magnetic dynamo, adding to the total dipole moment of the planet consistent with inflating the geomagnetic field. This is called the “ring current,” though it is often an asymmetric or incomplete “ring”. The ring current is actually a magnetization or edge current supported by the inward plasma pressure gradient at the outer boundary of the plasma cloud. It is not a bulk current carried by the differential drifts of ions and electrons, a serious but common initial misconception by students of this field of study. 
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Figure 7. MHD simulation of the magnetotail illustrating the plasma flows associated with reconnexion in the mid tail. Density N is plotted on the gray scale indicated, while the flow vectors indicate the global flows, in which the exhaust regions send plasma both earthward and tailward. 

The dominant plasma pressure in the inner magnetosphere is observed to be thermal ions in the energy range of 3 keV to 300 keV, including some super-thermal hot tail populations that shade into the radiation belts. Hot electrons carry at most 20% of the pressure or current. Beginning in the 70’s, ion composition observations showed that the quiet ring current is dominated by H+ (indeterminate origin) and He+ (ionospheric), but acquires a substantial component of oxygen ions when it becomes strong. It also contains minor components of He++, O++, and even O5-6+, the multiple charge states most likely originating mainly in the solar corona and wind. The O+ ions have certainly come from the ionosphere, illustrating the point made above that solar and terrestrial plasmas mix when the solar wind interaction is very strong. The largest storm plasma events may consist almost entirely of ionospheric O+ plasmas. Multiply charge ions that most likely come from the solar wind are also observed in the hot storm plasmas. 

Future  

The sun is variable over the 11 or 22 year cycle of sunspot activity in its magneto-dynamo, accompanied by EUV variations that modulate planetary atmosphere temperature, scale heights, and ablation rates. The activity cycle is driven by differential rotation of the sun. There are also longer-term variations of that cycle, such as the Maunder minimum of the late 17th century. On an even longer scale, our geo-dynamo undergoes relatively abrupt polarity reversals on an irregular basis that averages five per Myr. These unfold over a few thousand years, and there are indications that we have been entering such a reversal during recent millennia. Assuming our planet is not impacted by a large bolide, we should survive as a species to witness the effects of the current reversal, if it is completed rather than aborted as some of them are. Though such reversals are difficult to reconstruct in detail from paleomagnetic records, the likely scenario, based on dynamo simulations, is that the geo-dipole moment will fall to approximately one tenth of its normal value as it rotates erratically to the opposite pole through the equator, and then intensifies again to its normal steady value, but with north magnetic pole toward the north geographic pole for the duration of this cycle. 
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Figure 8. Photographer’s concept of aurora in the tropics. Image courtesy of Trey Ratcliff, http://www.stuckincustoms.com

During such a reversal period, rotation will cause the magnetosphere to oscillate daily from one that is not so different from the present to one that is pole-onward to the solar wind, like that of Uranus during parts of its orbit. Auroras will then be seen encircling the magnetic poles, which will lie near the equator. Humankind will be treated to a very different sort of auroral light show than at present, with possible impacts upon the upper atmosphere, and other changes in exposure to solar energetic particles or even low energy cosmic rays. The tools are in hand to predict all aspects of our magnetosphere’s interaction with the solar wind, though this has not yet been attempted for a reversal period. 
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Glossary

Ablation: loss of surface material from a body through melting, sublimation, or evaporation into an unbound state by friction. 

Accretion: gain of material onto a body through recombination, condensation, liquefaction, or solidification. 

Alfvén speed: the natural conducting fluid transverse mode wave speed defined by the fluid density and magnetic field tension. 

Aurora: excitation of atmospheric light emissions by super-thermal particles. 

Bow shock: a strong fluid jump wave needed to slow the fluid flow relative to an obstacle to less than the fastest wave mode speed, so it can be deflected around the obstacle. 

Cold plasma: plasma with a temperature taken to be either irresolvably low or uninterestingly low in comparison with other higher temperatures of interest. 

Corona: the rarified gaseous or plasma atmosphere around a celestial body, which is so hot as to be barely confined by the gravitational potential of the body. 

Current sheet: a spatially-distributed electrical current flow that is much thinner than its extent in the other two dimensions, usually attributed to the demagnetization of charge carriers by the magnetic field perturbation produced by the current sheet itself. 

Dynamic pressure: the energy density of a flow, approximately equal to the stagnation pressure that is produced when the flow runs into an obstacle. 

Dungey cycle: the raindrop-like circulation flow produced in a magnetosphere by the relative flow of the solar wind, combined with reconnexion at the dayside that produces downstream flow along the boundary layers, accompanied by reconnexion in the magnetotail (or at high latitudes), producing sunward return flow to close the circulation cycle. 

Dynamo: any machine that converts mechanical energy of motion into electrical energy of current flow. 

Exhaust: for reconnexion, the two quadrants of the region around a magnetic X line in which flow is pumped away from the X line by Maxwell stresses. 

Frozen-in flux: the necessity for all conducting fluid parcels connected by a magnetic flux tube to share the same motion, thereby giving rise to identification of the magnetic flux with the plasma parcels themselves. 

Gyro motion: the circular gyration of charged particles in a magnetic field. 

Hot tail: A statistical population of particles with energies and abundances that lie above the normal curve of the thermal distribution for such particles. 

Induced magnetosphere: one in which the tail like magnetic field originates with the external fluid through the drag exerted upon it by the internal conducting fluids.  

Intrinsic magnetosphere: one in which the tail like magnetic field originates from motion of conducting fluids internal to the central object. 

Intake: for reconnexion, the two quadrants of the region around a magnetic X line in which flow is supplied to the X line.

Ionosphere: gaseous atmosphere that is partially ionized owing to the presence of an ionizing radiation field or other source of ionizing energy. 

Magnetosphere: a closed cell of plasma bound together by a permeating magnetic field, which may originate from any combination of internal or external currents. 

Magnetosheath: the region of flowing plasma between a bow shock and a magnetic obstacle. 

Magnetopause: the boundary between the magnetic field of a magnetosphere and that of its external plasma environment. When connected, field lines pass through this boundary, making its definition somewhat vague in such regions. 

Magnetization current: an effective electric current produced by a gradient in the magnetization density of a magnetized solid, or the pressure of a plasma. 

Mantle: layer of solar wind plasma inside the magnetopause owing to flow along flux tubes that pass through that boundary, but may have been reconnected closed. 

Maxwell stress: the net force produced by currents in a magnetized fluid, given by the cross product of the current density with the local magnetic field vector. Consists of terms corresponding to tension along the magnetic field and pressure transverse to the magnetic field. 

Plasma sheet: similar to a current sheet, in the case where the current is carried by a gradient of the plasma pressure in the sheet. 

Plasmasphere: the region in which ionospheric cold plasma density reaches equilibrium values owing to trapping of the plasma on closed flux tubes with closed circulation. 

Plasma plume: a long cloud of plasma drawn from a reservoir into a region of normally lower density.  

Plasmoid: A cell of plasma defined by closed magnetic flux tubes without an enclosed magnetized object, in which all currents flow within the plasma. 

Radiation belt: a donut shaped region of enhanced energetic particle fluxes that area stably trapped in a nearly dipolar magnetic field region. 

Ring current: a donut shaped region of enhanced plasma pressure that is temporarily trapped in a nearly dipolar magnetic field region. 

Reconnexion: a change in the connection of magnetic flux between plasma cells or magnetospheres, through the operation of a plasma pump powered by the release of magnetic energy as sheared fields are relaxed.  

Solar wind: radially outward flow of the magnetized solar atmosphere through the solar system, usually at speeds that are faster than any wave mode speed. 

T Tauri phase: an early stage of stellar development in which a very intense stellar wind flows with very large mass flux. 

Thermal plasma: plasma with a well-defined temperature or statistical average particle energy. 

Turbulence: disordered fluid motion, usually in regions of strong flow shear (gradients), with a cascade from macroscopic to microscopic scales of fluctuation. 

Vasyliunas cycle: rotation-driven plasma circulation flow in a dipolar magnetic field region, leading to reconnexion at the radius where the plasma can no longer be confined by the magnetic field, leading to release of the plasma by reconnexion in the magnetotail, in a series of plasmoids. 

