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The Calar Alto Observatory

In 1967, the Senate of the Max Planck Society
decided to establish the Max Planck Institute for
Astronomy in Heidelberg with the intention to enable
astronomical research in Germany to catch up with
international standards. Two years later, the Institute
commenced its work in temporary accommodation on
the Königstuhl, and in 1975 it moved into its new
buildings (Fig. I.1). The MPIA was assigned with the
construction and operation of two competitive obser-
vatories, one in the northern and one in the southern
hemisphere. For the northern site, the Calar Alto
Mountain (height: 2168 meters), in the province of
Almería southern Spain, was chosen, offering good
climatic and meteorological conditions for astronomi-
cal observations. In 1972, the German-Spanish
Astronomical Center (DSAZ) was established, gene-
rally known as the Calar Alto Observatory. 

Between 1975 and 1984 the 1.2m reflector finan-
ced by the German Research Society (DFG) as well
as the 2.2m and the 3.5m telescopes started operation
on Calar Alto (Fig. I.2). The 80cm Schmidt reflector
was transferred from the Hamburg Observatory. The
site also hosts a Spanish 1.5m telescope which is ope-
rated by the Observatorio Nacional de Madrid and
does not belong to DSAZ. The original plans to build
a southern observatory on the Gamsberg in Namibia
could not be realized for political reasons. The 2.2 m
telescope intended for this location has instead been
loaned to the European Southern Observatory (ESO)
for a period of 25 years. Since 1984, it has been in
operation on La Silla in Chile where 25% of its obser-
ving time is granted to astronomers within the Max
Planck Society.

Operating the Calar Alto Observatory is currently
one of the major tasks of the MPIA. This includes the
constant optimization of the telescopes’ efficiency.
With the Calar Alto Observatory, the MPIA com-
mands one of the two most significant observatories
in Europe. Participation in international observatories
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Fig. I.1: The Max Planck Institute for Astronomy in Heidelberg



and scientific space projects is also of central impor-
tance. Building new instruments for ground-based or
space telescopes is a major part of  MPIA’s activities
(Chapter III). For this purpose, the Institute is equip-
ped with ultra-modern precision mechanics and elec-
tronics workshops. Data obtained with these instru-
ments are analyzed in Heidelberg. Research is con-
centrated on the “classical” optical and the infrared
spectral range.

International Cooperation 
in Ground-based Astronomy

Under the coordinating leadership of the MPIA,
the high-resolution infrared camera CONICA is pre-
sently being built for the ESO Very Large Telescope
(VLT) on Cerro Paranal in Chile which will be the
world’s largest observatory. Work on the construction

of MIDI, an interferometry instrument for the VLT
(Fig. I.3), is also in progress. From 2002, this promi-
sing instrument will make it possible for the first time
to couple interferometrically two large telescopes for
infrared observations.

Moreover, the MPIA has a significant partecipation
in the Large Binocular Telescope (LBT, Fig. I.4).
The LBT is a kind of double telescope, with two mir-
rors of 8.4 m diameter each fixed on a common
mount. Together, the two mirrors have a light-gathe-
ring power equivalent to a single 11.8 m mirror. This
will make the LBT the world’s most powerful single
telescope after its commissioning, currently planned
for 2004. The double telescope will particularly be
used for interferometric observations. In this case, its
spatial resolution will correspond to that of a single
mirror 22.8 m across. The LBT is being built by an
American-Italian-German consortium on Mount
Graham in Arizona, USA.

Within the “LBT Participation Group” (LBTB) the
MPIA together with the MPI for Extraterrestrial
Physics in Garching, the MPI for Radio Astronomy in
Bonn, the Potsdam Astrophysical Institute and the
Heidelberg State Observatory will have a 25% share
in the costs and use of the LBT. As executive institute
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Fig. I.2: The domes of the telescopes on Calar Alto. From left
to right: the Spanish 1.5 m telescope, the Schmidt telescope,
the 1.23 m telescope, the 2.2 m telescope and the 3.5 m tele-
scope.



of the LBTB, the MPIA has contributed considerably
to the final definition of the instruments. In the year
under report, the Institute has additionally taken over
the presidency of the Scientific Advisory Board of the
LBT. 

Under the leadership of the Heidelberg State
Observatory, the German partners are building the
LUCIFER near-infrared spectrograph for the LBT. For
this instrument, MPIA will deliver the entire detector
package and develop the cooling concept. Integration
and tests of the instrument will be performed at the
Institute’s laboratories.

At the same time, planning for the LBT interfero-
meter, which will be equipped with adaptive optics, is
in full swing. The optics of the Beam Combiner

(LINC) are beind designed at the MPIA. This device
will allow interferometry in the wavelength range bet-
ween 0.6 µm and 2.2 µm, requiring an optical design
of the highest standards. Conception has started in the
year under report. In addition, an informal consortium
was formed with colleagues from the University of
Cologne and the Osservatorio Astrofisica di Arcetri
(Florence).

The MAX (Mid-Infrared Array eXpandable) infra-
red camera built at MPIA has been operating for
several years at one of the largest telescopes in the
northern hemisphere, the British 3.9 m telescope
United Kingdom Infrared Telescope (UKIRT) on the
island of Hawaii. Astronomers at MPIA have a fixed
fraction of observing time at this telescope. UKIRT

permits excellent observations in the infrared range.
The MPIA is also participating in the Sloan Digital

Sky Survey (SDSS). This is the most extensive digi-
tal sky survey currently in progress, imaging about a
quarter of the entire sky in five wavelength ranges
with a mosaic CCD camera. The final catalogue will
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Fig. I.3: From 2002, it will be possible to couple interferometri-
cally two of the four large telescopes of the VLT. The Institute is
participating in this project with the construction of the MIDI
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provide positions and colors of an estimated one hun-
dred million celestial bodies as well as the redshifts of
about one million galaxies and quasars. The observa-
tions are performed using a 2.5m telescope which was
specially built for this purpose, located at Apache

Point Observatory in New Mexico. The project is
conducted by an international consortium of
American, Japanese and German institutes. The Ger-
man research institutes involved are MPIA at
Heidelberg and MPI for Astrophysics in Garching. In
exchange for material and financial contributions
from the MPIA, a team of scientists at the Institute
gets full access to the data as soon as they are obtai-
ned. After a testing phase of a little more than a year,
the survey officially started in April 2000.
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Fig. I.4: The Large Binocular Telescope on Mount Graham will
be among the world’s most powerful telescopes in a few years’
time.



Satellite Astronomy

Since it was established, the MPIA has been enga-
ged in extraterrestrial research. Associated with these
activities was an early start in infrared astronomy
which 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 pro-
bes HELIOS 1 and 2. At about the same time, the
THISBE infrared telescope (Telescope of Heidelberg
for Infrared Studies by Balloon-borne Experiments)
was developed. It was carried by a high-altitude rese-
arch balloon up to a height of 40 km where mid/far
infrared observations are possible.

Today, the MPIA is participating significantly in
the ISO project 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. For over two years, ISO provided excel-
lent data. It was switched off on 8th April 1998, after
its coolant supply had been exhausted. In the meanti-
me, numerous papers concerning all areas of astro-
nomy have been published, demonstrating the capabi-
lity of this space telescope.

In summer 1998, the post-operative phase began
which is due to last three years. During this phase, the
data are carefully calibrated and archived. Here, a

clearly arranged archive classified by objective crite-
ria is of particular importance. To accomplish this
task, ESA set up a central archive at its ground station
at Villafranca, Spain, in 1998, while the institutes
which had provided the instruments or were participa-
ting in another way in ISO built up data centers of
their own.

Under an agreement with ESA the ISOPHOT Data
Center at MPIA is one of the nodes in this internatio-
nal network of eight ISO data centers (see Annual
Report 1998, p. 6). In cooperation with the ISO

Science Operations Center, Madrid, the standard
“PHT Interactive Analysis” software (PIA) has been
developed at MPIA to analyze the raw data supplied
by the satellite. Apart from pure archiving and recali-
bration, the Heidelberg Data Center acts as a service
facility for astronomers. In the year under report, assi-
stance was provided for about 30 visitors. 

On the scientific side, there was a series of very
successful studies, including the observation of the
background radiation of young galaxies and the con-
firmation of the unified scheme for quasars and radio
galaxies (both in Chapter IV.2) as well as the exten-
sive study of ultra-luminous infrared galaxies (Chap-
ter II).

The experience gained with ISOPHOT was decisive
for the MPIA’s significant participation in the construc-
tion of the Pacs infrared camera. This instrument will
operate on board the European HERSCHEL infrared
observatory (formerly the Far Infrared and Sub-
millimeter Telescope, FIRST, Chapter III). The launch of
this 3.5 m space telescope is planned for 2007.
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Fig. I.5: The 2.5 m telescope of the Sloan Digital Sky Survey
(image: SDSS)



The Institute is participating in a satellite experiment
proposed to NASA by Johns Hopkins University, Bal-
timore. 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 µm. PRIME would be a predecessor of NGST
(New Generation Space Telescope), the  planned succes-
sor to the HUBBLE Space Telescope. It would comprise a
75 cm telescope moving around Earth in a polar orbit at
650 km altitude. The telescope’s focal plane is split by
three mirrors into four wavelength channels equipped with
newly developed infrared arrays.

In a series of individual 150 sec exposures, PRIME

could scan a quarter of the entire sky within three
years with an unprecedented accuracy, providing new
findings in virtually every field of modern astronomy.
For example, the telescope could detect at least 1000
supernovae of type Ia in the redshift range 1 < z < 5
and measure their light curves, as well as finding hun-
dreds of brown dwarfs at distances up to 1000 pars-
ecs, extrasolar planets the size of Jupiter at distances
up to 50 parsecs, quasars with redshifts up to z = 25
and protogalaxies up to z = 20.

A phase A industry study of the telescope was pre-
pared in 2000. MPIA is to provide the telescope.

Teaching and Public Relations Work

The Institute’s tasks also include teaching and
informing the general public about results of astrono-
mical research. Members of the Institute give lectures
and seminars at Heidelberg University as well as at
schools, adult educations centers and planetaria. They
also appear at press conferences or on radio and tele-
visions programs, in particular on the occasion of
astronomical events which attract major public atten-
tion. Numerous groups of visitors come to the MPIA
on the Königstuhl and to the Calar Alto Observatory.
Since 1976, a regular one-week teacher training cour-
se is held in autumn at MPIA which is very popular
among teachers of physics and mathematics in
Baden-Württemberg. Finally, the monthly journal
Sterne und Weltraum (Stars and Space), co-founded
by Hans Elsässer in 1962, 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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The central issue of all cosmological and astronomi-
cal research deals with the formation and evolution of
the universe as a whole as well as of stars and gala-
xies, the Sun and its planets. The MPIA’s research
program is oriented to these questions.

In the field of galactic research, the Institute con-
centrates on star formation in huge interstellar clouds
of gas and dust. In the field of extragalactic astro-
nomy, the focus is on large-scale structure of the uni-
verse, the search for primordial galaxies and the inve-
stigation of active galaxies and quasars (remote stellar
systems with enormous luminosities). The observatio-
nal research is supported by a group of theoreticians
who use computer simulations to reconstruct proces-
ses in the universe extending over tens of thousands
or millions of years. Thus, a fertile synthesis of obser-
vation and theory is achieved at MPIA.

Galactic Research

A central field of galactic research at MPIA is star
formation. The first stages of this process take place
in the interiors of dust clouds, and hence remain hid-
den from our view in visible light. Infrared radiation,
however, can penetrate the dust, which is why the
early stages of star formation are being studied prefe-
rentially in this wavelength range.

Using ISOPHOT, it was possible to detect very cold
and dense regions within large dust clouds for the
first time. These are protostellar cores, which are on
the verge of collapse or already contracting (Chapter
IV.1). Attracting much attention was the observation
of planetary objects which are not in orbit around a
star (Chapter II). As these objects are still very young
and hot, they are detectable in the infrared range.
Because of their low mass at least some of them
would be classified as planets. “Free floating” pla-
nets, however, had never been observed before. The
question how these objects formed is still unsettled to
a large extent, starting a debate on the very definition
of a planet. Mass is only one of several conceivable
criteria.

The Institute’s theory group has also dealt with dif-
ferent aspects of star formation in the year under
report. Some scientists investigated the influence of
turbulence within dense clouds of gas and dust on star
formation. One result is that although turbulent super-
sonic gas flows can prevent the collapse of a large
cloud as a whole, they do not hinder local regions
from condensing and contracting further until stars
are forming inside (Chapter IV.1). 

The further course of stellar evolution is also of
interest. Towards the end of the collapse phase, a disk
of gas and dust is forming around the star due to the
cloud’s rotation. In this process the star accumulates
matter from the disk, thereby increasing its angular
momentum: the stars rotates ever faster. Eventually,
the angular momentum and thus the centrifugal force
would  become too large for the protostar to continue
contraction. Therefore, young stars have to be slowed
down, that is, they must get rid of angular momen-
tum. This is achieved in different ways in different
evolutionary stages. Measuring the rotation velocities
of young stars, astronomers from the USA and MPIA
came across a relation between stellar rotation and the
development of a surrounding disk, reinforcing the
significance of a disk for the evolution of angular
momentum in young stars. These observations were
made possible mainly by the Wide Field Camera built
at the Institute.

Extragalactic Research

Extragalactic research is dealing with galaxies and
clusters of galaxies. In this field, one of the major
tasks is to reconstruct galactic evolution. What was
the star formation rate in the early universe? Did gala-
xies merge, thereby reducing their total number in the
course of billions of years? These are only two of the
crucial questions. 

Like in the years before, the ISOPHOT instrument
built under the leadership of MPIA provided valuable
results in extragalactic astronomy in the year under
report, too. It is known from nearby galaxies that
intense star formation causes large masses of dust to
be heated which then radiate in the mid- and far-infra-
red range. As spectra of galaxies in the early universe
are redshifted, these objects should be observable
mainly in the far-infrared and the adjacent millimeter
range. With the ISO satellite observatory it was possi-
ble to observe this extragalactic background radiation
in greater detail for the first time. Several extended
projects were devoted to this subject which are now
yielding first results. The data clearly show that the
young galaxies have experienced violent evolutionary
stages with burstlike star formation (Chapter IV.2).

A current central research topic of global interest is
the nature of supermassive black holes in the centers
of galaxies. Formation of massive black holes seems
to be an integral part of the evolution of galaxies.
Apparently this is true not only for galaxies with
active galactic nuclei but also for normal galaxies like
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our Milky Way galaxy. Astronomers at MPIA
together with colleagues in the USA were able to
detect black holes of some tens to hundreds of milli-
ons solar masses in five weakly active spiral galaxies
(Chapter II.3). The new measurements show even
more clearly than before that the mass of the black
hole is related to the larger properties of its several
million times bigger host galaxy. This correlation is
probably a result of galactic evolution. The reason for
it, however, is not clear yet.

Massive black holes are the source of core activity
in numerous galaxies. Meanwhile, about a dozen dif-
ferent types of active galaxies can be distinguished
due to their observational characteristics. Since the

late 1980’s, however, more and more astrophysicists
are convinced that these different types are in prin-
ciple all constructed uniformly but that – as they are
not spherically symmetric – their appearance varies
with the angle at which they are seen. A crucial role
in this picture is attached to a thick dusty torus surro-
unding the central black hole of the galaxies and
obscuring it if viewed edge-on. Astronomers at MPIA
together with colleagues from the University of
Bochum were able to detect such tori in the infrared
spectral range for the first time, confirming the highly
debated unification of radio-loud quasars and radio
galaxies. This study is based on highly sensitive ISO-

PHOT data. 
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At the end of 1995, Swiss astronomers for the first
time detected a planet orbiting another star than the
Sun. Further detections followed, and by now more
than 60 so-called extrasolar planets are known. All
of them have been found only indirectly due to the
gravitational effects they exert on their central star. It
is not yet possible to observe them directly because
they are so close to their central star to be complete-
ly outshined by it. Recently, astronomers from Spain,
the USA and the MPIA surprisingly found objects in a
star formation region in Orion with masses on the
order of 10 Jupiter masses. As these bodies do not
orbit around a star they are called “isolated” or “free
floating planets”. Moreover, several brown dwarfs
were found in the same area. On the basis of these
observations the frequency of these faint objects can
be determined. At the same time it is interesting to
ask how they are related with planets bound to stars.

Already in 1998, astronomers at the MPIA had used
the 3.5 m telescope at the Calar Alto observatory to
take near-infrared images of a small star cluster aro-
und the star Sigma Orionis, which is at a distance of
1150 light years. The field covers 847 square arcmi-
nutes, a little more than the full moon. Soon after-
wards, Spanish colleagues at the Astrophysical
Institute of the Canary Islands on Tenerife obtained
pictures of the same field in the optical spectral range
(Fig. II.1). Comparing these pictures, several objects
attracted attention because of their unusual red color.
To clarify their nature, further observations were
made, using among others the 2.2 m telescope at
Calar Alto, the UKIRT and one of the two Keck tele-
scopes on Hawaii.

Photometric images of 64 objects were taken
through a series of filters, while spectra of 14 objects
could be obtained – not an easy undertaking at magni-
tude levels of 16.5 to 22.8 mag in the near-infrared (at
a wavelength of about 0.9 µm).

The spectra showed clear evidence of atmospheres
containing exotic molecules, such as titanium- and
vanadiumoxide, but also water vapor. Thereby and
because of their low ages of 1 – 5 million years these
cluster members could be identified as brown dwarfs
of spectral types between M6 and L4. Their tempera-
tures range from 1700 to 2200 Kelvin.

Frequency of brown dwarfs 
and “free floating planets”

Brown dwarfs are objects ranking between stars
and planets. If the mass of a celestial body is below
~ 0.07 solar masses (corresponding to 75 Jupiter mas-
ses), temperature and pressure in its central region do
not get high enough to start nuclear hydrogen fusion.
Only the fusion of deuterium and tritium can be igni-
ted for a short period of time, but is turned off again
soon after. Then the body cools down. Such an object
is called a brown dwarf. If its mass is smaller than
about 13 Jupiter masses, even the deuterium-tritium
burning is no longer possible. Today,  such a celestial
body is called a planet by many astrophysicists, whe-
reas according to the classical notion, only bodies
which formed in a disk around a star are regarded as
planets. Defining a planet only by its mass and not by
its formation process is easier for the moment, as the
formation process for objects of planetary masses,
like those detected recently, is not known at all.

To identify the objects within the Sigma Orionis
cluster, astronomers had to determine their masses. In
this case, this was only feasible with the help of a
model, which describes how quickly brown dwarfs
and planets cool down after their formation. Given
that all objects of the cluster have formed at about the
same time, the smallest bodies should be the coolest.
Such a model also relates the color of a celestial body
to its mass: The smaller the body, the cooler and the-
reby the redder it is.

As is known from other studies, the star cluster in
Orion is between one and five million years old.  So
three models, each assuming a different age, were cal-
culated and the results compared with the observed
data. The best fitting one was for an age of five milli-
on years (Fig. II.2). In this model the objects lined up
along a mass sequence that ranges from extremely
faint stars of at most 200 Jupiter masses through the
range of brown dwarfs down to planets. The smallest
ones only have about 5 Jupiter masses. 

A central quantity of stellar astronomy is the mass
function, which gives the number of stars per mass
interval. Generally, this fraction increases inversely
with mass so that there are many more smaller stars
than bigger ones. Now, an important question is: Does
this behaviour, which applies for a wide range of stellar
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masses, extend down to the lowest-mass objects? An
answer to this question is very difficult, because star
counts get incomplete when reaching the range of the
lowest-mass and therefore faintest stars. 

Last year, astronomers at the MPIA had discovered
in the course of the CADIS project that this inverse
proportion holds down to about 0.2 solar masses (see
Annual Report 1999, p. 60). According to the recent
observations of the Sigma Orionis cluster the relation
seems to extend even into the range of brown dwarfs.
The distribution reaches a maximum at an absolute

near-infrared magnitude of 9 mag (corresponding to
brown dwarfs of 0.05 to 0.08 solar masses). Then it
decreases and remains constant over a wide range
(Fig. II.3).

Using a stellar evolution model, the mass function can
be calculated from the luminosity function, yielding the
number of objects per mass interval at the time of their
formation. As the exact age of the cluster is not known,
this conversion is somewhat uncertain. Nevertheless,
even under the assumption of different ages, the results
suggest that the number of objects in the brown dwarf
range increases further with decreasing mass. (Fig. II.4)

Extrapolation of the mass function confirmed for
stars into the range of planets leads to the surprising
result, that there are as many free floating planets of
masses between 1 and 12 Jupiter masses as brown

14 II.1 Free Floating Planetary Objects

Fig. II.1: Near the Horsehead Nebula in Orion, astronomers
detected for the first time “free” brown dwarfs und planets.
(Photo: AAO, Zapatero Osorio)



dwarfs. However, because of their low masses their
overall contribution to the total stellar mass would
amount only to about ten percent. Consequently, there
should be 100 to 200 brown dwarfs and as many free
floating planets within a radius of about 30 light years
around the Sun.

As these objects are just at the detection limit of
current large telescopes, the possibility to find them

depends decisively on their age: The older they are,
the cooler and fainter they become. Planets of 1 to
12 Jupiter masses with the same age as the Sun would
have temperatures between 100 and 300 K and abso-
lute near-infrared magnitudes at 1.2 µm of 20 to
25 mag. They could not be detected even in a few
light years distance.

Why do “free floating planets” exist?

A good deal of the new observations comes as a
surprise – the number of the detected low-mass
bodies and, above all, the fact that there are isolated
objects with planetary masses. Their isolation, howe-
ver, is just the reason why these tiny dots are observa-
ble at all – planets orbiting a star are outshined by the
star’s millionfold brightness. Moreover, at five milli-
on years the isolated planets are still very young and
therefore hot enough to emit especially strong infra-
red radiation. But why do free planets exist in the first
place?

According to our fundamentally confirmed notion,
planets form within disks of gas and dust surrounding
their young central parent stars. Although current
models suggest that it is rather unlikely for a low-
mass isolated planet to form from a collapsing inter-
stellar cloud of at least one solar mass (corresponding
to 1000 Jupiter masses), it is not completely exclu-
ded. It also seems possible, that the detected “planets”
are impeded stars or brown dwarfs – bodies,  whose
growth was suddenly brought to an end by an un-
known process. This could have been caused by a
strong particle wind from the nearby bright star
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Sigma Orionis or a supernova explosion in close pro-
ximity, destroying the neighboring circumstellar disks
from which newly forming stars were accumulating
matter during their growing stage.

Another possible formation process for isolated
planetary objects has been indicated by computer
simulations, performed also by the theory group at
MPIA (see Annual Report 1997, p. 58). If newly for-
ming planetary systems move around in space and get
sufficiently near to one another, they can snatch pro-
toplanets from each other by gravitational interaction
and expel them into interstellar space. Eventually, this
could lead to chaotic planetary orbits within a young
system, so that some members are catapulted out of
the system by the gravitation of the others. So the

newly discovered loners might be planets that were
torn off from their “home star”.

But there are some problems with this explanation.
Free objects originating this way should have high
velocities and rapidly leave the cluster in which they
formed. Therefore the process just described should
produce sporadical free bodies and not the large num-
bers that were found in the Sigma Orionis cluster.

This exciting discovery sheds new light on the
formation of stars and planets, indicating processes
not previously considered by astrophysicists. It also
shows that the definition of celestial bodies like
planets, brown dwarfs and stars has to be reconside-
red. 



Ultra-luminous infrared galaxies (ULIRGs for short)
emit a large fraction of their luminosity in the far
infrared spectral region due to warm dust. ULIRGs
are colliding galaxy pairs, sometimes in an advanced
state of merging. Possible sources of their ultra-high
dust luminosities are large numbers of newly forming
stars within both galaxies as well as quasars embed-
ded within their centers. In the course of merging,
the initially cold dust of the parent galaxies may be
heated by different processes. To recognize such pro-
cesses the dust emission has to be investigated over
the complete infrared and sub-millimeter range. In
the year under report, astronomers at MPIA together
with colleagues from the University of Bochum have
conducted the most extensive photometric study of
ULIRGs so far. They succeeded in identifying three dif-
ferent stages of dust heating and their relations to
central black holes, star formation, as well as cold
cirrus-like dust.

Among the spectacular discoveries of the IRAS infra-
red satellite in the mid 1980’s  was the hitherto
unknown class of ultra-luminous infrared galaxies.
Unlike normal galaxies ULIRGs emit more than 90%
of their energy in the far-infrared range between
wavelengths of 60 µm and 100 µm in the form of dust
emission. At the same time, these huge amounts of
dust block any optical view of processes within.
Sensitive, high-resolution images taken with the
Hubble Space Telescope in the near-infrared revealed
ULIRGs to be interacting galaxies, sometimes even in
an advanced state of merging (Fig. II.5).

Such extremely close interacting systems show an
increased rate of star formation. Here, a major contri-
bution to a better understanding came from theoreti-
cal studies: As strong tidal forces overcome the angu-
lar momentum barrier, which normally keeps inter-
stellar gas clouds on regular orbits around the center
of mass, large amounts of gas plunge into the newly
forming gravitational centers. Clouds colliding there
condense into large numbers of dense cores, which
develop into massive luminous stars. Galaxies dis-
playing such a sudden burst-like increase of star for-
mation are called starburst galaxies.

Moreover, the in-falling gas can “fuel” the accreti-
on disk of an already existing central black hole. In
fact, about 30 % of all ULIRGs show spectral lines
indicating an active galactic nucleus similar to that in
Seyfert galaxies and quasars. According to further
theoretical considerations, the burnt-out super star
clusters themselves could collapse into a new black

hole, turning a starburst galaxy into an active galactic
nucleus.

Dust is mixed with the interstellar gas at a ratio of
approximately 1 : 100 by mass. The dust very effec-
tively absorbs the short-wavelength radiation of hot
stars and active galactic nuclei and re-radiates the
absorbed energy at longer wavelengths in the infrared
range. In interacting galaxies, the gas is, like the dust,
concentrated in dense regions, thus obscuring the core
at shorter wavelengths. To explore these hidden pro-
cesses, it is practical to study the dust emission itself,
which can only be done in the infrared.

Besides the controversial question of the domina-
ting energy source of ULIRGs – starburst or quasar – it
is interesting to know if ULIRGs in general, or at least
in an early evolutionary state would harbor cold dust
similar to the infrared cirrus in our own Milky Way.
Studies across the entire infrared range from
1 to 1000 µm should provide important clues about the
interactions of the different dust components and their
heating sources. While in the near- and mid-infrared
range new evidence for the presence of quasars is
expected, the far-infrared and sub-millimeter emission
should be dominated by starbursts and cool dust. 

From 1996 to 1998, 41 of the nearest and brightest
ULIRGs were observed photometrically at wavelengt-
hs between 10 and 200 µm using ISOPHOT. (As the
objects are too distant and too compact to be imaged
in detail at these wavelengths, their integrated flux is
determined photometrically and the spectral energy
distribution is analyzed over a large wavelength
range.) In addition, about half of the sources were
observed with the James-Clerk-Maxwell Telescope on
Hawaii at 450 µm and 850 µm using the SCUBA

instrument and with the ESO/SEST sub-millimeter
telescope on La Silla at 1300 µm. Moreover, astrono-
mers at the Institute were able to study the spectacular
Antennae galaxy pair, a system which is probably just
developing into an ULIRG. Finally, using the MAGIC

camera at the 2.2 m telescope on Calar Alto, MPIA
astronomers obtained also near-infrared images at 1.2
µm and 2.2 µm. These, too, show irregular structures
and extended tails as a consequence of galaxy collisi-
ons (Fig. II.6). With these data, statistically-usable,
consistent, infrared and sub-millimeter photometry of
22 ULIRGs is available for the first time.

Three stages: Hot, warm and cold dust

The spectral energy distributions (Fig. II.7) show
four significant characteristics:
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04232+1436, K 21504-0628, K

Fig. II.15: ULIRGs, imaged with the HUBBLE Space Telescope. (Photo: ESA/NASA).
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Fig. II.7: Spectral energy distributions of some ULIRGs. Left
column: ULIRGs with steadily increasing intensity in the near- and
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by IRAS 17208-0014 with a mean value of b (b < 2), spectra can
also be fitted instead with several Planck curves with b = 2.

Fig. II.6: Two of the newly studied ULIRGs, imaged at 2.2 µm
with the MAGIC camera at the 2.2 m telescope on Calar Alto.
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1. The maximum of the measured intensity always
lies in the far infrared between 60 µm and 100 µm,
corresponding to a dust temperature of about 50
Kelvin. This is characteristic for all ULIRGs. 

2. In the near and mid-infrared the spectra show two
different basic shapes: The first is characterized by a
steep but steady increase of the intensity with wave-
length. The radiation originates from hot dust of tempe-
ratures between 100 K and 1000 K. The second shape
exhibits a flat plateau between 1 µm and 10 µm follo-
wed by an abrupt increase between 10 µm and
40 µm. Maybe the radiation of the hot dust has experi-
enced stronger extinction so that normal “blue” light
coming from outer regions with smaller extinction is
outshining the “reddened” fraction. While the first
shape is only observed in ULIRGs with an active galac-
tic nucleus, all ULIRGs which only exhibit evidence of
starbursts are among the second type (Fig. II.8). But
there are also mixed shapes and overlaps. These two
spectral shapes offer a nice criterion – also applicable
to faint sources – to track down quasars in ULIRGs
using photometry in the near and mid-infrared.

3. At wavelengths longward of the intensity maxi-
mum, that is, in the extreme far-infrared and sub-millime-
ter range, ULIRGs dominated by active galactic nuclei
cannot be distinguished from those dominated by star-
bursts (Fig. II.9). This suggests that the 50 Kelvin warm
dust (and possibly other cooler components) is heated
mainly by starbursts and not by the central black hole.
The mass of warm and cooler dust is a hundred to a thou-
sand times larger than that of hot dust.

4. Independent of the type of galaxy (AGN or
Starburst), the intensity decrease with increasing
wavelength in the extreme far-infrared and sub-milli-
meter range in some cases is flat, in others steep. 

Such differences have been found in other galaxy
types, too. Their interpretation is presently the subject
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of intensive investigation. The spectral energy distri-
bution of the dust can be modeled by so-called modi-
fied Planck spectra, with the modification depending
on the characteristics of the dust. Two competing
explanations for the varying decrease of the long
wavelength Rayleigh-Jeans tail are discussed:

The first explanation is that the steepness depends
on the distribution of the size of the dust grains,
described by the emissivity parameter b. (The emissi-
vity gives the emission efficiency at a given wave-
length relative to a perfect blackbody.) At long wave-
lengths, large grains can emit more easily than small
ones. A dust cloud consisting mainly of large particles
with diameters up to about 3 µm is expected to show
a relatively flat spectrum and a value of b near 1.
Typical dust clouds in our Milky Way by comparison
have a steeper Rayleigh-Jeans tail with b near 2, thus
containing mostly grains smaller than 1 µm.

Others argue that a flat Rayleigh-Jeans tail could
also be caused by superposition of several (modified)
Planck curves of different temperatures. This is also
supported by spatially resolved observations of the
Antennae galaxies (see below), which are thought to
be a ULIRG in the making.

Based only on integrated spectra, this controversy
cannot be resolved. The majority of normal spiral
galaxies, as well as the so-called Markarian galaxies
with an intense radiation field of a central accretion
disk, have values of b near 2. So it is obvious to assu-
me the average grain size of dust clouds in starburst
galaxies to be small. If this value of b also applies for

ULIRGs, those with a flat Rayleigh-Jeans tail should
contain different dust components of different tempe-
ratures from warm to cold.

In view of the complex optical morphology it
seems plausible that the description of the dust con-
tent by only one (modified) Planck curve with a
single temperature is too simple. On the other hand
conditions in ULIRGs are undoubtedly very peculiar,
signaled by huge luminosities and very high extinc-
tions. Thus, the dust may well show rather exotic cha-
racteristics with large particles prevailing. To put it
into descriptive and somewhat exaggerated words: A
cosmic pile of sand? 

Indeed, in this case the dust clouds would be dense
enough to prevent even the long-wavelength far-infra-
red radiation from escaping freely to the outside.
Thus ULIRGs would be optically thick even at
100 µm. At present, this striking notion cannot easily
be discarded.

An important step forward to resolve this question
was taken by astronomers at MPIA, who compared
the line strengths of polycyclic aromatic hydro-
carbons with the strength of the sub-millimeter conti-
nuum. This comparison provides a strong argument
against a single Planck curve hypothesis (see below).

Thus, the entire dust content detected can be used
to confirm a complete model of ULIRGs, a model
which which had been proposed in the late 1980’s. It
comprises three basic building blocks, the dust com-
ponents and their temperatures being indicators of
physical processes and evolutionary states:

1. Hot dust with temperatures between 100 and
1000 Kelvin. (The highest temperatures are close to
the evaporation temperature.) The dust is heated by
radiation from the accretion disk of the central black
hole.

2. Warm dust at about 50 Kelvin. It is distributed
in the large star formation regions of the galaxy and
heated mainly by young massive stars.

3. Cold dust at about 20 Kelvin. It corresponds to
the cirrus dust filaments of our own Milky Way, and is
located outside the active regions. If such cold clouds
are situated close to the active centers, they have to be
denser than the thin Milky-Way cirrus to be sufficient-
ly protected against the strong radiation field. These
dense, cold dust complexes could serve as a not-yet-
ignited reservoir of future starburst activity.
Although further confirmation of this three-stage dust
model is still needed it already provides a framework
for interpretation of further observational results.

Polycyclic aromatic hydrocarbons

Using the ISOPHOT-S spectrograph, MPIA astrono-
mers reported new findings on the characteristics of

Three stages: Hot, warm and cold dust 21

0518

1546

M231

M463

1925

0620

2008

2323

1720
1437 1434 0423

E148
N6240

1211M273
A220 0019

23381847
20102249

00261809 2336 2004

E286
0603

1525

2150

2113

F 120 mm  / F 200 mm

1.5 2.0 2.5 3.0 3.5 4.0

1.0

1.5

2.0

2.5

3.0

3.5

4.0

F 
2.

2 
m
m

  
/ 

F 
1.

25
 
m
m

Fig. II.9: Color-Color diagram of ULIRGs. Crosses label Seyfert
galaxies with central black holes; other symbols denote starburst
galaxies. While most of the Seyfert galaxies can be clearly distin-
guished from other ULIRGs by their near-infrared colors
(y axis), a black hole apparently has no influence on the distribu-
tion of the far-infrared colors (x axis).



22 II.2 Three Stages of Dust Heating in Ultra-Luminous Infrared Galaxies

polycyclic aromatic hydrocarbons (PAHs) in our
Milky Way and other nearby galaxies (see Annual
Report 1999, p. 24). In particular, the observations
suggest PAHs being ubiquitous in the interstellar
medium.  Of special interest is the prominent PAH
emission band at 7.7 µm. The strength of this spectral
band relative to the mid- and far-infrared continuum
has provided a widely-accepted criterion of the domi-
nance of either active galactic nuclei or starbursts in
ULIRGs.

The aforementioned new result is the following:
The long wavelength part of the spectral energy dis-
tribution (> 60 µm) can be fitted with one single
(modified) Planck curve with just one temperature. If
the dust content of ULIRGs were modeled this way,
the Planck fit to the detailed spectral energy distribu-
tions would automatically yield the optical depth t. (t
is a measure of the dimming of light by dust at a
given wavelength.) At 100 µm wavelength, values of
0.5 up to > 5 for the optical depth t are derived,
values > 1 being already remarkably high. In this case
the dust clouds also have a strong obscuring effect in
the mid-infrared range. As the PAHs obviously are
mixed with the interstellar medium, the strength of
their emission bands should also be affected signifi-
cantly by extinction. Thus, ULIRGs with a high value
of t are expected to show a decreasing relative PAH
strength. The data, however, do not show such a cor-
relation (Fig. II.10). On the contrary, the observed
relative PAH strength is independent of the modeled
optical depth – thus the 1-component model is not
appropriate to describe the dust content of ULIRGs.

Even more exciting is the following discovery:
Apart from a few exceptions, the ratio of the PAH line

strengths and the continuum at 850 µm is not only
independent of the modeled optical depth but also
populates a range of values with surprisingly small
scatter, actually like a “material constant” of the inter-
stellar dust (Fig. II.11). To confirm this finding, astro-
nomers at MPIA searched the ISO and SCUBA archi-
ves for PAH and 850 µm data of other, mostly normal
galaxies. Indeed, the PAH strength normalized to the
sub-millimeter flux turned out to lie in a well-defined
narrow range for almost all galaxies observed so far.

For the ratios of PAH line strength to the continu-
um at 100 µm, however, differences show up: ULIRGs
have smaller values than normal galaxies (Fig II.11).
This can be explained by ULIRGs having higher dust
temperatures than normal galaxies and radiating more
intensely at 100 µm. This behavior also suggests that
PAHs are not so much associated with the warm dust
heated by starbursts, but rather with the cold dust of
the cirrus (or in dense molecular clouds), which is
radiating intensely in the sub-millimeter range.

In Fig. II.11 two exceptions attract attention by
particularly small relative PAH strengths. These are
caused by high extinction even in the mid-infrared
range. The extinction in both ULIRGs, UGC 5101 and
especially Arp 220, is enormous.

This is an impressive demonstration that the inten-
sity ratio of the PAH bands to the continuum in the
sub-millimeter range can be used as a new method to
study high extinctions: While PAH emission is sensi-
tive against extinction in the mid-infrared range the
radiation at 850 µm is always optically thin.
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Fig. II.10: The flux ratio PAH/850 µm as a function of optical
depth t. Apart from one exception (Arp 220) the values for
ULIRGs lie in a relatively small horizontal strip at 5 ± 2. For nor-
mal galaxies, they lie in the same region (vertical bar on the
left). With increasing t, the ULIRGs do not show a decrease par-
allel to the orientation of the arrow. This is another argument
against the description of the spectral energy distribution by a
single Planck curve.



Measuring the latter therefore allows normalization
with the content of the entire dust column. This fea-
ture in particular represents an advantage of the new
approach compared to previously known methods, in
which the extinction was determined exclusively at
significantly shorter wavelengths, thus possibly only
“scratching” the surface of the dust column.

A hidden quasar in Arp 220?

Arp 220, located at a distance of about 200 million
light years, is the nearest and probably best-studied
ULIRG. Invisible at optical wavelengths, two galactic
core regions with a projected separation of 0.�8 (corre-
sponding to 800 light years) show up on near-infrared
images. Although a broad spectral line typical of
active galactic nuclei was measured in the 1980’s
using near-infrared spectroscopy, it was so faint that
in numerous subsequent observations starbursts were
favored more and more as the dominating energy
source of this classical ULIRG.

Now, an extinction of 150 magnitudes in the opti-
cal range (corresponding to a dimming by a factor of
1060) is shedding quite another light on Arp 220.
Taking into account this enormous extinction is the
clue to the interpretation, providing the de-reddened
true spectral energy distribution. In their analysis
scientists at MPIA show the mid-infrared luminosity
as well as the ratio of mid- to far-infrared luminosity
after de-reddening taking on values as they so far are
only observed in quasars and active galactic nuclei
(Fig. II.12). 

These results are in agreement with current
CHANDRA X-ray satellite measurements, which astro-
nomers in Great Britain and the US interpret as con-
vincing evidence for a quasar being present in one or
even both of the nuclei in Arp 220. These new fin-
dings, obtained by two independent methods, support
each other and revive the debate on hidden quasars.
They demonstrate how our fundamental view of
cosmic phenomena can be affected by dust  absorpti-
on.

The Antennae – a ULIRG in the making

At a distance of 70 million light years, NGC 4038
and NGC 4039 form the pair of colliding galaxies
which is closest to us. Because of the shape of its
spectacular tidal arms, it is also called the Antennae
(Fig. II.13). While stars can be expelled from the disk
by elastic collisions during the merger, thereby for-
ming the tidal arms, the interstellar matter experien-
ces inelastic collisions and concentrates mainly in the
joint central region. There, it is compressed, and as a
consequence millions of new stars are forming within

in the region of most violent interaction in both gala-
xies. As many of these star formation regions still are
deeply embedded within dust they are not visible in
optical light but only at mid-infrared wavelengths,
where the dust becomes transparent. From the color
and luminosity of the dust emission in the far-infrared
and sub-millimeter range, conclusions can be drawn
about hidden star formation processes.

Some years ago, astronomers at MPIA using
ISOPHOT had determined the system’s infrared lumi-
nosity in a range between 10 and 200 µm to be 
6.4 � 1010 solar luminosities, which is lower than the
1012 solar luminosities normally found in ULIRGs.
However, it seems reasonable to expect the Antennae
to develop into a ULIRG in the course of its further
merging. Because of its proximity it is an excellent
laboratory for detailed studies of this galaxy type.

Astronomers at the Institute together with collea-
gues in Great Britain and the US were able to observe
this colliding galaxy pair with unprecedented resoluti-
on using ISOPHOT at 60 and 100 µm as well as
SCUBA at the James-Clerk-Maxwell Telescope at
450 and 850 µm.

Because of the larger telescope aperture relative to
the observed wavelength more details are seen in the
sub-millimeter images than in the infrared images
(Fig. II.14). Most remarkable are the condensations
K1 and K2, located exactly within the collision zone
of both galaxies. They are about 6500 light years
apart and contain ~107 solar masses of dust each. This
amount of dust, corresponding to about 20 % of the
dust content of a normal galaxy, is squeezed into a
relatively small volume about 2000 light years across.
The nuclei of both galaxies have been detected, too,
but they are less prominent. 
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Fig. II.13: The Antennae in the optical range. The HST image
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clouds and numerous nests of young blue stars. (image:
NASA/ESA)

Fig. II.14: Images of the Antennae,
taken in the sub-millimeter range (a, b,
c), and with ISOPHOT at 100 µm (d)
and 60 µm (e).



The biggest surprise has been the difference bet-
ween the two condensations K1 and K2: While being
equally bright at 850 µm, the northern knot K2 is sig-
nificantly fainter at 450 µm, and thus is likely much
cooler than the southern knot K1. It is thus suggested
that most of the dust in region K1 has already been
heated by starbursts, but not so in K2.

Comparison with observations in other wavelength
ranges shows both knots being detected in the mid-
infrared at 15 µm and in the light of the CO molecule,

as well as in the radio range at wavelengths of 6 and
20 cm. The cold knot exhibits significantly fainter
signs of violent starbursts than the warm knot K1.

These studies show that in addition to starburst
regions, in which dust has already been heated, there
are cold regions in a proto-starburst stage, which will
soon develop into breeding grounds for a large num-
ber of new stars, thereby increasing the total infrared
luminosity considerably and turning the Antennae
into a ULIRG.
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Formation of massive black holes in the centers of
galaxies seems to be an integral part of the evolution
of such stellar systems. Apparently, this is true not
only for galaxies with active galactic nuclei, but also
for normal galaxies like our Milky Way system.
Astronomers at MPIA together with colleagues in the
US were able to detect black holes of some tens to
hundreds of millions solar masses in five weakly-
active spiral galaxies. The new measurements show
even more clearly than before that the mass of the
black hole is related to the larger properties of its
several million times larger host galaxy. This correla-
tion has to be a result of galactic evolution. The rea-
son for it, however, is not yet clear.

Black holes in galactic centers have masses roughly
between one million and one billion solar masses.
They are found in elliptical as well as in spiral gala-
xies, but only in those spirals showing a central bulge.
The bulge is an almost spherical region containing
mostly old stars. It resembles in shape and color a
small elliptical galaxy. In 1995, astronomers from the
US noticed that the mass of a central black hole is
increasing with the absolute luminosity of the sur-
rounding bulge. As luminosity is a measure of the
amount of matter existing in the form of stars the
mass of a black hole apparently increases with that of
the bulge. As it turned out, black holes always contain
about 0.2% of the mass of the surrounding central
region (Fig. II.15a). This correlation, however, shows
a large scatter: At a given luminosity  the masses of
the black holes can differ by a factor of thousand.

Studying 30 galaxies, another team of astronomers
recently found a much tighter correlation between the
masses of central black holes and the velocity disper-

sion of the bulge stars: The more massive the black
hole, the faster the bulge stars move (Fig. II.15b). 

Although at first sight these relations appear to be
plausible, they turn out to be a big surprise on closer
inspection: If a central black hole only has 0.2% of
the total bulge mass accordingly its gravity is much
lower than that of all bulge stars together.
Consequently, it is not able at all to affect the motions
of the large majority of stars in the central region:
Most stars do not feel its influence at all. Thus the
recently found correlation between black hole mass
and the velocity dispersion in the bulge is by no
means conclusive. It has to be related causally to the
evolution or even the formation of galaxies.

Black holes in four weakly active spiral galaxies

To confirm these new results and to broaden the
database, astronomers at the Institute together with
colleagues in the US initiated the “Survey of Nearby
Nuclei” using the Hubble Space Telescope. The goal
was to study spectroscopically many spiral galaxies
which are classified as weakly-active, and to determi-
ne the masses of putative black holes in their centers.
The observations were performed using the STIS
spectrograph on the Hubble telescope. Its long narrow
slit was placed across the center of the galaxy so that
the velocity of the interstellar gas relative to the cen-
ter could be obtained from the Doppler shift of the
spectral lines at increasing distances. The velocity in
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turn yields the galactic mass within the respective
radii. A prerequisite for this method to work is that
the gas be moving in the gravitational field free of
outer perturbations.

In twelve objects, emission lines of sufficient
intensity were detected. However, eight objects were
excluded from the study because of strong asymme-
tries of the lines with respect to the center, indicating
the gas is disturbed and not moving on circular orbits.
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Fig. II.16: Images of the central regions of galaxies NGC 2787
and NGC 3245 taken with the Hubble Space Telescope. Thin
dust lanes are seen, probably indicating the inclination of the
inner gas disks.

NGC 2787 NGC 4203

NGC 4459 NGC 4596

1"1"

1" 1"

Fig. II.17: The four galaxies observed. The elliptical disks derived
from the models and the positions of the slit of the spectrograph
are shown.



Four galaxies were left: NGC 2787 (at a distance of
42 million light years, Fig. II.16a), NGC 4203 (at 32
million light years), and NGC 4459 and NGC 4596
(both at 55 million light years). At these distances, the
spatial resolution of the spectrograph corresponds to
8 to 14 light years.

To begin, radial velocities of the gas were determi-
ned from the spectral shifts of the emission lines.
Then a model of the gas moving in a disk in the com-
bined gravitational field of the bulge stars and of  the
black hole was calculated. This was achieved by first
deriving the mass distribution of the stars from the
luminosity distribution, assuming a constant mass-to-
light ratio. The mass distribution was found to show a
point-like cusp in the center, probably caused by a
small gaseous accretion disk around the black hole

emitting non-thermal radiation. As it does not contri-
bute to the general stellar gravitational field, this cusp
was removed from further calculations.

In order to determine the central mass from the
velocity field of the gas in the disk the inclination of
the disk to the line of sight has to be known.
However, in the central region, which is of special
interest, the inclination cannot easily be recognized.
Images with the Hubble Space Telescope, though,
show thin elliptical dust lanes (Fig. II.17), wich are
assumed to have the same orientation as the gaseous
disk. 

An example of the velocity profiles of the disk deri-
ved from two models is illustrated by NGC 2787 in Fig.
II.18. Obviously, the model defined by the dust lane
(bottom) is in better agreement with the observations
than that with unconstrained inclination (top). The
masses of the putative black holes derived from the
models are about 5 � 107 solar masses for NGC 4203
and 7 � 107 solar masses for each of the other three
galaxies. The value for NGC 4203 is uncertain.

These values have been used to test the recently-
found correlations between the masses of black holes
and the total bulge mass or the velocity distribution,
respectively, confirming them within the uncertainty
limit (Fig. II.19). This is of special interest, as the cor-
relations had been studied so far almost exclusively in
elliptical galaxies. The fact that they also hold in three
spiral galaxies is important in the light of theories of
galactic evolution. Moreover, the scatter of the mea-
surements is shown to be lower than previously assu-
med by a factor of two.

The Black Hole in the S0 Galaxy NGC 3245

The S0 galaxy NGC 3245 (Fig. II.16), located at a
distance of 65 million light years, has been studied in
particular detail, showing mild activity and an unre-
solved radio source in its central region. In addition,
spectroscopic observations had suggested high rotati-
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on velocities near the center. MPIA astronomers
obtained Hubble Space Telescope images through dif-
ferent filters, as well as several spectra (Fig. II.20).
The central disk has a size of only 1.�1 � 0.�4, corre-
sponding to a radius of 360 light years.

In order to determine the contribution of the invisi-
ble putative black hole to the gravitational field, the
mass of the stars and the disk in the central region
must first be measured. For the disk, a mass of
2.4 � 106 solar masses was obtained – low enough to
be ignored in modeling the dynamics.

Fig. II.21 shows the spectra containing emission
lines of hydrogen and nitrogen. After subtracting the
starlight from these spectra, the lines were fitted by a
model. Varying model parameters, like the mass-to-
light ratio, the density profile of the gas in the disk
and the disk’s inclination, yielded the best fit with the
observed lines and velocities. Instrumental effects,
like broadening of the emission lines or superposition
of light from different disk regions lying within the
slit, have been meticulously taken into account.

The lines were shown to broaden considerably
with decreasing distance to the center. This could be
caused by gaseous clouds being either strongly turbu-
lent, or moving on elliptical orbits around the center.
Without really knowing the cause for the line broa-
dening, two models were calculated, one of which
allowed for the effect while the other did not. With
these models it was possible to determine the rotation
curve of the gas disk and the mass within the central

spatially unresolved region (Fig. II.22). A mean value
of 2.1 � 108 solar masses was obtained from all
simulations, with an uncertainty of about 25%. As it
turned out, the meticulous care in calculating the
models was necessary in order to determine the mass
this precisely.

Although these observations cannot prove that the
central mass really is a single black hole, there seems
to be no physically-sensible alternative. Models with
a dense central cluster of dark bodies have rotation
curves with shallower central slopes. Statistically,
models without a central massive object can be ruled
out at the 99.99 % confidence level.

The velocity dispersion in the inner region of NGC
3245 is 230 km/s. For this value, the correlation
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described above (Fig. II.19) predicts a black hole
mass of (2.0 – 2.5) � 108 solar masses, which is in
very good agreement with the value determined in
this study. Thus, the correlation between the mass of
the black hole and the velocity dispersion also holds
for NGC 3245.

It is yet unclear what causes the correlation bet-
ween the mass of a central black hole and the pro-
perties of the surrounding bulge. According to theore-
ticians at the MPI for Astrophysics at Garching, it
confirms the model of hierarchical galaxy evolution,
which suggests that currently-observable large gala-
xies have formed by merging of small galaxies in the
early universe. These “building-block galaxies” alrea-
dy contained lower-mass black holes which combined

to form a single supermassive black hole. Computer
simulations indeed predict a correlation of the black
hole mass and the velocity distribution in the bulge
for this hypothesis. The same, however, holds for
models assuming simultaneous formation of bulge
and central black hole from an initial vast cloud.
Further observations are needed to clarify these fun-
damental processes of the formation and evolution of
galaxies.
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The performance of a telescope depends critically
on the quality and efficiency of the instrument moun-
ted in the focal plane. Cameras produce images as
sharp as possible of celestial bodies, and spectro-
graphs disperse light as finely as possible into its
spectral components. Last year, a series of instru-
ments has been developed and built at MPIA to sig-
nificantly increase the telescope’s efficiency and to
considerably broaden their range of application.
Presently, several instruments are under construc-
tion which will be used at the Calar Alto observa-
tory, at the ESO Very Large Telescope, and at the
HERSCHEL infrared space telescope currently being
built by ESA.

The instruments are built in the workshops at MPIA,
frequently in cooperation with small and large com-
panies. The requirements set by the scientists often
present these firms with completely new tasks, the
know-how gained this way strengthening their com-
petitive capacity in the global market. Of particular
importance are Charge Coupled Devices (CCDs) –
light-sensitive semiconductors with quantum efficien-
cies of 60 to almost 100%, depending on the wave-
length range. Normal commercial CCDs cannot be
used on a telescope, only chips of the highest techni-
cal standards are suited to astronomy. They are produ-
ced by companies, but their performance has to be
tested meticulously at the MPIA’s laboratories before
they are used at a telescope.

Here is a summary of the MPIA’s more recent
instruments and of the actual state in the year under
report.

ALFA – Adaptive optics for Calar Alto

In theory, the angular resolving power of a telesco-
pe, that is, its capability to produce separate images of
two objects, increases with the diameter of the pri-
mary mirror. Practically, however, the turbulence of
the atmosphere blurs longer-exposure images to such
a degree that the resolution is only a half to one arc-
second at its best. Thus, large telescopes will not
achieve a better resolution than those with apertures
of 15 to 30 centimeters.

Astronomers and engineers at MPIA, together with
colleagues at the MPI of Extra-Terrestrial Physics
(MPE) in Garching, have built a so-called adaptive
optics system for the near-infrared range. This
system, called ALFA, corrects image fluctuations
during the exposure (cf. Annual Report 1997, p. 11).
This is accomplished by two central optical elements:
1) a wave front sensor which analyzes the stellar light
and determines the distortion of the wave front; 2) a
very thin flexible mirror which reflects the incoming
light into the camera. On the rear of this mirror, there
are a little less than a hundred small actuators defor-
ming its surface constantly. The optimal actual form
of the mirror is calculated by a computer using the
data of the wavefront sensor. The form of the mirror
is adjusted in such a way that the wave trains distor-
ted by atmospheric turbulences are “smooth” again
after being reflected by the mirror. Only then, the
light reaches the camera, which produces an image at
almost the theoretical resolution. In the wavelength
range of 1 to 2.5 µm, in which ALFA is used for
observations, a correction frequency of at least 100
Hz is required.

To operate the wave front sensor fast enough, a star
with a certain minimum brightness is needed. This
minimum brightness was reduced in the year under
report from 13.5 to 14.2 mag, making ALFA one of
the most sensitive systems of this kind.

Moreover, another experiment was installed to
optimize observations using adaptive optics systems
on a long-term basis: SCIDAR (Scintillation Detection
and Ranging).

Adaptive optics systems can only partially com-
pensate image distortions due to atmospheric turbu-
lence. This affects mostly objects outside the central
correction axis of the adaptive optics. The strength of
this so-called anisoplanasy effect mainly depends on
the vertical structure of the atmospheric turbulence. If
there are several bright stars in the field of view
during an exposure with adaptive optics, the strengths
of the effect can be estimated to yield good photo-
metric and astrometric measurements. Unfortunally,
such rich star fields are rare, and the estimates are
highly uncertain. This is where SCIDAR will be put
into action.

SCIDAR produces a blurred image of a binary star
(actually it is an image in the pupil plane). The verti-
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cal structure of the atmospheric turbulence can be
determined up to ~20 km hight by measuring the
intensities of the pupil images of both stars. While
measurements of the phase distortions above the pupil
cannot yield information on the vertical structure of
the turbulence, the strength of the scintillation
depends on the hight of a turbulence layer above of
the observer. Thus, they contain information on the
vertical distribution of the turbulence.

At the end of 2000, the SCIDAR instrument of the
Imperial College in London was used for the first
time at the 1.23 meter telescope on Calar Alto syn-
chronously with ALFA observations at the 3.5 meter
telescope. Basically, it is a camera with a light inten-
sifier and a sensitive detector. The real work, howe-
ver, begins with the data analysis. The first test (Fig.
III.1) has been successful. In summer 2001, more
observations will follow. If the SCIDAR technique
shows its merits it could be employed later at the
adaptive optics system of the Very Large Telescope,
for instance. Here, the instrument could be used at
one of the smaller telescopes as a kind of “extended
weather station”, while the adaptive optics is opera-
ting at the large telescopes.

ALFA – Astronomical performance 

Astronomers at the Institute together with collea-
gues from other research institutions have performed
a number of highly successful observations. In colla-
boration with astronomers at MPE, they were able,
for example, to take near-infrared spectra of the star

T Tauri with a spatial resolution of about 0.15 arc-
seconds.

A whole class of young stars of about one solar
mass and a maximum age of one million years has
been named after T Tauri. During the last 20 years,
this stellar prototype has turned out to be much more
complex than expected. Today it is known to compri-
se at least three, perhaps even four stars. Only the
main component to the north (T Tau N) is visible in
the optical spectral range. The star T Tau S located
0.7 arcseconds south of it is only detectable in the
infrared range. As late as 1998, a companion of T Tau
S has been found, also in the infrared, at a distance of
only 0.05 arcseconds.

The T-Tauri system displays diverse physical phe-
nomena. A fast gaseous flow in the eastern direction
had been detected already in the 1980’s by astrono-
mers at MPIA. In 1997, scientists at the Institute were
able to show for the first time that magnetic fields are
playing an important role in this flow (see Annual
Report 1997, p. 48). 

For their recent observations, the astronomers used
an instrument built at MPE, which allows spectrosco-
py of a complete two-dimensional 1-arcsecond-square
field, the 3D-spectrograph. The T-Tauri system was
studied at wavelengths around 1.65 and 2.2 µm using
the 3.5 m telescope at Calar Alto (Fig. III.2).

The spectra (Fig. III.3) show T Tau S surrounded
by hot, dense dust. At the same time hydrogen lines
can be recognized in T Tau S and N. They probably
are formed in a dusty wind from both stars. Due to
the high resolution of the images, it was possible to
show that the wind sets in within a few tens of astro-
nomical units from the star. Moreover, the recent
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Fig. III.1: Pupil image of the 1.23 m telescope with SCIDAR.
Intensity variations caused by diffraction effects within turbulent
layers are seen (exposure time 1.3 ms).

0 .� 5

Fig. III.2: False-color view of the T-Tauri system on the 3D-
detector. Each pixel of this image contains a complete spectrum
in the K-band (around 2.2 µm). The separation of both compo-
nents is 0.69 arcseconds.



observations further support a model of T Tau S and
its close companion in which each star is surrounded
by a dense dusty disk seen edge-on. Although the
optical light of both stars is absorbed by these disks, it
can escape from the poles and is observed there – if
not spatially resolved. 

In collaboration with colleagues at the observato-
ries in Jena and Tautenburg, two star formation regi-
ons were successfully observed in the near infrared
for the first time using ALFA. These observations
were part of an extensive observational program in
the course of which both regions have additionally
been studied polarimetrically in the infrared and at a
wavelength of 1.3 mm on La Silla. The results of the
ALFA observations will be outlined here.

The two objects called G11.11-040 (G11 for short)
and G341.21-0.21 (G341) are so-called ultra-compact
HII regions. In such regions, massive stars are for-
ming, ionizing the surrounding gas by their intense
hot radiation. At a distance of 17,000 and 12,000 light
years, respectively, both objects are about ten times
farther away than the star formation region within the
Orion Nebula, for instance, and are much more diffi-
cult to observe. As they are so small, both objects
cannot be resolved with usual methods. Now, G11
was successfully resolved using ALFA.

Five objects were photometrically observed within
G11 (Fig. III.4). These objects are hot young stars,
each surrounded by an ultra-compact HII region. One
turned out to be an O5-, two others to be B1 main-
sequence stars, meaning that they already have rea-
ched hydrostatic equilibrium. The remaining two
objects obviously are still too young to have arrived
at the main sequence.

Using the adaptive optics system ADONIS on La
Silla, nine stars could be identified within G341, two
of them being O- and several others being B main-
sequence stars. These objects are 20 times as massive
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as the Sun. Comparison of their masses with the total
mass of the G11-complex of ~10,000 solar masses
shows, that about half a percent of the interstellar
matter has been turned into stars.

This is impressive evidence that very massive
stars, too, can form in compact groups rather than as
isolated objects. In the future, high-resolution spectra
will be taken of these hot stars. The adaptive optics
system presently built for the ESO Very Large
Telescope or the future European HERSCHEL infrared
space telescope will be suitable for this task.

ALFA with a laser guide star

If all objects in the field of view are too faint for
the wave front sensor, astronomers have to create an
“artificial star”. This is done by shooting a laser beam
parallel to the telescope’s line of sight towards the
sky. At an altitude of about 90 kilometers, the beam
hits an atmospheric layer enriched with sodium

atoms. The wavelength of the laser is set to excite the
sodium atoms, which subsequently glow. Thus, a spot
of light is created above the telescope which ideally
resembles a star of 10th magnitude. It is used by
adaptive optics as the bright reference star for image
correction.

Such a system was built for Calar Alto, thoroughly
tested and optimized (see Annual Report 1999, p.31).
It was shown that observations using ALFA with a
laser guide star are practicable in principle. The effi-
ciency of the laser guide star, however, depends,
among other things, on the meteorological conditions.
Unfortunately, a sensible application at Calar Alto
would be possible only with too high an effort.

The experiences gained at Calar Alto, though, are
not lost: They will be of great value in building an
adaptive optics system for the ESO Very Large
Telescope. MPIA and MPE together are going to
install a sodium laser there, called PARSEC, at one of
the 8 meter telescopes. It will produce a continuous
beam with a power of 10 to 15 watts. From 2003 on,
the laser guide star together with the CONICA camera,
also built at the Institute, and the NAOS adaptive
optics are meant to increase the efficiency and power
of this telescope. For the more distant future, there are
plans to use up to five guide stars simultaneously at
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one telescope. This way, the corrected field of view
could be significantly extended.

LAICA – the wide field camera for Calar Alto

In the future, major findings are expected from rese-
arch programs searching for faint objects in large fields.
This new development is increasingly taken into account
by the Institute. First, a wide field camera was built in
collaboration with ESO for the 2.2 m telescope at La Silla
(see Annual Report 1998, p. 33). In the year under report,
it was decided to build a new wide field infrared camera
for Calar Alto, named Omega 2000 (see below).

The Large Area Imager for Calar Alto, LAICA for
short, will be commissioned in 2001. This camera
will work in the prime focus of the 3.5 m telescope,
yielding aberration-free images over a field of
44� � 44� (corresponding to 115 mm). In its focal
plane, a mosaic of four CCDs is mounted, each
having 4096 � 4096 pixels. The imaging scale will
be 0.�225 per pixel (see Annual Report 1999, p. 33).

For production reasons, the CCDs cannot be
connected without gaps. They are therefore located
about 20 mm apart (a little less than the size of a CCD),
leaving a broad cross-shaped region in between. Thus it
is not possible to image a contiguous area of the sky in

one single shot. But this can be compensated without
major effort 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 in the
focal plane for guiding purposes. With their help,
image rotations, which may occur in longer observati-
ons, can also be corrected. In summer, this guiding
system was successfully tested at the telescope.

For the time being, two filter sets are planned. The
magazine contains 20 filters which are taken out by a
robot arm and put into the light path.

Construction of LAICA started in early 1999. In the
year under report, the mechanics was completed and
cold-tests were successful. Commissioning, however,
was delayed because the CCDs had not been deliver-
ed on time by the manufacturer, and one CCD was
broken. At the end of the year, the total equipment
was finally shipped to Calar Alto, and on May 20th,
2001, LAICA saw first light (Fig. III.5). After further
optimizations, the camera will be regularly at the tele-
scope from Fall of 2001 on.

OMEGA 2000 – a wide field infrared camera 
for Calar Alto

The Institute is strongly engaged in infrared astro-
nomy as evidenced by the recent MAGIC, MAX,
OMEGA-Prime and OMEGA-Cass instruments. The
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Fig. III.5: LAICA during tests in the prime focus of the 3.5 m teles-
cope on Calar Alto.



development of new cameras depends critically on
the availability of infrared detectors. Only recently
have arrays with 2048 � 2048 pixels been obtainable.
They are sensitive up to a wavelength of 2.4 µm and
their quantum efficiency between 0.8 and 2.4 µm is
about 60 %.

To keep Calar Alto at the forefront of infrared
astronomy, MPIA has decided to develop and build a
new near-infrared camera. It will be similar to
OMEGA-Prime, but its field of view will be five times
larger with a size of 15� � 15�, corresponding to a
quarter of the area of the full moon (Fig. III.6). The
instrument will be used in the prime focus of the
3.5 m telescope, where it will have an image scale of
0.�45 per pixel at a focal ratio of f/2.35.

Because of the large field of view and the fast read
out required for the infrared detectors a high data rate
of about 100 Gbytes per night is expected. Handling
these data will push the Calar Alto computer network
to its limits and require the latest input-output techno-
logy as well as a significantly larger storage area than
before.

According to the plans, OMEGA 2000 will be put in
regular operation in 2002 and then replace the pre-
vious workhorse OMEGA-Prime.

CONICA – a high resolution infrared camera 
for the VLT

CONICA is a high-resolution camera for the
1–5 µm infrared range. It is currently being built
under the leadership of MPIA in collaboration with
MPE. It will be used in the Nasmyth focus of the
third out of the four telescopes of the ESO Very Large
Telescope. Together with the adaptive optics system
NAOS, CONICA is expected to yield diffraction-limi-
ted images in the near infrared between 1 and 5 µm
with a resolution as high as 0.026 arcseconds.

An infrared array with 1024 x 1024 pixels is used
as the detector. The image scale can be selected bet-
ween 0.014 and 0.11 arcseconds per pixel. For each
of these scales two camera systems are available wor-
king in the wavelength ranges from 1 to 2.5 µm and
from 2 to 5 µm. Depending on the selected configura-
tion, the image field has a size of between 14� � 14�
and 56� � 56�, and a diameter of 73� at the lowest
resolution.

CONICA is a multi-purpose instrument with a
Fabry-Pérot interferometer (wavelength range: 2 to
2.5 µm), a set of 20 standard filters and 15 narrow-
band filters, as well as Wollaston prisms and polarisa-
tion filters to measure the linear polarisation of exten-
ded objects. In addition, four grisms allow two-
dimensional spectroscopy at medium spectral resolu-
tion. Thus the instrument is suited for all current
fields of research.
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Fig. III.6: Setup of OMEGA 2000 at the front ring of the 3.5 m tele-
scope.



In the year under report, the infrared camera was
completed at the Institute’s laboratories. ESO was
able to check the entire instrument during summer.
For weeks, it was tested painstakingly and, after some
optimizations, sent to a large laboratory at Meudon
near Paris where the entire platform of the VLT’s
Nasmyth focus is duplicated. There, CONICA will be
tested together with the adaptive optics system NAOS

(Fig. III.7). If all tests are passed, CONICA will be
shipped to Chile in summer 2001.

CONICA will be used mainly to study star forma-
tion regions and protoplanetary disks as well as the
Galactic center. In the extragalactic field, observati-
ons of the central cores of active galaxies and the

examination of distant infrared galaxies will be given
high priority. As a compensation for their effort, the
astronomers of both MPIs will share 45 guaranteed
observing nights with CONICA.

MIDI – an infrared interferometer for the VLT

In the near future, the VLT will also operate as an inter-
ferometer. For this purpose, the light paths of two or more
telescopes will be combined and coherently superimposed
on a common image plane (Fig. III.8). An interferometer
of this kind has the spatial resolution of one single telesco-
pe with a mirror as wide as the separation of the interfero-
metrically coupled telescopes. Two of the VLT’s telesco-
pes, being 130 m apart, will achieve a resolution of a few
thousandths of an arcsecond in the near-infrared range.
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Fig. III.7: CONICA during tests in Meudon. 



One of three planned interferometers, named MIDI,
is being developed and built under the leadership of
MPIA. Also involved are colleagues from the
Netherlands and France, as well as from the
Kiepenheuer Institute of Solar Physics in Freiburg
and the Thuringian State Observatory, Tautenburg.
MIDI is intended to enable interferometry with two
telescopes at wavelengths between 8 and 13 µm and
will signify a huge step forward as far as spatial reso-
lution is concerned. MIDI is expected to achieve a
resolution of about 0.�02 within a image field about 2�
across. The detector consists of an array with
320 by 240 pixels, with one pixel having a size of
50 µm � 50 µm. Observations at different wave-
length ranges are made possible by ten filters.

Interferometry at these wavelengths puts heavy
demands on technology. Two problems of central
importance are: light waves arriving from both teles-
copes have to be combined in the instrument with a
phase coincidence as precise as about 1 µm. Because
of the intense thermal background radiation, large
parts of the instrument have to be cooled. The detec-
tor will be the coldest part with a temperature of 4 to
8 Kelvin; the cold section of the optics will be around
40 Kelvin, and the outer radiation shielding for the
cooling system about 77 Kelvin.

The difference in path lengths of the collimated
beams arriving from the two telescopes is mainly due
to geometry, and will already have been compensated

for the most part before the beams enter the instrument.
In addition, the path difference changes during the
observation due to the turning of the celestial sphere.
This problem is resolved by an optical system moving
on a cart in a tunnel below the telescopes (called a
delay line). The light beams arriving from the telesco-
pes are reflected by the system, their different path
lengths being compensated by shifting the system. In
the year under report, the delay line was tested succes-
sfully for the first time on Cerro Paranal in Chile (Fig.
III.8). Inside MIDI, the remaining difference in path
lengths is compensated by means of movable piezo-
electrically driven mirrors. A beam splitter combines
the beams to create the interference image.

MIDI’s final design review took place at ESO in
February 2000. Thereafter, almost all hardware could
be manufactured during the year under report. For
example, the dewar of the instrument (weighing
500 kg) was assembled and the read-out electronics of
the detector was tested (Fig. III.9). The conception of
the control electronics was completed, too. Colleagues
from the Kiepenheuer Institute of Solar Physics also
delivered the “warm optics”, which compensates the
path difference of the two light beams. This system was
calibrated and thoroughly tested at the Institute. ESO

delivered the optical table which will also be used later
on Cerro Paranal. As the optical bench must be extre-
mely stable and shock-absorbent it measures 2.1 by 1.5
meters and is 61 cm thick. In November, the integration
of the MIDI instrument on the optical bench was star-
ted. First tests of the cooled optics will be made in
spring 2001 after the Dutch partner institute ASTRON

will have sent this system to MPIA.
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Fig. III.8: The delay line of the interferometer below the VLT’s
telescopes. ESO) 



First interferometric observations with two of the
8 m telescopes of the VLT are planned to start in the
second half of 2002. The team will be granted a total
of 30 observing nights on the 8 m unit telescopes, dis-
tributed over several years, and about three times as
many nights at the 1.8 m “auxiliary” telescopes.

At the moment, MIDI observations are planned to
focus on active galactic nuclei (black holes), young
stars, extrasolar planets, circumstellar dust envelopes,
protostellar and protoplanetary disks as well as binary
stars.

PACS – the infrared camera for HERSCHEL
(formerly FIRST)

In 2007, the European Space Agency (ESA) plans to
launch the HERSCHEL far-infrared telescope (formerly
called Far-Infrared and Submillimeter Space Te-
lescope, FIRST) as its fourth major “cornerstone” mis-
sion. HERSCHEL will be provided with a 3.5 m mirror
and three scientific instruments covering the wave-
length range from 60 to 700 µm. These are being desi-
gned and built by international science consortia. One
central issue of the research program will be the obser-
vation of protostellar dust clouds and protoplanetary
disks. The submillimeter emission of very distant

young galaxies will be detectable, too. MPIA will par-
ticipate in the construction of one of the instruments,
named PACS (Photoconductor Array Camera and
Spectrometer). The MPE leads the PACS consortium.

PACS is being designed for photometric and spec-
trometric studies in the wavelength range between
60 and 210 µm. MPIA will make major contributions
to the development of the cameras and pre-amplifiers,
as well as to the focal plane chopper and the data cen-
ter. Based on experience with ISO, the Institute will
participate in the detailed planning of the structure of
the HERSCHEL ground segment and in particular of
the control center for PACS. The Institute will also be
responsible for all aspects of the calibration of PACS

during the flight. 
After a prototype of the chopper was built and

tested at the Institute in 1999 (Fig. III.10), Carl Zeiss /
Oberkochen was appointed to manufacture the flight
model. A chopper is used for the following purpose:
during infrared observations, a more or less confusing
background signal occurs, for example due to thermal
emission of the telescope. To be able to take this sig-
nal into account, the object examined and a neigh-
boring “empty” sky section are measured alternately.
The empty section gives the background which is
subtracted later from the signal produced by the
actual object plus background. The alternating obser-
vation of two sky sections is achieved by putting a
mirror into the light path which tips (“chops”) to and
fro at high frequency.
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Fig. III.9: The cooling unit of MIDI during tests at the Institute. 



LUCIFER and LINC – Two Innovative Instruments 
for the LBT

As mentioned in chapter I, Germany will have a
25 % share in the Large Binocular Telescope (LBT),
led by the MPIA under the auspices of the “LBT
Beteiligungsgesellschaft,” together with the MPI für
extraterresstrische Physik in Garching, the MPI für
Radioastronomie in Bonn, the Astrophysikalisches
Institut Potsdam, and the Landessternwarte Heidel-
berg. Unlike all previously-built telescopes, the LBT
will be equipped with two mirrors on a single mount.
Each mirror has a diameter of 8.4 meters. Commis-
sioning of the telescope with the first mirror will take
place early in 2004. After the commissioning of the
second mirror one year later, interferometry will be
possible.

Under the direction of the Landessternwarte
Heidelberg, the German partners are building a pair
of near-infrared spectrographs for the LBT, called
LUCIFER (Fig. III.11). The MPIA will supply the en-
tire detector package and will develop the overall
design of the cooling system. Integration and tests of
the instrument will also be carried out in the laborato-
ries of the MPIA. In addition to the MPIA and LSW,
the MPI für extraterrestrische Physik, the Universität
Bochum and the Fachhochschule für Technik und
Gestaltung in Mannheim are involved in the develop-
ment and construction of LUCIFER.

In early 2004, the first LUCIFER unit will begin
operations using the first big mirror. The second
LUCIFER will be installed after the commissioning of
the second mirror 13 months later. With LUCIFER,
both direct imaging and long-slit spectroscopy in the
wavelength range 0.85–2.45 microns will be possible.
In order to reduce thermal background radiation of
the instrument, LUCIFER will be cooled by mechani-
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Fig. III.10: The PACS chopper in the Institute’s laboratory.



cal refrigerators to approximately –200° C. A total of
six observing modes are planned: 

Seeing-Limited:
– direct imaging with a field of view 4'
– long-slit spectroscopy with a slit length of 4'
– multi-object spectroscopy

Diffraction-Limited:
– direct imaging with a field of view of 0.5'
– long-slit spectroscopy
– integral field spectroscopy

For diffraction-limited imaging, the LBT yields
excellent spatial resolution varying from 0.�031 at
1.23 microns to 0.�056 at 2.2 microns. The cameras
need to be exchanged, in order to obtain the highest
image quality for all seeing-limited imaging mo-
des. A total of three cameras are planned with a reso-
lution of 0.�015, 0.�12 and 0.�25 per pixel. The detector
consists of an infrared array with 2048 � 2048 pixels.

LUCIFER’s science program will focus on faint
objects in the near infrared, including young, highly-
redshifted galaxies. In addition, astronomers look for-
ward to important progress in the field of faint red
stars and brown dwarfs. Dust disks around young
stars and in the centres of active galaxies are an addi-
tional observational priority.

One of the most ambitious instruments on the
LBT will be the near-infrared and visible wavelength
beam combiner, LINC. This instrument combines the
radiation of the two primary mirrors, allowing un-

precedented spatial resolution. Due to the enormous
collecting area, the LBT operating in beam-combi-
ned mode will be the most powerful telescope in the
world. Beam combiners like LINC have not yet been
built, however, and there are a number of technical
challenges to be addressed.

The MPIA is the lead institute in the LINC collabo-
ration, and is currently developing the extremely
demanding optical design (Fig. III.12). Other mem-
bers of the collaboration include the Osservatorio
Astrofisico di Arcetri (Firenze) and the Universität zu
Köln.

With LINC, interferometry at wavelengths between
0.6–2.4 microns will be possible. For visible light, a
CCD with pixels between 9 and 12 microns will be
used, and for the near-infrared channel, operating
between 1 and 2.4 microns, an infrared array with
2048 � 2048 pixels of 18 microns each will be
implemented.

The interferometer works closely with the adapti
ve optics (AO) system. Depending on the wavelength,
the AO system will deliver a field between 5 and
20 arcseconds. The ultimate resolution of LINC also
depends on the wavelength, and is 0.�006 at 0.7
microns and 0.�02 at 2.2 microns.

Science observations with LINC will focus on all
areas of astronomy, ranging from supernova cosmolo-
gy to the structure of protostellar disks and the search
for extrasolar planets.
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ISOPHOT: measuring scattered light during 
a solar eclipse

As reported in Chapter I, the Institute has a major
part in the scientific success of the European ISO

infrared observatory. The ISOPHOT instrument was
built under the coordinating leadership of MPIA, and
with the ISOPHOT data center the Institute has taken
on an essential task in the post-operational phase.

Since the construction of the telescope, astronomers
at the Institute have been concerned with the problem
of suppressing scattered light within the instrument.
Only now this disturbing factor could be analyzed
quantitatively in all its facets. 

Scattered light can reach detectors in different
ways and thus distort the measurements. Therefore,
during every observation one has to make sure to pre-
vent scattered light of bright objects like the Earth or
the Sun from entering the telescope. The telescope
had been encased by a helium-cooled, long baffle
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Fig. III.12: The basic design of LINC.
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system with a passively cooled solar screen at its
front. Additionally, astronomers had laid down in
advance that appropriate minimum distances had to
be kept to the line of sight to the following objects:
Sun 60 degrees, Earth 73 to 87 degrees, Moon 24
degrees and Jupiter 5 degrees.

To avoid intrinsic thermal emission, the telescope
and instruments were cooled to 4 Kelvin. Moreover,
all inner parts were covered with a paint which
appears “black” in the infrared. During the entire con-
struction phase advice from the Institute’s infrared

astronomers was repeatedly taken into account in the
construction.

In addition to these precautions, attempts were
made during the construction phase to theoretically
quantify the remaining scattered light using computer
simulations. Special attention was paid to emission
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from the Earth and Moon at 25 µm and to the intrinsic
thermal emission of the telescope at 170 µm which
seemed to be especially critical. The simulations pre-
dicted the scattered light remaining in any case below
10% of the natural brightness of the night sky.

As ISO functioned for a longer period of time than
initially expected, in September and October 1997,
the unique situation arose that the telescope was fly-
ing through the Earth’s shadow during photometrical
observations. So, from ISO’s point of view a solar
eclipse occurred (Fig III.13a). This situation allowed
a unique experiment to be performed to measure the
scattered light from the Sun. For this purpose, a sky
section 60 degrees away from the Sun was observed
shortly before, during, and after the eclipse. A signifi-
cant fraction of scattered light from the Sun should
then appear as an increased infrared background befo-
re and after the eclipse. A special advantage of this
method is to be able to turn on and off a very bright
source, so to say, without changing the settings of the
telescope, which can continue its measurements unin-
terrupted. In a detailed analysis of the measured data,
no detectable signal of scattered light from the Sun
was found within the sensitivity limits.

For the duration of the eclipse, no commands could
be send to the satellite. Nevertheless, the measure-
ments could also be used to estimate possibly scatte-
red light from the Moon. ISO crossed the Earth’s sha-
dow during three successive orbits. In this period of
time, the Moon moved across the sky towards ISO’s
field of view, its distance decreasing per orbit from 45
to 33 and then to 28 degrees (Fig. III.13.b). Therefore,
an alleged fraction of scattered light from the Moon
would have to increase from orbit to orbit. But this
effect, too, could not be detected at the achieved

accuracy level. The same result was obtained for
measurements of scattered light from Earth, which
had been most feared by astronomers.

However, astronomers had a small surprise when
analyzing the influence of a very bright point-like sour-
ce on the measurements. Direct observations of bright
objects already had shown that no scattered light was
detectable within a radius of 15” from the source. By
chance then, astronomers at the Institute came across an
unexpected phenomenon. In some cases, the telescope
accidentally had passed the planet Saturn quite closely
during slews from one object to another. From these
data an image of the planet which glows very brightly
in the infrared range was obtained (Fig. III.14). It had a
rayed shape which was ascribed to diffraction at the
secondary mirror support. Additionally, the planetary
image is surrounded by a faint ring at about one degree
distance. The intensity of the ring is about one percent
of that of the central image.

The cause for this “ghost image” is not definitively
clear yet. Astronomers presume, though, that it is pro-
duced by light falling under a shallow angle onto a
cap above the secondary mirror and being reflected
there towards the detector. Such an effect could be
minimized or even be avoided in future telescopes by
building smaller secondary mirror supports.

On the whole, the studies yielded the reassuring
result that in 99 % of all data no corrections for scat-
tered light have to be done. Only with fainter exten-
ded objects a more detailed analysis might be neces-
sary. The results on scattered light described above,
particularly with respect to the secondary mirror sup-
port, will be included in the construction of future
infrared space telescopes, such as HERSCHEL for
instance.
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Rotation of Young Stars

Stars are forming by gravitational collapse in the den-
sest regions of molecular clouds. At the end of the collap-
se phase, a disk of gas and dust forms around the star due
to the cloud’s rotation. During this process, the star accu-
mulates matter from the disk, thus gaining more and more
angular momentum: The star rotates increasingly faster.
Without the effect of a braking mechanism, the angular
momentum and thus the centrifugal force would eventual-
ly become too large for the protostar to continue to gather
matter from its surroundings and to contract. Therefore,

young stars have to be slowed down during the accretion
phase. This is achieved in different ways in different evo-
lutionary stages. Measuring the rotation velocities of
young stars, astronomers from the US and MPIA came
across a relation between stellar rotation and the deve-
lopment of a surrounding disk, reinforcing the significan-
ce of a disk for the evolution of angular momentum in
young stars. These observations were made possible
mainly by the wide filed camera built at the Institute.
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IV.1 Galactic Astronomy

Fig. IV.1: The young star cluster in the Orion Nebula, imaged
with the wide field camera.



Stars of about one solar mass and an age of up to one
million years are named after the prototype T Tauri.
Today, two types are distinguished on the base of
emission lines in their spectra: one type has strong
lines, the other one weak ones. But both types vary in
brightness. While classical T-Tauri stars have strong
emission lines and typically show irregular brightness
variations over very long time scales from hours up to
years, T-Tauri stars with weak lines mostly vary regu-
larly with periods of several days.

Today, astronomers assume classical T-Tauri stars
are still surrounded by dense disks from which they
accumulate matter. In this process, disturbances arise
in the disk, causing large blobs of matter to plunge
down onto the star, which in turn causes the observed
irregular brightness variations.

T-Tauri stars with weak lines, however, are a little
more advanced in their evolution. They have lost their
disk earlier or it has thinned out rapidly. This can be

caused by a close companion, for example. The peri-
odic brightness variations of weak-line T-Tauri stars
presumably are due to large darker spots on their sur-
face. The brightness decreases every time the spot is
moved by rotation to the star’s near side, as seen from
Earth. If such a spot remains stable over several rota-
tion periods, the period of the brightness variation
exactly corresponds to the rotation period – thus offe-
ring the opportunity to study the rotation of young
stars and possibly find out when and how they lose
excess angular momentum.

Although brightness variations of young stars have
been known for a long time, their study was limited to
single objects so far. One reason for this is that many
star formation regions are very extended and cannot
be imaged as a whole on the usually small fields of
view of the telescopes. This shortcoming has been eli-
minated at the end of 1998 by means of the wide field
camera built by astronomers at MPIA and ESO (see
Annual Report 1998, p. 33). It has an unusually large
image size of 33� � 33�, corresponding to about the
apparent diameter of the full moon. The camera ope-
rates at the 2.2 m telescope on La Silla, Chile. For the
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Fig. IV.2: The young star cluster IC 348, imaged in the near-
infrared range (2MASS, Univ. Massachusetts)



study described here, a smaller telescope in the US
was used also.

In collaboration with US colleagues, three star clu-
sters of different ages were investigated: the Orion-
Nebula cluster (Fig. IV.1) at a distance of 1500 light
years and an age of about one million years; IC 348
(Fig. IV.2), 850 light years away and around 1.3 milli-
on years old; and NGC 2264 (Fig IV.3), about 2400
light years away and 2-3 million years old.

During an observation campaign around the turn of
the year 1998/1999, the astronomers were able to
observe the Orion-Nebula cluster from La Silla for
more than 50 nights. This cluster is well suited for
such a study since about 2300 young stars are obser-
vable there within a relatively small region. When
permitted by other research programs conducted at

this telescope, the star field was imaged several times
each night. Subsequently, the stellar light curves were
derived. A total of 400 stars were shown to vary peri-
odically in brightness (Fig. IV.4). This series of obser-
vations alone has almost tripled the data set available
so far. As this star cluster had been studied frequently
before by other astronomers, masses were already
known for 335 of the variable stars. Thus, this cluster
was of central significance for the subsequent ana-
lysis.

In a second step, it was interesting to compare the
rotation periods of stars of different ages. For this
purpose, stars of the Orion cluster and of IC 348,
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Fig. IV.3: The Open Cluster NGC 2264.



which are only one million years old, were compared
to those of NGC 2264, which are three times older.
Only stars heavier than 0.25 solar masses were consi-
dered. (The reason for this lower limit is explained
below.) As can be seen from Fig. IV.5, both groups
behave differently. The rotation periods of the youn-
ger stars in Orion and IC 348 show a distribution with
two maxima. There is one group with rotation periods
around two days and another group with periods of

about eight days. The older stars of NGC 2264 appa-
rently do not show such a bimodal distribution.
Although the number of stars in NGC 2264 is not
very high and therefore statistics are not very good,
the majority of stars there rotate with periods between
two and five days. More observations of this cluster
using the wide field camera are planned.

Circumstellar disk causes loss of angular
momentum 

This observational result can be explained to a
large extent by a theory involving circumstellar disks.
In this theory, the young stars are assumed to have
magnetic fields. This assumption is supported by
numerous observations, and in the end, the spots
which are thought to be responsible for the brightness
variations are also caused by magnetic fields. The
field extends far into space and interacts with charged
particles of the disk surrounding the star. The magne-
tic field is stirring the disk like a mixer in the dough.
The disk is slowed down in this process, and the slo-
wing is transferred to the star’s rotation. Computer
simulations show this so-called “disk locking” to be
able to decelerate a young star to half its rotation
velocity within one million years.

The recent observational data can be explained by
this theory as follows: In the younger clusters, in
Orion and IC 348, a larger portion of the stars still has
pronounced disks so that disk locking is very impor-
tant for this group.

Some of the stars already are slowed down by disk
locking. The slowly rotating stars are still surrounded
by disks, and the faster ones have lost their disks. As
the stars contract, they rotate increasingly faster.

This does not explain the difference between both
groups, however. The difference might be due to dif-
ferent stellar masses which were not taken into
account except for the lower mass limit of 0.25 solar
masses. Observations in the infrared range suggest
that the slowly rotating stars belong to the class of
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Fig. IV.4: Two examples of light curves for periodically varia-
ble members of the Orion-Nebula cluster.



weak-line T-Tauri stars. Presumably, they are no lon-
ger surrounded by a disk. In the older cluster NGC
2264, most of the stars seem to rotate faster, possibly
indicating the portion of young stars with disks being
smaller for a longer period time. The disk locking is
not working any longer and the stars get faster again
as they are contracting.

This would mean that a majority of the circumstel-
lar disks around T-Tauri stars are dissipated after one
to two million years, either because the star has accu-
mulated almost all the material or has dispersed it by
means of its intensive particle wind. The same time
scales are obtained by other observations, too. The
absence of intense infrared emission from dust
(“infrared excesses”) in young stars, for example,
indicates a somewhat older age of the cluster. One or
two million years is a relatively short period of time,
contradicting several theories according to which
large planets like Jupiter take at least ten million
years to form.

In addition, the study revealed another interesting
aspect. Considering only the stars of the Orion
Nebula, a distinction with respect to the masses is
found (Fig. IV.6): Only stars heavier than 0.25 solar
masses show the bimodal distribution of rotation peri-
ods. Lower-mass stars within this cluster behave dif-
ferently, having a broader distribution of rotation peri-
ods with a maximum at two to three days. Thus,
lower-mass stars rotate faster on the average than the
more massive ones.

This result can be explained by stellar evolution
theory. Stars above 0.25 solar masses start deuterium
(heavy hydrogen) fusion in their centers after about
one million years. As a result, the star’s temperature
rises, counteracting contraction. Thus, contraction is
slowed and the star’s rotation velocity does not
increase any further. Stars below 0.25 solar masses
take a longer time to reach the temperature and densi-
ty needed for deuterium burning. They contract
unhindered, rotating faster and faster.

This is only the beginning of an explanation of the
connection between the rotation velocity of young T-
Tauri stars and their surrounding disks of gas and
dust. To follow up this important phenomenon of star
formation, detailed observations in the infrared range
as well as spectroscopic studies are required, yielding
more information on the properties of the disks.

Orbital Periods and Masses of Young Binaries

The mass of a star determines its inner structure
and evolution. For young stars, however, this impor-
tant quantity can be determined directly only in a few
cases. It is mainly derived from observed magnitudes
and colors by comparison with a stellar evolution
model. A more direct method is to calculate the total
mass of two stars in a binary system from their obser-
ved orbital period. In the year under report, a team of
astronomers in Tautenburg, California and at MPIA
succeeded in measuring the distances and motions
of a greater number of T Tauri stars within binary
systems. The data already allow a statistical state-
ment on the masses of the individual components of
the stellar pairs. The determination of exact orbital
parameters, though, has to await future observations.

T Tauri stars are in a pre-main-sequence stage, mea-
ning they have not yet reached hydrostatic equilibri-
um, in contrast to, for example, our Sun, who reached
it about 4.6 billion years ago. A lot of T Tauri stars are
known. Characteristic properties of T Tauri stars
include that they may be surrounded by large quanti-
ties of dust, eject narrow particle beams (jets) into
space, or show strong X-ray activity. One goal of
astronomy is to understand how these phenomena are
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Fig. IV.6: Distribution of rotation periods of stars in the Orion
cluster above and below 0.25 solar masses. 
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correlated with different evolutionary stages and dif-
ferent masses of stars. Although there is a handful of
young stars whose masses have been determined
through radial velocity measurements, in the majority
of cases mass estimates are obtained from theoretical
calculations of mass-dependent evolutionary tracks
and their comparison to the observed colors and lumi-
nosities of stars. In this way, the ages and masses of
the stars can be derived from observational quantities.
The values, however, depend on the model whose
quality is difficult to assess.

Therefore it would be extremely desirable to deter-
mine the masses of a sufficient number of young stars
independently of a model. One method is to measure
the orbital periods and distances within binary stars.
Newton’s law then gives the mass of the system, that
is, the sum of the masses of both components. In
1995, a team of American astronomers for the first
time published a mean value of 1.7 solar masses for
20 T Tauri binary systems.

Similar observations were performed by astrono-
mers at the Institute and their colleagues, based on a
larger number of objects observed for a longer period
of time in the near-infrared at wavelengths of 1.25,
1.65 and 2.2 µm. Using the 3.5 m telescope at Calar
Alto and the ESO New Technology Telescope in
Chile, they applied the technique of Speckle inter-
ferometry. The Speckle technique, which has a long
tradition at MPIA, allows to circumvent the atmos-
pherical seeing which impedes the separation of very
close stellar pairs. This technique is absolutely neces-
sary for the following reason. During the relatively
short observation period of a few years only orbital
motions of relatively close binaries can be detected.
The components of the observed stars, lying in
distances of 450 to 620 light years, are separated by
not more than 0.5 arcseconds. While on long exposu-
res the individual members cannot be resolved, this is
very well possible with Speckle interferometry. Here
many short exposures (only about a tenth of a second
long) are obtained and later added up in a computer.
So the physically best possible spatial resolution (dif-
fraction limit) can be achieved.

In the data analysis, the newly observed stellar
positions of 34 systems have been compared with
already existing data. These comprise partly the T
Tauri stars studied in 1995 by the American collea-
gues and partly systems observed by the HUBBLE

Space Telescope, but for the most part own data from
previous observations. The time base was maximally
ten years. Distances were obtained through observati-
ons of the relevant star clusters with the HIPPARCOS

astrometric satellite.
Comparison of the older images with the new ones

yielded the velocities of the companion stars relative-
ly to their respective primaries (Fig. IV.7). In princi-
ple, two stars lying along the same line of sight could
in fact be at vastly different distances from us and not
at all physically bound. One such case was identified
with high probability and excluded from the data.
Furthermore, it was found that companions within
close systems (maximum separation of 25 astronomi-
cal units) on average had higher velocities than those
in wide ones, as is expected from Kepler’s law (Fig.
IV.8) – a fact that suggested all cases are real binaries.

The data material, however, was not yet sufficient
to determine the orbital period. On the one hand, the
time intervals between the first and the last measure-
ment were too short, and on the other hand astrono-
mers could only measure the velocity component wit-
hin the celestial plane. But it was possible to calculate
statistically an average mass value for all systems.
This procedure involves Kepler’s third law and takes
into account that the inclinations of the orbits against
the celestial plane and the eccentricities of the ellipti-
cal orbits are not known.

In computer simulations, ten million binary
systems with observed separations between 10 and 70
AU, a wide range of eccentricities, and total masses
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a) V 773 Tauri b) FO Tauri c) Elias 12 d) XZ Tau
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Fig. IV.7: Observed motions of companions (green) relative
to their respective primary (red): a) V 773 (motion counter-
clockwise, from right to left), b) FO Tau (clockwise, from left
to right), c) Elias 12 (clockwise, top-down), and d) XZ Tau
(clockwise).



of 0.5 to 2.5 solar masses have been distributed in
space with arbitrary inclinations. Comparison with
the observed data yields an average mass for all
systems of 2–0.7 solar masses. Of course, this value
is just a rough idea as it assumes an equal mass for
both coponents of the binary systems. Nevertheless, it
allows a first comparison with results based on stellar
mass determinations using stellar evolution models.
With these, theoreticians had obtained masses bet-
ween 0.9 and 1.3 solar masses for individual stars
within the Taurus-Auriga and Scorpius-Taurus star
formation regions. For this subgroup, astronomers at
the MPIA and their colleagues derived masses of
1.2–0.5 solar masses.

So there is already a rather good agreement bet-
ween the empirically obtained values and the theoreti-
cal ones, with several models being especially promi-
sing. Further observations, yielding more measured
points and a larger time base, will enable astronomers
to determine the masses of several systems individu-
ally.

ISOPHOT Observes Star Formation within 
Dark Clouds

Stars form deeply hidden within dense interstellar
clouds of gas and dust. Therefore the first stages of
star formation are not observable in optical light.
Infrared radiation, however, can penetrate the dust.
The ISOPHOT camera, built at MPIA and flown on the
ISO infrared satellite, made it possible for the first
time to detect those extremely cold condensations at
wavelengths up to 240 µm in the interior of such
clouds, from which new stars will form. 

Mature stars reach temperatures of many million
degrees within their inner cores. At the beginning of
their formation, though, stars are the coldest places in
the universe. The reason for this is the following: The
outer regions of interstellar dust clouds are heated by
the surrounding general star light, especially by its
ultraviolet and blue portion. This radiation, however,
cannot penetrate deeply into the cloud. Therefore the
innermost regions are protected against the heating
through stellar radiation and cool down consider-
ably.

If the density in some part of a cloud exceeds a cri-
tical value, this region contracts under the influence
of its own gravity. Only when this stage is attained
the matter starts to heat slowly because of contraction
and the induced increase of pressure. Eventually, the
temperature in the center of the condensation reaches
several million degrees and nuclear fusion ignites – a
star is born. In this phase, the stars frequently have
already dissolved their surrounding dust clouds and
are visible now in optical light.

To a large extent the process of star formation can
be studied observationally. Until recently, however,
the very first stages, in which the condensations are
still very cold, had mostly been hidden from view.
Only in the radio spectral range molecules could be
detected within presumed pre-stellar cloud cores.
Now, with ISOPHOT, an excellently suited instrument
is available to identify these first condensations in the
interior of dust clouds.

ISOPHOT was one out of four scientific instruments
onboard the European space telescope ISO which
observed selected celestial objects for about 29
months, till April 1998. ISOPHOT, built under the
direction of MPIA, worked as a photopolarimeter,
camera, and spectrophotometer in the wavelength
range from 2.5 µm to 240 µm. Thus ISOPHOT could
detect thermal emission of dust at temperatures as
low as about 11 Kelvin.

Star formation within the Chamaeleon complex 

The constellation Chamaeleon in the southern sky
harbors an extended region of dense molecular
clouds. Three distinct condensations are called Cha I,
Cha II, and Cha III. Radio observations already had
indicated star formation processes within this dark
cloud complex. As it is only about 500 light years
away, there was a chance to spatially resolve pre-stel-
lar cores in its interior, which are some 0.7 light years
across, corresponding to about 5 arcminutes on the
celestial sphere.

In the year under report, Finnish and Hungarian
astronomers, together with colleagues at MPIA,
published two papers on their detailed studies of the
Chamaeleon complex.
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One paper exclusively dealt with the subcomplex
Cha I. It is characterized by three reflection nebulae
named after the astronomer Cederblad, who found
them as early as 1946. One of them, Cederblad 110, is
illuminated by a T Tauri star (Fig. IV.9). Like our
Sun, it is of spectral type G, but only about one mi-
llion years old. In the 1980ies, the infrared satellite
IRAS had already detected three sources in Cederblad
110, which were called IRS 2, IRS 4 and IRS 6. IRS 2
turned out to be the illuminating T Tauri star while
IRS 4 and IRS 6 were only detectable in the infrared.
As the maximum of their emission lies beyond the
IRAS detection limit of 100 µm, only conjectures on
the evolutionary stage of these objects were possible.
Moreover, radio observations showed an object south
of IRS 2 and IRS 4, called Cha-MMS 1, from which a
molecular outflow seems to emanate – a phenomenon
frequently observed in young stars.

With ISOPHOT, it was possible to detect IRS 2, 4
and 6 at wavelengths longer than 80 µm although the
camera’s spatial resolution at 200 µm was not suffi-
cient to separate the sources. At 80 µm and 100 µm
Cha-MMS 1 could also be detected. This source got
the additional designation IRS 10 (Fig. IV.10). 

The four sources mentioned above lie within an
extended region of infrared radiation. After subtrac-
ting this extended emission as well as the four point
sources from the image a faint source located bet-
ween IRS 4 and IRS 6 showed up which was named
IRS 11. It could be detected only at 80 µm, however,
as the spatial resolution was no longer sufficient at
longer wavelengths. But a different team of astrono-
mers had observed the Cha 1 region, too, using the
ISOCAM infrared camera on ISO. They found a source
at wavelengths of 7 µm and 14 µm, which lies almost
exactly at the position of IRS 11. Most likely, it is one
and the same object.

Thus a total of five sources is presently known in
Cederblad 110: IRS 2, 4, 6, 10 and 11. Now it would
be interesting to know their evolutionary stages.
Decisive clues come from their spectral energy distri-
butions, which could be measured completely by
ISOPHOT for the first time because the emission maxi-
ma of the sources lie at wavelengths longer than 100
µm (Fig. IV.11). As shown in the figure, the far-infra-
red emission can be fitted quite well with blackbody
functions which yield dust temperatures of 20 to 25
Kelvin. The total luminosities of the sources can be
derived from their overall spectrum. They differ
strongly, lying between 0.4 and 3.4 solar luminosities.
Thus the sources also have to be at different tempera-
tures. The stronger the energy distribution in Fig.
IV.11 increases towards shorter wavelengths, the hig-
her is the temperature of the object. Model calculati-
ons yielded temperatures of 2700, 260, 72 and 19
Kelvin for the sources IRS 2, 6, 4, and 10, respecti-
vely.

Obviously the objects are of different age. May-
be they have formed in two episodes. First, the
source IRS 2, which is now illuminating the reflect-
ing nebula Cederblad 110, formed one million years
ago. The other four sources, however, are much youn-
ger, 100 000 years at most. It is possible that IRS 2 has
triggered the formation of these younger objects.
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The coolest object IRS 10 occupies a special posi-
tion. Most probably it is one of the very few known
real protostars. These objects are already in the con-
tracting phase while still gathering matter from their
surroundings, but have not yet ignited nuclear fusion
in their centers. Their typical signs are:

● detectability only at wavelengths longer than about
10 µm

● temperatures of about 15 to 30 Kelvin
● activity like molecular outflows, observed mainly

in the CO emission line
● at least 2 % of the total emission at wavelengths

longer than 350 µm.

IRS 10 meets all these criteria. Obviously it is a small
protostar of about half a solar mass.

Observations in the far infrared with ISOPHOT and
in the submillimeter region also allowed the mass of
the stars and the clouds to be estimated. The mass of
the entire cloud Cederblad 110 amounts to 15 to 19
solar masses. The stars have a total mass of 3 to 4
solar masses. From that it follows that 16 to 21 % of
the initial cloud material has been transformed into
stars. This value is considerably higher than that of 2
to 9 % that was obtained for Taurus-Auriga, a huge

star formation region in the northern sky. But it is
comparable to that of the Rho-Ophiuchi cloud. The
cause for these differences is not clear. Presumably
they are related to highly differing values of the star
density, which is about 1500 times higher in
Cederblad 110 than in the Taurus-Auriga region.

The Chamaeleon complex
in the ISOPHOT Serendipity Survey

A second possibility to observe the Chamaeleon star
formation region was offered by the ISOPHOT

Serendipity Survey. This survey was a by-product of
the ISO mission. As the satellite normally was pointed
to selected objects it had to be slewed between the
pointed observations from one position on the sky to
the next. In order not to waste this slewing time the
camera C200 in ISOPHOT was kept turned on during the
slew. This way, one-dimensional scans across the
whole sky in the far-infrared band around 200 µm were
obtained – a spectral region still unexplored until the
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Fig. IV.12: Color-temperature map of the Chamaeleon region
from the Serendipity Survey.
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ISO mission. In this manner, an additional 15 % of the
entire sky could be scanned in 3 arcminute wide strips.

A field with a total size of 20° � 20° in the con-
stellations of Chamaeleon and Musca has been cros-
sed very frequently by the “slewing beam”, so all in
all about a quarter of the molecular cloud complex in
Chamaeleon has been mapped. These data obtained at
170 µm were compared to the 100 µm IRAS data. The
interesting cool regions stand out due to their large
intensity ratio I(170 µm)/I(100 µm).

The comparison results in a color-temperature map
of the three main complexes Chamaeleon I, II, and III
(Fig. IV.12). It shows mostly cold regions with tempe-
ratures below 15 Kelvin. Only a few “warm” regions
up to 20 Kelvin occur in the north-eastern part. The dif-
fuse material between the main clouds has temperatu-
res around 16 Kelvin, which is in agreement with the
temperatures expected for dust heated from outside by
the diffuse radiation of surrounding stars.

In addition, very cold spots with temperatures as
low as 12 Kelvin are seen, all of them small structures
within the clouds. A total of nine such cold regions
has been found, six of them in Chamaeleon I (Fig.
IV.13). Two of them correspond to the cold clouds
described in the previous section. The temperatures of
13.7 Kelvin determined in both studies are also simi-
lar, within the uncertainty limit of 0.5 Kelvin, demon-
strating the efficiency of the search for cold sources
by the ISOPHOT Serendipity Survey. 

To learn more about these interesting features the
astronomers compared their results with those of
other authors. As it turned out, the cold knots corre-
spond to regions with particularly strong dust absorp-

tion (extinction) in the visible light. A linear depen-
dence between the intensity of the far-infrared emissi-
on at 170 µm (cold dust) and the extinction could be
established – a clear indication for the emission at
170 µm coming from larger dust grains, which are
also responsible for the optical extinction. Apparently
the far-infrared maps always reflect the density distri-
bution of the dust within the clouds. In addition, the
cold regions are associated with high concentration of
CO gas found by Japanese astronomers in 1998.

From all this it can be concluded that the cold regi-
ons are condensations within the Chamaeleon clouds.
The observationally derived gas density is about 104

hydrogen molecules per cubic centimeter in knots
about 0.7 light years across. The evolutionary stage of
these cores (pre-stellar clouds on the verge of collapse
or in an early collapse phase) has to be determined by
further observations, in the sub-millimeter region for
instance, which are already underway.

Isolated star formation in Barnard 217

Three of the ISO slews have also crossed the dark
cloud Barnard 217 (B 217, see Fig. IV.14), allowing
this small cloud to be observed in the far infrared for
the first time. B 217 is located at the end of a large
dust filament within the Taurus molecular cloud com-
plex. At a distance of about 450 light years, the dark
cloud is rather small with a size of 2 � 1.3 light years
(corresponding to 15 arcminutes � 10 arcminutes on
the sky). In the interior of such clouds single stars
could be forming, which is why this cloud repeatedly
has been the target of astronomical observations.
These observations showed, that B 217 indeed con-
sists of two approximately equally sized clumps.
Corresponding to their location they are denoted as B
217 SW (southwest) and B 217 NE (northeast). IRAS

had found an infrared source between these two con-
densations – a young star illuminating a reflection
nebula. This nebula is aligned perpendicularly to the
axis connecting B 217 SW and B 217 NE and has a
cometary shape, as it is often found in young stars.

Although this showed B 217 to be a region of
active star formation, the physical state of the two
clumps remained unclear. From ISOPHOT measure-
ments at 170 µm and existing IRAS data dust tempe-
ratures of 12 Kelvin and 11 Kelvin were derived for
the two cloud parts. These unusually low temperatu-
res again indicated very dense cloud cores.
Surprisingly the ISO data showed another source
about 3 arcminutes northwest of B 217 SW. With 13.3
Kelvin, this region, called B 217 NW (northwest), is
slightly warmer than the other two condensations.
From the intensities at 170 µm masses of 1.5, 2.6 and
3.8 solar masses have been derived for the three
cores, respectively.
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Fig. IV.13: Chamaeleon I at 170 µm. The small white ellipses
indicate the “cold knots”.
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To get more information about the gas in B 217
astronomers at MPIA together with a colleague from
Italy also performed radio observations of the core B
217 SW, using the 100 m radio telescope of the MPI
for Radio Astronomy at Effelsberg. The ammonia
molecule (NH3) was detected, which is a good density
indicator. After NH3 had already been found earlier in
B 217, the MPIA team and their colleagues could
now detect this molecule clearly enough in the cold
region to determine temperature and density. Even a
density profile within the knot could be derived.
According to this, the (converted) number density of
H2 decreases exponentially from at least 3 � 105 cm-3

at the center to 6 � 103 cm-3 at the edge (Fig. IV.15).
The kinetic temperature, describing the thermal moti-
on of the gas, increases linearly from about 9 Kelvin
at the center to 12 Kelvin at the edge (gas and dust do
not have the same temperature). From this, the poten-
tial energy and thermal energy of the gas can be esti-
mated. The result, showing the potential energy being
about twice the thermal energy, suggests that this
region is close to hydrostatic equilibrium. Thus the
collapse could start any time. The same seems to
apply to the second cold knot in B 217 NE.

The new observations show the small dark cloud
217 to be in a very dynamical state. While a star is

just forming in it (the T Tauri star) there are two or
three dense dusty cores, which are about or have just
begun to contract to form new stars in the near future.
As in Cederblad 110 there are two episodes of star
formation in B 217, which obviously do not interfere
with one another. Remarkably, both dominant dust
clumps in B 217 lie perpendicularly to the longitudi-
nal axis of the cometary nebula, illuminated by the
young star. Normally, such a reflection nebula is asso-
ciated with a bipolar gas flow in the direction of the
longitudinal axis, which probably coincides with the
star’s rotational axis.

These studies demonstrate the great potential of the
ISOPHOT Serendipity Survey: After finding cold dust
in other galaxies with this method, astronomers at
MPIA now detected cold cores within molecular
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Fig. IV.15: Radial density distribution in B 217. The dotted,
solid and dashed curves represent exponential declines with
exponents of -1, -1.5, and -2, respectively.
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clouds in our own Milky Way. Up to one hundred of
these young star-forming regions are expected to be
found in our Galaxy. Further observations, as have
already begun in the sub-millimeter and millimeter
range, as well as far-infrared observations with future
space telescopes, will be based on them.

Palomar 5 – a Dissolving Globular Cluster

Presently, about 150 globular clusters are known
in our Milky Way system. They move around the
galactic center at different distances and on different
orbits, passing through the galactic plane again and
again. During every passage they loose some of their
members, i.e., they are slowly dissolving. The
strength of this effect should depend on the mass and
compactness of a global cluster as well as on its
distance from the galactic center. The observational
confirmation of this dissolution effect is difficult,
since normally only few cluster members leave the
cluster, and in order to detect them a large area has
to be surveyed. A team of astronomers at MPIA and in
the US recently succeeded in detecting this effect
directly for the first time in the globular cluster
Palomar 5. This system shows two distinct “tails” of
stars which have been ripped from their community.

Globular clusters contain between ten thousand and
several million stars and are 40 to 400 light years
across. The stellar density generally increases stron-
gly towards the center where it can be up to ten thou-
sand times higher than in the solar neighborhood.

The Galactic globular clusters are generally found
in an extended halo more than 300000 light years
across and move around the Galactic center on ellip-
tical orbits. They are thought to have formed when a
huge primordial gas cloud started to contract gravita-
tionally, giving birth to our rotating Galaxy. Because
of its angular momentum the remaining gas cloud
later flattened into a disk. Within this disk additional
stellar populations formed, which also include our
Sun.

During the last twelve billion years the globular
clusters were affected by a number of processes,
which were induced mainly by the Galactic gravita-
tional field. As globular clusters move around the
Galactic center on highly inclined elliptical orbits
with orbital periods of several hundred million years,
they experience strongly variable tidal forces. These
tidal forces supply energy to the cluster stars, thereby
changing the stellar orbits within the cluster. As a
result, some stars can leave the immediate gravitatio-
nal field of the cluster and move towards its outskirts,
where the Galactic gravitational field dominates. This
process eventually leads to the formation of symme-

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

Computer simulations predict that half of the pre-
sent-day globular clusters will be dissolved this way
within the next ten billion years. Accordingly, clusters
in the stage of advanced dissolution should already be
observable, making themselves conspicuous by tidal
tails stretching along their orbits. As searches for such
structures require a large field of view photographic
images were used in the first studies. However,
because of sensitivity inhomogeneities and a relative-
ly poor angular resolution of the photographic plates
the detection of tidal tails remained uncertain.

The ongoing “Sloan Digital Sky Survey” (SDSS)
offered an opportunity to use data of unprecenently
high quality for searches for tidal tails to the scientists
at the MPIA. The SDSS is the most ambitious sky
survey going on so far, imaging about a quarter of the
entire sky in five wavelength ranges with a mosaic
CCD camera. The final catalogue will provide positi-
ons and colors of an estimated one hundred million
celestial bodies as well as the redshifts of about one
million galaxies and quasars. The observations are
performed using a 2.5 m telescope built especially for
this purpose at Apache Point Observatory in New
Mexico. The project is conducted by an international
consortium of US, Japanese, and German institutes.
The German research institutes involved are MPIA at
Heidelberg and MPI for Astrophysics at Garching. In
exchange for financial and other contributions by
MPIA a limited number of scientists at the Institute
gets full access to the data. After a testing phase of a
little more than a year the survey started officially in
April 2000.

During the commissioning phase of the SDSS a
region was imaged containing the globular cluster
Palomar 5, some 75000 light years away. Its peculiar
characteristics render this cluster an especially inte-
resting research object. With a mass of only 13000
solar masses and a comparatively large core radius of
65 light years it is one of the lowest-mass Galactic
globular clusters and shows a very low central con-
centration (Fig. IV.16). This makes it a candidate for a
cluster in the state of dissolution.

Using the data of the Sloan Survey, an area of 6° �
3° around the cluster was studied. It contains cluster
stars as well as large numbers of field stars in the
Milky Way that are not associated with Palomar 5. In
addition this region is studded with background gala-
xies. In order to recognize the complete spatial distri-
bution of the cluster stars a method had to be found to
separate Galactic field stars from cluster members.
This was done by taking advantage of the five-filter
photometry of the SDSS.

First, all stars lying near the cluster center (as seen
from Earth) and which therefore most likely belong to
the cluster, were plotted in a color-magnitude dia-
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gram. The same was done for stars at a greater
distance to the cluster the majority of which should be
field stars. Galaxies were excluded by their extended
structure or by their colors, which differ from cluster
stars. A statistical comparison of the resulting distri-
butions in the color-magnitude diagram then showed
the region which is suited best for the selection of
cluster stars.

This is illustrated by Figure IV.17. The two dia-
grams to the left show the colors (in the color indices
c1 and c2 especially adjusted to the cluster stars) and
magnitudes of all stars within 3 arcminutes around the
cluster core. The thin lines mark the expected distribu-
tion of the cluster stars taking into account uncertain-
ties in the photometric measurements. The thick lines
give the range of colors and magnitudes that is most
favorable for finding members of Palomar 5.

The two diagrams to the right of Fig. IV.17 show
stars from two regions outside the cluster. While on

the panel labeled “field” (far right) there are only a
few stars within the selection region marked by the
thick line, another field (labeled “tail”, second panel
from right) exhibits a significant overdensity of stars.
Apparently these are former members of Palomar 5
which have left the cluster.

After applying this method to the entire area obser-
ved, the spatial distribution of the stars can be traced.
Stars matching the cluster photometrically are especi-
ally numerous within two elongated regions outside
of Palomar 5 (Fig. IV.18). These tails stretch out sym-
metrically from the center towards the north and the
south for about 0.2 degrees (corresponding to 260
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Fig. IV.16: 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 sub-
giants and main-sequence stars.
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light years) and then turn over to the southwest and
northeast, respectively. Stars belonging to the tails
can be detected in both directions up to about 0.8
degrees (1000 light years) from the cluster center. All
in all, the tails contain about half as many stars as the
cluster itself, demonstrating the substantial mass loss
thatPalomar 5 has suffered.

The shape of the two tails agrees with the results of
computer simulations. Accelerated by gravitational
pertubations induced by the Galactic gravitational
field some cluster stars move outwards and leave the
cluster in the direction of the Galactic center and in
the opposite direction. Due to the Galaxy’s differenti-

al rotation (the orbital velocity decreases with increa-
sing distance to the Galactic center) the trajectories of
the “runaways” bend around and eventually follow
their own orbits around the galactic center, which are
quite similar to that of the cluster.

The geometry of the stellar distribution in the tails
allows one to determine the cluster’s motion in space
by means of the orientation of the tails. During the
last years there have been several attempts to measure
the motion of Palomar 5 directly using astrometrical
methods – with contradictory results. As seen in Fig.
IV.19 only the last measurement from 1998 (C98) is
approximately in agreement with the orientation of
the tails.

The new study made it possible to determine the
tangential component of the motion much more preci-
sely, showing that Palomar 5 is moving on an ellipti-
cal orbit around the Galactic center, with the smallest
and the largest distances being 23,000 and 62,000
light years, respectively (Fig. IV.20). It was calculated
from these orbital elements that during the past 500
million years the cluster has passed three times
through the Galactic plane. The tails presently obser-
ved probably result from these events. 113 million
years from now Palomar 5 will again pass through the
Galactic plane. As this passage will coincide with its
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closest approach to the galactic center it will be
accompanied by especially strong disturbances that
may eventually dissolve the cluster completely. 

The observation of the tails of Palomar 5 supports
the theory of globular clusters being in a permanent
process of dissolution. In a next step astronomers plan
to measure spectroscopically the radial velocities of
stars in both tails. These data will allow an even bet-
ter determination of the cluster’s Galactic orbit and its
inner dynamical state. Moreover, the team at MPIA
will study other globular clusters with the same
method, as soon as the Sloan Survey will have cover-
ed sufficiently large areas around these objects.

Turbulence in Star Formation

Stars form deep within large clouds of gas and
dust. Radio observations have shown that the cloud
medium is highly turbulent, its components moving
with supersonic speeds. Shock waves run through
the cloud, keeping it from collapsing. However, it has
been known for a long time that matter can locally
condense, forming new stars. The role of turbulence
in this process is currently unclear, since a satisfying
theoretical description of turbulence still has to be
found. Scientists at the Institute have been dealing
with this issue for years. During the year under
report, two new papers were written, which take
into account self-gravity of matter for the first time
and therefore can explain observations much better
than before.

Turbulent gas motions in the interior of large molecu-
lar clouds represent an unresolved problem in diffe-
rent respects. According to model calculations the tur-
bulent gas looses its kinetic energy rapidly in the
form of heat. Shock fronts occurring in this process
are damped very quickly and decay. This is in con-
trast to the observations, however, which show the
gas being turbulent in almost all clouds. Thus, there
are processes at work that keep up turbulence. 

For some time, it was assumed that magnetic fields
could trigger so-called magneto-hydrodynamic turbu-
lence, which gives off its energy more slowly. The
theory group at MPIA was able to reconstruct the
three-dimensional behavior of magneto-hydrodyna-
mic waves in a molecular cloud in a computer simula-
tion with unprecedented accuracy (see Annual Report
1997, p. 57). These calculations also clearly showed
that magnetic fields are not able to maintain turbu-
lence.

A conceivable way out of this problem is offered
by the assumption that stellar winds and jets or the
energetic emission of young hot stars are continuous-
ly supplying kinetic energy to the gas. However, it

does not seem plausible any longer that these proces-
ses can keep up turbulence. On the whole, the turbu-
lence of large clouds remains a secret. The questions
of its origin and effects on star formation will be a
future central issue of research at the Institute.

But even without a detailed understanding of exac-
tly how turbulence is maintained, it can be taken into
account in model simulations of large clouds. Until
now, however, self-gravity was never included in the
calculations. This was done for the first time by the
Institute’s theory group. The gas was assumed to be
compressible and isothermal, meaning that it does not
change its temperature.

Simulations with turbulence and self-gravity

The evolution of the model cloud was calculated
at high resolution. Its total mass was chosen to be
200 Jeans-masses. The Jeans-mass represents a criti-
cal mass limit above which a cloud starts to collapse
due to self-gravity. Depending on temperature, it is
typically between one and five solar masses. Thus,
the model corresponded to a real cloud of 200 to
1000 solar masses. The molecular cloud was repre-
sented by an ensemble of pseudo gas particles which
was put into turbulent motion by imposing a certain
velocity field (Gaussian velocity distribution) upon
it. This field evolved independently, with the turbu-
lence driven by a constant energy supply yielding an
average gas velocity of six times the velocity of
sound.

Figure IV.21 shows the further evolution of the
cloud. Although turbulence keeps the cloud as a
whole from gravitational collapse, local condensati-
ons form after a while. If the masses of such conden-
sations exceed a certain value (the Jeans-mass), these
protostellar cores continue to contract under the influ-
ence of their own gravity. They are forming mainly at
the intersections of denser gas filaments. The plots b)
to d) show the state of the cloud after 20%, 40% and
60% of the total gas mass, respectively, have accumu-
lated within the dense cores. They cover a period of
just under 500 000 years. Comparison with a simulati-
on without constantly driven turbulence (Fig. IV.22)
clearly shows the difference: Turbulence causes the
dense cores to form more slowly. Moreover, the for-
ming star cluster is not as strongly concentrated in the
turbulent scenario as in the other one.

To compare the theoretical simulations with obser-
vations, so-called probability distribution functions
were calculated. These are based on the following
considerations: If a cloud is observed at radio wave-
lenghts, one looks right through it and any physical
quantity is measured at any point only in projection
onto the celestial plane. The spatial distribution can
only be obtained using model assumptions.
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In the simulations, this was taken into account by
determining radial velocities and densities at any
point of the model cloud “in projection” as well. Fig.
IV.23 shows the derived probability distribution fun-
ctions for the stages depicted in Fig. IV.21. They
were obtained by determining the physical quantities
(density and radial velocities) at about 4000 points in
the cloud and plotting them as statistical distributi-
ons.

At the beginning, the density distribution is of
almost Gaussian shape. In the course of time, it gets
broader and broader and deviates further from the
normal distribution. This is caused by the constant
turbulence. Such broad density distributions are
actually observed in interstellar clouds. From phase
b) on to the right dense protostellar cores appear. In
contrast, the velocity distribution approximately
maintains its Gaussian distribution and broadens only
slightly.

Comparison with observations, as they are availa-
ble for the star forming regions near Rho Ophiuchi or
in Orion, for example, shows that models with con-
stantly-driven turbulence and self-gravity are in much
better agreement with reality than models without the-
se properties. Thus, these simulations seem to be good
descriptions of the processes in the interior of inter-
stellar clouds with ongoing star formation. In the futu-
re, it would be interesting to test if it is possible to in-
fer the physical causes of the turbulence from the sha-
pe of the probability distributions. One has to bear in
mind, though, that, among other things, these distribu-
tion shapes depend on the accidental line of sight.

Rotation of turbulent clouds

On smaller scales of about half a light year, con-
densed cores are found in the interior of the clouds.
With masses of about one solar mass, they are the
direct progenitors of stars. Since they form in a turbu-
lent medium, they are turbulent themselves. Radio
astronomers have measured velocity fields (more
exactly, velocity gradients) within many of these
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Fig. IV.21: Evolution of the gas cloud under the influence of
self-gravity with constantly driven turbulence. Time is given
in units of the free-fall time which is 100,000 years in this case.
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Fig. IV.22: Evolution of the gas cloud under the influence of self-gravity without constantly driven turbulence. As in
Fig. IV.21, time is given in units of the free-fall time.
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cloud cores. While one side of the cloud is approa-
ching us, the other is receding. So far, this was inter-
preted as rotation of the clouds. In principle, the
clouds could obtain their angular momentum from the
Galaxy’s differential rotation. This means that the
velocity of an object decreases with increasing
distance to the Galactic center. An extended object
like a cloud – for which this applies, too – is set into
rotation.

Angular momentum should have significant influ-
ence on star formation, as it causes the protostellar
cores to rotate and flatten into disks. Within the disks,
then, binary and multiple stellar systems as well as
planetary systems form. The strength of the angular
momentum determines the stellar separations in these
systems and also the properties of the planetary
systems.

However, questions have been raised repeatedly
whether the rotation of the clouds can be detected at
al, since it should rather be masked completely by the
violent turbulence. In principle, there is only one rea-
son why the angular momentum of a cloud is so diffi-
cult to determine: because the radial velocities can be
measured – as described above – only in projection
onto the celestial plane, summed over the entire line
of sight.

Theoreticians at MPIA together with colleagues in
the US investigated the connection between turbulen-
ce and rotation and compared their results with obser-
vations. In their calculations, they simulated a cloud
with a diameter of about 0.7 light years and a total
mass of 5 solar masses, the density increasing from
outside to inside according to a power law. A turbu-

lent velocity field was imposed upon this system and
its subsequent evolution was followed. Then the
“movie” was stopped to determine the velocity field.
As it turned out, the individual angular momenta of
the small-scale turbulence fields do not compensate
each other completely on average, but in most cases
leave a random net angular momentum, which
appears to the observer as a large-scale rotation of the
cloud.

The fact that the turbulence velocity increases with
the size of the turbulence cells has an additional
effect. Thus, the velocity picture is dominated by the
biggest cells which extend across the entire cloud. As
a result, a velocity gradient is measured within the
cloud, which, however, does not originate from rotati-
on but from inner turbulence.

This means that the angular momentum of a cloud
cannot be calculated from the measured velocity gra-
dient. The rate of this net angular momentum depends
on the random projection of the cloud onto the sky,
that is, on the line of sight. Correspondingly, the
angular momenta calculated from 4000 simulated
cases show a broad distribution (Fig. IV.24), lying in
a range of (0.5–2.5) � 1021 cm2/s. This is in very
good agreement with a value of 1.2 � 1021 cm2/s
which was obtained from observations of clouds
about 0.6 light years across. The broad distribution
also matches the fact that the separations of the com-
ponents in binary stars are widely scattered: A small
angular momentum results in a close system, a large
one in a wide system.

Using simple estimates, the result found numeri-
cally can be extrapolated to larger clouds of diameters
up to 4 light years. Here, too, the observations are in
good agreement with the calculations (Fig. IV.25).

Thus, turbulence has proven to be the source of the
net angular momentum. It is also the reason for the
formation of binary stars. In future studies, scientists
at the Institute plan to include additional physical
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effects to make their simulations even more realistic.
One of these effects, for example, is the velocity field
influencing the density distribution and vice versa.

Planet Formation in Binary Stars 

Theory and observations alike have confirmed that
stars are forming mainly in binary and multiple
systems. If both stellar components are separated by
a large distance, each is surrounded during its for-
mation phase by a gas and dust disk of its own; if
they are close together, a common disk is developing
around them. Within these disks planets can form. So

far, theoreticians have dealt almost exclusively with
the formation of planets in single stars and thus have
ignored the majority of young stars. The theory group
at MPIA has now tackled the question in which way
a companion star is influencing planet formation. The
first studies already show that in certain binary
systems planet formation is severely disturbed or
even prevented. 

Observations in the sub-millimeter range, which
show the thermal radiation of dust, suggest that close
binaries with relative separations up to one astrono-
mical unit (AU) develop a common (circumbinary)
disk. In wide pairs, separated by more than 100 AU,
each component is surrounded by its own (circum-
stellar) disk. What happens in the intermediate range
is largely unclear and depends among other things on
the masses of the stars, the eccentricities of their
orbits and the angular momentum of the disks (see
Annual Report 1997, p. 59). Only few results have
been obtained so far by observations: Both compo-
nents of the binary GG Tau, being 45 AU apart, are
surrounded by a common disk, while the star Z CMa
consists of two components, which are separated by
100 AU and have circumstellar disks of their own, as
astronomers at MPIA had found in 1998 (see Annual
Report 1998, p. 16). Can planets form in such
systems?

Three cases are known, in which extrasolar planets
do exist in binary systems: 16 Cyg B, 55 Cnc, and
Tau Boo. With relative separations of 700, 1150 and
240 AU, respectively, the stars are very far apart
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while in each system one planet is orbiting one of the
components on a very close orbit (orbital radii: 1.7,
0.1, and 0.05 AU, respectively). Thus the companion
star is several hundred to ten thousand times farther
away from the primary star than the planet, making
its gravitational perturbation small.

Using computer simulations, members of the
MPIA theory group have now investigated if and how
planets can form in binary systems. Due to the enor-
mous computing effort involved, the scientists con-
centrated on a special case corresponding to a well
studied real binary star. The star in question is L 1551
IRS 5 (Fig. IV.26), a young object at a distance of 450
light years, which has been intensively studied for
years by astronomers at MPIA.

Computer simulations of a real case

L 1551 IRS 5 is a young binary about 500,000
years old, whose components are separated by about
50 AU. Each component is surrounded by its own

disk of about 20 AU diameter and 0.05 solar masses.
On a larger scale, the star is embedded in an extended
nebula with a size of 2400 AU � 1100 AU. Also cha-
racteristic of a young binary star are two narrow par-
ticle beams, so-called jets, which are ejected in oppo-
site directions into space.

Theoreticians have used this object as a model for
their computer simulations. Two identical stars with
0.5 solar masses each have been assumed, which are
both surrounded by identical disks of 30 AU diameter
and 0.05 solar masses each. In the simulation, each
disk comprised 60000 particles, which initially orbi-
ted the star on circular trajectories. Density and tem-
perature of the disk decrease from the star outwards
following power laws of r–3/2 and r–1/2, respectively.
In addition, it was assumed that both stars are orbiting
one another on elliptical paths (eccentricity of 0.3)
with an orbital period of about 340 years.

The material of the disks was assumed to be vis-
cous, so shock waves and turbulence could occur.
These processes will heat the disks and are of great
significance for the evolution of the system. Fur-
thermore, it was taken into account that in these pro-
cesses the dust is radiating thermally depending on its
temperature.

The behavior of the disks was followed over a
period of eight orbits, or 2700 years. Fig. IV.27 shows
the systems shortly before (above) and after (below)
passing the point of nearest approach (periapsis). It
can be seen that the gravitation of both systems pro-
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Fig. IV.26: L 1551, photographed in visible light at Calar
Alto Observatory. The cross marks the position of the young
star IRS 5, which is hidden behind dust and therefore only
visible in the infrared. The jet emanating from IRS 5 
and the extended cometary reflection nebula can be recogni-
zed as well.



duces spiral waves within the disks at periapsis.
These waves, however, dissolve rapidly when the
stars are receding again from one another on their
elliptical orbits. During every orbit, this process of
cyclic shock wave formation is repeated in almost
unaltered form, so presumably it will continue for a
longer period of time. The rapid dissolution of the
spiral structure is the result of heating by the shock
waves: High temperatures stabilize the disk.

This cyclic heating of the dust presumably pre-
vents the formation of planets. Theoreticians believe
that planets form when spiral arms, representing con-
densations of dust, fragment into smaller pieces
which then further condensate. But obviously this
process is impeded by the heating of the disk.

Moreover, due to the high temperatures already
existing dust grains evaporate and therefore can not
accumulate into larger bodies. This is especially true
for particles made of water ice, which comprise an
estimated 40% of the first ice grains. Within the spi-
ral structures, temperatures reach values between 200
and 1100 Kelvin while the water ice grains already
begin to evaporate around 150 Kelvin (Fig. IV.28).
The spiral arms rotate independently of the dust
grains with the orbital period of the binary star. Thus

the entire matter of the disk is traveling several times
through the arms and heats up before the arms dis-
solve again. As it takes a dust particle about two
years to cross an arm there is ample time for it to
evaporate. Only thermoresistant materials like iron-
rich silicates or organic compounds can survive in
the disk and possibly grow, especially in the cooler
outskirts.

Comparing the emission of the model disks with
the observations has been of interest as well. Fig.
IV.29 shows the combined values of both components
(dots) as well as the values of the single components
(crosses). Despite some uncertainties in the measure-
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ments, the results of the simulation are significantly
lower than the measured values, suggesting the disk
temperatures being even higher in reality than in the
models. This in turn would speak even more strongly
against the possibility of planets forming there.

On the whole, it is shown that planet formation is
not possible at all in such binary systems or at least is
severely impeded. The simulations shown are only
the beginning of much more extensive studies which
will calculate, for example, heating and cooling of the
disk in more detail and consider disks of different
masses. A comparison of binary stars of different
masses and a wide range of relative separations
would be of special interest. In addition, three-dimen-
sional simulations would be highly desirable.
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Lopsided Spiral Galaxies

Galaxies lead an eventful life, approaching each
other, colliding or merging. Recently, astronomers
have discovered more and more new forms of these
cosmic interactions, which have a significant influ-
ence on the evolution of the stellar systems.
Scientists at MPIA together with colleagues at
Steward Observatory, Arizona, have studied spiral
galaxies, which show an asymmetric distribution of
stars on opposite sides of the galactic center. They
found out, an increased rate of star formation is asso-
ciated with this “optical lopsidedness”. The reason
for this is not yet clear. But most likely lopsidedness
and increased star formation are caused by close
passages of smaller galaxies.

Today, it is unquestioned that interactions with neigh-
boring objects play an important role in the evolution
of galaxies. The cosmological scenario of hierarchical
structure formation predicts that major galaxies for-
med in the early universe by merging of several smal-
ler galaxies (see “Far Infrared Extragalactic
Background Radiation” in this Annual Report, p. 23).
But even in the present-day universe spectacular
examples of colliding galaxies can be observed, pro-
ducing a firework of star formation ( see “Cold Dust
in the Antennae” in this Annual Report, p. 71). At the
same time, an increased amount of matter may be
funneled into the galactic central regions to be swal-
lowed there by a giant black hole. Even if two gala-
xies just get close to each other, strong tidal forces
will cause their interstellar matter to be stirred up,
thereby enhancing star formation. Moreover, there is
growing evidence that elliptical galaxies have formed
by mergers of spirals (see Annual Report 1999, p.67). 

But not always are the effects of interactions bet-
ween galaxies that spectacular. Weaker gravitational
forces can have significant consequences as well.
They occur, for instance, when two big galaxies pass
each other at great distance or when structure and
kinematics in the interior of a major galaxy are influ-
enced by the gravitational field of a small one. It
seems plausible that star formation, too, is triggered
by such events.

It became apparent already in the early 1980ies that
roughly 50% of all spiral galaxies have asymmetric
rotation curves and also slightly asymmetric distributi-
ons of atomic hydrogen. To study this phenomenon
more thoroughly, asymmetric mass distributions in spi-

ral galaxies have been examined systematically since
the mid-1990ies, using the stellar light as an indicator.
In principle, asymmetries of the surface brightness can
be caused also by extended dust complexes, covering
greater parts of the star fields. But in 1998, this effect
could convincingly be excluded.

If the disks of so many spiral galaxies show large-
scale asymmetries in the stellar distribution, the most
likely explanation is an external effect, namely a per-
turbation by a nearby galaxy. Simple estimates and
computer simulations suggest that the perturbation of
the gravitational potential and the resulting asymme-
tric mass distribution should be smoothed out again
after about one billion years. So, on cosmic time sca-
les, it is a rather transient perturbation. But as many
spiral galaxies show this “optical lopsidedness” it has
to be rather common.

In a new, systematic study, astronomers at MPIA to-
gether with a colleague at Steward Observatory,
Arizona, observed 40 spiral galaxies. The selected sam-
ple comprised relatively nearby objects (with redshift z
< 0.03) which are seen almost exactly face-on. In Fig.
IV.30 some examples are shown. The surface brightn-
ess of a highly inclined galaxy is difficult to determine
because of the considerable obscuration by dust.

For each of these galaxies, spectra of the entire sur-
face were obtained by placing a long slit across the
galaxy at a number of different positions. So it was
possible to obtain the integrated flux of the galaxy in
the light of particular spectral lines. The Balmer lines
of hydrogen are of special interest because their
intensities are an indicator of young hot stars. This
way, at the same time the star formation rate could be
determined.

In practice, this was done by first preparing two
model spectra. One was that of a sun-like star (spec-
tral type G), representing the “old” stellar population
of a galaxy. The second one, a hot A star, stood for the
young population. A comparison of the measured
spectra with these templates then allowed to estimate
the star formation rate in each of the galaxies.
Subsequently, the strength of the star formation rate
was compared to the degree of the galaxy’s optical
asymmetry, which was mathematically quantified as
the deviation from a completely homogenous surface
brightness.

Fig. IV.31 shows that the fraction of young A stars
is increasing with the degree of the optical asymme-
try. As A stars have a lifetime of only about 500 milli-
on years, the optical lopsidedness has to last at least
as long after its onset. From the spectra it can be esti-
mated that about one billion stars have formed during
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the past 500 million years in the asymmetric galaxies,
corresponding to a star formation rate eight times hig-
her than in normal spiral galaxies. During such an era
approximately 10% of all stars of an average galaxy
are forming.

Hence this is an important phase in the evolution
of galaxies. About one fifth of all observed galaxies

are asymmetric. Assuming such a perturbation to last
about one billion years, it follows that each spiral
galaxy has experienced such a phase about four times
in its lifetime.

Obviously such events are of great significance for
the evolution of galaxies. Studies of this topic, howe-
ver, have only just begun. Subsequent observations
are planned to clarify the origin of optical lopsi-
dedness. Interaction with nearby small galaxies is a
likely cause, but still has to be proven. Here, data of
the Sloan Digital Sky Survey should be very useful.
On the theoretical side, numerical simulations with
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high spatial resolution need to be done to study the eff
LINC ects of weak interactions between galaxies.

Far Infrared Extragalactic Background Radiation

A major goal of observational cosmology is to
reconstruct the evolution of galaxies. What was the
star formation rate in the early universe? Did gala-
xies merge, thus diminishing their total number over
billions of years? These are only two of the basic
questions. It is known from nearby galaxies that
intense star formation causes large masses of dust to
be heated which then radiate in the mid- and far-

infrared range. As spectra of galaxies in the early
universe are redshifted these objects should be
observable mainly in the far infrared and the adja-
cent millimeter range. With the ISO satellite observa-
tory it was possible for the first time to observe this
extragalactic background radiation in greater detail.
So several extended projects were devoted to this
subject, which are now yielding first results. The
data clearly show that the young galaxies have expe-
rienced evolutionary stages with burstlike star for-
mation.

The sensitivity of the ISO instruments covered almost
the entire infrared range up to ~200 µm. Thus they
were able to detect every type of dust, even the coo-
lest one. In fact, ISO has peered through several “cur-
tains”, located at quite different distances from Earth
(Fig. IV.32). Within the solar system, this is the inter-
planetary dust. Under favorable conditions, sunlight,
which has been reflected by it can be seen with the
naked eye as zodiacal light. At a temperature of 270
Kelvin this dust is relatively warm, so its thermal
radiation is the strongest noise source in front of the
weak background radiation. At significantly larger
distances of hundreds or thousands of light years,
cool interstellar dust is spreading. Because of its
wispy diffuse appearance it is also called cirrus. Until
recently, very little was known about dust outside the
Milky Way system. Observations with ISOPHOT,
however, suggest that dust also exists in galaxy clu-
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 <Ã 

1>

Fig. IV.31: Fraction of young A stars (CA0V) as a function of
optical asymmetry <A1>.

1 pc ~ 3 Ly

Extragalactic

 Background Radiation

~1 AE
~1 kpc

~100 Mpc
~1000 Mpc

Intergalactic

D
ust

Zodiacal Light

T ~ 260 K

Interstellar

D
ust

T ~ 17 K

Instrumental
Straylight

3K Background

Solar
System

Milky
Way

Local
Universe

Distant
Universe

Big Bang

Local Inter-

stellar Cloud ??

IS
O

Fig. IV.32: Scheme of the different “infrared curtains” that ISO

was able to peer through. The intensity of the foreground sour-
ces is factors of ten higher than that of the extragalactic back-
ground radiation, making the analysis of the latter very diffi-
cult.



sters. Studies of this subject are presently going on at
MPIA (see Annual Report 1997, p. 26).

The extragalactic background radiation is known
only since recently. It had first been studied in some
detail by the American COBE satellite. But the
instrument DIRBE onboard COBE had a low spatial
resolution of only 42 arcminutes and was not able to
detect single sources. Furthermore, the background
signal had been very weak and consequently the
measured intensity was very uncertain. But it is
thought very likely that this radiation arises from
young galaxies which are several billion light years
away from us.

There is only one signal coming from an even lar-
ger distance, namely that of the cosmic background
radiation. It has its maximum in the millimeter range,
though, and originates from a very early stage, a few
hundred thousand years after the big bang. In the
early 1990’s, this radiation had been measured by
COBE with high accuracy over the entire sky.

For the observation of the extragalactic backgro-
und of young galaxies celestial areas have to be cho-
sen that are as free as possible of the other foreground
sources mentioned above. There are several eligible
regions highly above the galactic plane where inter-
stellar dust is very sparse.

With the ISOPHOT instrument, built at MPIA, four
major observational projects on the extragalactic
background have been conducted, yielding first
results in the year under report. They clearly indicate
a violent galaxy evolution in the early universe.

The extragalactic background radiation

Only when in the mid-1990’s far-infrared and sub-
millimeter observations reached sufficient sensitivity,
it became more and more apparent that the star for-
mation rate in the early universe had been underesti-
mated. Until then it had been derived mainly from
observations in the optical and UV range, a spectral
region normally dominated by hot young stars. Star
formation regions, however, are surrounded by large
amounts of dust, which effectively absorb stellar
light. The dust is heated by this process and starts to
radiate in the infrared. Nearby normal spiral galaxies
are known to emit as much as 30 % of their total
luminosity in the infrared. In systems with intense
star formation (starburst galaxies) the infrared frac-
tion of the total luminosity even can reach 95 %. It is
thought that these galaxies are identical with the so-
called Ultra Luminous Infrared Galaxies (ULIRGs; see
chapter II.2 of this Annual Report). The intensity
maximum usually lies at wavelengths between 50 and
100 µm. In young galaxies, this maximum is shifted
by cosmological redshift even further into the far-
infrared and submillimeter range. Most of these

objects probably are not visible in the optical light
because of strong dust absorption.

With ISOPHOT it was possible to study galaxies in
the early universe in detail. The big advantage of
ISOPHOT compared to COBE has been its significantly
higher resolution of about two arcminutes at 170 µm
and its ability to point at celestial areas where the
confusing foreground emission of Galactic cirrus is
relatively low. Therefore topics such as the flux level
at long wavelengths and the numbers of detectable
point sources could be addressed. Moreover, the new
data will serve as a base for further submillimeter
observations.

The ISOPHOT observational projects

In the course of the investigation of the extragalac-
tic background radiation four major projects were
conducted, two of which will be described here in
more detail. First the observational results are presen-
ted, followed by the combined interpretation of the
data.

1. The largest field has been observed in the course
of the FIRBACK project (Far-Infrared 

Background), which is a collaboration of astrono-
mers from France, Italy, Great Britain, Germany, and
the US. During 150 hours of observing time a total
area of four square degrees has been examined at 170
µm (Fig. IV.33). The individual fields were located
far above the galactic plane and are as free of confu-
sing cirrus as possible. Nevertheless, it was rather dif-
ficult to clearly identify the point sources and measu-
re their intensities. Eventually 196 sources were
found with intensities between 180 and 500 mJy.

2. The project ISOPHOT CIRB (Cosmic Infrared
Background Radiation) was carried out by MPIA in
collaboration with astronomers from Helsinki. Eight
fields with a total area of about 1.5 square degrees
have been mapped at wavelengths of 90, 150, and
180 µm (Fig.IV.34). The goal of the project was to
determine the number of objects and their luminosi-
ties. Here, the fundamental problem of infrared cir-
rus confusing the detection of galaxies arises. Other
observations, however, had shown that in the selec-
ted fields the cirrus is low enough as not to hamper
the observations significantly. Furthermore, it is pos-
sible to separate the cirrus emission from that of the
extragalactic background, because it has different
radiation temperatures and thus different intensity
distributions over the three measured wavelengths. In
addition, data analysis later discriminated sources
which show up only at one wavelength from those
which appear on at least two maps. The differences
were not serious, though, which strengthened the
confidence in the applied analysis method. In total,
55 point sources were found. As they can not be
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identified with known objects, probably all of them
are distant galaxies.

At the same time the European Large Area ISO

Survey (ELAIS) at 90 µm was performed as well as
the survey at 60 and 90 µm in the region Selected
Area 57. They will not be described here.

Hierarchical evolution of the universe 

With the FIRBACK and ISOPHOT CIRB projects it
was possible for the first time to resolve the backgro-
und radiation into single sources and to measure the
far-infrared radiation fluxes of distant point-like gala-
xies, as was shown above. A more detailed analysis

showed that about 15% of the diffuse background
radiation measured by COBE originates from young
galaxies. In reality, the fraction is probably even hig-
her, for even with ISOPHOT a significant rest of the
far-infrared emission remained spatially unresolved.
Where it comes from has to be investigated by future
space missions. Here, even “exotic” processes like
particle decay in the early universe can not be exclu-
ded.

The new data allowed to test different models of
galaxy evolution. Two theory groups in Italy and
France had recently developed such models, which
could now be compared with the latest measurements.
The simulations start with the gravitational collapse
of vast gas clouds which later will form galaxies.
Then smaller regions within the clouds condense into
stars. The star formation rate of the models is assu-
med to be proportional to the remaining amount of
gas. In each galaxy, stars form according to a suffi-
ciently known mass function. Secondary effects like
supernova explosion are also taken into account.
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From this, the combined radiation field of all stars
within a galaxy can be derived, which partly will be
absorbed by dust and be re-emitted in the infrared.
Until this point the models are analytic. However,
there are further aspects, which can not be derived
from the simulations but have to be fed in “by hand”
according to observational evidence. Among the
most important of these aspects is the merging of
galaxies and the resulting greatly enhanced star for-
mation rate.

In recent years, it became more and more apparent
that gravitational interactions and merging of galaxies
have played a major role in the early universe. The
galaxy evolution theory presently favored by many
cosmologists is based on so-called hierarchical struc-
ture formation. Accordingly, there were more, but
smaller galaxies in the early universe than today.
Therefore the galaxy density at that time must have
been much higher. Consequently, mergers occurred
frequently, forming the large galaxies that are obser-
ved in the present-day universe. During the merging
of two galaxies their interstellar matter is partly com-

pressed, triggering violent star formation. As a result,
many starburst galaxies are forming.

Although the theory of the hierarchical structure
formation is supported by different observations it is
not yet confirmed. A comparison of the new ISO data
with the models provided another possibility to furt-
her clarify the issue. As it turned out, the predictions
of the different theoretical models diverge with
increasing wavelengths. The reason for this are the
starburst galaxies, which emit most of their total
luminosity in the far infrared, as will be shown below.

Fig. IV.35 shows the comparison of the galaxy
density measured by ISOPHOT CIRB in three wave-
length ranges with the predictions made by theoretical
simulations. At 90 µm the measured results agree wit-
hin the uncertainty limits with all the models. With
increasing wavelengths, however, it becomes appa-
rent that the model without galaxy mergers (dotted
line) can be excluded. At 180 µm there are at least ten
times as many infrared sources as predicted by this
model.

In much better agreement with the data are two
models which, in different ways, take into account the
effects of starburst galaxies and ULIRGs, respectively.
In one model (solid line), it is assumed that their
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Fig. IV.34: Four CIRB fields in the sky.
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numbers increase with increasing redshift, according
to the hierarchical structure formation theory which
predicts fewer merging galaxies and thus fewer
ULIRGs as the universe gets older. In the second
model (dashed line), dust rich galaxies with high star-
formation rates at low redshifts have been assumed in
addition.

The data strongly support the latter two models.
Furthermore, the intensity distribution between 90
and 180 µm can easily be explained as the sum of the
emissions of single infrared luminous galaxies with
redshifts between z = 0.5 and z = 1, while normal
elliptical and spiral galaxies can not account for the
far-infrared data.

Fig. IV.36 shows the galaxy density at 170 µm as
measured by FIRBACK compared with the different
model scenarios. Here too, the measured number of
galaxies is ten times higher than the predictions of the
model without ULIRGs (dotted, below). Even if a
ULIRG population growing with increasing redhift is

added (solid line, middle), the measurements exceed
the model by a factor of two. Only if the number of
ULIRGs in the early universe is raised still further, the
model is in agreement with the data (dashed, above).

With that, the issue of galaxy evolution in the uni-
verse is certainly not settled yet. It is entirely possible
that different models will predict very similar intensi-
ty distributions of the extragalactic background radia-
tion. Nevertheless, great progress has been made by
excluding several scenarios at a high confidence
level.

The new ISOPHOT data will serve as a catalogue
for subsequent observations with different telescopes.
At present, measurements in the sub-millimeter range
are possible, for instance with SCUBA at the James-
Clerk-Maxwell Telescope or with MAMBO at the
German-French IRAM. For the future, astronomers
place their hopes in the air-borne infrared telescope
SOFIA and the European space telescope HERSCHEL,
in which also astronomers at MPIA are involved (see
Chapter III).

ISO Confirms Unification of Radio Galaxies 
and Radio-Loud Quasars

For several decades, astronomers have studied
galaxies with active nuclei. Meanwhile at least a
dozen different types are discernible on the basis of
their observational characteristics. These include,
for instance, Seyfert galaxies of type 1 and 2, BL Lac
objects, radio-quiet and radio-loud quasars as well
as radio galaxies. Since the late 1980ies, however,
more and more astrophysicists are convinced that
these different types are in principle all constructed
uniformly and – as they are not spherically symmetric
– their appearance varies with the angle of view
under which they are seen. An essential structure
element of this unified scheme is a thick dusty torus

ISO Confirms Unification of Radio Galaxies and Radio-Loud Quasar 75

3.8

3.6

3.4

3.2

3.0

4.0

4.2

4.4

–1.0 –0.8 –0.6 –0.4 –0.2 0.0
log S/Jy

sr
)

(
lo

g
d

N
S

2.
5 /G

al
ax

ie
s

d
S

Fig. IV.36: Comparison of the galaxy density measured by
FIRBACK at 170 µm with the predictions of different models.

90 µm

150 µm

180 µm

105

104

106

105

104

106

105

104

10–1 1
S0 [Jy]

N
 (

S
>

S
0)

 [
1/

sr
]

N
 (

S
>

S
0)

 [
1/

sr
]

N
 (

S
>

S
0)

 [
1/

sr
]

Fig. IV.35: Comparison of the galaxy density measured by
CIRB in three wavelengths ranges with the predictions of the
theoretical models.



surrounding the central black hole of the galaxies
and obscuring it if viewed edge-on. Astronomers at
MPIA together with colleagues from the University of
Bochum were able to detect for the first time such
tori in the infrared spectral range, confirming the hig-
hly debated unification of radio-loud quasars and
radio galaxies. The study is based on highly sensitive
data from the ISO archive, demonstrating the possibi-
lities of the recently approved 5- till 6-year-long
active archive phase of the ISOPHOT data center.

The unified scheme

The scheme for a unified description of active
galaxies is based on a few fundamental components
(Fig. IV.37, above): At the center of the galaxy a
black hole of at least one million solar masses is loca-
ted, attracting matter from its surroundings. Because
of friction and other processes this matter loses kine-
tic energy and slowly spirals into the black hole. In
doing so, the hot gas emits energetic radiation, mainly
in the X-ray, UV- and optical spectral region.

Supported by strong magnetic fields, two gaseous
jets can simultaneously be ejected perpendicularly to
the disk plane in opposite directions with almost the
speed of light. Due to interactions with gas, these
jets often end far outside the galaxy within extended
lobes that are very luminous at longer radio wave-
lengths. Inside the jets, electrons are moving close to
the speed of light, spiraling outward from the black
hole on helical trajectories centered on the magnetic
field lines and emitting synchrotron radiation in the
direction of their motion. This short-wavelength
radio emission is characterized by its anisotropy, for-
ming a cone, similar to a headlight, centered on the
jet.

The unified scheme interprets the different appea-
rance of active galaxies as a strictly geometric effect.
Depending on the viewing angle under which such a
radio-loud galaxy is seen, the observed radiation
spectrum is dominated by different components of the
complex system. If a jet is pointing directly towards
Earth, the synchrotron radiation emitted by electrons
prevails, making the short-wavelength radio spectrum
very bright. This is observed, for example, in BL Lac
objects. If the jet axis is viewed under a larger angle,
the long-wavelength radiation of the radio lobes
dominates, as seen in most of the radio-loud quasars
and radio galaxies. Radio galaxies are believed to har-
bor a massive central black hole because it provides
the only explanation for the jets. But only a fraction
of radio galaxies exhibits the optical features obser-
ved in radio-loud quasars, like broad spectral lines
and high luminosities. So the great challenge is to
examine if radio galaxies – at least those with particu-
larly bright radio lobes – actually are nothing else

than radio-loud quasars whose cores are not visible in
the optical.

To explain this fact within the framework of the
unified scheme, a highly debated further component
was postulated already in 1989: a thick dusty torus,
10 to 100 light years across, surrounding the black
hole and the central active zone. Viewed edge-on,
such a torus would obscure the black hole. But it
would have to dim the light of the central core by
about 50 magnitudes, corresponding to a factor of
10–20. Only then the optical and UV radiation typical
for quasars would no longer be detectable.

The unified scheme is thought to be very attractive
since it describes the multitude of active galaxies by a
common fundamental model. The unification of
Seyfert galaxies of type 1 and 2, for example, is wide-
ly accepted, but it is not at all established for radio-
loud quasars and radio galaxies. On the one hand, the
central components are so small that they are indis-
cernible even with the highest resolution instruments.
There is just indirect evidence for absorbing dust in
the surroundings of the black hole. On the other hand,
some astronomers consider the model too simplified.
It does not take into account the evolutionary stage of
the radio lobes nor the circumgalactic environment
nor the possibility of the central engine being in diffe-
rent physical states. So the fueling rate of the black
hole or the flow of matter within the jet may vary
from object to object.

Infrared observations using ISOPHOT

The unified scheme can be tested very elegantly by
infrared observations. Although the optical light of
the central core is not visible if the torus is viewed
edge-on, it heats the postulated dust which in turn
emits isotropic infrared radiation, that is, a uniform
radiation in all directions (Fig. IV.37, bottom). At
wavelengths longer than about 20 µm even the dense
dusty disk should become transparent, so quasars and
radio galaxies with equal isotropic luminosities of the
radio lobes are expected to show equal thermal radia-
tion intensities in the mid- and especially in the far-
infrared range, too.

Already in the early 1990’s, attempts had been
made to verify the unified scheme using data from the
IRAS infrared satellite. The results, however, remai-
ned inconclusive because of insufficient sensitivity
and wavelength coverage. It was not possible to
distinguish between a thermal component and syn-
chrotron emission. Partly, the observations even cont-
radicted by the unified scheme.

The new study with ISOPHOT covering wavelengt-
hs between 5 µm and 180 µm was performed in the
course of the ISO European Central Quasar
Programme. Ten quasars and ten matching radio gala-
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xies have been selected from the 3rd Cambridge
Catalogue at 178 MHz, that is, at a wavelength where
the isotropic radiation of the radio lobes is dominant
(and not that of the jets). Quasar/radio-galaxy pairs
with equal redshifts and equal luminosities at 178
MHz have been compared at a time to possibly exclu-
de cosmic evolutionary effects. The pairs have reds-
hifts between z = 0.05 and z = 2. Thus they are at
quite different distances from us, that is, at different
cosmic epochs.

In addition, seven objects have been observed at a
wavelenght of 1.3 mm using the French- German
IRAM telescope at Pico Veleta. Together with optical
and radio data measured previously, the spectral ener-
gy distribution could be determined over a large
wavelength range. First results concerning some
single objects had already been presented in the
Annual Report 1998. But they did not allow a general
unification of radio galaxies and radio-loud quasars.
This has only now been accomplished for the first
time:

The high detection sensitivity and the quality of the
spectral energy distributions now allow us to distin-
guish the thermal dust component from the syn-
chrotron part beyond doubt. This is demonstrated in
Fig. IV.38 for an example of two pairs. Two different
radiation sources can clearly be recognized: On the
one hand, there is synchrotron emission with a steadi-
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ly decreasing intensity from the radio to the far- and
mid-infrared range. It originates from electrons acce-
lerated in magnetic fields. Interestingly, the quasars
show a flatter synchrotron spectrum than the radio
galaxies. This is in perfect agreement with the predic-
tions of the unified scheme, for in radio galaxies the
forwardly directed emission of the jets is not pointed
as directly towards the observer as in quasars and the-
refore is fainter.

On the other hand, in all radio galaxies and in at
least four quasars a thermal component is detectable
as a significant bump above the smooth synchrotron
spectrum. This thermal component has its maximum
in the mid- to far-infrared region and comes from dust
at temperatures between 30 and several hundred
Kelvin. Luminosities and their lower limits all are
between 1011 and 1014 solar luminosities, which is

typical also for radio-quiet quasars (see Annual
Report 1999, p. 72). Even in the three cases in which
the thermal component is not discernible as a signifi-
cant bump above the synchrotron spectrum the lower
limits still allow for the presence of a dust component
with quasar-typical luminosity.

Statistically as well as in the pair comparison both
object types – radio galaxies and radio-loud quasars –
principally show the same characteristics in the infra-
red to millimeter range, exactly as predicted by the
unified scheme.
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Evolutionary effects

The unified scheme could be tested even further. If
the relation between radio galaxies and radio-loud
quasars is determined solely by the geometric unifica-
tion and not in addition by cosmic evolution or the
circumgalactic medium, the radiation intensity in the
far infrared should be the same for quasars and radio
galaxies with identical core activity. The latter cannot
be measured directly, though. But it seems plausible
to assume that with increasing activity near the black
hole the jet activity is increasing, too. This activity in
turn is mirrored by the radio emission of the lobes,
which are supplied with energy by the jets. In a sim-
ple approximation, the intensity ratio of the far-infra-
red to the radio emission should be about the same for
all sources. As shown in Fig. IV.39, with a few excep-
tions this ratio is constant to a factor of 2 or 3. The
small scatter of the infrared/radio luminosity ratio
also confirms the principally major role of geometric
unification in describing the relation between radio
galaxies and radio-loud quasars. In exceptional cases
additional effects have to be considered – certainly
not an unexpected issue in view of the complexity of
the objects. The separation of different effects
remains a challenging task for future explorations.

The most prominent example for an unusual case is
3C 405, better known as Cygnus A (Fig. IV.40). It is
the first radio galaxy discovered, and with a redshift
of z = 0.056 one of the nearest to us. Seen edge-on,
this galaxy with its two huge radio emission lobes is
the classical prototype of a radio galaxy. But already
in 1998, astronomers at MPIA were able to demon-

strate that Cygnus A, too, is a quasar whose central
core is shrouded in dense clouds of dust (see Annual
Report 1998, p. 22). Nevertheless, the jet energy
seems to be converted very efficiently into a high
radio luminosity of the lobes – caused by a relatively
dense circumgalactic medium – so that the ratio of
infrared luminosity to radio luminosity is extremely
low (Fig. IV.39).
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Fig. IV.39: Ratio of the luminosities in the far-infrared and
radio range as a function of redshift z.

Fig. IV.40: Radio image of Cygnus A. (VLA)



In addition, Fig. IV.39 shows a slight trend: the
ratio of the intensities of the thermal infrared emissi-
on and the radio emission increases with increasing
redshift. Although the amount of data is yet too small
to reveal whether this trend is significant it could
indicate an evolutionary effect. In the early universe
(z > 1) galaxies were closer together, experiencing
frequently close encounters and collisions. Such
events probably caused more matter being swirled
into the galactic centers and swallowed there by the
black holes. This increased the UV radiation of the
core regions and thus the observable infrared intensi-
ty, too. But this process was not necessarily accompa-
nied by an increased jet activity, which probably is
influenced more strongly by the characteristics of the
black hole, like its mass and angular momentum.

Therefore, quasars and radio galaxies in the early
universe showed an increase of UV and infrared
radiation, but not of radio emission. With increasing
age the universe expanded and interactions between

galaxies became rarer. Thus the “feeding rate” of the
black holes dropped and so did the core activity in the
surrounding disk. But it was still high enough to sup-
ply the radio jets with energetic particles and to light
the radio lobes.

The concept of central galactic black holes suffe-
ring from “food shortage” when growing older is in
agreement with other observations. In optical obser-
vations, American astronomers discovered that the
quasar density peaked at a redshift around z = 3
(when the universe had about 10 % of its present age)
and has been decreasing ever since.

In the near future, astronomers at MPIA plan to
observe the dusty torus directly for the first time,
using the new instruments of the Very Large
Telescope. Here great hopes are placed in the infrared
camera CONICA, built under the direction of MPIA
and almost ready for service, and in the infrared inter-
ferometer MIDI which also has been developed and
built in collaboration with scientists at the institute.
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Reinhard Mundt, Coryn Bailer-Jones, in collaboration
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Pasadena, USA, University of Hawaii, USA, Consejo
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Black Holes in Galactic Centers 
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C. Bayler-Jones, R. Mundt. 
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California, Santa Cruz, USA.
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Cooperation with Industrial Firms 85



Winter Term 1999/2000: 
A. Burkert: Globular Clusters (Lecture); 
J. Fried: Astronomical Trainig at the Frankfurt

University; 
M. Haas: Infrared Astronomy (Lecture); 
Ch. Leinert, D. Lemke, R. Mundt, H.-J. Röser:

Astronomy and Astrophysics III (Seminar).

Summer Term 2000
M. Haas: Far Infrared Astronomy (Lecture)
D. Lemke, R. Mundt, H. P. Gail: Astronomy and

Astrophysics III (Seminar)
Ch. Leinert et al.: History of Astronomy (Seminar)
A. Burkert, H.W. Rix et al.: Stellar Dynamics

(Seminar)

K. Meisenheimer, H.J. Röser: The Large Structure of
the Universe (Seminar)

E. K. Grebel: Lecturer at the X. IAGUSP Advanced
School on Astrophysics on Galaxy and Stellar
Evolution, Mangaratiba, Brasil.

Winter Term 2000/2001
A. Burkert, H.-W. Rix: Elliptical Galaxies (Lecture)
D. Lemke, R. Mundt, H.J. Röser et al.: Astronomy and

Astrophysics III (Seminar)
A. Burkert, H.W. Rix et al.: Structur, Kinematics and

Dynamics of Stellar Systems (Seminar) 
K. Meisenheimer et al.: Particle Acceleration and

Radiative Processes in High-Redshift Radio
Galaxies (Seminar).
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Teaching Activities

P. Ábrahám: AG-Tagung, Bremen, September (Splinter-
meeting ISO: talk); IAU Colloquium 181/COSPAR
Colloquium 11, Canterbury, April (invited talk).

C. Bailer-Jones: AG-Tagung, Bremen, September (talk).
A. Burkert: Conference»Star Bursts«, Ringberg, October;

invited talks: IAU-Symposium Nr. 200: »The birth and
evolution of binary stars«, Potsdam, April; Workshop
»Low Mass Star Formation«, Ringberg, June;
Workshop »Molecular Clouds and Star Formation«,
Heidelberg, July; Workshop »Dark Matter Halos«,
Santa Cruz, USA, August; Conference»Modes of Star
Formation«, Heidelberg, October; Conference »Evo-
lution of the Cosmos«, Paris, France, November.

N. Cretton: Invited Seminar »Dynamical models for ellip-
tical galaxies: black holes and dark halos«, Genf,
February; Lectures on Galaxiendynamik an der Uni-
versität Padua, April; Conference»Galaxy Disks and
Disk Galaxies«, Rom, June (invited talk).

J. Fried: public talk »Astrologie – Wissenschaft oder
Aberglaube?«, FH Zweibrücken, December.

M. Geyer: AG-Tagung, Bremen, September (talk, poster);
Conference»Galaxy Disks and Disk Galaxies«, Rom,
June (poster).

U. Graser: SPIE ConferenceNr. 4006: »Interferometry in
optical astronomy«, Garching, March (talk).

E. K. Grebel: Colloquium at ESO, Santiago, Chile, January
(invited talk); Microlensing 2000: A New Era of

Microlensing Astrophysics, Cape Town, Südafrika,
February (invited talk); CTIO/ESO/LCO Workshop:
»Stars, Gas, and Dust in Galaxies: Exploring the
Links«, La Serena, Chile, March (talk); Kolloquium am
STScI, Baltimore, USA, March (invited talk);
Kolloquium in Caltech, Pasadena, USA, April (invited
talk); Kolloquium am IGPP, LLNL, Livermore, USA,
April (invited talk); Euroconference: »The Evolution of
Galaxies, I. Observational Clues«, Granada, May (invi-
ted talk); Ringberg-Workshop: »Science with the
LBT«, Rottach-Egern, June (talk); Star Formation
Workshop, MPIA, Heidelberg, June (talk); Sloan
Collaboration Meeting, Johns Hopkins University,
Baltimore, September (talk); XIAGUSP Advanced
School on Astrophysics: »Galaxy and Stellar Evo-
lution«, Angra dos Reis, Brazil, September (Vorlesun-
gen); AG-Tagung, Bremen, September (invited talk,
poster); Joint Colloquium, MPE/MPA/ESO, Garching,
October (invited talk); Internationaler Workshop
»Modes of Star Formation and the Origin of Field
Populations« am MPIA, October (Organisation); Phy-
sikalisches Kolloquium an der Universität Hamburg,
November (invited talk); Kolloquium am Institut für
Theoretische Physik und Astrophysik der Universität
Kiel, November (invited talk); Kolloquium an der
Sternwarte der Universität Göttingen, December (invi-
ted talk).
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R. Gredel: Workshop on »The progress of the ISOGAL pro-
ject«, Lorentz Center, Leiden, April; IAU Site 2000,
Marrakech, November

M. Haas: Workshop FIRSED2000: »The Far-Infrared and
Submillimeter Spectral Energy Distributions of Active
and Starburst Galaxies« Groningen, April (invited
talk); M 31 Workshop, Bad Honnef, May (talk); FIRST
Science Conference, Toledo, December (talk).

D. Harbeck: AG-Tagung, Bremen, September (talk, 2
poster); Internationaler Workshop »Modes of Star
Formation and the Origin of Field Populations« am
MPIA, October (poster).

S. Hippler (poster): SPIE ConferenceNr. 4006: »Inter-
ferometry in optical astronomy«, Garching, March

S. Hotzel: Sternwarte Helsinki, May (invited talk); AG-
Tagung, Bremen, September (Splinter meeting ISO:
talk).

U. Klaas: Workshop FIRSED 2000: »The Far-Infrared and
Submillimeter Spectral Energy Distributions of Active
and Starburst Galaxies« Groningen, April

O. Krause (talk): SPIE: »Infrared Spacebourne Remote
Sensing VIII«, San Diego, July (talk).

T. Kranz: Conference»Dark Matter in Astro and Particle
Physics – Dark 2000«, Heidelberg, July

M. Kümmel: Euroconference: »The Evolution of
Galaxies, I. Observational Clues«, Granada, May (pos-
ter); MPA/ESO/MPE Joint Astronomy Conference,
Garching, August (talk); ESO/ECF/STScI Workshop
on »Deep Fields«, Garching, October (poster).

B. von Kuhlmann: VC3 – Victoria Computational Cos-
mology Conference, Victoria, Canada, August

S. Ligori: IAU-Symposium Nr. 200: »The birth and evolu-
tion of binary stars«, Potsdam, April (poster);
Conference»Ionized Gaseous Nebulae«, Mexico City,
November (poster).

Chr. Leinert: SPIE ConferenceNr. 4006: »Interferometry
in optical astronomy«, Garching, March (talk); IAU-
Symposium Nr. 200: »The birth and evolution of binary
stars«, Potsdam, April (poster); NEVEC Inauguration
Ceremony, Leiden, May (invited talk); Summer School
on »Space and Ground Based Optical & Infrared
Interferometry«, Leiden, September (invited talk).

D. Lemke: Univ. Wien, January (invited talk); Planetarium
Wien, January (Öffentlicher talk); Deutsche Physi-
kalische Gesellschaft, Bremen, March (invited talk);
Budapest, May (invited vorträge); Trebur/Rüsselsheim,
June (public talk); Conference »Infrared Thermo-
graphy QIRT«, Reims, July (invited talk) COSPAR
Space IR, Warschau, July (invited talk); IAU Sym-
posium 204: »The Extragalactic Infrared Background
and its Cosmological Implications«, Manchester,
August (invited talk); (Splintermeeting ISO: Organi-
sation): AG-Tagung, Bremen, September Nordenham,
October (public talk).

R. Mundt: AG-Tagung, Bremen, September (talk);
Conference»Emission Lines from Jet Flows«, Isla de
Mujeres, Mexiko, November.

T. Naab: Conference»Galaxy Disks and Disk Galaxies«,
Rom, June (2 poster); AG-Tagung, Bremen, September
(talk).

M. Odenkirchen: Workshop on »Dynamics of Star
Clusters and the Milky Way«, Heidelberg, March (talk);
Sloan Collaboration Meeting, Johns Hopkins Uni-
versity, Baltimore, September (talk); Internationaler
Workshop »Modes of Star Formation and the Origin of
Field Populations« am MPIA, October (poster).

L. Pentericci: Dwingeloo Radio Observatory, The
Netherlands, February (Invited colloquium); Leiden
University, The Netherlands, February (Invited talk);
Institute of Radioastronomy, Bologna, Italy, May
(public colloquium); Conference on AGNs, Triest, May
(talk); ESO/ECF/STScI Workshop on »Deep Fields«,
Garching, October (poster).

A. M. Quetz: Schülertag Physik am MPIA, May;
Rüsselsheim, September (public talk).

H.-W. Rix: Astronomisches Kolloqiuium »CASTLES«,
Bonn, January; Gravitational Lenses as Cosmological
Tools, Tel Aviv, March (talk); Sloan Digital Sky Survey,
Seattle, March (talk); Structural Properties of Observed
Ellipticals, University of California, Santa Barbara,
March (talk); talkrunde Urknall, Berlin, April; MPIA,
Heidelberg, May (invited talk); »Black Holes in
Galaxies«, Max-Planck-Institut für Kernphysik,
Heidelberg, May (invited talk); »The Growth of
Density Fluctuations and Structure in an Expanding
Universe«, Universität Heidelberg, May (invited talk);
Schülertag Physik am MPIA, May; GAFOS-Meeting,
Irvine, Kalifornien, June; Conference»Galaxy Disks
and Disk Galaxies«, Rom, June (talk); Wissenschafts-
show, WDR, Köln, October; Sloan Digital Sky Survey,
Volkssternwarte Bonn, November (talk).

H.-J. Röser: STScI Workshop: »A Decade of HST
Science«, Baltimore, April (poster); NEON Sommer-
schule (Imaging and Photometry), Calar Alto, July
(invited talk).

R.-R. Rohloff: SPIE ConferenceNr. 4006: »Interferometry
in optical astronomy«, Garching, March (poster).

L. Schmidtobreick: M 31 Workshop, Bad Honnef, May
(talk).

P. Schuller: Summer School on »Space and Ground Based
Optical & Infrared Interferometry«, Leiden, September
(poster).

A. Slyz: Workshop on »Numerical Methods in
Astrophysics«, Tübingen, February; Workshop »Disk
Galaxies and Galaxy Disks«, Rom, June; Workshop on
»Star Formation«, Heidelberg, July; Brown Bag
Cosmology Lunch Seminar: »Numerical Hydro-
dynamics«, Oxford, November; Kolloquium »Numeri-
cal Hydrodynamics from Gas-Kinetic Theory«,
Leicester, November; Workshop on »Starbursts and the
Structure and Evolution of Galaxies«, Puna, December
(invited talk).

M. Stickel: IAU Symposium 204: »The Extragalactic
Infrared Background and its Cosmological Impli-
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88 Service in Committees

Service in Committees

A. Burkert: Senator of the Max Planck Society
J. Fried: Thesis Opponent at the Doctorate examination of

T. Pursimo, Univ. of Turku, Finland.
E. K. Grebel: Referee for the National Fund for Science

and Technology (FONDECYT), Chile; Referee for
La Palma and Teide Observatorien, Spanien; Referee for

the Netherlands Research School for Astronomy
(NOVA), 

Niederlande; Member of the Core Science Team for a
NIRMOS Microshutter Array for the Next Generation
Space Telescope; Member of the PhD Advisory
Council (PAC) at MPIA; Representant of the MPIA in
the Collaboration Council of the Sloan Digital Sky
Survey.

R. Gredel: Menber of the OPTICON working groop  Future
of medium-sized telescopes;  member of the Evaluating

Committee for the National Observatory of Athens;
Member of the Calar Alto Program Committee

U. Klass: Member of the ISO Post Operations Coordi-
nation Committee.

Ch. Leinert: Member of the ESO working groop “Science
Demonstration Time” for VLTI; member of the Finding
Commission of the Jena University  

D. Lemke: Referee for the Verbundforschung Astrophysik
of the Federal Minisry of Sciuence and Technology;
Member of the ISO Science Team of ESA.

R. Mundt: Member of the Calar Alto Program Committee.
H.-W. Rix: Member of the ESA Astronomy Working

Group and of the ESO Visiting Committee
H.-J. Röser: Member of the Calar Alto Program Com-

mittee, Peer Review for Cycle 10 Hubble Space
Telescope Proposals.

cations«, Manchester, August (poster); AG-Tagung,
Bremen, September (splinter meeting ISO: talk);
ESO/ECF/STScI Workshop on »Deep Fields«,
Garching, October (poster); FIRST Science Conferen-
ce, Toledo, December (talk).

C. Travaglio: Euroconference: »The Evolution of
Galaxies, I. Observational Clues«, Granada, May

(poster); Workshop in Honour of Prof. G. J. Wasser-
burg, Turin, June (invited talk); Conference on »Nuclei
in the Cosmos VI«, Aarhus, Denmark, July (talk und 3
poster).

M. Yan: IVth Tetons Summer Conference: »Galactic
Structure, Stars, and the Interstellar Medium«, Jackson
Hole, May (poster).
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