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Cover Picture:

A newborn star (cross), deeply embedded into the dusty molecular cloud out of which it was born. It isnot visiblein
the optical range, but can be observed only in the infrared light. It emits a bright, ionized gaseous jet in polar direc-
tion, illuminates an extended reflection nebulosity, and excites the line emission of the Herbig-Haro objects HH 28

and HH 29. See page 23-29.
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| General

The MPIA’s Research Goals — Yesterday, Today
and Tomorrow

In 1967, the Senate of the Max-Planck-Gesellschaft/
Max Planck Society decided to establish the Max-
Planck-Institut fur Astronomie/Max Planck Institute of
Astronomy in Heidelberg with the aim of restoring astro-
nomical research in Germany to a leading global positi-
on after the major setbacks it had suffered due to two
World Wars. Two years|later, the Institute commenced its
work in temporary accommodation on the Kénigstuhl,
under the direction of Hans Elsisser. The Institute
moved into its new building in 1975 (Figurel.1). A long-
term goal which was passed on to the newly established
MPIA was to build up and operate two high-performan-
ce observatories, onein the northern hemisphere and one
in the southern hemisphere. In 1970, after an intensive

search for alocation, the choice for the northern hemis-
phere was made in favour of Caar Alto mountain
(height: 2168 metres) in the province of Almeria, sou-
thern Spain. This European location offers good climatic
and meteorological conditions for astronomical observa-
tions. 1972 saw the establishment of the »Deutsch-
Spanischen Astronomischen Zentrums/German-Spanish
Astronomical Centre« (DSAZ), known in short as the
Calar Alto Observatory.

The complex technological problems associated with
the planning and construction of the tel escopes were sol-

Fig. I.1: The Max Planck Institute of Astronomy, Heidelberg-
Kénigstuhl. In the right foreground is the astronomical labora-
tory with its two domes, in the background the Land observa-
tory. (Lossen aerial photography, RPKA 10/4209a)
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ved in cooperation with the Carl Zeiss company at
Oberkochen and other companies. In this way, a large
number of companies have acquired know-how which
has hel ped them to secure leading positions on the world
market.

Between 1975 and 1984, the 1.2-metre reflector finan-
ced by the Deutsche Forschungsgemeinschaft/ German
Research Association as well as the 2.2-metre and 3.5-
metre telescopes started operation on Calar Alto (Figure
[.2). The 80-centimetre Schmidt telescope was transfer-
red from the Hamburg Observatory. There is aso a
Spanish 1.5-metre telescope on the site which does not
belong to the DSAZ: the Observatorio Nacional de
Madridisin charge of thisinstrument. The original plans
to construct a southern observatory on the Gamsberg in
Namibia could not be implemented for political reasons.
The 2.2-metre tel escope which wasintended for this pur-
pose has been loaned to the European Southern Obser-
vatory for 25 years. Since 1984, it has been in operation
on LaSillaMountain in Chile, where 25% of its observa-
tiontimeisavailableto the astronomers of the MPIA.

One aspect of the MPIA’s present task is the operati-
on of the Calar Alto Observatory. This includes the con-
stant optimisation of the telescopes capabilities: now
that the ALFA adaptive optical system has been com-
missioned, the 3.5-metre telescope is once again at the
forefront of technological development (Chapter 11.1).

Fig. 1.2: The Calar Alto observatory, a view from the north
towardsthe tel escope domes.

From left to right: the 2.2-metre telescope, the Spanish 1.5-
metre telescope, the 1.2-metre tel escope, the Schmidt reflector
and the 43-metre high dome of the 3.5-metre telescope. In the
background can be seen the Almeriacoast.

Other aspects include the development of new measu-
ring instruments in Heidelberg, the preparation of obser-
vation programmes and the evaluation of the data obtai-
ned from the telescopes. A substantial part of the
Institute’s work is devoted to building new instruments
for the telescopes (Chapter 111). The MPIA is equipped
with ultra-modern precision mechanics and electronics
workshops for this purpose. The Calar Alto Observatory
provides the MPIA with one of the two European obser-
vatories with the highest performance. Research concen-
trates on the »classical« visible region of the spectrum
and on the infrared region.

In addition to these tasks, the MPI A has been engaged
in extra-terrestrial research ever since it was established.
This was associated with an early start on infrared astro-
nomy which has played a particularly important part in
the Ingtitute’s later development as a whole. Nowadays,
the MPIA has a substantial involvement in the 1SO pro-
ject (Infrared Space Observatory, Figure 1.3) of the
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European Space Agency ESA (Chapter 11.3): ISOPHOT,
one of four measuring instruments on the 1 SO, was deve-
loped under the coordinating leadership of the Institute.

Participation in international observatories and pro-
jectsis aso of very major importance. For example, the
Ingtitute has been working for some years on one of the
largest telescopes in the northern hemisphere, UKIRT
(United Kingdom Infrared Telescope), the British 3.9-
metre telescope in Hawaii, and aso on MAX (Mid-
Infrared Array eXpandable), the IR camera built at the
MPIA, and on an associated tip-tilt secondary mirror. In
return for these activities, the Heidelberg astronomers
receive afixed proportion of the observation time on this
telescope.

The MPIA is coordinating the development of the
high-resolution CONICA infrared camera for the ESO’s
Very Large Telescope (VLT, Figure 1.4), which will
become the world's largest telescope, on the Parana in
Chile. A decision has already been taken to participate in
the devel opment and construction of MIDI, an interfero-
metry instrument for the VLT (Chapter I11). Above and
beyond this, as from the year 2002, the MPIA will be
substantially involved in the Large Binocular Telescope
(LBT, Figure|.5), another of the new generation of tele-
scopes. The LBT is currently being built by an Ame-
rican-ltalian-German consortium on Mount Graham in
Arizona, USA. It will be the most powerful telescopein
the northern hemisphere. In conjunction with the MPI

Fig. 1.3: The I1SO satellite was 5.4 metrestall and weighed 2.4
tonnes. The telescope and the aperture system were cooled
down to 1.8 Kelvin with helium gas, which evaporated from a
tank containing 2300 litres of superfluid helium.

fUr extraterrestrische Physik/MPI of Extra-Terrestrial
Physics in Garching, the MPI fir Radioastronomie/MPI
of Radio Astronomy in Bonn, the Astrophysikalisches
Institut Potsdam/Potsdam Astrophysical Institute and the
Landessternwarte Heidelberg, the MPIA will probably
have a 25% share in the costs and use of the LBT.

Aided by this wide and varied range of instruments,
the MPIA will be able to go on making a major contri-
bution towards astronomical research in the 21st century.

Thanks to its location in Heidelberg, the MPIA has
the opportunity of working in a particularly active astro-
nomical environment: there has constantly been a rich
variety of cooperation with the Landessternwarte, the
Astronomisches Rechen-Institut, the University’s Insti-
tute of Theoretical Astrophysics or the Cosmophysics
Department of the MPI fur Kernphysik / MPI of Nuclear
Physics. One particularly striking and effective aspect of
this cooperation comprises the Sonderforschungs-
bereiche/special research areas established over periods
of many years: number 328 (»Evolution of Galaxies,
1987-1998) and number 1700 (»Galaxies in the Young
Universek, from 1999 onwards), in which al the Hei-
delberg Ingtitutes mentioned above are involved, with
major proportions of their resources.

The Ingtitute’s tasks also include informing an exten-
sive public audience about the results of astronomical
research. Accordingly, members of the Institute give lec-
tures in schools, adult education centres and planetari-
ums, and they appear at press conferences or on radio
and television programmes, especially when there are
astronomical events which attract major attention from
the public. Numerous groups of visitors come to the
MPIA on the Konigstuhl and to the Calar Alto
Observatory. Since 1976, the premises of the MPIA have
been the setting for a regular one-week teacher training
course held in the autumn, which is very popular among
teachers of physics and mathematics in Baden-Wrt-
temberg.

The lively interest with which a wide sector of the
population follows our work was evident in the enor-
mous crowds attending the »Open Day« on 12 October
1997, when a total of 12500 visitors came to the
Konigstuhl: only the narrowness of the access roads
limited the number of visitors. Finally, the monthly jour-
na Serne und Weltraum (Stars and Space), co-founded
by Hans Elsésser in 1962, is published at the MPIA. This
journal isaimed at the general public and it offersalive-
ly forum both for specialist astronomers and for the large
body of amateur astronomers and interested layman.

Some Important Questions

The central question of al cosmological and astrono-
mical research deals with the creation and devel opment
both of the universe asawhole, and of the stars, the gala-
xies, the sun and its planets. The MPIA’s research pro-
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gram is oriented around this question. In the field of
galactic research, the Ingtitute concentrates on the for-
mation of stars in large interstellar clouds made of gas
and dust. In the field of extra-galactic astronomy, the
focusison the question of the large-scal e structure of the
cosmos, the search for the protogalaxies and research
into active galaxies and quasars. These are remote stellar
systems with an enormous radiation power. The obser-
ving astronomers are supported by a theoretical group,
which uses sophisticated computer simulations to
recreate processes in the universe extending over tens of
thousands or millions of years. In this way, the MPIA
achieves afruitful synthesis of observation and theory.

Galactic Research

Oneimportant aspect of galactic research at the MPIA
istheformation of stars. Thevery first phases of this pro-
cessunfold in theinterior of the dust clouds, which mean
that they remain hidden from our view in visible light.
However, infrared radiation is capable of penetrating the
dust, which iswhy thiswavelength rangeispreferablefor
studying the early stages of the birth of stars.

The newly born star is surrounded by a dense equato-
rial dust disk in which the material can condense either

Fig.l.4: ESO’s Very Large Telescope during contstruction on
the Paranal, late 1997.

to form more stars or to form planets. After a few milli-
on years, the disk finally disintegrates. Thisis aso how
astronomers imagine the birth of our solar system, 4.5
thousand million years ago. Empirical evidence for the
actual existence of the protoplanetary disks began to be
assembled more intensively during the 1980’s, thanks in
particular to a great deal of work carried out at the
MPIA. Nowadays, the following questions are at the
forefront of this Institute's activities: how many of the
young stars form a disk around themselves, and for how
long can it exist? Which factors decide whether one or
more stars - or on the other hand planets - will formin a
dust disk of this sort? Over what period do the disks dis-
integrate?

One interesting phenomenon whose causes are rel ated
to the dust disks is that of the collimated gas jets which
shoot out into space at high speed, perpendicularly to the
disk. These jets, whose cause has still to be clarified, are
among the bipolar flows - short-lived but fundamental
phenomena in the birth of stars - which have been stu-
died intensively and with great success at the MPIA
since the start of the 1980’s (Chapter 1V.1). In every
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case, the equatorial dust disk mentioned above formsthe
plane of symmetry to the flows and the bright gas
clouds. The MPIA's astronomers are seeking answers to
some important questions such as. how are the particles
accelerated? How long does the bipolar phase last? Does
every newly born star generate flows of this sort, and
what role does this phenomenon play in the development
of young stars?

The later stages of stars are also being investigated at
the MPIA. Stars which are substantially more massive
than the sun explode as Type Il supernovae at the end of
their lives. What happens in the last ten thousand years
before the explosion? We are now familiar with a class
of stars which are probably in this pre-supernova stage:
the Luminous Blue Variables. Evidently they too are
already casting off parts of their outer shell asthey crea-
te a gas cloud around themselves. One of these nebulae
has been examined at the MPIA — it contained a bipolar
structure whose cause has still not been clarified.

Extragalactic Research
Itisacosmologist’s dream to be able to look back into

the era of the universe when the first galaxies were being
formed. However, the protogalaxies are so remote, and

Fig. 1.5: Design diagram of the Large Binocular Telescope. It
will carry two primary mirrors with a diameter of 8.4 metres,
whose beams can be made to interfere. The fully-grown elep-
hant servesto giveanideaof size.

the light from them is consequently so faint, that it has
so far been impossible to discover them. In order to
attain this goal, astronomers must use sensitive detectors
working at the limits of the most powerful telescopes,
and they also need to develop ingenious search strate-
gies. Since the mid-1990's, the CADIS (Calar Alto Deep
Imaging Survey) observation programme has been run-
ning on the 2.2- and 3.5-metre telescope at Calar Alto,
with the aim of searching for the first galaxiesin the uni-
verse (Chapter 11.2). This programme is intended to run
for at least five years and it is currently one of the
MPIA’s key projects.

The question as to the evolution of galaxies is also
closely linked to the question of the nature of quasars.
These are compact regions in the centre of certain gala-
xies. From aregion which is probably not very much lar-
ger than our planetary system, they are able to radiate
several tens of thousands of times more energy than all
the stars in the surrounding galaxy taken together.
According to the theory which is current today, a massi-
ve Black Hole is located at the centre of a quasar; this
sucks in the surrounding matter, and the observed radia-
tion is released. The investigation of quasars and of the
galaxies at whose centres they are located (the mother
galaxies) has been one of the MPIA's fields of work for
many years Now.

Another focus of extragalactic research at the MPIA
is the investigation of jets from galaxies: this phenome-
non shows remarkable similarities to the bipolar flows
from stars, but it is on a substantially larger scale. In this
case, one or two collimated jets of particles emanate
from a central source — a quasar or a radio galaxy — to
end in large clouds (or lobes, as they are known), where
they dissipate. Intheinterior of thejets, electrically char-
ged particles (electrons and possibly positrons) are
moving in strong magnetic fields at almost the speed of
light. Sincethe 1980’s, the MPI A has been making major
contributions to the issue of how the particles are acce-
lerated in the jet, although this issue has still not been
finally clarified. (Chapter 1V.2).

Researchers at the MPIA also deal with normal spiral
galaxies, of the sametype asour Milky Way system. The
arms of the spiral play adecisive part in the birth of stars,
and therefore in the development of galaxies. However,
many fundamental aspects of this phenomenon have till
not been understood. How do the spiral arms come into
being, and for how long do they remain stable? In addi-
tion to this, some spiral galaxies, probably including our
own Milky Way, possess a bar-shaped structure which
runs through the central region, with the spiral arms star-
ting at its ends. Under what conditions are the bars crea-
ted, and why do they not form in all spiral galaxies? At
the MPIA, these questions are investigated with the help
of computer models which are used to interpret observa-
tions (Chapter 1V.2).

Although the spira structure is the most striking fea-
ture of the spiral galaxies, it has become increasingly
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clear since the middle of the 1970's that — in addition to
the shining stars and the interstellar matter —thereisalso
a dark component which perhaps contributes ten times
as much to the total mass of the spiral galaxies as the
stars and the interstellar medium. This Dark Matter is
only noticeable because of its gravitational effect.
According to present models, it is supposed to be loca-
ted in an extended halo surrounding the galaxy in the
shape of a sphere.

The puzzle of Dark Matter is currently one of the cen-
tral subjects of astrophysics. With the help of the
MAGIC infrared camera, a programme is running on the
2.2 metre telescope at Calar Alto to search for celestial
bodies of extremely weak luminosity in the halos of spi-
ral galaxies. At the same time, the theoretical group of
the MPIA is carrying out numerical calculations which
may provide insight into the spatial distribution and
nature of the matter (Chapter IV.2).

The Solar System

The solar system is not among the primary subjects
dealt with at the MPIA. Only the zodiacal light has been
the subject of detailed studies since the very beginning.
The zodiacal light owesiits originsto afine dust compo-
nent which is distributed throughout the entire planetary
system. Thanks to ISOPHOT, it has how become possi-
ble to examine this interplanetary dust at wavelengths of
about 200 mm for the first time. This allows some con-
clusions to be drawn about the composition and size of
these particles.

However, when important current events have taken
place within the solar system, the telescopes on Calar
Alto have been able to demonstrate their capabilities
timeand timeagain. In 1997, Comet Hale-Bopp wasthe
focus of agreat deal of attention on the part of the public.
With the Schmidt telescope on Calar Alto, it was possi-
ble to obtain detailed photographs showing the rare phe-
nomenon of the striae (Chapter 1V.3).
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1.1 ALFA - The Atmosphere is Outwitted

The twinkling of the starsis a source of inspiration to
poets, but it presents a serious obstacle to astronomers
observations. The flickering is caused by turbulence in
the atmosphere, which prevents large earth-bound teles-
copes from providing pictures with the degree of shar-
pness that would theoretically be possible. One way out
of this dilemma is to use space telescopes, such as the
Hubble Space Telescope. However, observatories in
orbit around the earth are not only expensive systems,
but they are also very difficult to handle.

Since the start of the 1980's, a technology has been
developed which makes it possible to correct the image
distortions caused by turbulence (known as »seeing« in
astronomical jargon) while the observation is till in pro-
gress. This method, known as adaptive optics, will be of
crucia importance on the large telescopes of the new
generation, such as the Very Large Telescope (VLT), or
the Large Binocular Telescope (LBT, cf. Chapter 1).
Interferometry, which is to be operated in conjunction
with the VLT, the Keck telescopes and the LBT, will also
benefit decisively from adaptive optics. It brings more
light to the interference and therefore makes it possible
to observe fainter objects.

In collaboration with colleagues at the MPI fiir extra-
terrestrische Physik / MPI of Extra-Terrestrial Physicsin
Garching, astronomers and technical experts at the
MPIA have developed and built an adaptive optical
system for use at the Calar Alto Observatory. In addition
to this, alaser system has been set up which creates an
‘artificial star’ in the night sky. The adaptive optics
system uses this as a bright star for purposes of compa-
rison during the image correction. This system, known
asALFA, was tested successfully for the first time at the
end of 1997, and it placesthe MPIA at the very forefront
of research: in the astronomical sector, there are current-
ly only two other instruments of this sort anywherein the
world.

The Principle of Adaptive Optics

In theory, the resolution of a telescope (that is to say,
its ability to show separate images of two objectsthat are
located close to one another) depends exclusively on the
diameter of the main mirror and the wavelength of the
light. In the visible range (wavelength of about 550 nm),
a 3.5-metre telescope has a theoretical resolution capaci-
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Fig. I1.1: Visualization of deformation of the stellar light's
plane wave by the turbulent atmosphere.

ty —also known asthe diffraction limit — of 0.04 seconds
of arc; at 2.2 um, thefigure is 0.16, or four timesless. In
practice, however, the turbulence of the air blurs the
received image so heavily that the typical resolution is
only one second of arc. This means that every earth-
bound telescope, no matter how large it may be, will
only attain the same resolution as can already be achie-
ved by any 15 centimetre telescope!

The light from a star may be imagined as a spherical
wave which spreads out in space at the speed of light. If
awave of this sort encounters the earth’s atmosphere, it
is almost perfectly flat, on account of the huge distance
from the source (Figure 11.1). As it passes through the
various layers of the air, however, this wave will experi-
ence disturbances which are variable in terms of space
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1.1 ALFA — The Atmosphere is Outwitted

Fig. 11.2: The effect of atmospheric turbulenceisthat a stellar
image is broken up into many, randomly divided single images
(speckles). The speckles add up under long exposures: the stel-
lar image is smeared into a disc with a mean diameter of one
arc-second.

and time. Warm layers of air rise while cold ones fall.
There is formation of »air bubbles« or cells with a typi-
cal extent of 10 to 20 centimetres and different tempera-
tures, and these mix convectively. Since the refractive
index of the air is temperature-dependent, the optical
path length and the direction of propagation of the light
will change constantly as it passes through the turbulent
atmosphere. The air cells act like optical lenses which
float about.

The originally flat wave is distorted as it passes
through the atmosphere, like a piece of cloth in the wind,
sothat whenit arrives at the telescope, it shows »hillsand
valleys« with aheight of several micrometers. There are
two conseguences due to thisinfluence which atmosphe-
ric turbulence exerts on the wave front. On the one hand,
the image of a star is split up into many small images, or
so-called speckles (Figure 11.2). The number of speckles
more or less corresponds to the total number of turbulen-
ce cellswhich the light has traversed. The speckles are
distributed over acircular areawith a diameter of about
one second of arc, in which they danceto and froin frac-
tions of a second, depending on the turbulent movement.
On the other hand, the whole cluster of specklesisslowly
drifting forward and backward. On photographswith lon-
ger exposures, the superimposition of these two effects
leads to a smudged »seeing disk« instead of the diffrac-
tion figure which would theoretically be expected.

In principle, the drifting movement of the speckles
can be compensated and the »bent« wave can be unbent
againto makeit straight, by feeding the light onto amir-
ror which has precisely the opposite pattern to the wave.
After it has been reflected, the wave should then be flat
again and it should produce the undistorted, diffraction-
limited image on the detector.

In order to implement thisintention in redlity, itisthe-
refore necessary to determine the current distortion of
thewave front and to deform the mirror accordingly. The
mirror is referred to as ‘adaptive’ because it is constant-
ly adapting to the form of the wave front.

In practice, an adaptive optical system looks more or
less like this (Figure 11.3): the light wave coming from
the telescope is split into two sub-beams by a beam split-
ter. While one sub-wave falls on the adaptive mirror and
enters the camera from there, the other reaches a so-cal-
led wave front sensor. This device analyses the form of
the wave, and forwards this information to a computer.
The computer uses the data to calculate how the surface
of the adaptive mirror must be deformed in order to cor-
rect the form of the other sub-wave. (In the case of
ALFA, the wave initialy falls on the deformable mirror
and only reaches the beam splitter afterwards.)

In order for this process to function, it must be possi-
ble for the mirror to be adapted so quickly that when the
correction takes place, the incoming wave trains are not
already being deformed in a different way to the wave
train which has just been analysed. Theory shows that
about 200 correction steps per second are needed in the
visible range, while only about ten are reguired in the
medium infrared range (at a wavelength of ten micro-
meters).

Fortunately, the absolute deformation of the wave
front does not depend on the wavelength. However,
completely different relative deformations occur in rela-
tion to the actual wavelength at which the observation is
being made. In the medium infrared range, at wave-
lengths of about ten micrometers, the deformation of the
wave front only accounts for 30 to 60 per cent of the
wavelength. But in the visible range, the disturbance
already amounts to about ten times the wavelength. This
is why the adaptive mirror in the visible wavelength
range must be adapted to the wave front with considera-
bly greater precision than in the infrared range.

In general, it can be seen that the requirements for
adaptive optics rise enormously as the wavelengths
become shorter. For this reason, systems of this sort are
currently only viable in the infrared range, down to a
wavelength of about one micrometer.
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Fig. I1.3: Theprinciple of adaptive optics.
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ALFA at the Calar Alto Observatory

An adaptive optical system therefore requires three
main components: a wave front sensor, a fast computer
and an adaptive mirror. There are basically various ways
of implementing the optical components. ALFA was
designed for the near infrared wavelength of about two
micrometers, and it operates in two steps (Figure 11.4).
First of al, atip-tilt mirror compensates the drift move-
ment of the speckle, and then the deformable mirror cor-
rects the form of the wave front. Both mirrors require a
sensor which analyses the star image in a rapid time

CCD camera

microlens array wavefront

AR

Ny |
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Fig. 11.5: The principle of the Shack-Hartmann wavefront sen-
sor, in which alenticular array forms an image of the stellar
imageonaCCD.

l

e

Fig. 11.6: A computer simulation showing how the lenticular
array in the Shack-Hartmann wavefront sensor generates vary-
ing image patterns. A plane wave (left) causes a uniform pat-
tern, adisturbed wavefront results in a distorted pattern. The

imaged pattern makes it possible to reconstruct the form of the
wavefront deflection.

sequence and forwards the measurement data to a con-
trol computer.

As the beam of light comes from the telescope, it
encounters a beam splitter which divertsthe visible com-
ponent of the light into a camera. This camera registers
the image position 30 to 100 times per second, and for-
wards the information to the computer. The infrared
component of the light reaches the tip-tilt mirror which
can be swivelled around two axes that are perpendicular
to one another. The computer now controls the mirror
precisely so that the image cast by the star will stand
gtill. This tip-tilt system is capable of improving the
resolution by 0.3 seconds of arc at a wavelength of two
micrometers. However, it still does not supply any dif-
fraction limited images. In order to achieve this, the
second correction on the deformable adaptive mirror is
required.

A so-called piezo-mirror was selected from a variety
of options as the adaptive mirror for ALFA. This consists
of aplate of glass which is two millimetres thick, with a
reflective coating, and so-called piezo-actuators are fit-
ted on its rear side. These are essentially piezo-crystals
which expand or contract when an electrical voltage is
applied. This makes them ideal as small and fast-acting
adjusting elements. In ALFA, the adaptive mirror has a
diameter of 70 millimetres, and it isfitted with 97 piezo-
actuators which distort it in the area of the contact
points. It is operated at a maximum frequency of 1200
Hertz.

The information about the shape which the adaptive
mirror must adopt in each case is supplied by the wave
front analyser, and part of the light gathered by the tele-
scope is fed to this instrument. A so-called Shack-
Hartmann sensor was selected for ALFA. This basically
comprises a lens grating (arranged in a rectangular or
hexagonal grid) which supplies images of the star to a
CCD camera (Figure 11.5). In the case of an ideal flat
wave, the image pattern corresponds to the symmetrical
arrangement of the lenses. However, the real distorted
wave front generates a correspondingly distorted grid
(Figure 11.6). A computer which reads out the CCD
camera uses the current form of the grid image to calcu-
late the form of the wave front, and it triggers the piezo-
actuators in the adaptive mirror in such a way that the
distorted wave will be flattened when it is reflected on
this mirror. The adaptively corrected image can now
enter the astronomical camera.

For various reasons, AL FA extends the effective focal
distance of the telescope. For example, on the 3.5-metre
telescope, a focal ratio of /10 becomes a foca ratio of
f/25. The whole device is fitted on the mirror cell of the
main mirror in the Cassegrain focus, and it fits into a
case which is 2.70 metres long, 1.5 metres wide and 50
centimetres high (Figure 11.7).
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ALFA therefore has two sensors which analyse the
image of the star. One of them worksin conjunction with
the tip-tilt mirror and the other works with the adaptive
mirror. Due to the losses of light in the optical system
and the fast read-out times, the guide stars must be com-
paratively bright. The tip-tilt sensor requires a star of the
16th magnitude, while the Shack-Hartmann sensor alrea
dy needs a star of the 11th magnitude. If the light from
the celestial body that isto be examined isitself so faint
that it cannot be used as a guide star, another star has to
be found. However, such a star must not be too far away
in the sky, since its light must have passed through the
same air turbulence as the light of the object to be obser-
ved. With the tip-tilt system and the Shack-Hartmann

optical bath

<— infrared camera

Fig. I1.7: (a) Theoptical layout of ALFA, (b) Complete view of
ALFA at the four-metre measuring mirror cell of the 3.5-metre
telescope.

sensor, adistance of up to 30 seconds of arc can be tole-
rated. In this range, however, a star of at least the 11th
magnitude will only be found in one to two per cent of
al cases. For this reason, ALFA generates its own guide
star — with the help of alaser.

Since the light from the guide star must have passed
through the same air turbulence as the celestial object
that is to be observed, the laser guide star should be
generated at the greatest possible height. A layer about
10 kilometres thick at a height of some 90 kilometresis
suitable for this purpose. Sodium atoms which are depo-
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sited in the atmosphere by micro-meteorites can be
found here in relatively high concentrations. If a laser
beam is focused on this layer of the atmosphere, it will
excite the sodium atoms to shine in a cylindrical area,
provided that the correct wavelength is selected. Viewed
from the telescope, this cylinder looks like a shining star
(Figure 11.4).

Although this may sound simple in principle, it pro-
ves to be a complicated undertaking in practice. The so-
caled D2 sodium line in the visible range, at a wave-
length of 589 nm, has proven to be optimal for this pur-
pose. However, the laser guide star is far from being
equally bright all the time, because the concentration of
the sodium atoms in the layer fluctuates both in the short
term and in a seasona cycle. Because of this, the
brightness can vary by a factor of two, or even more in
extreme cases. Moreover, the intensity depends on the
distance of the direction of observation from the zenith.

Another critical factor is the radiation power that is
deposited in the sodium layer. At first, the brightness of
the artificial star rises as the laser power increases, but
then at a certain maximum power it goes into saturation
—and even if the laser power isincreased further, the star
does not become brighter. Other essentia factors are the
laser bandwidth, and the question as to whether a pulsed
laser or a continuous wave laser should be used. Even
the type of polarisation of the laser light plays a part.

After numerous trials, a decision was made in favour
of avariable colour ring laser in continuous wave opera-
tion for ALFA. The laser beam has a power of just four
watts, and it generates a »star« of the tenth magnitude at
a height of 90 kilometres (Figure 11.8). The laser system
islocated in the Coudé laboratory of the 3.5 metre teles-
cope, from where the beam is guided outwards in the
opposite direction to the normal »direction of observati-

SA0 55924

j‘ @ laser

gisides Lar

Hayleigh scattering

Fig. 11.8: (a) The laser beam emerging from the dome of the
3.5-metretelescope. (b) An artificial star shinesin the sky at an
atitude of 90 km. The star SAO 55924, practically infinitely
remote next to thelaser guiding star, isdefocused. The Rayleigh
coneis created by scattering of laser light in the lower layers of
the atmosphere.

on« by the Coudé beam path. Before the beam reaches
the main mirror, it is deflected by a mirror to a 50 centi-
metre projection telescope which is positioned on the
side of the mirror cell. There are atotal of ten mirrorsin
the laser beam path, and most of them can be controlled.
This alows active tracking of the laser beam.

ALFA in Use

In October 1996, ALFA was tested for the first time
on the 3.5 metre telescope at Calar Alto, together with
the MAGIC infrared camera. On this occasion, it was
possible to achieve a clear separation of the double star
72 Pegasi, whose components are at a distance of 0.53
seconds of arc from one another. The profiles of the star
images showed a width of 0.15 seconds of arc, which
amost corresponds to the diffraction limit of 0.12
seconds of arc at a wavelength of 2.2 micrometers. 72
Pegasi is such a bright star that it can even be used for
the wave front analysis in the Shack-Hartmann sensor.

During the course of 1997, it was possible to obtain
further photographs at 2.2 mm which were virtualy dif-
fraction-limited (Figure 11.9). The artificial star attained
a haf-width value of three seconds of arc in the sky,
which amost corresponded to the expectation of two
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Fig. 11.9: The star 14 Peg, recorded in July 1997 with the 3.5-
metre telescope at awavelength of 2.2 mm. Without correction
(top), the stellar image has a diameter (full width half maxi-
mum) of 0.85 arc-seconds; with ALFA (bottom), the resolution
wasincreased to 0.2 arc-seconds.

seconds of arc. This meant that it was about as bright as
a star of the 10th magnitude, which would not be detec-
table by the naked eye. The sensitivity of the wave front

2X10%

1.5x10%

106

20
20
S 10 pivel

sensor was increased by more than two magnitudes
during the year, bringing it to 12.3 mag. A new and more
sensitive tip-tilt sensor is now operating up to 14.5 mag,
and it is planned to increase the sensitivity as far as 15.5
mag.

Since September 1997, ALFA has been working in
conjunction with the new high-performance infrared
camera OMEGA-Cass (Chapter I11). Since May 1998,
ALFA will be available with OMEGA-Cass on Calar
Alto for observations by all astronomers.
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Thefirst half of the present century saw the most radi-
cal change in our conception of the world since the days
of Copernicus. Edwin Hubble discovered the movement
of the galaxies, thus helping to achieve the breakthrough
for Georges Lemaitre’s theory, according to which the
universe was created in a hot »Big Bang«. The Big Bang
Theory nowadays forms the foundation of modern cos-
mology. It implies the idea that the world has a begin-
ning intime, and that it is evolving. In the context of this
model of the world, questions about the formation and
evolution of the galaxies occupy a central position in
cosmological research.

Modern investigations suggest that a thousand milli-
on years after the Big Bang, huge gas clouds were alrea-
dy contracting under the influence of gravity and were
forming the first galaxies. Several observation program-
mes aimed at discovering the proto-galaxies have so far
failed, due to incorrect strategies and inadequate instru-
mentation, and consequently many questions still remain
unanswered. For example, it is not clear whether today’s
large galaxies formed as a whole from one cloud, or
whether smaller protogalaxies were created first, and
then joined together in order to form large galaxies (the
building block scenario). How did the evolution conti-
nue? Did the galaxies form first, going on to merge into
large clusters of galaxies in the course of thousands of
millions of years (the bottom-up model)? Or did gas
clouds of equal magnitude to the galaxy clusters contract
as a whole, to disintegrate at a later stage into smaller
fragments from which the galaxies were then formed
(the top-down model)?

In order to observe these processes which date back
more than ten thousand million years, today’s astrono-
mers must work at the limits of the most powerful teles-
copes and the most sensitive detectors, and they need to
develop ingenious strategies. The extremely sophistica-
ted CADIS observation programme (Calar Alto Deep
Imaging Survey), planned to last for at least five years,
has been running on the 2.2- and 3.5-metre telescopes
since the middle of the 1990's; this programme enables
the astronomersto search for the first galaxiesin the uni-
verse.

This undertaking offers prospects of success for a
number of reasons:

« More than ten per cent of the available annual obser-
vation time on each of the two telescopes is devoted
to the CADIS project.

« The use of new focal reducers on the 2.2- and the 3.5-
metre tel escope has enlarged the image field per pho-
tograph to the unusual size of 120 square minutes of
arc (Figure 11.10).

e Thanks to the use of the new sensitive cameras
(Chapter 111), a massive increase in the efficiency of
the two largest telescopes on Calar Alto has been
achieved.

« With the help of computer programs, refined multi-
colour photometry enables automatic differentiation
of the large number of close galaxies on the one hand,
and the small number of suspected protogalaxies on
the other.

Thanksto CADIS, the MPIA isworking at the very fore-
front of international research, where it has to measure
up against the largest observatories on earth, such as the
Keck Observatory in Hawaii. Nevertheless, top-class
research at the highest level can be carried out with the
promise of success, thanks to the ideal instrumentation
on Calar Alto, coupled with expedient use of the largest
telescopes there.

The main aim of the project is to provide proof of
galaxies in the formation phase, at red shifts of z= 4.7,
5.7 and 6.6. This red shift range corresponds to a period
of 1.2 to 1.8 thousand million years after the Big Bang
(99=0.1, 2,=0.2), when the first galaxies were proba-
bly formed.

The Strategy

The CADIS search strategy is based on some simple
underlying assumptions. Close galaxies with high rates
of star birth contain interstellar gas which, in some cases,
is heated up to several thousand degrees, radiating cha-
racteristic emission lines. The strongest hydrogen emis-
sion lineis the so-called Lyman-a-line, which is located
inthe UV range at awavelength of 122 nm. The obvious
procedure is therefore to observe the sky through afilter
which only alows light from the Lyman-a-line to pass
through (Figure I1.11). In this way, even very remote
galaxies should stand out against the background of the
sky. Two problems have to be taken into account here.

1) The spectrum of the protogalaxies is shifted
towards the red end of the spectrum (long wavelengths).
This red shift is a consequence of the expansion of the
universe: let us assume that a hydrogen atom in a proto-
galaxy were to emit a Lyman-a-photon with a wave-
length of 122 nm, which reaches the earth today, some
13 thousand million years later. Over the course of this
time, the universe — or to be more precise, space itself —
has expanded by a factor of about six. Corresponding to
this expansion of space, the wavelength of the Lyman a-
light beam has also been extended. For this reason, we
do not receive it in the UV range at the emitted wave-
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length A, = 122 nm, but in the red region of the spectrum
at wavelength 4, = 732 nm. The red shift parameter is
defined as z = (A, — 4p)/4,. The expansion of space is
R/R, =1+ z Thismeansthat the Lyman-a-line appears
at different points in the spectrum depending on the
remoteness of the galaxies.

The CADIS project therefore requires filters which
are transparent in precisely defined ranges. The astrono-
mers at the MPIA use a Fabry-Pérot filter for this purpo-
se. Essentialy, this consists of two mirrored glass plates
which only allow light of a specific wavelength to pass
through, as aresult of multiple reflection and destructive
and/or constructive interference; in this case, the pass
band depends on the distance of the glass plates from
one another. The pass band can therefore be adjusted by
changing this distance.

2) There are many more or less close dwarf galaxies
which produce the same effect as very distant large gala

Fig. 11.10: The sky field seen by the wide-angle cameraon the
2.2-metre telescope. The considerably smaller so-called
Hubble Deep Field of the Hubble Space Telescope is shown
within the white contours for comparison purposes. The Deep
Field isan extremely deep exposure, obtained in late 1995.

xies, purely on account of their low luminosity. The gas
which they contain can also emit intensive linear radia-
tion. For example, hydrogen not only emits at the
Lyman-a-line but also at 656 nm (Ha) and 486 nm (Hp);
or, as another example, oxygen emits at 501 nm and 372
nm. Now, if a galaxy is found with an emission at 732
nm, it may either be a Lyman-a-emissionat z=5 or a
Ho-emission at z= 0.1, or else aHpB-emission at z= 0.5,
and so on. In order to clear up this multiple ambiguity,
the following consideration was adopted: if agalaxy shi-
nesintensively in Ha, it generally does so in the oxygen
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Fig. 11.11: Demonstration of the Vetofilter strategy on the
CADIS. An emission line shown in the Fabry-Pérot region B
(green region), could turn out to be e.g. Ha-emission with z=
0.25 (blue spectrum), [OIl1] at z = 0.64 (green spectrum) or
Lyman-a at z= 5.7 (black spectrum). Correct identification is
ensured through observation with the Vetofilters (red region):
the galaxy at z = 0.25 shows additional emission lines at wave-
lengths of 465 nm and 612 nm. The galaxy at z= 0.64 reveas
itself through theemission lineat 612 nm. A galaxy withz=15.7
cannot be detected either in one of the Vetofilters nor in ablue
one (blue region), since its radiation below 600 hm is swallo-
wed up by intergal actic hydrogen cloudsin theline of sight.

lines[Oll] at 373 nm and [OIl1] at 496 nm aswell. This
creates a requirement for additional images of the same
field of the sky taken through so-caled veto filters
(Figure 11.11), which are transparent in the precise range
of these oxygen lines. If a galaxy appears in both filters,
it isalow red shift dwarf galaxy. If it can only be reco-
gnised in the Fabry-Pérot image, it could be one of the
remote galaxies that are being sought. The intensity ratio
in the various filter ranges is determined for every
galaxy, and ared shift classis assigned to it with an esti-
mated probability.

To search for young galaxies with Lyman-o.-emissi-
on, the astronomers selected three wavelength ranges at
700 nm, 820 nm and 918 nm, corresponding to red shift
valuesof about z=4.75,z=5.74 and z= 6.53. Nineima-
ges taken through the Fabry-Pérot filter are required for
each range. Over the narrow wavelength range, this
makes it possible to achieve a high resolution in the red
shift (o < 0.0005), corresponding to that of a spectra
image. Images taken through three veto filters are added.

800 1000

In addition, eight or nine images taken through broad
and medium band filters are needed. All in al, each of
the eight to ten selected celestial fields are imaged at
about 39 wavelengths. For each wavelength, an average
of ten images is produced, resulting in about 400 images
per celestial field and per red shift interval. CADIS will
require atotal of more than 3000 individual images.

Protogalaxies

The instrumentation required for this sampling was
ready at Calar Alto in May 1996. CAFOS2.2 was used
on the 2.2-metre telescope, while the wide field infrared
camera OMEGA-Prime and the multi-object spectro-
graph MOSCA were used on the 3.5-metre telescope
(Chapter I11). In 1997, the group still had to struggle with
some starting-up difficulties. Now, however, al the
observations needed to carry out a multicolour analysis
are availablefor atotal of four fields. Moreover, in order
to optimise the multicolour method, observations have
also been carried out on one field of the so-called
Canadian French Redshift Survey, in which spectra for
271 objects are available. So far, only two CADIS fields
have sufficient observations with the Fabry-Pérot etalon
and the narrow-band filters to permit searches for remo-
te galaxies with Lyman-a-emission.

The immense number of CCD images makes it clear
that the software is particularly important for the evalua-
tion of the CADIS data, since only a computer can
search for the proverbial »needlein a haystack« within a
reasonable time (Figure 11.12). In accordance with the
usua calibration and reduction procedure for CCD pho-
tographs, the program first determines the positions of
the objects on al the images, and compares these with
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one another. Asit does so, the computer finds an average
of 25000 suspected objects, of which about half have
turned out to be deceptive. These illusory objects are
created by statistical brightness fluctuations in the cele-
stial background. Several images which have been obtai-
ned through the same filter can then be added together in
order to improve the quality (statistic) of the image.

In severa steps, the program then searches for all
those objects which correspond to the criteria described
for a remote galaxy with Lyman a-emission. The group
began to sense the difficulties of this procedure in 1996,
when it had finally isolated nine objects in one of the
fields as possible young galaxies at z = 5.7, after several
steps. Unfortunately, subsequent spectral examinations
brought the sobering realisation that none of these cases
actualy involved aremote galaxy.

In 1997, a new and improved analysis revealed not a
single candidate for a protogalaxy in the so-called 9H
field. It was only in the 16H field that the astronomers
were able to track down two candidates. From these
data, it is possible to calculate the number density of
these objects as less than 0.03 per square minute of arc
and red shift range. In fact, theoretical models predict a
density for the observable protogalaxies of about 0.03
per square minute of arc and red shift range. This means
that a maximum of three to four protogalaxies may be
expected per CADIS field.

Quasars, Galaxies and Stars

The main task of CADIS is definitely to search for
protogalaxies. However, the extensive data material also
contains an abundance of other information which is not
to be left unused. For example, the observations that are
now available represent the largest extragalactic sam-
pling at the 2.1 um wavelength that has been undertaken
anywhere in the world.

In 1997, it emerged that the software can identify
quasars with brightnesses of up to the 22nd magnitude,
with virtually no errors. Out of 70 selected objects, sub-
sequent spectroscopic observations with MOSCA pro-
ved that only one had been wrongly classified. A first
evauation is already showing signs of a small surprise.
In the 16H field, there were six quasars in the red shift
range between z = 2.3 and z = 3.7, whereas not even one
was to be expected here on the basis of previous quasar
searches. This could have consequences for our ideas
about the evolution of quasars.

It is currently assumed that the volume density of the
quasars rose at about z = 4 after the Big Bang, to reach a

Fig. 1.12: Inacelestial field such asthis, the search for primor-
dial galaxiesis like the proverbial one for a needle in a hay
stack.
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maximum at z = 2. The density then fell very sharply as
far asz= 1. In the more immediate vicinity of the Milky
Way (z = 0), virtually no more quasars are observed. The
cause of this evolution is unknown. The new CADIS
values could indicate that the maximum density is dis-
placed at higher red shifts and that the maximum quasar
density was already attained at an earlier point after the
Big Bang.

The aim of the quasar project isto determine the evo-
lution of quasarsin the red shift range between z= 2 and
z="5. Inall thefieldstogether, atotal of several hundred
objects up to the 23rd magnitude are expected. Of cour-
se, there are a so hopes of discovering some quasars with
even greater red shifts, up to z = 6. The current record-
holder, with z= 4.9, was discovered aslong ago as 1991.

Galaxies at medium red shifts with weak emission
lines can aso be identified with CADIS. Out of the sel-
ected objects in the 9H and 16H fields, more than two
thirds of which are dwarf galaxies, 40% were at z= 0.25,
40% were at z= 0.65 and afurther 15% were at z< 1.25.
This resulted in atotal density of 2.5 galaxies per squa-
re minute of arc and red shift range. This data material
will make it possible to determine the luminosity func-
tion (number per luminosity interval) of the galaxies
with weak emission lines.

The discovery of a large humber of extremely red
objects (ERO's) was unexpected. The latest discovered
population is up to six magnitudes brighter at the 2.2 um
wavelength than in the red region of the spectrum. In the
16H field, six of these objects have been discovered, cor-
responding to a surface density of 0.06 ERO's per squa-
re minute of arc. One of these objects is a star of very
low mass, but the mgjority of the ERO’s are probably
gaaxies at red shifts of z> 1 in which there is either a
very old red stellar population, or else large quantities of
dust are present, causing intense reddening of the star-
light. Both types of galaxy would be very interesting.

Aswell as galaxies and quasars, CADIS can also be
used to identify and classify stars. Surprisingly, a good
many stars were located above the disk of the Milky
Way. This discovery seems to confirm the so-called
model of a»thick disk«. According to this model, consi-
derably more stars are located in an area between 1000
and 4000 pc (3200 and 13000 light years) above the
galactic disk than would be expected on the basis of sim-
ple models of the Milky Way system. If this supposition
is confirmed, it will result in far-reaching consequences
for theories of the formation and evolution of the Milky
Way system.
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Infrared Astronomy

Since the start of the 1980's, infrared astronomy has
been developing at a breathtaking pace: it has been pos-
sible to keep on raising the sensitivity of semiconductor
detectors again and again, and the observable range has
been constantly extended to include higher wavelengths.
At the same time, the size of the detector arrays and the
spatial resolution of the images obtained has been conti-
nuously increased.

From the earth, infrared astronomy is possible in
atmospheric windows at about 2.5 mm and between 3
mm and 5 mm, or between 8 mm and 13 mm. Outside of
these windows, molecules in the earth’s atmosphere —
particularly water and carbon dioxide molecules —
absorb the radiation from space. For this reason, infrared
astronomy is carried out in observatories at very high
altitudes, as well as with telescopes carried by balloons,
aircraft and especially satellites.

In particular, cosmic infrared sources comprise dust-
rich regions and regions where stars are being formed
inside large dust clouds, within which molecules can
form. In this connection, astronomy benefits from the
fact that the absorption of infrared radiation by dust is
considerably weaker than the absorption of visible light.
As aresult, processes taking place in the interior of the
clouds become visible in the infrared range. However,
although the cool dust appears entirely black on the opti-

electron
radiation belt

proton
radiation
belt

cal photographs, it radiates in the infrared range due to
itsintrinsic thermal emission. In thisway, it servesas an
indicator of the formation of starsin other galaxies.

At the same time, numerous chemical elements can
aso be detected in the infrared range: examples include
atomic and singly ionised carbon, and molecules such as
water and carbon monoxide. On the one hand, observa-
tions of molecule emission lines are used to determine
the concentration of those substances and the physical
conditions which prevail there, such as density and tem-
perature. On the other hand, the Doppler effect can also
be used to determine the state of movement of the gas,
for example in the interior of a dust cloud.

ISO, the Infrared Space Observatory

The first complete sampling of the sky at the wave-
lengths of 12, 25, 60 and 100 mm was accomplished in
1983 with the Infrared Astronomica Satellite, IRAS,
built by the Netherlands, Great Britain and the USA.
This satellite had a lifetime of ten months. Its successor
was the Infrared Space Observatory, 1SO, belonging to
the European Space Agency, ESA. Unlike its predeces-
sor which carried out a fixed pre-programmed sampling

Fig. 11.13: TheOrbit of 1SO.
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program, 1SO observed selected infrared sources under
the direct control of the astronomers on earth. The wave-
length range was extended as far as 240 mm, the detec-
tion sensitivity was raised by a factor of one hundred,
and high-resolution spectroscopy and polarimetry of
very weak sources were also made possible for the first
time in this wavelength range.

ISO was launched from an Ariane 4 on 17.11.1995
into a highly elliptical orbit, on which its distance from
earth varied between 1000 and 70000 km within 24
hours (Figure 11.13). On every orbit, the observatory tra-
versed the earth’s radiation belt. The instrument had to
be switched off during this phase. 16.5 hours per day
were available for observations.

The experts had originally aimed for alifetime of 18
to 20 months. When the satellite was switched off in
April 1998 because its reserves of coolant were exhau-
sted, it had worked for almost 29 months and during this
period, it had carried out approximately 26 000 individu-
al observations. This meant that 1SO had far exceeded
expectations, turning it into the most successful infrared
mission of the 1990's.

ISO had a 60 cm mirror, together with four scientific
instruments (Figure 11.14): ISOCAM, a camera and
polarimeter for the range from 2.5 um to 17 um; 1SO-
PHOT, a photopolarimeter, camera and spectrophotome-
ter for 2.5 wm to 240 um; and SWS and LWS, two spec-
trometers for the ranges from 2.4 um to 45 um and 43

Fig. 11.14: The 5.4-metre long Infrared Space Observatory,
IS0, in the assembly hall at Aerospatiale. 2300 litres of super-
fluid helium cool the entire satellite down to near absolute zero.
(Photo: DASA)

um to 197 um. ISOPHOT was built under the direction
of the MPIA, in collaboration with the DASA’s main
contractor, Dornier Satellitensysteme GmbH. The coo-
led focal plane instrument was built by the Carl Zeiss
company. Other contributors included the MPI fir
Radioastronomie/MPI of Radio Astronomy, Bonn and
the MPI fur Kernphysik/MPI of Nuclear Physics,
Heidelberg. Another German institute with a particular
part to play in the SO wasthe MPI fiir extraterrestrische
Physik/MPI of Extra-Terrestrial Physics in Garching,
which was heavily involved with the construction of the
SWS.

The telescope was cooled by 2,140 litres of superfluid
helium, so that the instruments operated at a temperatu-
re of 1.8 K. Thisisthe only way in which it is possible
to detect infrared sources which emit thermal radiation
at temperatures as low as 12 Kelvin. In many respects,
this called for developments on new technological terri-
tory. Almost all the components had to be newly develo-
ped, from the detectors and filters and the read-out elec-
tronics through to the black paint used on all the reflec-
ting parts in the interior. Completely new features at
such extreme temperatures included moving parts to
drive filter wheels, gratings and locks with high reliabi-
lity and low power consumption in the range of a few
milliwatts. Success confirmed this concept, which was
modified inrelation to IRAS: thefilter wheels, for exam-
ple, carried out more than one million steps without any
problems.

ISOPHOT

|SOPHQOT, which was devel oped under the coordina-
ting management of the MPIA, showed its strengths in
providing evidence of weak sources at the longest — and
hitherto largely unresearched — wavelengths of up to 240
um (Figure I1.15). In particular, the extension of the sen-
sitivity range was made possible by the use of so-called
stressed detectors. These are cube-shaped light-sensitive
semiconductors made of silicon or germanium, with
typical edge lengths of one millimetre. In photodetectors
of this sort, the electrical conductivity increases with the
number of photons absorbed. By targeted contamination
(doping) of the crystals with extraneous atoms, the sen-
sitivity can be extended to higher wavelengths. Above
and beyond this, the sensitivity range can be extended to
even greater wavelengths if the crystals are built into a
small »vice« and are exposed to mechanical pressure. In
series of experiments lasting many years at Battelle,
Frankfurt, it wasfinally possible to develop stressed ger-
manium crystals doped with gallium atoms which are
sensitive up to awavelength of 240 um. These were used
for the first time in ISOPHOT.

ISOPHOT could be operated in severa modes. pho-
tometric measurements were possible over the entire
spectral range, and there were 13 aperture sizes and 25
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Fig. 1.15: Astronomersin Heidelberg used the ISOPHOT to
discover aprestellar corewith atemperature of 12 Kelvininthe
Ophiuchusdark cloud.

filter ranges to choose from. As well as broad-band fil-
ters, there were also narrow-band filters to detect emis-
sion bands such as those from SiO or polycylic-aromatic
hydrocarbons (PAH’s), which were suspected to be a
major component of the interstellar dust. Two cameras,
one with nine sensor elements (C100 camera) and one
with four sensor elements (C200 camera) were sensitive
to the long-wave range from 60 to 240 mm. Polarimetry
was also possible up to the longest wavelengths. A spec-
trophotometer developed in conjunction with Spanish
scientists simultaneously supplied spectra from 2.5 to 5
mm and from 6 to 12 mm at a resolution of /41 = 90.
A chopper was available as an option in all the modes.

By way of payment for the development of the instru-
ments, the scientists responsible were each given 6.5%
of the usable mission time. For the MPIA, this resulted
in a total of 730 hours of pure observation time. |SO-
PHOT proved to be the most-used instrument on 1SO
(Figure 11.16).

Fig. 11.16: ISOPHOT was the most intensively used instru-
ment on board 1SO. Thisistrue both for the number of observa-
tions (a) and observationtime (b).

The ISOPHOT Data Centre

I SO has sent an enormous amount of observation data
back to earth, and this has to be carefully calibrated and
archived. The respective observer only hasthe soleright
to the data for one year, after which ESA makes them
accessible to the public. It is therefore particularly
important to have a clearly arranged archive, organised
on the basis of objective criteria. This task was accom-
plished when ESA set up a central archive at its station
in Villafranca, Spain, and in addition to this, the four
ingtitutes under whose direction the instruments were
constructed also built up a data centre. Furthermore, the
MPI fir extraterrestrische Physik/MPI of Extra-
Terrestrial Physics at Garching is also setting up a data
archive for the SWS spectrometer in whose construction
it participated.

The Heidelberg ISOPHOT Data Centre was installed
on the premises of the Astrolaboratory at the MPIA, and
it went into full operation in 1997. A total of 8 posts
(including doctorate students) were required for this pur-
pose. In collaboration with the ISO Science Operations
Center, Madrid, the »PHT Interactive Analysis« (PIA)
standard software was developed at the MPIA in order to
eva uate the raw data supplied by the satellite.

By the end of 1997, 23 gigabytes of raw data had been
stored here on 807 CD-ROM'’s. Updated versions of the
pipeline software are constantly being compiled so that
the observation data can be evaluated with ever-increa-
sing precision. The sixth version was aready available
in 1997, and others will follow. In the near future, the
data will cease being stored on CD-ROM, and instead
they will be archived on the new DVD (Digita Versatile
Disk) medium. DVD’s have about ten times the storage
capacity of CD-ROM'’s.

Aswell as pure archiving, the Heidelberg Data Centre
functions in particular as a service facility for visiting
scientists. In 1997, 99 astronomers visited the data cent-
re, where they received support with data evaluation
over several days (and occasionally over several weeks).
The institution is financed until the end of 2001.

Highlights in 1997

ISOPHOT observations were already causing a sen-
sation as long ago as 1996 when, for example, proof was
obtained for the first time of carbon dioxide ice particles
in regions where stars are being born. CO, ice is proba-
bly a component of the ice mantles of dust particles.
Equally surprising was the discovery of very cool con-
densation in the interior of dust clouds. The temperature
of these probable pre-stellar cores is about 12 to 15
Kelvin.

Due to the unexpectedly long lifetime of the observa
tory, increased efforts were called for in order to calibra-
te the data. It should therefore come as no surprise that
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the evaluation of the enormous volume of data material
isdtill in theinitial stages, and the scientific harvest has
only just begun to be reaped. There is no doubt that the
observations carried out with 1SO will continue to occu-
py astronomers for a decade, and scientific publications
can only be expected to climax after several more years.
Below, we present some highlights from the results
achieved at the MPIA with ISOPHOT.

Dust in the Coma Galaxy Cluster

The space between the galaxies is largely empty. In
galaxy clusters, x-ray telescopes have proven the pre-
sence of gas at temperatures of severa tens of millions
of degrees, with an average density of some 103 atoms
per cubic centimetre. This means that the intergalactic
gas is distributed more thinly — by a factor of about a
thousand - than the diffuse interstellar gas in the gaa
xies. Arguments have raged over several decades as to
whether dust is also present in galaxy clusters.

One argument against this proposition was the pre-
sence of hot intergalactic gas, in which dust cannot exist
for long. But various vague observed indications spoke
in favour of it. The matter was brought to ahead by inve-
stigations of galaxies and quasars which lie behind
galaxy clusters. Here, there were indications that the sur-
face density of observable background galaxies declines
towardsthe central region of acluster located in the fore-
ground. This could be explained by a homogeneous dis-
tribution of dust in the interior of the cluster. The conse-
quence of thiswould in fact be that the light which pas-
ses through the central region is absorbed more heavily
than the light in the outer regions. However, previous
studies of this sort have not been convincing: they have
only led to estimates that the visual extinction in the cen-
tral region of the Coma cluster must amount to less than
0.3 magnitudes. An investigation of 56 clusters using the
IRAS data and eleven clusters in the sub-millimetre
range produced no clear evidence in favour of thermal
IR emission from diffusely distributed intergal actic dust.
A problem which arises here istheirregularly structured
emission of the galactic cirrus, caused by dust in our
Milky Way.

The question of intergalactic dust is interesting for a
variety of reasons. On the one hand, it would contribute
to the total mass of the clusters, if only to a small extent.
On the other hand, due to its extinction, it would show
more remote galaxies as redder and fainter than they
actualy are. This would have effects on distance deter-
minations, of the sort which are not undertaken using the
spectra of the objects, but on the basis of their colour.
Moreover, the dust could supply some indication as to
the dynamic age of the clusters, since the dust particles
are constantly being destroyed by the hot gas, and this
accordingly means that they also have to be »topped up«

again.

Thanks to ISOPHOT, a new possible approach to this
old problem has now been created, enabling us to obser-
ve galaxy clusters in the hitherto inaccessible range
above 100 mm. In July 1996, a one-hour examination of
the Coma galaxy cluster became possible. This cluster,
which is rich in gaaxies, is located at a distance of
138 Mpc (or about 450 million light years), and in the X-
ray range, it shows intensive radiation of intergalacitc
gas.

Observations were made in two wavelength ranges
around 120 um and 185 um with the C200 camera,
whose detector consists of a 2 X 2-array stressed
Germanium-Gallium crystal. The Coma cluster was
scanned along two axes running transversely to one ano-
ther, and for each scan line, 16 fields were photographed
at 3 X3 square minutes of arc. The two scans crossed
over in the central region, at the location of the eliptical
galaxy NGC 4874. One of them — the east-west scan —
also traversed a second elliptical galaxy with the desi-
gnation NGC 4889. As expected, it was not possible to
detect either of the galaxies, since they do not contain
enough cold dust. A bright object was apparent at the
end of the east-west scan. Thisisthe IR spiral galaxy IC
4040, which has already been detected with IRAS and is
amember of the Coma cluster.

In order to detect possible extended IR radiation from
the interior of the cluster, the images had to be carefully
calibrated and corrections had to be made for interferen-
ce effects such as impacts of cosmic radiation particles
on the detector. For the subsegquent analysis, the IR flu-
xes of the four detector elements were firstly determined
on an individua basis for each image, and then they
were averaged, thus providing two one-dimensiona flux
distributions through the cluster.

Neither of the scans showed any significant increase
in IR radiation from the Coma cluster. However, the pic-
ture was different after the ratio of intensities at 120 mm
and 185 mm was formed in the scans. In this case, an
almost symmetrical increase in intensity was recognisa-
ble around the central region (Figure I1.17). The reason
why this IR radiation only became apparent when the
ratios were formed is that the dust in the Coma cluster
has different radiation properties than the foreground
galactic cirrus. Thus, for example, the Coma dust could
have a higher temperature. Assuming aradially symme-
trical distribution of intensity for the IR radiation, the
average from the two scans was formed in favour of a
minor statistical error: and when this was done, the
effect emerged even more clearly.

It was now assumed that the radiation in the peri-
pheral regions of the cluster originates from the galactic
cirrus. This component was subtracted, by linear inter-
polation of the intensity assigned to it between the peri-
phera points. This left an excess radiation of approxi-
mately 0.1 MJy/sr at 120 um in the central region, with
a diameter of 10 minutes of arc, corresponding to 0.2
Mpc (0.65 million light years). On account of the pre-
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Fig. 11.17: Dustin acluster of galaxieswas detected for thefirst
time, using ISOPHOT. Two scans through the Coma cluster
(bottom) showed a nearly symmetrical dust distribution around
the centre (top).

vious subtraction, this value represents a lower limit for
the radiation from the Coma cluster.

It isnot possibleto derive an unambiguous temperature
for the dust from the IR flows measured in the two wave-
length ranges. The temperature also depends on the radia-
tion properties of the particles. Using two different
assumptions, lower limitsfor the temperature are obtained
of 26 Kelvin or 38 Kelvin respectively. At the same time,
an upper temperature limit of 55 or 80 Kelvin respectively
can be derived from the fact that the dust was not registe-
red with IRAS at 60 um. Now, if we assume a homoge-
neous distribution of the dust and specific radiation pro-
perties of the dust particlesin the central regionwithadia
meter of 0.2 Mpc, values for its total mass of between
6.2 X 10" and 1.6 X 10° solar masses are obtained.

Observations with ROSAT, the X-ray satellite, yiel-
ded a mass of 5 X 102 solar masses for the hot gas in
this region. This means that the average gas/dust ratio in
the Coma cluster is between 1.3 X 10 and 3.2 X 104,
In comparison with the interstellar dust, therefore, the
dust in the Coma cluster is depleted by a factor of 20 to
600, and this results in a visua extinction in the central
region of between 0.01 and 0.2 magnitudes.

The question of the origin of the dust is now of inte-
rest. According to model calculations, it should be vapo-

rised in the interior of the hot gas within a hundred mil-
lion years. Two possibilities are currently feasible: either
the dust is constantly being blown out of the galaxies
into intergalactic space by stellar winds, or else it was
swept out of the galaxies when two galaxy clusters fused
with one another. The second scenario in particular
could apply to the Coma cluster, because various obser-
vations suggest that this galaxy cluster has a relatively
low dynamic age, and that it consists of two interpene-
trating or merging clusters whose central galaxies were
once NGC 4889 and NGC 4874 respectively.

In order to verify this hypothesis, a project is current-
ly in progress a the MPIA to search for dust in clusters
of different types, and of different suspected dynamic
ages. If the hypothesisis correct, then no dust should be
found in old, relaxed clusters, whereas dynamically
young clusters which are apparently merging with one
another should show large amounts of dust.

The NGC 6090 Starburst Galaxy

One of the outstanding results of the IRAS mission
was the discovery of aclass of galaxieswhich shine con-
siderably more brightly than normal galaxies in the
remote infrared range. At wavelengths of about 60 um,
normal spiral galaxiesirradiate much less energy thanin
the blue range. By contrast, the IRAS galaxies are up to
one hundred times brighter in the far infrared range
than in the blue range. In IR, they can generate more
than 1012 solar luminosities, meaning that they are
among the most luminous celestial bodies of all after the
quasars.

The explanation for these IR galaxies is that a phase
of increased star formation is taking place within them.
In extreme cases, star formation rates of 100 solar mas-
ses per year have been determined, which is several tens
of times higher than the rate in normal spiral galaxies
such asthe Milky Way. For this reason, these systems are
also caled »starburst galaxies«. The large numbers of
hot young O and B stars heat up the surrounding dust,
which then irradiates the absorbed energy in the infrared
range again. In many cases, the starburst is triggered by
tidal forces which occur when two galaxies move past
one another in close proximity, or even penetrate one
another.

NGC 6090 is a starburst galaxy at a distance of 117
megaparsec (or about 380 million light years), which
radiates more than 10 solar luminositiesin the infrared
range; it has also been observed by IRAS. On optical
photographs, it can be seen that NGC 6090 consists of
two merging galaxies. Their two cores are at a projected
distance of 6.4 seconds of arc from one another (corre-
sponding to 12000 light years). This object has already
been examined at 1.3 mm and in the UV range. 1SO has
now created the additional possibility of examining
NGC 6090 from the near to the distant infrared range,
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where the galaxy radiates its maximum energy. Thanks
to ISOPHOT, NGC 6090 has been studied with the C100
and C200 cameras (60 um to 200 um), the photometer
(3.6 um to 200 um) and the spectrometer (2.5 umto 11.6
um) (Figure 11.18).

From the spectral progression which was observed, it
was possible to calculate that the galaxy is radiating 2.8
X 10™ solar luminosities in the entire range from 3 um
to 240 um. Half of this alone comes from the range bet-
ween 40 um and 120 um. A simple model can be used to
derive a star formation rate of 21 solar masses per year
from this. By using the spectrometer, it is also possible
to establish unambiguous proof of emission bands from
polycyclic-aromatic hydrocarbons (PAH's) (Figure
11.19).

Thanks to these measurements, the spectrum in the
infrared region was therefore well known. This made it
possible to draw comparisons with theoretical models.
The general approach of models of this sort consists in
the assumption of three dust components: 1) cool cirrus
dust which is heated up by the interstellar radiation field;
2) warm dust in the star formation regions,; and 3) hot
dust in the environment of an active core area, which is
generally associated with a Black Hole. The high inten-
sity ratio of | (60um) /1 (25 um) argues against an active
galactic core just as much as observations in the optical
range. At the same time, the | SO measurements point to
adust temperature of more than 25 Kelvin, which argues
against significant contamination by cirrus dust.

It was ultimately possible to obtain a very good
reproduction of the measured spectrum with the help of
amodel which was developed by colleagues at the MPI
fUr Radioastronomie/MPI of Radio Astronomy in Bonn
in 1994, and was then used successfully on the close
starburst galaxy M 82. This model takes account of hot
stars in population I, which greatly heat up the dust in
their surroundings and form so-called Hot Spots, and
also of cooler starsin population 11, which generate arat-

Fig. 11.18: The Starburst galaxy NGC 6090, recorded as an
optical image (left) and at a wavelength of 60 um with |SO-
PHOT (right).
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Fig. 11.19: The spectrum of NGC 6090 recorded with 1SO-

PHOT. Emission bands show up at wavelengths of 6.2, 7.7, 8.6

and 11.3 um, which probably originate from polycyclic aroma-

tic hydrocarbons.

her uniform IR radiation field from the heated dust.
Above and beyond this, the model takes account of very
small dust particles and of PAH’s. The latter are signifi-
cant on account of their emission bands between 3 um
and 14 um.

This model gave very good reproduction of the spec-
tral energy distribution of NGC 6090, which had been
measured with ISOPHOT. Even so, it could not explain
the strong emission above 100 um. To cope with this, the
group at the MPIA added an additional dust component
to the model, with an approximate temperature of only
20 Kelvin; in order to explain the observations, the total
mass of this component must be approximately 108 solar
masses. This component turns out to constitute the lion's
share of al the dust in NGC 6090. If a temperature of
about 50 Kelvin is assumed for the dust in the star for-
mation areas, this warmer component only contributes
106 solar masses to the total mass of dust.

Although cool dust at temperatures below 20 Kelvin
had aready been suspected, its presence could not be
proven with IRAS, since the sensitivity of this satellite
only extended to awavelength of 100 um. With 1SO, the
astronomers now found surprisingly large quantities of
dust with temperatures of 12 to 15 Kelvin. Moreover, an
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initial analysis suggests that the dust particles are relati-
vely large.

Random Sampling in the Far Infrared Range

Since | SO was examining individual objects rather
than carrying out a continuous sampling of the sky, the
instrument had to be slewed from one celestial positionto
the next between the separate observations. Although the
observation sequence was optimised by means of compu-
ter programs so that the minimum of timewaslost, longer
dews of more than a hundred degrees were still unavoi-
dable every now and then. In order to make some use of
this slewing time, it was decided to switch the
|SOPHOT's C200 camera on during the slews. Thisyiel-
ded one-dimensional scans acrossthe entire sky inthefar
infrared range around 200 wm, which had remained unex-
plored until the ISO mission (Figure 11.20). During the
slews, the satellite attained a maximum speed of 8 minu-
tes of arc per second. At a read-out frequency for the
detector of 8 images per second, the maximum interval
between two consecutive detector positions was therefo-
re one minute of arc. During the acceleration phase at the
start of each slew and the deceleration phase at the end,
the speed was less, which also meant that the distance
between two consecutive detector positions was shorter.

This technology was intended to enable the detection
of point-shaped sources as well as extended IR sources.

Fig. 11.20: Map of all the slews across the sky carried out by
SO during its mission. This normally wasted time was exploi-
ted for arandom sampling with ISOPHOT at a wavelength of
200 um.

In this way, it was possible to make additional use of
some 550 hours throughout the entire mission, corre-
sponding to five per cent of the observation time.

The evaluation of these data calls for specia techni-
ques which were initially tested under the auspices of a
so-called minisurvey, in a selected region close to the
ecliptical north pole. This field comprises about one
hundred square degrees, and it features a low radiation
background due to galactic cirrus, as was already known
from the IRAS data. By August 1997, the region had
been swept by atotal of 337 slews with atota length of
1263 degrees, corresponding to 4.22 hours of observati-
on time (Figure 11.21).

In the first evaluation phase, the objective was to
prove the existence of point sources in the minisurvey
(Figure11.22). For this purpose, it wasinitially necessary
to subtract the diffuse background emission coming
from the cirrus. This was achieved by eliminating all
those signals whose sources are broader than ordinary
point sources. By doing this, however, we also lose cir-
cular extended objects such as close galaxies or plane-
tary nebulae. In the case of extended cirrus structures
such as elongated filaments or condensations, the proce-
dureis not unambiguous. If the image field of the detec-
tor happens to cross a filament of this sort perpendicu-
larly to itslongitudinal extension, the software may pos-
sibly register this structure as a point source; if it passes
over the filament diagonally, it will appear to be exten-
ded. Improved software should make it possible to diffe-
rentiate between critical cases of this sort as well.

The data material which is processed in this way aso
contains signals caused by the impact of cosmic par-
ticles. These are narrower than those of real IR sources,
and this allows them to be identified. In the minisurvey,
al the remaining signals which were only dlightly above
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Fig. 11.21: (Left) Celestia field in the northern mini-random
sampling. (Right) ISO’sslewsin the samefield.

the background noise (two o) were evaluated as real,
which also guaranteed the detection of very weak sour-
ces. In order to determine the absolute radiation fluxes
of the observed objects, a specia procedure was needed
which had to solve the following basic problem: during
the slew, the image of the object passes in any random
direction over the detector, which consists of four ima-
ging elements. For example, this means that a source
can be registered by three elements, but it may also be
registered by only one element. In the least favourable
case, the object only glances the external areas of the
detector, so that not even the maximum of the intensity
distribution passes over the detector. Now, on the basis
of the signals originating from the imaging elements,
the software calculates a two-dimensional Gauss distri-
bution, which gives a first approximate description of
the intensity profile of the point sources. This has made
it possible to determine the absolute values of the inten-
sities within a precision of 30%. The absolute values
could only show uncertainties up to a factor of two to
three in the least favourable case. In the future, the
Gauss fit is due to be replaced by an analytical intensity
profile which is better suited to the observation conditi-
ons.

The dews in the minisurvey area which were proces-
sed in this way led to the following results: al point
sources with abrightness of at least 5 Jy were registered,
as also expected by comparison with the IRAS catalo-
gue. Between 2 and 5 Jy, the probability of detection was
90%; below 2 Jy, it dropped to 50% of all IRAS sources.
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Among the reasons which explain this is the fact that
ISO’s track in the sky during the slew is only known
with an accuracy of about one minute of arc, so that
some expected sources only glanced the edge of the
detector field and their signal remained below the detec-
tion limit.

Allinall, ISO registered 21 IR sourcesin the area of the
minisurvey. A comparison of these objects with optical
images showed that they were amost exclusively gala-
xies, and that only one object is located in the Milky
Way: this is the planetary nebula NGC 6543. Another
object with the designation IRAS 16384+7313 is proba-
bly a bright condensation in the galactic cirrus. Of the
19 galaxies, 8 turned out to be bar spirals, and two were
interacting pairs of galaxies. Since spectra of some gala-
xies aready exist, it was possible to show that galaxies
with red shifts of up to z = 0.1 can be detected in
connection with the random sampling.

The minisurvey then alows extrapolations of the
number of IR sources to be expected from the total ran-
dom sample. Accordingly, it should be possible to detect
an average of one source brighter than 2 Jy for every 40
degrees of dew length. This is equivalent to a surface
density of 0.5 objects per square degree, which corre-
sponds extremely well to the IRAS catalogue, where 0.5
extragal actic objects per square degree are also listed in
the area of the minisurvey. Since a length of 150000
degrees was swept in the course of the entire SO missi-
on, corresponding to coverage of approximately 17% of
the sky, measurements for the flow at a wavelength of
200 pum should be available for about 4000 galaxies —
and in most cases, this will be for the first time.

This database will contribute towards determining the
nature of galaxies with intense emission in the far infra-
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red range. As well as this catalogue, which consists pre-
dominantly of extragalactic point sources, the 200 um
strip cards are now being sampled on the basis of the col-
dest placesin the Milky Way. Asaresult of this, asecond
catalogue will be compiled, containing prestellar cores,
globules and other galactic objects. Thiswill be of major
importance for the observation of star forming regions.

Fig. 11.22: Procedure used in the identification of point-sources
during the random sampling. (a) The signal obtained along the
slew, (b) background recorded with automatic software, (c) dif-
ference between the original signal (a) and the background (b).
In (c), the spikes caused by the impact of cosmic particles are
eliminated. (d) End-result: the only remaining point-source aro-
und signal number 6100 could be identified as galaxy NGC
6946.
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The spiral galaxy Messier 51 in an image taken with the CCD cameraM OSCA (see p.34) at the 3.5-metretelescope on Calar Alto.



One of the essential criteria governing the performance
of atelescopeisthe size of itsmain mirror. But an equal-
ly decisive factor is the choice of the detector which
registers an image of the targeted section of the sky or a
spectrum of the observed source of light in the focal
plane. For about one hundred years, astronomers used
photographic plates as the means of recording the image;
their emulsion has a quantum yield of less than one per
cent, which means that a specific point on the emulsion
must be impacted by more than one hundred light par-
ticles before it will register one of them.

Since the start of the 1980's, astronomers have had
so-called Charge Coupled Devices (CCD’s) at their dis-
posal. These are light-sensitive semiconductors which
attain quantum yields ranging from 60 to almost 100 per
cent, depending on the wavelength (Figure 111.1). By
using these devices, a 50- to 100-fold increase is made
possible in the sensitivity of the detectors, and hence in
the efficiency of the telescopes. These miniature plates,
just a few square centimetres in size, consist of a large
number of light-sensitive pixels (picture elements). The
largest CCD’s have several million pixels. Thelight arri-
ving at each individual pixel generates an electrical char-
ge which is stored in the pixel. At the end of each expo-
sure, an electronic system reads out the CCD chip, and a
computer converts the charge distribution that has been

Fig. 111.1: Light-sensitive CCDshavelargely replaced the pho-
tographic plate as a detector in astronomy. The aim is to build
ever-larger chips. The picture showsthe currently largest CCD,
with 7000 X 9000 image elements (format: 8.4 cm X 10.8cm).
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registered into an optical image. The new detectors also
offer some other decisive advantages. the number of
charge carriersthat are generated is directly proportional
to theintensity of theincoming light, and the digital ima-
ges that are produced are immediately available for fur-
ther evaluation in the computer.

Nowadays, CCD’s are used in commercialy available
video recorders and even in cameras, but the normal
commercial CCD’s cannot be used on telescopes. Only
chips of the very highest quality are suitable for astro-
nomy. These are produced by companies such as Philips
or Rockwell, but detailed tests on their suitability have to
be carried out at the MPIA’s |aboratories before they can
be put to use on one of the telescopes.

The instruments themselves — that is, the cameras and
the spectrographs in which the detectors are used — are
also unavailable through commercial channels: instead,
they have to be designed and built individualy. In gene-
ral, the scientist in charge of the project specifies the
desired properties of the instrument, and then the proto-
type is produced in the MPIA's workshops. In a large
number of cases, cooperation also takes place with com-
panies, who are not infrequently confronted with entire-
ly new tasks in connection with special orders of this
type. The know-how which they acquire in this process
strengthens their competitive edge on the world market.

There now follows an overview of the MPIA's more
recent measuring instruments.

CAF0S2.2 - Calar Alto Focal Reducer System
for the 2.2 Metre Telescope

The large telescopes on Calar Alto have a particular-
ly wide image field with perfect optical quality. In its
Ritchey-Chrétien focus, for example, the 2.2-metre tele-
scope has ausable field with a diameter of 67 minutes of
arc, corresponding to 33 centimetres. Since CCD'’s have
edge lengths of just a few centimetres, it follows that
they can only be used to cover part of the complete
image field. A focal reducer system lowers the effective
focal distance, and therefore the diameter of a telesco-
pe'simage field, improving its ability to adapt to the size
of the CCD’s: it recollimates the beam behind the focal
plane, and focuses it in a second foca plane with the
help of a camera optic (Figure I11.2).
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Abb.I11.2: The principle of afocal reducer. The converging
beam is rendered parallel once again behind the Cassegrain
focus (F1), using a collimator. Thus a secondary image of the
entrance pupil P1 isformed at P2. Thisis focused with the
cameraon the CCD at F2. The effective total focal length fis
reduced by the factor f(camera)/f(collimator), so that alarge
field-of -view isimaged.

The CAFOS2.2 system reduces the effective focal
distance of the 2.2-metre telescope from over 17 metres
down to 8 metres. This apparatus also makes it possible
to use other instruments, such as spectral gratings or
prisms. The CAFOS2.2 contains eight so-called
»grisms« (derived from the words »gratin« and
»prisme). A grism is a prism with the addition of a spec-
tral grating positioned on its rear side. It splits the spec-
trum of the incoming light throughout the entire visible
range of wavelengths from 320 to 950 nanometers. For
polarisation investigations, it is also possible to insert a
Wollaston prism into the beam path. Another feature is
that narrow-band recording is possible thanks to a
Fabry-Pérot interferometer. One of its propertiesis that
a very narrow spectral pass range can be adjusted
throughout a wide wavelength range. This may be com-
pared with aradio receiver, which can be set to narrow-
band radio transmitters throughout a specified frequency
range.

CAFOS2.2 excels in the field of direct images and
spectral examinations of very faint objects with relative-
ly high spectral resolution. The instrument is used inten-
sively to search for the remotest galaxies in the Caar
Alto Deep Imaging Survey, CADIS (Chapter 11.2). A
control system offers alarge number of automatic obser-
vation sequences and help routines which free the obser-
ver from routine tasks such as series of focusing operati-
ons or cdibration tests. In the very near future, it is
intended to equip the instrument with a largely automa-
ted observing mode.

MOSCA - Multi-Object Spectrograph
for Calar Alto

MOSCA is a multi-purpose instrument which can be
used for direct imaging as well as for spectrographic
investigations. Thisinstrument, which went into operati-
on at the end of 1996, is used on the 3.5-metre tel escope
behind the main mirror bore in the Ritchey-Chrétien
focus (Figure 111.3 and 111.4). MOSCA is afocal reducer
which lowers the actual focal distance by afactor of 3.7,

FIG. 11.3: The MOSCA infrared camerain operation.

resulting in an effective aperture ratio of f/2.7. This
means that it enlarges the image field which can be regi-
stered on the CCD chip to 11 X 11 sguare minutes of
arc, alowing complete imaging of relatively close and
large galaxies such as M 51 (see the figure p. 32). The
detector currently in use is a CCD with 2048 X 2048
pixels, which is sensitive through a large wavelength
range from 330 nm to 1 micrometer. MOSCA is the
counterpart to CAFOS2.2 on the 3.5-metre tel escope.

MOSCA is equipped with two filter wheels for direct
imaging. One of these contains seven standard filters,
while the other can be fitted with as many as ten special
filters which the observer can bring along with him to
suit his own purposes. A Fabry-Pérot interferometer is
also built into the instrument: this can be set as a narrow-
band filter (pass width 1.5 to 2 nm) throughout a range
from 550 to 950 nm. Six different grating prisms
(grisms) with various spectral resolutions are available
for spectroscopic investigations.

During 1997, MOSCA was mainly used as a multi-
object spectrograph. In this way, simultaneous records
can be made of the spectrafrom several celestial bodies,
such asthe galaxiesin acluster. For this purpose, a meta
plate is inserted in the focal plane of the telescope; dlits
have already been milled in this plate at precisely mea-
sured positions. This pattern of dlits corresponds to the
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Fig. 111.4: MOSCA: schematic diagram.

distribution of galaxiesin the focal plane, so that a spec-
trum from all the celestial objects is obtained simulta-
neously with one single imaging operation.

The masks can be produced in the MPIA’s workshops
within a few minutes, to a precision of one micrometer.
All users of the instrument, including visiting observers,
can have the masks they require produced at the MPIA.
Finally, a semi-automatic procedure makes it possible to
align the telescope and the mask within 10 to 20 minu-
tes. One example of MOSCA's use was in the search for
the remotest galaxies in the Calar Alto Deep Imaging
Survey, CADIS (Chapter 11.2).

OMEGA-Prime — a Camera for the Near Infrared

OMEGA-Prime (Figure 111.5) is the first camera on
Calar Alto to be equipped with infrared detectors of a
new generation. It began operation in the spring of 1996
on the primary focus of the 3.5 metre telescope. At the

heart of the instrument is a chip which was developed in
the Rockwell Science Center and at the University of
Hawaii, made from a mercury-cadmium-tellurium com-
pound (HdCdTe) with 1024 X 1024 pixels (Figure
I11.6). This chipis 16 times larger than its predecessor in
the MAGIC camera. Its sensitivity range extends from 1
to 2.5 micrometers, so that it covers the near infrared
range. OMEGA-Prime was designed at the MPIA and
built in the Infrared Laboratories at Tucson, Arizona.

A filter wheel with 15 positions enables investigations
to be made in various wavelength ranges, and excellent
image quality throughout the entire field is supplied by a
corrector consisting of three optical elements (Figure
11.7).

OMEGA-Prime is used in the primary focus of the
3.5-metre telescope, where a large image field of 6.8 X
6.8 square minutes of arc is obtained. This makes the
instrument outstandingly suitable for sampling the sky to
locate weak infrared sources such as protogalaxies or
brown dwarves, and aso for detailed study of star for-
mation regions. OMEGA-Prime was released for gene-
ral observing operation in the autumn of 1996, and it
immediately became the instrument in greatest demand.
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OMEGA-Cass — Spectrometer and Camera
for the Near Infrared

OMEGA-Cass is a further development of Omega-
Prime. This instrument (Figure 111.8 and 111.9) is desi-
gned for use in the Cassegrain focus of both the 3.5- and
the 2.2-metre telescopes on Calar Alto. Aswell as direct
photography, it can also be used for spectral and polari-
sation investigations.

The design and construction of OMEGA-Cass was
started at the MPIA in the summer of 1996. As in the
OMEGA-Prime, an HdCdTe-Array with 1024 X 1024
pixels operates as the detector, with sensitivity in the
wavelength range from 1 to 2.5 micrometers. The ima-
ging scale can be changed by choosing from three diffe-
rent cameraoptics. In the /10 beam of the 3.5 metre tele-
scope, the scale varies between 0.1, 0.2 and 0.3 seconds
of arc per pixel. In conjunction with ALFA, the adaptive
optical system, (Chapter 11.1), the aperture ratio varies
from f/10 to /25, yielding values of 0.12, 0.08 and 0.04
seconds of arc per pixel for the imaging scale on the
detector.

Two filter wheels can accommodate a total of 18
colour filters which alow imaging in various wave-
length ranges. Moreover, OMEGA-Cass offers two pos-
sible methods of polarisation analysis. Four filters which

Fig. 111.8: OMEGA-Cass at the 3.5-metre telescope.

can be rotated in stages of 45 degrees, as well as two
Wollaston prisms, supply the linear degree of polarisati-
on for extended sources. Three grisms (grating prisms)
give OMEGA-Cass its spectroscopic properties. The
spectral resolution 4/44 is between 500 and 1000.

At room temperature, every object emits infrared
radiation in the sensitivity range of Omega-Cass. This
means that the components of the instrument itself
would »blind« the detector at room temperature. The
instrument has to be cooled in order to prevent this.
OMEGA-Cass has two cooling tanks filled with liquid
nitrogen, which keep the instrument at the required ope-
rating temperature of about 80 Kelvin for more than 36
hours. The externa tank cools the outer radiation shield,
while the inner tank isin direct thermal contact with the
whole internal optomechanical structure.

OMEGA-Cass saw »first light« on the 3.5-metre tele-
scope in August 1997, only 15 months after the start of
construction. All three imaging optics are available and
the polarisers and grisms are fully integrated. The first
tests satisfied all expectations, so OMEGA-Cass is sure
to develop into a new »work horse« on the 2.2- and 3.5-
metre tel escopes.

At the end of 1997, it was suggested that an imaging
spectrograph should also be installed in OMEGA-Cass.
For this purpose, an array consisting of a large number
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of individual lensesisto be positioned in the focal plane.
Thiswill alow asmall spectrum to be produced for each
of about 100 X 100 image dots of an area of sky in an
image (3D spectroscopy) .

CONICA - Coudé Near-Infrared Camera
for the VLT

The European Southern Observatory, ESO, is current-
ly setting up the Very Large Telescope, VLT, on the
2630-metre-high peak of Parana in Chile's Atacama
Desert (Figure 1.4). When fully completed, this facility
will consist of four large telescopes, each with a mirror
of 8.4 metres in diameter, and three smaller auxiliary
telescopes with 1.8 metre mirrors. The VLT will then be
the observatory with the largest total mirror area
anywhere in the world. Each of the four large tel escopes
has three outputs, which can be fitted with extremely
high-performance cameras and spectral equipment.
CONICA will operate on the first of the four tel escopes,
which saw »first light« at the end of May 1998. CONI-
CA is currently being built under the coordinating lea-
dership of the MPIA in collaboration with the MPI fur
extraterrestrische Physik/MPI  of Extra-Terrestrial
Physics in Garching. This instrument (Figure I11.10 and
[11.11) is due to start operation in the year 2000. The
astronomers at the institutes involved in the construction
of CONICA will have 45 nights' observation time with
this instrument available to them on the VLT.

The contract which was concluded with ESO in 1991
provided for CONICA to be operated in the Coudé focus
(f/50) of the first telescope. However, new arrangements
have been made on account of delays to construction
work in the Coudé beam path: now, CONICA will ope-
rate in the Nasmyth focus (f/15), and will supply diffrac-
tion-limited images with resolutions as low as 0.026
seconds of arc in the near infrared range from 1 to 5
micrometers, in conjunction with the NAOS adaptive
optical system.

An infrared array with 1024 X 1024 pixelsis used as
the detector, and the imaging scale can be adapted to the
chosen wavelength. There will be four scales between
0.014 and 0.11 seconds of arc per pixel. For each of
these scales, two camera systems are available, opera-
ting in the two wavelength ranges from 1 to 2.5 micro-
meters and from 2 to 5 micrometers. Depending on the
selected variant, the image field has an extent of between
14 X 14 and 56 X 56 square seconds of arc, and a dia
meter of 73 seconds of arc at the lowest resolution.

CONICA is a multi-functiona instrument in which
the following optical elements will be available:

A Fabry-Pérot interferometer is continuously variable
in the range between 2 and 2.5 micrometers, and it ena-
bles narrow-band recording for all imaging scales. The
pass range of about 1 nanometer will then correspond to
aspectral resolution of A/42 = 2000. A set of 20 standard

Fig. 111.10: The CONICA camerabeing tested.

colour filtersand 15 narrow-band filtersis available, and
these can be integrated on two filter wheels. Wollaston
prisms and polarisation filters make it possible to mea-
sure the linear polarisation of extended objects. Fur-
thermore, three grisms provide the possibility of two-
dimensional spectral investigations with an average
spectral resolution /44 of between 250 and 1000.

Like al infrared cameras, CONICA also has to be
cooled. A two-stage sedled circulating cooling system
brings the radiation shield and the internal cooling struc-
ture down to a temperature of less than 80 Kelvin. The
second stage cools the detector down to the optimal ope-
rating temperature of about 35 Kelvin. The cooling of
the instrument can be accelerated by means of an addi-
tional cooling system which uses liquid nitrogen. A sta-
ble operating temperature is attained after less than 24
hours.

The cryostat and the adapters were completed in
1997, and al the optical components were delivered.
Extensive cooling tests yielded successful results, and
full mechanical integration of the instrument was possi-
ble for the first time at the end of 1997. The system for
reading out and storing the data was converted to a pro-
cessor of the new generation which can handle data
flows of up to 40 MB per second — which is an impor-
tant requirement for applications such as speckle inter-
ferometry.
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It will be possible to use CONICA for dl current
areas of research. Pride of place goesto investigations of
areas where stars are being formed and to protoplanetary
dust disks, the Galactic Centre, the gaseous envelopes
around Red Giants, and the search for extrasolar planets.
In the extragalactic field, high priority will be given to
observations of the central regions of active galaxies and
remote infrared galaxies.

MIDI — Mid-Infrared Interferometry Instrument
for the VLT

Asfrom the year 2000, the Very Large Telescope will
also operate as an optical interferometer. For this purpo-
se, the beam paths of two or more telescopes will be
combined and coherently superimposed in one common
image plane. An interferometer of this sort has the spati-
al resolution of one single telescope with amirror whose
diameter would be equivalent to the basic length of the
two telescopes linked by the interferometric coupling.
Two of the VLT’s tel escopes, separated by a distance of
130 metres, will then be capable of achieving a resoluti-
on of a few thousandths of a second of arc in the near
infrared range.

Three interferometry instruments are envisaged at
present: AMBER will combine three or more telescopes
at awavelength of 2.2 micrometers; MIDI isintended to
enable interferometry with two telescopes at 10 micro-

meters, and thanks to the so-called Phase Referencing
technique, PRIMA should make it possible to produce
two-dimensional images in the near-infrared range with
only two telescopes.

The MPIA will be undertaking the development and
construction of the MIDI instrument. Material costs of
approximately 1.5 million DM and additional personnel
costs of a comparable amount are estimated for this pur-
pose. The first observations are due to take place in the
spring of 2001.

The path lengths of the beams arriving from the two
telescopes must correspond precisely to within fractions
of a wavelength, equivalent to about one micrometer.
Most of the difference in path lengths, which is princi-
paly due to geometry, will already have been compen-
sated before the beams enter the instrument. Inside
MIDI, the diameter of the beam will be reduced from 80
mm to 10 mm, and the remaining difference in path
lengths will be compensated by means of movable
piezo-electrically driven mirrors. A beam splitter combi-
nes the beams to create the interference image (Figure
111.12).

At the same time, however, it must also be possible to
measure variations in the brightness of the observed
celestial object due to air turbulence or clouds. For this
purpose, part of the two beamswill be diverted out of the
interferometric beam path so that continuous separate
measurements of the brightness can be taken.

The thermal background radiation which occurs at a
wavelength of 10 micrometers may well present a major
problem. For this reason, an »empty« area of the sky in
close proximity must be measured at fixed time intervals
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as a brightness comparison. Such »chopping« measure-
ments (as they are known) are also necessary for normal
direct imaging, but on the VLT interferometer they
require substantially higher outlay, since the VLT teles-
copes and MIDI must operate together synchronously.

The main areasin which MIDI isto work will proba-
bly be the observation of double stars, protoplanetary
disks, Brown Dwarves, extrasolar planets and active
galaxies.

PACS - IR Camera for FIRST,
the Far Infrared Space Telescope

In the year 2007, the European Space Agency (ESA)
intends to launch FIRST, the Far-Infrared and
Submillimetre Space Telescope (Figure 111.13). This is
the ESA’s fourth major cornerstone mission. FIRST will
be provided with a 3 metre mirror and three scientific
instruments which are intended to cover a wavelength
range from 85 to 900 micrometers. It will therefore link
up to the field of radio astronomy at long wavelengths.
One foca point of the research programme will be the
observation of protostellar dust clouds and protoplane-
tary dust disks. It will also be possible to detect the infra-
red radiation from very remote young galaxies in the
sub-millimetre range.

The MPIA will be participating in the construction of
PACS, one of the measuring instruments. This project is
being led by the MPI fir extraterrestrische Physik/MPI

Fig. 111.13: Computer-generated drawing of the FIRST infra-
red observatory.
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Fig. 111.14: Theray-pathin PACS.

Fig. I11.15: PACStest modul. 16 germanium-gallium crystals
aremechanically compressed (bottom). The readout electronics
can berecognized at the top.

of Extra-Terrestrial Physics in Garching. PACS should
make it possible to carry out photometric and spectro-
metric investigations in the wavelength range between
80 and 210 micrometers (Figure 111.14). The MPIA will
be making major contributions towards the devel opment
of the cameras, the pre-amplifiers, the focal plane chop-
pers and the optomechanics, and also towards building
up and operating the data centre. FIRST and PACS will
enable an even more productive random sampling of the
sky (»Serendipity Survey«) than the one which has
recently been carried out with SO (Chapter 11.3).

PACS will have two infrared detector arrays with 16
X 25 pixels each, consisting respectively of stressed and
unstressed germanium-gallium crystals. The »stressing«
of crystalsisatechnique which has been studied in detail
at the MPIA during the development of the detectors for
ISOPHOT. It has become apparent that the sensitivity of
the crystals can be extended to longer wavelengths if
they are exposed to a mechanical pressure (Figure
111.15). This involves the risk that the crystals could be
destroyed. Several series of experiments at the MPIA are
intended to examine the mechanical, electrical and opti-
cal behaviour of the crystals manufactured by the
ANTEC company.

An electronic system is being built at the IMEC com-
pany to provide reliable read-outs from the arrays at the
target operating temperature of 1.7 Kelvin. For this pur-
pose, it isessential to ensure that the electronics are rated
below the maximum values specified for PACS, such as
those for the dark current or the development of heat.
The MPIA is playing a major part in specifying and
developing these cold electronics, and in the acceptance
tests.
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TheBipolar Nebula S106 in animage taken with the 3.5-metre telescope on Calar Alto at the wavelength 2.1 um.



IV Scientific Studies

IV.1. Galactic Astronomy

The Bipolar Phase - Jets of Young Stars

Starsare formed within large interstellar clouds of gas
and dust: astronomers have been convinced of this for
decades. They are aso familiar with the large star-for-
ming regionsin the Milky Way: in the northern sky these
are mainly the Orion dark cloud and the Taurus-Auriga
complex. Star formation starts if a cloud exceeds a par-
ticular density. Then it becomes unstable and begins to
contract under the effect of its own gravity (Figure.
IV.1). During contraction, large clouds break up into
several smaller condensations. These rotate, and due to
the centrifugal force they form, during this process, a
disc made of gas and dust which is normal to the axis of
rotation, in the centre of which matter continues to con-
dense and heat up. If the temperature risesto several mil-

Fig. IV.1: : Main phases of star formation. First an interstellar
cloud collapses; whilst still contracting, anew star is created at
itscentre (bottom right). A disc hasformed around it after roug-
hly 100000 years and the bipolar phase starts (top). Planets can
later form in the circumstellar disc. After about one thousand
million years, a sun-like star has reached its stable burning
phase.

lion degrees, hydrogen nuclei begin to fuse with each
other. This releases energy, and the gas continues to heat
up. Now a counter-pressure to gravity builds up, so that
the protostar’s collapse is halted. The protostar has now
become a self-luminous, stable sphere of gas. The star
was born.

In line with this idea, the search for the protostars
embedded deep in the dense dark clouds started in the
Seventies, as soon as the first infrared detectors came
into use. Their characteristic feature was supposed to be
the indication of matter falling towards them. This indi-
cation was searched for long and hard, but in vain. On
the other hand, soon one made the surprising discovery
that young stars expel gaseous winds with velocities of
up to 600 km/s into space. Until the end of the Seventies
it was believed that these stellar winds were blown uni-
formly in al directions (isotropically). Then came the
next surprise: young stars generate bipolar flows - more
or less strongly collimated winds of particles, which
move away from the star in two opposing directions.

At MPIA, the nebula S 106 became the paradigm of
such abipolar structure (see Figure on p. 42). Hereit was
also possible to establish unambiguously, that the par-
ticle winds flow away from the star in the direction of
the poles, at right angles to a dense equatorial disc of
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dust. These outwardly-directed streamers, concentrated
in the polar directions, could therefore definitely coexist
with material falling into the centre of the system (accre-
tion), provided that accretion takes place predominantly
within the dense eguatorial disc. This provided the link
with the theory of the protostellar disc. And soon it beca-
me clear that the bipolar outward streamers are by no
means a curiosity, but rather afundamental phenomenon
which accompanies stellar formation.

The list of surprises continued in the early Eighties
with the discovery of the bipolar jets. These are very
tightly bundled jets of matter, shooting out of young
stars far into their surroundings at velocities of severa
hundred kilometres per second. Here too, a disc of gas
and dust forms the plane of symmetry (Figure 1V.2).
Luminous gas nodes are ranged within many of these
jets like pearls on a string. A large number of these gas
streamers end in arc-like structures, considered to be

Fig. IV.3: Two jet systems: HL Tauri (top) and HH 30 (bottom).
The false colours show the radiation emitted at different wave-
lengths. Blue is scattered stellar continuum radiation, green is
line radiation produced by hydrogen (Ha) and red by ionised
sulphur ([SI1]).
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frontal waves. They mark the end of the jet, where the
streamer hits the surrounding interstellar medium and
drills into it further and further. To that extent they are
comparable with the bow wave of a ship in water, or bet-
ter still with the pressure wave of a supersonic aircraft,
since the jet’'s frontal waves move at many times the
speed of sound through the surrounding medium.

In many respects, the jets of young stars exhibit simi-
larities with the jets gjected from the centres of galaxies
(Chapter 1V.2). However, in extragalactic jets, the strea-
mers probably contain mostly relativistic electrons
which give off synchrotron radiation. The stellar jets
consist of normal interstellar matter, which is heated up
and ionised in shock waves. Electrons and ions recombi-
ne in the cooling zones behind the shock front, and emit
the observed radiation. It is concentrated in the hydrogen
Balmer lines and in the forbidden lines of atomic and
singly or doubly ionised oxygen (O, O*, O**) aswell as
from singly-ionised sulphur (S*) and nitrogen (N*).

The brightest emission regions of such jets were
known to astronomers as far back as the Fifties. Since
then they have been designated HH objects, after their
discoverers Herbig and Haro. But it was only made clear
in the Eighties that they are parts of jet systems. In
fact, the fundamental investigations of stellar jets go
back to studies conducted at MPIA. They have been
among the Institute’s main research projects since 1983.
A large proportion of the jets known today were disco-
vered during these studies, and their detailed investigati-
on, largely conducted at the Calar Alto observatory, has
contributed decisively to the deciphering of this pheno-
menon. It is estimated that 50 stellar jets are known
today, of which 15 to 20 can be attributed to MPIA
(Figure IV.3).

The jet sources are associated with T Tauri and
Herbig Ae/Be stars which are embedded deeply in the
dark clouds. The former are stars of roughly solar mass
and aged between 10° and 10° years, whilst the latter are
over two solar masses. These stars represent the transiti-
on phase between the collapsing protostellar clouds and
the fully-evolved main sequence stars. Often they are
still located inside the gas and dust cloud from which
they evolved, so that they cannot be observed in the
visual spectrum.

A few jets are adso known in the southern sky, of
which the most prominent is HH-46/47 (Figure 1V.4). It
is being expelled by ayoung star in the small dark cloud
ESO 210-6A. The jet streams towards us from a gap at
the front of the cloud, with measured radial velocities of
up to 170 km/s, and terminates in the arc-shaped nebula
HH-47A. A weak opposite jet can be discerned at the
cloud's back side, in which the gas moves away from us.
This system too, was investigated in detail at MPIA.

One prominent feature is the node-shaped condensa-
tions in the jets, whose formation has not been comple-
tely explained up to now. At first it was assumed that
standing shocks are involved, as occur for example in

‘ _- t3 e L & .I‘
Fig. IV.4: The dark cloud ESO 210-6A in the southern sky,
fromwhich ajet isshooting out at the front. A counter-jet isjust

about visible at the cloud’s edge in the opposite direction
(Image: B. Bok, Cerro Tololo).

ultrasound beams generated in the laboratory. In this
case the nodes should exhibit practically no proper moti-
on at al, but rather be stationary in the stream. The ana-
logy suggested itself since the gas in the stellar jets is
moving at up to 20 times the speed of sound.

However, this idea was abandoned once astronomers
at MPIA succeeded for the first time, in 1987, in deter-
mining the nodes’ proper motion, using a study of the jet
in the dark cloud L 1551 in the Taurus-Auriga complex
(see cover image). It was shown that the nodes are
moving, as does the surrounding gas in the jet, at consi-
derable velocities of around 300 km/s away from the
Star.

Instead, nowadays one tends to assume that many of
these condensations result from short-term intensificati-
ons of the source’s active phases. If that is the case, then
eruptions during which a new node is created should
occur at intervals of roughly one hundred years.

This idea makes it clear that the jets are very inte-
resting not only in themselves, but furthermore also pro-
vide information on the source and even on its evolution
over time. Although stellar jets have been studied in
great detail since their discovery, 1997 came up with yet
another surprise.
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Fig. IV.5: The HH-34 superjet. The star isinvisible in the opti-
cal spectrum, and isat the position marked HH 34 IRS. Thetwo
jetsprobably terminate at HH 88 and HH 33.

One group of American astronomers became aware
that beyond the HH-34 jet's northern and southern bow
waves there exists a chain of more HH objects, roughly
asan extension of the jets. Thusthe ideawas mooted that
they also belong to this streamer system, which therefo-
re would be considerably more extended than was pre-
viously assumed.

During two observing runs at the 2.2-metre MPIA
telescope at La Silla and at the 3.5-metre telescope on
Calar Alto, the MPIA team focused more specifically on
several regions. The group used awell-known method in
order to distinguish HH objects from reflection nebulae,
which also occur frequently in star formation regions: it
recorded a region of the sky once through afilter which
only allows through light in the stellar continuum, and
again through a narrow-band filter which only transmits

light in the region of the two lines of simgly-ionised sul-
phur ([SI1]). Reflection nebulae appear on both images,
HH objects however only on the narrow-band filter ones.

Two such images were thus obtained, to the south and
the north of the two suspected bow waves HH 34S and
HH 34N. The long-exposure [SI1] images now showed,
in the southern region, severa (in part known) HH
objects such as HH 86 and HH 173 (Figure 1V.5).
However, two additional nodes became visible on the
line connecting these two objects. Weakly-luminous gas
can be discerned further to the south, which appears to
link HH 86 with HH 87 and HH 88. The assumption that
the jet does not end at HH 34S but extends considerably
further, up to HH 88, was supported by radial velocity
measurements. The velocities are negative (directed
towards the observer), and drop from —150 km/s (jet)
down to 14 km/s (HH 87). In HH 88 they are dightly
positive, at +17 km/s.

The streamer also seems to continue to the north of
the previously-suspected jet termination, HH 34N. It
extends over HH 126 and HH 85 &l the way to HH 33.
Here too, this hypothesis is confirmed by the measured
radial velocities of 220 km/s (HH 34N), 137 km/sin HH
85 and 90 to 140 km/s in HH 33. Furthermore, no other
object was found, besides the already-known jet source,
which could be responsible for the recently discovered
streamers and HH objects.

Thus, HH 34's jet is not, as was assumed up to now,
200 arc-seconds long in total, but over 1300 arc-seconds.
At adistance of 1500 light-years) and an angle of incli-
nation of the jet's axis against the celestial plane of 24
degrees, this indicates a linear extension of about 10
light-years. The »superjet« HH 34 is, thus, one of the
longest known jets anywhere.

Jets already known, were also followed aong greater
distances than previously suspected in two other star-
fields. For example: the jet of RNO 43 (Figure 1V.6). It
extends over atogether more than 1000 arc-seconds,
which corresponds to a linear extension of 7.5 light-
years. The suspected northern bow wave (HH 245) exhi-
bits a structure reminiscent of a matchstick figure with
arms and legs. Such shapes aso turn up in computer
simulations of jet streams, and support the hypothesis
that this is the jet's frontal wave. This system is inte-
resting in its s-shape: about 280 arc-seconds to the north
and 170 arc-seconds to the south of the source, which
can only be detected in the radio spectrum, the stream is
bent by ca. 40 degrees.

In another field surrounding HH 24, a very complex
system of altogether eight jets could be made out. They
reach lengths of up to 500 arc-seconds, corresponding to
3.6 light-years.

Various conclusions can be drawn from the realisati-
on that the jets are considerably more extended than pre-
viously assumed. For one, the jets' dynamic age can be
calculated from their lengths and the vel ocity of the gas:
the jets are three to ten times older than first assumed.
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Fig. IV.6: Thejet of RNO 43. The two particle beams probably
terminate at HH 244 and HH 245.

For example, the HH-34 jet's age is 3000 to 5000 years,
that of the RNO-43 jet as much as 11000 years. The
other examined streamers are also around 8000 years
old. The mass loss due to the jets is around 108 solar
masses per year. This means that a T Tauri star loses a
total of 10~ solar masses during this stage in its evol uti-
on.

The total momentum which the streamers transfer to
the surrounding medium during their lifetime can a so be
estimated. Considerably higher values are calculated
now than was assumed thus far, namely 0.5 to 10 solar
masses X km/s. These figures can be compared to the
momentum which the so-called molecular flows carry.
These molecular flows, demonstrated through the linear
emissions of their CO molecules in the radio spectrum,
are also mostly bipolar and possess roughly the same ali-

gnment as the jets, are substantially less collimated and
much slower (their radial velocitieslie around afew tens
of kilometres per second), but carry with them much lar-
ger masses of gas. The causal link between these two
types of outflows has thus far been unclear. However,
since it now appears that the magnitude of the tota
momentum carried by the molecular flows, namely from
1 to 20 solar masses X km/s, corresponds to that of the
jets, it is possible that the stellar jets drive the molecular
flows. Up to now this seemed impossible, since the
momentum carried by the jets seemed far too small.

Thejets as agroup are distinguished by high collima-
tion and marked linearity. However, as already described
in connection with the jets of HH 34 and RNO 43, chan-
ges in direction are also observed. These may have a
variety of causes: density gradients or dense condensati-
ons in the interstellar medium, »side-winds« from other
jets, flow instabilities or even wobbling (precession) of
the jet’s source. Precession should be exhibited roughly
symmetrically in the two jets of one source. This case
would be particularly interesting, since it would provide
information on the state of the central stars.

However, precession seems rather unlikely in both
HH 34 and RNO 43. Behind the bend in HH-34's jet, the
beam appears to widen suddenly — an effect one would
expect if the flow is deflected by an obstacle such as a
dense cloud. In RNO 43, the deflection occurs abruptly
and at a large angle of ca. 40 degrees, so that here too
one must regard an external influence, e.g. a condensati-
on in the surrounding medium, as the likeliest cause.

Today it is regarded as certain that the jet sources are
T Tauri stars surrounded by a disc of dust, with the jets
emerging at right angles to the disc’s plane. In one case
(HH-30jet), MPIA researchers managed to follow the jet
as close as 40 astronomical units from the source. There
the beam already has a diameter of 40 astronomical
units. On theoretical groundsit is considered very likely
that the jet isformed as close as several stellar radii from
the source with a small diameter. Thereafter, as shown
by the observations, the beam first widens sharply at ca.
60 degrees and then continues highly collimated for
light-years.

The question whether the star itself producesthejet or
whether it is given off by the circumstellar disc, still
remains largely unanswered. Two studies carried out at
MPIA in 1997 went some way towards solving this pro-
blem. A total of 38 T Tauri stars were examined spectros-
copically, mainly with the 2.2-metre and 3.5-metre teles-
copes at Calar Alto: these stars exhibit forbidden lines, in
particular [SII], [NI1] and [OI]. This group of T Tauri
stars is not associated with visible jets. However, the
Doppler shifts of the emission lines show that a stellar
wind existsin the stars’ immediate neighbourhood. The
interesting point isthat two wind components can be dis-
cerned: aslow component with vel ocities between -5 and
—20 km/s, and afast component with velocities between
—50 and-150 km/s.
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The slow component reaches its highest brightness as
close as ca. 0.2 arc-seconds from the star (corresponding
to 30 astronomical units), whilst the fast component rea-
ches its maximum only at a distance of ca. 0.6 arc-
seconds (60 astronomical units). However, most probab-
ly these winds are generated considerably closer to the
star. In addition, the spectra reveal that the slow wind is
typically denser and at a lower level of excitation than
the fast component.

The new observational data agree with a model in
which thefast wind is created in ajet whose particle den-
sity drops with increasing distance from the star, whilst
the excitation rises. The slow wind is apparently separa-
ted spatially from the other wind, and is possibly gene-
rated by the circumstellar disc.

Why some T Tauri stars generate a jet but others do
not, is an unanswered question. It is conceivable that the
two stellar groups investigated at MPIA represent stars
at different stages in their evolution. Thus, the jet sour-
ces could be younger than the T Tauri stars with the
observed fast and slow winds. This assumption is sup-
ported by the fact that the latter stars are not, in general,
embedded as deeply in the surrounding dust, and there-
fore also appear optically brighter.

The influence of magnetic fields

It has long been suspected that magnetic fields play a
significant part in the collimation of stellar winds and
possibly also in particle acceleration. In 1997 it was pos-
sible to demonstrate for the first time a magnetic field in
connection with outward flow from a young star. The
object of this investigation was T Tauri, after which
young stars of low mass are named. This star, with its
surroundings having a very complex structure, has in
recent years proved itself more and more clearly asaless
than typical T Tauri star. T Tauri is a double star, of
which only the northern component isvisiblein the opti-
cal spectrum (some astronomers even suspect a third
stellar component in this system). The southern compo-
nent is hidden behind so much dense dust that it can only
be seen in the infrared. Images with a high spatial reso-
[ution, at awavelength of 2.122 um, were obtained at the
Mauna Kea observatory on UKIRT, using MPIA's MAX
camera and the tip-tilt mirror also provided by MPIA
(Chapter 1.1). They show the emission of molecular
hydrogen at distances of up to 15 arc-seconds (900 astro-
nomical units) from the star. These arc-like, apparently
nested structures, could be the frontal waves of gas stre-
aming out and excited into shock fronts (Figure I1V.7).

These investigations confirm other studiesin the near
and intermediate infrared, according to which each of
the two stars is surrounded by a circumstellar disc from
which ajet-like streamer is given off, and the two strea-
mers are amost perpendicular to each other. However, it
is difficult to imagine how a double-star system can

generate two orthogonal jets, if each jet axisis perpendi-
cular to the disc’'s plane. The solution to this puzzle is
probably that we are looking at the jets at a small angle
of ca. 20 degrees. Two jets whose axes are not exactly
identically aligned in space would then always be seen,
when projected onto the sky, as almost perpendicular to
each other.

Through international cooperation, astronomers from
MPIA making radio observations with the MERLIN
interferometer at Jodrell Bank (UK), detected circularly
polarised radio emission from regions around both of T
Tauri’s components. The fields must be extended to
severa tens of astronomical units away from the stars,
and have an intensity of afew Gaussin the outlying regi-
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Fig. IV.7: (a) The nebulaaround T Tauri. The false colours
show the radiation emitted at different wavelengths: red is pro-
duced by hydrogen molecules (H, at 2.2 um), green by ionised
sulphur ([SI1]) and blue by hydrogen (Ha). The arc-shaped
structures are presumably shock-fronts in the outflowing gas.
(b) represents a possible geometry of the system. The large
illustration is a side-view, the small inset is the view from
earth.
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Fig. IV.8: Radio-chart of the region around T Tauri at a
wavelength of 6 cm. Right- and |eft- circularly polarized radia-
tion (red and black contours) points to extensive magnetic
fields.

ons (Figure 1V.8). This is the first demonstration of a
magnetic field around a young star extending to such
distances. The field discovered around T Tauri south is
aligned roughly in the same direction as one of the two
gas flows. It seems plausible that there is a causal link
between the magnetic fields and the flow collimation,
and that the fields may possibly be compressed into
shock fronts. This would explain their comparatively
high intensity.

Double and multiple systems in young stars
T Tauri stars

Thesunisinaminority in being asingle star. A study
by the Swiss astronomers Antoine Duquennoy and
Michel Mayor in the early 1990s showed that of 164
sun-like main-sequence stars (of spectral type G) up to a
distance of 72 light-years, only around a third are single
stars. All other objects are members of double or multi-
ple systems. It remained unclear, however, whether this
distribution was a direct consequence of star formation,
or whether it could be explained through stellar evoluti-
on up to the main-sequence phase. This question was to
be answered by infrared observations in the star-forma
tion region of Taurus-Auriga, which an MPIA working
group carried out in 1993. It searched for near compa-
nions to 104 young T Tauri stars, using speckle inter-
ferometry. With this technique the astronomers achieved
aspatia resolution of 0.13 arc-seconds on the 3.5-metre

telescope at Calar Alto, so that they could recognise even
very tight multiple systems as such.

The study showed that 42% of the examined young
stars have a companion at a distance of between 18 and
1800 astronomical units. If a correction is made for the
undetected tight and very wide systems, under the
assumption that the same distance distribution applies as
in main-sequence stars, then one reaches the surprising
result that nearly all stars form in double and multiple
systems.

The objects selected in this study included 46 so-cal-
led classica T Tauri stars, which are distinguished by
strong hydrogen (Ha) emission. However, according to
a study using the ROSAT x-ray satellite, the overwhel-
ming majority of young stars seem to exhibit only weak
emission lines in the visible spectrum (»weak-lined«
T Tauri stars), but more prominent x-ray lines. For this
reason the investigation described above was repeated
with stars from the ROSAT catalogue in the Taurus
region.

The two-dimensional speckle interferometry was car-
ried out on the 3.5-metre Calar Alto telescope; the 2.2-
metre Calar Alto telescope and the one at La Silla were
available for observing additional double stars and for
photometry. The observations were complemented by
direct photographs made on the 1.23-metre Caar Alto
telescope. These studies used the MAGIC infrared
camera at awavelength of 2.2 um, with which two stars
with a separation of between 0.13 and 13 arc-seconds
(corresponding to 18 up to 1800 astronomical units at the
distance of the Taurus region) can be resolved.

Of 74 mainly wesk-lined T Tauri stars from the
ROSAT catalogue, 29 proved to be double, 6 triple and
one as a quadruple system. However, these numbers
must be corrected due to various effects.

Firstly, there exists the possibility that several of the
wide systems are not genuine double stars, but merely
two independent stars which when projected on the sky,
are accidentally located close to each other. From an
analysis of mean star density in the observed field, it is
possible to calculate and take into account the probabili-
ty of such constellations. Accordingly, 2.4 double and
1.7 triple systems are to be expected as such chance
associations in the relevant data set.

In addition, a selection effect must be taken into con-
sideration which affects the ROSAT data. Since ROSAT
cannot resolve multiple systems, these appear brighter
than the individual stars, as the x-ray emissions of their
components add up. This means that several multiple
systems are raised above the detection threshold and are
recorded, whilst the individual components would be too
weak on their own. Hence the proportion of multiple
starsis artificially increased. This effect can also be esti-
mated.

Finally, after taking into account all the effects, there
remained 70 stars, of which 27 were double, two triple
and one — a quadruple system. A comparison with the
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study carried out in 1993 showed an amost identical
result. Thus it was permissible to add up the numbers
from both investigations in the interests of better stati-
stics. This provided atotal of 174 young stars.

In order to be able to compare the result with that of
the study of main-series double stars, the measured pro-
jected separations had to be converted to periods of revo-
lution. This was done using statistical arguments, with
the mass of T Tauri stars assumed to be equa to one
solar mass. The measured separations of between 0.13
and 13 arc-seconds then correspond to periods of bet-
ween 86 and 86 000 years (Figure 1V.9).

It turns out, firstly, that among the 174 T Tauri stars
there are 85 companions in double, triple or quadruple
systems, which is a ratio of 49%. Thisis nearly double
the 25% calculated by Duguennoy and Mayor for G-type
main-sequence stars. It is necessary to remember that
tighter systems, with periods below 86 years, could not
be discovered using the speckle method. The period dis-
tribution, with a maximum around 430 years, showed no
significant differences between the classica and the
weak-lined T Tauri stars.

An interesting finding was the analysis of luminosity
ratios of the stellar components, as a function of their
separation. Two groups were formed: 1) close systems
with separations between 0.13 and 1.3 arc-seconds (cor-
responding to 18 to 180 astronomical units), and 2) wide
systems with separations between 1.3 and 13 arc-
seconds (180 to 1800 astronomical units). This break-
down, which appears somewhat arbitrary, is based on the
observed fact that the typical radius of protoplanetary
discs seemsto lie around 150 to 200 astronomical units.

It turned out that small luminosity ratios predominate
in widely-separated pairs, i.e. T Tauri stars mainly pos-
sess low-mass companions. In tight systems the lumino-
Sity ratios are distributed amost uniformly, with a slight
preference for large ratios, that is for pairs of compara
ble mass (Figure IV.10).

This interesting finding still needs to be statistically
corroborated. However, it supports a prediction based on
star-formation models constructed by our theory group
(see below), according to which, in a tight pair, the
lower-mass component takes up more matter from the
surrounding dust disc than the higher-mass one, so that
the masses of the two components even up. In a wide
system, it is mainly the primary star which collects dust,
which increases the difference in masses.

However, the essential result of the 1993 and 1997
studies is that apparently the frequency of double stars
drops between the formation phase and the main series.
The consequences of this new finding are discussed
briefly below, in the next chapter.

Herbig Ae/Be double stars

T Tauri stars are sun-like stars with masses up to ca.
two solar masses. Encouraged by the result described
above, the Heidelberg group wanted to extend its study
to young, more massive stars in the range between two
and eight solar masses, so-called Herbig Ae and Be stars.
It relied in part on older observations going back to the
Eighties; the new data were obtained predominantly
with the MAGIC infrared camera (Chapter |) at Calar
Alto and in afew cases at ESO. Originally these obser-
vations served to detect circumstellar gas and dust enve-
lopes, which is why Ae and Be stars with particularly
intensive infrared radiation were selected.

Circumstellar and interstellar dust extinction makes
determination of such quantities as the temperature,
mass and luminosity of observed stars more difficult.
However, since the MPIA study essentially concentrated
on the question of double-star frequency, the astrono-
mers could restrict themselves to a simple model when
estimating these parameters. Here they assumed that the
stars are surrounded by thermally radiating, geometrical-
ly thin discs (Figure IV.11). Thus, using the observatio-
na data, the temperature distribution of circumstellar
matter as a function of distance from the star could be
roughly modelled.

Observational data were available for 26 Ae and Be
stars at various spectral bands in the near and middle
infrared, relying also on observations made by other
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Fig. IV.9: Frequency of double systems as a function of the
components' period and their projected separation. The histo-
gram showsthe distribution of T Tauri starsin the MPIA study,
the grey curve — evolved main-series starsin the sun’s neigh-
bourhood.
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Fig. IV.10: Theratio between measured fluxes of radiation at
2.2 um for wide and close pairs. The hatched histograms repre-
sent weak-lined T Tauri stars, the unhatched ones — classic T
Tauri stars. Apparently, T Tauri stars in wide pairs possess
mainly low-luminosity, |ow-mass companions.

groups. Thusthis set is neither particularly large or com-
plete nor homogeneous. Nevertheless, it aready allows
some interesting conclusions to be reached.

Eleven of the 26 objects have a companion. Five of
these are at a separation of less than one arc-second, cor-
responding to 160 astronomical units. Almost all of these
were discovered by the Heidelberg group. Eight compa-
nions are at distances of between 50 and 1300 astrono-
mica units from the primary star, the remaining three at
as much as between 2000 and 3600 astronomical units.
With these bodies one cannot rule out the possibility that
they are only accidentally located relatively close to the
relevant Ae or Be star in projection, without forming
with it a gravitationally-bound pair.

From this small group one derives a double-star fre-
quency of (31 = 10) % or (42 £ 13) %, depending on
whether one counts the three remote companions or not.
To be able to compare this with the study of main-
sequence double stars, the measured projected separati-
ons had to be statistically converted into periods of revo-
lution, as with the T Tauri stars. The calculated figures
are between 320 and 20000 years, plus 100000 years for
the three hypothetical wide systems. In this range the
Swiss astronomers found a proportion of 15% — or 18%
— of G-type double stars. Hence the recent investigations
at MPIA reach acomparable outcome aswith the T Tauri
stars previously: in the more massive Ae and Be stars
too, a higher frequency — by afactor of two —isindica-
ted, compared to main-sequence stars. Direct compari-
son with A- and B-type main-sequence stars was not
possible, due to the absence of appropriate data.
However, other investigations give rise to the suppositi-

on that the frequency of double stars does not vary sig-
nificantly with spectral type.

The main effects which might distort the results are
two-fold: for one thing, speckle interferometry cannot
detect companions whose separation from the Ae star is
less than 0.1 arc-seconds (or 16 astronomical units) and
whose brightness is lower by a factor of more than 20.
Secondly, as aready mentioned, some of the widely-
separated pairs might only be apparent associations
which are only accidentally adjacent to each other in
projection. Thus the two effects are counteractive, and
might almost cancel each other out.

When comparing the pairs it was noticed that the
brightness ratio from primary to secondary star increases
sharply with low companion brightness (Table 111.1).
This was explained through the initial mass function of
young stars, as proposed in 1979 by Miller and Scalo:
according to this, 75% of al Ae stars with three solar
masses should posses a companion with less than 0.5
solar masses.

Thus, the two double-star studies on T Tauri and
Herbig Ae and Be stars lead to the discovery that the fre-
quency of double-star systems drops between the forma-
tion phase and the main-sequence. This accords with the
results of computer simulations, including those perfor-
med by the MPIA theory group (see below). They
demonstrate that in a contracting gas cloud, fragmentati-
on practically aways leads to the formation of a multi-
ple system. However, due to gravitational interaction
between the systems and al so because of trajectory insta-
bilities, individual stars are often gected from these
systems.
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Fig. IV.11: Modelling of the measured spectral distribution
(points) of an Ae/Be star, in this example HK Ori A and B.
Component A (asterisks) predominates over component B (tri-
angles).
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Table. IV.1: Observed Ae/Be stars and their suspected companions.

Source Luminosity of Ref. Typ
system companion
LkHa 198 160 L, 100 L 1,2 Ae/Be
Elias 1 38 L, ~0.3 L, 3,4 WTTS®)
HK Ori 41 L, ~5 L, 5,4 T Tau
T Ori 130 L, <2Llg 56 T Tau?
V380 Ori 180 L ~50 L, 54 Ae/Be?
LkHa 208 270 L, ~ 100 L 54 Ae/Be?
Z CMa ~ 3000 L 2100 L 7,8 Ae/Be?
HR 5999 135 L, 39 L, 59 T Tau
KK Oph 35 L, 5-10 L 5,4 T Tau?
LkHo 234 2300 L ? 5,10 Ae/Be?
MWC 1080 6500 L ~ 250 L 4 Ae/Be

a) »weak-lined« T Tauri-Stern

Ref.: (1) Charvarria 1985; (2) Lagage 1993; (3) Berilli 1992; (4) this paper; (5) Hillenbrand
1992; (6) Hillenbrand 1995; (7) Hartmann 1998; (8) Koresko 1991; (9) Stecklum 1995; (10)

Cabrit 1995b.

Another possible explanation isthat, as athe result of
specia conditions obtaining in the Taurus-Auriga com-
plex, the number of multiple systems formed there is
above average. This should agree with a theoretical
study made in 1994, according to which more multiple
systems are formed in cool clouds than in warmer ones.
This hypothesisis supported by two investigations made
in 1994 and 1995, which demonstrated a smaller propor-
tion of multiple systems in the warmer star formation
regions Ophiuchus and Scorpius-Centaurus, correspon-
ding amost exactly to that of main-sequence stars. In
order to test this hypothesis, many investigations are cur-
rently being conducted on multiple systems in various
stellar formation regions.

Beyond that, the discovery that ailmost all young stars
belong to multiple systems has repercussions on the
determination of the ages of young stars. If one looked
at young stars without knowing that they have a compa-
nion, their luminosity would be overestimated. Then
they are assigned a position in the Hertzsprung-Russell
diagram which is too far up, where according to the
theoretically calculated evolutionary paths younger stars
are located: the stars are thereby classified as too young.
In lower-mass T Tauri stars, this effect can modify the
calculated age by afactor of two to three. It is not quite
so pronounced in Ae and Be stars, since here the lumi-
nosity ratio between the main and companion star is
generaly larger and thus the main star’s luminosity
dominates.

Luminous Blue Variables - Precursors of Type-Il
Supernovae?

When a star has almost used up its fuel supplies, pro-
cesses are initiated deep inside which result in changes
in its luminosity, colour, size and other observable pro-
perties. In the so-called Hertzsprung-Russell diagram,
the star now moves away from the main-seguence where
it had remained during its quiet combustion phase. The
details of how the final stage proceeds depend almost
entirely on the star’'s mass.

A sun-like star blows itself up, towards the end of its
life, into ared giant. During this process it cools down,
its colour becomes redder and its diameter increases a
hundred-fold. In addition, it loses a considerable propor-
tion of its outer layers to its surroundings in the form of
a particle wind. This gas mantle shines later as a plane-
tary nebula. The star ends as a white dwarf.

More massive stars end more spectacularly. They
evolve into blue supergiants, which also give off alarge
proportion of their material as a wind. Finally they
explode as type Il supernovae, and leave behind arapid-
ly rotating neutron star or a black hole.

The course of the last evolutionary stage is not known
precisely. It depends not only on the mass but also on the
chemical composition of the stellar material. The decisi-
ve factor during this phase is how much material the star
blows off into space before its explosion. Since little is
known about this quantity, the final phase can only be
understood theoretically with some uncertainty. And
since evolution from main-sequence star to supernova
proceeds relatively quickly, only a few stars are known
of which one assumes that they are in this transitiona
stage. These objects include the luminous blue variables
(LBVS).
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In general, LBVs are distinguished by the following
properties: they are blue supergiants with over 10° solar
luminosities, their spectral type is O to A, they exhibit
brightness variations of at least half a magnitude, and
they generate a strong particle wind. Often they are sur-
rounded by axially symmetric, bipolar nebulae. Among
the best known LBVs one can name Eta Carinae in the
Large Magellanic Cloud, amassive star surrounded by a
carbon-rich nebula.

LBVs are aso very bright in the infrared.
Observations of their surrounding nebulae at wavelengt-
hs of 10 to 20 um are particularly for three reasons. 1)
The extinction of the circumstellar and interstellar dust
isvery low. 2) Matter in the nebulais of low optical den-
sity, which makes an estimate of mass possible. 3)
Contamination through the star’s light is lower than in
the visual spectrum.

In 1997, a group at MPIA studied in detail an LBV
with the designation HD 168625. It used the MAX infra-
red camera built a¢ MPIA, on the 3.9-metre UKIRT in
Hawaii (Chapter 1) and obtained excellent images at
wavelengths of 4.7 um, 10.1 pm, 11.6 um and 19.9 pm.
Thanksto thetip-tilt mirror, also built at MPIA, the reso-
[ution of the images was diffraction-limited; these were
the first high-resolution images of an LBV in the thermal
infrared. They permitted the study of dust distribution in
the star’s neighbourhood, with awealth of detail not pre-
viously achieved.

HD 168625 is one of the few LBVs in the northern
sky. The star is currently in a quiet phase, but variations
in the spectral index from B2 to B9.8 have been obser-
ved in the past. It is expelling awind of high-speed par-
ticles, and is surrounded by an almost ring-shaped nebu-
lawith a diameter of 15 arc-seconds. Using observatio-
nal data already available, the Heidelberg astronomers
determined again the distance of HD 168625. Instead of
7000 light-years as assumed up to now, it is probably
only 4000 light-years. This correction has repercussions
on the physica stellar parameters derived from the
distance (e.g. the luminosity), as well as on the star’s
presumed state of evolution. The following physical
parameters can now be calculated: effective temperatu-
re: 14000 Kelvin, radius: 70 solar radii, luminosity: 1.7
X 10° solar luminosities.

The image recorded at a wavelength of 11.6 um
shows an elliptical dust ring surrounding the star, whose
dimensionsare 12 arc-seconds X 16 arc-seconds (Figure
IV.12). At the assumed distance 4000 light-years, this
corresponds to 0.23 X 0.29 light-years). The ring is not
uniformly bright, but rather has two arc-shaped bright
parts roughly at the ends of the long semi-axis. It is shar-
ply bounded at its outer edge, but weak diffuse emission
can be discerned at the southern side below the bright
arcs. In addition, the two arcs and the two weaker arc-
sections of the nebula exhibit different radii of curvature
and centres of curvature. This means that the nebula
does not have asimple eliptical shape.

Precise analysis shows that this morphology cannot
be explained either by aring or a torus surrounding the
star, or by a shell. A bipolar structure is best at reprodu-
cing the observation’s findings: the astronomers suspect
that a dust disc liesin the system’s equatoria plane, and
that a bipolar hourglass-shaped nebula surrounds the
star, with the dust which radiates in the infrared being
located in a thin shell. Since the bipolar nebula’s long
axis pointstowards us, it appearsto usin the form of two
bright arcs. Using a ssimple model which assumes dust
particles ca. 1 micron in size, the astronomers estimate
that the nebula contains a total of 2.8 X 102 solar mas-
ses in the form of dust, which radiates away power at
wavelengths from 4 to 300 um, at a rate of 5.7 X 10%
that of the sun.

A new evolutionary scenario was derived for the star
(Figure 1V.13). According to this, the mass of HD
168625 on the main-sequence was 25 solar masses; from
there the star evolved first into a red supergiant, and as
such it produced a 10 km/s wind at a rate of 2 X 10
solar masses per year. After that it evolved into a blue
supergiant and currently expels a 183 km/s wind into
space, losing an estimated 3 X 1078 solar masses per
year. The nebula visible today is a remainder from the
red supergiant phase.

If the nebula’'s morphology is really bipolar, then the
previous red supergiant must also have given off a non-
isotropic particle wind. How this came about is unclear.
One possible explanation states that the slow particle
wind is blown into the equatorial plane due to the star’s
rotation, and there it condenses into a disc. Another

Fig. 1V.12: The nebula of the luminous blue variable
HD168625. The false colours show the infrared radiation emit-

ted by the nebula at wavelengths of 4.7 um (blue), 11.6 um
(green) and 19.9 um (red).
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Fig. IV.13: The evolutionary status of the luminous blue varia-

ble HD168625, according to the recently collected data.
According tothese, itisablue supergiant of ca. 24 solar masses.

hypothesis bases the phenomenon on a near, invisible
companion star. In this case the gas flows from the red
giant across to the companion. and in this way formsthe
disc. The effect of thisisthat the later fast wind can only
escape perpendicularly to the disc-shaped, dense dust
cloud.

Theoretical Studies

The task of astronomy is to observe cosmic pheno-
menaand interpret them in such away that the numerous
different snapshots fit together into an evolutionary
timetable, thus making the history of celestial bodies
comprehensible. However, due to the enormous time-
scales, these processes are practically never directly
observable. This is where theoreticians come to the
observers aid. They can make cosmic processes clearer
through complex computer simulation, and attempt to
interpret the observed phenomena. The group of theore-
tical astrophysicists at MPIA supports their observing
colleagues with their computations. Only when the
models adequately reproduce the observed phenomena
can one assume that one has understood the physica
interconnections.

The Formation of Stars

Stars are created during the collapse of interstellar
clouds, which may contain up to several million solar
masses in the form of gas and dust. The interior of these
clouds is protected against high-energy UV radiation,
which is why very complex molecules can form there.
Hence the dark clouds are aso known as molecular
clouds.

A molecular cloud can contract under its gravity when
the gravitational force directed towards the cloud’s cen-
tre is stronger than the material’s pressure directed out-
wards. As early as the beginning of the 20th century, the
British mathematician and astronomer Sir James Jeans
discovered, on the basis of well-known physical laws,
the minimum mass which a cloud of given density and
temperature must contain in order to become unstable
and contract under its own gravity. At a temperature of
20 Kelvin and adensity of 3 X 102* g cm™, correspon-
ding to 100 H, molecules per cm?3, this critical Jeans
mass is around 400 solar masses. The Jeans mass is still
considered today the decisive parameter for the initiati-
on of star formation.

The reason why such massive gas and dust collections
nevertheless give rise to stars with masses of around 0.1
to 100 solar masses, is that during their contraction
phase the clouds break up into several fragments, which
themselves are unstable. In general, a large cloud com-
plex ends up forming very many stars. If, during a later
stage, the remainder of the cloud evaporates, a cluster of
stars becomesvisible at thislocation. A familiar example
is the Pleiades, an open star cluster with around 3000
members, whose age is estimated at ca. 50 million years.

Although the essential phases in star formation are
known today, several important questions still remain
unanswered: under which conditions will asingle star or
a multiple star system form, under which a planetary
system? Which fraction of the gas cloud is used up in
star formation? What is the effect of magnetic fields on
the stability of clouds and on star formation? What isthe
frequency with which stars of different masses are for-
med? |s this so-called initial mass function universal,
and if so, can it be calculated theoretically? On what
external conditions does it depend? It is already known
from observations that the proportion of stars rises with
reducing mass. However, up to which mass does this
trend continue? Does this relationship level off at a par-
ticular minimum mass? This question is particularly
interesting since it relates to the frequency of brown
dwarves. These objects are transitional between stars
and planets, at masses supposedly around 0.08 solar
masses. Their luminosity is extremely low, hence only
detectable with great difficulty; therefore their share of
the overall mass of the universe is unknown.
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The Collapse of Molecular Clouds

From the total mass of molecular clouds in the Milky
Way and the lifetime of the stars created in them, it is
possible to estimate the mean lifetime of molecular
clouds at several tens of millions of years. At the same
time, the so-called mean free-fall time is calculated at
merely afew millions of years. The free-fall timeisthe
time within which matter collapses in free fal until it
becomes optically thick. However, if the lifetime of
cloudsisaround ten timeslonger than their free-fall peri-
od, an effective mechanism must be operating inside
them which prevents their collapse at least for a period
of time. This mechanism decisively influences the
galaxy’s star formation rate.

From radio observations it has been known for some
time that the gas inside the clouds is strongly turbulent
and is moving at supersonic speeds. Shock waves travel
through the cloud and protect it against collapse. But
computed models have so far shown that such turbulent
motions dissipate their energy too quickly, namely roug-
hly within the free-fall time, in the form of heat given
off. That is, the shock fronts are damped and subside
very rapidly. Hence they cannot prevent the cloud’'s
collapse for long.

One has assumed that magnetic fields, which localy
reach values of afew tens of microgauss, trigger so-cal-
led magnetohydrodynamic turbulences which dissipate
their energy more dlowly and thus stabilise the cloud
against collapse within the free-fal time. It was only in
the early Nineties that model calculations were possible
which can take into account the interaction of the gas
with an interstellar magnetic field.

In MPIA’stheory group, using the most accurate com-
puter simulations carried out so far, the three-dimensio-
nal behaviour of magnetohydrodynamic waves in a
molecular cloud could be modelled (Figure 1V.14). The
physical basisfor such modelsisthe formation of so-cal-
led Alfvén waves. Let usimagine a homogenous magne-
tic field with parallel field linesin a partly ionised medi-
um. Inamoving gas, the field lines are dragged along by
the (electrically charged) ions, and extended in various
directions like rubber bands in dough. This generates
magnetic forces, which on the one hand attempt to shor-
ten the magnetic field lines again. Theresult isawavein
the field lines, which propagates along the lines asin a
vibrating rubber band. At the same time, this magnetic
wave reacts on the surrounding ions and imparts to them
a momentum. This creates a matter-wave normal to the
field lines, the Alfvén wave.

The temporal behaviour of Alfvén waves in gas
clouds was simulated at MPIA with the lattice-based
ZEUS-3D code on an SGI Origin 2000 computer. A fur-
ther, so-called SPH Hydrodynamic program ran on a
special computer used by the group, with so-called
GRAPE (Gravity Pipe) processors. GRAPE is a specid
type of hardware which solves the relevant physical

equations at a speed of 5 gigaflops per processor. The
computations ran with a resolution of 2563 lttice points
or 350 000 particles. Two cases were distinguished:

1) a strong magnetic field, in which the mean turbulent
gas velocity in the cloud equals that of the Alfvén
wave,

2) awesak field, in which the mean turbulent gas veloci-
ty in the cloud is ten times larger than the Alfvén
Speed.

It was shown that a weak field is better at reproducing
the observations. In this case the cloud's interior con-
tains numerous clump-like condensations and the
magnetic field strength increases with particle density,
whilst in the strong field it isalmost constant throughout.
Alfvén shock waves can even compress matter locally to
such an extent that the Jeans mass is exceeded. That is
where star formation can begin.

Furthermore, the simulations showed that apparently
magnetic fields are unable to counteract decisively the
dissipation of turbulences. In al the simulated cases,
even with strong magnetic fields, the turbulent motions
subsided long before the end of the observed lifetime of
molecular clouds, i.e. several tens of millions of years. In
none of the cases were the magnetic fields able signifi-
cantly to inhibit the decay of the turbulence (Figure
IV.15). Thus, in order to maintain the turbulence and
effectively to counteract the cloud's collapse, kinetic
energy must be supplied to the gas more or less conti-
nuously. This probably happens through stellar winds
and jets (see above), high-energy radiation from young,
hot stars and galactic shear movements. The latter are
created through the differentia rotation of the Milky
Way system: regions nearer to the galactic centre have
greater angular velocity than those further out.

Fig. IV.14: Three-dimensional computer simulation of aturbu-
lent interstellar cloud. In this computation, the existence of an
initially vertically-oriented, strong magnetic fie