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The 4 states of matter
For the ancient philosophers, 
soil, water, air and fire, 

were the 4 elements all matter is built of.

Nowadays one would call this 
the  4 states of matter:

Solid, Liquid, Gas, and 
Plasma.



Phase transitions by temperature increase:
Solid→Liquid→Gas/Vapor→Plasma
Temperature: cold→warm→hot→very hot
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Ice (solid)

Water (liquid)

Clouds (Vapour)
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What is a plasma?

A plasma is a (partially) ionised gas containing free electrons 
and positively and negatively charged ions. 

It is a characteristic of an ionised gas or plasma that unlike a 
neutral gas it is easily carries an electrical current. 
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Characterisation of Plasma
Plasmas are composed of charged particles, in particular
• Electrons (negative)
• Ions (mostly positive). 

Most plasmas contain as many positive as negative charges, i.e. the 
total plasma charge is zero (quasi-neutrality).

There are numerous ways to characterise plasmas, i.e., with respect to
• Plasma (electron, ion) temperature, e.g.,

• Low temperature plasmas
• High temperature plasmas

• Plasma (electron, ion) density
• Production/Vicinity of Plasmas, e.g.,

• Astrophysical Plasmas
• Terrestrial Plasmas 
• Laboratory Plasmas 
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Plasma temperature
Plasma are frequently characterised with respect to electron and ion 
temperature, e.g.,

• Low temperature plasmas
• High temperature plasmas

Almost all technical plasmas are low temperature plasmas, with electron 
temperatures of few 10,000 K. These plasmas are often only partially ionised, 
ie. consist of a mixture of electrons, ions, and neutrals. 

As ion and electron temperatures often differ from each other, these plasmas 
are called non-thermal. 

High temperaure plasmas are used, e.g., for fusion research and exist in the 
center of stars (like our Sun). As electron and ion temperatures are equal, 
these are thermal plasmas. 
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Plasma temperature
The concept of plasma temperature closely follws that of an ideal gas. The 
kinetic theory of gases uses statistical mechanics to relate the temperature to 
the average (mean) kinetic energy of the atoms in the system:  

For a Maxwell velocity distribution we have the correspondence: 
1 eV (mean energy)  ≈ 11,600 K (temperature) 

Unlike an ideal gas where all the different species usually aqcuire the same 
temperature independent of particle mass, the temperature of different plasma 
species, e.g., electrons, ions, or neutrals, is often different. This is called a non-
thermal plasma, in contrast to a thermal plasma where all species aquire the 
same temperature.  
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Velocity distribution
The mean velocity follows from velocity distribution which the species aquire in 
a plasma. Like for an ideal gas it is frequently assumed that the species follow 
a Boltzmann distribution of a particular component 

Integrated over all directions in space it leads to the Maxwell distribution:
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4th state 
of matter



Plasmas
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Different kinds of plasmas exist
•Astrophysical Plasmas 
•Terrestrial Plasmas
•Laboratory Plasmas  

Rainer Hippler



Space plasmas and 
astrophysical plasmas
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• The Sun and other stars
• Solar coronae 
• The Solar wind 
• The Interplanetary medium (between planets)
• Planetary rings
• Planetary aurorae 
• Cometary tails
• The Interstellar medium (between stars) 
• The Intergalactic medium (between galaxies) 
• Cosmic rays
• Accretion discs 
• Interstellar nebulae 
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Interstellar 
plasmas:
stars and 
dust

First stars 
appeared already 
more than 13.7 
billion years ago

from: Hubble ST
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The Sun
Star
Diameter: 1.392.500 km
Mass: 1,988 x 1030 kg
Magnetic field
Rotation period: 30 d
Age: 4.5 billion years 
For comparision: Age of Universe: 13.7 billion years
Distance to Earth: 150 Mio km 
Time it takes for light to travel the Sun-Earth 
distance: 8.3 min

Rainer Hippler Greifswald 2011
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Visible Spectrum

SOHO ESA & NASA

Rainer Hippler Greifswald 2011

Sun spots
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UV 30.4 nm

SOHO ESA & NASA
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Sun spots
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The Sun

Energy production through nuclear fusion in a dense plasma
4 H+ → He++ + 2 e+ + energy
Core temperature: 15 Mio K
Surface temperature: 5,700 K
Solar corona: 1-2 Mio K

Rainer Hippler Greifswald 2011
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Much of our knowledge about 
Sun has been obtained from 
space missions and satellites, 
e.g., SOHO (ESA & NASA).

Rainer Hippler Greifswald 2011



SOHO is taking pictures of the Sun 
with different instruments and in 
different spectral regions that 
correspond to different temperature 
regimes. 

Abb.: esa

SOHO
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Sun spots are active region on 
Sun. Solar activity is related to 
the number of sunspots. 

The solar activity 
and the sunspot 
number varies  with 
an 11-year cycle. 

The larger the number of suspots the larger is the solar activity.

Abb.: esa
Abb.: esa

Sun spots and solar activity
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The Active Sun (1996-2001)
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The Active Sun 
(1996-2005)

SOHO ESA & 
NASA 
EIT-195
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The solar corona

A total eclipse



The Sun and its Surroundings
The Sun influences a large volume of space extending far beyond the 
planetary system. This volume is called the heliosphere.
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Interplanetary medium 
and Heliosphere
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In addition to Sun and planetary bodies, the main constituents of the interplanetary 
medium are the hot plasma of the solar wind, dust, cosmic rays, electromagnetic 
radiation (light), and the interplanetary magnetic field (IMF) originating at the Sun. 
The so-called heliosphere extends out to 80-100 AU (1 AU = Sun-Earth distance). 
The heliosheath is the region where the outflowing solar wind is slowed down by 
the inflowing cosmic rays from the Galaxy.  



Cosmic Rays
There are different types of cosmic rays:

Galactic cosmic rays are probably accelerated in the 
blast waves of supernova remnants in the Milky Way 
Galaxy.
Solar cosmic rays are produced in high energy 
processes at or near the Sun after a violent eruption at 
the Sun.
Composition of galactic cosmic rays: 

Protons: 87 % 
Helium nuclei: 12 % 
Heavy atomic nuclei: 1 % 

Rainer Hippler 27Greifswald 2011
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Cosmic Rays

Stars originate from interstellar dust 
and gas. During supernova 
explosions (one possible end of 
stellar evolution), the star‘s material 
is accelerated to very high energies 
and cosmic ray particles are created. 

The Crab Nebula is a six-light-year-
wide expanding remnant of a star's 
supernova explosion. Japanese and 
Chinese astronomers witnessed this 
violent event in 1054 nearly 1,000 
years ago.  

Rainer Hippler Greifswald 2011



Galactic Cosmic Rays

Galactic cosmic rays (GCR) 
originating from the Galaxy are 
accelerated to the highest 
energies known.
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Solar cosmic rays 

Solar cosmic rays (SCR) 
originate from energetic 
solar particle events (SEP). 
SCR have a steeper 
energy dependence and do 
not extend to as large 
energies as GCR. 
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Solar Activity and Cosmic Rays

Galactic  cosmic rays travel through the 
Galaxy, reach the heliosphere and the 
Earth. 

The intensity of galactic cosmic rays at the Earth is at maximum when 
solar activity is at minimum and vice versa. 

Rainer Hippler Greifswald 2011



Solar wind
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The solar wind is a stream of charged 
particles  — a plasma — that is ejected from 
the upper atmosphere (corona) of the Sun. It 
consists mostly of electrons and protons with 
energies of about 1 keV. These particles are 
able to escape the sun's gravity, in part 
because of the high temperature of the 
corona, but also because of high kinetic 
energy that particles gain through a process 
that is not well-understood yet. 

Above the sun's equator the solar wind velocity typically attains values of 400 km/s, 
and about twice as much above the sun's poles.  At Earth's orbit its typical density is 
6 ions/cm3 (variable, as is the velocity), and it contains a variable interplanetary 
magnetic field (IMF) of (typically) 2–5 nT that is produced by stretched-out magnetic 
field lines originating on the Sun. 



Solar wind and bow shocks
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Solar wind is far from a homogeneous and stable stream of plasma particles. 
There are many plasma inhomogenities and discontinuities in interplanetary space. 
One of the types are bow shocks around the planets with their own magnetic 
fields. The bow shock is the boundary at which the solar wind sharply changes its 
characteristics. The bow shock of Earth which is the shock is about 100-1000 km 
thick and located at a distance of 10-20 Earth radii. Its position depends on solar 
wind interaction with the planetary magnetic fields. 



Solar wind and cometary tails
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A comet is composed of frozen dust and ice of frozen 
gases. As a comet comes closer to the Sun, ice from its 
nucleus is vaporized, forming a cloud (coma) that 
surrounds the comet. Pressure from the visible sunlight 
"pushes" the coma dust into a diffuse dust tail. The 
ultraviolet portion of the sunlight and the solar wind turn 
part of it into a plasma of electrically charged particles of 
ions and electrons. The magnetic field in the solar wind 
picks up comet ions and direct them into a long, blue 
plasma tail. Since this tail is stretched very long, it is 
much fainter than the dust tail. 

If the magnetic field is disrupted, the plasma tail may be 
disconnected. Comet Hale-Bopp's orbit is tilted relative 
to the Sun's equator with the comet moving from North 
to South and thus crossing the Sun's equatorial plane, 
where the Sun's magnetic field lines change direction. 
As Hale-Bopp passes through this plane, its ion tail may 
disconnect because of the change in direction of the 
magnetic field. Plasma tail           Dust tail 

Comet Hale-Bopp
March 1997



Comet 96P/
Machholz 
swinging 
past the Sun
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Coronal Mass Ejections

SCR are ejected in the 
course of Coronal mass 
ejections (CME) providing 
hazards to the earth 
environment, in particular 
to satellites, aircraft and 
spacecraft crew and 
passengers, and to power 
lines on ground. 
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Coronal mass ejections (CME)
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The interplanetary space is strongly 
influenced by coronal mass ejections 
(CME). CMEs are ejections of large 
amount of plasma material from the 
solar corona. These huge bubbles 
threaded with magnetic field lines are 
ejected from the Sun over the course 
of several hours. At solar minimum 
CMEs are observed about one per 
week while during solar maximum 
there are 2–3 events per day. When 
CMEs reach Earth and IMF is 
southward, the geomagnetic 
disturbances are initialized. 



The Sun as seen 
in different 
spectral regions 
resembling 
different 
temperature 
regimes. 
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Symmetric (Halo) CME

Rainer Hippler Greifswald 2011
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Time evolution of a computer
simulation of the onset of a CME
triggered by foot point motions
(the so-called ‘break-out model’).
Colour scale: density (logarithmic
scale). Black lines with arrows
indicate magnetic field lines.
Comparisons of such simulations
with observational data yield
important information of the
triggering mechanism and the
initial evolution properties CMEs
(From Carla Jacobs).

Rainer Hippler Greifswald 2011

Computer simulations of 
CME events
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Sun-Earth 
Connection

A CME blasting off the Sun’s surface in the direction of Earth. The left portion is composed 
of an EIT 304 image superimposed on a LASCO C2 coronagraph. Two to four days later, 
the CME cloud is shown striking and beginning to be mostly deflected around the Earth’s 
magnetosphere. The blue paths emanating from the Earth’s poles represent some of its 
magnetic field lines. The magnetic cloud of plasma can extend to 30 million miles wide by 
the time it reaches earth. These storms, which occur frequently, can disrupt communications 
and navigational equipment, damage satellites, and even cause blackouts. 
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Sun-Earth Connection
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Magnetosphere, Ionosphere and 
Atmosphere

The dense atmosphere protects us by 
absorbing ultra violet solar radiation and 
reducing temperature extremes 
between day and night. The upper 
atmosphere, at heights of above 80 km,
is ionized by extreme ultra violet 
radiation and is called the ionosphere. 

Life on Earth depends on energy from the 
Sun. The higher frequency parts of the 
energy spectrum from the Sun are extremely 
energetic and would create a hostile 
environment for life. However, we can enjoy 
the Sun because we are protected by the 
Earth’s magnetosphere, ionosphere, and 
atmosphere. 

Greifswald 2011Rainer Hippler



Magnetosphere
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A magnetosphere is the region around an astronomical object in which 
phenomena and processes are dominated by its magnetic field. 
• Earth is surrounded by a magnetosphere, 
• as are the magnetized planets Mercury, Jupiter, Saturn, Uranus and Neptune.
• Jupiter's moon Ganymede is magnetized, but too weakly to trap solar wind 
plasma. 
• Mars has a patchy surface magnetization. 

The term "magnetosphere" 
has also been used to 
describe regions dominated 
by the magnetic fields of 
celestial objects, e.g. pulsar 
magnetospheres.

Rainer Hippler
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Magnetosphere
Our planet Earth is a big magnet and the magnetic field extends far out into 
space - called the magnetosphere.  The magnetosphere protects the atmosphere 
and us from the stream of the magnetized gas from the Sun - called the solar 
wind - by stopping and deflecting the solar wind around the Earth. The Earth's
magnetosphere was discovered in 1958 by Explorer 1 during the research
performed for the International Geophysical Year. 

Thomas Gold proposed the name magnetosphere for "The region above the
ionosphere in which the magnetic field of the earth has a dominant control over
the motions of gas and fast charged particles is known to extend out to a distance
of the order of 10 earth radii.“

Two factors determine the structure and behavior of the magnetosphere: 
1. The internal magnetic field of the Earth, and
2. The solar wind.

Greifswald 2011Rainer Hippler



Magnetosphere
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The internal magnetic field of the Earth 
appears to be generated in the Earth's core by 
a dynamo process, associated with the 
circulation of liquid metal in the core, driven by 
internal heat sources. 

Its major part resembles the field of a bar 
magnet ("dipole field") inclined by about 10° to 
the rotation axis of Earth. The dipole field has 
an intensity of about 30,000-60,000 
nanoteslas (nT) at the Earth's surface. 

Its intensity diminishes like the inverse of the 
cube of the distance, i.e. at a distance of R
Earth radii it only amounts to 1/R³ of the 
surface field in the same direction. 

Rainer Hippler



Magnetosphere
In the absence of any external drivers, the geomagnetic field can be approximated 
by a dipole field with an axis tilted about 11 degrees from the spin axis. 
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The forcing by the solar wind 
modifies this field, creating 
the cavity called the 
magnetosphere. This cavity 
shelters the surface of the 
planet from the high energy 
particles of the solar wind. 

The magnetosphere is filled 
with plasma that originates 
both from the ionosphere 
and the solar wind. 

Rainer Hippler



Cut-off rigidities (in GV) 
Cut-off rigidity is the 
energy a vertically 
incoming proton 
must have to reach 
ground.

Cut-off rigidities 
decrease towards 
the poles and are 
largest near-by the 
equator. 
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The Radiation Belts of the Earth
The radiation belts (also called the Van Allen belts) 
are layers of intense particle fluxes trapped by the 
Earth's magnetic field.  These particles are brought to 
Earth by the solar wind or are produced by the 
interaction of high-energy galactic cosmic rays with 
the atmosphere of the Earth. There is an inner and 
outer radiation belt. 

The inner belt (blue, orange) contains predominantly 
high-energy protons and extends from the equator, 
up to 30° latitude at an altitude of about 1,000 -
10,000 km. 

The outer belt, which contains high-energy electrons 
(purple), lies at an altitude of about 20,000 - 30,000 
km and reaches 60° latitude. The intense particle 
fluxes in the radiation belts are hazardous to 
satellites, astronauts, and their equipment.
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South Atlantic Anomaly
The Earth’s radiation belts are aligned with the magnetic axis of the Earth, which is 
tilted by 11 degrees from the rotation axis of the Earth, and are thus not 
symmetrically placed with respect to the Earth's surface. While the inner surface is 
1200 - 1300 kilometers from the Earth's surface on one side of the Earth, on the 
other it dips down to 200 - 800 kilometers. Above South America, about 200 - 300 
kilometers off the coast of Brazil, and extending over much of South America, the 
close portion of the Van Allen Belt forms what is called the South Atlantic Anomaly. 
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South Atlantic Anomaly
Satellites and other spacecraft passing 
through this region of space actually enter 
the Van Allen radiation belt and are 
bombarded by protons exceeding energies 
of 10 million electron volts at a rate of 3000 
'hits' per square centimeter per second. 
This can produce 'glitches' in astronomical 
data, problems with the operation of on-
board electronic systems, and premature 
aging of computer, detector and other 
spacecraft components. 

The Hubble Space Telescope passes through the 'SAA' for 10 successive orbits 
each day, and spends nearly 15 percent of its time in this hostile region. 
Astronauts are also affected by this region which is said to be the cause of 
peculiar 'shooting stars' seen in the visual field of astronauts. 
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Interplanetary shock waves 
and geomagnetic storms
Fast, interplanetary shock waves 
literally shake up the whole 
heliosphere! As they travel away from 
the Sun, they disrupt the spiral pattern 
of the background interplanetary 
magnetic field. CMEs travelling with 
speeds above 400 km/s produce a 
shock wave in front of the ejected 
material. Energetic particles can be 
produced both by solar flares and by 
interaction with interplanetary shocks. 
These particles, made up of atomic 
nuclei, protons and electrons, arrive at 
the Earth with velocities of the order of 
1/3 of the speed of light.
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Geomagnetic storms

Rainer Hippler

When the dynamic pressure 
of the solar wind is 
enhanced, for example 
during the passage of an 
interplanetary shock, and the 
interplanetary magnetic field 
(IMF) is turned southward, a 
geomagnetic storm is likely to 
be triggered.
Geomagnetic storms often 
cause strong variations in the 
local space environment that 
must be taken into account in 
order to ensure that the 
affected systems can 
continue to operate. 
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Magnetosphere, Ionosphere and 
Atmosphere

A small part of the solar wind energy enters the magnetosphere, is stored 
temporarily and is released in sudden surges. This energy release can be 
observed in the ionosphere as polar lights, which are caused by charged 
particles accelerated along the magnetic field lines into the atmosphere and 
exciting atmospheric molecules and atoms near local midnight. 

Greifswald 2011Rainer Hippler



Aurora oval 

The plots shows the extent and position of the auroral oval in the northern and in the southern 
hemisphere, extrapolated from measurements taken during the polar pass of the NOAA POES 
satellite.

60Greifswald 2011Rainer Hippler



Bastille day aurora on the 
northern hemisphere. 
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Aurora
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What causes polar lights?
Electrons precipate from the magnetosphere into the 
upper atmosphere (ionosphere) by spiralling around 
the geomagnetic field lines.

At altitudes between 500 and 90 km precipitating 
electrons will hit atmospheric molecules and atoms. 
These atmospheric constituents gain energy in the 
collision and subsequently emit light in a similar way 
to the gas in a flourescent lamp. 

The colour of the light depends on the chemical 
nature of the atmospheric atom or molecule involved 
in the collision:

- oxygen emits green and red light
- hydrogen emitts red light
- nitrogen emits violet and blue light.
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Ionosphere
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At heights above 80 km, in the thermosphere, the 
atmosphere is so thin that free electrons can exist 
for short periods of time before they are captured 
by a nearby positive ion. 

The number of these free electrons is sufficient to 
affect radio propagation. This portion of the 
atmosphere is ionized and referred to as the 
ionosphere. 

Rainer Hippler
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Ionosphere
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The ionization depends primarily on the Sun and its activity. The amount of 
ionization in the ionosphere thus varies greatly with the amount of radiation 
received from the sun. 

At the same time, however, an opposing process called recombination  takes 
place in which a free electron is "captured" by a positive ion. As the gas density 
increases at lower altitudes, the recombination process accelerates since the gas 
molecules and ions are closer together. The point of balance between these two 
processes determines the degree of ionization present at any given time.

Solar radiation at ultraviolet (UV) and 
shorter X-Ray wavelengths are ionizing
atoms and moelcues since photons at 
these frequencies are capable of 
dislodging an electron from a neutral gas 
atom or molecule during a collision. 

Rainer Hippler



Ionosphere
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The vertical structure of the electron 
density in the ionosphere forms 
several distinct layers. In analogy to 
terrestrial weather, the ionosphere is 
highly dynamic and variable. The most 
important variation is due to the diurnal 
variation of solar radiation. This causes 
a peak in ionisation shortly after noon 
and a minimum just before sunrise. 
Since solar illumination also depends 
on the season, and the geographic 
location, the same variation is seen in 
ionospheric density.

The most important ions are also 
indicated. 

Rainer Hippler



Total electron content (TEC)
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The total electron content (TEC) is an 
important descriptive quantity for the 
ionosphere of the Earth. TEC is the total 
number of electrons present along a path 
between two points, with units of electrons 
per square meter, where 1016 electrons/m² 
= 1 TEC unit (TECU).

TEC is significant in determining 
scintillation and group delay of a radio 
wave through a medium. Ionospheric TEC 
is characterized by observing carrier 
phase delays of received radio signals 
transmitted from satellites located above 
the ionosphere, often using Global 
Positioning System (GPS) satellites. TEC 
is strongly affected by solar activity.

Rainer Hippler




Total electron content (TEC)
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The strong solar 
radiation control of 
the formation of 
the ionosphere is 
illustrated by the 
ionosphere 
response on the 
solar eclipse on 11 
August 1999. 

Since the solar radiation is switched off or reduced for a while, the total 
ionisation is strongly reduced during the eclipse that moved across Europe 
around about 10-11 UT. The movie is deduced from ground-based GPS 
measurements of the Total Electron Content (TEC) of the ionosphere.
Source: DLR/ Institute of Communications and Navigation, © DLR

Rainer Hippler



Aurorae on the planets Jupiter 
(left) and Saturn (right).  

69Greifswald 2011Rainer Hippler



Greifswald 2011 70

Aurora borealis
(as observed from the space)

Rainer Hippler



Aurora above an astronomical 
observatory. 
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Aurora in Alaska observed 
during March 2007. 
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Auroral Gallery - Forms
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Auroral Gallery - Forms
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Auroral Gallery - Colors
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Auroral Gallery - Colors
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Aurora – Historic art work
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Atmosphere
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The lowest part of the Earth's atmosphere 
is called the troposphere and it extends 
from the surface up to about 10 km. 

The atmosphere above 10 km is called the 
stratosphere, followed by the mesosphere. 
It is in the stratosphere that incoming solar 
radiation creates the ozone layer.

Rainer Hippler
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Natural discharge (lightning)
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Red Sprite
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Upwards directed discharge

Rainer Hippler



Ball Lightning
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Thank you
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