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Since it was established in 1967, the Max Planck
Institute for Astronomy (MPIA, Fig. I.1) is dealing with
the formation and evolution of stars and galaxies. Accor-
ding to its foundation statute, research is focused on the
optical and infrared wavelength range. It is the goal of
MPIA to significantly advance astrophysical research by
building telescopes and their auxiliary instruments, by di-
rect observations, and by interpretation of the data obtai-
ned. In addition to the home institute in Heidelberg,
MPIA operates the German-Spanish Astronomical Center
(DSAZ), generally known as the Calar Alto Observa-
tory (Fig. I.2). It is situated on the Calar Alto Mountain
(height 2168 meters), in the province of Almería in sou-
thern Spain, where good climatic and meteorological con-
ditions for astronomical observations are found.

The instruments developed and built at the Institute are
used for ground-based as well as for satellite-borne ob-
servations. Both kinds of observation are ideally comple-
menting each other. Ground-based telescopes mostly ha-

ve larger primary mirrors and therefore a larger light-gat-
hering power than space telescopes. By using modern
techniques like adaptive optics and interferometry – in the
development of which MPIA plays a leading role –, they
achieve higher angular resolution. Space telescopes are
compulsory for observations in wavelength regions whe-
re the atmosphere absorbs the radiation or generates a per-
turbing background.

In developing instruments for the infrared, MPIA has
been very successful in the past. It was participating sig-
nificantly in the world’s first Infrared Space Observatory
(ISO) of the European Space Agency ESA: ISOPHOT, one
of four scientific instruments on board of ISO, was built
under the coordinating leadership of the Institute. From
1996 to 1998, ISO provided excellent data, particularly in
the hitherto inaccessible far-infrared range. The valuable
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Fig. I.1: The Max Planck Institute for Astronomy on the König-
stuhl Mountain in Heidelberg.



know-how gained this way will be exploited by the
Institute’s scientists in future projects like the HERSCHEL

space telescope and the Next Generation Space Telescope
(recently re-named James Webb Space Telescope, JWST).
Based on ISO data, meanwhile more than thausand scien-
tific papers have been published.

With the Calar Alto Observatory, MPIA commands
one of the two most efficient observatories in Europe.
Three telescopes with apertures of 1.2, 2.2, and 3.5 m are
operating there. About half of the time they are available
to all German astronomers. Furthermore, about 75% of
the observing time of a 2.2 m telescope working on La
Silla, Chile, has been loaned by MPIA to the European
Southern Observatory (ESO).

In addition, the Institute is participating in a series of
international collaborations for building new large teles-
copes and scientific instruments, thereby gaining access
to the world’s most important observatories. In the sou-
thern hemisphere, this is the ESO Very Large Telescope

(VLT) in Chile, with its four 8 m telescopes being the
world’s most  powerful observatory. In the northern he-
misphere, MPIA is participating in the Large Binocular
Telescope (LBT) in Arizona, which will be put into full
operation in 2005. By then, this extraordinary telescope
will be equipped with two mirrors of 8.4 m diameter each,
fixed on a common mount, making it the world’s largest
single telescope. These two collaborations enable MPIA’s
astronomers to observe the northern and the southern sky
with first-class telescopes.

6 I.1 The Max-Planck-Institut for Astronomie – Past, Present, and Future

Fig. I.2: The Calar Alto Observatory.



Two main research fields have crystallized at the
Institute, on the one hand the formation of stars and pla-
nets, on the other hand cosmology, particularly the for-
mation and evolution of galaxies. Although these two
fields are clearly separated in terms of their research sub-
jects, there are nevertheless many common points of
contact. Star formation in the early Universe, e.g., is clo-
sely related to the formation and evolution of galaxies.
Observations with the best instruments available as well
as computer simulations carried out by a theory group al-
so working at the Institute are the foundations of scienti-
fic progress.

Formation of Stars and Planets

The first stages of star formation take place in the inte-
riors of dust clouds, and hence remain hidden from our
view in visible light. Infrared and submillimeter radiation,
however, can penetrate the dust, which is why the early
stages of star formation are being studied preferentially in
this wavelength range. For this reason, the focus of astro-
nomical observation at MPIA has in the recent past shif-
ted more and more from the optical to the infrared spec-
tral range.

Using ISOPHOT as well as sub-millimeter telescopes
very cold and dense regions have been detected within
large dust clouds – protostellar cores which are on the
verge of collapse or already contracting to form stars. In a
later stage, the central (proto-) star is already taking sha-
pe. It is surrounded by a disk of gas and dust where pla-
nets can form. But there is also a possibility of forming a
binary or multiple stellar system. What are the conditions
for either process to take place? This is one of the questi-
ons astronomers at MPIA want to answer, for example by
using the NACO (NAOS and CONICA) high-resolution ca-
mera and the MIDI interferometer for the mid-infrared
range, both at the VLT.

Recently, the investigation of brown dwarfs has also
gained significance. These are “failed” stars with masses
too low to provide enough pressure within their cores for
hydrogen to fuse continuously into helium. They are di-
stinguished from planets with even lower masses by the
fact that in the first instance they are formed like other
stars. The first brown dwarf had been discovered as late
as 1995; meanwhile a little over hundred are known.

But many questions still remain open. How do brown
dwarfs form precisely? Which properties do they have
and how common are they? Are they too, like stars, initi-
ally surrounded by a disk of gas and dust? Scientists at
MPIA recently made important contributions to answer

these questions. A few years ago they found free floating
planetary objects with a few Jupiter masses. This disco-
very shed new light on the formation of stars and planets
and brought up the issue of re-defining stars, brown
dwarfs and planets.

Studying massive stars is also of growing interest.
Here, for one thing, questions about their formation are
yet unanswered: How do their early stages differ from
those of low-mass stars? Are they, too, surrounded by
disks where planets can form? Massive young stars are
very hot, driving strong particle winds that affect the for-
mation of other stars in their neighborhood. How this hap-
pens is another important issue. Finally this is the only
kind of star formation, which we can observe in other ga-
laxies.

These problems can best be studied in nearby star for-
mation regions in our own Milky Way while the observa-
tion of star formation regions in other galaxies offers the
opportunity to tackle other problems. Here, galaxies are
seen as a whole, thus allowing to measure star formation
rates, for example. So it is possible to determine the rates
in different galaxy types or as a function of the surroun-
dings of the respective galaxies. Another question of cur-
rent interest is how UV emission and particle winds affect
the interstellar medium and thereby the entire morpholo-
gy of galaxies. Observations will be complemented by a
close collaboration with colleagues at the Universität Jena
who do experimental “laboratory astrophysics”. A small
group residing there will form a branch of MPIA, investi-
gating spectroscopic properties of dust particles with sizes
in the nano- and micrometer range as well as performing
spectroscopy of molecules in the gaseous phase. Findings
obtained here under controlled conditions can be used to
interpret astronomical observations.

Galaxies and Cosmology

The second research field at MPIA deals with the for-
mation and evolution of galaxies as well as with their
structure. How did the first galaxies form? What was the
star formation rate in the early Universe? Did galaxies
merge, thereby reducing their total number over the billi-
ons of years? What effect does dark matter have on these
processes? These are only some of the questions studied
at MPIA. In the recent past, interest has focused more and
more on the role of massive black holes residing at the
centers of active galaxies. To get a clear picture of what is
going on there, astronomers at the Institute have access to
the data of the Sloan Digital Sky Survey (SDSS). In the
future, detailed studies will use mainly the NACO and
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MIDI instruments, which allow to investigate the imme-
diate vicinity of the black holes.

The study of the formation of galaxies and their evolu-
tion in the early Universe makes extreme demands on cur-
rent observation techniques. Great progress was recently
made thanks to deep sky surveys such as the Faint Infrared
Extragalactic Survey (FIRES). It combines images of the
HUBBLE Space Telescope in visible light with new near-in-
frared images obtained with the VLT. These are the dee-
pest and best images in this wavelength region to date. The
goal is, among other things, to determine the magnitude
distribution, sizes and shapes of galaxies over a wide reds-
hift range and the evolution of their stellar components.

Pursuing a similar goal is the COMBO 17 (Classifying
Objects by Medium-Band Observations with 17 Filters)
survey which is conducted at the MPG/ESO 2.2 m teles-
cope on La Silla. Here, a wide-field camera developed at
MPIA is used. The data already obtained will be comple-
mented in the near future by infrared observations on
Calar Alto. On a medium-term basis, the PRIME mission
will yield further valuable data.

The structure of galaxies can be studied in detail only
in nearby galaxies like those of the Local Group or in the
Milky Way itself. Here too, the Institute makes great ef-
forts. So, for instance, it was possible for the first time to
determine the orbit of a globular cluster (Palomar 5) with
high accuracy (Chapter II). From these data and additio-
nal information on the structure of the cluster the gravita-
tional potential of the Milky Way system can be deduced
– which in turn gives interesting information about the
distribution of dark matter within the halo of our Galaxy.

Ground-based Astronomy

During the last years, MPIA has made great efforts in
developing adaptive optics systems. Construction of the
ALFA adaptive optics system for Calar Alto has been com-
pleted; including experiments with an artificial laser gui-
de star. For the first time, also a new coronograph could
be tested, based on the phase masking technique.
Currently, this field of research is carried on, by develo-
ping a multiconjugate adaptive optics system. Experience
gained in this work will be incorporated into the develop-
ment of new instruments for the VLT and LBT.

Participation of the Institute in the VLT (Fig. I.3) is of
major importance. While in 2001 the CONICA high-reso-
lution infrared camera combined with the NAOS adaptive
optics system was successfully put into operation (Fig.
I.4), MIDI saw first light at the end of 2002 (Chapter II).
It is the first large interferometric instrument at the VLT
and is used in the mid-infrared range. From 2003 on, the
trend-setting MIDI instrument is planned to allow inter-
ferometric observations with a resolution of only a few
hundredths of an arc second.

At the end of 2001, ESO called upon all institutes of its
member countries to present proposals for second-genera-

tion instruments for the VLT. Thereupon a consortium of
12 institutes in Germany, Italy, Switzerland, the Nether-
lands and Portugal was founded at MPIA proposing the
PLANET FINDER project. PLANET FINDER is supposed to
be an adaptive optics system for direct detection, spec-
troscopy and polarimetry of extrasolar planets. For this
project, MPIA can rely particularly on its experience with
the construction of the ALFA adaptive optics system. 

Together with the University of Arizona and Italian in-
stitutes, MPIA is a partner in an international consortium,
which is building the Large Binocular Telescope (LBT,
Fig. I.5). This large telescope consists of two mirrors of
8.4 m diameter each, fixed on a common mount. To-
gether, the two mirrors have a light-gathering power equi-
valent to a single 11.8 m mirror. This will make the LBT
the world’s most powerful single telescope. Furthermore,
the unique structure of the double mirror is especially
well suited for interferometric observations. Its spatial re-
solution will correspond to that of a single mirror 22.8 m
in diameter. First light with only one primary mirror is
currently planned for mid-2004. One year later, the entire
telescope will be put into operation.

Under the leadership of the Landessternwarte Heidel-
berg, the German partners are building the LUCIFER near-
infrared spectrograph for the LBT (Chapter IV). MPIA
will supply the entire detector package and develop the
overall design of the cryogenic system. Integration and
tests of the instrument will also be carried out in the labo-
ratories of MPIA. Simultaneously, planning of the LBT
interferometer, which will be equipped with an adaptive
optics system, is in full swing. For this instrument, MPIA
is developing the optics of the LINC beam combiner,
which finally will allow interferometry over a wavelength
range between 0.6 and 2.2 mm. This requires an extreme-
ly ambitious optical design. For this project, an informal
consortium with colleagues from the Universität Köln and
the Astrophysical Observatory in Arcetri near Florence
was formed.

8 I.2 Scientific Goals
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Fig. I.4: The NACO high-resolu-
tion camera with adaptive
optics at the VLT.

Fig. I.3: The Very Large Tele-
scope, situated in the Chilean
Andes. (Image: ESO)



Extraterrestrial Research

Since it was established, MPIA has been involved in
space-based astronomy. In particular, an early start in in-
frared astronomy associated with these activities has been
of great significance for the later development of the
Institute as a whole. In the 1970’s, two photometers were
developed and built at MPIA which flew successfully on
board the two solar probes HELIOS 1 and 2. Around the sa-
me time, the THISBE infrared telescope (Telescope of
Heidelberg for Infrared Studies by Balloon-borne Experi-
ments) was developed. It was carried by a high-altitude re-
search-balloon up to an altitude of 40 km, where for short
times excellent infrared observations are already possible.

MPIA is also participating significantly in the ISO pro-
ject of the European Space Agency ESA: ISOPHOT, one of
four scientific instruments on board of ISO, was built un-
der the coordinating leadership of the Institute. For over
two years, ISO collected excellent data. It was switched
off on 8 April 1998, after its coolant supply had been ex-
hausted. Meanwhile, numerous papers in all fields of
astronomy have been published, documenting the effi-
ciency of this space telescope.

At present, MPIA runs the ISOPHOT data center where
first of all programs and calibration procedures for the au-
tomatic data analysis were developed. The final software
that created the ISO Legacy Archive is now running at the
ISO data center at VILSPA, Spain. An active archive pha-
se, during which the data will be calibrated with high ac-
curacy, will last for a period from 2002 to 2006. The goal
is to expand the ISO database to be part of a globally ac-
cessible “virtual observatory” for all wavelength ranges.

The experience gained with ISOPHOT was decisive for
the MPIA’s significant participation in the construction of
the PACS imaging spectrometer for the far-infrared spec-
tral range. This instrument will operate on board the
European HERSCHEL infrared observatory (Chapter IV).
The launch of this 3.5 m space telescope is scheduled for
2007.

The Institute will also participate in the successor to
the HUBBLE space telescope, the James Webb Space
Telescope (JWST) (Fig. I.6). The JWST will be equipped
with a folding primary mirror about 6 m across as well as
three focal-plane instruments. As part of a European con-
sortium, MPIA will develop the cryo-mechanics for the
positioning of the optical components in one of the three
focal-plane instruments called MIRI (Chapter IV). This in-
strument designed for the mid-infrared range from 5 - 28
mm consists of a high-resolution camera and a spectrome-
ter of medium resolving power. MIRI will be built half by
American and half by European institutes, which will be
granted guaranteed observation time in exchange for their
contributions.

At the same time, MPIA is partaking in the develop-
ment of the second focal-plane instrument of the JWST, a
near-infrared-multi-object spectrograph called NIRSPEC.
Here too, the Institute is supposed to deliver the cryo-me-
chanics. Such a contribution would provide the astrono-
mers at MPIA with further excellent possibilities for high-
resolution infrared observations. Thanks to the successful
development of ISOPHOT and PACS, the Institute is well
prepared for both tasks, MIRI and NIRSPEC.

Furthermore, MPIA is participating in a satellite expe-
riment proposed to NASA by Johns Hopkins University,
Baltimore. This telescope, known as PRIME (Primordial
Explorer), is intended to map a large part of the sky down
to a magnitude of 24.5 in the wavelength range between
0.9 and 3.4 mm. It would consist of a 75 cm telescope,
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Fig. I.5: The building of the Large Binocular Telescope in sum-
mer 2002.



which could scan a quarter of the entire sky within three
years with unprecedented accuracy.

PRIME successfully passed the scientific and technical
reviews. In summer 2002, however, NASA decided that
the project could not be realized within the scope of their
small-size missions (SMEX). Together with their collea-
gues at Johns Hopkins University, scientists at MPIA are
currently looking for possibilities either to cut down costs
or to develop an expanded version of PRIME, which then
could be carried out as a NASA medium-size mission
(MIDEX).

Since 1998, MPIA represents Germany within the
DARWIN Science Advisory Group. DARWIN (Fig. I.7) is a
space interferometer to be launched by the European
Space Agency ESA between 2012 and 2015. According to
current plans it will comprise up to eight telescopes orbit-
ing the sun at the Lagrangian point L2 in 1.5 million ki-
lometers distance from Earth. This observatory will be
used for imaging and spectroscopy of extrasolar planets in
the mid-infrared range. At present, the Institute is partici-
pating in preparatory technology studies.

MPIA is also contributing to ESA’s GAIA project, a spa-
ce observatory scheduled for launch between 2010 and
2015. GAIA will be the successor of the HIPPARCOS astro-
nomy satellite, exceeding the latter’s sensitivity by sever-
al orders of magnitude. GAIA is planned to measure posi-
tions, magnitudes and radial velocities of one billion stars
plus numerous galaxies, quasars and asteroids. The teles-

cope will provide photometric data in 15 spectral bands 
as well as spectra in a selected spectral range. Unlike
HIPPARCOS, however, GAIA will not be provided with an
input catalogue. An automatic object classification will
thus be of major importance for data analysis. This pro-
blem is currently dealt with at the Institute. In addition, a
representative of the Institute is part of the GAIA Science
team and fellow coordinator of the GAIA Classification
Working Group.

Figure I.8 gives an overview of the major instruments
which are already working or are about to be put into ope-
ration. Sensitivity is shown as a function of wavelength
(above), and spatial resolution as a function of the size of
the image field (below).

Extraterrestrial Research 11

Fig. I.6: Possible structure of the NGST, with the large primary
mirror and the characteristic solar screen. (Image: TRW)
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Fig. I.8: The Institute’s major instruments. Above: the sensitivity
as a function of wavelength; below: the spatial resolution as a
function of the size of the field of view.

Fig. I.7: Possible concept of the DARWIN space interferometer
with eight free-flying individual telescopes. (Image: ESA/
ALCATEL)



Thanks to its location in Heidelberg, the Institute is ab-
le to work within an especially active astronomical envi-
ronment. Cooperation with the Landessternwarte, the
Astronomische  Rechen-Institut, the Institut für Theoreti-
sche Astrophysik der Universität or the department Kos-
mophysik of the MPI für Kernphysik occurs over and
over again in manifold ways. Presently, this is especially
true for the Sonderforschungsbereich 439, “Galaxies in
the young Universe”, in which all Heidelberg institutes
named above are participating. Moreover, the Astrono-
mische Rechen-Institut and the Landessternwarte coope-
rated with MPIA in the DIVA project.

Collaboration with the MPI für extraterrestrische
Physik in Garching and the MPI für Radioastronomie in
Bonn as well as with institutes of German universities is
quite common. Examples for such a collaboration are the
ALFA adaptive optics system and the future PARSEC laser-
guide-star project in which the MPI für extraterrestrische
Physik is participating.

The establishment of the German Center for Infra-
red and Optical Interferometry (Frontiers of Inter-
ferometry in Germany, or FRINGE for short), located at
MPIA, emphasizes the Institute’s leading role in Germany
in this trend-setting astronomical technique. The goal is to
coordinate efforts made by German institutes in this field.
FRINGE will gather tools and software developed by par-
ticipating institutes. Another concrete goal is the definiti-
on of the next generation of interferometric instruments.
This includes the extension of MIDI up to 20 mm wave-
length and the design of MIDI II, participation in the defi-
nition of new imaging capabilities of the VLT interfero-
meter, and participation in preparing the DARWIN space
mission. FRINGE will seek to establish cooperation with
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Fig. I.9: The 2.5 m telescope of the Sloan Digital Sky Survey.
(Image: SDSS)



other interferometric centers in Europe. The long-term
perspective is to establish a European interferometric cen-
ter for the optical and infrared wavelength region. Apart
from MPIA, the following institutes are participating in
FRINGE: the Astrophysikalische Institut Potsdam, the
Astrophysikalische Institut and Universitätssternwarte
der Universität Jena, the Kiepenheuer-Insitut für Sonnen-
physik in Freiburg, the MPI für extraterrestrische Physik
in Garching, the MPI für Radioastronomie in Bonn and
the I. Physikalische Institut der Universität zu Köln.

MPIA is participating in a number of EU-networks,
partly in a leading position. This includes:

• OPTICON: Network of all operators of major telescopes
in Europe. The goal is to increase scientific results and
reduce costs.

• PLANETS: Program to study theoretical and experimen-
tal aspects of planet formation.

• Adaptive Optics for Extremely Large Telescopes:
Funding of an adaptive-optics simulator. Here, MPIA
can contribute its rich experience with ALFA.

• SISCO: Study of the evolution of galaxies by means of
sky surveys. Here too, the Institute was already able to
contribute significantly with CADIS and COMBO 17.

• SIRTF Legacy Program: The NASA SIRTF infrared tele-
scope is to be launched in August 2003. Within the sco-
pe of a so-called Legacy program, collaborations are
enabled to carry out large observation programs. MPIA
is participating in such a program, which is already ap-
proved, which is devoted to the question, how long it
takes, until planetary systems are formed.

At the international level, participation in the Sloan
Digital Sky Survey (SDSS) is of major importance (Fig.
I.9). This, is the hitherto most extensive sky survey, ima-
ging about a quarter of the entire sky in five filters. The
final catalogue will provide positions, magnitudes, and
colors of an estimated one hundred million celestial ob-
jects as well as redshifts of about one million galaxies and
quasars. The observations are made with a 2.5 m telesco-
pe specially built for this purpose at the Apache Point
Observatory, New Mexico. The project is conducted by
an international consortium of US-American, Japanese,
and German institutes. In Germany, MPIA in Heidelberg
and the MPI für Astrophysik in Garching are involved. In
exchange for material and financial contributions to the
SDSS from MPIA, a team of scientists at the Institute gets
full access to the data.

Teaching and Public Relations

Although students from all over the world are coming
to the Institute to do their Diploma or doctoral thesis, a
majority of the scientific recruits complete their studies at
the University of Heidelberg. For that reason, a number of
scientists at MPIA give lectures there.

The Institute’s tasks also include informing the general
public about results of astronomical research. So mem-
bers of the Institute give talks at schools, adult education
centers and planetaria. They also appear at press confe-
rences or on radio and television programs, in particular
on the occasion of astronomical events, which attract ma-
jor public attention. Numerous groups of visitors come to
the MPIA on the Königstuhl and the Calar Alto
Observatory. A one-week teacher training course, which
is very popular among teachers of physics and mathema-
tics in Baden-Württemberg is held regularly in autumn at
MPIA.

Finally, the monthly astronomical journal Sterne und
Weltraum (Stars and Space), co-founded 1962 by Hans
Elsässer, founding director of MPIA, is published at
MPIA. This journal is intended for the general public but
also offers a lively forum both for professional astrono-
mers and for the large community of amateurs in this
field.
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In recent years, astronomical research has focused in-
creasingly on brown dwarfs. Because of their nature as
a connecting link between stars and planets they are of
special interest. Are they more similar to stars or rather
to planets? How do they form? In the year under report,
astronomers at the Institute were following up these
questions. For the first time they were able to show that
young brown dwarfs, like stars, are surrounded by dusty
disks. On the other hand, brown dwarfs do not seem to
exist in binary systems as frequently as stars do – this
may indicate differences in the evolution history of stars
and brown dwarfs. In a third investigation, it was possi-
ble to measure brightness variations of a putative brown
dwarf that can be explained by temporary dust clouds
within its atmosphere.

With respect to their masses, brown dwarfs are ranking
between stars and planets. If the mass of a celestial body
is below about 0.07 solar masses (corresponding to 75
Jupiter masses), temperature and pressure in its central re-
gion do not get high enough to start nuclear hydrogen bur-
ning. Only the fusion of deuterium and tritium can be ig-
nited for a short period of time, but is turned off again so-
on after. Then the body cools down. If its mass is smaller
than about 13 Jupiter masses, even deuterium-tritium bur-
ning is no longer possible. The masses of planets, astero-
ids and moons of the solar system are within this range.

The presence of brown dwarfs had already been pre-
dicted 40 years ago. But due to the low luminosities of
these objects and their maximum intensity lying in the in-
frared range because of their low temperature, the first
brown dwarf was not detected until 1995. During the past
years, other objects of this kind have been found using
different strategies. Near-infrared sky surveys have pro-
ved to be very effective, but only spectroscopy can con-
firm the nature of the candidates detected. To date, a total
of several hundred brown dwarfs has been detected that
can be used for comparative and statistical studies.

How do brown dwarfs form?

Three possible ways of forming brown dwarfs are cur-
rently discussed.

1) Brown dwarfs form like stars as a result of gravita-
tional collapse of interstellar clouds. If this were true, bro-
wn dwarfs, like stars, should be surrounded initially by an
equatorial disk of gas and dust. Within such disks, planets
are forming within a period of a few hundred million
years. This has to take place before the disks are dissolved
by  particle winds and energetic radiation from their cen-
tral stars. So, if brown dwarfs are forming like stars, at
least the youngest of them should be surrounded by cir-
cumstellar disks.

2) Another possibility has come to be known as the
concept of “stellar embryos”. According to it, brown
dwarfs are forming like stars, but are stopped growing be-
fore reaching their possible final size. Such a scenario is
conceivable in large interstellar clouds where large num-
bers of single stars and multiple systems are forming wit-
hin a small volume. As these stars are constantly moving
close encounters are bound to happen. Simulations per-
formed at MPIA have shown that during such “near colli-
sions” individual members of multiple systems can be
ejected due to strong tidal forces. If this occurs in an ear-
ly evolutionary phase their growth is interrupted before
they have accumulated enough mass for hydrogen bur-
ning to ignite. A brown dwarf that forms this way should
have an incompletely developed equatorial disk at most.

3) But brown dwarfs might also form like planets wit-
hin circumstellar disks around more massive stars. In a
densely populated star formation region, they would then
be ejected from their system because of gravitational in-
teractions with other stars. In this case, no isolated brown
dwarfs surrounded by circumstellar disks should to be fo-
und.
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Brown dwarfs with circumstellar disks

Therefore, an obvious strategy to solve the question of
the formation of brown dwarfs is to search for evidence of
circumstellar disks. As brown dwarfs are rather cool the
dust of the disks should have temperatures between 100
and 400 K and thus should be best detectable in the mid-
infrared range. A few brown dwarfs could be observed in
this spectral range with the European ISO Infrared
Observatory. But those data were insufficient to confirm
or discard the presence of circumstellar disks.

For their study, astronomers at the Institute selected an
object that had already been detected by ISO. It is lying in
the Chameleon I star-formation region and is called Cha
Ha2. At an age of 2 to 4.5 million years, it is still very yo-
ung. Its mass could not be determined definitely so far: It
may be a very low-mass main-sequence star or a massive
brown dwarf.

In addition, another seven brown dwarfs as near to us
as possible were selected that are not members of a star
cluster and that are considerably older. Astronomers ob-
served these objects in the mid-infrared region around 10
mm with the ESO 3.6 m telescope.

Among the seven brown dwarfs only one was detected:
LP 944-20, which has a distance of five parsec (16 light
years) and an estimated age of about 500 million years
(Fig. II.1). The radiation flux measured, however, can ea-

sily be explained by emission of the brown dwarf itself if
its temperature is assumed to be 2300 K. So the observa-
tions do not indicate the presence of circumstellar dust.
Quite a different result was obtained for the young object
Cha Ha2. It shows strong emission that cannot come
from the brown dwarf alone (Fig. II.2).

These are the first ground-based observations of brown
dwarfs in the thermal mid-infrared at all. And both objec-
ts probably are the faintest sources ever observed with the
instrument TIMMI 2 at the ESO 3.6 m telescope – two fac-
ts that elucidate the difficulties of this research area.

The new measurements are complementing the older
ISO data in an ideal way making it possible now to com-
pare them to numerical models of the thermal emission
from circumstellar disks. So far, experts had preferred the
so-called flared-disk model, a standard model of the disks
of young stars scaled down to the conditions of brown
dwarfs. This kind of disk has an optically thin surface lay-
er that is excited by the star’s radiation and produces a
clear silicate emission feature around 9.7 mm (Fig. II.3,
above).

But the fluxes measured in Cha Ha2 are much lower
than predicted by this model and do not show any evi-
dence of the silicate emission (Fig. II.2). Astronomers at
MPIA therefore modeled a simple disk that is optically
thick throughout (Fig. II.3, below). Previous observations
have shown a very low extinction of the light from Cha
Ha2 excluding the presence of a dense layer of dust in
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Fig. II.1: Three images of the same field of sky in the blue, red,
and near-infrared spectral range. Because of its low temperature
the brown dwarf LP 944-20 only appears in the IR-image.
(Images: SDSS)
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Fig. II.2: Near-infrared measurements of the young brown dwarf
Cha Ha2. Models of a flared disk as well as of the star without
disk are excluded. But the simple model of an optically thick
flat disk matches the data very well.



front of the brown dwarf. This means that we are seeing
the disk nearly face-on. Assuming standard runs for den-
sity and temperature yields an emission function that is in
very good agreement with the observational data (Fig.
II.2).

These data thus give new clues to solve the above-
mentioned problem of brown dwarf formation. Obser-
vations indicate that young brown dwarfs are surrounded
by disks, thereby suggesting that they have formed the sa-
me way as normal stars and will loose their disks within a
period of a few hundred million years. But it is not possi-
ble yet to distinguish between scenario 1 (like a normal
star) and 2 (“stellar embryo”); for this, further statistical
studies are necessary, wich will besome feasible only with
SIRTF.

This has been a first step to solve this important issue.
But scientists at the Institute already have gone further by
observing brown dwarfs in the millimeter and sub-milli-
meter regime, too. These data that have not been fully
analyzed yet will yield information on the masses of the
disks. Other brown dwarfs of different ages will also be
examined for dust emission in order to put better con-
straints on the disks’ lifetimes.

Brown dwarfs within binary systems

There is another, completely different approach to re-
veal information on the formation and evolution of brown
dwarfs. About half of the lower- and medium-mass stars
in the vicinity of the sun are known to be members of
binary or multiple systems. Thus the question arises if this
is also true for brown dwarfs.

To answer this question, astronomers at MPIA selected
a sample of 134 brown dwarfs that had been detected in
infrared sky surveys. The data available up till then sug-
gested that the objects lie at distances between 7 and 105
pc (23 and 340 light years). Astronomers observed these
objects with the Wide Field Planetary Camera 2 onboard
the HUBBLE Space Telescope. In these images it was pos-
sible to detect binary systems with separations down to
0.06 arc seconds, corresponding to projected real separa-
tions between 0.4 and 6 Astronomical Units (AU).

The following example illustrates typical conditions
found in these systems. For a brown-dwarf binary with
characteristic components of 0.045 and 0.02 solar masses
the orbital period would be between 1 and 100 years, res-
pectively. Thus, it will be possible to determine the orbits
and thereby the masses for at least some pairs of brown
dwarfs within the next 5 to 10 years.

Observations showed that 26 of the 134 objects are
multiple systems (Fig. II.4). One of it, though, is associa-
ted to a G-dwarf in a triple system and was excluded from
further analysis. Thus, on first sight, 25 binaries were fo-
und in a sample of 133 brown dwarfs, corresponding to a
fraction of 19 percent. But for several reasons this value
cannot be compared yet to that of stars in the solar neigh-
borhood.

For one thing, only components with differences of
magnitudes less than 3 mag could be separated.
Therefore, preferentially pairs with similar luminosities
were detected. For another thing, all these brown dwarfs
were selected from the sky surveys on the basis of their
color and brightness. This results in an overrepresentation
of distant binaries since the brightnesses of both compo-
nents (which are not separated on the survey images) add
up, thereby passing the detection limit more easily.
Nonetheless, it can be concluded from the characteristics
of the survey that the data are unbiased with respect to
this effect up to a distance of 20 pc (65 light years). This
is corroborated by the fact that up to this distance the
number density of objects is proportional to the observed
volume of space, as expected. Finally, in comparing the
binary fraction to that of normal stars it has to be taken in-
to account that due to the camera’s resolving power the
detections are limited to systems with angular separations
wider than of 0.06 arc seconds. Within the observed di-
stance range of up to 20 pc this limit corresponds to a mi-
nimum physical separation of 0.04 to 1.2 AU.

The widest possible pair separation that can be detec-
ted is limited, too. It is about 4 arc seconds, corresponding

Brown dwarfs within binary systems 17

Flat Disk Model

Flared Disk Model

Brown Dwarf

Brown Dwarf

Optical Thick Disk

Optical Thick Disk

L
in

e
 o

f S
ig

h
t

Super Heated Layer
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to 28 to 80 AU. However, this is not a serious constraint
since binaries with separations wider than 4 arc seconds
would already have been found in the sky surveys men-
tioned above.

In spite of these limitations some very important con-
clusions can be drawn. Comparing the binary frequency
of brown dwarfs to that of G- and M-stars within the sa-
me range of separations of their components (0.06 to 4 arc
seconds) yields about 10 percent for brown dwarfs in con-
trast to 33 percent for the stars. This large difference can-
not be attributed to a selection effect caused by the named
limitations of the sample of brown dwarfs studied, but
must be real. As is shown in Fig. II.5 there is a lack of sy-
stems with separations wider than 0.6 arc seconds. In ad-
dition, the mean separation for brown-dwarf binaries is 4
to 8 AU while it is about 30 AU for double stars. On aver-
age, brown dwarfs seem to form closer pairs than stars
(Fig. II.6). Both results, too, cannot be explained as a con-
sequence of the limitations of the data.

Brown dwarfs seem to have a tendency to form pairs
with small differences in brightness and thus also in mass.
Fig. II.7 shows that there are almost no systems with
brightness differences between the components larger
than 1.5 mag. This, too, has to be considered as a real phe-
nomenon. Since the two components of a binary system
can be assumed to be coeval, similar luminosities mean
that brown dwarfs in binaries are forming preferentially
with similar masses. This may be illustrated by the follo-
wing example: In a 1 billion years old system with a pri-
mary of 0.07 solar masses, a companion with a 3 mag lo-
wer luminosity still would have 0.06 solar masses.

How do these new findings fit into the formation
scenarios of brown dwarfs? First of all, the binary fraction
of 10 percent is too high to be explained by hypothesis 3
(planet-like formation). Thus this investigation, too, like
that of circumstellar disks, confirms that brown dwarfs
form in a way similar to stars.

Hypothesis 2 (stellar embryos being ejected from the
star formation region before reaching their final mass) is
in contradiction with the presence of bound pairs of bro-
wn dwarfs. Such pairs would be disrupted during the clo-
se encounters that cause the ejection of brown dwarfs
from star forming clouds. Therefore it can be assumed
that at least the pairs found here have not formed as stel-
lar embryos. So hypothesis 1 (formation mechanism like
stars) is the most likely one to be in agreement with the
presence of binary brown dwarfs. However, the lack of
binaries with wide separations is still not understood.
Theoretical calculations of the formation of brown dwarfs
currently carried out at the Institute may help to solve this
problem.
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Dust clouds or magnetic spots?

As demonstrated above, questions concerning the for-
mation of brown dwarfs can be tackled by statistical ana-
lysis of as large numbers of objects as possible. But if one
wants to learn more about the properties of these objects
individual observations are needed, too. Astronomers at
the Institute have monitored the brightness variations of
21 ultra-cool dwarf stars using the telescopes on Calar
Alto. Ultra-cool dwarfs are objects of spectral type M8 or
later. Thus they are candidates for brown dwarfs although
in many cases a definite classification is still missing.

In some of these dwarfs variations with timescales of a
few hours were found. In general, periodical intensity va-
riability is causally related to the rotation period. Irregular
variations, however, can originate from surface phenome-
na that may evolve on timescales shorter than a rotation
period. In very cool objects like brown dwarfs, there are
two plausible sources for this kind of variability. For one
thing, star spots can cause intensity variations. But up to
now it is not known if ultra-cool dwarfs and brown dwarfs
develop sufficient magnetic activity at all in order to pro-
duce such cool spots. For another thing, it is conceivable
that dust clouds are forming at different times within the

atmospheres, which also cause brightness variations. In
addition, dust is able to affect the spectrum. How this
does happen depends on the properties of the dust such as
the size distribution of the particles. These properties vary
with the temperature of the ultra-cool star or brown dwarf
but also can change on shorter timescales.

There are different model predictions for this kind of
objects. Within a static atmosphere, tiny dust particles are
forming, growing slowly, thereby getting heavier and mo-
re massive, and finally sinking down. Thus a dust-free
photosphere is created which in addition is deprived of
elements that are bound within the dust. The lower the
temperature, the lower the dust will sink. Completely sta-
tic atmospheres, however, seem to be unrealistic for bro-
wn dwarfs.

In a dynamical atmosphere, convection occurs which
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transports dust upwards into the upper photospheric lay-
ers. The altitude at which the dust mainly resides within
the atmosphere depends on the effective temperature. In
such dynamical models also horizontal inhomogeneities
occur. Simply put: Clear regions can form in a dusty at-
mosphere or dust clouds can form in an almost clear at-
mosphere.

Dust clouds as well as magnetic spots have an effect on
the spectrum of an ultra-cool dwarf. In Fig II.8, theoreti-
cal model spectra of four different cases are shown: dust
clouds in a clear atmosphere, cool magnetic spot in a cle-
ar atmosphere, clear region in a dusty atmosphere and
cool magnetic spot in a dusty atmosphere. As is clearly
evident, significant modifications are expected in specific
wavelength regions from which the causes of intensity va-
riations can be determined. But it has always to be kept in
mind that theoretical predictions depend on the largely
unknown properties of the particles like their sizes and on
the characteristics of the convection.

From the 21 brown dwarf candidates, the astronomers
selected an object named 2M 1145. It is a dwarf star of
spectral type L1.5 with an effective temperature of 1900
K and 0.075 to 0.08 solar masses – characteristics that put
it at the borderline to brown dwarfs. The idea was to spec-
trophotometrically monitor the object 2M 1145 and sub-
sequently look for variations in specific wavelength regi-
ons marked by j, h, and k in the Figure.

On each of three successive nights, 2M 1145 was ob-
served in the near infrared at wavelengths from 1 mm to
2.4 mm for several hours with the Omega Cass
Spectrograph at the 3.5 m telescope. Data analysis had to
be meticulous since the expected intensity variations we-
re of the order a few hundredths of a magnitude only. At
first the data for four spectral ranges were combined. No
convincing variability was found in any one of these
bands. But a significant correlation is found if the diffe-
rences (h1-h2) are plotted against (j1-j2) (Fig. II.9).

Such a correlation is more consistent with the model of
a ultra-cool star or brown dwarf with a dynamical dusty
atmosphere and temporally variable clear regions. But
cool magnetic spots in a dusty atmosphere could also pro-
duce these effects. The strength of the variation indicates
a coverage of the surface by clear atmospheric regions or
magnetic spots of not more than 15 to 20 percent.

This is a first step to learn more about the atmospheric
characteristics of brown dwarfs. But there are numerous
other methods. Currently, spectrophotometric observati-
ons in the optical region and spectroscopic measurements
of the Doppler shift are planned.

(Daniel Apai, Coryn Bailer-Jones, 
Wolfgang Brandner, Thomas Henning, Reinhard Mundt,

Ilaria Pascucci, Stefan Umbreit
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For two years already, astronomers at MPIA are study-
ing a very faint globular cluster named Palomar 5.
During its past passages through the Galactic disk it has
lost a great many of its stars and might be disrupted
completely next time. New observations reveal two
very long tidal tails that together contain more stars
than the cluster itself. Further investigations should ma-
ke it possible, among other things, to determine the gra-
vitational potential of the Milky Way System and there-
by the distribution of its dark matter.

The Milky Way is surrounded by about 150 globular
clusters that contain ten thousands to some million stars
each and that are 13 pc (40 light years) to 130 pc (400
light years) across. They are occupying an extended halo
with a diameter of more than 100 kpc (300 000 light
years) and move around the Galactic center on elliptical
orbits. Globular clusters are generally thought to have for-
med as the first objects in a giant primordial gas cloud
that was still contracting to form a rotating galaxy.
Because of its angular momentum the remaining gas
cloud later flattened into an equatorial disk. Within this
disk the second stellar population of the galactic plane
formed, including our Sun.

Reconstructing the dissolution

Palomar 5 is an old globular cluster presently being at
a distance of 23 kpc (75 000 light years) from the Sun and
18.5 kpc (60 000 light years) from the Galactic center
(Fig. II.10). With an absolute visual magnitude of -4.8
mag, a total mass of about 5000 solar masses, and a core
diameter of 48 pc (156 light years) it is one of the least
concentrated, lowest-mass, and least luminous globular
clusters known. These characteristics suggested that
Palomar 5 may have been shaped by substantial mass loss.

Using the data of the Sloan Digital Sky Survey
(SDSS), astronomers of MPIA for the first time found di-
rect evidence that the cluster actually suffers a severe dis-
solution process. The SDSS is the most extensive sky sur-
vey so far: Since April 2000, about a quarter of the entire
sky is imaged in five wavelength ranges using a mosaic
CCD camera on a 2.5 m telescope at the Apache Point
Observatory in New Mexico. The final catalogue will
contain positions and colors of an estimated one hundred
million celestial bodies as well as the redshifts of about
one million galaxies and quasars. The project is conduc-
ted by an international consortium of US, Japanese, and
German institutes, including MPIA (see Chapter I).

The region containing Palomar 5 was already imaged
during the commissioning phase of the SDSS (Fig. II.11).
The cluster members which are scattered over a wide area
on the sky could be distinguished from the numerous fo-
reground stars due to their position in a color-magnitude
diagram (cf. Annual Report 2000, page 57). In this way,
clear indications of the presence of tidal tails were found.

Since these first investigations researchers at MPIA ha-
ve analyzed more data from the SDSS and extended their
search for member stars of Palomar 5 over an area of 87
square degrees. In addition, they were able to distinguish
cluster members more clearly from other objects using an
optimized selection method and thereby to determine mo-
re precisely the spatial distribution of the member stars.
These new data show the northern tidal tail to extend over
an arc of 6.5 degrees. The southern tail is traced over 3.5
degrees till the border of the currently available field. It is
probably as long as its northern counterpart (Fig. II.12).

The total length measured corresponds to a size of ab-
out 4 kpc (13 000 light years). Both tails are very promi-
nent and with a width of 18 arc minutes, corresponding to
120 pc or 390 light years, relatively thin. Already at a first
glance a slightly clumpy structure of the tails is noticed.
This implies that the mass loss had been episodic and can
be explained as a result of several passages through the
Galactic disk, which Palomar 5 has to suffer every 150 to
250 million years.
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Fig. II.10: Three-dimensional view of the Galactic orbit of
Palomar 5, for a period from 500 million years ago until the next
passage through the Galactic disk. At present, Palomar 5 is on
the far side of the Galaxy and almost at its largest distance to the
Galactic center. In about 100 million years from now, it will
cross the Galactic disk again, at a distance of only 7 kpc from the
center.

Sun

 Pal 5 
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Fig. II.11: Multicolor composite
image of Palomar 5 from the
Sloan Digital Sky Survey. The
loosely distributed stars of this
cluster appear yellowish and
blue. They are mainly subgi-
ants and main-sequence stars.

Fig. II.12: Palomar 5 and its two
tidal tails in a false-color map
illustrating the surface density
of the cluster stars in the sky
(white corresponds to the
highest density in the central
region of the cluster).
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The boundary between the cluster and its tidal tails is
marked by a characteristic break in the radial profile of
the stellar surface density. As is shown in Figure II.13 this
density decreases as r -3 inside a radial distance of about
16 arc minutes from the center. Beyond this distance,
which corresponds to the cluster’s boundary radius, the
profile is flatter and the surface density decreases appro-
ximately as r -1.4. The decrease of the density profile of the
tidal tails thus is somewhat steeper than generally predic-
ted by models in the literature that expect a profile pro-
portional to r -1.

From the number of stars found inside the tails and in
the cluster it can be inferred that the tails contain at least
20 percent more mass than the cluster itself. Palomar 5
thus has lost a substantial fraction of its stars during its
previous passages through the Galactic disk. The current
data already allow to draw some conclusions about its
earlier history.

When a globular cluster passes through the Galactic
plane it experiences strong, temporally variable tidal for-
ces. These forces supply energy to the cluster stars, there-
by changing the stellar orbits. As a result, some stars can
leave the immediate gravitational field of the cluster and
move towards its outskirts where the gravitational field of
the Milky Way dominates. This process eventually leads

to the formation of symmetric tails, consisting of stars
that are no longer bound to the cluster but still follow its
orbit.

Computer simulations also conducted at MPIA allo-
wed to reconstruct the cluster’s orbit from the observed
location and curvature of the tidal tails together with a
model of the Galactic potential. This is shown as a dashed
line in Figure II.10. Here, it can also be recognized that
both tails are slightly offset from the cluster orbit.

This offset is caused by the following: When stars, dri-
ven by the Galactic tidal field, are escaping from the clu-
ster they are either leaving it in the direction of the
Galactic center or in the opposite direction. Because of
the Galaxy’s differential rotation (the orbital velocity
decreases with increasing distance to the Galactic center)
the trajectories of the “runaways” bend and eventually
follow their own orbits around the Galactic center, which
are quite similar to that of the cluster.

From the observed offset (about 75 pc in projection,
corresponding to an actual offset within the orbital plane
of about 240 pc), the velocity of the escaping stars can be
estimated and from this in turn follows the mean mass
loss of Palomar 5. These computations yielded a mean
mass-loss rate of 5 solar masses per million years.
Numerical simulations of the dissolution of globular clu-
sters suggest this rate to be more or less constant over
long periods of time.
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Assuming the cluster to move in its present orbit aro-
und the Galaxy for about ten billion years, it has lost a to-
tal of 50 000 solar masses during this period of time. This
is about ten times its remaining current mass. But compa-
red to other globular clusters the mass of Palomar 5 had
been relatively low already in its early stages.

Luminosity function

The fact that some globular clusters have rather flat lu-
minosity functions, i.e., a lower fraction of faint stars than
the majority of globulars, is generally thought to be an in-
direct clue to significant mass loss in these clusters. Such
a flat luminosity function was also found some time ago
for the core of Palomar 5. The discovery of the tidal tails
of Palomar 5 allowed for the first time an observational
test of the basic assumption that the lack of low-lumino-
sity stars is due to their escape from the cluster. For this
test, however, deeper observations than that of the SDSS
were required. Therefore, astronomers at MPIA obtained
deep images of some selected fields in the region of
Palomar 5 using the wide field camera at the ESO/MPG
2.2 m telescope on La Silla in Chile.

Analysis of these images showed the luminosity func-
tions for the cluster and for the tidal tails to differ at low
luminosities (i.e. for low-mass stars). This is illustrated in
Figure II.14. A larger fraction of faint stars is indeed fo-
und among the members that have left the cluster than
among those stars that are staying within the cluster core.
The trend to loose mainly low mass stars is explained by
the fact that in close encounters of stars inside the cluster
the lighter ones are gaining higher velocities and move
towards the outskirts where they are subject to the influ-

ence of tidal forces. The assumed correlation between
mass loss and luminosity function has thus been corrobo-
rated by the observations of Palomar 5.

The internal dynamical state

One of the goals of future work will be to reconstruct
the history of this globular cluster in more detail in order,
for instance, to better interpret the observed structures
within the tidal tails. An important boundary condition for
such studies is the present kinematical structure of the
cluster, respectively the velocity distribution of the stars
in its interior. In order to determine these, spectra of high
quality have to be obtained which provide radial veloci-
ties of the stars. This is not an easy task in a star cluster
23 000 pc away.

From the SDSS data, the astronomers selected 18 red
giants located within 6 arc minutes of the center of
Palomar 5, i.e., within the cluster’s core. Excellent spec-
tra of these stars were obtained using the UVES instrument
at one of the 8 m telescopes of the Very Large Telescope.
These spectra provided radial velocities with an accuracy
of about 0.15 km/s. With 14 km/s, one of the giants sho-
wed a large deviation from the average velocity of the
cluster. It is probably a member of a binary system, who-
se fast orbital motion adds to and falsifies its radial velo-
city. Therefore it was excluded from further analysis.

The remaining stars all showed a mean deviation of
only 1.14 km/s with respect to the cluster. But this is most
likely not the true value as some of the stars are probably
members of binary systems. Their orbital motions broa-
den the velocity dispersion. It is not possible to correct for
this effect individually since the binaries cannot be resol-
ved observationally and their orbital periods cannot be
measured because they are to long. Therefore the sample
of stars was analyzed statistically by calculating several
models with differing assumptions on the binary charac-
teristics such as masses of the components and distributi-
ons of the orbits.

These simulations showed that about 40 percent of the
stars are members of binaries that are broadening the ve-
locity dispersion. Taking this into account, the real velo-
city dispersion turns out to be 0.12 to 0.42 km/s. This is
the lowest value that has so far been measured for a glo-
bular cluster. What does that mean for the dynamical sta-
te of the cluster?

From the absolute magnitude of Palomar 5 astrono-
mers infer a mass of 4500 to 6000 solar masses. A star
cluster this size is in virial equilibrium if the velocity di-
spersion of its members is between 0.32 and 0.39 km/s.
Thus it can be concluded that at present Palomar 5 is most
likely in a state of dynamical equilibrium and presents a
stable, bound system. This is in agreement with the orbit
of the cluster and the results of numerical simulations.
The last passage of the globular cluster through the
Galactic disk took place about 140 million years ago and
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the cluster is presently located near the orbital point fart-
hest from the Galactic Center. So there has been enough
time for the stars accelerated during the passage to leave
the cluster and the increased velocity dispersion of the sy-
stem to settle down again.

100 million years from now Palomar 5 will again pass
through the Galactic plane. As it will then be only about 7
kpc (23 �000 light years) away from the Galactic Center,
tidal forces may get so strong as to completely dissolve
the cluster. Palomar 5 is certainly not special in this res-
pect, but it is the only known example and thus the ar-
chetype. Such dissolution processes, that, by the way, can
also affect entire dwarf galaxies, are generally believed
today to play a major role in the evolution of large gala-
xies like the Milky Way.

Because of this great significance astronomers at
MPIA will continue to study Palomar 5. Currently, an in-
vestigation of the radial velocities of stars inside the tidal
tails is conducted. First results suggest that the velocity
dispersion in the tails is low too but that the run of the me-

an radial velocity along the cluster orbit differs from that
predicted by simple models of the Galactic potential. A
longer-term goal will be to determine also proper motions
and thereby the complete spatial motion of the cluster and
its tidal tails. Should this be achieved it would be possible
to determine the gravitational potential of the Milky Way
system at a distance of about 20 kpc. This would allow us
to learn more about the distribution and maybe the nature
of the dark matter that is assumed to occupy the Galaxy’s
halo.

(Michael Odenkirchen, Eva K. Grebel, Walter
Dehnen, Andreas Koch, Hans-Walter Rix)



On 15 December 2002, the beams of two of the four 8.2 m
reflectors of the ESO Very Large Telescope (VLT) were
successfully combined coherently for the first time to
create an interference image within a scientific instru-
ment called MIDI. MIDI (Mid-Infrared Interferometric
Instrument) is the first instrument worldwide enabling
such observations in the spectral range around 10 mm at
large telescopes. The instrument built by a European
consortium under the leadership of MPIA will be put in-
to regular operation at the VLT interferometer in fall
2003. It will then be possible to observe celestial objec-
ts in the mid-infrared range around 10 mm with a resolu-
tion of a few hundredths of an arc second.

Because of their large mirrors the four large telescopes
of the VLT have an enormous light gathering power.
Equipped with sensitive cameras and adaptive optics, they
also achieve their highest possible, diffraction-limited -
spatial resolution. This was demonstrated by the NAOS-
CONICA infrared camera, that had also been built under the
leadership of MPIA, and put into operation in 2001 (the
adaptive optics system for it had been delivered by collea-
gues from France) (cf. Annual report 2001, p. 13).
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Telescope 1

Nasmyth Focus

Coudé Focus

Interferometry Fringes
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Interferometric Laboratory

Coudé
Optical
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Cat’s Eye Retro Reflector

Delay Line

Delay Line

Optical delay

Fig. II.15: Schematic light path at the VLT interferometer. Two
light beams are led from the telescopes (here ANTU and
MELIPAL) into the underground tunnel (delay line) and then are
coherently combined within the interferometric instrument.
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The resolving power of the VLT, however, can be in-
creased by more than a factor of ten by interferometric
coupling of two (or more) telescopes (Fig. II.15). To this
end, light beams arriving from both telescopes are led in-
to an underground tunnel where they are combined cohe-
rently in a focus. Since 2001, the optical coupling of the
telescopes has been realized step by step. In fall 2002, all
four large telescopes finally were successfully coupled in-
terferometrically two at a time. These experiments were
all conducted with the VINCI testing and experimental in-
strument. Now MIDI is the first scientific instrument to al-
low astronomical interferometric observations.

In 1997, astronomers at MPIA had suggested to ESO to
build this instrument. Soon after, institutes from Ger-
many, the Netherlands and France joined in (see below).
Under the leadership of MPIA, more than two dozens en-
gineers, astronomers and students were working intense-
ly for three and a half year planning, designing and buil-

ding all parts until the assembly of the instrument could
be started at MPIA in 2001.

Control electronics, read-out electronics for the detec-
tor as well as computer programs for detector control and
communication between MIDI and the telescope control
system were created in the laboratories at MPIA. In addi-
tion, assembly of the instrument and optical alignment of
all components were done at MPIA. Colleagues from the
Netherlands also contributed considerably. They built the
cold optics inside the cryostat and were responsible for
planning the software and for the programs that control
the data quality and for the interface to the astronomers.
A total of about 60 person years was invested into the 6
million Euro instrument. About two thirds of time and
costs fell to MPIA.

Following the final acceptance by ESO the instrument
was shipped to Chile in September 2002, packed up in 32
big boxes with a total weight of 8 tons. First tests were
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ders at MPIA are Uwe Graser
(standing, 4th from left) and
Christoph Leinert (standing,
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Fig. II.17: »First fringes« – the
interference pattern of the star
Epsilon Carinae.



conducted in early December and interferometric fringes
of a star were obtained for the first time on 15 December
(Fig II.16 and II.17). For this purpose, astronomers had
observed the bright star Epsilon Carinae using the 8 m te-
lescopes ANTU and MELIPAL that are 102 m apart.

MIDI – a technical masterpiece

Interferometry with MIDI in the thermal mid-infrared
range makes heavy demands on technology. For one
thing, the difference in path length of the light beams ar-
riving from the telescopes must not exceed a tenth of the
wavelength, corresponding to about 1 mm; otherwise co-
herence is lost and the fringes vanish. Enormous precisi-
on is compulsory for this technique.

The path difference changes during the observations
due to the rotation of the celestial sphere. This problem is
resolved by an optical system moving on a cart on rail
tracks within the underground tunnel. The light beams ar-
riving from the telescopes are reflected by this system and
their path lengths corrected by shifting the cart (delay li-
ne). The path difference of the two incoming beams,
which is mainly geometric, will be compensated in this
way before the light enters the measuring instrument. The
final fine correction is done inside MIDI where both light
beams eventually combine to produce the fringes.

Astronomical observations in the mid-infrared range
have to deal with quite specific problems since in this
spectral region bodies that are not cooled emit strong ther-
mal radiation. Therefore, the design of MIDI had to make
sure that the detector will not be blinded by the instru-

ment’s own emission. To avoid this, a complex cooling
system was needed. This in turn created the problem to
maintain the alignment of all optical components – a cri-
tical task on its own – also at low temperatures. Even the
smallest flexure of the cooled parts during the cooling pe-
riod would thwart the measurements. This could be avoi-
ded by manufacturing all metal parts of the optical system
in the environment of the detector from pieces of a single,
especially selected block of aluminum. In addition, MIDI

has to be positioned and aligned with respect to both in-
coming light beams with an accuracy of at least 0.1 milli-
meter and 0.01 degrees, respectively. The MIDI electro-
nics was accommodated in a neighboring room to the in-
terferometry laboratory to minimize thermal and mecha-
nical perturbations.

The MIDI cryogenic system has several stages. Most
optical components are working inside a cold box
(cryostat) at temperatures around 40 Kelvin. An outer ra-
diation shield protects the cryostat from the surrounding
thermal radiation. Inside the cryostat, there is a second ra-
diation shield at 77 Kelvin. The detector itself operates at
5 to 10 Kelvin. Moreover, external thermal radiation from
around the field of view has to be blocked from the de-
tector. This is achieved by two cold pupils or cold field
stops that baffle the field.
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Technically, the cooling is realized with a »closed cy-
cle cooler«. In it, helium gas is expanded within a closed
cycle, thereby cooling down. This device, however, uses
moving pistons that create significant vibrations. To avo-
id any disturbances of the interference measurements, the
cooler rests on a separate pedestal, which is connected to
the cryostat by a movable bellows. The cooling takes pla-
ce via a flexible copper litz wire.

The light path inside MIDI is illustrated by Figure II.18,
Figure II.19 shows the instrument in the VLTI laboratory.
Both telescope beams come in from the left. Their initial
diameter is 80 mm. At the tunnel exit they are reduced to
18 mm. After that, the beams pass the entrance pupils.
Next, an intermediate focus is formed where additional
components, e.g. for additional suppression of backgro-
und radiation, or filters can be inserted. Beyond, the be-
ams are recollimated and then encounter a beamsplitter.
This component is necessary to measure the degree of co-
herence between the beams with extreme accuracy. Here,
the beams that have been made coherent by means of mo-
vable piezo-electrically driven mirrors are combined to
create the fringe pattern.

However, this complex system alone is not sufficient
for interferometry in the mid-infrared range. This is be-
cause of the intense thermal background radiation from
the sky which is, moreover, temporally changing due to

atmospheric turbulences. This thermal background is ab-
out ten times brighter than an object of 0 mag! Therefore
it is mandatory to subtract the background signal from the
actually measured signal during the observation. This is
done with a so-called chopper. A tilting mirror inside the
telescope allows to measure alternately the flux from the
object and from a nearby empty field of sky.

At the same time one has to take into account that the
flux of the object observed is varying itself, mostly due to
atmospheric turbulences and water vapor. MIDI therefore
allows to determine the flux of the object in a separate
photometric light path. This additional information in-
creases the measuring accuracy of the interference. But
this additional light path uses 30 percent of the incoming
light, thereby reducing the sensitivity.

A particular feature of MIDI is its broadband sensitivi-
ty in the spectral range from 8 to 13 mm. Thus spectros-
copy is possible with the instrument, although the resolu-
tion obtained is relatively low. A prism that can be inser-
ted into the light path yields a spectral resolution of Dl/l
= 25; with a grism (a combination of prism and grating),
a higher resolution of even 230 is possible. This observa-
tional mode uses a slit or a triple pinhole (Fig. II.20 and
II.21). In addition, narrowband observations are possible
by inserting filters.

Measuring the interference signal also turned out to be
very complex. So two different methods were developed
for this task. Which one is the most suitable depends on
the kind of observation and will later generally be speci-
fied for the astronomer during operation.

The detector read-out and the development of the soft-
ware for it also proved to be critical. The large thermal
background requires a full frame readout time of 5.6 ms
or faster. This has to be done strictly in step with a modu-
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Fig. II.19: MIDI in the underground VLTI laboratory. The
instrument weighing 1.5 tons is resting on a 1.5m � 2.1m high-
precision optical bench. The big golden box is the cryostat con-
taining the detector and the cold optics. The incoming telesco-
pe beams fall onto the optical components seen at the left edge
of the table.



lation of the entire measuring process. For this end, a so-
phisticated, efficient, highly specialized but flexible elec-
tronics was developed over the years at MPIA.

Doing astronomy with MIDI

Operating MIDI will be different from other observing
instruments at VLT. Because of the instrument’s comple-
xity a guest observer will largely have to rely on the ex-
perienced ESO staff for choosing the working mode suita-
ble for his or her particular needs. Moreover, computer si-
mulations at MPIA show that the observing mode as well
as the selection of the telescopes (the baseline) of the
VLTI have to be specially laid out for the “geometry” ex-
pected for the object to be observed. Therefore, the suc-
cess of an interferometric observation will also depend on
how well the astronomer anticipates the appearance of the
object to be observed. This significantly distinguishes in-
terferometry from traditional spectroscopy or direct ima-
ging.

Of importance is the limiting magnitude obtainable
with MIDI. During the first attempts 1 to 5 mag were ob-
tained. Thus bright nuclei of active galaxies, T Tauri stars
and Ae/Be stars as well as red giants are already observa-
ble. In 2003, though, MIDI will be supplied with a so-cal-
led external fringe tracker, allowing stable fringe tracking
without the pattern itself being visible. Thereby the fringe
patterns of individual short observations can be added
blindly, thus improving the sensitivity by up to a factor of
100 (corresponding to 5 mag).

In general, MIDI will be perfectly suited to study ob-
jects rich in dust. Heated by other celestial bodies, dust
emits thermal infrared radiation. It can be found in dust
tori in the nuclei of quasars and radio galaxies just as in
disks of gas and dust around young stars where planets
may form. The environs of giant stars where dust particles
are formed for the first time are also interesting observing
objects.

In return for building and allocation of the instrument,
the MIDI team was granted 300 hours of observing time.
A preliminary observing program for this guaranteed time
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Fig. II.20: Channel layout on the detector in the spectroscopic
mode with the prism (left) or the grism (right). Two interfero-
metric (middle) and two photometric (outside) channels are to

be seen. In this mode, each channel itself consists of three single
channels allowing simultaneous flux measurements of the
object and the sky background for calibration purposes.

Fig. II.21: Dispersed fringes measured in the laboratory. Within
each spectrum the wavelength increases from left to right. For
astronomical objects, the contrast between constructive and
destructive interference fringes yields information on the geo-
metry of the objects.



contains just the kinds of astronomical objects mentioned
above. In addition, the team will use about 25 hours for
the  direct detection of extrasolar planets although every-
body is aware that this attempt will be at the very edge of
feasibility.

Next steps

In spring 2003, the commissioning phase is taking pla-
ce on Paranal during which functional performance and
reliability are tested. MIDI will then be put into regular
operation and offered to all guest astronomers from
October 2003 on. At this time, the external fringe tracker
will also get installed. From spring 2004 on, the addition
of the 1.8 m auxiliary telescopes will be tested and by the
end of 2004 the wavelength coverage is planned to be ex-
tended beyond 20 mm. In 2005, finally, an attempt will be
made to extend the angular distance inside which referen-
ce stars can be used from presently 2 arc seconds up to 60
arc seconds. If this attempt would succeed one could look
for a bright reference star for guiding within this field –
quite similar to adaptive optics. This would again consi-
derably improve the limiting magnitude.

(Ch. Leinert, U.Graser, A. Böhm, O. Chesneau, 
B. Grimm, Th. Henning, T. M. Herbst, S. Hippler, 

R. Köhler, W. Laun, R. Lenzen, S. Ligori, 
R. J. Mathar, K. Meisenheimer, W. Morr, R. Mundt, U.

Neumann, E. Pitz, F. Przygodda, Th. Rabzah, 
R.-R. Rohloff, P. Schuller, C. Storz, 

K. Wagner, K. Zimmermann.
Participating institutes: Eso, Kiepenheuer-Institut für

Sonnenphysik, Freiburg, 
Thüringer Landessternwarte, Tautenburg,

Astronomisches Institut, Universität Amsterdam,
Sterrewacht Leiden, Kapteyn Astronomical Institute,
Netherlands Foundation for Research in Astronomy,

ASTRON, Observatoire de la Côte d'Azur, Observatoire
de Paris/Meudon, National Radio Astronomy

Observatory
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Tabelle 1: Einige Daten zu MIDI

Verfügbare Basislängen mit 8-m-Teleskopen: 47 bis 130 m 
Verfügbare Basislängen mit 1.8-m-Teleskopen: 8 bis 200 m
Auflösung bei 10 µm Wellenlänge: 0.�25 bis 0.�01 
Empfindlichkeit: 8 bis 13 µm
Blickfeld (Durchmesser) mit 8-m-Telskopen: 2�
Blickfeld (Durchmesser) mit 1.8-m-Telskopen: 10�
Grenzgröße (8-m-Tel., ohne Fringe tracker): 3-4 mag 
Grenzgröße (1.8-m-Tel., ohne Fringe tracker): 0-0.8 mag
Grenzgröße (8-m-Tel., mit Fringe tracker): 8-9 mag
Grenzgröße (1.8-m-Tel., mit Fringe tracker): 5-5.8 mag



Molecular Clouds under the Influence of External
Radiation

Although stars form inside dense clouds of gas and dust,
external effects such as radiation from nearby hot stars
can decisively affect this process: The outskirts of the
clouds get heated up to 10 000 Kelvin and can rapidly
dissolve. On the other hand, the UV radiation produces
shock waves within the clouds that considerably affect
the star formation process. Computer simulations per-
formed by theorists at the Institute show how this hap-
pens.

One of the best-known examples of such dust clouds
heated from the outside are found in the Eagle Nebula
M16. They are also called »Pillars of Creation« after the
sensational images by the HUBBLE Space Telescope.
Images taken with the Very Large Telescope show an in-
frared overview of this spectacular star formation region
(Fig. III.1). The three elongated dust clouds, also called
elephant trunks, are located at the edge of a dense mole-
cular cloud that is lying near a young star cluster. The UV
radiation of the massive stars within this cluster is heating
and ionizing the outer regions of the clouds, which can be
seen in the images as a bluish glow. At the same time, mo-
re than ten young low-mass stars were detected in the ou-
ter regions of the clouds. Several reddish stars are also di-
scernable in the region of the clouds. At least some of
them may have formed only very recently.

From images like this, however, no conclusions can be
drawn about the conditions inside the dense clouds. This
is only possible at longer wavelengths. Here, some exam-
ples were found recently where young stars inside some
clouds are aligned along the axis towards the outer star or
star cluster. Moreover, there are indications that the age of
the newly formed stars is decreasing with increasing di-
stance to the edge of the cloud. In other words: Star for-
mation proceeds along the axis from the outside inwards.
Therefore it seems possible that the outer stars affect the
processes within the cloud via their UV radiation, thereby
initiating sequential star formation.

Using analytical models and computer simulations,
astrophysicists already tried to find out how this can hap-
pen. They came up with the following qualitative scena-
rio: While the UV radiation ionizes the outer regions of
the cloud high pressure is generated within this hot enve-

lop driving a shock front inwards. The front sweeps up a
thin, dense layer of cool material immediately underneath
the hot envelop. This compressed layer is unstable and
disintegrates into smaller fragments, which under certain
circumstances may condense into stars. In the further
course of events the surrounding material evaporates,
now exposing the individual compressed fragments to the
ionizing stellar radiation. What happens next?

Theorists at the Institute tried to answer this question
through computer simulations. The results were the first
three-dimensional calculations of such radiation driven
implosions of dust clouds including dynamics as well as
self-gravity of the matter. The virtual cloud comprising
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Fig. III.1: Three dust clouds (elephant trunks) inside the Eagle
Nebula M16, imaged in the near infrared with the Very Large
Telescope. (Image: ESO)



220 000 gas particles was assumed to be a Bonnor-Ebert
sphere, that is, the gravitational force is balanced by the
pressure everywhere inside the sphere. The maximum
particle density in the center was assumed to be 1000
cm–3 and the temperature 10 Kelvin. These are values ty-
pically found in the interiors of molecular clouds.

The core of this cloud has one Jeans mass, just the
mass at which a cloud starts to contract under the effect of
its own gravitation. Assuming these basic conditions, the
theorists ran several simulations, changing certain physi-
cal parameters in order to identify their effects on the
cloud’s evolution.

Case A was calculated without self-gravity. As is sho-
wn in Figure III.2, at first an ionization front is driven in-
to the cloud (Fig. III.2, panel 1), having a diluting effect
on the material. So after about 1500 years, the denser co-
re region of the cloud is excavated and surrounded by hot,
ionized gas. The once spherical cloud slowly assumes an
elongated, cometary shape (2). Due to the pressure imba-
lance a new shock front forms which compresses the ma-
terial in the outer regions of the cloud. This matter con-
verges towards the longitudinal axis forming an elephant
trunk. After 130 000 years (3), the cloud reaches a stage
of maximum compression. But in this phase, the internal
pressure exceeds the external and the material starts to re-
expand. Now more and more hot, ionized gas leaves the
surface, exposing the internal density enhancements alig-
ned along the symmetry axis (4). Without self-gravity, the
condensations inside the cloud cannot stay bound and dis-
integrate. Now, knots also form at the tip of the cloud (5
and 6). This layer is dynamically instable and disintegra-
tes after about 600 000 years. Finally, the remaining frag-
ments are completely ionized, too. Because of the lack of
gravity no stars can form.

For case B, the same initial conditions were chosen,
but now self-gravity is included. The evolution during the
first 130 000 years is indistinguishable from that in case
A. In this phase of maximum compression condensations
with densities above a critical value of 5 � 10-17 g/cm-3

have masses of about 5.3 solar masses. This corresponds
to twice the Jeans mass. So gravitational collapse sets in
that can result in the formation of stars.

However, the Jeans mass criterion is not a reliable in-
dicator of the collapse of cloud fragments since it only ta-
kes into account the balance between internal energy and
gravity. Internal gas motion and turbulences are neglec-
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Fig. III.2: Time evolution of the simulated cloud in case A.
Density is shown in g/cm3. Contour lines mark the degree of
ionization, arrows the velocity field.



ted, though. How these affect the cloud’s behavior, is de-
monstrated by models C and D.

Cases C and D included density perturbations of the
cloud medium. In case C, mainly large-scale perturbati-
ons were assumed, in case D rather small-scale ones. Both
models were calculated including self-gravity. Figure
III.3 shows the time evolution of model C. Compared to
model B, density enhancements are amplified further in
the shock front at the edge of the cloud, similar to what is
observed in the Eagle Nebula. Contrary to case B, howe-
ver, the denser fragments do not continue to collapse be-
cause of their internal turbulent pressure. The evolution
then is more analogous to case A. Although self-gravity is
included, the collapse is much delayed. After 300 000
years, the fragments slowly disintegrate. The same beha-
vior is observed in model D.

In cases C and D, the fragments stop to collapse be-
cause of the kinetic energy of the gas. The simulations
show the material to be strongly accelerated during the
compression phase. Thus the kinetic energy continues to
increase steadily. It is mainly converted into undirected
gas motion within the globules, preventing further collap-
se. In cases A, C, and D, all fragments again disintegrate
in the end; in C and D, the initial density perturbations on-
ly delay this process but do not prevent it.

Figures III.4 and III.5 show the radiation emitted from
the cloud during the initial and the final stages of models
A and C, respectively. Both pictures roughly correspond
to the impression obtained from an astronomical image.
Figure III.6 shows the time evolution of the regions of
maximum density for all four cases. In cases A, C, and D,
the density of the fragments obviously never exceeds the
critical value for gravitational collapse. Only in case B,
the fragments continue to collapse, indicated by the dot-
ted line that increases steeply after about 100 000 years.

The simulations very impressively demonstrate that
the evolution of an interstellar cloud under the influence
of an external radiation field does strongly depend on the
internal condition of the gas. However, these simulations
lack a detailed heating and cooling model of the gas.
Instead, the simplifying assumption was made that the
neutral material has a constant temperature of 10 Kelvin,
whereas the ionized gas is at 10 000 Kelvin. The cooling
properties, however, significantly affect the contraction.

But even these simplified simulations corroborate the
idea that inside a dust cloud stars are forming along an
axis pointing towards the outer, hot star. An age gradient
in star formation can be explained in this model by se-
quential star formation initiated by a shock front driven
inwards.

(O. Kessel-Dynet, A. Burkert)
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Fig.III.3: The same as in Fig. III.2, but for case C.
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Fig. III.4: Radiation emitted by the cloud during the initial 
(a) and final stages (b) of case A. Both pictures roughly corre-
spond to the impression obtained from an astronomical image.

Fig. III.5: The same as in Fig. III.4, but for case C.
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ISOPHOT and the Realm of Star Formation

The first stages of the star formation process take place
deeply inside dense clouds of gas and dust and hence
are not observable in visible light. Long-wavelength ra-
diation from the infrared to the millimeter range, howe-
ver, can penetrate the dust and is thus excellently suited
for this purpose. Astronomers at the Institute used the
large data base gathered by the ISOPHOT camera, built at
MPIA and flown onboard the ISO Infrared Satellite, in or-
der to investigate pre-protostellar condensations in the
interiors of such clouds. These measurements were
complemented by observations in other wavelength re-
gions. This multi-wavelength analysis provides an ex-
tensive picture of these objects that are in an early evo-
lutionary stage on the verge of collapsing to form stars.
Another great success of this project has been the ge-
neration of the first far-infrared map of the Small
Magellanic Cloud showing a wealth of details that al-
low far-reaching conclusions about star formation wit-
hin our neighboring galaxy.

The condensations inside interstellar clouds are the
coldest objects in the universe for the following reason:
Although the outer regions of the clouds are heated by the
surrounding general star light, particularly by its ultravio-
let and blue components, this radiation cannot penetrate
deeply into the cloud. So the innermost regions are shiel-
ded from the heating through stellar radiation and cool
down considerably.

If a critical density is exceeded in some part of a cloud,
the interstellar matter in this region contracts under the in-
fluence of its own gravity. Only when this stage is attai-
ned the condensation starts to warm up due to contraction
until the central temperature finally reaches several milli-
on degrees. At this point, nuclear fusion sets in and a star
is born. When reaching this phase, the stars frequently ha-
ve already shed their surrounding dusty envelops and are
visible now also in optical light.

The theory of star formation can be tested to a large ex-
tent by observations. The very first stages, however, in
which the condensations are still very cold, remained hid-
den from view for a long time. Only in the radio spectral
range molecules had been detected within presumed pre-
stellar cores.

Then, with the advent of ISOPHOT, an excellently sui-
ted instrument to identify these initial condensations in
the interiors of dust clouds became available. It was one
out of four scientific instruments onboard the European
ISO space telescope, which observed selected astronomi-
cal sources for about 29 months, till April 1998. ISOPHOT,
built under the direction of MPIA, worked as a photopo-
larimeter, camera, and spectrophotometer in the wave-
length range from 2.5 mm to 240 mm. Thus thermal emis-
sion of dust at temperatures as low as about 8 Kelvin
could be detected.

ISO was designed to selectively observe individual
sources. But the slewing time when the satellite was poin-
ted from one object in the sky to another was also utilized.
ISOPHOT was kept turned on during the slews. During a
total of 12 000 random slews across the sky astronomers
were able to obtain 550 hours of observing time with the
far-infrared camera. The result was a »strip map« cover-
ing about 15 percent of the entire sky at 170 mm wave-
length, called the ISO Serendipity Survey (ISOSS). This is
the most extensive sky survey in this wavelength region
to date.

Cygnus X

Over the last years, researchers at MPIA developed
computer programs to automatically identify sources
from the strip maps in the far infrared. Thereby they noti-
ced several very cold objects within a long known giant
molecular cloud called Cygnus X (Fig. III.7). This is a
very young star formation region about 1800 pc (6000
light years) away. To get to know the evolutionary state of
the knots, the astronomers observed the region with se-
veral telescopes at numerous wavelengths in the spectral
range from 0.3 mm to 1200 mm. In addition, they studied
the area at radio wavelengths in order to measure the
emission of ammonia (NH3) as this molecule is a good in-
dicator of the gas temperature and density. Even a 70 cm
telescope at the Institute on the Königstuhl was used.
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FIR1
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Fig. III.7: Strip map from the ISOPHOT Serendipity Survey at 170
mm wavelength. The star formation region is discernable as a
bright point source (FIR 1) in the center of the image. The
image gives an impression of the typical sky coverage in a regi-
on frequently crossed by the telescope’s field of view.



From these extensive data important conclusions were
drawn.

Among the ISOSS data the astronomers discovered a
condensation of matter that was called FIR 1. It is a star
formation complex containing a total of about 120 solar
masses of gas and dust. Since the measurements cover a
wide wavelength range the spectral energy distribution
could be derived (Fig. III.8). It can be described very well
as emission from an optically thin medium at two tempe-
ratures, 13 and 19 Kelvin. Moreover, the temperature in
FIR 1 was found to decrease from the outside inwards do-
wn to 11 Kelvin. Presumably the cloud is heated from the
outside. The cloud’s core region of 50 solar masses is el-
liptical in shape and has a size of 0.5 pc � 0.3 pc. Its ex-
tinction in the visible spectral range is 30 magnitudes.

Radio observations of ammonia molecules allowed to
estimate the kinetic energy of the particles and to compa-
re it to the potential energy of the cloud complex. This
estimation showed the core region to be roughly in virial
equilibrium and thus gravitationally bound. There is a fu-
ture possibility for this cloud to contract and form one or
several stars. Thus FIR 1 would represent the first stage of
a star formation process. Such objects are also called pre-
protostellar cores.

Within FIR 1, three compact condensations with tem-
peratures between 13 and 19 Kelvin were found in the
sub-millimeter range using the James-Clerk-Maxwell
Telescope on Mauna Kea, Hawaii (Fig. III.9). Two of

them have masses of about 8 and 3.5 solar masses and
temperatures of 18 and 21 Kelvin, respectively. Most pro-
bably they are protostars in their first evolutionary stage,
so-called Class 0 objects.

In addition to these objects, astronomers found eight
sources in the same region in the data of the 2MASS in-
frared sky survey that probably are young stars or pro-
tostars. One of it is a Herbig Be star. Comparison of the
measurements with theoretical stellar evolutionary tracks
showed this object to have 6.5 solar masses, 2200 solar
luminosities, and an age of less than 40 000 years (Fig.
III.10). Moreover, spectra suggest that the star is surroun-
ded by an accretion disk, accumulating matter from its vi-
cinity with a rate of 10-5 solar masses per year. Because of
their fast evolution, such objects are rarely known so far.

Thus, all data indicate that the astronomers have iden-
tified an unusually young star formation region in the
ISOSS catalog. In the future, it will be interesting to study
each of these objects in greater detail, for instance in the
millimeter range using ALMA or in the far infrared with
HERSCHEL.
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Lynds 183

Great progress was made observing the dark cloud
Lynds 183, sometimes also cited as Lynds 134 North,
using ISOPHOT among other instruments. The cloud has
been known for a long time and is regarded as a prototy-
pical molecular cloud, not least because of its short di-
stance of 110 pc (360 light years). Together with the
clouds L 134, L 169, and L 1780, it belongs to a large
complex located at a rather high Galactic latitude of 36
degrees. Thus no »infrared cirrus« along the sight of line
contaminates the observations.

So far, no evidence of star formation (e.g. the presence
of T Tauri stars or infrared sources) was found. It is im-
possible to look far into the cloud in the optical, anyhow,
since extinction toward the center is about 17 magnitudes.
In the sub-millimeter range, however, a small extended
core had been detected in the center. More emission in
this spectral range was found later coming from a region
1.5 arc minutes south of the core.

Astronomers at the Institute, together with colleagues
from the University of Helsinki, observed the entire cloud
in the far infrared. At 200 mm, they found the two con-
densations (FIR 1 and 2) already detected in the sub-mil-
limeter range. In addition, they identified two previously
unknown emission knots (FIR 3 and 4). One of them was
not detectably at 100 mm, indicating a very low tempera-

ture for this condensation (Fig. III.11). Other observatio-
nal data available confirm this presumption.

From the resulting energy distributions dust tempera-
tures of the four condensations between 8.4 Kelvin and
12.8 Kelvin were derived (Fig. III.12, 13). These values
together with further observations in the sub-millimeter
range provided masses for FIR 1 and FIR 2 of 1.4 and 2.4
solar masses, respectively. These masses are at least as
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high as the corresponding virial masses, probably even
higher. Thus, these condensations, too, appear to be gra-
vitationally bound and perhaps on the verge of collapse.
Like those in Cygnus X, they are probably pre-protostel-
lar cores. According to their early evolutionary stage their
bolometric luminosities are still very low, namely 0.04
and 0.06 solar luminosities.

With 0.2 solar masses and 0.03 solar luminosities, FIR
3 was found to be of low mass and luminosity. For the
faint source FIR 4 no mass could be derived as it was on-
ly detected at 200 mm. So it was impossible to determine
its evolutionary stage. This region, too, will be of great in-
terest for observations with future telescopes.

Small Magellanic Cloud

The Small and Large Magellanic Cloud (SMC and
LMC hereafter) are two companion galaxies of the Milky
Way system (Fig. III.14). Over the past, several close en-
counters between these three star systems took place du-
ring which gravitational interactions should have strongly
affected the evolution of the Magellanic Clouds. Due to
its low mass, the SMC is likely to have suffered most
from the consequences of these interactions. The most re-
cent encounter about 200 million years ago is believed to
be responsible for the present irregular shape of the SMC.
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A bridge of material connecting the SMC and LMC as
well as a wide gaseous arc called the Magellanic stream
are also interpreted as a consequence of the gravitational
interactions.

Heavy-element abundances in both the SMC and the
LMC are only about one tenths of the solar values. The
fraction of interstellar dust is low too in both objects. Yet
the star formation rate is high enough to lead to signifi-
cant infrared emission from warm and cool dust. Far-in-
frared observations providing information on the actual
amount of cool dust were not available until recently.
Using ISOPHOT, a group of scientists at MPIA made the
first complete map of the SMC at 170 mm wavelength.
Because of the SMC’s extended size of 6 � 8 degrees the
observations had to be split into nine fields and the ima-

ges then put together in a mosaic. The total exposure time
was almost 20 hours.

At 170 mm wavelength, the map shows a wealth of
structure (Fig. III.15). Several bright star formation regi-
ons (dark blue and white) that had been known before at-
tract attention and can be identified with HII regions.
Furthermore, an extended emission is to be seen to the
north east: it is the bridge to the LMC. The south west re-
gion towards the Magellanic stream is not covered by the
observations.
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Fig. III.14: The Small Magellanic Cloud imaged in the visible
spectral range. (CTIO/NOAO)



Analysis of this map is just beginning. But even the
preliminary results are indicating its great potential. The
software used enables a search for individual sources in
the SMC based on objective parameters. The same com-
puter program was used to re-analyze the earlier data ob-
tained by the IRAS satellite at 12, 25, 60, and 100 mm wa-
velengths. Up till then sources in the IRAS data had to be
identified with the naked eye.

Resulting from this new analysis are several maps of
the SMC in the wavelength region from 12 to 170 mm ge-
nerated for the first time according to a uniform standard.
The IRAS maps show the warm dust residing mostly in
HII regions where it is heated by hot stars. Now, with ISO,
the cooler dust became detectable too.

In the four wavelength regions of the IRAS catalogue, a
total of about 800 sources was found, many of them ap-
pearing in several maps. In the ISO map at 170 mm, 243
sources were found, 153 of which could also be identified
in the new IRAS maps at 60 and 100 mm. In the mid-in-
frared range, mainly isolated point or extended sources
are to be seen which are not related to each other. In the
far infrared, the emission traces the extended, diffuse
emission along the bar and the bridge. Furthermore, the
sources in the mid infrared differ significantly from those
in the far infrared with respect to source statistics, bright-
ness distribution and other criteria. About one hundred of
these objects have temperatures below 30 Kelvin and can
be associated with dust and molecular clouds. Seven other
sources are warm regions (T > 30 K) associated with HII
regions. One of the future tasks will be to correlate the
sources with one another.

The diffuse far-infrared radiation is emitted by dust
which is heated by the interstellar radiation field to tem-
peratures below 20 Kelvin. This cool dust occupies 45

percent of the total area. Further 42 percent come from so-
mewhat warmer dust in the vicinity of HII regions. The
rest can be attributed to the warm dust in individual HII
regions mentioned above with maximum temperatures of
about 40 Kelvin.

Through comparison with the IRAS data some global
properties of the SMC can be derived. The mass of the
dust totals 3.7 � 105 solar masses, its bolometric lumino-
sity is 8.5 � 107 solar luminosities. The star formation ra-
te is estimated to be 0.015 solar masses per year. For com-
parison: in the Milky Way system being about one hun-
dred times more massive the star formation rate is one to
two solar masses per year. Next thing to do will be a com-
parison of these values with star formation rates in other
dwarf galaxies for which ISO data are also available.
Eventually, astronomers will try to obtain more informa-
tion about the physical properties of the dust they have
detected in the IRAS and ISO maps.

(Martin Haas, U. Herbstmeier, Ulrich Klaas, 
Oliver Krause, Dietrich Lemke, Manfred Stickel, 

L. Victor Toth, R. Vavrek, Karsten Wilke) 
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Fig. III.15: The SMC imaged with ISOPHOT at 170 mm wave-
length.



The Rotating Jet of a Young Star

Early in the 1980s, astronomers unexpectedly discover-
ed strongly confined particle winds emanating in oppo-
site directions from some young stars. The gas within
these so-called jets is streaming away from the central
object with velocities between 200 and 400 km/s. Since
its discovery, in which astronomers at MPIA had a sig-
nificant part, this phenomenon has remained a research
focus at the Institute. So, for instance, the jets could be
shown to reach a length up to ten light years and dyna-
mical ages of more than 10 000 years. In spite of many
further observational facts it is not clear yet beyond any
doubts how the bipolar streams get accelerated. Now
astronomers at MPIA for the first time found evidence of
a jet rotating about its longitudinal axis, suggesting ma-
gnetic fields to be at work.

Young stars initially are surrounded by a disk of gas
and dust in which planets can form. The jets have an im-
portant function during the star formation process: They
remove angular momentum from the accretion disk there-
by enabling the star to continue to grow for a long time by
accreting matter from the disk.

To date, more than 50 jets are known, about twenty of
them discovered at MPIA. The jets originate in T Tauri
stars and Herbig Ae/Be stars which frequently are still
deeply embedded within their parental clouds. These stars
represent the transition stage between the collapsing pro-
tostellar clouds and the main sequence stars. T Tauri stars
have 0.1 to 2 solar masses and Herbig Ae/Be stars more
than two solar masses.

The formation process of jets, however, is still mostly
unknown, especially since their point of origin has to be
very close to the star. In most of the models collimation of
the gas streams occurs within a few Astronomical Units
(AU) from the star. But there are conceptions suggesting
that the range of acceleration and collimation may extend
to about one hundred AU from the star.

Astronomers at the Institute together with colleagues
from the Astrophysical Observatory in Arcetri, Italy, the
Thüringer Landessternwarte Tautenburg, and the Dublin
Institute for Advanced Studies had selected the jet of the
young star DG Tauri to investigate the processes in the ne-
ar vicinity of the star. The jet of DG Tauri is one of the
first jets detected (Fig. III.16). Because of its small di-
stance of about 150 pc (500 light years) it has been stu-
died intensely since then. So, the mass of DG Tauri is
known to be 0.7 solar masses and the jet to be inclined 38
degrees to the line of sight.

For the high-resolution observations, the team used the
STIS spectrograph onboard the HUBBLE Space Telescope.
The observing strategy was to align the slit of the spec-
trograph along the jet axis and shift it perpendicular to the
axis in steps of 0.07 arc seconds. The goal was to measu-
re the velocity field of the jet back to the immediate vici-

nity of the star through the Doppler shift of several spec-
tral lines. The data allowed a spatial resolution of 0.1 arc
seconds, corresponding to 15 AU, within 2 arc seconds
(300 AU) from the star.

The spectra showed several emission lines allowing
measurements of both the particle density within the jet
and the radial velocity. Two interesting facts were revea-
led.

For one thing, two components were detected within
the jet that are clearly distinguishable through their radial
velocities: a high-velocity component with radial veloci-
ties between -60 km/s and -200 km/s and a low-velocity
component with -5 to -20 km/s (the minus indicating that
the gas is flowing towards the observer). These data are
with respect to the star. Both components had already be-
en observed earlier but it had been impossible yet to deci-
de if they indeed are two spatially separated streams and
where they originate.

The new data now showed the gas density within the
jet to decrease with increasing distance from the star. At
the same time the density is highest along the central axis,
decreasing towards the edges. Thus the jet has a dense
central region surrounded by a thin envelop. Moreover,
the high-velocity gas could be traced back to 0.1 arc se-
conds (15 AU) from the star. So the collimation and acce-
leration probably occurs even closer to the star. In the vi-
cinity of the star the jet is not resolved perpendicular to
the longitudinal axis and therefore has to be narrower than
15 AU. The slower gas flow, on the other hand, is not col-
limated so strongly and could be spatially resolved. In 0.2
arc seconds distance from the star, for instance, it is 0.2
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Fig. III.16: DG Tauri and its jet, imaged with the 3.5 m telescope
on Calar Alto. The smearing of the stellar image (white) is due
to the saturation of the CCD pixels. The jet extends to the south-
west and ends in a bow shock.



arc seconds wide. So the total picture shows a dense high
velocity gas spatially separated from a low velocity gas
with low density.

From these data the mass flux within the jet could be
determined to be about 2.4 �10-7 solar masses per year,
corresponding to about one tenth of the star’s mass accre-
tion rate through the surrounding disk. This value is in
reasonable agreement with predictions made by models
including magnetic fields.

According to these models, the star and the disk each
have a magnetic field, both fields interacting in a compli-
cated way (Fig. III.17). The magnetic field presumably is
“frozen” to the disk matter and gets coiled up to a certain
degree due to the rotation. Similar in shape to a corkscr-
ew, it extends into the space above and below the disk.
Along these field lines charged particles (ions) can be ac-
celerated. If this model is correct the matter along the jet
channel should rotate about the longitudinal axis while
moving away from the star.

For the first time astronomers now were able to sup-
port this hypothesis. They found the south-western side of
the DG Tauri jet to move towards us with respect to its
north-eastern side (Fig. III.18). This can be interpreted
simply as a rotation of the jet channel with toroidal velo-
cities of 5 km/s to 15 km/s. These values are consistent
with the rotation velocities derived theoretically for a disk
rotating about DG Tauri. With a derived stellar mass of
0.67 solar masses Kepler’s law provides velocities for the
disk ranging between 4.5 km/s and 8 km/s within a di-
stance range of 30 and 10 AU from the star.

One team member tried to measure the so far unobser-
ved rotation of the DG Tauri disk. He studied the object in
the light of the CO emission line using the millimeter-in-
terferometer of the Owens Valley Radio Observatory,

California. He succeeded to detect a disk that is orienta-
ted perpendicular to the jet axis and rotating in the same
direction as the jet. This identical sense of rotation found
both in the radio range and in visible light significantly
supports the interpretation of the optical data as a rotation
of the jet.

Thus the connection between accretion disk and jet is
confirmed for the first time by direct observations.
Further information should be obtained in the near future
using for instance the MIDI infrared interferometer at the
VLT (Chapter II.3). With this instrument it should be pos-
sible to observe the immediate vicinity of the jet sources.
Much progress is also expected from observations with
the planned ALMA millimeter interferometer because the
velocity field within the disk can be measured in greater
detail using this instrument. This could also be done in the
jet if in it molecular gas is flowing.

(Reinhard Mundt)
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Fig. III.18: Radial velocity field within the jet close to DG Tauri.
The blue part is moving towards us, the red one away from us.



Star Formation in Spiral Galaxies

Spiral galaxies are among the most esthetic objects in
the universe, resembling giant fire wheels. Our Milky
Way, too, belongs to this galaxy type. Although spiral ga-
laxies have been intensely studied for decades there are
still many questions left open. Two studies carried out at
the Institute are dealing with star formation within these
galaxies. Using data of the ISO infrared observatory, astro-
nomers found the star formation rates in spiral galaxies
showing strongly pronounced arms and faint cores to be
higher than in those with dominating cores. Only in the
first type star formation occurs over the entire disk. These
properties can be explained by different amounts of inter-
stellar gas and by its distribution within the disk.
Interestingly, the light profiles of all spiral galaxies are
decreasing exponentially from the center outwards.
Computer simulations performed by the Institute’s theory
group prove this typical feature to be a natural conse-
quence of star formation.

Spiral galaxies are thought to be active star forming sy-
stems while the second large galaxy type, the ellipticals,
are old systems showing much less activity. Since the
work of Edwin Hubble in the 1920s, galaxies are classi-
fied according to their appearance. Three main types are
distinguished: Sa, Sb, and Sc (also called early, medium,
and late type). Sa spirals are those with tightly wound spi-
ral arms around a large, prominent central bulge while Sc
systems have an insignificant or no central bulge at all
and only loosely wound arms. Sb spirals occupy an inter-
mediate position. In addition, there are barred spiral gala-
xies, designated as SB. They are characterized by a bar-li-
ke structure running through the nucleus. It is defined by
bright stars and huge masses of gas. More or less promi-
nent spiral arms originate at both ends of this bar. As with
ordinary spirals, barred spirals are classified into SBa,
SBb, and SBc according to the tightness of their spiral
windings. Midway in appearance between elliptical and
spiral galaxies are the S0 galaxies, having a strongly pro-
nounced bulge surrounded by a more or less uniform disk
without any spiral arms.

Up to now, the cause of these different morphologies
has not been clearly identified. But star formation cer-
tainly plays a major role. So the large star formation regi-
ons with bright, massive stars and their surrounding ne-
bulae are found within the arms. The question whether the
intensity of star formation is related to the galaxy type of
the Hubble sequence is disputed for 20 years now. Studies
in the visible wavelength range are of limited indicative
value since dust absorbs a major part of the radiation. But
as young, hot stars heat the surrounding dust, infrared ob-
servations offer the opportunity to detect the total extent
of star formation in spiral galaxies.

The IRAS infrared satellite provided the data for the
first extensive studies of this kind. However, it often did
not have the spatial resolution needed to distinguish bet-

ween emission from the central regions and the disks.
Much better possibilities were provided by ISO: The
ISOCAM mid-infrared camera and the ISOPHOT far-infra-
red camera developed at the Institute achieved a spatial
resolution four times higher than IRAS and had a higher
sensitivity. Moreover, ISOPHOT for the first time allowed
observations up to 200 mm which are needed to record the
total mass of the heated dust. In addition, ISO was able to
perform pointed observations while IRAS had scanned the
entire sky.

Astronomers at the Institute together with colleagues
from the USA and the United Kingdom used these possi-
bilities to observe a large sample of spiral galaxies of va-
rious morphological types. The data were complemented
by near-infrared observations with a 2.2 m telescope on
Hawaii. The galaxies were chosen from a catalogue that is
complete to a blue magnitude B = 13 mag. During 27
hours observing time, the astronomers observed a total of
74 galaxies at distances up to about 30 Mpc (100 million
light years).

As is shown in Figure III.19, the majority of the gala-
xies observed in this study emits about 109 to 1011 solar
luminosities in the far infrared range. So, no unusually lu-
minous galaxies were among them. From which region
within the galaxies does the emission emerge? In the mid-
infrared range, the study revealed a significant correlation
with the Hubble type. In S0 and Sa galaxies, the emission
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Fig. III.19: Distribution of the far-infrared luminosities of spiral
galaxies, determined from ISOPHOT measurements in the wave-
length range between 60 mm and 180 mm. The luminosities of
most of the systems range between 109 and 1011 solar luminosi-
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Fig. III.20: Spiral galaxies NGC 5236
(M 83) and NGC 5364, imaged in visi-
ble light with the ESO VLT and in the
near infrared at 12 mm with ISO. The
infrared images only show the inner
region with a size of 150 arc seconds.



is concentrated to the central regions. In the late types, ho-
wever, emission regions are distributed over the entire
disks. But here, too, the central region provides the major
portion of the total emission. Two examples are shown in
Figure III.20.

The emission in the mid-infrared and far-infrared ran-
ge can be assumed to originate mainly from star formati-
on regions. Thus the new study indicates that the star for-
mation activity is changing with the Hubble type: In ear-
ly types it is strongly centralized, while in late-type gala-
xies it is increasingly spreading over the disks (Figure
III.21). This result can be interpreted in relation with ano-
ther well-known fact. In the late 1980s, the star-formation
rate was found to increase with increasing gas density, the
latter obviously having to exceed a certain minimum va-
lue for star formation to set in. Observations of molecular
gas confirm the increase of the overall surface density of
interstellar gas from early- to late-type galaxies and an in-
creasing spread of the molecular gas over the disk along
the Hubble sequence. 

Under certain assumptions star formation rates can be
calculated from the radiation fluxes measured in the near-
to far-infrared spectral region. They range from a few
thousandths up to eight solar masses per year and galaxy.
The mean value of 1.4 solar masses per year is in reason-
able agreement with the star formation rate of the Milky
Way. These data could be used to test the so-called
Schmidt law suggested already in the 1950s. It claims that
there is a unique relation between the star formation rate
and the gas density within the star formation region. As is
shown in Figure III.22, the new data, averaged over the
entire galaxy, follow a power law. This relation still holds
if the central regions and the disks are considered separa-
tely.

The new study reveals interesting relations between
both the intensity and the spatial distribution of star for-
mation and the Hubble type of spiral galaxies. But the
physical cause for this is still unknown. Maybe another
investigation just started at MPIA will provide further in-
formation. It is based on the so-called ISOPHOT

Serendipity Survey at 170 mm containing data of more
than 2000 spiral galaxies. This data base will be screened,
calibrated, and analyzed in the near future.
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Fig. III.21: Number of galaxies as a function of the star formation
rate in the disk represented by the mid-infrared flux as a func-
tion of Hubble type. For better comparison, the data are norma-
lized to the total stellar population of each galaxy whose radiati-
on is measured through the K-band flux (2.2 mm). The diagram
shows the portion of the emission coming from the disk compa-
red to that coming from the center. The disk portion is increa-
sing with the Hubble type.



Turbulence in spiral galaxies and the exponential
light profile

It is known for decades that spiral galaxies have a cha-
racteristic radial light profile: The intensity is decreasing
exponentially from the center to the edge. For a long time,
the so-called ín situ scenario has been discussed as the
cause of this phenomenon. This scenario probably is ba-
sed on an observation made 40 years ago. It was noticed
then that the distribution of angular momentum in spiral
galaxies is very similar to that of a uniform, rigidly rota-
ting body. Spiral galaxies thus were thought to form
through contraction of spherical gas clouds with the an-
gular momentum being conserved. Recent calculations
mostly confirmed this hypothesis. If the galaxies were as-
sumed to form within the gravitational potential of a dark
matter halo, the decrease of the intensity is exponential at
least over three scale lengths. In addition, further pro-
perties such as the shape of the rotation curves and the
Tully-Fisher relation could be explained within this
scenario.

The in situ scenario, however, vitally depends on the
conservation of angular momentum and ignores any pro-
cess that could redistribute major gas masses through tur-
bulent motions. In our current view, this seems to be un-
realistic.

In the current hierarchical paradigm, large spiral gala-
xies did not form from a single cloud but by accumulati-
on of several smaller building blocks. Therefore, it seems
plausible to look for models that produce the exponential
intensity profile in spiral galaxies regardless of the initial
density distribution of the proto-cloud.

An essential element of such models is friction or vis-
cosity in the interstellar gas. It is caused by turbulences
driven by energy that is supplied from supernovae, stellar
winds, and ionizing radiation from young stars. In this so-
called viscous scenario, star formation therefore plays a
crucial role.

Theorists at the Institute, together with colleagues at
the University of Oxford, have performed simulations to
look for conditions leading to an exponential light profile
in a turbulent star-forming medium. However, present-
day computers are by far not powerful enough to simula-
te all major processes accompanying star formation in an
entire galaxy. Moreover, the calculations were not inten-
ded to include the full-scale cosmological model of hier-
archical galaxy formation or even to confirm it. The pur-
pose of this first approach only was to demonstrate that
the initial density profile of the proto-cloud need not be
exponential, to lead to the formation of a spiral galaxy
with an exponentially decreasing light profile.

Turbulence in the interstellar medium is the crucial
factor. Goal of the two-dimensional hydrodynamical si-
mulations was to detect the effects of a turbulent inter-
stellar medium on galaxy evolution. The physical causes
and sources of the turbulence, however, remained uniden-
tified.

In the simulations, the galaxy was assumed to be a
disk-shaped aggregation of gas with a total mass of 5 �
1010 solar masses. The initial density profile could be va-
ried. The system evolved in the constant gravitational po-
tential of a dark matter halo of 1012 solar masses. For sim-
plicity, the gas was assumed to have a constant tempera-
ture of 10 000 Kelvin and a constant viscosity. The radius
of this model spiral galaxy was chosen to be 20 kpc
(65 000 light years).

Because of the extent of the system the size of each si-
mulation cell was 200 pc (630 light years) per side.
Individual star formation processes cannot be simulated
on this scale. Therefore, star formation and the turbulen-
ce within the interstellar medium generated by it was cha-
racterized by certain parameters. This turbulence causes
the gas to no longer move on Keplerian orbits around the
center but also to flow radially in- and outwards. The re-
sult is a redistribution of angular momentum. The simula-
tions followed the evolution of the disk system over a pe-
riod of 12 billion years, checking the effects of various
parameters.

Of prime importance was the effect of viscosity. The
typical viscous timescale tvisc is defined as the time it ta-
kes a gas clump to move a radial distance r. This time can
be related to a star formation timescale t*. Of great im-
portance for the simulations was the fact that the star for-
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mation process itself causes viscosity and thereby radial
gas motions. But from the moment a star has formed, it
moves on a Keplerian orbit and does no longer contribu-
te to the redistribution of angular momentum.

A set of three simulation runs was performed under
these assumptions, varying the ratio of the star formation
timescale to viscous timescale t*/tvisc (Fig. III.23). As it
turned out, almost no redistribution of angular momentum
occurs if the star formation timescale is ten times shorter
than the viscous one. In that case star formation is con-
verting gas into stars so rapidly (Fig. III.23, left), that af-
ter 12 billion years more than 98 percent of the gas is go-
ne. But this case is inconsistent with reality. Our Galaxy,
e.g., still has a supply of gas of about 15 percent in its in-
terstellar medium. If, at the other extreme, the star forma-
tion rate is ten times slower, the medium becomes very
turbulent without many stars being formed (Fig. III.23,
right). As a consequence, too much angular momentum is
redistributed. The resulting radial density profile is too
steep to be exponential and rather resembles a power law.
Moreover, only a few percent of the gas have been con-
verted into stars, which is unrealistic, too.

An interesting case is the third one where stars are for-
ming on the viscous timescale (Fig. III.23, middle). Here,
indeed, the stellar density and thereby the light profile be-
come approximately exponential as is observed in spiral
galaxies. This stage is already established after six billion
years, the evolution proceeding much faster at early times
than later. The results for the amount of gas converted in-
to stars and the stellar density in the solar neighborhood
also correspond to present-day observations. Further
simulation runs confirmed that exponential stellar density
profiles are obtained for ratios t*/tvisc ranging between 0.5
and 2.

Thus, these calculations support the hypothesis that a
proto-galaxy can develop an exponential intensity profile
through star formation and the accompanying gas viscosi-
ty. In further simulations it was checked how different ini-
tial conditions would change the results for the t*/tvisc = 1
case.
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So, the initial gas profile was varied between an expo-
nential law and power laws with various steepness.
Several initial profiles indeed led to an exponential inten-
sity profile. Interestingly, agreement with the present-day
interstellar gas fraction, observed in the Galaxy, of about
15 percent was best obtained for initial density profiles
that follow a very steep power law. Based on this steep
density profile the time and spatial evolution of star for-
mation can be estimated. Figure III.24 demonstrates the
good agreement between gas density (above) and the star
formation rate in the disk, compared to Milky Way data.
(In the central region out to about 4 kpc, the simulations
are not very reliable because they do not include self-gra-
vity, which is of significance there due to the rather high
matter density.)

Moreover, star formation turned out to proceed from
the center outwards (Fig. III.25). This is a consequence of
the given initial gas density and the fact that in the simu-
lation star formation commences primarily in regions
with strong radial gas flows. In the vicinity of the sun, the
star formation rate has achieved its present-day value al-
ready after about two billion years, remaining constant
since then. The implications of this result are difficult to
judge since present-day observations do not provide a cle-
ar picture of the star formation history in the solar neigh-
borhood.

Because of the simplifications that had to be made, so-
me details of these simulations should be considered with
care. Nonetheless, they strongly suggest the hypothesis
that the present-day exponential intensity profiles of spi-
ral galaxies could be caused by star formation and the tur-
bulent, viscous gas motions generated by this process.
Thus, the formation of spiral galaxies within modern hier-
archical scenarios is much better understood. In further
steps, there will be attempts to make the simulations mo-
re realistic by extending the code to three dimensions and
including physical effects such as self-gravity of both the
disk and the halo.

(Observations: M. Haas, U. Klaas, D. Lemke;
Theory: A. Burkert, A.D. Slyz) 
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Luminosity Evolution of 25 000 Galaxies

The goal of cosmological research is to trace the forma-
tion and subsequent evolution of galaxies by looking
back into the past. Only extended sky surveys using sen-
sitive detectors have recently led to major breakthroughs
in this difficult field. Scientists at MPIA have initiated
such a project, called COMBO-17, and conducted it to-
gether with colleagues at the Universität Bonn and at the
Institute for Astronomy in Edinburgh. This sky survey al-
lowed to classify 25 000 galaxies and to determine their
redshifts (distances) and luminosity functions. Currently,
this is the most extensive and deepest survey worldwide.
The data impressively demonstrate how the fractions of
the various types of galaxies have shifted over the last
six to eight billion years. Initially, irregular and starburst-
galaxies dominated the total luminosity in the universe
while at present, elliptical and spiral galaxies are con-
tributing the major part.

The onset of galaxy formation takes place soon after the
big bang so that this very first phase cannot be observed di-
rectly. Since recently, however, it is possible to trace the
further evolution of large samples of galaxies. Due to limi-
ted observation time available at big telescopes, two diffe-
rent strategies are followed for this purpose. Either a very
small field on the sky is observed with very long exposure
times. In this case, one can peer very deeply into space and
very far back into the past, but the field of view contains
only a relatively small number of galaxies. Or a very large
area on the sky is observed with short exposure times. In
this case, one cannot look quite as far out but gets data on
a large sample of galaxies that is representative of the ent-
ire universe. This second strategy is followed by astro-
nomers at the Institute with their COMBO-17 sky survey.

The Strategy of COMBO-17

The name of the survey, COMBO-17 (Classifying
Objects by Medium-Band Observations with 17 Filters),
already indicates the course of action: A large area on the
sky is imaged through 17 different filters, measuring the
galaxy magnitudes in the corresponding color ranges.
Thus it is possible to classify the galaxies and determine
their redshifts.

The key requirement for the project is the large field of
view of the wide field camera (Wide Field Imager, WFI,
cf. Annual Report 1998, p. 33). It had been developed un-
der the leadership of MPIA and was built together with
ESO. Since the end of 1998, it is operating at the
MPG/ESO 2.2 m telescope on La Silla. It has a field of
view of 34 � 33 arc minutes, a little bit more than the si-
ze of the full moon. The CCD array consisting of eight in-
dividual chips with 8.3 million pixels each is sensitive
over a wide spectral range, from UV (350 nm) to the ne-
ar infrared (950 nm).

In the course of COMBO-17, a total of five widely se-
parated fields on the sky is imaged through 17 filters (Fig.
III.26), including five broad-band filters (standard ranges
U, B, V, R, I) and 12 medium-band filters (relative width
about 3 percent). With the help of sophisticated software
first the point-like stars and quasars are distinguished
from the extended galaxies in the images. Based on the
magnitudes in the various color ranges, the remaining ob-
jects then can be classified very precisely. Intensities
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measured though the 17 filters are compared with charac-
teristic spectra of the corresponding object classes (tem-
plates) taken from existing catalogues (Fig. III.27). For
stars, spectral types A to M8, for galaxies, classes E (el-
liptical) to Sc (spiral galaxy with high star formation rate)
as well as starburst galaxies with extraordinary high star
formation rates can be identified. Moreover, for each ga-
laxy down to an R-magnitude of 24 mag, a redshift can be
determined, with an uncertainty varying according to ma-
gnitude and type between 0.005 and 0.1. Quasars, too, are
identified and their redshifts measured with an accuracy
better than ± 0.1.

When the COMBO-17 survey will be finished, a field of
sky of almost one and a half square degrees will be com-
pletely searched for stars, galaxies, and quasars. For com-
parison: Both HUBBLE Deep Fields, the deep images ta-
ken with the HUBBLE Space Telescope in the northern and
southern sky, only cover one hundredth of the WFI’s field
of view. COMBO-17 will provide more reliable informati-
on on the evolution of galaxies because it includes a sig-
nificantly larger and therefore more representative volu-

me of space. COMBO-17 will determine redshifts and
spectral energy distributions of a total of approximately
50 000 galaxies brighter than 24 mag and about a thou-
sand quasars. A comparison with X-ray data will also be
very interesting. This will soon be possible as COMBO-17
also covers the CHANDRA Deep Field (about 15 � 15
square arc minutes) that was obtained from an image ta-
ken with the US-American CHANDRA X-ray telescope
with an exposure time of 278 hours.

In the year under report, observations and data analy-
sis were completed for three fields covering a total area of
0.78 square degrees. Each field was imaged with a total
exposure time of 44 hours and contains 200 000 objects
down to an R-magnitude of 26 mag. From these, the team
selected 25 000 galaxies suitable for classification. In or-
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der to get sub-groups containing statistically relevant
numbers of objects for later analysis, the galaxies were
classified into only four galaxy types: type 1: elliptical ga-
laxies, type 2: spiral galaxies, type 3: irregular galaxies,
and type 4: starburst-galaxies with unusually high star
formation rates.

The redshifts of all galaxies range from z = 0.2 to z =
1.2. Galaxies with lower redshifts are not found in the
COMBO-17 fields in sufficient numbers to allow statistical
analysis, and for more distant galaxies, no accurate reds-
hift could be derived. The selected sample is estimated to
be 90 percent complete (depending on the type) down to
an R-magnitude of 23.0 mag and 50 percent down to R =
23.8 mag.

Figure III.28 shows the distribution of the four galaxy
types as a function of redshift. The empty region to the
right is excluded by magnitudes beyond 24 mag. Several
horizontal strip-like features representing local overdensi-
ties can be recognized, the most conspicuous one being
that at z = 0.2. It represents the galaxy cluster Abell
901/902 comprising about one thousand members.

Time Evolution of the Luminosity Function

The luminosity function is defined as the number den-
sity of galaxies per luminosity interval; the luminosity can
also be characterized by absolute magnitude. In compa-
ring values at various redshifts one has to allow for the
expansion rate of the universe: The unit volume is increa-
sing over time, the time evolution depending on the world
model. The scientists based their study on a “flat” univer-
se with the critical density in which the total energy den-
sity comprises 30 percent matter (baryonic and dark mat-
ter) and 70 percent dark energy.

The luminosity function of 5674 galaxies in the reds-
hift range 0.2 < z < 0.4 was assumed to be quasi-local.
The number of galaxies is too small to determine signifi-
cant evolutionary effects within this interval. Among the-
se relatively nearby objects, the major part of the total lu-
minosity density is provided by the fainter galaxies (to the
right in Fig. III.29). A detailed view reveals differences.
The bright section of the luminosity function is domina-
ted by elliptical galaxies (type 1), while at its faint end
starburst galaxies (type 4) prevail (at least in the blue and
red spectral region). At intermediate magnitudes, all four
galaxy types contribute about equally to the luminosity
function.

Of special interest was the question how this luminosi-
ty function has evolved since a redshift of z = 1.2, corre-
sponding to a look-back time of about eight billion years.
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For this purpose redshift intervals each with a width of Dz
= 0.2 were considered, centered at z = 0.3, 0.5, 0.7, 0.9,
and 1.1. Figure III.30 shows the changes of the luminosi-
ty functions for the four galaxy types over this redshift
range. Remarkable is the fact that the number of elliptical
galaxies (type 1) has increased until today by a factor of
ten. The steep increase indicates that the maximum is not
reached yet. The spiral galaxies (type 2) show a time evo-
lution with a maximum density at z = 0.6, i.e. about eight
billion years ago. The density of the irregular galaxies (ty-

pe 3) seems to have remained nearly constant for a long
time until it decreased by a factor of two in the recent
past. The starburst galaxies show a continuous decrease
over the entire redshift range. The data suggest the maxi-
mum luminosity of this type of galaxy to lie in the early
universe beyond the upper redshift limit of the survey at z
= 1.2.

This evolution appears even clearer if one looks at the
luminosity density in a unit volume instead of the lumi-
nosity function. Figure III.31 demonstrates the increasing
contribution of the elliptical galaxies up to now. The
slight maximum of the spiral galaxies around redshift z =
0.6 to 0.8 is also noticeable while the fractions of the
other galaxy types have decreased over the past eight bil-
lion years (since z = 1.2). The total luminosity density of
all four galaxy types taken together has declined over the
period of time covered by the data.

Figure III.32 illustrates the change of the contributions
of the various galaxy types to the luminosity density: In
the early universe, irregular and starburst galaxies with
intensive star formation (types 3 and 4) dominate the lu-
minosity density. In the blue and red spectral region, their
fraction amounts to 70 percent and 90 percent, respec-
tively. In the course of time, however, the relative frac-
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tions have shifted significantly. At present, types 3 and 4
contribute only about 20 percent to the luminosity densi-
ty while elliptical and spiral galaxies dominate.

Compared to previous sky surveys with good redshift
accuracy, the data of COMBO-17 go deeper by about two
magnitudes and the number of galaxies is about ten times
larger. Thus this study was able to draw a much clearer
picture of the evolution of galaxies over the observed di-
stance range.

Future studies will have to show how these new fin-
dings can be incorporated into present-day cosmological
theories. The data support previous suggestions that ellip-
tical galaxies have formed by mergers of spirals. These

theories are also confirmed by numerical simulations car-
ried out at the Institute. Particularly, they qualitatively ag-
ree with models where the star formation rate in the early
universe was considerably higher than today. This impor-
tant issue had been investigated in greater detail in ano-
ther observational project named CADIS as is shown in the
next chapter.

(C. Wolf, K. Meisenheimer, A. Borch, S. Dye, 
M. Kleinheinrich, S. Phleps, H.-W. Rix, H.-J. Röser)
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Star Formation History in the Early Universe

In the big bang, almost exclusively the elements hydro-
gen and helium were created. Heavier elements, such
as oxygen, nitrogen, and carbon, were formed later
through nuclear fusion processes in the interiors of
stars. After being distributed throughout the interstellar
medium by stellar winds and supernovae explosions,
these elements then provided the basic material for new
stars and planets. The question, when the first generati-
on of stars did light up in the universe and at which ra-
te subsequent generations did form is of central impor-
tance for cosmology. Within the scope of the CADIS sky
survey carried out at Calar Alto, astronomers at the
Institute detected several primordial galaxies and found
the star formation rate to have decreased by a factor of
20 over the past eight billion years. This program is part
of the DFG-Sonderforschungsbereich ”Galaxies in the
Young Universe“.

According to current theories, already one billion years
after the big bang giant gas clouds contracted under the
influence of gravity to form the first galaxies. It is not cle-
ar, though, whether the present-day large galaxies such as
the Milky Way did form from a single cloud or whether
smaller proto-galaxies formed first and then merged to
build a large one (building-block scenario). Which course
took the further evolution? Did the galaxies form first and
then accumulated over billions of years into large galaxy
clusters (bottom-up model)? Or did gas clouds the size of
galaxy clusters contract as a whole and then broke apart
into smaller fragments that subsequently formed galaxies
(top-down model)? Many questions are still open since
very distant galaxies are extremely difficult to detect even
with present-day large telescopes.

Only in the last few years it was possible to find a
small number of star systems from this very early epoch.
In many cases, the discovery was made entirely by chan-
ce. Only since recently, programs exist worldwide to se-
arch systematically for galaxies with redshifts z > 4.5
using sophisticated strategies. These redshifts correspond
to a period till about two billon years after the big bang.

Since the mid-1990s, the extremely ambitious CADIS

(Calar Alto Deep Imaging Survey) observation program
has been conducted using the 2.2 and 3.5 m telescopes on
Calar Alto. Within the scope of this program the astrono-
mers search for distant galaxies and trace back the history
of star formation in the universe to the primordial epoch.
The project is one of the most ambitious in this research
field in the world. Each year, more than ten percent of the
observation time at both telescopes is granted to the
CADIS team. One of the prerequisites for successful work
was the building of the new CAFOS and MOSCA focal re-
ducers that widen the field of view to the extraordinary si-
ze of 120 square arc minutes (Fig. III.33). In addition, the
scientists developed a sophisticated technique of multi-

color photometry that enables them to identify promising
candidates for very distant star systems among the large
number of foreground galaxies.

The major goal of the project is to detect galaxies in
their state of formation at redshifts of z = 4.7, 5.7, and 6.6.
These redshifts correspond to an age of the universe of
1.2, 1.0, and 0.8 billion years, respectively. These data are
based on a universe with critical density, in which matter
provides 30 percent and dark energy 70 percent of the to-
tal energy density.

The Strategy of CADIS

The search strategy of CADIS is based on the reasona-
ble assumption that the very first galaxies show intense
radiation of hydrogen at certain wavelengths. This radia-
tion is caused by massive young stars that heat the surro-
unding gas to ten thousand degrees. The strongest hydro-
gen emission line is the so-called Lyman-a-line at 122 nm
in the UV spectral range. In present-day galaxies, dense
interstellar dust clouds absorb the light in this spectral re-
gion, making the Lyman-a-emission rather faint in these
objects. The first galaxies, however, barely contained any
heavy elements so that no dust could form within them.
Therefore only primordial galaxies should make themsel-
ves conspicuous by intense Lyman-a-emission. In additi-
on, primeval galaxies contained only a small number of
stars compared to present-day galaxies so that the conti-
nuum radiation, too, should be very low. The strategy ap-
plied by CADIS is based on these two conditions.

Several fields on the sky are imaged in various spectral
bands. One of these bands will then contain the Lyman-a-
line. Of course it has to be taken into account that the li-
ne’s rest wavelength of 122 nm has been shifted to longer
wavelengths according to the redshift of the observed ga-
laxy. The CADIS project therefore requires filters that
transmit in exactly defined spectral bands (Fig. III.34).
For this purpose, the astronomers are using a Fabry-Perot
filter. It essentially exists of two mirrored glass plates that
let pass only light of a particular wavelength. This is ac-
complished by multiple reflections and deconstructive
and constructive interference, respectively. The pass band
can be varied by varying the distance between the glass
plates. A Fabry-Perot filter thus is acting like a tunable
narrow-band filter.

Principally, a Lyman-a-galaxy can be identified by
imaging an area on the sky in the range of the Lyman-a-
line and then a second time in the range of the neighbo-
ring continuum. However, a strong Lyman-a-emission
can also be faked. For instance, there are numerous dwarf
galaxies resembling very distant large galaxies due to
their low luminosity. The gas they contain can also emit
strong line radiation. For instance, in addition to Lyman-
a, hydrogen emits at 656 nm (Ha) and 486 nm (Hb), and
oxygen shows emission lines at 501 nm and 372 nm. So,
if one finds a galaxy with an emission line at 820 nm, e.g.,
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it can be Lyman-a-emission at z = 5.7 or Ha-emission at
z = 0.25 or Hb-emission at z = 0.69, and so on.

This ambiguity, however, can be eliminated based on
the following empirical fact: If a galaxy emits strong Ha-
radiation, it normally also emits the oxygen lines [OII] at
373 nm and [OIII] at 501 nm. Therefore, additional expo-
sures of the same area on the sky have to be made using
so-called veto filters. These filters transmit exactly in the
spectral bands occupied by these oxygen lines (Fig.
III.34). A galaxy appearing in both filters is a low-redshift
dwarf galaxy. But if a galaxy is only detected in the
Fabry-Perot image it may be one of the distant Lyman-a-
galaxies searched for. For each galaxy, the intensity ratios
in the various filter bands are determined, and by estima-
ting the probabilities of the line identifications a redshift
is attributed to the galaxy. All in all, exposures through 16
medium- and broad-band filters are made in the spectral
range between 400 and 2200 nm.

To search for young galaxies with Lyman-a-emission,
the astronomers selected three wavelength bands with a
width of 10 to 16 nm for the Fabry-Perot filter, lying at
700nm, 820 nm, and 918 nm. These wavelengths corre-
spond to redshifts of the Lyman-a-line of z = 4.75, z =
5.74, and z = 6.53, respectively.

The observations cover six fields on the sky with a to-
tal area of 0.2 square degrees, corresponding to almost the
size of the full moon. For each field and redshift interval
about 400 exposures are needed. All in all, CADIS requi-
res more than 3000 individual exposures with a total ex-
posure time of 1400 hours. Until the end of 2002, 90 per-
cent of the observations had been completed.
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Fig. III.33: The section on the sky covered by the wide field
camera (red field) compared to the HUBBLE Deep Field imaged
with the HUBBLE space telescope (blue field).



First Lyman-a-Galaxies Discovered

In the year under report, the astronomers could anno-
unce for the first time the definite detection of two
Lyman-a-galaxies. This was preceded by an intense ana-
lysis of the data obtained in four fields on the sky in two
redshift windows at z = 4.75 and z = 5.74. Within these
data, the computer program found a total of 614 emissi-
on-line galaxies. Almost 600 of them could be excluded
because they were identified, for instance, as foreground
galaxies, leaving 16 candidates for Lyman-a-galaxies. In
order to verify their nature, spectroscopy with the largest
telescopes available was necessary.

Four out of the 16 candidates were observed using the
FORS 2  spectrograph at the VLT, three of them at z = 5.7
and one at z = 4.8. While the two faintest objects could not
be detected, the search proved successful for the two
other candidates. The hoped for Lyman-a-lines showed
up yielding redshift values of z = 5.735 and z = 4.803. So
these two galaxies belong to a handful of presently kno-
wn objects of this kind from the early universe. Figure
III.35 shows the discovery image and spectra of the ga-
laxy at z = 5.7.

From the measured redshifts and intensities of the
Lyman-a-lines a star formation rate of 14 and 10 solar
masses per year, respectively, was deduced. These values
are obtained assuming continuous star formation. But if it
is a short-time starburst, which seems more probable, the

value can be larger by a factor of five. For comparison: in
our Milky Way, presently only one to two solar masses
per year are converted into stars from the interstellar me-
dium.

Presumably the phase in which the Lyman-a-galaxies
lit up was very short. It started with the first generation of
stars and ended when these had produced enough heavy
elements to allow the formation of large amounts of dust.
Models predict a period of the order of one hundred mil-
lion years. Afterwards, interstellar clouds significantly
absorbed the Lyman-a-radiation. The exciting question
is: When did the young universe pass through this Lyman-
a-phase?

The astronomers found a qualitative answer to this
question by fitting a model to the distribution of the kno-
wn Lyman-a-galaxies at z = 3.5. They then shifted this
graph to z = 4.8 and z = 5.7, taking into account the
decreasing brightness of the objects at the larger distances
and the decrease of the observed volume of space due to
the expansion of the universe. In this case, the Lyman-a-
emission of the galaxies is assumed to remain unchanged.
As Figure III.36 demonstrates, the number of galaxies at
z = 4.8 and z = 5.7 is lower than predicted by this model.
This means that the peak of Lyman-a-emission was al-
ready past at this redshift. In other words: The first gene-
ration of stars has formed between z = 3 and z = 6, i.e., 0.9
to 2.1 billion years after the big bang. This redshift range
is already accessible to observation with present-day tech-
niques. This analysis, though, is based on a very small
number of galaxies. Therefore it will be of major signifi-
cance in the near future to detect as many additional yo-
ung galaxies as possible. In doing so it will be very im-
portant to observe large areas on the sky. Only that way it
will be possible to avoid random variations that arise due
to the large-scale structure of the universe in the form of
galaxy clusters.
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Fig. III.34: The CADIS observation method. The pass band of the
Fabry-Perot filter for the Lyman-a-line at z = 5.7 is plotted in
green, those of the veto-filters in red and light blue. Three spec-
tra with redshifts z = 0.25, 0.64, and 5.7 are represented sche-
matically.
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Fig. III.35: a) Two images of the
galaxy 01h03238 in the Fabry-
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Exponential Decline of the Star Formation Rate

What happened after the first stars had lit up?
Numerous studies attempted to determine the evolution of
the star formation rate with progressive age of the univer-
se, i.e., with decreasing redshift. This can be done with
various methods: Intensities of emission lines such as the
Ha hydrogen line, the emission in the UV spectral range,
or the infrared emission of dust are useful tracers of star
formation activity in galaxies.

The large CADIS data-base provides the opportunity to
determine star formation rates of galaxies in two redshift
windows at z = 0.25 and z = 1.2. Here the fact is utilized
that at certain redshift values some emission lines are fal-
ling into the transmission bands of the Fabry-Perot filter.
In particular, these are Ha at z = 0.25, the oxygen lines of
[OIII] at z = 0.4 and z = 0.64, and the [OII]-lines at z =
0.88 and z = 1.2.

The images are classified by a computer-program
using three criteria: the intensity distribution of the emis-
sion line in the Fabry-Perot filter, the intensities in the re-
maining emission line bands and in the continuum. The
former can be done because the transmission band of the
Fabry-Perot filter is scanned in several steps (Fig.
III.35b). To optimize the criteria of this method, several
galaxies were observed spectroscopically in follow-up
studies at the 3.5 m telescope on Calar Alto using MOSCA

as well as at the Keck telescope and at the VLT.
Using this elaborate method more than 400 emission-

line galaxies were found in five redshift intervals lying
between z = 0.24 and z = 1.2. This redshift range corre-
sponds to a period of time of about four billion years. In
a first step, the astronomers deduced the luminosities of
the galaxies in the respective emission lines. Here the dif-
ficulty occurs that dust may obscure the line emission. It
was not possible to determine the degree of this extinction
for each individual galaxy. Instead, a correction based on
the observation of nearby galaxies was applied. This cor-
rection affects distant galaxies more strongly than nearby
ones because, as we know from experience, extinction in-
creases with increasing mass and luminosity of the gala-
xies. At high redshifts, though, increasingly more lumi-
nous galaxies are observed. In a second step, emission-li-
ne luminosities had to be converted into star formation ra-
tes. Here, a correction had to be applied since at increa-
sing redshifts the number of detectable faint galaxies
decreases.

Despite the necessary corrections, it can be said that
CADIS reaches deeper than similar studies performed up
to now and that the derived star formation rates are hard-
ly affected by incompleteness. The resulting time evoluti-
on of the star formation rate is shown in Figure III.37. The
rate declines from 0.23 solar masses per cubic Mega-
parsec and year at z = 1.2 to 0.024 solar masses per cubic
Megaparsec and year at z = 0.25. This evolution is in very
good agreement with other studies. A peak was reached

about eight billion years ago (Fig. III.38), i.e., six billion
years after the Big bang. Following this peak, the star for-
mation rate declined exponentially with the rate decrea-
sing by a factor of two every 2.6 billion years. In other
words: Within the period of six billion years the star for-
mation rate has decreased by a factor of ten. And from the
time of maximum activity about eight billion years ago
until today, the rate went down to about one twentieth.

Cosmological theories offer two explanations for the
exponential decline of the star formation rate. For one
thing, the gas content of the galaxies shrinks, reducing the
raw material for newly forming stars. But there could be
another effect: Simulations have shown the frequency of
gravitational interactions between galaxies or mergers to
decrease strongly in the course of time due to the expan-
sion of the universe. These interactions, however, initiate
star-formation activity within the galaxies involved.
Simulations of these processes calculated by theorists at
MPIA support the exponentially declining star formation
rate.

(K. Meisenheimer, H. Hippelein, C. Maier, H.-J.
Röser, E. Thommes, J. Fried, M. Kümmel, B. v.

Kuhlmann, S. Phleps, C. Wolf)

62 III.2 Galaxies and Cosmology

lo
g

 p
S

FR
  [

M
�

 M
p

c–3
 y

r–1
]

–0.5

–1

–1.5

–2

0 1
Redshift z

[OII]

[OIII]

Ha

Fig. III.37: Star formation rate as a function of redshift. CADIS
data are shown uncorrected and corrected for extinction (filled
circles).



Intergalactic Dust within the Virgo Cluster

Some while ago, X-ray observations showed the inter-
galactic space within galaxy clusters to be filled with
hot gas. Galaxies moving around in this medium with
high velocities should be interacting with this gas. This
led to the assumption that gas as well as dust might be
swept from the galaxies by dynamic pressure. This so-
called »ram pressure stripping« would have significant
influence on galaxy evolution. For instance, in this way
the galaxies would lose the raw material needed for
star formation. The loss of neutral hydrogen gas has re-
peatedly been established by radio observations. For
some time, astronomers consider the giant galaxy M 86
located in the Virgo cluster as an outstanding example
for the loss of dust by stripping. However, observations
with the ISO European infrared space observatory do not
corroborate this hypothesis.

The Virgo cluster is the nearest large galaxy cluster, re-
presenting the center of the local supercluster. It has se-
veral thousand members, among them the massive ellipti-
cal galaxies M 86 and M 87. Both are surrounded by a ha-
lo of hot gas at temperatures of some ten millions degre-
es. M 86 is assumed to be the most massive member of a
smaller galaxy cluster plunging into the Virgo cluster
from behind. This is supported by the galaxy’s high radi-
al velocity of -1364 km/s with respect to the entire cluster
(Fig. III.39).

Because of this high velocity with respect to the inter-
galactic gas M 86 is regarded as a candidate for »ram
pressure stripping«. ROSAT had observed extended X-ray
emission not coincident with the center of the galaxy.
Recent observations made with CHANDRA confirmed the-
se findings. The X-ray emission is clearly asymmetric
around M 86: To the north, the intensity shows a sudden,

quite steep decline. Some astronomers interpreted this
morphology as a shock front within a gas streaming from
the galaxy due to stripping. Three-dimensional simulati-
ons, however, did not agree with this explanation leaving
the cause of the asymmetric shape of the X-ray emitting
gas still unclear. At the end of the 1980s, two dust com-
ponents were found in images obtained with the IRAS in-
frared satellite. One seemed to coincide with the galaxy
while the other one was located near the X-ray emission.
This led to the hypothesis that even dust was swept from
the interior of M 86.

On the other hand, radio observations of atomic hydro-
gen suggested another interpretation. The material could
have been pulled out of the galaxy NGC 4402 as a result
of its tidal interaction with M 86. The suggestion that gra-
vitational interaction plays an important role in M 86 is
supported by recent observations in the optical spectral
range as well. These images indicate that matter is being
stripped of the dwarf galaxy VCC 882 (NGC 4406B) whi-
le it is moving along its bound orbit around M 86.

ISOPHOT Observations of M 86

So, despite many observational results it is not clear
yet whether dust stripping really plays a role in M 86. And
so far, there is no direct evidence for this phenomenon in
any other large galaxy. The ISOPHOT instrument onboard
ISO provided the opportunity to study the whole area aro-
und M 86 with higher resolution and sensitivity up to a
wavelength of about 180 mm.

All in all, M 86 was observed in three channels at 60,
90, and 180 mm for about two and a half hours. Figure
III.40 shows a superimposition of all three spectral bands.
Seven sources are recognizable. The IRAS image, on
which the dust-stripping hypothesis is based in the end,
shows only two objects: M 86/ M 86-SE as an unresolved
single source and M 86-NW.

On the new ISOPHOT image, the position of the con-
densation M 86 is about coincident with that of the ga-
laxy. This emission thus probably comes from a central
dust disk in the core of M 86 that was detected only re-
cently. The two sources FIR 5 and FIR 6 match the posi-
tions of the two companion galaxies VCP 463 and VCP
479. The identification of the remaining objects proved to
be difficult.

Interestingly, the object M 86-NW has a totally diffe-
rent spectral energy distribution than all the other objects.
While, for instance, a temperature of about 18 Kelvin can
be assigned to the dust in M 86, the dust in M 86-NW is
much warmer with a temperature around 100 Kelvin.
Moreover, images in the blue spectral range show a point
source at this position. So it seems that just the only in-
frared source in the vicinity of M 86 that was known until
then and on which the dust-stripping hypothesis is based
is not a member of the Virgo cluster at all but a far more
distant active galaxy or quasar.
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Fig. III.39: a) Part of the Virgo cluster in the vicinity of the ellipti-
cal galaxies M 86 (brightest galaxy near the center) and M 84 (to
the right of it). Above M 86, the spiral galaxy NGC 4402 is seen.

b) This very deep exposure reveals extended halos around the
galaxies that even partly overlap.
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The source M 86-SE could be associated with dust fi-
laments that had already been detected in optical images.
As indicated above, they are attributed to tidal interac-
tions with the companion galaxy VCC 882. Moreover, the
position of this infrared source does not agree with the di-
rection in which one would expect material that has been
stripped from M 86 due to the galaxy’s motion through
the intergalactic gas.

In connection with the opening question about interac-
tion or stripping, only the bright objects M 86-SE and M
86-FIR 4 seem to be relevant. Assuming that they lie at
the distance of M 86 (19.5 Mpc, corresponding to 64 mil-
lion light years), their dust masses can be estimated from
the measured far-infrared fluxes to be 5 � 106 (M 86), 7.5
� 106 (M 86-SE), and 1.5 �107 (FIR 4) solar masses. The
value derived for M 86 is quite typical for elliptical gala-
xies.

The source FIR 4 is clearly extended, showing a core
surrounded by a halo. Although FIR 4 is the brightest far-
infrared source in this field, no optical counterpart was fo-
und on images taken in the visible spectral region. Nor did
radio observations of neutral hydrogen reveal a corre-
sponding object. Deep optical images of M 86 (Fig.
III.41) give a clue to its nature. A detailed analysis shows
a slight distortion of the shape of M 86 pointing towards
the nearest neighboring galaxy NGC 4402 (outside the
ISOPHOT field). NGC 4402 is a very dusty spiral galaxy
with a warped disk or even a ring-like structure. But this
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is difficult to verify as we see the galaxy edge-on.
However, there are some arguments supporting the idea
of FIR 4 being dust stripped from either M 86 or NGC
4402 as a result of tidal interactions between both gala-
xies. This issue will only be settled when far-infrared ima-
ges of the entire field around M 86 become available.

In the light of this interpretation, a different explanati-
on can be given for the above-mentioned asymmetric
structure of the X-ray gas. As shown in Fig. III.41, the X-
ray intensity in the ROSAT image is strongly decreasing in
the vicinity of FIR 4. The fact that the decline is steeper
at low X-ray energies than at higher ones can be taken as
evidence that the shape is rather due to absorption within
the FIR 4 dust cloud than to the X-ray emitting gas itself.
If this interpretation were correct, this would be the first
known case of intergalactic dust affecting the morpholo-
gy of the X-ray gas within a galaxy cluster.

Although the galaxy M 86 is showing a very complex
overall morphology in the far infrared, it does not fit into
the dust-stripping picture. Thus, the question if this phe-
nomenon is playing a significant role at all in the evoluti-
on of large galaxies is open again. Maybe only statistical
studies can demonstrate whether galaxies within galaxy
clusters contain systematically less dust than those in the
field. The first direct detection of an intergalactic dust
cloud, however, is still an outstanding result of the
ISOPHOT-observations of M 86.

(M. Stickel)

Puzzling Element Abundances in Globular Cluster 47
Tucanae

Globular Clusters are among the oldest objects in the
universe. They reside in the halos of large galaxies and
move around their centers on bound orbits. In cosmolo-
gical standard scenarios, globular clusters formed right
at the beginning from large proto-galactic clouds. As a
consequence, all stars within a cluster should have ab-
out the same initial chemical composition. But this is
not the case. In some clusters, significant abundance
variations of certain elements are observed. The reason
for these variations is debated for three decades. Now,
a new study of the globular cluster 47 Tucanae carried
out by astronomers at MPIA and colleagues from Lick
Observatory suggests that massive stars in binary sy-
stems may have ”polluted“ their companions with hea-
vy elements.

According to present-day cosmological theories, glo-
bular clusters formed even before the large galaxies did.
Large proto-galactic clouds contracted under the influen-
ce of gravitation. In some regions of such a cloud, the gas
condensed into globular clusters while the remaining mat-
ter continued to contract and finally formed a large galaxy
that is surrounded by a halo in which the globulars are
moving around. Our Milky Way, for instance, is orbited
by 150 known globular clusters. In this simple scenario,
all members of a cluster should have the same chemical
composition.

As early as 1971, however, the atmospheres of two red
giants in the globular clusters M 5 and M 10 were found
to show a significantly enhanced abundance of the CN
molecule compared to other stars in these clusters.
Similar studies followed, being at first limited to the
brightest stars for observational reasons. Only recently,
with the advent of new large telescopes, fainter main-se-
quence stars could also be observed spectroscopically, for
instance in M 13, in M 3, and in 47 Tucanae.

But even with the present-day 10-m-class telescopes
very long exposure times would be necessary to obtain
the high-resolution spectra needed for the analysis of ato-
mic absorption lines. A more promising approach therefo-
re is the observation of molecular absorption bands. For
instance, the intensities of CN and CH bands can be mea-
sured with medium-resolution spectroscopy or even with
photometry using narrow-band filters.
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CN Abundance in 47 Tucanae

The globular cluster 47 Tucanae is very well suited to
such observations (Fig. III.42). It is only 4500 pc (15 000
light years) away and after Omega Centauri the second-
brightest cluster in the Milky Way, with an absolute visual
magnitude of Mv = -9.4 mag. Moreover, due to its angu-
lar diameter of 47 arc minutes the cluster is resolved very
easily into individual stars. Consequently, 47 Tuc has be-
en studied intensely over the last 30 years. These studies
led to a surprising result: There is a very broad CN abun-
dance spread detectable in stars along the main sequence
till its upper end. Particularly, there is an obvious bimodal
distribution: The stars either show very weak or very
strong CN absorption bands while at the same time no in-
homogeneities of very heavy elements, such as iron for
instance, are found.

Such a result is inconsistent with the simple formation
scenario. Therefore explanations for the abundance inho-
mogeneities were sought. Today, essentially three models
are under consideration:

Stellar evolution: Deep within the interiors of stars
nuclear reactions take place that generate the energy nee-
ded. In low-mass stars, the most important reaction is hy-
drogen fusion (pp-reaction). Depending on the star’s
mass, the CNO-cycle of nuclear fusion also takes place.
Although carbon, nitrogen, and oxygen act only as cata-
lysts in this process, it is able to modify the ratios of ele-
ment abundances. The processed elements can reach the
surface through convection and be detected spectroscopi-
cally.

“Pollution”: Giant stars generate particle winds that
carry elements such as carbon, oxygen, and nitrogen into
the interstellar medium. If other stars take in matter from
those winds, the chemical abundances within their atmos-
pheres change.

Primordial variations: The material from which the
stars of the cluster formed may not have been chemically
homogeneous. Various reasons for such a situation are
conceivable. For instance, two large clouds of different
chemical composition could have collided before stars
started to form. Incomplete mixing of the gas of both
clouds would explain the stars’ chemical inhomogenei-
ties. Or supernova explosions may have chemically enri-
ched the gas locally making the whole cloud chemically
inhomogeneous. And last not least, 47 Tuc may have for-
med as the merger of two globular clusters with different
chemical compositions.

Up to now it was unclear whether the chemical inho-
mogeneities of stars in globular clusters bear information
on the formation of these objects or whether they are due
to evolutionary effects. The first of the above-mentioned
hypotheses may be tested by measuring the CN abundan-
ce also in low-mass stars, since the CNO-cycle is only
significant in massive stars. Below 0.8 solar masses it is
neglectable. If the CN variation were a consequence of an

internal mixing process, the effect should ever decrease
towards lower-mass stars. Until recently, this could not be
tested because of the low luminosities of these stars.

In their new study, astronomers at the Institute utilized
the capabilities of the FORS2 multi-object spectrograph at
the VLT to spectroscopically observe a large number of
stars in 47 Tuc down to about 0.6 solar masses. First they
imaged the cluster through several filters using the wide
field camera at the ESO/MPG 2.2 m telescope on La Silla.
This way they were able to find suitable stars and deter-
mine their positions. In follow-up observations using
FORS2, 115 stars were studied spectroscopically, with a
total exposure time of about ten hours (Figs. III.43 and
44).

A surprising picture emerged when the astronomers
plotted the strength of the CN absorption versus the stars’
apparent magnitudes (and thereby their mass): An ob-
vious bimodal distribution was found (Fig. III.45). The
fact that this bimodality becomes more pronounced to-
wards lower masses may be a consequence of lower sur-
face temperatures since the probability of molecule for-
mation is increasing with decreasing temperatures.
Nevertheless, the effect is unmistakable and cannot be ex-
plained by the hypothesis of element enrichment through
the CNO-cycle.

Thus the second and the third of above-mentioned
scenarios are left to explain the abundance inhomogenei-
ties: primordial variation and pollution. The former, ho-
wever, also encounters a problem. It can explain the inho-
mogeneity of the CN abundance, but not so the homoge-
neity of the iron abundance that is found at the same time.
One hardly can imagine two merging clouds having iden-
tical iron abundances but completely different CN abun-
dances.

The most likely scenario therefore is that of external
“pollution” according to which the low-mass stars have
incorporated nitrogen-rich gas from their surroundings.
But how did the bimodal distribution arise? One possibi-
lity would be that all CN-strong stars are members of
binary systems the second component of which had been
a red giant some time ago. Through its nitrogen-rich
wind, this giant could have enriched the smaller compan-
ion. If this were true, the CN-strong stars should also
show abundance enhancements in other elements such as
sodium, magnesium or aluminum since the winds of red
giants are rich in these too. The crucial test might be per-
formed with high-resolution spectroscopy.

(D. Harbeck, E. K. Grebel)
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Fig. III.42: Part of the globular cluster 47 Tucanae, imaged with the HUBBLE Space Telescope. (image: NASA / ESA)
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tude shows a clear bimodal distribution.



Dark-Matter Halos of Dwarf Galaxies

For about 30 years, there is increasing evidence that ga-
laxies are imbedded within extended clouds of dark
matter. However, so far only the gravitational influence
of these halos is known while other physical properties
of this invisible kind of matter are still unidentified.
Indirect information about those properties are expec-
ted from observations of dwarf galaxies whose kinema-
tics are dominated by dark matter. Astronomers at MPIA
have studied rotation curves of six dwarf galaxies in de-
tail. The results are suggesting a density distribution
within the dark-matter halos that is inconsistent with
current cosmological models.

In the 1970s, observations of spiral galaxies led to the
hypothesis that these stellar systems are imbedded within
giant clouds of invisible matter. This was implied by the
shape of their rotation curves. If all stars and all gas
clouds in a galaxy were moving on Keplerian orbits aro-
und the dominating central mass, the orbital velocities of
the stars should decrease with increasing distance to the
galactic center beyond a certain radius. However, the ve-
locity is found to be nearly constant up to the outskirts of
the galaxies. Our Milky Way, too, has this kind of rotati-
on curve. This is interpreted as the gravitational effect of
an extended dark-matter halo.

This dark matter must have played a crucial role alrea-
dy in the formation of galaxies. In the early universe, it
formed potential wells in which ordinary baryonic matter
accumulated and then further condensed into galaxies.
Present-day computer simulations allow for this effect of
dark matter while its physical properties are mostly un-
known. Quite recently, however, a problem occurred in
these cosmological simulations: Theory predicts the den-
sity and thus the gravitational potential of a dark-matter
halo to increase very steeply (as r -1 to r -1.5) towards the
center. This model is called “cuspy core”. But the rotati-
on curves of galaxies are best explained by a more mode-
rate central density. These observational results are consi-
stent with a density profile suggested by theorists at
MPIA already in 1995. Accordingly, the density of the
dark-matter halo is almost constant within the central re-
gion or increases only slightly towards the center. This
model is called “soft core”.

Late-type dwarf galaxies whose kinematics are domi-
nated essentially by dark matter provide an excellent la-
boratory to investigate the gravitational effect of dark
matter on galaxies. Because of their low brightness,
though, their rotation curves are rather difficult to obser-

ve. Several years ago, radio astronomers had measured
the rotation curves of five dwarf galaxies by observing the
radial velocity of atomic hydrogen (HI) at 21 cm wave-
length. These observations supported the soft-core model.
Some astronomers, however, argued that the spatial reso-
lution of the radio data had been too low to map the par-
ticularly important central regions of the galaxies. This
shortcoming would have prevented the detection of a
strong central mass concentration.

To settle this controversy, astronomers at the Institute
together with colleagues from Italy spectroscopically ob-
served six dwarf galaxies in the optical spectral range
using the Telescopio Nazionale Galileo (3.6 m aperture)
on Roque de los Muchachos, La Palma. Rotation curves
were derived from the Ha line of neutral hydrogen. As
these galaxies had already been observed in the radio ran-
ge a direct comparison with the 21 cm radio results was
possible. The stellar systems are located at distances bet-
ween 6.8 and 48 Mpc (22 to 160 million light years) and
have a surface brightness in the red spectral range of ab-
out 21 mag per square arc second.

Fig. III.46 shows examples of the data obtained from
the new Ha and the older 21 cm observations: In five out
of six cases the data are in very good agreement; eviden-
ce of beam smearing of the 21 cm radio data, particularly
in the central region of the galaxies, was found only in
one galaxy, which therefore was excluded from further
analysis. The combined data sets now provide an excel-
lent possibility to determine the gravitational potential of
the dark-matter halos: While the Ha data define the cen-
tral region particularly well, the 21 cm data reach out to
large distances from the center.

The observational data were compared to the predic-
tions of three halo models, two with cuspy cores and one
with a soft core. In the modeling, the rotation curves we-
re assumed to be determined exclusively by the gravity of
the halo. The gravitational influence of the disk was
neglected, which seems to be justified because of the lar-
ge mass-to-light ratios of the galaxies. The result (Fig.
III.47) clearly shows that the observational data only
match the model with a flat potential well (soft core).
They are inconsistent with those suggested by cosmologi-
cal scenarios (cuspy core).

The analysis described above referred to the present-
day condition of the galaxies and their halos. In a second
step, the theorists wanted to identify the possible density
distribution of the halos at the time of their formation. For
when gas is accumulating in the inner regions, the gravi-
tational force increases which in turn causes the dark-mat-
ter halos to contract.
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Starting out from two different density distributions,
the theorists traced the contraction of the dark-matter ha-
los and then compared the results in order to decide which
initial density profile causes the halo to evolve in a way
that can explain the present-day rotation curves. Again,
dark-matter halos with an initially steep density peak at
the center do not match the data well. In particular, the
present-day velocities in the central region should rise
much faster. The best fit was achieved with a so-called
King profile, showing a moderate density increase in the
central region. This profile usually describes the density
distribution of stars in globular clusters.

In this way it was possible to infer a certain new pro-
perty of dark matter from the rotation curves observed in
galaxies. This hitherto unknown property obviously af-
fects the density distribution in the centers of the halos
and thereby the formation of structure in the universe. It
might also be of major importance for the identification of
the putative dark-matter particles.

(E. d’Onghia)
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White Dwarfs and the Dark-matter Halo of the Milky
Way

It is generally accepted now that stars and interstellar
matter only constitute a minor fraction of the total mass
of the Milky Way. The major portion of the mass is in an
invisible component surrounding our stellar system in
an approximately spherical halo. This component is cal-
led dark matter. What it consists of is still completely
unclear. Two years ago, very faint white dwarfs were
detected for the first time which were presumed to be
located within the halo, providing at least two percent
of the dark matter there. Theorists at the Institute to-
gether with colleagues from Spain now reexamined the
observational data, concluding that the majority of the-
se white dwarfs apparently is not located in the halo at
all and so contributes much less to the dark matter than
previously thought.

The total mass of the Milky Way system is only known
very poorly. The mass of the visible component consisting
of stars, dust, and gas amounts to no more than 1.2 � 1011

solar masses. From the rotation of gas and stars within the
galactic disk, however, the dynamical mass can be deter-
mined. It is calculated under the assumption that these ob-
jects are moving on Keplerian orbits around the galactic
center. The mass derived from such analyses is 2.2 to 3 �
1011 solar masses. Considering the motion of the Milky
Way and its neighboring galaxies a mass of even 1.2 �
1012 solar masses is deduced. Dark matter therefore con-
stitutes between 35 and 90 percent of the Galaxy’s total
matter.

Which kind of matter is located in the halo, making it-
self conspicuous only by gravitation, we do not know. It
definitely cannot consist of baryonic matter alone. Such
high a baryon density would be inconsistent with cosmo-
logical models that account for the element abundances
created in the big bang. It is possible, though, that part of
the dark matter consists of hitherto undetected cosmic bo-
dies.

This was first indicated by observations of so-called
gravitational microlensing events, which are interpreted
as deflection and magnification of light in the gravitatio-
nal field of a cosmic body. If an invisible object located in
the halo of the Milky Way crosses in front of a distant star,
one located in the Large Magellanic Cloud, e.g., the
brightness of the star increases for a short period. In the
1990s, special observational programs succeeded in de-
tecting dark cosmic bodies within our Galactic halo. Yet
their nature remained unclear. Brown dwarfs or faint whi-
te dwarfs appeared to be the most likely candidates.

In 2001, very faint, ultra-cool white dwarfs were found
that were believed to populate the halo of the Milky Way.
According to this study, these stars would contribute at
least two percent to the dark matter there. Thus, for the

first time, part of the dark matter within the halo of our
Galaxy seemed to be identified.

But there are serious problems with this hypothesis.
White dwarfs represent the final stages of stars that star-
ted out with initial masses up to eight solar masses. If
white dwarfs really were contributing that much to the
mass of the halo, the proportion of their progenitors had
to be significantly larger than observed in present-day
stellar populations. 

The question whether a white dwarf is located within
the halo or in the Galactic disk is not easy to decide. In
their study, the astronomers had correctly assumed halo
objects to have a considerably higher tangential velocity
than those within the Galactic disk. Based only on this cri-
terion, 38 white dwarfs had been attributed to the halo.
The tangential velocity of a star, however, can only be cal-
culated from the measured proper motion if the distance
to the star is known; but the distance is hard to determine.
Theorists at the Institute now reexamined the observatio-
nal data, analyzing them very critically.

The distance determination is based on an evolutionary
model for white dwarfs. At their formation, these stars are
very hot. Subsequently, they are slowly cooling down sin-
ce the generation of energy by nuclear fusion in their in-
teriors has ceased. In order to determine the distance of a
sample of white dwarfs from their apparent magnitude
and color, if possible, a cooling-model is needed as well
as an estimation of the group’s age.

In their model, the theorists assumed the star formati-
on within the disk to decline exponentially over the billi-
ons of years, as observational data suggest. In the halo,
though, all stars are assumed to have formed within the
first billion years, the star formation rate then being zero
afterwards. Also of prime importance was the use of a
new cooling-model for white dwarfs based on recent ob-
servations and theories. In these two assumptions, the
new model differed significantly from that used in 2001
to analyze the data of the white dwarfs observed. At that
time, the astronomers had applied a model appropriate for
white dwarfs in the Galactic disk but not for those in the
halo.

The new analysis revealed that in the older work, the
data had been calibrated incorrectly, which significantly
affected the distance determination: In the older analysis,
the distances had been underestimated for bright white
dwarfs and overestimated for low-luminosity white
dwarfs. Consequently, for the major part of the white
dwarfs, the tangential velocities derived from the proper
motions were too high. So per definition, these stars do
not belong to the halo but to the disk.

The question how many of the white dwarfs detected
actually belong to the halo can only be answered statisti-
cally. The number of the observed white dwarfs, though,
is too small to obtain a reliable result. Therefore, the theo-
rists at MPIA and their colleagues performed so-called
Monte Carlo simulations. In these calculations, they defi-
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ned a sample of about ten thousand white dwarfs that sta-
tistically have magnitudes, proper motions, and colors si-
milar to the ones observed. Then they applied their galac-
tic model to this group of stars, asking how many of them
belong to the halo population due to their tangential velo-
city.

The Monte Carlo simulations showed that only about
half of the white dwarfs observed are genuine halo mem-
bers. The others belong to the disk (Fig. III.48). This re-
duces the mean  number density of halo white dwarfs cal-
culated in 2001 by a factor of 3.5 to a value of 3 �10-5 per
Mpc3. The new value is in very good agreement with esti-
mates obtained by others and also resolves the problem
concerning the above-mentioned frequency of white
dwarf progenitors. In future, the detection of additional
white dwarfs will be very important in order to improve
the statistics and to obtain a more accurate value of the
number of these halo objects. 

(A. Burkert)
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Fig. III.48: Distribution of the tangential velocities of white
dwarfs. Black dots denote the objects observed, open circles the
results of the Monte Carlo simulations. Members of the halo
population (above) are located mainly within the large circles,
those of the disk (below) within the small ellipses (1s and 2s
limits, respectively).





The performance and the field of application of a teles-
cope critically depend on the quality and efficiency of
the measuring device installed in the focal plane. At
MPIA, such scientific instruments are developed and
built in its technical departments. Currently, several in-
struments are under construction, which will be used at
ground-based observatories as well as in space teles-
copes.

The instruments are built in the workshops at MPIA,
often in cooperation with companies from industry. The
requirements set by the scientists frequently confront the-
se firms with completely new tasks, the know-how gained
in this way strengthening their competitive capacity on
the global market.

Following is a summary of the MPIA’s recent instru-
ments and their actual status in the year under report.

1. Adaptive Optics

In theory, the resolving power of a telescope, i.e., its
capability to produce separate images of two objects ly-
ing close together, increases with the diameter of the
primary mirror. In practice, however, atmospheric turbu-
lences blur long-exposure images to such a degree that
the resolution is one half to one arc second at its best,
regardless of the mirror size. Astronomers and en-
gineers at MPIA, together with colleagues from the MPI
für extraterrestrische Physik (MPE), have built a so-cal-
led adaptive optics system for the near-infrared spectral
range (ALFA) for the Calar Alto Observatory that corrects
image fluctuations during the exposures (cf. Annual
Report 2000, p. 31). In this way, the theoretically possible
resolution, i.e. the diffraction limit, can be achieved.
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Fig. IV.1: The prototype of PARSEC mounted in the MPE labora-
tory. (Image: MPE)



On Calar Alto, it was demonstrated that ALFA can also
be operated using an artificial laser guide star. Such an in-
strument consists of a laser pointed parallel to the telesco-
pe’s optical axis towards the sky. At an altitude of about 90
kilometers, the laser beam excites atmospheric sodium
atoms, which then start glowing. The emission typically
extends over a cylindrical volume about one meter in dia-
meter and seven kilometers long. The spot of light created
in this way serves as a reference star for the adaptive op-
tics system. The experience gained with this instrument
will now be utilized at the ESO Very Large Telescope
(VLT) and at the Large Binocular Telescope (LBT).

The VLT 8 m telescope YEPUN will be the first to be
equipped with a laser-guide-star device. Here, a sodium
laser, named PARSEC, will produce a continuous beam of
10 to 15 watts power. This instrument is being developed
jointly by researchers at MPIA and MPE (Fig. IV.1).
MPIA is contributing a so-called LIDAR (Light Detecting
and Ranging) – a pulsed laser that can be used to measu-
re the altitude of the atmospheric sodium layer and the
concentration of sodium atoms there.

The LIDAR is based mainly on experience acquired
with ALFA. It was shown that a laser guide- star can only
be used efficiently during the observations if the atmos-
pheric conditions are known in detail. Experiments with a
LIDAR at the 3.5 m telescope on Calar Alto had turned out
to be successful, so it was decided to build a similar devi-
ce for PARSEC.

The LIDAR developed at MPIA is capable of measuring
the altitude of the sodium layer with 150 m resolution and
of determining the magnitude of the laser guide star inde-
pendently from the adaptive optics. Acceptance by ESO

will be in fall of 2003 in Garching. The first phase of
commissioning will be early 2004 on Paranal. In the be-
ginning, the LIDAR will be operated together with the
NACO instrument (see below). In 2004, SINFONI, the se-
cond focal instrument on VLT-YEPUN, is planned to be
put into operation. It is a 3D-spectrograph with an adapti-
ve optics systems of its own that will use the laser guide
star, too.

For the LBT, a somewhat different instrument is cur-
rently being tested – a SCIDAR (Scintillation Detection
and Ranging), which helps to optimize the adaptive optics
system of the LBT. Adaptive optics systems can only par-
tially compensate image distortions due to atmospheric
turbulences. This mostly affects objects outside the cen-
tral correction axis of the adaptive optics. The strength of
this so-called anisoplanicity effect depends mainly on the
vertical structure of the atmospheric turbulence. If there
are several bright stars in the field of view during an ex-
posure with adaptive optics, the strength of this effect can
be estimated afterwards to improve photometric and
astrometric measurements. But bright stars are not always
available and, furthermore, these estimates are highly un-
certain. This is where SCIDAR will be put into action.

SCIDAR observes a binary star, producing a defocused
image of it (actually it is an image in the pupil plane).

From the intensities of the pupil images of both stars the
vertical structure of the atmospheric turbulence can be de-
termined up to an altitude of about 20 km. While measu-
rements of the phase distortions over the pupil cannot
yield information about the vertical structure of the turbu-
lence, the strength of the scintillation depends on the di-
stance between a turbulence layer and the observational
plane. Thus, the brightness distribution over the pupil
contains information on the vertical distribution of the
turbulence.

The SCIDAR hardware was built at Steward
Observatory while MPIA contributed the data analysis
software. The instrument was successfully tested on the
Vatican Advanced Technology Telescope. In mid-2004, it
will be used during First Light on the LBT.

PYRAMIR

PYRAMIR is a new kind of wavefront sensor for the ne-
ar infrared spectral range which will be used with ALFA.
It is intended to replace the system’s old tip-tilt sensor.
The sensor will be completely reside within a dewar and
mounted on the existing second sensor platform in ALFA.

The design of a pyramid wavefront sensor had been
proposed for the first time in 1996. Its special feature is to
create four pupil images which are then used to measure
the gradient of the wavefront. This instrument has an im-
portant advantage over the customary Shack-Hartmann
wavefront sensor in being able to control the amplificati-
on according to the observational conditions. Optically,
this is achieved by a reflecting pyramid that splits the be-
am focused onto its tip into four parts. A zoom lens then
creates four pupil images on the detector (Fig. IV.2).

PYRAMIR will be the first sensor of this kind worldwi-
de operating in the near-infrared range. Thus, it will be
working in a wavelength region where a highly efficient
correction is achieved by the adaptive optics system.
Theoretically, pyramid sensors should be able to work
with fainter guide stars than  comparable Shack-Hartman
systems. However, up till now, no sensor exists to prove
this in practice. Currently, PYRAMIR is the only project
that will test its performance at a telescope. Because of its
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Fig. IV.2: The pyramid splits the beam focused onto its tip into
four. A zoom lens then creates four pupil images on the detec-
tor.
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higher sensitivity, PYRAMIR increases the sky coverage
for certain classes of objects, such as young stars or high-
ly reddened objects in general, in the Galactic plane from
7 percent to nearly 50 percent.

The internal design review of the project, taking place
in December 2002, arrived at a positive result, with the re-
striction that the project has to be carried out as a techno-
logical development. The system is expected to be used in
adaptive optics systems on 8 m class telescopes, such as
the PLANET FINDER on VLT (see below). PYRAMIR entered
the construction phase limited to one year. In spring 2004,
it is planned to be put into operation on Calar Alto.

The PLANET-FINDER project CHEOPS

PLANET FINDER was announced by ESO as a VLT in-
strument of the second generation. An adaptive optics sy-
stem of extremely high imaging quality is asked for that
will be combined with an instrument achieving particu-
larly high contrasts in the immediate vicinity of bright ob-
jects. In the end, this instrument is intended for the detec-
tion and imaging of extrasolar planets.

MPIA has assembled an international consortium of
German, Italian, Swiss, Dutch and Portuguese institutes
and in February 2002 submitted to ESO a preliminary pro-
posal for such an instrument. It is called CHEOPS

(Characterizing Extrasolar Planets by Opto-infrared
Polarimetry and Spectroscopy). It records difference sig-
nals between star and planet and uses the different spec-
tral properties of the two objects as well as their different
degrees of polarization. A similar second proposal was
submitted by a consortium led by the French. Thus ESO

has asked both consortia to each perform a complete
Phase-A study. The study started in March 2003 and will
take 18 months. After that, a further selective review will
take place.

Adaptive Optics as a Teaching Subject at the
Universität Heidelberg

Because of the growing importance of adaptive optics
MPIA,  since winter semester 2002, offers a new experi-
ment within the scope of the advanced practical course to
all students of the Department of Physics and Astronomy
at the Universität Heidelberg. During four afternoons, the
students can set up a modern analyzer to examine the op-
tical quality of light waves and determine optical aberra-
tions such as, e.g., astigmatism and coma. The experiment
is carried out in the newly established laboratory for ad-
aptive optics at MPIA (Fig. IV.3).

(S. Hippler, M. Feldt, P. Bizenberger, W. Brandner, D.
Butler, J. Costa, B. Grimm, Th. Henning, U. Neumann,

W. Rix, R.-R. Rohloff, C. Unser)

Multiconjugate Adaptive Optics (MCAO)

Adaptive optics systems always need a reference star
of a certain minimum brightness. Furthermore, optimum
correction is only possible within a certain angle around
this star. Beyond, the image becomes increasingly blur-
red. In the future, this limitation will be avoided by using
so-called multiconjugate adaptive optics (MCAO).

To make this technique practicable for the first time, a
special team was established at MPIA. On a long-term ba-
sis, a MCAO is also to provide the LBT with diffraction-
limited images in the combined focus – not only in the ne-
ar infrared range but also at wavelengths down to 800 nm.
At an observing wavelength of 1 �m, the diffraction limit
of the LBT is 9 milli-arc seconds. The goal is to get a dif-
fraction-limited image over the entire field of view, which
has a size of 1 arc minute.

With the classical adaptive optics, only one direction
within the field of view is corrected. With MCAO, this
technique is applied to several directions and reference
stars, assuming the atmosphere can be represented by on-
ly a few thin turbulent layers.

During the next three years, MCAO will be coupled
with the LBT LINC-NIRVANA camera (see below) that is
also being built at MPIA. Light coming from one LBT
mirror is divided by a beam-splitter. One part travels to a
wavefront sensor, which controls the 672 actuators of the
adaptive secondary mirror of the corresponding LBT pri-
mary mirror. The portion of light that passes the beam
splitter is directed by two flexible mirrors with 349 actua-
tors each and by several additional mirrors to the focus.
The light beam coming from the second LBT primary
mirror is subjected to the same procedure. Wave trains in
phase then interfere in the joint focus.

In this instrument, a total of six wavefront sensors as
well as six adaptive mirrors with a total of 2740 actuators
will be used  –  a hitherto unique concept that will render
the spatial resolution of ground-based telescopes almost
independent of atmospheric influences over a large field
of view. Moreover, the wavefront sensors’ large fields of
view of one to two arc minutes facilitate the selection of
reference stars of sufficient brightness for the adaptive
optics. This is crucial for conducting as many scientific
projects as possible with this instrument.

(T. Herbst, D. Andersen, P. Bizenberger, H.
Böhnhardt, W. Gässler, S. Kellner, Ch. Leinert, R.

Ragazzoni, H.-W. Rix, R.-R. Rohloff, R. Soci, W. Xu)



2. LUCIFER and LINC-NIRVANA for the Large  
Binocular Telescope (LBT)

As mentioned in chapter I, MPIA, together with the MPI
für extraterrestrische Physik in Garching, the MPI für
Radioastronomie in Bonn, the Astrophysikalisches
Institut Potsdam, and the Landessternwarte Heidelberg,
will have a 25 percent share in costs and use of the
Large Binocular Telescope, under the auspices of the
LBT Beteiligungsgesellschaft (LBTB). Unlike all pre-
viously-built telescopes, the LBT will be equipped with
two light-gathering mirrors of 8.4 m diameter each, fixed
on a common mount. First light is planned for summer
2004.

In 2002, the telescope structure built in Italy was ship-
ped to the US and subsequently reassembled in the teles-
cope building. By the end of 2002, the rotating part of the
azimuth structure was reconstructed while at the same ti-
me both primary mirrors were manufactured: grinding
and polishing of the first mirror is complete; by the end of
December, the mirror had successfully passed the verifi-

cation tests. Now the second mirror blank is going to be
finished.

Under the direction of the Landessternwarte
Heidelberg, the German partners are building a pair of ne-
ar-infrared spectrographs, called LUCIFER, for the LBT.
MPIA will supply the entire detector package and develop
the overall design of the cooling system. Integration and
tests of the instrument will also be carried out in the labo-
ratories of MPIA. In addition, the MPI für extraterrestri-
sche Physik in Garching, the Universität Bochum, and the
Fachhochschule für Technik und Gestaltung in Mannheim
are also involved in the LUCIFER project.

In 2004, the first LUCIFER will begin operations in the
focal plane of the first mirror. Eighteen months later, the
second, identical instrument will be put into operation at
the focus of the second mirror. With LUCIFER, both direct
imaging and long-slit spectroscopy in the wavelength
range between 0.85 and 2.45 mm will be possible. In or-
der to reduce thermal background radiation of the instru-
ment, LUCIFER will be cooled to 77 K or even lower using
liquid nitrogen. The following observing modes are plan-
ned:
• Seeing-limited direct imaging with a field of view of 4

arc minutes, long-slit spectroscopy with a slit length of
4 arc minutes, and multi-object spectroscopy.
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Fig. IV.3: Students attending the advanced practical course on
adaptive optics in an MPIA laboratory.



• Diffraction-limited direct imaging with a field of view
of 0.5 arc minutes and long-slit spectroscopy as well as

• Integral field spectroscopy.
With diffraction-limited imaging, the LBT provides

excellent spatial resolution. Depending on the wavelength
it is 0.031 arc seconds at 1.23 mm, 0.041 arc seconds at
1.65 mm, and 0.056 arc seconds at 2.2 mm. Corresponding
to the observing mode, the cameras need to be exchanged
in order to obtain the highest image quality for all seeing-
limited imaging modes. Altogether, three cameras are
planned with respective resolutions of 0.015 arc seconds,
0.12 arc seconds, and 0.25 arc seconds per pixel. The de-
tector will be an infrared array with 2000 � 2000 pixels.

LUCIFER will be used in the near infrared mainly for
observing faint objects, including, e.g., young galaxies at
high redshifts. Astronomers also expect major progress in
the spectroscopy of brown dwarfs, i.e., very faint red
stars. Dusty disks around young stars and in the nuclei of
active galaxies are also given high priority.

The beam combiner is being designed and constructed
at MPIA while the Universität Köln is contributing the

cryostat and the tip-tilt sensor. A team at the Institute, to-
gether with colleagues from Arcetri, is developing the ad-
aptive optics system. In the year under report, the design
of the cryo-mechanics was completed and the cryostat
was ordered. Moreover, construction of several compo-
nents, such as the filter wheels, the grating drive system,
the N30 camera, and components of the MOS unit, is
mostly completed. The detector has been delivered, too.

One of the most ambitious instruments on the LBT will
be the LINC Fizeau-interferometer, which coherently
combines the light arriving from both primary mirrors
(Fig. IV.4), allowing unprecedented spatial resolution wit-
hin a large field of view. Together with the large light-ga-
thering power of both mirrors, this will make the LBT a
leading observatory in the northern hemisphere. An in-
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Fig. IV.4: Structure of the LBT (above) and the light path in the
adaptive optics system, which is installed between both pri-
mary mirrors.



strument like this has never been built before and therefo-
re requires an extremely demanding optical design.
MPIA, forming a consortium with colleagues from the
Universität Köln and the Astrophysical Institute in
Arcetri, Italy, is developing the optics of the beam combi-
ner.

With LINC, interferometry at wavelengths between 0.6
and 2.4 mm will be possible. This entire spectral range
will be covered by two different detectors. For visible
light, a CCD with pixel sizes of 9 to 12 mm will be used.
For the near infrared between 1 and 2.4 mm, an infrared
array with 2000 � 2000 pixels, each the size of 18 mm, is
planned.

The interferometer will be operated together with an
adaptive optics system, which will correct, depending on
the wavelength, a field of view between 20 arc seconds (at
2 mm) and 5 arc seconds (at 0.7 mm). The ultimate resolu-
tion of LINC also depends on wavelength, lying between
0.02 arc seconds at 2 mm and 0.006 arc seconds at 0.7 mm.

LINC is developed in two stages. First, the diffraction
limit is planned to be achieved with only one natural gui-
de star; in a second stage (NIRVANA), the above-mentio-

ned multiconjugate adaptive optics (MCAO) will be used
also at wavelengths lower than 1 mm.

Astronomical observations will focus on compact ob-
jects, forming a long list ranging from the spatial extensi-
on of supernovae to the structure of protostellar disks to
the search for extrasolar planets.

Large progress was made in the year under report.
First, the project team was increased and now comprises
17 staff members, as was originally planned. This group
completed the optical concept and proposed a preliminary
design of the instrument. Furthermore, manufacturing of
the first hardware components was started: In the optical
laboratory of the Institute, the team installed a prototype
of the folded light path, as it will later be realized at the
telescope (Fig. IV.5). It was successfully tested, demon-
strating the chosen layout to work well. Later, this set-up
will be taken over for the prototype of the interferometer
and be used to test the final hardware.

(T. Herbst, R. Lenzen, D. Andersen, H. Baumeister, P.
Bizenberger, H. Bönhardt, F. Briegel, W, Gäsler, W.

Laun, S. Ligori, C. Leinert, L. Mohr, R. Ragazzoni, H.-
W. Rix, R.-R. Rohloff, R. Soci, R. A. Weiß, W. Xu)
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Fig. IV.5: The optical bench for testing the folded light path in
the planned LINC instrument.



3. OMEGA 2000 – a Wide Field Infrared Camera for 
Calar Alto

From the beginning, the Institute was heavily involved in
infrared astronomy as is evidenced by the MAGIC as well
as the OMEGA-PRIME and OMEGA-CASS instruments. The
development of new cameras critically depends on the
availability of infrared detectors. Recently, arrays with
2048 � 2048 pixels have become available. These are
sensitive up to a wavelength of 2.4 mm and have a quan-
tum efficiency of about 60 percent between 0.8 and
2.4 mm.

To keep Calar Alto at the forefront of infrared astro-
nomy, MPIA decided to develop and build a new camera
for the near infrared range. It will be similar to its fore-
runner OMEGA-PRIME, but its field of view will be five ti-
mes larger with a size of 15 arc minutes�15 arc minutes,
corresponding to a quarter of the size of the full moon.
The instrument will be operated at the prime focus of the
3.5 m telescope where it will have an image scale of 0.45
arc seconds per pixel at a focal ratio of f/2.35.

In the year under report, the read-out electronics as
well as the electronics controlling the motion of the filter
wheels and of the external baffle were optimized. In addi-
tion, the development of a data reduction pipeline was
started that will enable data reduction parallel to the data
gathering. In January 2003, the instrument saw First Light
(Fig. IV.6). First tests showed no major problems. In
spring, OMEGA 2000 will be further optimized and from
July on be made available to the general user, replacing
the previous workhorse OMEGA-prime.

(H.-J. Röser, M. Alter, H. Baumeister, P. Bizenberger,
A. Böhm, Fr. Briegel, R. Faßbender, B. Grimm, Z.

Kovacs, W. Laun, U. Mall, R.-R. Rohloff, C. Storz, K.
Zimmermann)

4. LAICA – the Wide Field Camera for Calar Alto

In future, essential science will continue to come from
wide field surveys searching for faint objects. This trend
is increasingly taken into account by the Institute. 

First, a wide field camera for the 2.2 m telescope on La
Silla was built in collaboration with ESO. In 2000, MPIA
decided to build the new OMEGA 2000 wide field infrared
camera for Calar Alto. The third instrument of this kind is
the Large Area Imager for Calar Alto, LAICA for short. It
will work at the prime focus of the 3.5 m telescope, yiel-
ding an aberration-free field of 44 arc minutes (corre-
sponding to a side length of 115 mm). In its focal plane, a
mosaic of four CCDs is mounted, each having 4096 �
4096 pixels. The image scale will be 0.225 arc seconds
per pixel (cf. Annual Report 1999, p.33).

For production reasons, the CCDs cannot be joined
without gaps, thus leaving a space of about 50 mm width
between them. Therefore, it is not possible to image a
contiguous area of the sky in one shot. This can easily be
compensated for by taking three more shots at different
positions, thereby filling the gaps. A set of four images
covers a contiguous field of one square degree, corre-
sponding to about five times the area of the full moon.

In addition, two smaller CCDs are integrated into the
focal plane for guiding purposes. In this way, image rota-
tion, which may occur in long exposures, can be noted
and corrected. In summer, this guiding system was suc-
cessfully tested at the telescope.

For the moment, two filter sets are planned. The filter
mounting resembles the magazine of a slide projector. It
contains 20 filters that are taken out by a robot arm and
placed into the light path.

Construction of LAICA started in early 1999. On 20
May 2001, it saw first light. Unfortunately, difficulties
with the CCDs occurred subsequently that were due to
production defects. New CCDs were ordered that will not
be delivered before spring 2003.

(J. Fried, K.-H. Marien, F. Briegel, B. Grimm, R.
Klein. C. Unser, K. Zimmermann).
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Fig. IV.6: First Light for OMEGA 2000.



5. NACO – the High-Resolution Infrared Camera for 
the VLT

At the end of 2001, First Light for the CONICA high-resolu-
tion infrared camera, developed and built under the lea-
dership of MPIA, was one of the highlights of the year at
the Institute. CONICA is operated together with the NAOS
adaptive optics system, built by colleagues in France. 

From the beginning, the instrument, renamed NACO,
yielded astronomical images of unprecedented resolution
that were enthusiastically taken up also by the internatio-
nal press (cf. Annual Report 2001, p. 13). During 2002,
several improvements were made, particularly on the re-
al-time computer software for the adaptive optics system
and on the control software for NACO. In addition, the in-
frared wavefront sensor was put into operation. By va-
rious improvements on the optics and the compensation
of static aberrations by the adaptive optics a Strehl ratio
of more than 80 percent was achieved under optimal con-
ditions in the K band.

Of the excellent scientific results, only two shall be
mentioned here: For one thing, high-resolution images of
the Galactic center were obtained that yielded an extre-
mely high lower limit for the density of the central body
lying at the very center of our Milky Way, implying that
this body can only be a black hole (Fig. IV.7). For another
thing, astronomers at MPIA and their colleagues observed
the Arches star cluster located near to the Galactic center
(Fig. IV.8). It is one of the most massive star clusters in
the Milky Way, but cannot be observed in the visible
spectral range because of dense dust clouds in the fore-
ground that absorb its light. With NACO, Arches could be
studied in the near-infrared range with unprecedented re-
solution. The scientific results will be reported in the next
Annual Report.

(R. Lenzen, Becker, A. Böhm, M. Hartung, W. Laun,
K. Meixner, Münch, R.-R. Rohloff, C. Storz, K. Wagner)
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Fig. IV.7: The innermost region around the Galactic center, ima-
ged with NACO in the near-infrared range.

Fig. IV.8: The Arches star cluster near the Galactic center, ima-
ged with NACO in the near-infrared range.
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6. MIDI – an Infrared Interferometer for the VLT

Another highlight in the year under report was First
Light for the MIDI interferometer on 15 December. MIDI is
the first instrument worldwide enabling observations of
this kind in the spectral range at 10 mm at large telesco-
pes. It was built under the leadership of MPIA, together
with colleagues from the Netherlands and France as
well as from the Kiepenheuer-Institut in Freiburg and
the Thüringische Landessternwarte Tautenburg.

Two of the large telescopes of the VLT, ANTU and
MELIPAL, were successfully coupled interferometrically
with a base line of 100 m, yielding first fringes. Among
the first objects observed were the stars Z Canis Majoris,
Epsilon Carinae and Eta Carinae. The results obtained ful-
ly met the expectations. So the goal aimed at was com-
pletely achieved. The functional performance of MIDI

will be tested during 2003. For a detailed report see
Chapter II.3.

(Ch. Leinert, U. Graser, A. Böhm, O. Chesneau, B.
Grimm, T. M. Herbst, S. Hippler, R. Köhler, W. Laun, R.

Lenzen, S. Ligori, R. J. Mathar, K. Meisenheimer, W.
Morr, R. Mundt, U. Neumann, E. Pitz, F. Przygodda, Th.

Rabzah, R.-R. Rohloff, P. Schuller, C. Storz, K. Wagner,
K. Zimmermann)

7. PACS – the Infrared Camera and Spectrometer for 
HERSCHEL

In 2007, the European Space Agency (ESA) will launch the
HERSCHEL far-infrared telescope (formerly called FIRST –
Far-infrared and Submillimeter Space Telescope) as its
fourth major “cornerstone” mission. The MPIA is parte-
cipating to this mission.

HERSCHEL will be provided with a passively cooled
3.5 m mirror and three scientific instruments covering the
wavelength range from 60 to 700 mm. These are being
built by international consortia. One central issue of the
research program will be the observation of protostellar
dust clouds and protoplanetary disks. The Far-infrared
and submillimeter emission of very distant young gala-
xies will also be detectable. MPIA is participating in the
construction of one of the instruments, named PACS

(Photoconductor Array Camera and Spectrometer). The
PACS project is conducted under the leadership of the
Max-Planck Institut für extraterrestrische Physik.

PACS is designed for photometric and spectrometric
studies in the wavelength range between 60 and 210 mm.
MPIA will significantly contribute to the development
and characterization of the cameras and pre-amplifiers, as
well as to the focal plane chopper and the data center.
Based on experience acquired with ISO, the Institute will

participate in the detailed planning of the structure of the
HERSCHEL ground segment and, particularly, of the con-
trol center for PACS. The Institute will also be responsible
for all aspects of the calibration of PACS before and during
the flight.

In the year under report, encouraging progress was ma-
de. Together with the Carl Zeiss company, MPIA manu-
factured a model of the focal-plane chopper for PACS. A
chopper is used for the following purpose: During infra-
red observations, a more or less strong confusing back-
ground signal can occur, caused by the thermal emission
of the telescope and the sun shield. In order to eliminate
this signal, the target object and a neighboring “empty”
section of the sky are imaged alternately. The empty sec-
tion provides the background that is later subtracted from
the actual exposure. The alternating observation of two
sections of the sky is achieved by installing a mirror in the
light path that tips (“chops”) to and fro up to ten times a
second with high optical and mechanical precision.

Following preliminary experiments at the Fraunhofer-
Labor für Betriebsfestigkeit in Darmstadt, the PACS-team
celebrated the successfully concluded durability tests un-
der cryo-vacuum conditions at the end of the year under
report. This test, performed in a helium cryostat, proved
the trouble-free operation of this important system of the
PACS instrument over 650 million cycles. In this test, the
three-year HERSCHEL mission was simulated in a period
of four months by using a ten times higher sinus-modula-
ted frequency instead of a square-wave-modulated one,
allowing for a safety margin of a factor of two for the ser-
vice life (Fig. IV.9).

This development was of benefit to the qualification
model of the chopper that was assembled by the end of
the year at Zeiss from components mostly built at MPIA.
This chopper model will soon undergo the cold vibration
tests simulating the rocket launch. The coils developed for
the chopper were sold to Great Britain where they will be
integrated into the HERSCHEL-SPIRE instrument. The po-
sition measuring system developed for the chopper by
MPIA was accepted as a German patent at the end of the
year. Major progress was also made in the development of
the cold read-out electronics. All components developed
at MPIA underwent functional tests.

(D. Lemke, S. Birkmann, R. Hofferbert, U. Grözinger,
U. Klaas, Schmitt, R. Vavrek)
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Fig. IV.9: a) This cryostat was used to test the durability of the focal-plane chopper in a cryo-
vacuum at a temperature of -270 degrees Celsius. b) The team from the Zeiss company and from
MPIA after a trouble-free run of 650 million cycles.
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8. MIRI and NIRSPEC for the James Webb Space 
Telescope (formerly called Next Generation 
Space Telescope)

The successor to the HUBBLE Space Telescope is sche-
duled for launch in 2011: The James Webb Space
Telescope (JWST) will be equipped with a folding pri-
mary mirror about 6 m across. It will mainly work in the
infrared range, orbiting the sun at the Lagrange-point 2, at
a distance of 1.5 million kilometers from Earth. The tele-
scope cools down in the shadow of large solar cell panels
to 45 Kelvin; an additional active cryo-system cools one
of the scientific instruments to an operating temperature
of 7 Kelvin. The European Space Agency ESA will signi-
ficantly participate in the manufacture of the detector.
Moreover, NASA and ESA decided to launch the JWST
with the European rocket Ariane 5. The MPIA is parteci-
pating to this mission.

Europe partakes in this large-scale project, among
other things, by the development of two of the three focal-
plane instruments. ESA will develop the NIRSPEC near-in-
frared spectrometer while the MIRI camera- and spectro-
meter instrument for the mid-infrared range will be built
half by NASA and half by a European consortium. MPIA
is a member of both Phase-A-study consortia for NIRSPEC

as well as of the MIRI consortium. The Institute is focu-
sing on the opto-mechanical positioners and the electro-
nics for it. In addition, it is partaking in the definition of
the scientific goals of MIRI and their translation into in-
strumental requirements.

In fall, the Phase-A-study for MIRI was completed and
the report presented to ESA. MPIA took over the design of
the filter wheel, the grating drive, the beam divider wheel,
and the drive of the calibration mirror. All these compo-
nents are subject to heavy demands on the operation in a

cryo-vacuum, such as maximum reliability and precision,
minimum power loss, and so on. The cryo-harnesses that
will enable operation at 300, 35, and 7 Kelvin were desi-
gned, too. Here, the Institute can rely on its experience ac-
quired with ISOPHOT and PACS. At the end of the year un-
der report, the preliminary Phase B for MIRI began.

At this time, the Phase-A-studies for NIRSPEC were
still underway. Here, MPIA made similar contributions to
filter and grating wheels, to the focusing linear drives, to
part of the control electronics, and to the cryo-harness
(Fig. IV.10).

(D. Lemke, U. Grözinger, Th. Henning, R. Hofferbert,
R.-R. Rohloff, K. Wagner)

Fig. IV.10: Prototype of a filter wheel for NIRSPEC. The wheel
was designed computer-aided at the Institute and manufactu-
red online with highest precision using a numerically control-
led milling machine.
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ration with: ESO, Garching, Astrophysikalisches institut und
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tory, Chicago   

Molecular Clouds under the Influence of External
Radiation

O. Kessel-Deynet, A. Burkert. 

Pre-protostellar Cores in Dark Clouds

O. Krause, D. Lemke, U. Klaas, L.V. Toth, M. Haas, M.
Stickel, R. Vavrek, K. Wilke, U. Herbstmeier. In collaborati-
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Star Formation in Bright Spiral Galaxies 
M. Haas, U. Klaas, D. Lemke. In collaboration with
University of Hawaii, Royal Observatory Edinburgh, UK,
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Netherlands, ISO Data Center, Villafranca, Spain, Said
Business School Oxford, UK, Imperial College London, UK,
Caltech Pasadena, USA, University of Gainesville, Florida,
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Exponential Distribution of the Stellar Density in Spiral
Galaxies 
A. D. Slyz, A. Burkert. In collaboration with University of
Oxford, UK 

Rotation of the DG Tauri Jet
F. Bacciotti, R. Mundt. In collaboration with: Dublin
Institute of Advanced Studies, Irland, Thüringer Landes-
sternwarte, Tautenburg, Landessternwarte Heidelberg 

Luminosity Function of Galaxies, as derived from the
COMBO-17 Survey
C. Wolf, K. Meisenheimer, H.-W. Rix, A. Borch, M.
Kleinheinrich. In collaboration with: Universität Bonn,
Imperial College London, UK, University of Oxford, UK   

Ha Rotation Curves of Dwarf Galaxies and Dark Matter
E. d’Onghia. In collaboration with: University of Milano,
Italy, SISSA/ISAS and Osservatorio di Trieste, Italy,
Osservatorio di Brera-Merate, Italy  

White Dwarfs and the Dark Matter Halo of the Galaxy 
A. Burkert. In collaboration with: Universitat Politecnica de
Catalunya, Barcelona

Variations of the Abundance of Elements in the Globular
Cluster 47 Tuc
D. Harbeck, E. K. Grebel. In collaboration with: University
of Santa Cruz, USA

Deep Studies of M 86 and its Surroundings in the Virgo
Cluster
M. Stickel. In collaboration with: University of Ann Arbor,
USA, University of Cambridge, UK, Vassar College
Poughkeepsie, USA

CADIS

K. Meisenheimer, H. Hippelein, C. Maier, H.-J. Röser, E.
Thommes, J. Fried, M. Kümmel, B. v. Kuhlmann, S. Phleps,
C. Wolf 

COMBO 17
K. Meisenheimer, C. Wolf, H.-W. Rix, A. Borch, M.
Kleinheinrich. In collaboration with: Institute of Astronomy,
Cambridge, UK, Institute of Astronomy, Edinburgh, UK,
Imperial College, London, UK  



Instrumental Projects

Adaptive Optics
Stefan Hippler, Markus Feldt, P. Bizenberger, D. Butler, J.
Costa, B. Grimm, Th. Henning, U. Neumann, R. Ragazzoni,
W. Rix, R.-R. Rohloff, C. Unser and all technical depart-
ments of MPIA and Calar Alto Observatory, in collaboration
with MPI for extraterrestrial Physics, Garching, ESO,
Garching, Osservatorio di Arcetri, Florence, Steward
Observatory, Arizona, USA

CONICA

Rainer Lenzen, Becker, A. Böhm, M. Hartung, W. Laun, K.
Meixner, Münch, R.-R. Rohloff, C. Storz, K. Wagner in
collaboration with MPI for extraterrestrial Physics, Garching

LAICA

Joseph Fried, Karl-Heinz Marien, F. Briegel, B. Grimm, R.
Klein, C. Unser, K. Zimmermann

MIDI

C. Leinert, U.Graser, O. Chesneau, B. Grimm, T. M. Herbst,
S. Hippler, W. Laun, R. Lenzen, S. Ligori, R. J. Mathar, R.
Mundt, U. Neumann, E. Pitz, F. Przygodda, R.-R. Rohloff, P.
Schuller, C. Storz, K. Wagner, K. Zimmermann. In collabo-
ration with ESO, Kiepenheuer-Institut für Sonnenphysik,
Thüringer Landessternwarte Tautenburg, Astronomisches
Institut, Universität Amsterdam, Sterrewacht Leiden/Leiden
Observatory, Kapteyn Astronomical Institute, Netherlands
Foundation for Research in Astronomy, Observatoire de la
Côte d'Azur, Observatoire de Paris, Harvard-Smithsonian
Center for Astrophysics, National Radio Astronomy Ob-
servatory)

OMEGA 2000
Hermann-Josef Röser, M. Alter, H. Baumeister, P.
Bizenberger, A. Böhm, F. Briegel, R. Faßbender, B. Grimm,
Z. Kovacs, W. Laun, U. Mall, R.-R. Rohloff, C. Storz, K.
Zimmermann

PACS for HERSCHEL

Dietrich Lemke, S. Birkmann, R. Hofferbert, U. Grözinger,
U. Klaas, Schmitt, R. Vavrek unter Federführung des MPI
für extraterrestrische Physik, Garching. In collaboration with
DLR, Berlin, Universität Kaiserslautern

LUCIFER for the LBT
Rainer Lenzen, Tom Herbst, H. Baumeister, P Bizenberger,
B. Grimm, W. Laun,, R.-R. Rohloff, W. Xu. Coordination:
Landessternwarte Heidelberg

LINC-NIRVANA for the LBT
Tom Herbst, D. Andersen, H. Baumeister, P.Bizenberger, H.
Bönhardt, F. Briegel, W. Gässler, W. Laun, S. Ligori, C.
Leinert, L. Mohr, R. Ragazzoni, H.-W. Rix, R.-.R Rohloff,
R. Soci, R. A. Weiß, W. Xu

ISOPHOT Data Center
Dietrich Lemke, ISOPHOT-PI and the ISO-Group at the
MPIA: C. del Burgo Diaz, M. Haas, P. Heraudeau, S. Hotzel,
C. Kiss, U. Klaas, O. Krause, M. Stickel, R. Vavrek, K.
Wilke

MIRI and NIRSPEC for the NGST
Dietrich Lemke, U. Grözinger, Th. Henning, R. Hofferbert,
R.-R. Rohloff, K. Wagner
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Mönninghoff, Bochum
MSC Vertriebs-GmbH, Stutensee
MTI, Baden-Baden
Munz, Lohmar
Nanotec, Finsing
Neust Schaltungselektronik, Ehringshausen

- Katzenfurt
Newport, Darmstadt
Nickel Schalt- und Meßgeräte, Villingen-

Schwenningen
Nies Electronic, Frankfurt
Noor, Viernheim
Nova Electronik, Pulheim
Oberhausen, Ketsch
Otto Faber, Mannheim
Otto Ganter, Furtwangen
OWIS GmbH, Staufen
Parametric Technology, Muenchen
Parcom, CH-Flurlingen
pbe Electronic, Elmshorn
Pfeiffer, Mannheim
Physik Instrumente, Waldbronn
Phytec Meßtechnik, Mainz
Phytron, Gröbenzell
Plastipol, Runkel
Präzisionsoptik Gera, Gera
PSI Tronix, Tulare, California, USA
Püschel Electronik, Mannheim

R.E.D. Regional-Electronic-Distribution,
Rodgau-Jügesheim

Räder Gangl, München
Radiall, Rödermark
RALA, Ludwigshafen
Rau-Meßtechnik, Kelkheim
Reeg, Wiesloch
Reinhold Halbeck, Offenhausen
Reith, Mannheim
Retronic, Ronneburg
Riekert & Sprenger, Wertheim
Rittal-Werk, Herborn
Roland Häfele Leiterplattentechnik,

Schriesheim
Roth, Karlsruhe
RS Components, Mörfelden-Walldorf
RSP-GmbH, Mannheim
Rudolf, Heidelberg
Rufenach Vertriebs-GmbH, Heidelberg
Rütgers, Mannheim
Rutronik, Ispringen
Sartorius, Ratingen
Sasco, Putzbrunn
Scantec, Planegg
Schaffner Elektronik, Karlsruhe
Schuricht, Fellbach-Schmiden
Schweizer Elektroisolierungsstoffe,

Mannheim
SCT Servo Control Technology, Taunusstein
SE Spezial-Electronic, Bückeburg
Seifert mtm Systems, Ennepetal
Siemens IC-Center, Mannheim
Spaeter, Viernheim
Spindler & Hoyer, Göttingen
Spoerle Electronic, Dreieich
Stäubli, Bayreuth
Straschu Leiterplatten, Oldenburg
SUCO-Scheuffele, Bietigheim-Bissingen
Synatron, Hallbergmoos
Tandler, Brauen
THK, Düsseldorf
Thorlabs, Gruenberg
TMS Test- und Meßsysteme,

Herxheim/Hayna
Tower Electronic Components, Schriesheim
TreNew Electronic, Pforzheim
TS-Optoelectronic, München
TWK-Elektronik, Karlsruhe
Vacuumschmelze, Hanau
VBE Baustoff+Eisen, Heidelberg
Vero Electronics, Bremen
VISION Engineering, Emmering
W. & W. Schenk, Maulbronn
WIKA, Klingenberg
Wikotec, Bramsche
Wilhelm Gassert, Schriesheim
Witter GmbH, Heidelberg
WS CAD Electronik, Berk Kirchen
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Summer Term 2002
M. Haas: Far Infrared Astronomy (Lecture) 
H. P. Gail, Chr. Leinert, D. Lemke, R. Mundt: Introduction

into Astronomy and Astrophysics III (Seminar) 
K. Meisenheimer, H.-J. Röser: Why are there Elliptical and

Spiral Galaxies?  (Seminar)
A. Burkert, B. Fuchs, A. Just, H. W. Rix, R. Spurzem, R.

Wielen: Stellar Dynamics (Seminar)
The Astronomy Lecturers: Astronomical Colloquium

Winter Term 2002/2003
J. Krautter, D. Lemke, H. -J. Röser: : Introduction into

Astronomy and Astrophysics III (Seminar) 
A. Burkert, B. Fuchs, A. Just, H.-W. Rix, R. Spurzem, R.

Wielen: Structure and Kinematics of Stellar Systems
(Seminar) 

H. P. Gail, Th. Henning, D. Lattard, M. Trieloff, W. M.
Tscharnuter: Astromineralogy (Seminar)

J. G. Kirk, K. Meisenheimer, S. Wagner: Particle Acce-
leration and radiation Processes in Radio Galaxies
(Seminar)

M. Haas: Präsentations – How to improve my lectures, pa-
pers, posters and (observing) proposals (Seminar)

The Astronomy Lecturers: Astronomical Colloquium

Teaching Activities

E. K. Grebel: SDSS Spring Collaboration Meeting, MPIA,
March 21. –  23. 

H.-W. Rix: Workshop on Gravitational Lenses, Schloss
Ringberg, July 15. – 19.

E. K. Grebel: Workshop on Chemical Evolution of Dwarf
Galaxies – Present Statuts and Perspectives,  Schloss
Ringberg, Juy, 28. – August, 2. 

A. Burkert: Workshop on Centers of Galaxies, chloss
Ringberg, November, 10. – 15. 

S. Hippler: Workshop and General Meeting of the EU
Research and Training Network (RTN) – Adaptive Optics
for Extremely Large Telescopes,  Heidelberg, December.  

Organization of Conferences

Contributions to Conferences, Scientific and Public Lectures

C. Bailer-Jones: National Astronomy Meeting, Bristol (UK),
April.(invited lecture);  GAIA Photometry. Tartu, Estonia.
Juli. (lecture); »GAIA Spectroscopy – Science and
Technology«, Gressoney  St. Jean, Italy, September (invi-
ted lecture); Astronomische Gesellschaft, Berlin,
September (lecture); GAIA Classification Working Group
Meeting. Heidelberg, December

E. F. Bell: Spectroscopic and Imaging Surveys for
Cosmology Kick-off Meeting, University of Durham
(UK), October 

K. Birkle: Planetarium Mannheim. December (public lecture)
A. Burkert: University of Arizona, Tuscon, Kolloquium,

März; III. Euroconference on Galaxy Evolution, Kiel.
Juli; Univ ersity of California, Santa Cruz, August (collo-

quium); Conference on Galaxies and Chaos, Athen,
Griechenland, September (invited lecture); Carnegie
Centennial Symposium »Black Holes and Galaxies«,
October, (invited review); TU Darmstadt, Colloquium,
December

C. del Burgo: Conference »Exploiting the ISO Data Archive:
Infrared Astronomy in the Internet Age«, Sigüenza,
Spain, June: (lecture and poster)

E. K. Grebel: Colloquium, Ludwig-Maximilian-Universität
München, January, Kernphysikalisches Seminar,
Forschungszentrum, Karlsruhe, January; Colloquium
Universität Basel, January; Astronomisches Kolloquium,
Astronomische Institute der Universität Bonn, Februar;
Hubble Science Legacy Tagung, Chicago (USA), April.



(invited review); Jahrestagung der Gleichstellungs-
beauftragten der MPG, Mühlheim. April (lecture);
Physikalisches Kolloquium, Universität Tübingen,. April;
Hubble Science Legacy Tagung, Chicago (USA), April.
(invited review); Jahrestagung der Gleichstellungs-
beauftragten der MPG, Mühlheim. April (lecture); Physi-
kalisches Kolloquium, Universität Tübingen,. April;
200th American Astronomical Society Meeting,
Albuquerque (USA), Juni (lecture); Frontiers of Science,
Irvine (USA), Juni: E. K. Grebel (invited review); III.
Euroconference on Galaxy Evolution, Kiel. July (invited
review); Astrophysikalisches Seminar, Astronomische
Institute der Universität Bonn. October; Working Group
for Relativistic Reference Frames for GAIA. Liège
(Belgium). November: (lecture); GAIA Classification
Working Group Meeting. Heidelberg, December

R. Gredel: Science with the GTC, Granada (Spain).
February; LBT SAC Meeting, Bologna, May. (lecture);
Spanish Astronomical Society, Toledo, Spain. August
(lecture); SPIE Conference »Astronomical Telescopes
and Instrumentation«, Waikoloa (Hawaii) August  (lectu-
re); NEON Sommer School, Asiago, September (lectures);
OPTICON Board Meeting, Paris, September; Opticon
Working Groop med-sized tels, Cambridge, UK,
November

M. Haas: Conference  »Exploiting the ISO Data Archive:
Infrared Astronomy in the Internet Age«, Sigüenza,
Spanien, Juni (invited lecture); Forum Astronomie, Bonn,
December: (invited lecture)

D. Harbeck: SDSS Winter Workshop on Galaxy Spectra,
Tucson, Arizona, Januar; SDSS Spring Collaboration
Meeting, Heidelberg, March; Ringberg Workshop on the
Chemical Evolution of Dwarf Galaxies. Schloss
Ringberg, Tegernsee, July; CNO in the Universe. Con-
ference , St. Luc, Switzerland, September 

Th. Henning: University of Texas, Austin USA, März
(Colloquium); Electromagnetic Light Scattering,
Gainsville, Florida, USA, März (invited lecture); Max-
Planck-Institut für Kernphysik, Heidelberg, April
(Colloquium in Honour of E. Grün); Konference
»Interaction of Starts with their Environment II«, Buda-
pest, May: (invited lecture); Cornell University, Ithaka,
USA, May (Colloquium); Laboratory Astrophysics
Workshop, NASA Ames, USA, May (invited lecture);
»Chemistry as a Diagnostic of Star Formation«, Waterloo,
Canada, August (invited lecture)

S. Hippler SPIE Conference »Astronomical Telescopes and
Instrumentation«, Waikoloa (Hawaii), August: (Poster);
Mid-Term review des AO-ELT Research and Training
Network. Marseille, October (invited lecture)

P. Héraudeau: Konference »Exploiting the ISO Data Archive:
Infrared Astronomy in the Internet Age«, Sigüenza,
Spanien, June (Poster)

U. Klaas: Konference »Exploiting the ISO Data Archive:
Infrared Astronomy in the Internet Age«, Sigüenza,
Spain, June (lecture); Meeting of the Astronomische
Gesellschaft, Berlin, September: (Highlight Lecture);

Konkoly Observatory, Budapest, October: (lecture);
Rutherford Appleton Laboratory, Chilton, Dezember (lec-
ture)

O. Krause: IAOC Workshop on »Star formation across the
stellar mass spectrum«, La Serena, Chile, März: (lecture);
Konference »Interaction of Starts with their Environment
II«, Budapest, May: (Poster); Konference »Exploiting the
ISO Data Archive: Infrared Astronomy in the Internet
Age« , Sigüenza, Spanien, June (two Posters)

Ch. Leinert: SPIE Conference »Astronomical Telescopes
and Instrumentation«, Waikoloa (Hawaii), August; JEN-
AM, Porto (Portugal), September (invited lecture)

D. Lemke: Conference »Exploiting the ISO Data Archive:
Infrared Astronomy in the Internet Age«, Sigüenza,
Spanien, June; SPIE Conference »Astronomical Tele-
scopes and Instrumentation« Waikoloa (Hawaii), August.
(Poster)

H. Lee: Ringberg Workshop on the Chemical Evolution of
Dwarf Galaxies. Schloss Ringberg, Tegernsee, July: (in-
vited lecture); Astronomisches Institut, Ruhr-Universität
Bochum. July. (invited lecture); ESO, Garching, August
(invited lecture)

G. Mühlbauer Astronomische Schwerpunkte am MPIA –
Instrumentierung und Forschung, MPIA, April: (lecture,
Schiller International University Seminar)

L. Pentericci Galaxy Evolution: Theory and Observations.
Cozumel (Mexico). April. (Poster); VII. Congresso
Nazionale di Cosmologia. Rom (Italien). November (lec-
ture); Radio Galaxies: Past, Present and Future. Leiden
(Netherlands), November

M. Odenkirchen: SDSS Spring Collaboration Meeting,
Heidelberg, März (lecture); 200th American Astrono-
mical Society Meeting, Albuquerque (USA), June (Poster
and Press conference); Conferenzce »New Horizons in
Globular Cluster Astronomy«, Padua, June (Poster);
Herbsttagung der Astronomischen Gesellschaft, Berlin,
September: (Poster)

A. M. Quetz: Formation of Stars and Planets, MPIA, April
(Conference, Schiller International University Seminar);
Formation of Planetary Systems, Fachhochschule
Zweibrücken, October (public lecture)

H.-W. Rix: The Very Large Telescope, Steward Observatory,
Tuscon, USA, January:  (public lecture); »Rotation
Curves of SDSS Galaxies«, SDSS-Workshop, MPIA,
Heidelberg, March; Das Bild des Kosmos, Universität
Leipzig, April (Ringvorlesung); Physikalisches
Kolloquium der Universität Jena, Mai (invited lecture);
Galaxy Surveys, IAP, Paris, Junev(lecture); University of
Leiden, Niederlande, Juli (invited lecture); (SPIE
Conference, Science with the VLT, Waikoloa, Hawaii,
August (Vortrag); »Die Entstehung von Galaxien und die
Struktur des Universums«, 122. Versammlung der
GDNÄ, Halle, September (invited lecture); Tidal Tales
from the Sloan Digital Sky Survey, MPAE Kolloquium,
Oktober (invited lecture); From WFI to HST: Galaxy
Evolution with 2m Telescope, ESO Kolloquium,
Garching, November (invited lecture)

Contributions to Conferences, Scientific and Public Lectures 93



94 Service in Committees

H.-J. Röser NEON Sommerschool. Asiago, September: (lec-
tures)

J. Staude: The Formation of Stars and Planets – School
Lectures in Dresden (April), Halle and Dessau (June) 

M. Stickel: Ringberg Workshop on the Virgo Cluster,
Ringberg, April (lecture); Conference »Exploiting the ISO

Data Archive: Infrared Astronomy in the Internet Age«,
Sigüenza, Spain, Junie (invited lecture and Poster); SPIE
Conference »Astronomical Telescopes and Instrumen-
tation«, Waikoloa (Hawaii), August: (lecture); »The
IGM/Galaxy Connection – The Distribution of Baryons at
z = 0«, Boulder, Colorado, August (lecture) 

A. Stolte: Euro Winterschool on »Observing with the VLTI«,
Les Houches,  France, February: (Poster); IAOC Work-
shop on Star formation across the stellar mass spectrum«,
La Serena, Chile, März (lecture)

L. V. T'oth: Conferenz »Interaction of Starts with their
Einvironment II«, Budapest, Mai: (Vortrag); Workshop
»Super Shells and their Relationship with Massive Star
Formation«, Nagoya, Japan, Juni (invited lecture)

K. Wilke: Konference »Exploiting the ISO Data Archive:
Infrared Astronomy in the Internet Age«, Sigüenza,
Spain, June: (lecture)

Service in Committees

C. Bailer-Jones: Member of the ESA Advisory Board for the
development of the GAIA Satellite, menber of the GAIA

Science Team, Chairman of the GAIA Working Groop
»Classification«

A. Burkert: Chairman of the Mitarbeitervertreter der CPTS,
Coordinator of the international Network »Planets« (fo-
unded november 1, 2002), Co-author of the Denkschrift
Astronomie.

E. K. Grebel: member of the Student Selection committee at
MPIA (until Oct. 2002), member of the PhD Advisory
Council (PAC) at MPIA, member of the WBK at MPIA,
Gleichstellungsbeauftragte at MPIA (until Juli 2002),
Vice president of the Scientific Ernst Patzer Foundation,
representative of the MPIA in the Collaboration Council
of the Sloan Digital Sky Survey.

R. Gredel: member of the Calar Alto Program Committee,
member of the OPTICON Working Groop »Future of me-
dium-sized Telescopes« 

Th. Henning: member of the DLR expert committee
»Extraterrestrische Grundlagenforschung«, member of
the Organizing Committee of the IAU Commission
»Interstellar Matter«, member of the IAU working groop
»Star Formation«, member of the ESO VLT Instrument
Science Team for VISIR, member of the SOFIA Science
Steering Committee, german representative in the
Scientific Technical Committee of ESO, member of the
ESO VLTI Steering Committee, DFG expert for
Astronomy/Astrophysics, member of the Astronomy
Working Group of ESA, member of the European ALMA

Board, member of the Deutschen Akademie der
Naturforscher Leopoldina, membero of the Scientific
Oversight Committee of the Kiepenheuer Institut für
Sonnenphysik, Freiburg.

U. Klaas: Co-Investigator of the ISOPHOT Consortium,
Member of the ISO Active Archive Phase Coordination
Committee, Co-Investigator of the HERSCHEL-PACS
Consortium, member of the der HERSCHEL Calibration
Steering Group

Chr. Leinert: Member of the ESO Working groop »Science
Demonstration Time« for the VLTI, member of the
»Working Group on Optical/IR Interferometry« in the
Division IX of the IAU.

D. Lemke: Principal Investigator of the ISOPHOT

Consortium, Co-Investigator in the HERSCHEL-PACS

Consortium, Co-Investigator at NGST-MIRI, member of
the expert committee Verbundforschung Astronomie,
MPIA coordinator in the POE Network 

M. Odenkirchen: member of the Calar Alto Program
Committee 

H.-W. Rix: member of the Scientific Oversight Committee at
the Astrophysikalisches Institut Potsdam (AIP), member
of the ESA Astronomy Working Group (AWG), member
of the Board of the Large Binocular Telescope
Corporation (LBTC), Chairman of the Board of the Large
Binocular Telescope Beteiligungsgesellschaft  (LBTB),
member of the Board of OPTICON, member of the VLTI
Steering Committee

H.-J. Röser: Secretary of the Calar Alto Program Committee,
alo in charge of the allocation of MPG share of observing
time at the 2.2 m Telescope on La Silla (together with R.
Lenzen)

J. Staude: Member of the Jury for the national contest
»Jugend forscht«
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