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1 Astronomy yesterday,
 today and tomorrow  

1.1  The history of the universe  

The universe – space, time and all matter – suddenly came into 
being around 14 billion years ago from an extremely hot and 
dense state. Ever since this “big bang”, space and its embed-
ded matter have been expanding. The reason we are able to 
reconstruct the history of the universe is related to the finite 
travel time of light: each look into the depths of space is also a 
look into the deep past.

A directly observable trace of the earliest phase of the 
universe is the cosmic microwave background radiation. This 
remnant also represents the primary pillar of the big bang 
theory. About 380,000 years after the big bang, matter in its 
gaseous form had cooled enough to allow atomic nuclei and 
electrons to combine and form atoms, consisting almost en-
tirely of hydrogen and helium. Matter became transparent to 
light during this era and released radiation began to fill the 
universe. It can still be detected today as a radiation field that 
uniformly fills the sky. Due to the expansion of the cosmos this 
radiation field has cooled to 2.7 K, which is why we refer to this 
as the 3K radiation. 

The discovery of this homogeneous microwave back-
ground in 1965 by Penzias and Wilson was rewarded with 
the Nobel Prize for Physics. It was not possible to identify any 
underlying structures, known as anisotropies, until 1992 with 
the American led COsmic Background Explorer (COBE) tele-
scope. These features are interpreted as overdensities in the 
primordial gas. Large-scale structures of the universe, such as 
galaxy clusters, later arose from them (Figure 1.1). Investiga-
tions of the structure of the microwave background, together 
with numerous other studies, provide consistent values for 
the cosmological parameters, which describe the geometry 
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and extent of the universe. They include the Hubble constant, 
describing the expansion and age of the observable universe, 
and the density of the various components of matter, thus de-
termining the curvature and expansion history of space.

COBE has an angular resolution of only seven degrees, 
corresponding to the diameter of 14 full moons, and could 
therefore only give a rough picture of these “condensation 
seeds.” However, theoretical considerations require that it is 
precisely these smaller structures which contain further key 
information about the conditions prevalent during the big 
bang, and about the creation and further development of the 
universe. For this reason, one of the central tasks required is 
the study of the 3K background radiation with far smaller an-
gular resolution and greater sensitivity than was possible with 
COBE. In the interim, additional measurements were made 
using high altitude research balloons to proceed further. A 
breakthrough was achieved by NASA’s Wilkinson Microwave 
Anisotropy Probe (WMAP) mission, which confirmed with 
great precision the projections of the standard big bang model 
thus determining the cosmological parameters with accuracy. 
However, comprehensive information on the polarisation and 
foreground microwave radiation emission will not be recorded 
until the Planck satellite, developed by the European Space 
Agency (ESA) to have three times greater resolution, becomes 
available.

Fig. 1.1: Structures in the cosmic background radiation viewed at an angular resolution of seven 
degrees. The speckled pattern shows minor fluctuations in temperature, originating from the initial 
overdensities in the primordial gas. (NASA and the COBE Science Working Group/ESA)
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In the distant future, it may yet be possible to identify 
a cosmic neutrino or even a gravitation wave background, 
allowing us to view into even earlier epochs of our universe.

Probably the most mysterious component of the standard cos-
mological model is dark matter. It is inferred to exist in many 
regions of space due to its gravitational effects, but cannot be 
detected by the emission or absorption of radiation. According 
to the most recent research results, it represents around one 
third of the total energy density of the universe. In comparison, 
the chemical elements of “normal” matter, or what is known 
as baryonic matter, of which all visible objects are made, con-
tributes only a few percent. Most of the cosmic energy density 
appears to be composed of this recently discovered and gen-
erally mysterious “dark energy”. These findings point to a 
heightened acceleration of cosmic expansion.

From a theoretical point of view, it is assumed that dark 
matter first formed the overdensities in the early universe, 
then their gravitational fields collected normal matter that 
condensed to form galaxies. It therefore played a vital role in 
the development of structure in the universe. Theoreticians 
try to simulate this process using powerful computers (Figure 
1.2) though the composition of dark matter remains generally 
unclear. Only a small fraction of it can be made out of faint 
sky objects. From theoretical considerations, it is probable that 
we are dealing with an unknown class of elementary particle. 
This paves the way for a fascinating alliance between cosmol-
ogy and particle physics.

One promising means of detecting dark matter and de-
termining its mass distribution is provided by the gravity lens-
ing effect. Here, matter, for example in a galaxy cluster, curves 
the surrounding space so heavily that light is distorted as if in 
a lens. The image of a galaxy hidden behind such a cluster 
is then bowed to form a circular arc (Figure 1.3). The mass of 
the dark matter and its spatial distribution can be determined 
from these images with the aid of models.

Recent research results come to the conclusion that the 
remaining cosmic energy density is a form of vacuum en-
ergy (corresponding to the cosmological constant of Einstein’s 
Theory of Relativity). This has played a decisive role in the 
development of the universe. The presence of this mysteri-
ous dark energy leads to an accelerated expansion of the 
universe. While models exist that may clarify the nature of 
dark matter from the perspective of elementary particle phys-
ics, the existence of dark energy comes as a complete sur-
prise. Understanding this type of matter will ultimately lead to 
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Fig. 1.2: The most powerful computers in the world are required to model the creation of galax-
ies and galaxy clusters from the primordial gas. The coloured points represent various galaxy 
types, shown by the colour of their star populations, while the grey background reveals the 
dark matter. Elliptical galaxies with red, older star components are generally created in galaxy 
clusters, while in the filaments, spiral galaxies with luminous, young blue stars are primarily 
formed. (MPA)

Fig. 1.3: The entire matter in a galaxy cluster acts as a gravitational lens and distorts the image 
of far-distant galaxies to a circular arc. (ESO)
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new, fundamental insights into the microphysics and origin of 
matter.

The first galaxies formed from overdensities (i.e., condensation 
seeds) in the primordial gas. When exactly this era began and 
precisely which processes played a role are crucial questions 
posed by modern research. It is highly probable that the qua-
sars came into being at the same time as the galaxies. They 
form in extremely compact and luminous central regions of 
galaxies. As far as we know today, a black hole of several bil-
lion solar masses is located at the centre of every quasar. Black 
holes attract gas and stars in their neighbourhood and devour 
the matter they contain. During this process, also known as 
accretion, up to ten thousand times more energy is released 
in a region the size of our solar system than is radiated by all 
the stars in the Milky Way thus allowing quasars to be identi-
fied at very great distances. The record holders for the most 
distant objects are quasars that we see as they were when the 
universe was less than a billion years old.

Quasars have been recently found to play a more impor-
tant role during the early phase of the universe than was pre-
viously suspected. For example, using the German-developed 
ROSAT X-ray space telescope, astrophysicists discovered that 
the X-ray background radiation, first identified around 40 
years ago, originates from innumerable quasars at early stages 
of the universe. In 2002, Riccardo Giacconi was awarded the 
Nobel Prize for Physics due to his pioneering work on the 
construction of the first X-ray telescopes. These opened the 
window to the field of X-ray astronomy and to the discovery of 
background X-ray radiation and its sources.

The existence of massive black holes in the centres 
of very many, perhaps even all, galaxies is now regarded as 
fact. The 1990s saw the introduction of an abundance of new 
data. One important contribution comprises the measure-
ments carried out by German astronomers of the movements 
of stars within just a few light days of the centre of the Milky 
Way.

For the first time it was possible to observe with high pre-
cision a complete orbit of a star circling the central black hole. 
The high velocity of this star indicates a dark, central concen-
tration of mass. It is highly probable that this is a black hole of 
approximately three million solar masses. It has only recently 
been discovered that the mass of central black holes correlates 
very well to the velocities of the stars in the mother galaxies. 
This is indicative of a common creation process for both the 
black hole and its surrounding galaxy.

The fi rst galaxies 
and quasars
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The decisive breakthrough, in the search for the most 
distant and therefore youngest galaxies and quasars, has on-
ly been made during the last five years by combining the 
capabilities of the 10 m Keck telescope and the Hubble Space 
Telescope. German research groups are now in a position to 
contribute to this field of research, thanks to the Very Large 
Telescope (VLT) at the European Southern Observatory 
(ESO).

The most recent data indicates that the early history of young 
galaxies must have been very turbulent. Observations made 
using the European Infrared Space Observatory (ISO) verify 
that the creation of new stars must have been quite explosive 
in many young galaxies.

The galaxies were also closer together than they are to-
day. Galaxies often collided and merged with one another. 
Observations of nearby galaxies have shown that these col-
lisions initiated vigorous phases of star production. Massive 
black holes, observed in many galactic centres, may have also 
formed during this phase and subsequently been fed by the 
gases they attract.

Great expectations are linked to observations in the infra-
red to millimetre range which may facilitate our understand-
ing of the formation and early development of galaxies. For 
example, the German-American airborne observatory SOFIA 
(Stratospheric Observatory for Infrared Astronomy) is expect-
ed to start operations in 2005. The European space telescope 
Herschel will also create a new benchmark for observations 
in the submillimetre range. The launch is planned for 2007. 
From 2010 onwards, even the most remote galaxies will be 
spatially resolved, and their structures and dynamics studied 
using ALMA, the interna-tional millimetre and submillime-
tre interferometer in Chile. Finally, the joint NASA and ESA 
James Webb Space Telescope (JWST) (also from 2009/2010) 
will be in a position to carry out highly sensitive observations 
of the first galaxies in the near and mid-infrared.

Black holes not only played a role in the creation of the gal-
axies. They are also the root cause of the activity of galactic 
nuclei. During the past two decades it has been possible to 
describe the initially very large number of different types of 
active galaxies using one and the same physical model. This 
tells us that there is a massive black hole drawing in matter 
from its surroundings at the centre of every galaxy. Matter first 
orbits the hole and forms a disk that increases in temperature 
towards the centre; finally, it falls into the black hole. At this 
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stage the hot gases radiate primarily in the X-ray and UV 
ranges, as well as emitting visible light.

In many cases, two gas jets are ejected in opposite direc-
tions into space at almost light speed and perpendicular to the 
plane of the disk. The front edges culminate in giant plasma 
bubbles. They emit bundled radio, gamma, and X-ray radia-
tion. German researchers have contributed substantially to 
the investigation of these jets and accretionary disks both in 
theory and in practical observations. For example, it was the 
Effelsberg radio telescope, a central element of the intercon-
tinental radio interferometric network, that made possible a 
spatial resolution of these jets up to a few light years distance 
from black holes. During the last few years gamma ray astron-
omers have discovered that these jets are also the sources of 
high-energy photons, whose origin is still not completely clear. 
In the future, these processes will be studied using special tele-
scopes, such as H.E.S.S. and MAGIC, to identify high-energy 
photons in the gamma wave range.

1.2  The life cycle of stars 
 and the matter cycle

Our solar system forms part of the Milky Way, a spiral galaxy 
with a diameter of around 100,000 light years. Studies of our 
galaxy, its creation and development, represent one of the 
primary responsibilities of astrophysics. The essential areas of 
this field include calibration of the absolute distance scale and 
identification of the fundamental physical stellar parameters.

Hipparcos, the European astrometric satellite, which finally 
started in 1989 with the active participation of German as-
tronomers, provided essential contributions in this field. It pin-
pointed the positions and intrinsic movements of more than 
100,000 stars with a precision of up to 0.001 arc seconds. This 
enables the distances of stars within several thousand light 
years of us to be determined very precisely. In addition, more 
than a million stars were astrometrically surveyed with lower 
precision and their luminosities and colours were determined. 
Among other advantages, these measurements are critical for 
determining the distance scale. The precision achieved by 
Hipparcos will be substantially improved by GAIA, a future 
follow-up mission. 

The Milky Way
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The second component after stars is the interstellar medium 
(i.e., the gas and dust between the stars). New stars are still 
created today within the interstellar medium. Here gas con-
denses to form large clouds of up to one million solar masses. 
Smaller parts of these clouds can collapse under their own 
gravity and, in the course of this collapse, flatten to rapidly 
rotating protostellar disks. The matter at the centre of these 
disks then condenses to form stars.

One of the problems that arise when studying the initial phase 
of the creation of stars is that it takes place hidden inside 
dense clouds. These clouds only becomes translucent at long-
er wavelengths that include the far infrared, submillimetre, 
millimetre and radio ranges. Using the German-French-Span-
ish millimetre-range observatory IRAM and the ISO satellite, 
it was possible for the first time to detect protostars, the ex-
tremely cold and dense zones in the interior of dust clouds. 
These “star cradles” will be studied in detail in the future 
using observatories such as SOFIA, Herschel and ALMA.

One very important advance was the first identification of pro-
tostellar dust disks using the IRAM telescope and the Hubble 
Space Telescope (Figure 1.4). These young stars are now in a 
similar phase to our sun 4.6 billion years ago. Further research 
must clarify how these disks formed and under what condi-
tions planets were created within them. To pursue these ques-
tions, observations over all wavelength ranges, measurements 
from a variety of astrophysical laboratories, and numerical 
simulations are necessary. Infrared interferometry, which is to 
be carried out using the Very Large Telescope (VLT), the Large 
Binocular Telescope (LBT) and DARWIN, a European satellite 
project, will be of particular importance for future research of 
stellar and planetary genesis. Using the James Webb Space 
Telescope (JWST) it will be possible for the first time to resolve 
and optically observe young solar systems.

In the mid-1980s, it was also surprisingly realised that many 
young stars eject tightly bundled particle beams into space 
and perpendicular to the disk plane (Figure 1.5). These jets are 
similar in their morphology to the relativistic particle beams 
observed in active galaxies (see above), but are only up to ten 
light years long and have much slower particles. The details 
of their genesis remain unclear. The cause and energy source 
may lie within the accretion disk surrounding these young 
stars, similar to the gas jets of active galaxies. Another subject 
of current research is the question of how the approximately 
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ten-thousand year long jet phase affects the development of 
the star and the disk.

The pioneering discovery in 1995 of planets orbiting nearby 
stars opened up a whole new field of astronomical research. 
More than a hundred of these extrasolar planets were known 
by early 2003. Currently, almost all of these bodies can only be 
indirectly detected by way of the gravitational effects on their 
stars. One of our foremost aims is to directly observe these 
objects within the next 10 to 15 years using imaging and as-
trometric techniques. The direct detection of massive, Jovian, 
extrasolar planets and the spectroscopic investigation of their 
atmospheres could soon be possible thanks to the improved 
adaptive optics on new large telescopes. Advances are also 
expected from GAIA, the astrometric space telescope. 

Only planets at least as massive as Saturn can be detect-
ed using today’s resources. Detection of earth-like planets and 
the identification of their chemical properties would represent 

Extrasolar planets

Fig. 1.4: Dark dust disks around young stars, discovered by the Hubble 
Space Telescope, made visible by absorption of the radiation from the 
lighter background. (NASA/ESA/MPIA/AIP)
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an enormous move forwards. Extremely precise photometric 
methods (observations of occultation of the star by the planet) 
and direct imaging techniques (infrared or optical interferom-
etry) using space observatories are necessary to achieve this 
very demanding objective. The requisite instruments, such 
as DARWIN, are currently being planned by researchers in 
Europe and the USA.

At this point it is worth mentioning solar system research, 
which is, however, not the subject of this memorandum. A pro-
fusion of what are presumably generic characteristics of plan-
etary genesis can be derived from new discoveries made in the 
field of cosmochemistry, in terms of the chemical and physical 
properties of “primordial matter” in our solar system. This in-
formation can be useful when searching for extrasolar planets. 
It is also necessary in order to understand whether or not our 
solar system is typical or occupies a special position among 
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Fig. 1.5: A jet is emitted from a young star in the star formation region 
in Orion and ends in a frontal wave. (ESO/LSW Heidelberg) 
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the planetary systems. Researchers at German institutes have 
also made vital contributions in this field over the last 15 years. 
These include a theoretical link between the development of 
protostellar disks and measured cosmochemical variables, and 
the dating of primitive meteorites. Direct analyses of the com-
position of cometary material by the ESA probe Giotto was, 
without question, one of the highlights.

A star is illuminated by the nuclear reactions within its inte-
rior, which thereby release energy. It remains stable until it 
has consumed a considerable amount of its fuel reserves. The 
way in which it ends its existence depends on its mass. Our 
sun will expand to a red giant in about five billion years and 
then eject its outer gas shell. It then collapses to form a white 
dwarf the size of the Earth. The temperature increases to sev-
eral ten-thousands of degrees and illuminates the previously 
ejected gas shell. These shells, known as planetary nebulae, 
are observed in numerous forms throughout the Milky Way 
and nearby galaxies (Figure 1.6).

Very massive stars, around 8 to 30 times more massive than the 
sun, first expand to supergiants and lose a great deal of their 
matter, before they explode as supernovae. While the outer 
shell is ejected, the innermost region of the star collapses upon 
itself forming a neutron star with a diameter of only around 20 
kilometres. Neutron stars are objects with fascinating proper-
ties. The temperature of a young neutron star is approximately 
100,000 degrees, as demonstrated by ROSAT. In the interior, 
matter is as heavily compressed as in an atomic nucleus. A 
piece of this matter the size of a sugar cube would weigh ten 
billion tonnes on Earth.

If a star collapses to form a neutron star, it also rotates 
extremely fast around its own axis. The neutron star in the 
Crab Nebula (Figure 1.7), for example, rotates around its axis 
33 times per second. At the same time, the magnetic field at 
the surface becomes enormously dense and is finally a tril-
lion times stronger than Earth’s magnetic field. Electrically 
charged particles are accelerated almost to light speed along 
the axis of the magnetic field and discharged into space. They 
emit (synchrotron) radiation in the direction of discharge and 
the particle swarm generates two cones of light, which project 
into space from the magnetic north and south poles respect-
ively. This radiation encompasses the radio range up to the 
highest gamma energies

In many neutron stars the axis of the magnetic field is 
inclined with regard to the axis of rotation. This causes the two 
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