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Cover Picture:

The Crab Nebula Messier 1 is located in the constellation Taurus at a distance of 6300 light years. It is the still rapidly
expanding remnant of the supernova explosion of a star with about ten solar masses. The explosion was observed and
recorded AD 1054 by Chinese astronomers.

The image is a three-colour composite of exposures taken with the blue-sensitive Large Binocular Camera at the
prime focus of the left 8.4 meter mirror of the LBT. The field shown is 24.5 arcminutes wide.
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Preface

This Annual Report delineates the scientific activities at the Max Planck Institute for
Astronomy (MPIA) in Heidelberg. It is intended for our colleagues worldwide as
well as for the interested public.

The year 2007 has brought a rich scientific harvest at topics ranging from the struc-
ture of the Milky Way to exoplanets.

There was also good, steady progress on crucial, upcoming facilities, including the
LBT’s first binocular observations, second generation VLTI instruments and JWST

instrumentation, laying the foundation for future astronomical discoveries.

In addition to brief presentations of a broad range of current scientific results, we
report in more depth on a few selected research areas at the MPIA.

We hope that this Annual Review will give the reader a flavour of the research and
work at the MPIA.

Hans-Walter Rix, Thomas Henning

Heidelberg, August 2008



I. General

. General

1.1 Scientific Goals

At the Max Planck Institute for Astronomy (Fig. 1.1)
research is aimed at exploring and understanding the
nature and evolution of planets, stars, galaxies and the
Universe as a whole. This is done through the develop-
ment and operation of telescopes and their instrumenta-
tion; by designing, executing and analysing observing
programs and surveys; and by connecting to the physical
nature of the observed phenomena through theoretical
modeling. The MPIA focuses its observational capabili-
ties on the optical and infrared spectral regions, taking
a leading role in both ground-based and space-borne
instrumentation.

The research at the MPIA is organized within two scien-
tific departments: Galaxies and Cosmology, and Planet
and Star Formation. In addition to the long-term staff in
these departments, there are seven independent Junior
Research Groups (four Emmy Noether groups support-
ed by the German Science Foundation DFG, and three

groups supported by the Max Planck Society). There are
56 junior and visiting scientists and 50 PhD students cur-
rently working at the institute. Strong ties exist between
the Institute and the University of Heidelberg, with its
new Center for Astronomy (ZAH), both in teaching and
research: for example through the International Max
Planck Research School (IMPRS) for Astronomy and
Cosmic Physics.

The main research fields of the two departments are
complementary in both scientific and practical terms.
Obviously, star formation is a critical aspect of the for-
mation and evolution of galaxies, but even the instru-
mentation and capabilities required by both departments
share strong commonalities: e.g. requirements for high
spatial resolution, powerful survey capabilities, and the
importance of access to the infrared spectral region.

Fig. I.1: Aerial view of the MPIA.
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Galaxies and Cosmology
The “Realm of Galaxies”

We know that the Universe was rather “simple” and nearly
homogeneous shortly after the Big Bang, yet at the present
we see rich “hierarchical” structure over a wide range of
physical scales: from the filamentary distribution of gal-
axies on large scales (the “cosmic web”) to galaxies them-
selves, down to clusters of stars, stars and their planets.

The formation of this wealth of structure can, how-
ever, only be understood if it is assumed to be driven by
gravitational instabilities arising from a dominant, but
yet to be identified, dark matter component.

The galaxies we observe in the present-day Universe
represent a central layer in this hierarchical order, each
consisting of millions to billions of stars, of gas and
dust, all embedded in halos of dark matter. As Edwin
Hubble already realized 70 years ago, these “island
universes” do not show the variety of morphology (or
visual appearance) and structure that seem physically
possible. On the one hand, the variety of galaxies seems
vast: galaxies as an object class span ten orders of mag-
nitudes in their stellar masses, and the rate of new star
formation varies similarly; the physical sizes of differ-
ent galaxies still vary by a factor of 100. While some
galaxies apparently do not have a black hole at their
centers, in other galaxies this central black hole has the
mass of more than one billion suns. On the other hand,
observations have shown, particularly in the last 15
years, that only a small fraction of the possible combi-
nations of the characteristic galactic quantities (stellar
masses and ages, size, central black hole, etc) are ac-
tually realized in the Universe. Virtually all physical
properties strongly correlate with all other properties:
massive galaxies are large; massive galaxies contain
virtually no young stars; the central black hole contains
a constant mass fraction of the spherical star distribu-
tion ten million times its size. While spiral galaxies
are the most common galaxy type, no such galaxy is
among the most massive ones.

That means that the “realm of galaxies”, as Hubble
called it, shows a high degree of order. How this order
developed from the random mass fluctuations existing
after the Big Bang is the fundamental question of galaxy
formation and a central issue of cosmology.

In principle, there can be three broad lines of explana-
tion for the limited variety of galaxies:

1. Observed galaxies represent the only stable configu-
rations.

2. The galactic parameters that have been realized di-
rectly result from the limited set of cosmological ini-
tial conditions.

3. The overall process of galaxy formation results in a
limited set of outcomes because it is self-regulating
due to different feedback processes.

What questions would we like to answer?

Many of the projects that the MPIA researchers are pur-
sueing ultimately address, when and where any of these
three mechanisms plays a role.

Some of the specific questions beeing persued by re-
searchers in this department are:

e During which cosmological epoch did most of the
stars form?

¢ Is cosmic star formation now coming to its end? Why
has the star formation rate declined over the last six
billion years?

* How did the central black holes in galaxies form and
grow? Why is it possible to predict the properties of
the small-sized central black hole from the overall size
of a galaxy?

e Which processes determine the structure and morphol-
ogy of galaxies and when do these happen?

e What is the state of the interstellar medium, the raw
material from which new stars form?

e Can the various observations be understood ab initio
within a comprehensive model?

e How did the Milky Way, our Rosetta Stone of galaxy
evolution, form?

What do we do to find the answers?

The approaches used at the MPIA to tackle these ques-
tions comprise three aspects: the detailed study of gal-
axies in the present-day Universe; the direct study of
galaxies at earlier cosmic epochs through the observa-
tion of distant (high-redshift) objects; the comparison of
observations with physical models. The observational
capabilities for the field require survey telescopes, large
telescopes for sheer photon collecting of faint sources,
and interferometric techniques to achieve high spatial
resolution. Comprehensive studies of galaxy evolution
require observations from the X-rays to the radio wave-
lengths.

MPIA has been an important partner in several of the
surveys that have brought, or promise to bring, break-
throughs: the Sloan Digital Sky Survey (SDSS and
SecuE) for the Milky Way and Local Group, to be fol-
lowed by the PanStarrs.l survey in 2008 — and just
this year, this suite was complemented by the comple-
tion of the LBC cameras of the LBT; the 2.2 m tele-
scope on La Silla has enabled the ComBo-17 galaxy evo-
lution survey; the VLT and soon the LBT to follow-up
this survey work; the Irac and Mips instruments on the
Spitzer Space Telescope, and (starting in 2009) the Pacs
Instrument of the HERSCHEL mission to study star for-
mation and the Interstellar medium, complemented by
the VLA, the Plateau de Bure Interferometer, APEX and
soon ALMA at radio and sub-millimeter wavelengths. The
Galaxies and Cosmology department truly carries out
multi-wavelength astrophysics.
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Planet and Star Formation

The formation of stars is a fundamental process in the
Universe, shaping the structure of entire galaxies and de-
termining their chemical state. The formation of individ-
ual stars can be best studied in nearby molecular clouds.
The study of star formation in other galaxies allows us to
understand this process under physical conditions which
can be very different from those in the Milky Way. Our
studies of star formation in the Magellanic Clouds allow
an investigation of the effect of metallicity on the star
formation process, which is certainly an important factor
in understanding star formation in the early Universe.

Stars are born in the dense and cold cores of molecu-
lar clouds, which become gravitationally unstable and,
in general, fragment to form binaries and multiple stel-
lar systems. The role of magnetic fields or turbulence in
controlling the onset of star formation remains one of
the open key questions which have to be answered. This
question is immediately related to the shape of the ini-
tial (sub)stellar mass function in different environments.
Dynamical interactions in multiple systems may be a cru-
cial factor for the formation of Brown Dwarfs. Massive
star formation takes place in clusters, leading to complex
star-forming regions. The rapid evolution of massive pro-
tostars and the associated energetic phenomena provide
an enormous challenge in identifying the formation path
of massive stars.

The earliest phases of star formation are obscured
by enormous amounts of dust and gas and can only be
detected by sensitive far-infrared and (sub)millimeter
observations. At later evolutionary stages, the objects
“glow” at near- and mid-infrared wavelengths and fi-
nally become visible at optical wavelengths. Our observ-
ing programs cover a wide range of wavelengths with a
special emphasis on infrared and (sub)millimeter obser-
vations.

The formation of planets and planetary systems is a
natural by-product of low-mass star formation. Because
of angular momentum conservation, accretion of mat-
ter onto the central protostar happens predominantly
through a circumstellar disk. Disks around T Tauri stars
are the natural birthplaces of planetary systems, resem-
bling the solar nebula 4.5 Gyr ago. During the active ac-
cretion phase, bipolar molecular outflows and ionized
jets are produced, which in turn play an important role in
the evolution of star-disk systems. We are presently start-
ing to use protoplanetary disks as laboratories for under-
standing the formation of our own solar systems and the
diversity of other planetary systems detected so far.

The research of the Planet and Star Formation de-
partment is focused on the understanding of the earliest
phases of stars, both in the low and high stellar mass re-
gime. Observations with space observatories such as Iso

and SpITZER, as well as ground-based infrared and (sub)
millimeter telescopes, allow the detection and charac-
terization of massive protostars and their subsequent
evolution. The vigorous use of submillimeter facili-
ties is preparing the department for the Atacama Large
Millimeter Array (ALma), which will soon commence
operation.

The investigation of Brown Dwarfs, which were first
detected in 1995, is another important research topic.
How do Brown Dwarfs form? Are young substellar ob-
jects also surrounded by disks? What is the binarity frac-
tion and the exact mass of the objects? What is the com-
position of their atmospheres? These are among the burn-
ing questions which are attacked by MPIA scientists.

With the detection of the first extra-solar planets, the
study of planet formation in protoplanetary disks en-
tered a new phase of explosive growth. The department
is well-positioned to play an important role in these stud-
ies, with a combination of infrared and millimeter ob-
servations, numerical (magneto-) hydrodynamical simu-
lations, and radiative transfer studies. Imaging with the
HussLE Space Telescope and the wealth of data from the
SpITZER telescope provide new insights into the earliest
stages of planet formation. Improved spatial resolution
from our adaptive optics program, infrared interferom-
etry with large telescopes and long baselines, and the use
of millimeter interferometers provide insights into disk
structure and evolution on spatial scales relevant to plan-
et formation.

We have started new observing programs to search
for extra-solar planets through direct imaging, the
transit technique, and astrometry. With the SpECTRAL
DirrerenTIAL IMAGING facility (SDI) at the VLT, we are
providing a new mode for high-contrast imaging with the
adaptive optics instrument Naco. This system presently
outperforms any other similar device in the world and is
paving the way for the development of Eso's Planet find-
er instrument.

The theoretical program of the PSF department focus-
es on complex numerical simulations of protoplanetary
disk evolution, including the interplay between radiation,
dynamics, chemistry, and grain evolution. The study of
the formation of Brown Dwarfs constitutes another topic
for theoretical studies. Multi-dimensional radiative trans-
fer codes, both for molecular lines and the dust contin-
uum, have been developed in the department. The theo-
retical studies are also well integrated with the various
observational key projects.

The understanding of many of the microphysical pro-
cesses and the composition of dust and gas requires ded-
icated laboratory studies. Such a laboratory astrophys-
ics unit is part of our department, and is located at the
Institute for Solid-State Physics of the University of Jena.
This group investigates the spectroscopic properties of
nanoparticles as well as molecules in the gas phase.



.2 Observatories, Telescopes, and Instruments

The MPIA has been a key driver and partner in the con-
struction and operation of two large ground-based ob-
servatories. During the 1970s and 1980s the construction
of the Calar Alto Observatory, the largest observatory on
the European continent, had been the central focus of the
MPIA, and the 2.2 and 3.5m telescopes are still sched-
uled for competitive observing programs. Since 2005 the
observatory is jointly operated as Centro Astronomico
Hispano Aleman (Casa) by the Max Planck Society,
represented by the MPIA, and the Consejo Superior de
Investigaciones Cientificas (CSIC), represented by the
IAA, as an organization of Spanish law. Since 1997 the
MPIA has been the coordinating institute for the German
participation in the Large Binocular Telescope (LBT) on

Mt. Graham near Tucson, Arizona. By the end of 2007, the
second prime-focus camera was installed, with com-
missioning well advanced and the camera ready to be
offered for the first science programs. The MPIA also
uses its 2.2m telescope on La Silla, Chile, operated by
the European Southern Observatory (Eso), with 25 per-
cent of the time available to MPG researchers.

The MPIA has a prominent and successful tradition of
developing and building instruments for ground-based
and space-based astronomical observations. Ground- and
space-based observations are, almost by necessity, com-

Fig. 1.2: The 3.5 m telescope on Calar Alto.
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plementary. Ground-based telescopes usually have larger
mirrors and therefore more light-gathering power than
space telescopes. By using cutting-edge techniques such
as adaptive optics and interferometry — which the MPIA
has played a leading role in developing — they can also
achieve higher angular resolution. Space telescopes, on
the other hand, are the only way to carry out observa-
tions in wavelength regions where the atmosphere ab-
sorbs the radiation or generates a bright background, as
it is the case, for example, in wide regions of the infrared
spectral regime.

Since the pioneering days of infrared astronomy in
the 1970s, the MPIA has been a leading instrument de-
veloper for this field of astronomy. In particular, the con-
struction and implementation of Isophot, one of four sci-
entific instruments aboard Iso, the world's first Infrared
Space Observatory of the European Space Agency Esa,
was lead by the MPIA. From 1996 to 1998, it acquired
excellent data, particularly in the previously inaccessible
farinfrared range. The knowledge gained with Iso has en-
abled the MPIA’s prominent role in new space projects
such as the HErRSCHEL Space Observatory and the James
Webb Space Telescope (JWST). At present, astronomers
at the MPIA are also actively participating in legacy sci-
ence programs with the Spitzer Infrared Observatory.

Fig. 1.3: The Very Large Telescope, located in the Northern
Chilean Andes. (Image: Eso)

The new generation of instruments for 8 m-class tele-
scopes and space missions are too large and expensive
to be built by a single group, such as the MPIA. At pres-
ent, the Institute is therefore participating in, or leading a
number of international collaborations for, building new
large telescopes and scientific instruments, thereby gain-
ing access to the world's most important observatories.
An example in the southern hemisphere is the Eso Very
Large Telescope (VLT) in Chile with its four 8 m tele-
scopes that can be linked to form a powerful interferome-
ter. In the northern hemisphere, the MPIA is participating
in the Large Binocular Telescope (LBT) in Arizona. This
extraordinary telescope is now equipped with two mir-
rors of 8.4 m diameter each, fixed on a common mount,
making it the world's largest single telescope. With rou-
tine scientific usage of the first prime focus camera and
commissioning of the second prime focus camera in
2007, the LBT has become a productive world-class ob-
servatory. In 2007, MPIA has intensified its collabora-
tion to the international PanStarrs1 (PS1) project, which
grants full access rights to the data from a 1.8 m wide-
field telescope on Haleakala/Maui. The first Gigapixel
Camera for this telescope was installed in August 2007.

These collaborations enable MPIA astronomers to ob-
serve the northern and the southern sky with first-class
telescopes. At the same time the MPIA is participating in
studies for the instrumentation of next-generation large
telescopes, the so-called Extremely Large Telescopes
(ELT).




1.2 Observatories, Telescopes, and Instruments

1"

Instrumentation for Ground-based Astronomy

The currrent activities of the MPIA in the area of ground-
based instrumentation concentrate on interferometric
instruments for the Eso VLT Interferometer (VLTI),
high-fidelity imaging instruments for the LBT and the
VLT, and survey instruments for both Calar Alto and the
Wise Observatory (Israel). The MPIA is also involved
in studies for future instruments for the European ELT
(E-ELT).

VLTI instrumentation

In 2007 the differential delay lines for the dual-feed VLTI
system PriMA were being prepared to be installed on
Cerro Paranal, Chile. They were built by the MPIA to-
gether with Geneva Observatory and Landessternwarte
Heidelberg. In the related science project ESPRI the
differential delay lines will be used on the combined
K-band light from two 1.8 m VLT Auxiliary Telescopes
in order to measure the separation of a stellar target from
a reference star with micro-arcsecond precision. The goal
is the dynamical determination of the masses of extraso-
lar planets by precise astrometric measurements of the
orbital reflex-motions of planetary host stars.

MPIA participates in the second generation VLTI
projects MATISSE and GRAvVITY. MATISSE i a successor of
the very successful Mipr instrument built by the MPIA
and in operation on Paranal since September 2003. The

MarTisse consortium consists of nine institutes led by the
Observatoire de la Cote d'Azur. Martisse will combine
the light from all four VLT 8.2 m telescopes in the mid-
infrared for high spatial resolution image reconstruction
on angular scales of 10-20 milli-arcseconds. The scien-
tific applications range from studies of Active Galactic
Nuclei (AGN) to the formation of planetary systems and
of massive stars, and the study of the circumstellar envi-
ronments.

GRravITy is the successor of Priva. Like MaTIssE it will
combine four VLT 8.2m telescopes, but in the near-in-
frared. The GraviTY consortium is led by MPE Garching;
partners are the MPIA, I'Observatoire de Paris, and the
University of Cologne. Assisted by a high-performance
adaptive optics system, Gravity will provide precision
narrow-angle astrometry and phase referenced imaging
of faint objects over a field of view of 2”. This will per-
mit astronomers to study motions to within a few times the
event horizon size of the massive black hole in the Galactic
Center and potentially test General Relativity in its strong
field limit. Other applications are the direct detection of in-
termediate mass black holes in the Galaxy, dynamical mass
determinations of extrasolar planets, the origin of protostel-
lar jets, and imaging stars and gas in obscured regions of
AGN:s, star forming regions, or protoplanetary disks.

Fig. 1.4: The Large Binocular Telescope (LBT), with its two 8.4 m
mirrors, located on Mt. Graham in Arizona. (Image: LBTO)
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High-fidelity imagers

After leaving the MPIA integration hall, LUCIFER 1,
the first of two identical mid-infrared cryogenic imag-
ing cameras and multi-object spectrographs for the LBT
has just arrived on Mt. Graham at the time of writing.
This instrument built together with the Landessternwarte
Heidelberg, the MPE Garching, the University of
Bochum, and the Fachhochschule for Technology and
Design Mannheim will be ready for scientific exploita-
tion in January 2009. It provides a 4’ X 4’ field-of-view
in seeing limited mode. Once the adaptive secondary
mirrors have been installed at the LBT diffraction lim-
ited performance can be expected for the two LUCIFER in-
struments over a field of about 0!5 X 0:5. Adaptive op-
tics will also permit users to achieve spectral resolving
powers of several 10 000. Scientific applications for the
multi-mode LUcCIFER instruments are many, such as stud-
ies of star formation in nearby galaxies.

By far the largest instrumentation project at the MPIA
is the near-infrared beam combiner LiNc-NIRVANA for the
LBT currently under construction in its integration hall
at the MPIA. As the PI institute, the MPIA leads a con-
sortium with the Italian Observatories (INAF), the MPIfR
Bonn, and the University of Cologne. By coherent com-
bination of the two LBT primary mirrors via Fizeau in-
terferometry LiNC-NIRvANA will provide diffraction lim-
ited imaging over a 10’5 X 10”5 field of view in the
1 -2.4 um regime with the spatial resolution of a 23 m
telescope. Multi-conjugated adaptive optics with up to 20
natural guide stars will ensure large sky coverage. Due
to the panoramic high-resolution imaging and astromet-
ric capabilities of Linc-NirRvaNa, scientific applications
range from supernova cosmology, galaxy formation, and
extragalactic stellar populations and star formation, to
extrasolar planets, stellar multiplicity, the structure of cir-
cumstellar disks, and the imaging of solar-system planets
and their atmospheres.

As Co-PI institute in a consortium with the Laboratoire
d’Astrophysique de 1’Observatoire in Grenoble and the
Laboratoire d’Astrophysique in Marseille, the MPIA co-
leads the development of SPHERE, a VLT instrument spe-
cialized for the imaging of Jupiter-like extrasolar planets.
To overcome the huge brightness contrast between the
planet and its host star SPHERE will use eXtreme Adaptive
Optics (Xa0), coronography, and three differential imag-
ing-capable focal plane sub-instruments that will, respec-
tively, employ polarimetry in the visual, dual imagery in
the near-infrared, and integral field J-band spectroscopy.

Survey instrumentation

The current workhorse for MPIA’s survey efforts is
the OMEGA 2000 near-infrared imager in operation at
the prime focus of the Calar Alto 3.5 m telescope since
2003. It provides a field of view of 15/4 X 15/4 and z to
K-band sensitivity.

The successor of OmEeGA 2000 will be Panic, the
Panoramic near-infrared Camera, which is a wide-field
general purpose instrument for the Calar Alto 2.2 m tele-
scope. Panic is a joint development of the MPIA and the
Instituto de Astrofisica de Andalucia. With four Hawai2-
RG detectors it will provide a field of view of 30" X 30'.
Surveys of extragalactic, galactic and solar system ob-
jects will be possible as well. Some of the numerous
possible science cases are gamma-ray burst hosts, super-
novae, distance scales, high-redshift quasars, accretion
disks, post AGB-stars, and X-ray binary counterparts.

MPIA has also build Lamwo, the Large Area Imager
for the Wise Observatory (Israel). It is an optical cam-
era that was installed at the observatory's 1 m telescope
in October 2007. A mosaic of four CCD detectors with
4K X 4K pixels each provides a field of view of one
square degree. The main scientific application is the
photometric search for transiting extra-solar planets of
Jupiter size.

Instruments for telescopes of the next generation

In preparation for the future, MPIA participates in stud-
ies for instruments for the 42 m E-ELT telescope: MIDIR
and Micapo. The MIpIr concept is a thermal/mid-infra-
red imager and spectrograph whose wavelength coverage
will range from L-band to at least 20 um. A wide range
of selectable resolving powers is planned. Adaptive op-
tics will permit diffraction limited observations. Science
cases are conditions in the early solar system, formation
and evolution of proto-planetary disks, studies of the ga-
lactic center and of the luminous centers of nearby gal-
axies, high-redshift AGNs and high-redshift gamma-ray
bursts.

The Micapo concept is a near-infrared imaging cam-
era with multi-conjugated adaptive optics that will pro-
vide a spatial resolution exceeding that of the James-
Webb Space Telescope (JWST) by a factor of 6 to 7. It
will have a sensitivity down to 29 mag in bandpasses
from I to K. Applications range from young stellar ob-
jects in our galaxy to star formation in high redshift gal-
axies. The achievable astrometric precision will further
advance studies of stellar orbits around the black hole in
the galactic center and of the proper motions of globular
clusters in the galactic halo. With Micapo a detailed map-
ping will be possible on scales as small as 80 pc of the
structure, the stellar populations, and the interstellar dust
distribution in galaxies with redshifts z = 1.

Instrumentation for Space-based Astronomy

The experience gained with the development of the
IsopHOT instrument on Iso was decisive for the MPIA’s
crucial and prominent role in the construction of PAcs,
the infrared camera and spectrometer which will oper-
ate aboard HerscHeL (Fig. 1.5), the European Infrared
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Fig. 1.5: The European HerscHEL Infrared Observatory, to be
launched in 2009.

Observatory (Chapter IV.5). HErRSCHEL’s 3.5 m mirror
will be the largest one ever used in space, providing un-
precedented observations of very cold, distant and poor-
ly known objects. The satellite and its cryogenic instru-
ments are currently undergoing extensive ground tests.
The launch is scheduled for 2009.

The MPIA is the leading institute in Germany for
the development of instrumentation for the James Webb
Space Telescope (JWST, Fig. 1.6), the successor to the
HussLE Space Telescope. The JWST will be equipped
with a folding primary mirror about 6 m across as well
as three focal-plane instruments. A part of a European

consortium, MPIA develops the cryo-mechanics for the
positioning of the optical components in one of the three
focal-plane instruments called Miri. This instrument, de-
signed for the mid-infrared range from 5 to 28 micron,
consists of a high-resolution camera and a spectrometer
of medium resolving power. Mir1 will be built half by
American and half by European institutes.

The MPIA will also provide crucial parts of the sec-
ond focal-plane instrument of the JWST, a near-infrared
multi-object spectrograph called Nirspec, by delivering
the cryo-mechanics. This contribution will provide the
astronomers at MPIA with further excellent opportunities
for high-resolution and highly sensitive infrared observa-
tions. For the development of the precision-optical hearts
of Mir1 and Nirspec, the MPIA is also closely cooperating
with Carl Zeiss Optronics, Oberkochen.
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Fig. 1.6: Foreseen design of JWST, the successor of the HUBBLE
Space Telescope to be launched in 2013, with the large primary
mirror and the characteristic sun shield.

The MPIA is also leading a major data analysis aspect
of Esa's Gal1a project, a space observatory scheduled for
launch between 2010 and 2012. Gaia will be the succes-
sor to the Hipparcos astrometry satellite, exceeding the
latter's sensitivity by several orders of magnitude. The
satellite will measure positions, magnitudes, and radial
velocities of one billion stars, in addition to numerous
galaxies, quasars and asteroids. The telescope will pro-
vide photometric data in 15 spectral bands as well as
spectra in a selected spectral range. Unlike Hipparcos,
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however, Gaia need not be provided with an input cata-
logue, but will measure systematically all accessible ob-
jects. An automatic object classification will thus be of
major importance for data analysis. At present, concepts
for coping with this demanding task are being developed
at the MPIA (supported by a grant from DLR).

EucLip, an Esa Cosmic Visions mission, has the goal
of mapping the geometry of the dark Universe by study-
ing the distance-redshift relationship and the evolution of
cosmic structures. To this end, the shapes and redshifts
of galaxies and galaxy clusters will be measured out to

Fig. I.7: The Institute’s major instruments. Left: sensitivity as a
function of wavelength. Right: spatial resolution as a function
of the field of view.
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redshifts z = 2, that is, to a look-back time of 10 bil-
lion years, thereby covering the entire period over which
dark energy played a significant role in accelerating the
expansion of the Universe. The observing strategy of
EucLip will be based on baryonic acoustic oscillations
measurements and weak gravitational lensing, two com-
plementary methods to probe dark energy. The Euclid
survey will produce 20,000 deg? visible and near-infrared
images of the extra-galactic sky at a spatial resolution of
0.3". It will also yield medium resolution (R = 400) spec-
tra of about a third of all galaxies brighter than 22 mag in
the same survey area.

Prato (PLAnetary Transits and Oscillations of stars)
is another Esa Cosmic Visions mission. Its primary goal
is to provide the basis for statistical analyses of exoplan-
etary systems around stars that are bright and nearby
enough to allow for simultaneous and/or later detailed
studies of their host stars. PLato will observe 100,000
stars with a photometric precision better than 1ppm/
month of observing and more than 500,000 stars to some-
what less precision. Seismic analysis will lead to the de-
termination of stellar and planetary masses with up to
1 percent precision, and the detection of Earth-size plan-

ets, with age determinations to within several 100 million
years. PLato will provide a very wide field of view (557
square degrees). The required short focal length led to the
concept of a bundle of 28 identical small telescopes each
of which has a collecting area of 0.01 m2.

Spica, the Space Infrared Telescope for Cosmology
and Astrophysics, is the third astronomy mission of
Esa’s Cosmic Vision, where MPIA is participating in
the study phase. The mission is planned to be the next
space astronomy mission observing in the far infrared af-
ter HErRSCHEL. The mission is planned to be launched in
2017 and will feature a cold 3.5 m telescope. This large
cold aperture will provide two orders of magnitude sen-
sitivity advantage over current far-infrared facilities like
HerscHeL. Spica is led by the Japanese Space Agency
Jaxa. Europe will participate with the Spica Far Infrared
Instrument SAFari, the telescope mirror, and support to
the ground segment.

Figure 1.7 gives an overview of the major instruments
which are already working or are about to be put into op-
eration. Sensitivity is shown as a function of wavelength
(left), and spatial resolution as a function of the size of
the field of view (right).
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1.3 National and International Cooperations

The MPIA's location is strategic: Heidelberg has be-
come one of Germany's foremost centers of astronomi-
cal research. Cooperation with the Kosmophysik depart-
ment of the MPI fiir Kernphysik and with the institutes of
the Center for Astronomy Heidelberg (ZAH), established
on January 15t 2005, is manifold: the ZAH consists of the
Landessternwarte, the Astronomische Rechenlnstitut,
and the Institut fiir Theoretische Astrophysik der Uni-
versitit. At present, this is particularly true for the
long-standing DFG-Sonderforschungsbereich No. 439,
“Galaxies in the Young Universe”, in which all the in-
stitutes named above are participating. There is also a
close cooperation within the “International Max Planck
Research School” (IMPRS) for Astronomy and Cosmic
Physics (see Section 1.4).

Nationally, cooperation with the MPI fiir extraterrestrische
Physik in Garching and the MPI fiir Radioastronomie in
Bonn, as well as with numerous other German institutes,
is extensive. An overview is given in Fig. 1.8.

The establishment of the German Center for
Interferometry (Frontiers of Interferometry in Germany,
or FrRINGE), located at the MPIA, also emphasizes the
Institute's prominent role in Germany in this trend-setting
astronomical technique. The goal is to coordinate efforts
made by German institutes in this field and to accomo-
date the interests of the German astronomical commu-
nity in the European Interferometric Initiative. Another
specific goal is the preparation of the next generation
of interferometric instruments. This includes the prepa-
ration of second generation VLTI-instruments such as
MaTISSE—an imaging interferometer consisting of four
telescopes —and Gravity. Further tasks are: participation
in the definition of new imaging capabilities of the VLT
interferometer, and participation in preparing the DARWIN
space mission. FRINGE, together with other interferomet-
ric centers in Europe, is partaking in the establishment
of the European Interferometry Initiative. The long-term
perspective is to establish a European interferometric
center for the optical and infrared wavelength region. In
addition to MPIA, the following institutes are participat-
ing in FRINGE: the Astrophysikalisches Institut Potsdam,
the Astrophysikalisches Institut der Universitit Jena,
the Kiepenheuer Insitut for Solar Physics in Freiburg,
the MPI for Extraterrestrial Physics in Garching, the
MPI for Radio Astronomy in Bonn, the University of
Hamburg, and the I. Physical Institute of the University
of Cologne.

MPIA is participating in a number of EU-networks
and worldwide collaborations, in part as project leads.
These include:
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Fig. 1.8: Location of German collaborative partner institutes of
the MPIA.

Garchlng

Orticon: A network of all operators of major tele-
scopes in Europe, financed by the European Union. Its
first main goal is to optimize use of the scientific-tech-
nical infrastructure in order to increase scientific results
and reduce costs. OpTicON other main goal is to coordi-
nate technology development for the next generation of
ground-based telescopes.

Together with the Universities of Braunschweig,
Chemnitz, Dresden, Jena, and Leiden, the MPIA is par-
ticipating in the DFG Research Group “Laboratory
Astrophysics”. This field of research is being pursued by
the MPIA group at the University of Jena.

Sisco (Spectroscopic and Imaging Surveys for Cosmo-
logy): This EU network is dedicated to the study of gal-
axy evolution with the help of sky surveys. The Institute
has made pivotal contributions to this network through
Cabis, ComBo-17, and Gewms surveys. Additional partners
are: University of Durham, Institute for Astronomy in

Fig. 1.9: Distribution of the international partner institutes of
MPIA.
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Edinburgh, University of Oxford, University of Gronin-
gen, Osservatorio Astronomico Capodimonte in Naples,
and Eso in Garching.

PLANETS: A “research training network” of the EU to
study theoretical and empirical aspects of the formation
and evolution of protoplanetary disks and planets.

Spitzer Legacy Programs: The Nasa infrared tele-
scope SpiTzER (formerly SirT-F) has started its planned
two and a half year mission on August 25t 2003.
Within a so-called legacy program, collaborations
have the opportunity to carry out large-scale ob-
serving programs. The MPIA is participating in ap-
proved programs, the first of which is to study the
star-formation in the most nearby galaxies (SINGS)
and the earliest stages of star formation in the Milky
Way. Within the Feps (Formation and Evolution of
Planetary Systems) legacy program, together with
Steward Observatory and other institutes. MPIA is
responsible for the data reduction of the spectroscop-
ic data and actively participates in the Feps science.
Within SinGs, the MPIA is leading the effort on radio
data and dwarf galaxies.

Gir (German-Israeli Foundation): Within this collabo-
ration, a program to study gravitational lenses is carried
out. The partner of the MPIA is the University of Tel

Aviv. Through a separate grant, a wide field camera for
the Wise Observatory is being built to search for planet
transits.

SDSS, the Sloan Digital Sky Survey, has revolution-
ized wide-field surveying at optical wavelengths. It is
the most extensive imaging and spectroscopy sky survey
to date, imaging about a quarter of the entire sky in five
filters. The final catalogue will provide positions, mag-
nitudes, and colors of an estimated one hundred million
celestial objects as well as redshifts of about one million
galaxies and quasars. The observations are made with a
2.5 m telescope specially built for this purpose at Apache
Point Observatory, New Mexico. The project is conduct-
ed by an international consortium of US, Japanese, and
German institutes.

The MPIA was the first of now twelve European part-
ner institutes in SDSS and the only one to participate
since the inception of surveying. In exchange for mate-
rial and financial contributions to the SDSS, a team of
scientists at the MPIA receives full access to the data. In
2005, the “original” SDSS was completed, but an exten-
sion, focusing for example on Milky Way structure was
approved. SDSS-II/ SEGUE, especially with its focus on
Milky Way structure, is now well underway to its com-
pletion in mid 2008.
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.4 Teaching and Public Qutreach

Students come from all over the world to the MPIA to
carry out the research for their diploma or doctoral the-
sis. The majority of these students is formally enrolled
at the University of Heidelberg for their studies. In turn,
a number of scientists at the MPIA have adjunct faculty
status at the University.

Even in their early semesters, students can get a first
taste of scientific work at the MPIA. The Institute of-
fers advanced practical courses or enables the students to
participate in “mini research projects”. These last about
two months and cover a wide range of topics, including
the analysis of observational data or numerical simula-
tions as well as work on instrumentation. These practical
courses offer the students an early, practically-orientated
insight into astrophysical research, particularly in view
of a later diploma or doctoral thesis.

The International Max Planck Research School
(IMPRS) for Astronomy and Cosmic Physics, which
was established in July, 2004 by the Max Planck
Society and the University of Heidelberg, offers 40
PhD students from all over the world a first-class three
year education in experimental and theoretical research
in the field of astronomy and cosmic physics. It is
sponsored by the five astronomical research institutes
in Heidelberg.

The MPIA’s mission also includes communicating
the results of astronomical research to the general public.
Members of the MPIA give talks at schools, adult edu-
cation centers and planetaria. They also appear at press
conferences or on radio and television programs, par-
ticularly on the occasion of astronomical events that at-
tract major public attention. Numerous groups of visitors

come to the MPIA on the Kénigstuhl and the Calar Alto
Observatory. In cooperation with the Landessternwarte, a
one-week teacher training course for teachers of physics
and mathematics in Baden-Wiirttemberg is held regularly
in autumn at the MPIA.

A special highlight in the year under report has been
the “Nacht der Wissenschaft” on November 10, when
throughout the region a large number of institutions
opened their doors to the public until after midnight.
Due to the isolated location of the Ko&nigstuhl and to
the many alternatives offered downtown, we participat-
ed in this initiative without expecting much attention.
Instead, the rush of people was overwhelming, as de-
scribed in Chapter V.2. In addition, our new initiative for
the general public, a series of eight “Public Lectures on
Sunday Morning”, always packs the large auditorium at
the MPIA.

As in the years before, the one week long practical
course which was offered to interested schoolboys and
-girls (BOGy), was immediately booked out. Applicants
came from all-over the country.

As in the years before, the MPIA participated in the
2007 Girls' Day, a nationwide campaign intended to en-
courage schoolgirls to learn about professions that are
still mainly male-dominated. At various stations about
60 schoolgirls obtained a general idea of the work at an
astronomical institute (Chapter V.1).

Now in its 46" year, the monthly astronomical maga-
zine “Sterne und Weltraum” (Stars and Space, SuW) is
published at the MPIA. This journal is intended for the
general public and offers a lively forum both for profes-
sional astronomers and for the large community of ama-
teurs in this field.
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1.1 Youngest Extrasolar Planet Discovered in a Circumstellar Disk

The question of how planets are created has always fas-
cinated astronomers. Even the very discovery of an extra-
solar planet orbiting around a sun-like star provided this
astronomy research branch an enormous observational
and theoretical impetus. At the MPIA the search for extra-
solar planets and the numerical simulation of planetary
formation is now an important research priority.

Within the context of a long-term research program,
a team at the institute has now found an eight to ten mil-
lion year old star, the youngest exoplanet so far, circling
around TW Hydrae. This discovery delivers for the first
time an upper limit to the time it takes for the formation
of Jupiter-sized planets. Because the central star still
possesses a circumstellar disk of gaseous dust, this is
also the first direct evidence that planets indeed form in
disks of this type. A further companion to a roughly 100
million year old star was found at the same time.

Until now, the most successful method of searching for
and discovering exoplanets has been the Doppler or radi-
al velocity method. It relies on the Doppler effect which
alternately shifts light to larger and smaller wavelengths
when the light sources and receivers move away or to-
ward each other. Should a planet orbit around a star, then
both bodies rotate around a common gravitational center
which generally is located within the star. The planetary
orbit thus causes a periodic stellar movement which
expresses itself in its spectrum as a periodically chang-
ing Doppler-shift in the spectral lines, thus betraying the
existence of an otherwise not directly visible planet. The
measurement data directly deliver the planet’s orbital
period and a lower limit for its mass. The true mass may
be calculated when the orbital inclination against the
celestial plane is known.

By the end of 2007 approximately 250 extrasolar pla-
nets had been discovered. They all orbit stars that are
at least 100 million years old (Fig. II.1.1). For various
reasons, the Doppler method could not be used where
the stars are younger. For example, most young stars
rotate very rapidly. This spreads the spectral lines and
reduces the precision with which the Doppler shift can
be measured. Add to this younger stars’ often strong and
periodically varying activity, such as pulsations, orbital
oscillations, and the occurrence of star spots. All these
phenomena make it more difficult to search for periodic
variability among the spectra.

Nevertheless, an MPIA research team began search-
ing for planets among young stars: in 2003, the program
was started at the Fibre-fed Extended Range Optical

70

60 [—

50 -

40|

30

20

10} TW Hydrae

Number of stars hosting planets
T

3] LR =
7 8

log [Age/yr]

Fig. 11.1.1: Age distribution of known extrasolar planets as of
the end of 2007.

Spectrograph (Feros) on the MPG/Eso 2.2-m telescope
at La Silla in Chile. The program covered roughly 200
stars with ages between 8 and 300 million years and
a distance of roughly 500 light years. Roughly 30 %
of these stars showed surprisingly diminished stellar
activity and relatively diminished orbital speeds. Thus
they were especially well suited for the radial velocity
method. The radial velocities could be measured with an
accuracy of £ 10 m/s so that it was easy to prove the ex-
istence of particularly massive planets — so-called “white
Jupiters” —in very close proximity to their central star.

The TW Hydrae Planet

Usually, to determine the Doppler shift of a star, very
many absorption lines within its spectrum are used si-
multaneously. For the younger stars, on the other hand,
the MPIA team excluded those spectral lines which were
strongly affected by stellar activity. Among these were
the CAII H & K, Ha and Hf3, as well as He I and Na
I lines. Periodic Doppler shifting was then searched for
by comparing a theoretical spectrum against the roughly
1300 remaining lines.

The team finally made a discovery at TW Hydrae,
a star that is 180 light years away. It is among the best
studied young stars in the sun’s environment. It has a
mass of roughly 0.7 sun masses, a luminosity of 0.2 solar
luminosities, and it is between 8 and 10 million years
old. Images taken by the HUBBLE space telescope showed
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Fig. 11.1.2: TW Hydrae’s dust disk taken by the WFPC2 camera
on board the HUBBLE space telescope. The central star is covered
by a chronographic disk. (image: D. E. Trilling, Nasa/Esa)

an expanded dust disk which is almost perpendicular to
our sight (Fig. II.1.2). Further observations led to the
inference that its angle of inclination to the visual ray is
roughly 7 degrees. In addition, examinations in near- and
mid-infrared as well as in millimeter ranges had unveiled
further disk characteristics (Fig. I1.1.3): it has a “void” in
its center, the inner edge of which is located at approxi-
mately 0.06 astronomical units. An optically thin disk

connects towards its exterior which then passes into an
optically thick disk at a distance of 0.5 to 4 AU.

Already in 2005 there was speculation that a planet
was likely responsible for the disk’s structure, although it
avoided detection. The MPIA team has now found a body
that orbits its star in an extremely short interval.

The spectra revealed Doppler fluctuations with pe-
riods of 0.78, 1.36, and 3.56 days. While the first two
were not deemed significant, the third can be traced to
the gravitational effect of a non-visible planet which or-
bits around the star in 3.56 days at a distance of 0.04 AU
(Fig. I1.1.4). The planet therefore moves inside the hole
along the inner edge of the thin disk. If one assumes that
the planet’s orbital plane and the circumstellar disk are
coplanar, then it turns out that the mass of the planet is
9.8 Jupiter masses.

To exclude stellar activity as the reason for this linear
shift, the astronomers conducted several tests. Star rota-
tion and non-radial pulsations result, for example, in the
line form changing periodically and thus simulating a
variable radial speed. An exact analysis revealed that this
is not the case with TW Hydrae. The astronomers also
used a so-called bi-sector analysis to search for a correla-
tion between radial speed variation and parameters which
would normally point to stellar activity. No significant
correlation could be found, leaving an orbiting planet
as the most likely reason for the periodically variable
Doppler effect.

Fig. 11.1.3: The structure of the disk surrounding TW Hydrae, as
revealed by observations in several wavelength regions.
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Fig. 11.1.4: The radial velocity in the spectrum

of TW Hydrae was measured over a total of 32

nights during the Spring of 2007: Its variation of 3.56 days is caused by the planet’s orbit.

Rapid Planet Formation and Migration

The discovery of the planet that has been named TW
Hydrae b provides important new reference points for
the theory of planetary formation. Until now, it was
known from statistical analyses that the mean life-span
of circumstellar disks is several tens of million years.
This is thus the maximum available period of time for
the creation of planets in the disk. The observation of TW
Hya b provides for the first time a true upper limit for the
required time span of planetary formation: It could not
have lasted longer than eight to ten million years. Thus

TW Hya is an ideal touchstone for numeric models of
planetary formation.

For one, TW Hya b marks out the time frame for
planetary formation. Simultaneously, the planet renews
the question for theoreticians as to how such a massive
body can orbit its central star at such a short distance.
To date, there are several of these hot Jupiters among
the known exoplanets. According to currently accepted
theory, none of them was formed there: there is never
enough material present near the star and, furthermore, it
is too hot there. One therefore assumed that the planets
formed in the further outlying, cool and dense regions of
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the circumstellar disk. Subsequently, an exchange of the
rotation impulse between the disk material and the planet
leads to the latter slowly wandering in a spiral shaped
orbit toward the central star.

Computer simulations conducted at the MPIA have
shown that a planet forming within five astronomical
units from its central star will, within a few thousand
years, open a void in the disk (Annual Report 2006, p.
27). At the same time it wanders inward. After a few tens
of thousand years, it will have cut its distance to the star
in half and doubled its mass, because during its migration
it accretes the surrounding dust.

Thus the decisive question: When and how does this
wandering come to a halt? Is the reason for this the al-
most material free void at the disk’s center? TW Hydrae
b’s orbit along the interior edge of the disk seems to sup-
port this hypothesis. Yet, this is not theoretically compel-
ling. Whether additional braking effects — such as magnet
fields or tidal forces — play a role, is currently a matter of
research. In the final analysis an alternative theory is also
being considered, according to which a planet is formed,
like a star, through direct contraction and not through
a gradual gathering of surrounding dust and gas. TW
Hydrae b may in the future possibly provide further hints
toward answers to these burning questions.

An additional planet around HD 70573

MPIA’s astronomers were able to count a further success
during their search program: they discovered a periodic
Doppler shift with a period of 852 days at the 150 light
year distant star HD 70573. Here too the bisector analy-
sis showed no correlation with star activity signatures

so that, again, the likeliest explanation is a non-visible
planet. Because in this case the orbital inclination is un-
known, only a lower limit of 6.1 Jupiter masses can be
indicated for its mass. Here one assumes that the mass of
the star —a G dwarf — is 1.0 solar masses.

HD 70573 is a member of the Hercules-Lyra
Association, a local group estimated to be 200 million
years old. An analysis of the stellar spectrum (equivalent
width of the lithium line at 670.8 nm) yielded an age be-
tween 78 and 125 million years. Thus, this similarly aged
planet is the second youngest known extrasolar planet
after TW Hya b.

The discovery of a planet at HD 70573 is significant
also because this star is part of a SPITZER space telescope
research program (SpiTzer/FeEps Legacy Program) ex-
amining the relationship between planets and older dust
disks (so-called debris disks).

Both of the described discoveries have shown that
despite initial concerns, it is absolutely possible to prove
that young stars have planets. This opens the door to
completely new research inquiries into planetary for-
mation. In addition to this program, the MPIA is now
developing and building next generation observation
instruments using other methods to track down extraso-
lar planets: direct imaging, astrometrical measurement
of the apparent movement of the star in the sky, and the
measurement of central star light intensity changes when
the planet passes in front of it (transit photometry).

Johny Setiawan, Thomas Henning,
Ralf Launhardt, André Miiller,
Patrick Weise, Martin Kiirster



24

II. Highlights

1.2 A Search for Extrasolar Planets Around 54 Nearby Stars

Until now not a single one of the approximately 250
extrasolar planets discovered by the end of 2007 could
be unequivocally imaged; the overwhelming majority
was found indirectly with the aid of the so-called radial
velocity method. However, for planets orbiting at a great
distance from the star, this method is very inefficient be-
cause of their long orbital period. An international team
of astronomers, led by Wolfgang Brandner and Rainer
Lenzen at MPIA as well as Beth Biller and Laird Close at
the Steward Observatory in Arizona, has been searching
with a special camera, the Simultaneous Differential
Imager (SDI), for Jupiter-like planets orbiting 54 nearhy,
mostly young, stars. Although this has produced by far
the most contrast-rich images of this type that have ever
been taken from Earth or from space, astronomers have
still been unable to find any planets. This result delivers
strict upper limits for the distribution of massive exo-
planets at distances beyond 5 AU from their central star.

Using the radial velocity method to prove the existence
of extrasolar planets relies on the fact that a star and a
planet orbit around their common center of gravity. This
expresses itself in a periodic variation of the absorption
lines in the star’s spectrum (see Chapter II.1 in this annu-
al report). In order to prove a planet for certain, one must
therefore observe it for at least for one full rotation. For
a planet at a distance of roughly 5 AU from its star (cor-
responding to our planet Jupiter), the period of rotation is
already in the range of ten years. Thus, it is not surprising
that most known exoplanets circulate their sun in very
narrow orbits where the periods are in the range of days.
By the end of 2007, only three planets were known to
have a distance greater than 5 AU (Fig. I1.2.1).

Fig. 11.2.1: The distribution until the end of 2007 of known
extrasolar planets in dependence on their large semiaxis
(Source: exoplanet.eu).
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The question remains, however: Does this finding
involve a selection effect that depends on the observa-
tion, or are large gas planets truly a rarity at such great
distances from their central star? The MPIA astronomers
and their colleagues pursued this question in the new
survey.

Searching for planets with Naco SDI

Recently, several instruments designed especially to
prove the existence of companions to nearby stars were
built around the world. Thus, since 2003, several obser-
vation campaigns have taken place to find exoplanets
with the aid of cameras with adaptive optics; yet none of
them has been successful.

Although adaptive optics have matured in the mean-
while, there is still the fundamental problem of super-
speckles (granular structure in the created image)—a
problem which hinders the discovery of exoplanets.
Superspeckles are caused by an aberration in the instru-
ments that slowly changes during observation. They
randomly appear over a time scale of minutes and vary
in wavelength. The result is a correlated speckle interfer-
ence that is rather difficult to calibrate and difficult to
remove from the data. The signal-to-noise ratio cannot
be improved after a specific exposure time because the
speckle interference is too high. Theoretical consid-
erations show that because of this effect, a brightness
contrast of 1000 between main stars and companions can
not be exceeded, which leads to a considerable limitation
on the discovery of extrasolar planets. Even the HUBBLE
space telescope suffers from superspeckles. The source
is temperature variation during exposure which leads to
a change in the point spread function.

At the MPIA, a camera has been developed with
which this problem can be considerably diminished. The
instrument is the Naco SDI and was built expressly for
the task of taking images of cool, faint objects in close
proximity to a star. It operates according to the following
principle: The camera includes an adaptive optic system
(Naco) which eliminates blurring caused by turbulence
in the earth’s atmosphere. The additional SDI system
splits the light of every individual star into four identical
images in neighboring wavelengths. These lie inside and
outside the infrared methane bands that are characteristic
for low-mass objects (gas planets or some brown dwarfs).
On suitable differential images of these four exposures,
the main star disappears almost completely with its bright
halo and the low-mass, cool companion becomes clearly
discernible.
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Fig. 11.2.2: Age and distance of the stars observed in the
survey.

Even during the test phase, the Naco SDI system
was able to achieve a significant discovery by separat-
ing the 12 light-year distant object, v Indi B, into two
T-dwarfs. Both components, v Indi Ba and v Indi Bb, are
the nearest known brown dwarfs (Annual Report 2006,
p- 22). Further successes followed. Thus in AB Dor C, a
companion was discovered that is, sofar, the faintest and
is only 0.16 arcseconds distant from the main star. And
in GI 86B, the only white dwarf in an exoplanetary sys-
tem known sofar, the orbital movement could be proved.
Furthermore, the second nearest brown dwarf was dis-
covered. The object, designated as SCR 1845-6357B, is
at a distance of 12.7 light years and orbits a low-mass star
of spectral type M 8.5.

Rainer Lenzen, Wolfgang Brandner, and their team
searched in a full-scale survey conducted between 2004
and 2006 for planets around a total of 54 stars. In their
selection they concentrated on 45 young and near (up to

simulated planets

250 million years old and 160 light years distant) stars.
More specifically, the stars that were up to 80 light-years
away were younger than 250 million years and the stars
up to 150 million light-years away were younger than
20 million years (Fig. 11.2.2). The reason for the distinc-
tion is that planets cool after their formation, so that
the brightness contrast between planet and central star
(which impedes discovery) increases with age. To these
45 nearby, young stars, nine more stars were added:
three for which the existence of planets had already been
proven through the radial velocity method; four older
stars which, at a distance of up to 65 light years, are
very close; and two further distant (490 light years) very
young stars.

Observations took place at the Very Large Telescope
(VLT) as well as with a second camera at the Multiple
Mirror Telescope (MMT) in Arizona. Each series of ex-
posures was performed on two different camera rotation
angles, which offered the advantage of being able to take
an image of a possible star companion from two different
locations on the detector. Thus it is easier to identify false
planet images caused by noise.

The instrument’s strength is documented in Fig. 11.2.3.
In the image on the left, showing exposures of AB Dor A
(at a distance of 50 light years), the Naco-SDI exposures
were reduced in two rotation angles according to all rules
of the art. Furthermore, three artificial planet images at
distances of 0.55, 0.85, and 1.35 arch seconds were fit-
ted in the data. At a wavelength of 1.575 um (H-Band),
the planets are fainter than the star by a factor of 1000.
At least both outer “planets” can be clearly identified.

Fig. 11.2.3: Completely reduced images of star AB Dor A with
three simulated companions. Left: data from Naco SDI, right:
normal adaptive optics images.
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Fig. 11.2.4: Brightness contrast achieved depending on distance
to star. a) Stars with a brightness of H <4.5, b) Stars with
7.5>H>6.5.

This would not have been possible with a conventional
exposure with adaptive optics (right).

In the end, the astronomers were not able to detect
any companions to the 54 stars. However, even with this
negative result, new insights can be extracted if one fully
understands the sensitivity of the instrument. For this a
strict analysis is required.

For one thing, the brightness contrast achieved in
the images between star and planet was established in
dependence on the mutual distance. This contrast is not
dependent on the star’s apparent brightness but is depen-
dent on “Seeing” and thus requires an individual analysis
of all images. These values were then compared to cur-
rent models for exoplanet spectra. According to current
theories, the temperature of a giant planet which is older
than ten million years should have sunk to 800 K and it
should possess a T 8 or later spectral type.

Fig. I1.2.4 a is an example of stars which are brighter
than 4.5 mag in the H-Band with the achieved brightness
contrast having a significance of 5 6. Accordingly, in a
distance range of one half to one arcsecond, a contrast of
10 to 12 mag was achieved. This corresponds to intensity
ratios of between 10,000 and 60,000 and thus surpasses
the above-mentioned superspeckle-interference limit by
more than one order of magnitude. These are currently
the most contrast rich images of methane-rich compan-
ions that have ever been taken from space or earth. Stated
differently, a brightness contrast of 10 mag at a distance
of 0.5 arc seconds could be achieved for 45 percent of
the stars in the survey. Fig. I1.2.4b highlights the loss of
contrast for stars with 7.5 > H > 6.5.

These technical characteristics could then be com-
pared with the mentioned models for planet spectra in
order to make statements regarding the detection limits
for these companions. Said more simply, the astronomers
should have been able to discover a gas planet of at least
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five Jupiter masses at a distance of 24 AU from the star
and a planet with at least ten Jupiter masses more than
9 AU from the star (Fig. I1.2.5) — had there been one.

However, the distance of a planet projected on the ce-
lestial plane to the central star varies with its position on
the orbit. Only twice per orbit does it reach the greatest
angular distance from the star. In order to take this effect
into account, the astronomers estimated the orbital move-
ment of 10,000 hypothetical planets for each observed
star whereby they varied the mass, the large semiaxis
of its orbit, and its eccentricity within specific limits. In
combination with the contrast curves (Fig. 11.2.4), the
probability of a possible discovery was determined for
each star.

Fig. 11.2.5: Minimal distance at which among ten selected stars
a planet with five Jupiter masses would still be detectable.
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Fig. 11.2.6: Planets with varying masses which should have been
discoverable with a likelihood of 50 percent at varying minimal
distances from a star.

Fig. I1.2.6 shows those areas in which the survey
should have found, with a likelihood of at least 50 percent
and a significance of = 5 0, a planet with an appropriate
mass and major orbital axis. One sees that the survey is
particularly sensitive for planets of 4 to 8 Jupiter masses
and orbits of 20 to 40 AU. Young planets of more than 8
Jupiter masses are theoretically so hot, that they do not
show any strong methane bands in their spectra.
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Fig. I1.2.7 shows, as an example, the minimal veri-
fiable planet mass for two stars in dependence on the
distance to the stars. To produce these diagrams, one mil-
lion model planets with varying masses, major semiaxes
(of 0.02 to 45 AU) and eccentricities were simulated for
each star. In the distribution of the major semiaxis a, it
was assumed that its number N remains constant with in-
creasing distance. Arbitrary phases of the planets in their
orbit and varying orbital tendencies were also taken into
consideration. Planets that should have been discovered
during the Naco-SDI survey are shown in blue. The oth-
ers are red. Assuming that these stars each had planets,
the likelihood of discovery noted above the diagrams is
obtained. Thus, for example, one should have been able
to find a planet of at least two Jupiter masses at a distance
of between 10 and 20 AU with a likelihood of 20 percent
around the 12 million year old, 33.5 light years distant,
GJ 799B.

If one takes these probabilities for all observed stars
together, then one obtains the likelihood of discovery
for this survey. As Fig. I1.2.8 shows, the astronomers
should have been able to find two to three planets. Thus
they can exclude with a very high probability (93 %)
that large planets are distributed evenly over the large
semiaxis (N(a) = const) up to a distance of 45 AU from
their central stars.

The SDI survey’s null result thus sets for the first time
limits to the distance distribution of younger, extraso-
lar giant planets. Apparently there are not many giant

Fig. 11.2.7: Two examples for detectable planet masses (the values
corresponding to the blue dots) in relation to the distance to the
central star: left a 50 light year distant, 70 million year old K1V
star; right a 33.5 light year, 12 million year old M4V star.
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Fig. 11.2.8: Cumulated number of planets which should have
been discovered, if present, in the Naco-SDI survey. This curve
is dependent on certain assumptions such as a uniform distribu-
tion of major semiaxes.

planets at a large distance from the star. A statistical
analysis showed that not more than 20 percent of all stars
could have a planet with a size of more than four Jupiter
masses at a distance beyond 18 AU (which corresponds
to Ura-nus’s orbit). This statement is valid with a 95
percent likelihood.

Why this is the case is completely open. Either the gas
giants are not created at such distances, or they prefer to
wander closer to the central star during their formation
phase. This phenomenon, also known as “migration”, can
explain the existence of “hot Jupiters”, that is those gas
planets which orbit their sun on extremely narrow orbits
within approximately 0.1 AU.

Wolfgang Brandner, Rainer Lenzen, Thomas Henning
together with:

Steward Observatory, Tucson (USA),

Observatorio Astrofisico di Arcetri, Florenz,
European Southern Observatory, Chile,

Universidad de Chile, Santiago,

W.M. Keck Observatory, Hawaii,
Harvard-Smithsonian Center for Astrophysics,
Cambridge (USA)



I3 Rapid Formation of Planetesimals in Turbulent Disks

During the first phase of planet formation, dust particles
collide, adhere to each other, and grow. Once a hody
reaches a diameter of around one kilometer, its gravita-
tional force is large enough to attract and accrete further
bodies in its surroundings: in this way, it eventually
forms into a planet. It is unclear however, how a body
can ever reach that critical one kilometer diameter, be-
cause the initial growth mechanism ceases to be effec-
tive at sizes beyond ten centimeters. Rock fragments of
this size either rapidly plunge into the central star, or are
likely to destroy each other in collisions. MPIA theoreti-
cians have now found a path through which nature can
surmount this ten centimeter barrier: In protoplanetary
disks, turbulences help form “high pressure vortices”
in which the rock fragments accumulate and are able
to coalesce as a result of their common gravity. In this
manner, bodies the size of our minor planet Ceres are
formed in a very short time.

In mutual collisions, the smallest dust particles remain
stuck to each other because of the attracting Van-der-
Waals force operating between them. The relative veloci-
ties required are obtained from Brownian motion, which
decreases with increasing particle mass and can therefore
only have an influence in the very early protoplanetary
cloud. As the particles continue to grow over time, they
fall because of gravity into the forming protoplanetary
disk’s middle plane. Because the falling speed increases
with growing particle size, relative velocities also arise
here between the dust particles, leading to further colli-
sions and growth. Thus, by the time they reach the disk
plane, the particles attain a likely size of up to several
centimeters.

Within the disk plane, dust density is relatively high,
so that particles now collide more often and can, in
principle, grow into planetismals with diameters of sev-
eral kilometers. Two processes, however, fundamentally
hinder this. Above a certain velocity, the dust fragments
rebound from each other or mutually destroy each other.
Recent results in laboratory physics document that the
collision-adhesion mechanism alone can not lead to stone
fragments much greater than roughly ten centimeters in
size.

Furthermore, bodies of this size lose their angular mo-
mentum through friction with the gas and, in a relatively
brief period, approach the central star along a spiral-
shaped track. Estimates show that a fragment of this size
comes so close to the star after several hundred years that
it vaporizes. In this short time period, a stone the size of
a tennis ball cannot grow by more than two orders of
magnitude in diameter, that is by roughly six orders of
magnitude in mass.

Turbulence concentrates stone houlders

High drift rates of boulder pieces appear in disks in
which gas and dust have a laminar flow. For some time
now astronomers have suspected that also turbulences
occur which significantly influence the movement of the
particles, primarily the Kelvin-Heimholtz (KH) turbu-
lence which forms in the following manner: First the dust
sediments toward the middle plane of the disk. There,
temperature and density sink with increasing distance
from the central star. For this reason a radial pressure
gradient rules, leading to the gas rotating more slowly
than it would in a pure Kepler orbit. In contrast, the dust
particles do not react to the pressure gradient, but only
“feel” the gravity. They therefore rotate in Kepler orbits
around the central star. Should the dust to gas ratio in
the middle plane be high enough, then the dust will tear
the gas particles along with it, forcing them as well into
the velocity of a Kepler orbit. As a result, the gas in the
middle plane moves more quickly than the gas above and
below it, creating a vertical velocity sheer which triggers
KH instabilities.

The resulting turbulent gas flow creates vortices in the
dust in the middle plane and hinders the clumping of the
dust into planetisimals. This problem was already recog-
nized in 1973 by Goldreich and Ward, who saw here a
fundamental limit to the accretion of dust particles into
planetismals.

Only a few years ago did the suspicion arise that the
turbulences would permit the creation of local regions
with increased gas density in which solid particles could
gather. The astronomers at MPIA pursued this phenom-
enon in 2006 with computer simulations and were able
to confirm this (see Annual Report 2006, Chap. IIL.2).
Could these high pressure vortices be the birthplaces for
planetisimals?

The theoreticians pursued the question with several
two-dimensional model calculations, each with 1.6 mil-
lion particles and with varying spatial resolution. In do-
ing so they varied several physical parameters, such as
the ratio between dust and gas. Furthermore they took
into consideration that the dust particles were coupled to
the gas so that friction would be created. The strength of
the coupling depends on the size of the particles: Large
particles couple with the gas more weakly than smaller
ones. In the models, two coupling forces were considered,
representing particle sizes of 20cm and 100cm each.

The model runs showed clearly how turbulences
quickly formed in disk flows that remain stable over a
course of several orbits. Because these are mainly verti-
cally oriented, they can easily take on and accrete further
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Fig. 11.3.1: Development of particle density in a disk with (small)
particles that are strongly coupled to the gas and have a small
dust-to-gas ration of 0.2. One can see how the densities accrete

particles during their orbits (Fig. 11.3.1). The decisive
point for the dynamics is that the particles are no longer
subjected to the gas’s “headwind” when inside such an
accumulation. The total friction of a particle group is thus
less than if all particles remained “loners”. Therefore,
such a group does not drift so quickly toward the star.
We should emphasize here that the self-gravity of the
particle assembly was not taken into consideration. It
involves a purely dynamic, self-strengthening effect in
which the particles are captured as if in a traffic jam. Fig.
I1.3.2 shows how the density in the weakly coupled mod-
els (that is for large particles) increased in several turbu-

x[AU]

and partially expand almost vertically to the disk plane. 2 is the
Kepler frequency at a given distance r from the star.

lence cells. The parameter € is the ratio of the mass of the
dust particles to the mass of the gas with in a region. The
maximum density in all three cases achieves roughly the
hundred-fold value of the number density of individual
particles at the beginning of the simulation.

If the dust-to-gas ratio was small and a strong cou-
pling was present (small particles), then the effect was
less: The density increase was only moderate and the
dust clumps remained smaller and shorter-lived. In the
extreme case the density increased only to about 20 per-
cent. All cumulatively achieved overdensities are shown
in Fig. I1.3.3.
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Fig. 11.3.2: Development of maximum particle density in units
of average gas density. Shown are results for three models with
varying dust-to-gas ratio &.

With increased computing effort and 20 million parti-
cles, two cases were calculated even three-dimensionally,
whereby he limited himself to a cube-like volume in the
disk. In the case of small particles and a limited dust-to-
gas ratio (as in Fig. I1.3.1) one can clearly see how the
dust filaments are drawn out longitudinally (Fig. I1.3.4).

An exact time analysis of simulations indicates that
the condensations involve a dynamic, collective phe-
nomenon, rather than a permanent increase in den-

Fig. 11.3.3: Cumulative distribution of particle density for all
six models with varying coupling strength (7) and dust-to-gas
ratio (¢).
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sity. Accordingly, rather than large boulders, loose “sand
heaps” develop in the disk which dissolve again later. Yet
this phenomenon can have something to do with the fact
that self-gravity of the condensations is not considered
in the models. The theoreticians pursued this additional
phenomenon in a second work in which they additionally
considered the effect of magnet fields. The magneto-
rotational turbulence (MRI turbulence) appearing here
additionally strengthens the turbulences and supports the
formation of planetisimals.

Magnet Fields support the Formation of Planetesimals

The MRI turbulence results from an interplay of sheer
flows and magnetic fields which could be imagined
as follows: In the protoplanetary disks the gas that is
nearer to the star flows faster than at greater distances.
Experiments and analytical investigations have shown
that the sheer flows, which otherwise grow rapidly
unstable, do not so easily become turbulent in disks, be-
cause the disk rotates around the star with a high speed:
The rotation’s high angular momentum stabilizes the
sheer flow.

Near the young star, the gas is probably ionized and the
charged particles couple to the magnetic field lines. Like
rubber bands, these pull through the disk and attempt to
prevent the sheering, with the effect that the inner region

Fig. 11.3.4: Three-dimensional development of particle density in
the same case shown in two dimensions in Fig. I1.3.1.
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of the disk is slowed down and the outer region is accel-
erated. This destabilizes the flow in the disk so strongly
that it must become turbulent — vortices are created. The
magnetic fields thus act similar to an antenna on the roof
of a stream-lined sports car: the air resistance is increased
and the flow of the air becomes turbulent.

The MPIA theory group’s simulations could already
establish that the MRI turbulence strengthens the con-
centration of larger bodies in high pressure vortices;
now the theoreticians additionally incorporated the self-
gravitation between the particles. This was only possible
after they had further developed the simulation program.
It solves the magnetohydrodynamic equations on the grid
for a gas which can essentially interact with the smaller
particles. It was only thanks to the new development of
a parallel solver that the gravitational accretion of dust
fragments could be quantitatively recorded.

In the simulations again, a cubic volume was selected
in the protoplanetary disk, orbiting the young star at a
fixed distance of roughly 5 AU. The gas particles circled
in orbits at a sub-Kepler speed while the dust particles
moved with Keplerian speed around the star. As a result
these particles not only experience a strong headwind,
causing them to drift toward the star. They also experi-
ence experience the friction of the gas while they sink to
the middle plane.

The MRI turbulence creates vortices in the gas with
a slightly increased density and slightly higher pressure
than in the surroundings. These densities are maintained
in the disk over several orbits, corresponding to a period
of several decades or —in the outer regions of the disk —
even several hundred years.

If one now includes the reaction of the solid bodies,
the coupling degree of which corresponds to four differ-
ent diameters between 30 and 120 c¢m, then the following
happens: The gas particles running at sub-Kepler speed
are swept away by the rock fragments and now also move
at Keplerian speeds. As a result the headwinds against the
rock fragments decrease. Then the rock fragments move
into the already existing areas of over-density where they
accumulate. The collisions between the fragments within
these regions lead to a dynamic cooling of the ensemble
and thus to a further density increase. However, here
material characteristics such as coagulation or mutual

[
0 Zp/<2p> 20

Fig. 11.3.5: Development of particle density in the disk while
considering magneto-rotation and self-gravity of the rock boul-
ders in the turbulence elements. F. [. t. r. snapshots after inter-
vals of one orbit each are shown. In the small box the accretion
of the largest rock collection can be recognized.

destruction had to be left unconsidered in the model cal-
culations.

Then, however, gravitation plays a decisive role: It
effects a densification of the ensemble. Fig. I1.2.5 shows
the selected volume over the course of seven orbits. One
sees now an initially very small collection of rock frag-
ments accumulates more and more material and thus
strongly accretes. The largest clump is shown in the
enlarged image on the right. At the end of the simulation
it had achieved a mass which corresponds to three times
the sizes of the dwarf planet Ceres (Fig. 11.2.6).

Fig. 11.3.6: Accretion of a boulder agglomeration. Friction and
vertical gravitation in the disk were considered from ¢ =—10
on, while self-gravitation and cooling through impacts of rock
fragments against each other were only “switched on” at r = —
0. One can recognize the rapid accretion of the rock ensemble
at up to 3.5 Ceres masses.
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11.3 Rapid Formation of Planetesimals in Turbulent Disks

Is this then the solution to the puzzle of how the small
pebbles in the protoplanetary disk avoid vaporizing in the
star and overcome the ten-centimeter barrier? Much sup-
ports this conclusion, even if some questions remain un-
answered. For instance, a magnetic field can strengthen
the turbulences only if the material in the disk is ionized;
but especially in the outer regions of the protoplanetary
disk, temperature is likely to be so low that the gas is not
ionized.

Nevertheless, the progress to date has been very
convincing. For the first time it seems possible to fully
explain the growth of micrometer-sized dust particles
into planets.

As the next step, theoreticians want to better under-
stand the high pressure regions in the MRI. In larger
simulations boxes, very strong zonal flows along the ro-
tational direction of the disk are created, between which
long-term high pressure zones develop. Similar flows
appear in the sun and in planets like Jupiter: the bands in
Jupiter’s atmosphere are just such regions with varying

t=6T

orb

rotational velocities. It may be that, in protoplanetary
disks, the boulders are captured in similar zonal flows.
Furthermore, one could imagine that even smaller par-
ticles could be concentrated between such zonal flows,
where kernels develop of one to five centimeters in size.

At the same time, the group is trying to determine with
their model calculations the size distribution of planetis-
mal masses, similar to how one determines the “initial
mass function” in star formation. To achieve this, the
simulations must run a little while longer.

Films to the computer simulations can be found at:
www.strw.leidenuniv.nl/~ajohan/research.php.

Anders Johansen, Hubert Klahr, Thomas Henning.
In cooperation with:

Princeton University Observatory, Princeton;
American Museum of Natural History, New York;
University of Virginia, Charlottesville;

University of Toronto, Canada
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1.4 An Exoplanet's First Calibrated Spectrum

After an extrasolar planet was indirectly proven to ex-
ist in 1995, astronomers immediately sought to discover
other such heavenly bodies and then to analyze them
spectroscopically in order to ascertain their atmospher-
ic composition. Due to the high contrast between a star's
brightness and that of its planet, as well as the small
distance between them, this undertaking is extremely
difficult however and is, almost in all cases, beyond cur-
rent technical capabilities. A team of astronomers under
Mark Swain from the Jet Propulsion Laboratory and
Jeroen Bouwman from the MPIA have now heen able
to capture a mid-infrared spectrum from the exoplanet
HD 209458b. It is the first spectrum ever of any planet to
supply the radiation flow in absolute units. These data
are already allowing for careful conclusions regarding
the atmospheres of these “Hot Jupiters”.

Because the images of the star and its planets practically
fall together, their spectra are also overlaid. They must
be separated from each other with the help of tricky tech-
niques in order to obtain information about the planets.
To do this there are methods which can be used to search
for so-called transit planets; these are found in systems
which, by chance, are observed from a viewpoint exactly
at the edge of the planet’s orbital plane, so that the planet
transits in front of the star and later disappears behind it.
This geometry allows for three observation modes.

Fig. 11.4.1: Scheme of the Secondary Occultation Method.
Spectra are taken while the planet is on its way to transiting
behind the star und turns its hot side toward earth. These spectra
contain the light of both star and planet. Spectra are then taken
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Eclipse Spectrum

Spectroscopic Methods for Exoplanets

First, the Reflection Method: A planet (or its atmosphere)
reflects the star’s light. A telescope captures both the di-
rect light of the star as well as the light reflected from the
planet. When the planet disappears behind the star, the
telescope captures only the star’s light. Subtracting the
pure stellar spectrum from the spectrum of the combined
light of the star and the planet leaves the planet's spec-
trum. This can contain absorption lines from elements in
the planetary atmosphere. However, no experiments to
date of this type have been able to provide unambiguous
results.

Second, the Transmission Method: If the planet
passes in front of the star, a portion of the star’s light
traverses the planet’s atmosphere; this light contains
spectroscopic information about the chemical composi-
tion of its gaseous shell. In order to extract this from
the full spectrum, two spectral series are taken: one of
them briefly before the planet transits in front of the
star (the primary occultation) — it contains the star’s
radiation as well as possible thermal emission from the
planet’s night side; the second series is taken during the
transit phase. In the difference spectrum derived from
these two spectra, absorption lines of elements in the
planetary atmosphere may appear. In this manner, two
American astronomers were able to prove the existence
of sodium as well as water and methane in the atmo-

of the star spectrum alone while the planet transits behind the
star. The difference between the two spectra leaves the planet’s
spectrum. (Diagram: Nasa)

Planet

e e

Planet Spectrum

Isolating a Planet's Spectrum




I1.4. An Exoplant's First Calibrated Spectrum

35

extract data

v

background

subtraction

» ~

sphere of the exoplanet HD189733b. The depth of the
sodium absorption line was 0.7 per thousand of the
surrounding continuum.

Third, the Method of Thermal Emission or Secondary
Occultation (Fig. 11.4.1): A planet that orbits a star at a
very short distance, is powerfully heated and therefore
emits thermic radiation in the infrared band. In order to
identify this, spectra are first taken while the planet is on
the way to the transit behind the star and its hot side is
turned toward earth: These spectra contain the light of the
star plus planet. Then spectra of the star alone are taken,
while the planet is located behind the star. The difference
between both sets provides the planetary spectrum.

normalize by
stellar model

pointing
correction

construct
spectrum

~ »

compare spectra

construct
spectrum

Fig. 11.4.2: Scheme of both independent calibration processes.

Fig. 11.4.3: HD 2095458 light curve integrated over the total wave-
length range depending on the planet’s phase during its orbit.

Results for Exoplanet HD 209458h

This secondary occultation method was applied by the
Swain and Bouwman team. To achieve this, they selected
the 153 light year distant Type GO star HD 209458 where
a transit planet had already been discovered in 2000.
Several years of observations had led to a very precise
determination of the orbital parameters: The planet or-
bits a central star over 3.525 days at a distance of 0.0474
astronomical units. The periods of the individual phases,
especially when it is occulted, are also very precisely
known und this is the premise for a successful applica-
tion of this observational method. The mass of the planet
is 0.64 Jupiter masses; it has a radius of 1.32 Jupiter radii.
As a result it has an average density of 0.31 g/cm?.
Because of the central star’s proximity, temperatures
on this exoplanet are higher than 1000 Kelvin and its
atmosphere correspondingly radiates in the thermal
infra-red. The astronomers observed HD 209458 in a
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Fig. 11.4.4: Both independently obtained planetary spectra,
normed to an averaged flow at 12 wm wavelength. The abso-
lute spectra match very well with each other.

Fig. 11.4.5: The absolute spectrum of the exoplanet HD 2095458b.
It essentially appears as a continuum; emission lines between
7.5 and 8.5 wm are indicated.

wavelength range of 7.5 um to 15.2 um with an infrared
spectrograph on board the SpiTzer space telescope. In
doing so, approximately 700 spectra were taken, each
with a one minute time exposure. Before subtracting
the pure stellar spectrum from the overall spectrum
(star plus planet) a very complex analysis of the dataset
was required during which systematic errors had to be
eliminated. It depends on the quality of the data analysis
whether the planet’s spectrum obtained is reliable in the
end and permits genuine spectral characteristics to be
recognized.
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The astronomers identified four dominant sources of
error which produce a signal that is overall ten times
stronger than the expected flux from the planetary con-
tinuum. Included in the noise effects are intensity shifts
between observations, periodic flow modulations, and
a steady signal drift during observations. Nevertheless,
these spurious effects did not randomly appear but were
correlated in time and could be classified as concrete,
technical deficiencies. They were caused by the errone-
ous pointing of the telescope, an insufficient subtraction
of the infrared background, and gathering of electrical
charges on the detector.

The astronomers applied several calibration processes
in order to eliminate these errors as much as possible.

Two processes that treated the systematic errors differ-
ently were independently applied; the one process results
after several steps in a differential spectrum in arbitrary
units, while the other one results in an absolutely cali-
brated spectrum. The comparison of these spectra thus
yields a measure for calibration procedure quality. The
individual steps are shown schematically in Fig. 11.4.2.
Fig. 11.4.3 shows the HD 2095458 light curve integrat-
ed over the entire wavelength region depending on the
planet’s phase during its orbit. The drop in brightness as

Fig. 11.4.6: Top: The HD 2095458b spectrum compared with
model atmospheres. Botfom: Red dots mark significant spectral
deviations from the model.
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the planet disappears behind the star (secondary cover)
can be seen in the phase at around 0.5. Here the drop of
the continuum is only 3.1 per thousand.

Both independently obtained planetary spectra are
shown in Fig. I1.4.4. The measurement values (green
triangles for the relative spectrum, blue dots for the
absolute spectrum) correspond very well, thus strength-
ening the reliability of the calibration processes. As a
result, the astronomers were able to obtain for the first
time an exoplanet’s absolute spectrum. Given the preci-
sion of 0.1 % for the flow calibration, in the future this
method should even permit the measurement of thermal
emissions of the night side of the planet. As Fig. 11.4.5
shows, it covers a flux range of 0.2 to 0.6 milli-Jansky.
What conclusions about the atmosphere can be derived
from this spectrum?

A comparison of model spectra (Fig. 11.4.6) allows
for several statements that are made with caveats. The
continuum matches a 1100 K hot atmosphere. A sig-
nificant deviation in the continuum between 7.5 and
8.5 um can be explained by the fact that the atmosphere
transports a substantial amount of heat from the day to
the night side. Furthermore a small structure appears at
8.1 um with a statistical significance of 4 6. Nonetheless
a decision cannot clearly be made as to whether this is
due to an emission or an absorption feature. Also at
7.7 um wavelength, an emission or an absorption line
could be present.

It was surprising that — in contrast to the “hot Jupiter”
HD 189733b — no indications of water were found in the
spectrum. The cause for this is still unclear. The stron-
gest emission bands are expected by the researchers to
appear in the near infrared where SpiTzER can help to
prove their existence. In the surroundings where H,O

lines are likely, carbon monoxide (CO) and carbon
dioxide (CO,) would also be detectable. Transmission
spectra could also aid in answering the question of the
missing water.

Somewhat simultaneous with the work of Swain,
Bouwman, and colleagues, a publication came out by
Jeremy Richardson’s group at Nasa’s Goddard Space
Flight Center, who were also using SPITZER to observe
HD 2095458. This group too found the wide modula-
tion between 7.5 and 8.5 um. However, they claimed
to have additionally found a wide emission line around
9.65 um which they traced back to silicates. This could
not be confirmed by the Swain and Bouwman team.

With this first measurement of an exoplanet’s ab-
solutely calibrated spectrum, the astronomers now
made an important step forward. The success increased
confidence in the method with the consequence that
the astronomers now plan to measure additional emis-
sion spectra of other transit planets and then of each
planet’s full orbit. This way, one will be able to obtain
the chemical composition of the planetary atmospheres
under varying phase angles, from which conclusions
about the chemical processes on the day and night sides
can be derived. Processes such as photochemistry and
heat distribution would then become accessible for the
first time. The group has therefore submitted observa-
tion proposals for the Spitzer and HUBBLE space tele-
scopes. Observations with telescopes on earth, such as
the InfraRed Telescope Facility (IRTF) on Mauna Kea,
are also planned.

Jeroen Bouwman

In cooperation with:

Jet Propulsion Laboratory, Pasadena,
California Institute of Technology, Pasadena
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The first scientific work on the Large Binocular Telescope

With the decisive participation of the MPIA, the Large
Binocular Telescope (LBT) is coming to life on Mount
Graham in Arizona. It is unique because two large pri-
mary mirrors on a common mounting gather the light of
the stars and galaxies and direct it into a single focal
point. In the spring of 2007, the scientific demonstration
phase began with one of the two mirrors and a camera
located at its primary focus. The first results of this new
phase were published by an international astronomer
team led by MPIA's Matthew Coleman. The team studied
three only recently discovered dwarf galaxies which
are companions to our Milky Way System. The shape of
the Hercules dwarf galaxy proved surprising: It is rather
strongly flattened and is similar to a disk or a cigar. The
reason for this has not been definitively clarified - it is

Fig. 11.5.1: The LBT with the two main mirrors. The first ob-
servations were made with the mirror on the right. (Picture:
LBTO)

possible that the Milky Way System's gravitational field
is deforming the dwarf galaxy. Both of the other dwarf
galaxies, Canes Venatici | and Leo T are also rather
interesting: Their stellar populations are of varying age,
thus hinting at complex formation histories.

Throughout 2007, the second mirror was also installed in
the LBT (Fig. I1.5.1) but the first observations were made
with only the first of the two 8.4 meter mirrors. Here the
Large Binocular Camera was made available with a pri-
mary focus on the blue channel (LBC Blue). LBC Blue
and its future twin for the red spectral range, LBC Red,
were developed by the Italian LBT partners. LBT Blue
is equipped with four CCDs each having 2048 X 4608
pixel and creating a 23 by 23 square arc minutes field of
view, corresponding almost to the size of the full moon.
This camera is, to some extent, a 38 megapixel CCD
wide-angle camera. It specializes in the wavelength re-
gion of 320 to 500 nm and is equipped with a range of
standard color filters.
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The Hercules Dwarf Galaxy

By the end of the 20™ Century, it was known that nine
spherically shaped dwarf galaxies (dwarf spheroidal
galaxies) accompanied our galaxy. In the Sloan Digital
Sky Survey (SDSS), in which MPIA also took part, this
number doubled within a period of only three years.
These small galaxies possess a very low surface bright-
ness and are therefore very difficult to discover and to
study.

From the objects of this type that have already been
examined, it is known that their total mass is dominated
by dark matter. In addition, they show highly varying
evolution histories, which is reflected in the age of their
stars’ pulsations. The study of these faint stellar systems
requires high-performing telescopes — which is why our
knowledge about them has so many gaps. In particular, it
is unclear how the formation and evolution of these sat-
ellite galaxies is interwoven with that of our Milky Way.
Why is the ratio of dark to normal matter much higher in
dwarf galaxies than in the Milky Way System? These are
only two of the widely unsettled questions.

The dwarf galaxy in the constellation Hercules was
only recently discovered among SDSS data after the
LBT observations described here. It is approximately
45,600 light-years away and its mass-to-light ratio has an

extremely high value of 332 Mo/L ), with an uncertainty
of 50 percent. To compare: the mass-to-light ratio of the
Milky Way System lies in the range of 50 to 100 Mo/L,.
Until observations by Coleman and his colleagues more
was not known about the Hercules dwarf galaxy.

For its photometric research, the team took images
of the Hercules dwarf galaxy through three filters (B, V,
and r). The image series reached down to a luminosity of
25.5 mag, so that, for the first time for this galaxy, a near-
ly complete color-brightness diagram has been derived
and one has been able to model the entire population
(Fig. 11.5.2). The best fit resulted for a single 13 billion
years old stellar generation with a correspondingly low
metallicity. The distance turned out to be 430,000 light-
years. These values were at first determined for stars in
the core region.

With these values the astronomers also attempted to
identify stars in the regions lying further out —a difficult
undertaking because, in several steps, stars in the fore-
ground and galaxies in the background had to be iden-
tified. The latter could be eliminated to a large extent,
because in contrast to the stars they are not point-like but
appear rather elongated. The remaining, point-like back-

Fig. 11.5.2: The color-magnitude diagram of the Hercules dwarf
galaxy’s central region (left) and the stars of a near field region.
(right).

Core region

18 L

VImag]

- .. e el . . .
||.||'|'|1||'-|'|.||\|||||||||| el g b e b e e b |

Field region

-0.5 0 0.5 1

1.5 -05 0 0.5 1 1.5

¢, = 0.944 (B-V) + 0.330 (V-r)



IL.5 Dwarf Galaxies Under the Magnifying Glass

1y

ground galaxies could be excluded on the basis of their
color. Field stars, which do not belong to the Hercules
dwarf galaxy, could be excluded with the aid of a lumi-
nosity criterion as well as through the comparison to a
neighboring field (Fig. I1.5.2, right).

Through both of these processes, around 85 percent
of all objects in the color-brightness diagram were re-
moved. In this way, the spatial extent and structure of
the Hercules dwarf galaxy could be determined. As Fig.
I1.5.3 shows, the stellar system is shaped elliptically with
an unusually large axis ratio of 3 : 1; the major semi-axis
is 550 light years long.

So far, such a large axis ratio has not been observed
in other dwarf galaxies. Only the Sagittarius dwarf
galaxy, which lies at a distance of 65,000 light years,
shows a similarly curious form, which has its origin in
the Milky Way System’s strong tidal forces. The 230,000
light-years distant Ursa Minor dwarf galaxy also suffers
a similar fate, given its 2: 1 axis ratio. Yet both of these
stellar systems lie much closer to the Milky Way System
than the Hercules dwarf galaxy. An estimate shows that
the tidal forces only deform the Hercules dwarf galaxy
significantly when it is within 240,000 light-years from
the Milky Way System (all distance references relate to
the center of the Milky Way System). Because the current
distance is 400,000 light-years, tidal forces could only
then be responsible for the elliptical form if the Hercules
dwarf galaxy orbits the center of the galaxy on a highly
eccentric track (eccentricity e > 0.9) and if it were cur-
rently at its furthest point. Further analyses should show
whether this model is credible.

The other explanation would be that the dwarf gal-
axy’s elliptical shape is the result of rapid rotation.
However, no other stellar system of this type is known
which rotates nearly as fast as would be required for the
Hercules dwarf galaxy. Further spectroscopic observa-

Fig. 11.5.3: The contour representation of star density in the
Hercules dwarf galaxy reveals its widely stretched-out, long
form.

tions are therefore necessary to test this possibility. In
any case, the Hercules dwarf galaxy is a surprising object
which adds an interesting facet to models relating to the
evolution of the Milky Way System.

Complex Star Formation Histories in Canes Venatici |
andLeo T

Two additional dwarf galaxies, named Canes Venatici [
and Leo T, were found in the SDSS data. Canes Venatici
I is very distant from our galaxy at 730,000 light years
and has therefore escaped surveys so far. Its mass is 107
to 108 solar masses.

A preliminary examination confirmed the suspicion
that this stellar system —as is typical of dwarf galaxies
at this large distance —is very old. Yet, a further study
then pointed to the existence of a young star population.
Observations by an international group of astronomers
led by Rodrigo Ibata from the Strasburg Observatory led
to the additional assumption that these stellar populations
were kinematically different. Another group of astrono-
mers, however, was not able to prove this assumption.
Deep photometric observations were required to decide
the challenging question about the existence of these two
differently aged stellar populations.

A team led by Nicolas Martin and Matthew Coleman
of the MPIA therefore again took images of the dwarf
galaxy with the LBC blue through two color filters (B
and V) up to the limiting magnitude of around 25.5 mag:
These images reached approximately three magnitudes
further than the then-existing data. And again, the stars
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on the giant branch and the point of departure from
the main sequence could be measured. After the data
were cleansed of field stars and background galaxies,
theoretical isochrones of stellar evolution could be
fitted to the color-brightness diagram, showing that
Canes Venatici I is 719,000 light-years away, its main
star population is poor in metals, and it is around 14.1
billion years old.

At the same time, a group of blue stars became dis-
cernible. This group, which was also spatially separated,
was located at around 210 light-years east of the dwarf
galaxy’s center. Thus a possible interpretation of these
blue stars as so-called “blue stragglers” (these are double
stars which appear blue but which are not young stars) is
excluded. Because, however, there is no visible reason
for the assumption that a group of blue stragglers would
have gathered in a special part of a dwarf galaxy, the
simplest explanation remains that the blue objects are
young stars. According to model estimates, their age is
between 1.4 and 2 billion years. These young stars ap-
pear somewhat more metal-rich than those of the older
generation.

A more exact analysis of the old star generation was
derived from total luminosity: 35,000 solar luminosities
for the old stars and 3,500 for the young. Converted, this
means that the young population contributes three to five
percent of the stellar mass of Canes Venatici I.

Fig. 11.5.4 shows a contour representation of the old
(represented in red) and young (blue) star populations
observed with the LBT. The spatial distribution of the
young population revealed in the LBT study correspond-
ed well with the distribution found spectroscopically by
Ibata et al. Accordingly, one would have to assume that
both star groups also differ kinematically. Initial studies
thus reveal a complex evolution history in these far-lying
dwarf galaxies which will soon attract further observa-
tions.

The dwarf galaxy Leo T, also discovered within the
SDSS, poses serious challenges for the observers be-
cause, at 1.38 million light-years, it is by far the most
distant known dwarf galaxy. Here too the images with the
LBT made a much deeper-reaching photometry possible.
The color-brightness diagram (Fig. I1.5.5, left) proved to
be rather complex and could only be represented through
the overlaying of several populations. It follows that a
very young star generation, with an age between 400 mil-
lion and one billion years, co-exists with a significantly
older population. A more exact analysis points to the
fact that there was a long-lasting phase of star formation

Fig. 11.5.4: Contour representation of the stellar distribution in
Canes Venatici 1. Above: all stars, old stars, below: young blue
stars, both populations.
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Fig. 11.5.5: Left: the color-brightness diagram for the dwarf gal-
axy, Leo T, with evolution models; right: evolution of the star
formation rate and of metallicity.

which ended approximately 400 years ago in this dwarf
galaxy. Surprisingly, the metallicity of the stars did not
change significantly from the first to the second star for-
mation phase (Fig. IL.5.5, right).

These first, impressive observations have brought
LBT’s performance ability to light. Simultaneously, the
studied dwarf galaxies proved to be very interesting, and
the results raise a series of questions: Why have dwarf
galaxies evolved so differently? How can their evolution
be fit into the entire evolution scenario for our galaxy?
What role do dark matter halos play?

These questions will continue to be pursued by the
MPIA group. LBT observations of the dwarf galaxies Leo
IT and Ursa Major II are already planned and will be ana-
lyzed by various ways and means. Observations of other
dwarf galaxies have already been requested, in order to
obtain as comprehensive a picture of as many dwarf gal-
axies as possible. This should lead to further conclusions
about the evolution of these faint stellar systems.
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Additionally, further observations of the Hercules
dwarf galaxy are planned to pursue the question as to
whether the Milky Way’s tidal forces really did deform
this galaxy. Should this be the case, then one should be
able to discover additional stars which were dragged out
of the galaxy and which now form a “tidal tail”.

In a more distant future, astronomers hope to dis-
cover additional dwarf galaxies within the scope of the
PanStarrs project in which the MPIA is also participat-
ing. These too could then be examined in detail with the
aid of the LBT.

Matthew G. Coleman, Jelte T. A. De Jong,
Nicolas F. Martin, Hans-Walter Rix,

Eric F. Bell, Hans Hippelein.

In cooperation with:

Steward Observatory, Tucson,

Ohio State University, Columbus,
Osservatorio Astronomico di Roma, Rom,
Osservatorio Astronomico di Padova, Padua,
Osservatorio Astronomico di Trieste,
Harvard-Smithsonian Center for Astrophysics,
Cambridge (USA),

MPI fiir Extraterrestrische Physik, Garching



44

II. Highlights

1.6 Black Hole Activity in Quasars at High Redshift

In years past, several studies strengthened the thesis
that super-massive black holes in the centers of galax-
ies decisively influenced the formation and evolution of
stellar systems. Close correlations between the mass of
the black holes on the one hand and the velocity disper-
sion and the mass of the surrounding bulge on the other
hand strongly support this. Many questions still remain
open in this context: How rapidly did black holes grow
in the young universe? What role did they play in the
young universe, especially during the reionization age?
These questions were pursued by an international team
headed by the MPIA. The team spectroscopically exam-
ined five quasars at redshifts around z=6 (Fig. 11.6.1).
These objects emitted the light we receive today around
one billion years after the big bang. (According to cur-
rent knowledge, the universe is 13.7 billion years old.)

Several wide sky surveys in recent years have brought to
light a rich variety of data relating to quasars. The Sloan
Digital Sky Survey (SDSS), in which the MPIA partici-
pated, alone delivered more than 46,000 quasars in a 5282
square degree area of the sky. A study based thereon con-
ducted in 2002 showed a strong evolution in the number
density of these sources, whereby the maximum lay at
redshiftings between z =2 and z = 3. At that time, the
universe was between 2.5 and 3.5 billion years old. Thus
the number density of these objects at z = 3 is around 40
times as high as those at z = 6. Here the expansion of
the universe was taken into consideration (“‘co-moving
density”™).

On the other hand, no significant spectroscopic dif-
ferences could be ascertained in quasars between z = 6
and z = 0. This hints at a very rapid evolution of black
holes —found in the center of quasars and that are re-
sponsible for their immense luminosity — within the first
billion years after the big bang (at z > 6).

Selection of observed Quasars and Data Analysis

So far, more than 20 highly redshifted quasars with
z>5.7 have been found within the SDSS data set. From
these a group of astronomers led by MPIA chose five
objects with 5.8 <z <6.3 for observation with the Very
Large Telescope (VLT). The observations were performed
with the Isaac (Infrared Spectrometer And Array Camera)
near-infrared spectrograph. In the wavelength region of
1.0 to 2.5 um there are C IV, Mg II, and Fe II emission
lines which are suitable for the analysis of several quasar
characteristics, especially of the masses of their central
black holes. The objects showed luminosities in the z-
Band between 18.7 and 20.5 magnitudes which required
integration times of up to 12 hours for the spectra.

Fig. 11.6.1: Two highly redshifted quasars at z = 5.74 and z = 6.4
which were discovered in SDSS images. The second quasar
is the most distant known object. It emitted its light at a time
when the universe was 800 million years old. (Image: S. Kent,
SDSS Collaboration)
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Fig. 11.6.2: An overlay of all five quasar spectra (related to the
same rest frame) shows their most important emission lines.

Fig. I1.6.2 shows an overlay of all spectra while tak-
ing into consideration varying redshifts. They demon-
strate the typical characteristics very clearly: Dominant
emission lines, such as Lyman-a, C IV, and Mg II, can
be easily recognized while Fe II lines are quite weak.
Below Lyman-a the intensity sinks almost to zero. This
phenomenon, which is typical for highly redshifted qua-
sars, is called the Gunn-Peterson trough. It is due to the
absorption of neutral hydrogen which is located between
the quasar and earth. In quasars in the reionization era
(that is, the era in which interstellar hydrogen was still
mostly neutral) this leads to an almost complete absorp-
tion.

The masses of the central black holes in quasars are
determined from the equivalent widths of their emission
lines. As Fig. I1.6.2 demonstrates, this is possible only
after careful subtraction of the underlying continuum.
What complicated matters even more was that, in this
wavelength region, a so-called Balmer pseudo-continu-
um occurs next to the “normal” thermal continuum. This
pseudo-continuum is composed of a series of hydrogen
emission lines.

After the modeling and subsequent subtraction of both
of these continua, the equivalent widths of the emission
lines were ascertained. Here a procedure for Fe II had to
be applied because a series of lines were involved. This
was done with the aid of a sample spectrum (template)
as is typical for highly redshifted quasars. This template
was established from numerous, less extremely red-
shifted quasars in the SDSS.

Enrichment of the Quasar Environment with Heavy
Elements

One of the most remarkable findings in the analysis of
highly redshifted quasar spectra resulted from studies
of the abundance of “heavy” elements (heavier than
helium), also known as metallicity. According to the
prevalent theory, only the lightest elements — hydrogen
and helium — were formed at the time of the big bang.
Heavier elements, such as carbon, nitrogen or oxygen,
were formed later in fusion reactions in the interior of
massive stars which at the end of their lives injected these
“metals” into the environment through stellar winds and
supernova explosions. The interstellar medium was thus
more and more enriched with heavy elements. From ear-
lier studies of the most distant quasars, one can conclude
that this process must have taken place very efficiently.
The abundance of iron (Fe) relative to magnesium (Mg)
can, in this sense, serve as a “cosmological clock”. Iron is
produced first and foremost by type Ia supernovae in which
a white dwarf explodes in a double star system. Magnesium,
on the other hand, originates predominantly from Type II
supernovae which can be traced back to the explosion of
collapsing very mass-rich stars. Because the evolution of
a mass-rich star up to the supernova explosion of type II
proceeds much faster than that of a mass-poorer star into a
supernova explosion of type Ia, the Fe/Mg ratio supposedly
became very large in the first one to three billion years after
the Big Bang and then regressed slowly. However, studies
of elliptical galaxies have shown that after only 300 million
years, the maximum Fe/Mg ratio has been reached. This
time span depends, however, on parameters such as star for-
mation rate, star lifespan, and the initial mass function.
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Fig. 11.6.3: Spectra of five quasars in the range of the Mg-1II line.
Several characteristics are highlighted in color: solid blue: fit
to the emission line; solid red: continuum; dotted red: Balmer
continuum; solid green: template spectrum for Fe II; dotted
blue: noise limit.

The element abundance ratio could be determined
from the intensity ratio of the Fe II to Mg II lines in the
spectra of five selected quasars (Fig. I11.6.3). The values
found are between two and five with an accuracy of 20
to 40 percent.

A comparison with other research results is not
trivial, because these were partially obtained through
other methods and the uncertainties are rather large.
Furthermore, how exactly the Fe II to Mg II line ratio
reflects the actual abundance ratio has not been com-
pletely understood. Still, the comparison shown in Fig.

I1.6.4 is informative: The new analysis more or less
confirms the general trend of previous results accord-
ing to which — even at large redshifts — no evolutionary
trend is indicated. Because the universe was around 900
million years old at z = 6, the enrichment with heavy
metals must have already progressed much earlier. If
one assumes a typical en-richment period of 300 million
years, then the star formation era must have already been
triggered at redshiftings beyond z = 8. This result sets
scales for future attempts at finding the stars of the earli-
est generation (population III).

The Masses of the Central Black Holes

As described at the outset, the evolution of black holes is
closely linked to the evolution of galaxies. The evolution
of black hole masses could provide insight into this still
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Fig. 11.6.4: The Fe II/Mg II line ratio as a function of redshifting.
The five values of the recent study around z = 6 are represented
in yellow by a circled x.

unknown interactive relationship. From the new data,
these mass values can be ascertained in three different
ways:

e The most direct method consists of determining
the complete bolometric luminosity of the quasars.
If one assumes that the black hole gathers material
from its surroundings at the maximum rate possible,
then radiation pressure and gravity are held in bal-
ance. One says then that the quasar is radiating at
its Eddington Luminosity. If one sets the Eddington
Luminosity equal to the bolometric luminosity, then
one obtains the minimal mass that black holes must
have in order to reach the observed luminosity.

* A different method relies on the fact that black holes
are surrounded by a region of gas in which the qua-
sar’s emission lines are formed. This region is called
the Broad Line Region (BLR) because the lines of
this region are strongly broadened through rapid
rotation. The central mass can be derived from the
radius of the BLR and the velocity of the gas that
is contained therein. Both quantities can be derived,
subject to certain assumptions, from the spectrum,
especially from the width of the Mg II line. The cen-
tral mass then results from the BLR’s radius and the
velocity of the gas.

e A third method depends on an empirical relation be-
tween the central mass and the continuum luminosity
at a wavelength of 135 nm and the width of the C-IV
line. Here, too, BLR characteristics are used.

All three methods were applied to the spectra of five
quasars. Because each of them contains some uncertain-
ties, they yield — as would be expected — different mass
values (typically different by factors of two or three),
although the CIV based method provided the largest
values in all cases. Overall, the result was a range of
300 million to 5.2 billion solar masses. The 300 million

solar masses represented the smallest value so far among
highly redshifted quasars. Nevertheless in most cases
very high mass values resulted, which points to a sur-
prisingly fast growth of supermassive black holes after
the big bang. To compare: the black hole in the center
of our galaxy has a mass of 3.6 million solar masses. To
explain this phenomenon of rapid growth is one of the
most urgent tasks of cosmology.

In this context, it would be very interesting to find
out whether, in these highly redshifted quasars, the
aforementioned correlations between the masses of the
black holes and the masses and velocity dispersions
of the bulges have validity: question that is difficult to
answer because corresponding measurements relating to
these extremely distant quasars are still rather inexact.
The mass of the bulges can be estimated with the help
of observations of molecular gas in the galaxies, such
as Dominik Riechers was able to show in 2006 (Annual
Report 2006, p. 40).

The results so far point to the fact that the redshifted
galaxies deviate from the known relation between the
masses of black holes and the masses and velocity
dispersions of the bulges. Based on these results, the
implication is that the black holes develop faster than the
galaxy bulges. Yet the results are still disputed and com-
puter simulations cannot yet deliver clear predictions.

If these initial suspicions are confirmed, then the fol-
lowing fascinating questions follow: Did the black holes
come first and then form into galaxies? Did black holes
have the possible effect of “condensation seeds” around
which the galaxies formed? MPIA research teams are
pursuing these gripping questions and initial results are
expected in the near future.

Quasar Activity Periods

Earlier research, led by American astronomers who are
also a part of the team, of 23 quasars with redshifting
around z = 6 revealed, in all cases, deep Gunn-Peterson
troughs. From this one can conclude that the interga-
lactic medium up to the proximity of the quasars is
overwhelmingly neutral. At the same time it has be-
come clear that the reionization of the medium through
energy-rich radiation must have been a complex process
that spanned a longer period.

What quasars contributed to the reionization is a much
discussed question today. After the “switching on” of the
UV and X-ray radiation, the black hole, or rather the ac-
cretion disk surrounding it, created around itself a con-
sistently expanding sphere of ionized gases in the then
(z > 6) still largely neutral intergalactic medium: a so-
called Stromgren sphere, the radius of which is marked
by the long wave (red) edge of the Gunn-Peterson trough
in the continuum spectrum. Yet the determination of an
absorption edge is not simple, because the absorption is
often incomplete (Fig. I1.6.5).
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Fig. 11.6.5: Gunn-Peterson trough in the five quasar spectra
on the “blue” side of the Lyman-a line. The size of the
Stromgren spheres, R, is marked.

The astronomers established this edge visually in the
five quasar spectra. In this manner, they could calculate
relatively uniform Stromgren radii of around 16 million
light years. The interesting question arises as to how
long the quasars needed to create this sphere around
themselves.

The activity phase depends on several quantities,
especially the emission rate of ionizing photons and the
density of neutral hydrogen. Given certain assumptions,
these quantities permit the determination of a lower limit
for the activity period. However, the values determined
in this way are very uncertain. Depending on the method
used, the results for the five quasar activity times are
between 6 and 90 million years or, alternatively, between
one and 20 million years. In this case, the values are
small in comparison to the universe’s age (at that time)
of 900 million years. We were thus observing the qua-
sars in a very early activity phase, according to cosmic
standards.

With the described research, Dominik A. Riechers
completed his dissertation. In this reporting year, he grad-
uated and received a Hubble Postdoctoral Fellowship at
the California Institute of Technology from 2007 to 2010
for his research project “From the Epoch of Reionization
to the Peak of Galaxy Formation: Properties of Intensely
Star-Forming Galaxies in the Early Universe”.

Further steps will consist of broadening the current
data base. The MPIA team has therefore already applied
for the observation of an additional 23 quasars out of the
SDSS. In this study, particular attention will be paid to
fainter objects with less massive black holes.

Jaron D. Kurk, Fabian Walter, Dominik A. Riechers,
Hans-Walter Rix. In cooperation with:

Steward Observatory, Tucson (USA),

Osservatorio Astronomico di Roma (Italien),

Princeton University (USA),

National Radio Astronomy Observatory, Socorro (USA),
Landessternwarte Heidelberg



1.7 Dwarf Galaxies — the "Missing Satellites" of the Milky Way

Our galaxy is surrounded by an extended system of
satellites. These include on the one hand around 160
known globular clusters which orbit at a distance
range of up to 400,000 light years around the galactic
center. Added to them are dwarf galaxies, of which
until recently only nine were known to exist in the
galactic environment. However, today cosmological
models predict, that the Milky Way System is sur-
rounded by at least 50 such low-mass stellar systems.
This discrepancy between theory and observation
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is known as the “missing satellite problem”. Now,
within a short time, eight additional dwarf galaxies
have been found within the data of the Sloan Digital
Sky Survey (SDSS). Four of these were discovered
by an international astronomer team under the lead
of the MPIA and the University of Cambridge. If one
considers the low detection efficiency for dwarf gal-
axies and the limited area of the sky covered by the
SDSS, then the “missing satellite problem” appears to
be less severe.
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Fig. I1.7.1: SDSS’s search program efficiency for seven distance
ranges between 26,000 and 3.2 million light years in relation to
absolute luminosity. White areas show 100 %, black areas 0 %
efficiency. Blue circles represent known dwarf galaxies, red
triangles are globular clusters. The newly discovered objects
are all near the limits of detection.
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Fig. 11.7.2: A 22 times 22 square degree sized field of the SDSS
for stars (left) and galaxies (right). Ursa Major I and Willman I
(circles), two known satellite systems to our Milky Way, were
discovered by the program as well as two distant clusters of
galaxies (diamonds).

Current cosmological models describe the formation
of galaxies under the influence of cold, dark matter.
According to this scenario, in the early universe huge
clouds of dark matter existed, which acted as “gravita-
tion traps” for normal baryonic material. The galaxies
therefore formed in the center of large halos of dark
matter. However, these halos were not isolated structures
but they interacted with each other: Small halos merged
into larger ones. A part of the smaller halos continued to
exist, however, and orbited the larger halos on satellite
paths. While large galaxies formed in the central halos,
dwarf galaxies are supposed to have formed in the satel-
lite halos.

Computer simulations already pointed in 1999 to
the fact that a galaxy such as our Milky Way System
should be surrounded inside a radius of around two mil-
lion light years by approximately 50 dwarf galaxies; the
local group within a radius of five million light-years
should even contain up to 300 such satellite galaxies.
This prediction stood in clear contrast to observations:
Up until a few years ago, only nine dwarf galaxies were
known to exist.

On the theoretical side, many possibilities were dis-
cussed in order to explain this discrepancy. For example,
it was assumed that in some satellite halos, star forma-
tion was suppressed for unknown reasons which led to a
large number of invisible conglomerates of dark matter.
At the same time, however, it was also clear that the
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Fig. 11.7.3: Volume corrected luminosity function for a maximum
distance of 900,000 light years. Solid line with open circles:
brightness limit » <22.0 mag, dotted curve: brightness limit
r<22.5. The red and blue lines show the results from two
model calculations relating to the formation of dwarf galaxies.

discovery of dwarf galaxies was only possible to a lim-
ited extent. After all, an adequate instrument to perform
such studies only became available it was only with the
SDSS, in which the MPIA is taking part.
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The Search for Needles in the Hay Stack
— Four New Dwarf Galaxies

In fact, four new dwarf galaxies were already discovered
among the SDSS data in 2005 and 2006. They were, as
is generally so, named after the constellations in which
they were found. These were: Ursa Major I and II, Canes
Venatici, and Bootes. An international astronomer team
led by the MPIA and the University of Cambridge were
able during the reporting year to discover four more dwarf
galaxies. An additional faint object was added which was
very likely a globular cluster.

In the context of the SDSS, an area approximately the
size of 8000 square degrees around the galactic north pole
(corresponding to about one fifth of the entire celestial
sphere) was filmed in five photometric spectral ranges.
The dwarf galaxies discovered so far cannot be seen on
these images with the naked eye, rather they come to
light only after systematic, computer-supported searches
for over-densities of stars within specific brightness and
color ranges.

An important criterion in searching for dwarf galaxies,
and the later interpretation of data, is also the SDSS’s sen-
sitivity. Bright stars in the red-giant branch can be detected
at distances of up to three million light years; while very
faint stellar systems which hardly contain red giants can
only be detected at a distance of one million light years.
Thus the SDSS reached farther than any survey to date.

Under these boundary conditions, Sergej Koposov,
Hans-Walter Rix and Eric Bell at MPIA with their col-
leagues developed a program to detect dwarf galaxies.
A program of this type works as follows: One searches
within an area of the sky for stars with selected colors
and brightness and compares their numbers with ex-
pected values for background stars. A proven method in
the search for overdensities in stars or for other devia-
tions from average values within a particular region is
the application of a spatial kernel: average values for
all data points within a certain area of the sky (in our
case the colors and brightness of the stars) are sought.
The comparison with these average values will reveal
deviations such as the searched-for overdensities in the
angular scale of the selected kernel.

In order to test the efficiency of the program, the
values of “artificial” dwarf galaxies and globular clus-
ters were inserted. In this manner the search program’s
detection limit was determined for seven distance ranges
from 26 000 to 3.2 million light-years in dependence on
the searched for object’s brightness (Fig. 11.7.1). The
size of the kernel played a significant role here: While a
smaller kernel allowed for the better discovery of faint
objects than a larger kernel did, this was at the expense
of galaxy size. A large kernel adds up more stars from
extended objects and therefore allows for the recognition
of objects with lower surface brightness than a smaller
kernel would have.
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Fig. 11.7.4: Left column: SDSS images of indicated objects as
well as the positions of the SuBaru and INT fields. Right col-
umn: Images filtered with a 4’ kernel.

As a compromise, a kernel of 4 arc minutes was used
where the red limiting magnitude lay around 22.0 mag.
In the program’s trial runs, it turned out additionally that
HII regions and clusters of galaxies were erroneously
identified as dwarf galaxies (Fig. 11.7.2). This problem
could be eliminated through a comparison to existing
catalogues of these objects.

Through this method, MPIA astronomers and their
colleagues were able to identify four as yet unknown
dwarf galaxies: Coma Berenices (Com), Canes Venatici
II (CVn II), Leo IV, and Hercules (Her). The fifth object,
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named SEGUE 1, is probably a globular cluster. A look
at Fig. I1.7.1 shows that all dwarf galaxies recently dis-
covered through the SDSS that are located at distances
beyond 100,000 light years are at the detection limit. This
shows the enormous efforts required to track down these
faint dwarf galaxies among the large dataset.

Comparison with Models and the Missing Satellite
Problem

These nine objects now also permit the determination
of a luminosity function (that is, the number of objects
per brightness interval) for dwarf galaxies, which can be
compared with theoretical predictions. This allows, for
the first time, the ascertainment of a distribution of faint
objects.

In Fig. 11.7.3, volume corrected data for a maximal
distance of 900,000 light years are listed. The open
circles that are connected with a solid line show the
distribution in the normally utilized brightness limit of
r = 22.0 mag; the data in the dotted curve show a bright-
ness limit of » = 22,5 mag for which a strong correction
was necessary. The red and blue lines show the results
of two theoretical models, which both require that star
formation in satellite halos of the young universe be
suppressed due to strong UV radiation. The solid circles

Fig. I11.7.5: ) Contour representation for the color-brightness
diagrams, dotted line: Data of both globular clusters M 92
and M 13;

represent the known bright dwarf galaxies of the Milky
Way System and the Andromeda galaxy. They comple-
ment the luminosity function for bright objects.

It is clear that the models do not sufficiently describe
reality: One model overestimates the number of faint
satellite galaxies (blue curve) while the other underes-
timates the number of bright ones (red curve). Further
efforts are required to create a consistent model for dwarf
galaxies. The progress in the observation of faint dwarf
galaxies is, however, significant. It allows for the first
time a comparison between models and observations of
these satellite systems.

The “missing satellite problem” does not seem so
serious in light of these new discoveries. With the SDSS,
so far a total of eight new dwarf galaxies have been dis-
covered. Because the survey only comprised a fifth of
the entire sky, one may assume 40 potentially existing
satellite systems to which one can add the nine objects
that were already known. This total number of 50 satel-
lite systems brings observations very close to the models,
also considering that there could still be many fainter
systems beyond SDSS’s detection limit.
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Follow-up Observations relating to Dwarf Galaxies and
the new Globular Cluster

The astronomers observed the newly discovered dwarf
galaxies (with the exception of Leo IV) in detail with the
SuBaru telescope on Hawaii and the Isaac Newton tele-
scope (INT) on La Palma. Fig. 11.7.4 shows in the first
column the SDSS images of the corresponding objects
as well as the positions of the SuBaru and INT fields.
The second column shows filtered images with a kernel
of 4'. The dotted circles indicate those regions in which
the color-brightness diagram of stars was established.
Contour lines indicating the color brightness diagrams as

Fig. 11.7.6: Comparison of the absolute luminosity and size of
different satellite systems.

well as the distribution of stars are shown in Fig. 11.7.5.
The derived characteristics are summarized in the fol-
lowing Table.

. Distance radius Ellip-
Object ..
(kpc) (pe) ticity
Com 3.m7 44 70 0.5
Cvnli 150 140 0.3
Her 140 320 0.5
Leo IV 160 160 0.25
SEGUE 1 23 30 0.3

_16l- @ Dwarf galaxies of the Milky Way and M 31 (SDSS discoveries)
O Dwarf galaxies of the Milky Way
o Dwarf galaxies of M 31
- A Globular clusters of the Milky Way
% Globular clusters of M 31
+X Ultra compact dwarf galaxies in Formax
L P Virgo dwarf-globular transition objects
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Here a comparison between absolute brightness and
size of various satellite systems is interesting (Fig.
I1.7.6). Noticeable is a bipartition among the objects.
There is a gap between objects with radii of 130 light-
years and 320 light-years. This gap seems entirely real
and not dependent on observation techniques, because
the new SDSS survey should have permitted objects to
be found in this interim region. This gap especially sepa-
rates globular clusters from dwarf galaxies: For a given
absolute luminosity, globular clusters are more compact
than dwarf galaxies. This could be a sign that there is no
evolutionary connection between these classes of stel-
lar systems. Supporting this is the fact that all objects
located left of the gap showed no indications for larger
amounts of dark matter, while the dwarf galaxies —as far
as is known — are dynamically dominated by it.

Nevertheless, there are no spectra available for the
newly discovered dwarf galaxies. Thus nothing is known
about their dynamic characteristics and their dark matter
content. Spectroscopic data are therefore also important,
because a second explanation is also possible for the
existence of these dwarf galaxies: They could be remains
of a galaxy that merged into our Milky Way system in
earlier times. In this case, one would not expect to find
large amounts of dark matter in these dwarf galaxies.

Therefore, spectroscopic studies of the newly discov-
ered dwarf galaxies are urgently needed. They should
provide information regarding the dynamic composition
of the stellar systems and thus also about their formation
history. Furthermore, spectra contain information regard-
ing the content of heavy elements. The dwarf galaxies
known so far are very “metal poor”: this points to the
fact that they belong to old components of the Milky
Way which formed in its halo, as is predicted by the hier-

archical formation scenario. Further studies will have to
show whether this is also true for the recently discovered
faint dwarf galaxies. This is already indicated in the good
correspondence between their color-magnitude diagrams
and those of M 92 and M 13.

Finally, Fig. I1.7.6 shows an additionally significant
detail: The dotted lines show the location of objects in
this diagram with a constant surface brightness u, where
u is the surface brightness in magnitudes per square arc
second. All objects with 4 > 27 mag were found within
the scope of the SDSS — this demonstrates once again the
strength and the significance of this sky survey.

Sergej Koposov, Hans-Walter Rix, Eric F Bell.
In cooperation with:

University of Cambridge (UK),

University of Hawaii,

Los Alamos National Laboratory,

Austin Peay State University,

The Johns Hopkins University,

Rensselaer Polytechnic Institute,

Louisiana Technical University,

Fermi National Accelerator Laboratory,

Lick Observatory, Ohio State University,
Pennsylvania State University,

Michigan State University,

Apache Point Observatory,

SuBAru Telescope, Gemini Observatory (all in the USA),
Mt. Suhora Observatory, Cracow Sternberg
Astronomical Institute, Moscow
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1.8 Unique Galay Portraits with THinGs

Under MPIA's leadership using the Very Large Array
(VLA), an international team of astronomers studied a
total of 34 nearby galaxies in the light of atomic hy-
drogen’s 21 cm line. The VLA is a radio interferometer
located near Socorro (New Mexico). The project was
designated “The HI Nearby Galaxy Survey” (THings) and
has been the largest program of this type at the VLA. It
delivered data that are unique from many points of view
and which will be the foundation for many systematic
studies. In an initial series of publications, MPIA as-
tronomers and colleagues from other institutions studied
the rotation curves of spiral and dwarf galaxies in order
to understand more about the puzzling dark matter halos.
In a subsequent study, they researched the connection
between the density of interstellar matter and star for-
mation.

Observations of atomic hydrogen’s (HI) 21 cm line have
been considered for decades to be one of the best meth-
ods to study the structure and kinematics of the interstel-
lar medium — both in our Milky Way system as well as
in other galaxies. Compared to other radiation, this has a
series of advantages. HI emission experiences no extinc-
tion through interstellar dust and is in almost all cases
optically thin, so that one can immediately derive the
density of the hydrogen gas from the measured intensity.
In addition, the kinematics of the hydrogen gas can be
ascertained by looking at the Doppler effect.

Selecting Galaxies for THinGs

Because of the comparatively large wavelength, one
needs large telescope apertures to obtain a sufficient spa-
tial resolution. The VLA interferometer (Fig. I1.8.1) of-
fers unique possibilities in this regard. The VLA worked
for THINGS in three different configurations with antenna
separations of between 35 m and 11.4 km. A high spectral
resolution between 1.3 and 5.2km/s and a high spatial
resolution of 6 arc seconds was decisive for the project.
Thus, astronomers had to go to the technical limits of the
instrument.

The principal goal of THINGS is to study key character-
istics of galaxies across the entire HUBBLE sequence (with
the exception of starburst galaxies). Galaxy morphology,
star formation and evolution, as well as mass distribu-
tion are the main areas of interest (compare 2005 Annual
Report, p. 82).

The selection of galaxies followed several criteria.
They cover a wide range in their star formation rates,
absolute luminosities, and metallicities. Almost all gal-

axies are targets of the Spirzer Infrared Nearby Galaxies
Survey (SINGS) project’s catalogue in which the MPIA is
also participating. So far, the Nasa Spitzer space tele-
scope is the most efficient infrared observatory. SINGS
studies the near and middle infrared dust characteristics
of galaxies. At the same time, for many of the THINGS
galaxies, observations by the American GALEX space tele-
scope and CO observations from the IraM telescope are
available. Thus, star formation rates can be ascertained
and compared with the characteristics of neutral hydro-
gen (see below). Most of these observation data have
about the same angular resolution of 6 arcseconds and
can therefore easily be compared to each other.

There were also other criteria in selecting the galaxies.
For example, all of them are in a distance range of 6 to 50
million light years, resulting in a spatial resolution of 300
to 1600 light years — which is significantly better than
earlier observations. Galaxies from the Local Group were
not included because their angular size in the sky is too
large. In the end, 34 galaxies were selected requiring 500
hours observing time for the detailed study of their light
on the 21cm line (Fig. I1.8.2). On the following pages we
present two already published results.

Rotation Curves and Models for Dark Matter Halos

Since the 1970s, there have been more and more indi-
cations that galaxies are embedded in extended clouds
(halos) of dark matter. This was derived from the galax-
ies’ rotation curves. If the galaxies consisted exclusively
of visible matter, then the stars and gas clouds would
orbit the center in Keplerian orbits on which the orbital
velocity would decrease as the distance from the center
grew. Yet, after a certain radius, one observes an almost
constant velocity extending into the outskirts of the gal-
axies, our Milky Way also has such a rotation curve. This
phenomenon is explained by the gravitational effect of
the dark matter halo.

This dark matter must have already played a decisive
role in the formation of galaxies. In the early universe
it created potential troughs in which normal, baryonic
material accumulated and further condensed into galax-
ies. Modern computer simulations take into account the
gravitational effect of the dark matter, though its further
physical characteristics are widely unknown. However,
a problem has recently emerged in these cosmological
calculations: The theory predicted that the density, and
thus also the gravitational potential of dark matter halos,
increases very steeply toward the center (with r=! to
r=13). This is known as the “cuspy core” model. Galaxy
rotation curves however can best be explained with a
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very moderately enhanced central density. Accordingly,
the density of the dark mass halo in the central region
is nearly constant or increases slightly toward the mid-
point. This is described as the “soft core”.

So far, galactic rotation curves were partially obtained
from HI observations. These had, however, the disad-
vantage that their spatial resolution of at least 3200 light
years was rather coarse and that the velocity resolution
was low. Thus, several astronomers saw the possibility
that non-circular movements would appear in the central
regions which were not correctly captured by the obser-
vations and which smear out the measured radial velocity
values. The data would then simulate a “soft core”, where
in reality a “cuspy core” is present.

Erwin de Blok’s team at the University of Cape Town
(South Africa) and Fabian Walter’s team at the MPIA
used the THINGS data to understand this problem. These
measurements finally had a sufficient spatial and spectral
resolution to be able to recognize non-circular compo-
nents in the movement of gas clouds.

To perform their research, however, the list of THINGS
galaxies had to be restricted. The inclination angle of
the galaxies against the line of sight would have to be
between 40 and 80 degrees. This is because, if one looks

Fig. 11.8.1: Areal view of the Very Large Telscope (VLA) in
New Mexico.

almost vertically at the disk, then the gas also moves
perpendicular to the line of sight and corrections to the
measured radial velocities become too large. If, in con-
trast, one looks nearly toward the edge, then the line of
sight traverses regions of the galaxy that are too large, so
that there are too many overlayered velocities. Finally,
19 galaxies with average inclinations were left remainng,
among which were the large spiral galaxy M 81 and the
dwarf galaxy IC 2574 (Fig. 11.8.2).

From the Doppler shift of the 21 cm line, the astrono-
mers determined the galaxies’ rotation curves. This can
be done in principle in several ways. For example, one
can simply determine the position of the line maximum
or fit a Gaussian curve to the line. All methods, however,
present difficulties when the form of the line is asym-
metrical due to the influence of non-circular movements.
De Blok and Walter’s team therefore decided to fit the
21 cm line with the aid of the so-called Gauss-Hermite
Polynomial, which allows for a certain “skewness” to the
profile of the line. Fig. I1.8.3 shows how strong the ef-
fects from the application of these different methods are
on the velocity determination.

The THiNGs galaxies cover a large range of luminosi-
ties and morphologies. This is shown in a variety of rota-
tion curves, as demonstrated in Fig. I1.8.4. These were
ordered such that the position of the origin was adjusted
to the absolute brightness MB. Here it becomes clear
that the rotation curves of brighter galaxies increase and
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NGC5055 (M63)

NGC3031 (M81)

Fig. 11.8.2: Several examples of the galaxies observed within
the THINGS project; left (this page): Spiral galaxies; right (Page
59): Dwarf galaxies. The radio maps are coded in blue; with
an overlay of infrared images (coded in yellow, they show the

then approximate a constant value as the distance to the
core region grows. The curves of faint galaxies slowly
increase and do not reach a constant level within the
HI area.

Mass models of the galaxies, including dark matter,
could be obtained from the measured rotation curves
and these could be related to the baryonic masses de-
rived from the SpiTzer data. Here it became clear that in
bright galaxies the influence of dark matter increases as
the radius grows but that the ratio of dark to baryonic
matter is never as large as in faint galaxies. Bright gal-

NGC628 (M74)

NGC5194 (M51)

distribution of the old stars) and a combination of infrared and
ultraviolet (coded in violet, they show the distribution of the
star formation regions).

axies are thus not so strongly dominated by dark matter
as faint galaxies, and in particular dwarf galaxies. In the
latter, the dark matter comprises over 90 percent of the
total matter.

With the existing data, the group then approached the
question of the mass distribution of dark matter. Would
it be possible to distinguish between the “cuspy core”
model and the “soft core” model as was suggested by
observations?

Fig. 11.8.5 shows all rotation curves (grey) as well
as an averaged curve (black squares). Furthermore, the
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M81 Zwerg A

Holmberg ||

results of several cosmological models are represented
(dotted). All theoretical curves decline with larger radii,
while the measured curves do not have this character-
istic. The density of the empirically ascertained halo
of dark matter is about a factor two less than what was
theoretically expected. Furthermore all models always
provide velocities that are too high for the central re-
gions. That is, theory and observation do not match.

As a result, the astronomers were able to dismiss the
possible explanation that had existed thus far: that is
that the “soft cores” which were always observed were
simulated through insufficiently resolved observations.
The THINGS data had spatial and spectral resolution suf-
ficient to exclude this. Thus a significant discrepancy
continues to exist between cosmological simulations of
dark matter halos and reality.

Holmberg |

Star Formation and Gas Density

A decisive factor in the evolution of galaxies is their star
forming activity. A quantitative measurement of the con-
nection between the star formation rate (SFR) and gas
density (p) is therefore a significant input parameter for all
cosmological models of the evolution of galaxies. Maarten
Schmidt already established in 1959 the relation for the
Milky Way System according to which the number density
of forming stars quadratically increases with gas density.
Schmidt supported his findings through observations of HI
gas. Subsequent observations of other galaxies in which the
column density of the gas was established, however, provid-
ed no uniform picture. A variety of studies led to the power
law SFR ~ pV with 1 <N < 3. Theoretical studies estab-
lished approximate values for N of between 0.72 and 2.
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Fig. 11.8.3: These rotation curves (blue) demonstrate how strong-
ly the derived radial velocities vary depending on the method
applied; above: the rotation-dominated galaxy, NGC 2403;
below: IC 2574, in which strongly asymmetrical line profiles
appear.

It is still unclear today whether all galaxies or at least
each galaxy type follows a universal “Schmidt Law” or
whether varying external conditions significantly influ-
ence the relationship between star formation rate and gas
density. This question is of great significance for theories
and models of galaxy evolution.

If one experimentally pursues the question, then it
turns out to be useful to distinguish between the den-
sity of atomic (HI) and molecular gas (H,). THINGS is
especially suitable because of the high spatial resolution
that it can achieve and its homogenous sensitivity. An
astronomer team with Frank Bigiel, Adam Leroy, and
Fabian Walter discussed this question by using data from
the GaLEx Nearby Galaxy Survey and SINGs. From these
the star formation rate could be derived. In addition, CO
observations with the 30 m Iram telescope were available
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Fig. 11.8.4: The rotation curves of all galaxies, sorted by absolute
luminosities of the galaxies with a logarithmic representation
of the rotation velocity.

which permitted the derivation of the molecular hydro-
gen’s (H,) density.

Fig. 11.8.6 shows the results (above) for spiral galaxies
with H,-dominated central areas as well as (below) for
late spiral and dwarf galaxies. The values are listed in re-
lation to averaged radius and azimuth. One sees how star
formation rates and H,-density decrease in spiral galaxies
with growing distance, while the HI density does not fol-
low this trend. In Fig. I1.8.7, these measurements for the
spiral galaxies were then plotted such that the SFR can

Fig. 11.8.5: The studied galaxies’ rotation curves. THINGS mea-
surements (red), their averages (blue squares), cosmological
models (dotted curves), as well as a theoretical result by S. S.
McGaugh et al. from 2007 (upper dotted curve).
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Fig. 11.8.6: The radial dependence, averaged over azimuth, of HI  in spiral galaxies with H,-dominated central regions, below: in
and H, surface density X, as well as star formation rate, above:  HI dominated galaxies (faint spiral and dwarf galaxies).
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be directly compared in dependence on HI, H, as well
as to the total gas density of HI plus H,. In addition, a
further quantity —the so-called star formation efficiency
(SFE) —plays a role in this diagram. It is defined as the
ratio of the star formation rate to gas density and indi-
cates the time span in which the interstellar gas is used up
at the actual star formation rate. The diagonal dotted lines
correspond from bottom to top to consumption periods of
1010, 10% and 108 years.

That the HI and H, components behave differently is
obvious. While the star formation rate (SFR) grows al-
most exactly linearly (N = 1.02 = 0.12) with the density
of the molecular hydrogen (H,), the HI density within the
galaxy remains almost constant. It is interesting that the
dependence even kinks with higher star formation rates.
If one forms the sum of HI + H,, then very differing
power laws with exponents of 1 <N < 2.9 result. Often
the dependence within a galaxy cannot even be described
with a single power law. Because this behavior is signifi-
cantly different from galaxy to galaxy, one has to assume
that there exists no universal connection between the

SFR and the total gas density (HI + H,), but that it does
exist in the case of H, density.

There also is no uniform behavior for star formation
efficiency. In dwarf galaxies it is nearly constant, while
in spiral galaxies it sinks with increasing distance from
the center. In the outer regions of the spiral galaxies it
then reaches values that are typical for dwarf galaxies.

Fig. 11.8.7 allows an interesting behavior of HI gas
to be seen: In no case does the density increase above
a value of approximately 10 solar masses per square
parsec. This is true both for large spiral galaxies and
for dwarf galaxies. This degree of saturation, which
does not occur with molecular hydrogen, is somewhat
surprising because it was assumed that in some galaxies
a transformation of atomic to molecular hydrogen is not

Fig. 11.8.7: The star formation rate per unit area as a function of
the densities of HI, H, , as well as the total gas density in spiral
galaxies for three galaxies. Green, orange, red, and magenta
colored dots respectively represent 1, 2, 5, and 10 data points.
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favored — for example, in dwarf galaxies with low metal-
licity, where less dust is expected be present. (The reac-
tion of two hydrogen atoms to form H, takes place on the
surface of dust particles.)

In Fig. I1.8.8, the values of all spiral galaxies are col-
lected. The saturation limit very clearly comes to light
here (left bottom), the gas reservoir is used up within two
billion years on average.

The new observational data from THINGS thus support
clearly the notion that star formation is linked directly to
molecular hydrogen density. The transition from atomic
to molecular hydrogen and the star formation that then
follows is not a pure function of the total gas density.
Very obviously, other physical influences determine the
ratio of HI to H,.

All in all, the data confirm the classical idea according
to which stars form when a molecular cloud collapses
under the influence of its own gravity. A simple model
suggests that star formation then begins only above a
certain gas density. In this case, one would expect a linear
correlation between the star formation rate and the H,
density, that is an exponent of N = 1, as is suggested by
the recent THINGS study.

This result has considerable implications for the
theory of galactic evolution. The exponent N today is
assumed in the models to have a value of 1.4 —that is, a
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non-linear relationship. Yet, this value was determined
by averaging over entire galaxies. With THINGS one was
able thus to ascertain for the first time exponents on a
spatial scale of less than 3200 light years. Here is where
it was found that N = 1. This is an important indicator
for theoreticians who in the future must assume a linear
relationship in models of the evolution of galaxies with
high spatial resolution — which compared to current mod-
els makes a significant difference.

Fabian Walter, Frank Bigiel, Adam Leroy.

In cooperation with:

University of Hertfordshire, Hatfield (UK),

University of Cape Town, Rondebosch (Siidafrika),
University of Cambridge, Cambridge (UK),

Bucknell University, Lewisburg (USA),

Mount Stromlo Observatory, Weston ACT (Australien),
Observatories of the Carnegie Institution of
Washington, Pasadena USA),

Ruhr-Universitdt Bochum

Fig. 11.8.8: Results for all spiral galaxies. Clearly visible is the
linear increase in star formation rate with H, density (right top)
and the saturation limit for HI gas at about ten solar masses per
square parsec (left bottom).
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lll. Selected Research Areas

lll.1 Gas and Dust in Nearby Galaxies

From the combination of surveys carried out by space-
based telescopes like Spirzer and GaLex with large ground-
based observing programs, our view of nearby galaxies
has sharpened and expanded over the last few years.
Researchers at the MPIA are harnessing these new data
to study the interplay between galactic structure, the
interstellar medium, and star formation in nearby galax-
ies. Highlights in 2007 included: a stunning range of sci-
ence produced from The HI Nearby Galaxy Survey, based
at the MPIA; impressive first science results using the
Large Binocular Telescope to constrain the effect of stel-
lar feedback on the ISM; and the undertaking of a large
new observing program to map the molecular gas con-
tent of the Tuines sample using the Iram 30 m telescope.

Studies of nearby galaxies occupy a unique niche in the
astronomical landscape. They link the detailed under-
standing of star formation and the interstellar medium
(ISM) built up in the Milky Way to the process of gal-
axy evolution, studied via surveys of distant galaxies and
challenging observations of high redshift objects. As lo-
cales to test astrophysical theories, they offer a clarity of
view and a range of physical environments not found in
the Milky Way combined with a proximity that allows
good sensitivity and spatial resolution at a wide range of
wavelengths.

In the Milky Way, phenomenal progress has been made
understanding how stars form from molecular clouds.
Observations with unprecedented resolution and sensitiv-
ity offer an exquisitely detailed view of the nearest star
forming regions. At millimeter and infrared wavelengths,
astronomers can now resolve star formation in progress
on the smallest scales, including exciting snapshots of
outflows from individual young stars and disks that may
host planet formation. Maps of dust and gas in molecular
clouds may very well reveal the origins of the stellar mass
distribution imprinted in cloud substructures.

However, our position within the disk of the galaxy
makes it challenging for local observations to achieve a
‘zoomed out’ view. The processes by which molecular
clouds form, how long they live, how they behave in dif-
ferent environments, and the effects wrought by the en-
suing star formation on the surrounding ISM are difficult
to study in our own galaxy. Distance ambiguities, extinc-
tion from interstellar dust, and line of sight crowding all
conspire to limit the most thorough studies to the nearest
star forming regions.

Studies of galaxy evolution, on the other hand, can
now harness stunning statistics, bringing tens or hun-

dreds of thousands of galaxies to bear in order to measure
the demographics of galaxy populations with exquisite
precision. At the same time, combining powerful numeri-
cal simulations with observations appears to have yielded
a robust understanding of how large scale structures form
and evolve. Using the most powerful radio and optical
telescopes, astronomers can now detect vast reservoirs of
gas and vigorous star formation less than a billion years
after the big bang. As a result, we now have an impres-
sive understanding of the origin and evolution of galaxy
populations on cosmological scales.

Galaxy surveys and high redshift observations, how-
ever, typically do not resolve scales on which individual
star-forming clouds assemble and these same processes
take place ‘below the grid’ of most numerical simula-
tions. Further, the combination of detailed infrared and
radio measurements needed to characterize the ISM are
difficult to achieve even nearby. At large distances, re-
solving the distributions of dust and gas on the scales
relevant to star formation is simply not possible with
present technology. As a result, the processes of cloud
formation, star formation, and stellar feedback are usu-
ally not directly observed beyond the vicinity of our own
Local Group.

Studies of nearby galaxies fit neatly into the middle
ground between these two fields (and so, in many ways
link the two departments at the MPIA). Our view of these
systems, particularly of face-on galaxies, is largely free
of the ambiguities in distance and interstellar extinction
that bedevil observations of galactic objects. As a result,
it is possible to assemble a picture of the mass budget,
the cycle of star birth and death, or the different phases of
the ISM with some certainty that, e.g., gas and stars seen
along the same line of sight are probably associated. This
makes these systems the natural place to study galactic-
scale processes in some detail, for example the formation
of star-forming molecular clouds, the interplay between
spiral arms and star formation, the effects of star death on
the surrounding gas, the small scale distribution of dark
matter, or the ‘feeding’ of the super-massive black holes
often found in the centers of galaxies.

Further, many environments not readily accessible in
the Milky Way can be found even in nearby galaxies.
Blazing starbursts harbor conditions similar to galactic
star-forming clouds over kiloparsec scales and form su-
per star clusters, likely young analogs to the globular
clusters only observed as fossils in the Milky Way. Dwarf
galaxies harbor sprawling distributions of gas largely un-
enriched by previous generations of star formation. Both
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dwarf and starburst galaxies may offer windows into the
distant past: mergers and prodigious star formation rates
are frequently observed at high redshift, while the ap-
parently ‘primitive’ state of dwarf galaxies suggests that
they may be windows into how star formation proceeded
in the first systems in the young universe. More funda-
mentally, this range of environments allows basic obser-
vations to constrain how factors like dust abundance, gas
density, the radiation field, stellar bars, or spiral structure
impact star formation and feedback. In the local universe
we have, in essence, a vast laboratory where we can test
“how does process X depend on parameter Y?” by ob-
serving “process X across a suite of nearby systems.

Finally, as hinted by the analogy to more distant sys-
tems, nearby galaxies play a critical ‘calibration’ role in
our understanding of galaxy populations and interpreta-
tion of high redshift data. In particular, to model how gal-
axies form and evolve it is necessary to have a quantita-
tive understanding of how gas turns into stars in various
environments and of the impact of stellar feedback on the
surrounding ISM. Lacking an analytic theory of galac-
tic-scale star formation, the usual approach is to empiri-
cally calibrate these relations and then tune models and
simulations to match them. These calibrations necessar-
ily take place in nearby galaxies, where all of the neces-
sary data (particularly measurements of the ISM) can be
assembled. The same quantitative relationships are often
used to interpret observations of distant systems, includ-
ing galaxy surveys, high redshift observations, and stud-
ies of the Lyman alpha forest.

Multiwavelength Surveys

Despite their proximity, it has still proven observation-
ally challenging to assemble a complete picture of the
distribution of matter in nearby galaxies. Extended, high
resolution maps of the ISM require a large investment of
telescope time and an accurate inventory of recent star
formation ideally includes infrared and ultraviolet obser-
vations, wavelengths that are largely inaccessible from
the ground. As a result, most studies have either focused
on a uniform sample observed at one or two wavelengths
or in depth, multiwavelength case studies. In the last five
years this has changed dramatically. A series of surveys
using space-based and radio telescopes have made uni-
form, high-resolution, high-sensitivity, multiwavelength
data available for dozens of nearby galaxies. It is now
possible to study a sample of galaxies using high quality
data from radio to ultraviolet wavelengths.

The Spitzer Infrared Nearby Galaxy Survey (SINGS),
led by R. Kennicutt at Cambridge University and involv-
ing some current and past MPIA researchers, mapped 75
nearby galaxies at near- to far-infrared wavelengths us-
ing the Sprtzer Space Telescope and assembled a rich
suite of ancillary data. SINGS maps and spectra captured
light from old stars, small dust grains heated by nearby

star formation, and the larger dust grains that permeate
the ISM.

At the same time, the Galaxy Evolution Explorer
(GaLEX) undertook the GaLeEx Nearby Galaxies Survey,
which yielded, among other data products, extended,
wide-field maps of far-ultraviolet and near-ultraviolet
light for more than a thousand nearby galaxies. The maps
offer a direct view of recently formed O and B stars. They
reveal a wealth of star formation and structure, including
the surprising finding that star formations extends at low
levels well into the outskirts of many galaxies.

Maps of interstellar gas are key to studies of galac-
tic kinematics, star formation, or stellar feedback, and
the MPIA is playing a major role in this field. Here we
will single out two programs based at the MPIA: The
HI Nearby Galaxy Survey (THINGS) and a complemen-
tary program now underway to make extended, sensitive
maps of molecular line emission from the same sample.

The combined view offered by THINGS, SINGS, and the
GaLex NGS is shown in Figure I1.8.2 on page 58-59:
Four nearby spirals (left panel) and four dwarf galax-
ies (right panel). Blue shows the distribution of atomic
hydrogen, mapped by THINGs. Red shows the distribu-
tion of old stars, inferred from near-infrared maps by
SINGs. Pink shows the location of current star formation,
estimated from ultraviolet and infrared light mapped by
SINGs and GALEX.

The HI Nearby Galaxy Survey

Based at MPIA, THINGS used the Very Large Array (VLA)
to map the atomic gas distribution of 34 nearby galaxies.
Begun in 2003, with data acquisition and reduction com-
pleted in 2006, THINGS is one of the largest programs ever
undertaken by the VLA.

THINGS mapped the 21-cm transition of atomic hydro-
gen (HI), obtaining sensitive, high resolution measure-
ments of how the mass of HI is distributed in each gal-
axy. With an angular resolution of 7 arcseconds (typi-
cally 200 to 300 parsecs), the data are perfectly suited to
comparison with ultraviolet maps from GALEx and mid-
to far-infrared maps from the Spitzer Space Telescope.
Because the THINGS targets were chosen to match those
of the SiNGs survey, this sort of comparison is a main-
stay of the resulting science which focuses on combin-
ing data from many wavelengths to form a more com-
plete picture of stars, gas, and dust than was previously
attainable.

The 21-cm line also carries velocity information, and
wherever THINGs observed atomic gas, it also measured
the line of sight velocity with an accuracy of 5km/s.
Thus, in addition to maps of the gas distribution, THINGS
has yielded maps of gas motion. This enables a large
range of science, from searching for holes and shells in
the atomic gas distribution to detailed studies of the dis-
tribution of dark matter via its gravitational influence.
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With all data in hand, the THiNGs team focused on
science in 2007. The data is now fueling more than a
half dozen PhD theses and the first round of research in-
cludes over a dozen science papers now at or near sub-
mission. A sample of the questions being addressed by
the THINGS team:

* What is the dark matter distribution in each galaxy?
From the motions of the gas measured by THINGS, one
can infer the distribution of mass in each galaxy and,
after comparison with starlight and the gas distribution,
infer the distribution of dark matter.

* Where do galaxies end? THINGS maps are both ex-
tremely sensitive and very big, allowing team members
to measure where a galaxy’s gas reservoir ends. This
yields clues to both the origins of galactic structure and
the conditions, particularly the radiation field, in the
space between galaxies.

e What is the distribution of holes and shells in the ISM?
A casual inspection of the THINGS maps reveals a wealth
of such structures and systematically measuring their
properties may offer a clue to their origins, for example
from comparison to the distributions of young stellar
clusters.

* Do the deepest hydrogen absorption lines seen along the
line of sight towards high redshift quasars come from
galaxies like those around us? By simulating the effect
of random lines of sight drawn through the THINGS gal-
axies, one can hope to explain the distribution of these
so-called “damped Lyman alpha systems”.

In addition to the four MPIA-based projects described
in detail later in this chapter a half-dozen more projects
are nearing completion. Even with this rich first round
of science, the potential of THINGs is only beginning to
be tapped. The second round of projects are already un-
derway, complementary molecular line data are being
collected, and the sample will be targeted as part of a
HEerscHEL Space Observatory legacy program.

A New Atlas of Molecular Gas Maps Using the Iram
30 m telescope

The atomic hydrogen probed by THINGS is a key com-
ponent of the ISM but does not represent a complete
inventory of the gas. Particularly in the centers of spi-
ral galaxies, molecular (rather than atomic) gas is of-
ten the dominant component of the ISM. This is also the
phase observed to relate most directly to star formation.
Therefore any study hoping to understand why stars form
where they do must take into account the molecular gas.

Unfortunately, the H, that makes up most of the mo-
lecular phase lacks a dipole moment and is therefore not
readily observed under the conditions where it is found
in the ISM (cold, dark clouds). Therefore emission from
other molecules is often used to infer the distribution and

abundance of molecular gas. The most common and com-
monly used of these tracer molecules is CO. Although
relatively abundant and bright, mapping CO still remains
a challenging undertaking and the lack of extended, sen-
sitive maps of CO emission have remained a serious gap
(although the pioneering Bima Survey of Nearby Galaxies
took a major step forward in this regard).

Following a pilot project in the winter of 2006, 2007
saw an MPIA-lead team undertake a large project using
the Iram ~ 30 m telescope to map the molecular gas in a
subset of the THINGS/SINGS sample. The project will use
more than 300 hours of telescope time to map CO line
emission from 20 THINGs galaxies. The enabling tech-
nology is the HErA focal plane detector array, a 9-ele-
ment dual-polarization receiver array. HEra allows fast
on-the-fly mapping of the CO (2 — 1) transition, mak-
ing it possible to obtain sensitive maps of CO emission
over wide areas while still yielding an excellent angular
resolution of 11 arcseconds. Because it simultaneously
maps emission from nine positions on the sky, HEra of-
fers almost an order of magnitude increase in efficiency,
making it possible to accomplish in only 300 hours a
project that would have required almost 3000 hours just
five years ago.

The HEerA survey will wrap up in the early spring of
2008 but is already yielding exciting results. In particu-
lar, one already observes a striking, nearly one-to-one
correspondence between CO line emission and the rate
of star formation inferred from ultraviolet and infrared
maps. The result suggests that molecular gas may form
stars in roughly the same way in all of the spiral galaxies
that the team studied.

Science Highlights
First Science With the LBT: Stellar Feedback in IC 2574

The Large Binocular Telescope (LBT), with its large ap-
erture, wide field of view, and excellent sensitivity to
blue light, will be a powerful tool to study star forma-
tion in nearby galaxies. Some of the first science results
to come out of the LBT already demonstrate this capa-
bility. MPIA researchers led an effort using the LBT to
make sensitive maps of U-, B-, and V-band light from
the nearby dwarf irregular galaxy IC 2574, also a target
of THiNGs. With extended star formation and an HI dis-
tribution characterized by dozens of known holes and
shells, IC 2574 is an ideal locale to study the interaction
between star formation as viewed by the LBT and the
ISM seen by THINGS.

From the LBT data (Fig. IIl.1.1a), the researchers
were able to estimate the number of young stars at each
location in the galaxy and how recently these stars were
formed. They also calculated how much energy these
stars create in the form of winds, supernova explosions,
and ionizing photons. Comparing this information to the
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Fig.l1.1.1: @) The LBT view of the dwarf irregular galaxy IC 2574.
This three color image shows U-band light in blue, B-band light
in green, and V-band light in red. The extended, irregular distri-
bution of star formation is evident. b) The distribution of atomic

hydrogen in IC 2574, measured by the VLA as part of the THINGS
survey. Many holes and shells are evident. However, based on
the energy output from young stars inferred from the LBT data
one would expect even more such structures.

atomic hydrogen map of IC 2574 (Fig. III.1.1b) revealed
that these stars generate plenty of energy to create the ob-
served wealth of holes and shells (Fig. I1I.1.2). Indeed,
the stars can easily account for all of the random motions
seen in the gas. The surprising observation is —if any-
thing — that there are so few holes.

The researchers translated the comparatively low
energy in the holes and gas into constraints on what frac-
tion of stellar feedback and ionizing photons are deposit-
ed into the atomic gas. They found both values to be only
about 10 — 20 %. Further, they found it difficult to identi-
fy specific young stellar populations responsible for most
of the observed holes. These results support an emerg-
ing picture that the coupling between stellar feedback
and atomic gas may in fact be quite weak. This kind of
quantitative constraint on the channel followed by stellar
output is critical because feedback remains an often-in-
voked but still poorly constrained aspect of the star-ISM
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life cycle. The success of the project also demonstrates
the promise of the LBT as a tool to study the evolution
of nearby galaxies.

Using THiNGs and Sings to Measure the Timescale for
Star Formation

One of the most poorly constrained aspects of star for-
mation is also one of the simplest: how long does a star-
forming molecular cloud live? Evidence exists to sup-
port lifetimes ranging from a collapse time (a few million
years) to thirty to forty million years; indeed, there are
suggestions that clouds may live even longer.

MPIA scientists combined data from THINGS and SINGs
to make an innovative measurement of the timescale
for star formation in nearby spiral galaxies. The scien-
tists considered regular massive galaxies that have well-
defined structures both within and between spiral arms in
both atomic hydrogen (mapped by THINGs) and mid-infra-
red maps from SiNGs. The atomic hydrogen emission
may represent the material from which stars form, while
mid-infrared emission is often an indicator of embedded
star formation and thus suggests that star formation has
already taken place. Therefore, the spiral patterns ob-
served at these two wavelengths reflect two sequential
phases — the onset of the cloud collapse and the formation

Fig. I11.1.2: The energy output from young stars, inferred from
the LBT data shown in Fig. III.1.1a, as a function of the energy
observed in the atomic hydrogen gas. The solid line shows
equality, blue points show locations where holes are observed
in the HI, and red points show locations where there are no
holes. Even where there are no holes, the points usually lie
well above the line. This means that the energy output of young
stars is more than enough to account for all of the energy in the
atomic gas.
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of massive star clusters. The researchers reasoned that if
they could measure the angular offset between these two
proxies of distinct epochs and the speed with which the
spiral pattern has rotated, they could estimate a characte-
ristic timescale for star formation in spiral galaxies.

By cross-correlating HI and infrared data within a
series of concentric rings, the MPIA researchers were
able to successfully measure the offset between the in-
frared and atomic gas spiral pattern even though it was
below the resolution of either data set. Because spiral
density waves are assumed to move with a fixed pattern
speed, the offset between the two patterns is a well-de-
fined function of radius (the same angular speed corre-
sponds to larger real velocities and thus larger offsets at
larger radii) and the scientists fit this function to derive
the pattern speed of the spiral waves.

The results (see Fig. III.1.3 for an example) imply
that the time between the peak of the HI distribution un-
til the peak of embedded star formation was only a few
million years, on average. This value is in line with val-
ues proposed for the lifetimes of short-lived molecular
clouds and represents a measurement of the timescale for
star formation that is orthogonal to many frequently used
methods (e.g. association with stellar features) and again
demonstrates the depth of science achievable with the
present generation of multiwavelength surveys.

The Relationship Between Gas and Star Formation

Measuring the quantitative relationship between gas and
star formation in nearby galaxies has been a fundamental
goal of THINGS, SINGS, and the new Iram survey. The most
common observational approach to this topic is to relate
the amount of atomic and molecular gas per unit area to
the area-averaged star formation rate. This observed re-
lationship is used as a benchmark for galaxy simulations,
a tool to interpret observations at high redshift, and a key
constraint that must be explained by any theory of galac-
tic scale star formation.

Previous work comparing gas to star formation has
found a striking correlation between gas surface density
and star formation per unit area on large scales. These stud-
ies have usually either averaged over whole galaxy disks or
considered very large areas, often averaging together data
to make a radial profile of the galaxy. A central goal of both
SiNGs and THINGS, therefore, was to extend this measure-
ment to smaller scales, closer to those on which individual
molecular clouds form and produce stars.

MPIA scientists combined data from the GALEx
Nearby Galaxies Survey, THINGS, SINGs, and the Iram
30 m survey to make one of the first uniform measure-
ments of this relationship below kiloparsec scales. They
estimated the rate of recent star formation by combining
ultraviolet and infrared light, thus counting both directly
visible young stars and those obscured by dust.

The scientists found that the amount of molecular
gas in a given part of a galaxy was, on its own, a very
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Fig. ll1.1.3: @) The angular offset measured between the infrared
and HI arms in one spiral galaxy (NGC 3627) as a function of
increasing radius. The solid line shows a fit corresponding to
a fixed time lag between the two arms. b) The distribution of
time lags between HI and infrared arms for all spiral galaxies

good indicator of star formation (Fig. I1.8.8). The plots
show how the rate of star formation along a line of
sight through a galaxy (y-axis) depends on the amount
of atomic gas (x-axis in the upper left plot) and mo-
lecular gas (x-axis in the upper right plot) along the
same line of sight. The star formation is inferred from
combining FUV data from the GALEx NGS and 24 um
data from SinGs. The atomic gas is measured from the
THINGS maps, while the molecular gas is estimated
from the Iram 30 m CO maps. The right panel shows
that H, and star formation obey an almost one-to-one
relation, while the left panel shows that the amount of
HI along a line of sight has little bearing on the rate of
star formation.

Further, they found little evidence of variation in the
number of stars that form out of each parcel of molec-
ular gas. Although molecular gas under extreme pres-
sure, such as that found in starburst galaxies, is known to
form stars very efficiently, the galaxies studied here were
mostly ordinary spiral galaxies forming stars at only
moderate rates. The researchers therefore suggested that
the apparent uniformity in the number of stars formed per
unit molecular gas indicates that most star formation in
spiral galaxies takes place in molecular clouds that look
largely the same everywhere and are probably not so dif-
ferent from those seen in our own Milky Way.

The team found a sharply different conclusion when
they look at the atomic gas. The ratio of atomic gas to
molecular gas and the rate of star formation per parcel
of atomic gas vary dramatically both within and among
galaxies. Depending on where it is found, the same
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studied. The typical value is a few million years, implying
that once the material for star formation (the atomic gas) is
assembled, star formation (traced by the infrared light) occurs
fairly quickly.

parcel of atomic gas may host either a wealth of star for-
mation or a virtually none at all. The team interpreted
these results to mean that while stars forming out of mo-
lecular clouds may be a fairly universal process, the for-
mation of these clouds depends rather strongly on con-
ditions in the galaxy. They highlighted the role that old
stars play in the process: compressing gas via their grav-
itational influence so that gas found in the presence of a
deep stellar potential well is more dense than that in the
outskirts of galaxies.

Dust and Gas in the Extreme Environments of Dwarf
Galaxies

We have already mentioned in an offhand way that near-
by galaxies host a variety of environments that may hin-
der or aid the formation of stars and their parent clouds.
Indeed, we mentioned the often-made argument that
dwarf galaxies, in particular, will have conditions like
those found in the early universe: low heavy element
abundances, intense radiation fields, a wealth of atomic
gas, but relatively little dust. Dust is particularly impor-
tant to star formation because dust helps to shield mo-
lecular clouds and serves as the site of most molecular
hydrogen formation. These claims are often made, but
measuring the physical conditions even in nearby dwarf
galaxies is both challenging and necessary to understand
star formation in extreme environments.

MPIA researchers combined the THINGS and SINGS
surveys to do exactly that. They used infrared emission
to measure the properties of dust in the dwarf irregular
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galaxies of the nearby M 81 group. They found them to
be even more deficient in dust than their low heavy ele-
ment abundances would imply and observed evidence of
intense radiation fields heating the dust to higher tem-
peratures than are typically found in spiral galaxies. The
team also found that the emission from small dust grains,
via the mid-infrared continuum and the PAH emission
features, varies dramatically even among dwarfs with
otherwise similar properties. Though a small constitu-
ent of galaxies by mass, these small grains account for
a large fraction of the light-absorbing area of dust and
so their presence or absence can substantially affect the
thermal balance of the ISM.

AGN Feeding in Nearby Galaxies

Star formation is not the only important process fed
by gas. Inflow of gas also fuels active galactic nuclei,
feeding the supermassive black holes at the centers of
(AGN) galaxies and in the process generating some of
the most luminous and energetic phenomenon in the uni-
verse. Quasars — distant, more luminous cousins to local
AGN (Seyferts and LINERS) — are seen at extremely high
redshift but it is only possible to resolve the dynamical
processes in the nearest AGN host galaxies. Up to now
a general picture for these fueling processes is missing:
What mechanisms are responsible for the different types
of AGN observed locally? How to remove angular mo-
mentum from material far away from the gravitational in-
fluence of the central black hole?

Researchers at the MPIA engaged in active research
on this front as well. As part of the Nuclei of Galaxies
collaboration (Nuca), MPIA scientists used the VLA to
map the atomic gas distributions and kinematics of 16
nearby spiral galaxies. These maps complement existing
molecular gas data obtained by the NuGa collaboration
using the Iram PdBI. The researchers found a link be-
tween the distribution of atomic gas and the type of nu-
clear activity and are now focusing on modeling how the
gas is brought in to the centers of their sample.

In order to trace the gas flow on various spatial scales,
ranging from a few 10 pc in the very center to the outer
disk at several kpc distance, the researchers computed
gravity torque maps based not only on the stellar luminos-
ity distribution but also on the distribution and kinematics
of the atomic and molecular gas. Since gravity torques are
defined as the rate of angular momentum exchange, they
can be utilized to predict gas inflow rates as a function of
the radial distance from the center. This novel approach
allows the researchers to assess timescales and efficien-
cies for fueling galactic centers and will likely provide
new insight into the growth of black holes and bulges.

Future Prospects

In the immediate future, THINGS promises to continue
fueling a wide range of research. Efforts are already
underway to study the random motions of the atomic
gas and star formation in the outskirts of spiral galax-
ies. With the completion of the Iram CO survey in the
spring of 2008, a whole new array of projects oriented
towards understanding the formation and evolution of
molecular gas will commence. As the scientific capa-
bilities of LBT continue to come online, its role will
expand; observations are already taken or planned to
extend the work in IC 2574 to both larger and smaller
galaxies.

In the slightly longer term, most of the targets for
THINGs and the Iram survey will be observed as part
of the HErscHEL Space Observatory’s KINGFisH key
program (PI: R. Kennicutt, Cambridge University).
HEerscHEL, scheduled for launch in 2008, promises to
open new windows into the ISM. It will observe infra-
red radiation with unprecedented resolution, map the
submillimeter emission that is key to assembling an ac-
curate inventory of interstellar dust, and perhaps most
excitingly provide extensive observations of the most
important ISM cooling lines. In combination with gas
maps (including THINGS and the IrRaM survey), these ob-
servations will give the best constraints yet on the en-
ergetics of the neutral ISM and new insights into the
physics that govern the conversion of gas into stars.

Early next decade, the Atacama Large Millimeter
Array (ALmA) will come online. ALMA promises to rev-
olutionize millimeter and submillimeter astronomy and
with them our knowledge of dust and molecules. At
the end of the decade, the Square Kilometer Array is
planned to begin full operations, triggering a similar
leap in radio astronomy. With these telescopes the study
of gas and dust at high redshifts will become common
and observations of nearby galaxies will achieve res-
olution now possible only in the Milky Way. Via the
projects described here, the MPIA is helping to lay the
groundwork for these new institutions and thus to set
the stage for studies of star formation and the ISM in
the coming decade.

Adam Leroy, Frank Bigiel, Sebastian Haan,
Anna Pasquali, Eva Schinnerer,

Domenico Tamburro, Fabian Walter

and the THINGs-Collaboration
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.2 In What Type of Galaxies Do Quasars Live?

Why is there a fixed relationship between the mass of
a galaxy's extended bulge and the much smaller mass
of its almost point-like, although supermassive, central
black hole—as if the black hole “knew” something
about the galaxy in which it lives? Why is there a divi-
sion between elliptical and spiral galaxies with rather
few other types of galaxies inbetween?

Both of these questions could have a common answer:
The energy that a supermassive black hole emits in the
form of radiation during its growth phase is basically suf-
ficient to tear apart the galaxy in which it is located. Even
if this does not happen, interstellar gas can by blown out
of the galaxy by the radiation emitted during the accre-
tion process, thus suppressing not only further star forma-
tion within the galaxy but also the continued growth of
the central black hole. With such feedback, the growth of
central black holes could be connected in self-regulating
fashion with the formation of stars in their host galaxies.
One of the most exciting phases in the life of galaxies
is therefore the one during which its central black hole
grows: the quasar phase. But what makes galaxies so spe-
cial during this brief phase to permit this growth? What
conditions are prerequisites for quasar activity? That is,
in what types of galaxies do quasars live?

Black Holes in Luminous Galaxies

The most persistently luminous sources in the universe
are galaxies in which significant amounts of materi-
al are actively falling into their central supermassive
black hole. This so-called “quasar” phase in the evo-
lution of galaxies —in the case of black holes one also
talks of active galactic nuclei (AGN) — lasts for several
hundred million years. During this relatively short pe-
riod, vast amounts of gravitational energy from mate-
rial falling into the black hole is transformed into ra-
diation energy (Fig. III.2.1). In order to plummet into
the black hole, the invading material must give up its
angular momentum. This happens during the last part
of its journey, when angular momentum can be dissi-
pated through friction against dense so-called accre-
tion disks surrounding the central black hole, the di-
ameter of which is no more than a few light minutes
or hours.

The total emitted potential energy of the material fall-
ing into the deep potential pit of the black hole during the
quasar phase exceeds the gravitational binding energy of
all stars in the galaxy. It would thus have —assuming a
corresponding coupling —the ability to destroy the gal-
axy. We know, however, that this does not happen; and

Fig. I11.2.1: Example of a galaxy in the quasar phase: HE 1029 —
1401 is an elliptical galaxy at redshifting z =0.086 with a
bright point source in its center. Only the transformation of
gravitational energy can be responsible for all of the AGN’s
light emissions. (Observed with HST/WFPC2)

this raises questions about how strong the influence of
quasar activity actually is on the surrounding galaxy and
what conditions have to exist in the galaxy for a quasar
to be formed.

Since initial examining of the first large sample of
quasar host galaxies in the near universe, which started
about ten years ago, it has become clear that AGNs — of
which quasars are only the most extreme expression—
can appear in all galaxies that have a stellar “bulge”.
Presumably, each galaxy, the central bulge of which con-
sists of more than approximately one million solar mass-
es, hosts a black hole in its center —though below this
threshold uncertainty continues to exist. Because with
growing AGN or quasar luminosity and assuming a con-
stant relative accretion rate, the mass of the black hole —
and thus also the mass of the bulge — must also grow, it
follows why the most luminous quasars only appear in
mass-rich elliptical galaxies: These galaxies consist sole-
ly of a bulge and are the only ones to achieve the neces-
sary bulge masses. At lower luminosities it is then pos-
sible for even later galaxy types, with smaller bulges —
that is, SO- or Sa-galaxies or even later spirals — to host
quasars or AGNs.
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As a result only the question regarding the possible
underlying parent population of galaxies that host super-
massive black holes is explained; but not the question
regarding the circumstances required for quasar activ-
ity. Observational approaches include spectroscopy and
direct imaging of quasars in the visible and near-infra-
red light. To achieve this, the team of astronomers at the
MPIA availed themselfes of two powerful and unique
tools: the HusBLE Space Telescope (HST) with its unpar-
alleled resolution and the European Very Large Telescope
(VLT) with its enormous light collecting power.

Spectroscopy with the VLT

There is, however, a complication to be overcome when
using spectroscopy. For the analysis of host galaxies it
is necessary to isolate the light from the quasar core. In
the case of highly luminous quasars, which only start to

appear in larger numbers at redshifts of z=0.1 to 0.2,
a galaxy diameter of ten kiloparsec corresponds to only
about three to five arc seconds. In an atmospheric “see-
ing” of one arc second, one can of course locate the
spectrograph’s slit such that it captures the light from the
inner part of the galaxy — where it is most likely to find
indications of what influences quasar activity and to what
extent it influences the galaxy — but one will also simul-
taneously collect a large part of the quasar light which
can exceed the light of the galaxy by ten or hundred fold.
Thus, a method is needed to separate out the light of the
quasar after the measurement is completed.

Some time ago the MPIA team developed such a
method through which the components can be numeri-
cally separated by taking advantage of information re-
garding the different spatial distribution of the light
emitted from extended galaxies and pointlike quasars.
With these techniques, one can now — at least given a
contrast of 10:1 — extract and separately analyze the
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Fig. 111.2.2: Separation of the spectra of the quasar
HE 1503 + 0228 and its host galaxy. Above: Full spectrum
(black), the extracted spectrum of the quasar (red), and of
the host galaxy (green), and the residual left after subtraction
of both these components (blue). The host galaxy spectrum,

shown enlarged in the lower diagram, shows all characteristics
of a normal galaxy spectrum with emission and absorption
lines that, together with the continuum, point to a rather young,
one to two billion year old stellar population. (Jahnke et al.
2007, MNRAS, 378, 23).
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spectra of quasar and galaxy. As an example, Fig. I11.2.2
shows results for the quasar HE 1503 + 0228 at redshift
z = 0.135. Together with Belgian and Swiss colleagues,
who use a different technique, the MPIA astronomers
were able to examine a larger sample of near (z <0.3)
quasar host galaxies with Fors spectra gathered from
the VLT in regard to their stellar populations and inter-
stellar gas.

The results show that the quasar’s energetic radiation
often causes the ionization of all the interstellar gas in
the host galaxy. The ionizing source can be established
with the help of a so-called BPT diagram: Due to the dif-
fering spectral distributions of emissions from star form-
ing regions and quasar accretion disks, depending on the
source, the strength of different emission lines varies de-
pending on ionization potential so that a dividing line can
be drawn in this diagram between regions of dominat-
ing star formation and those of quasar accretion. In the
case of quasars, the emission of hot young stars is never
entirely responsible for the ionization: The quasar is al-
ways involved to some extent. Independent of a galaxy’s
morphological type, both in the spiral as well as in the
elliptical host galaxies a mixture of light from starform-
ing regions and quasar light—or even the quasar light
alone — dominates. Yet there seems to also be an addi-
tional trend: In quasar systems that are more heavily dis-
turbed through gravitational interaction or galaxy colli-
sions, the interstellar matter is ionized solely by the qua-
sar light (Fig. II1.2.3).

Fig. 111.2.3: Diagnostic “BPT Diagram” to identify the dominat-
ing ionization mechanism in the host galaxies of a sample of
near quasars in galaxies of varying morphological type: spiral
galaxies (triangles), elliptical galaxies (circles), interacting
galaxies (filled symbols), undisturbed systems (open symbols).
From: Letawe et al. 2007, MNRAS, 378, 83.
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The presence of a quasar in the galaxy also has effects
on its stellar composition. The team of astronomers at the
MPIA was already able to show through the analysis of
broadband colors that stellar populations in quasar host
galaxies always contain a portion of young stars. This is
true not only for spiral galaxies but also, surprisingly, for
elliptical or SO-galaxies in which there is normally little
to no star formation. Even here more details could be ob-
tained through VLT spectroscopy. The stellar populations
of examined quasar host galaxies are on average one to
two billion years old; more than 90 percent of their stel-
lar populations are old and they contain a few percent of
roughly hundred million years old or even younger stars.
Here too, there is a tendency toward younger and bluer
galaxies in strongly disturbed systems.

Cosmic Collisions and Galactic Tidal Tails

For twenty years astronomers have suspected that galac-
tic collisions are the driving force, or at least an impor-
tant one, behind the supply of material accreting onto
black holes. In a collision and subsequent merging of
two galaxies, the influencing tidal forces create chaotic
interstellar gas turbulences. Parts of these will end in an
orbit of vanishing angular momentum with respect to
the black hole and can thus later fall into the black hole.
For some of the most luminous infrared galaxies (ultra-
luminous infrared galaxy, ULIRG), which carry a quasar
hidden by dust within them, this suspicion seems to be
confirmed to a high degree of significance. At the op-
posite extreme are Seyfert galaxies which are less lumi-
nous, but identical in terms of their core structure. These
are principally spiral galaxies that are often undisturbed
and symmetrical; they were not subjected to stronger
galaxy collisions in their recent past. Here instabilities
and the accretion of small companions play the domi-
nating role.

How strongly a galaxy collision can affect a quasar
is shown in Fig. I11.2.4 with the example of the quasar
HE 0450-2958 and its environs. At z = 0.285, this sys-
tem contains a very luminous quasar and was classi-
fied as early as the 1980s as a ULIRG. Observerd in vis-
ible light with the HST/ACS, the companion galaxy
shows not only strong tidal arms to the South-East in
the direction of the quasar, but also “holes” in its mid-
dle. The HST image in the near infrared (HST/Nicmos)
shows that these holes are not due to lacking emission
but that the emitted light was absorbed here by dust. In
neither case is an extended host galaxy visible, but only
the luminous, dusty companion galaxy as well as tidal
tails. This provides, together with the 10.3 um image in
which only the quasar core but neither companion gal-
axy nor stars are visible, a consistent picture according
to which both the quasar and the companion galaxy are
just colliding and, in the companion galaxy, all radiation
is due to massive star formation of approx. 300 solar
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masses per year while the quasar emission is primarily
fed through accretion.

These data, together with information relating to CO
emission, show that both the quasar and also the com-
panion galaxy possess a ULIRG type luminosity: The
quasar is surrounded by some dust and a rather mass-
poor host galaxy and its direct environment emits re-
processed quasar light at the ULIRG level. For its part,
the companion galaxy is rather dust-rich and produces
roughly 300 solar masses in new stars per year. The lu-
minosity emitted hereby and the large amount of dust
also provide for ULIRG strength infrared emission. In
such a system, the interaction of the quasar with the
companion galaxy plays an important role, both in trig-
gering the massive star formation as well as in its core
activity. Only the combination of the highest level of
spatial resolution by HST and VLT and multi-wave-
length data allowed for an analysis of these most diverse
physical processes.

HST and Cosmos

After the MPIA Gewms project led by Hans-Walter Rix,
Cosmos (Cosmic Evolution Survey) is the next and larg-
est HST project with, among other things, the goal of
tracking down the nature of quasars and their host gal-
axies. More than one hundred scientists from the USA,
Italy, France, Germany, Switzerland, and other coun-

Fig. 1l.2.4: The quasar HE 0450-2958 spatially resolved at
three wavelengths a) in the visual (V-band, taken with the HST
ACS-HRC camera), c) in the near infrared (H-band, taken with
the HST Nicmos-NIC2 camera), e) in the mid-infrared (N-Band,
taken with Visir on the Eso VLT). The HE 0450-2958 system
at z = 0.285 consists of a quasar in the middle, a neighboring
galaxy interacting with the quasar on the left, and a foreground
star belonging to our milky way on the right. The b) and ¢) im-
ages were derived from a) and c¢) respectively after subtraction
of a modeled point source for quasar core and fore-ground star
(Jahnke et al. 2008).

tries are a part of Cosmos. With the HST, an image of a
two square degree sized area of the sky was taken in the
I-Band with the highest possible angular resolution (0.04
arc seconds per pixel). This core data set is flanked by
X-ray images of the XMM / Newton and CHANDRA satel-
lites, infrared images from SpiTzER, earth-bound images
in more than 30 optical and near-infrared filter bands up
to the millimeter and radio range, the latter again with
the Very Large Array under MPIA direction (led by Eva
Shinnerer), and spectroscopy with the VLT and with
Magellan.

One of numerous aspects of the Cosmos project, the
examination of quasar host galaxies is carried out prin-
cipally through X-ray and HST images of a large sample
of several hundred AGN and quasars. Fig. III.2.5 shows
several examples at redshifts between z =0.35 and
z = 2. At these highest redshifts, the images reach their
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limits because the observed rest wavelength interval lies
in the ultraviolet in which only regions of strong star
formation, but no old stellar populations, can be seen.
After subtracting the quasar core, the galaxy images fre-
quently show asymmetrical, and in rare cases strongly
disturbed, systems. An initial comparative analysis with
inactive normal galaxies shows no significant over-fre-
quency of disturbances in quasars with these midlevel
luminosities.

The (Mg, : Mg, Relationship between the Masses of
the Black Hole and of the Bulge

In the meantime it has been broadly established, which
galaxies are homes to quasars: All mass-rich galaxies
with a bulge possess a central mass-rich black hole and
can appear in a quasar phase or are likely already in one.
The only requirement is the existence of accretable gas
which must reach the center. The exact physical pro-
cesses which lead to the accretion from the galaxy into
its central black hole remain unclear. Simulations of the
Mgy, ~ M, relationship are not based on fundamental
physics but continue to contain ad hoc assumptions.

One of the best diagnostic possibilities to con-
strain existing models is to examinate how the rela-
tionship between black hole and galaxy bulge masses
changed over cosmic time. Varying physical mecha-
nisms are required to, for example, maintain the con-
stant My : Mg, = 1:700 ratio observed in the local
universe or to allow for the earlier evolution of black
holes or galaxies. It is already difficult to determine
this My, : M, ratio in the local Universe and at larger
redshts it turns out to be a real challenge. At larger red-
shifts the only galaxies in which the mass of the black
hole can be determined are quasar host galaxies. The
quasar’s broad emission lines permit, in combination
with its luminosity, an My, : M, estimate within a fac-
tor of 3—4. This presupposes, however, that the gal-
axies can only be analyzed with the complications for
spectroscopy described above which equally apply to
imaging data.

In one of the first and best attempts in this direction,
the luminosity of quasars of host galaxies enhanced by
the gravitational lens effect are used to estimate their
masses subject to assumptions about their stellar popula-
tions (Fig. I11.2.6). Up to z = 1.7, no strong indications
of a change in the My, : M, ratio are found. The ratio

Fig. 111.2.5: Quasars and their host galaxies taken with the
HST as part of the Cosmos project. This selection of 24 of
of approx. 300 quasars shows objects at redshifts z = 0.35
(top) to z = 2 (bottom). In each image pair, the left one is the
original image and the right one shows the host galaxy after
removal of a point source. The quasars were taken in I-Band
with the HST ACS/WFC camera. (Jahnke et Cosmos et al.
2008, in prep.)
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Fig. 111.2.6: The gravitational lens effect. The mass of a galaxy
or a cluster of galaxies diverts the light of a background galaxy
(top right) on its path to the observer (leff) such that multiple

images are created. Thus the gravitational lens effects an in-
crease of brightness and a magnification of the angular scales.
As a result weaker and smaller systems become accessible.
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Fig. 11.2.7: First results on the evolution of the My : M,
ratio with time (Peng et al., 2006, ApJ, 649, 616) for gravi-
tationally lensed quasars while making assumptions about

their stellar populations: According thereto, the ratio does

not significantly change up to z = 1.7, but beyond this pe-
riod, there are indications of an evolution toward more mas-
sive black holes in galaxies of given masses as compared to
today.
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seems consistent with the present value. Only beyond
z = 1.7 are there indications that black holes were more
massive than today relative to their galaxies in the early
universe. Accordingly, the black holes would have first
grown quickly — their galaxies building their masses only
later and more slowly.

However, because of selection effects, the uncertain-
ties of this method are still so high that these results could
possibly be insignificant. Further, methodically indepen-
dent approaches are necessary in order to obtain a coher-
ent picture at these and other redshifts. To achieve this,
the MPIA astronomers have started among other things
an observing program using the VLT and Sinronr (the
near infrared integral field spectrograph with camera),
for which they make use of MPIA’s guaranteed observ-
ing time from building the PArsEc laser guidance system

HE 1104-1805

lensing galaxy

Source plane velocity field

that supports SINFONI. The initial goal is to determine dy-
namic galaxy masses for four quasars, three of which are
gravitationally lensed. Through Sinroni, extended line
emission in the host galaxy is measured in order to de-
rive the velocity field present there and thus dynamically
determine the included masses. This method differs in
principle from the above-described approach and is also
complementary to the mass determinations based on the

Fig. 111.2.8: The lense system HE 1104 -1805. Top left: the opti-
cal image (HST), top right: the image of the host galaxy after
subtraction of the quasar core pulled apart near an Einstein
ring, right bottom: a velocity field likely observed according
to the lens model, and left bottom: the velocity field calculated
back into the source plane.

Host galaxy Einstein Ring
(after point source removal)

3"x3" FOV

Image plane velocity field
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estimate of the mass / luminosity ratio which is in parallel
attempting as a part of the Cosmos project.

Representing one of the lensed systems, Fig. II11.2.7
shows HST images of lensed quasars for which detailed
lens models already have been derived. These models
permit the calculation of a measured velocity field back
into the source plane and thus a dynamic determination
of the masses. The first data for this project have already
been taken and are currently being analyzed. They reveal
that, as calculated during planning, the observations are
a challenge even for an 8 m telescope such as the VLT
and that a very precise calibration is required before reli-
able results can be obtained. The redshift range, through
which the mass of the host galaxies can be determined
by means of this method, will certainly not exceed z = 2
given today’s telescopes.

A Look toward the Golden Future

While it can be predicted that in the next few years one
will be able to effectively constrain the evolution of the
Mgy, - M, ratio at least up to z = 2, the fact is that black
holes in high-mass galaxies date from an earlier peri-
od. For a mass-dependent analysis of this relationship, a
view of clearly higher redshifts is thus required —presum-
ably around z = 6 to 7, to a time when the first supermas-
sive black holes were formed. While there are currently
very few, although highly interesting, reference points

from CO observations of these time periods (compare an-
nual reports 2004 and 2006), the coming years will pro-
vide very interesting instruments just for this purpose.

The Atacama Large Millimeter Array (ALMA) is cur-
rently being built in stages and will begin operation as of
2009 reaching resolutions of up to 0.005 arc seconds in
the submillimeter wavelength range. Starting in 2013, the
successor to the HST, the James-Webb Space Telescope,
will permit, even at very large distances, new insights
into the centers of active galaxies due to its as yet un-
achieved spatial resolution and sensitivity in the near
infrared. And at the Large Binocular Telescope, the Linc/
NirvANA imaging interferometer developed by the MPIA
will achieve the spatial resolution of a 23 m telescope.

In summary, over the next five years, completely new
types of instruments will become available, thus allow-
ing for new insights. One will thus be able to find out
which came first —the super-massive black holes, or the
galaxies in which they reside.

Knud Jahnke, Hans-Walter Rix
together with researchers at the
Astrophysikalischer Institut Potsdam,
Universitdt Liege, EPFL Lausanne,
Space Telescope Science Institute
and the GEMS and COSMOS-Projects
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lI.3 Chemistry in Protoplanetary Disks

In this chapter we review recent advances in our
understanding of the chemical evolution of protoplan-
etary disks and the Solar nebula obtained by radio-
interferometric observations and theoretical models.
Current observational constrains on physical structure
and chemical composition of gas and dust in such
disks are presented. We discuss a few recent results
obtained at the MPIA.

First, we study the genesis of pre-biotic organic mol-
ecules in the planet-forming zone at the verge of plan-
et formation. We predict that some CO-bearing species
such as H,CO can be underabundant in the inner regions
of accreting protoplanetary disks around low-mass stars
due to the high-energy stellar radiation and chemical pro-
cessing on dust grain surfaces. Second, we predict how
protoplanetary disks around low-mass young stars would
appear in molecular lines observed with the ALmA inter-
ferometer. Molecules and transitions that can be used to
probe and distinguish between chemical stratification
and physical disk structure are identified and the neces-
sary requirements for ALMA observations are specified.

Introduction

The origin and evolution of life as we know it are tight-
ly related to the chemistry of complex carbon-bearing
molecules. While the transition from macromolecules
to the simplest living organisms is likely to have pro-
ceeded on Earth, we do not yet know the complexity of
organic molecules that were available during the build-
up phase of the primordial / secondary Earth atmosphere
and oceans. During the last few decades a multitude of
species, including alcohols (e.g. CH;OH), ethers (e.g.
CH,OCH,;), and acids (e.g. HCOOH) have been dis-
covered in interstellar space, with atomic masses up to
a few hundred (for a recent review see Snyder 2006).
A precursor of amino acids, amino acetonitrile, and the
simplest sugar, glycolaldehyde, have been found toward
the star-forming region Sagittarius B, (N) (Hollis et al.
2004, Belloche et al. 2008). Thus, many simple “blocks”
of prebiotic molecules do exist in space. It is natural to
ask what happens to these species during the prestellar /
hot core phase, passage of an accretion shock, and inside
a protoplanetary disk. Are organic molecules present in
large amounts in circumstellar disks at the verge of planet
formation? Could they form and survive in such a harsh
environment as an accretion disk?

Despite the variety of “interstellar” molecules, only
formaldehyde (H,CO) and a few other non-organic spe-

cies have been detected and spatially resolved with inter-
ferometers in several nearby protoplanetary disks (e.g.,
Dutrey et al. 1997, Kastner et al. 1997, Aikawa et al.
2003, Qi et al. 2003, Dutrey et al. 2007 b). These multi-
molecule, multi-transition studies allowed the constraint
of basic disk parameters such as radii, masses, kinemat-
ics, temperature and density profiles, ionization degree
and depletion factors (e.g., Dartois et al. 2003, Semenov
et al. 2005, Qi et al. 2006, Piétu et al. 2007, Qi et al.
2008). Using advanced chemical models and indirect ob-
servational evidence, one can attain clues about the pres-
ence of other, yet undetected organic molecules in disks
and estimate their abundances.

It is now commonly believed that the formation of
complex (organic) molecules begins in cold dense cloud
cores on dust grain surfaces serving as catalysts for many
exothermic reactions between radicals and light atoms,
with formaldehyde being one of the precursors for com-
plex organic molecules. The newly produced species can
eventually be returned into the gas phase, either during
the slow heat-up phase after the formation of a central
star (Garrod & Herbst 2006) or due to some thermal/
non-thermal desorption mechanisms, like cosmic rays,
X-rays, and UV heating of grains (d’Hendecourt et al.
1982, Leger et al. 1985, Shalabiea & Greenberg 1994,
Najita et al. 2001, Garrod et al. 2007).

Transformation of a cloud into an actively accreting
disk caused by gravitational collapse and angular mo-
mentum transport further modifies the composition of
gas and dust as it passes through a shock front (Lada
1985, Hassel 2004). Furthermore, dynamical transport in
accretion disks can also be efficient for enriching the gas
with complex species through evaporation of icy man-
tles in warmer, less opaque regions (Willacy et al. 2006,
Semenov et al. 2006). The UV radiation from the star
and interstellar radiation field plays a major role in disk
chemistry by dissociating and ionizing molecules, and
heating the gas above the midplane where many molecu-
lar lines get excited (e.g., van Zadelhoff et al. 2003). Disk
chemistry by itself can lead to the production of complex
organic molecules.

The recent detection of Nell line emission from sev-
eral protoplanetary disks by Speirzer (Pascucci et al.
2007) supports theoretical predictions of Glassgold et
al. (2007) that the upper disk parts can be ionized and
heated by the intense X-ray radiation from a young star.
This thermal bremsstrahlung radiation is likely produced
in reconnection loops in stellar corona at a distance of
up to 0.1 AU from the star and is capable of penetrating
deeply into the disk inner region —the zone where plan-
ets form (e.g., Igea & Glassgold 1999). This X-ray radia-
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tion ionizes helium atoms, which destroy CO and replen-
ish the disk gas with ionized atomic carbon. This leads to
the formation of heavy cyanopolyynes and long carbon
chains, partly on grain surfaces, which may lock a signif-
icant fraction of elemental carbon in the inner disk region
(Semenov et al. 2004). Thus it is of utmost importance
to reveal which mechanisms and processes are important
during various stages of protoplanetary disk evolution,
using advanced theoretical modeling and high-quality
observational data.

In the framework of the “Chemistry In Disks” (CID)
collaboration between groups in Heidelberg, Bordeaux,
Paris and Jena, astronomers from the MPIA have ini-
tiated a program to study and characterize chemical
evolution and physical properties of nearby protoplan-
etary disks surrounding young stars of various masses
and ages (see, e.g., Dutrey et al. 2007 b). Among the
various goals of the project, they searched for emis-
sion lines of precursors to complex organic molecules
and detected and resolved the disk around the low-mass
star DM Tau in the H,CO (3-2) line with the Plateau de
Bure interferometer (though with the modest signal-to-
noise ratio of 3 to 5). They found that the H,CO emis-
sion is not centrally peaked like the dust continuum,
but shows an asymmetric, ring-like structure with a
large inner “hole” of 100 AU. The high-resolution ob-
servations of DM Tau with the Iram interferometer by
Dartois et al. (2003) and Piétu et al. (2007) did not re-
veal the presence of a central depression either in CO
lines or in dust continuum.

The difficulty of resolving nearby protoplanetary
disks in molecular lines with high signal-to-noise ra-
tio will be greatly diminished when the Atacama Large
Millimeter Array (ALma), equipped with 50 12-m anten-
nas, comes into operation in 2012. ALma will be capable
of imaging protoplanetary disks at spatial resolutions up
to 0704 — 07005 in a frequency range between 100 and
950 GHz. This will allow direct detection and character-
ization of disk instabilities, resulting in clumpy structures
(vorticities, “spiral arms”, etc.) as well as inner gaps and
holes induced by forming giant planets (Wolf et al. 2002,
Wolf & Klahr 2002, Narayanan 2006). The large-scale
chemical structure of protoplanetary disks will become
accessible through the rotational lines of many abundant
molecules. As demonstrated by Pavlyuchenkov et al.
(2007), excitation of molecular lines in disks with strong
gradients in physical conditions and chemical structure
can be a complicated process and may be hard to inter-
pret.

In this chapter the MPIA team reviews the current
knowledge about chemistry in disks and predict that
the H,CO inner hole, if it really exists, should likely be
caused by chemical effects. Also, they study the poten-
tial of ALMA to distinguish between various tempera-
ture and chemical effects in protoplanetary disks, with
an emphasis on discerning the spatial resolution and in-
tegration time needed.

Observational Facts

Up to now more than 150 molecules have been discov-
ered in space. Among them only a small fraction have
been detected in planet-forming disks with the aid of mil-
limeter interferometry: CO and its isotopes, CN, HCN,
DCN, HNC, H,CO, C,H, CS, HCO*, H*CO™*, DCO™,
and N,H" (Dutrey et al. 1997, Kastner et al. 1997,
Aikawa et al. 2003, Dutrey et al. 2007 a, Qi et al. 2008).
A few bright and large disks like the ones surrounding
DM Tau, LkCa 15, and MWC 480 have been investigated
in detail in a dozen of molecular transition lines and dust
continuum. Combined analysis of these line and continu-
um data allowed the astronomers to derive disk sizes, ori-
entation, kinematics, distribution of temperature, surface
density, and molecular column densities (e.g., Dartois
et al. 2003, Qi et al. 2006, Isella et al. 2007, Piétu et al.
2007).

The lines of the abundant CO molecule serve as a
probe of disk geometry as well as thermal structure and
surface density distribution and kinematics. Due to selec-
tive photodissociation, disks appear increasingly larger in
the dust continuum and the C!80, 13CO, and 2CO lines,
with a typical radius of 300 — 1000AU (Dutrey et al. 2007
a). An important finding is the presence of vertical tem-
perature gradients in many disks, as predicted by physi-
cal models, while a few disks with large inner cavities do
not show evidence for such a gradient (e.g., GM Aur).
Furthermore, disks around hotter Herbig Ae/Be stars are
systematically warmer than those around cool Sun-like T
Tau stars. Recently, Qi et al. (2006) have found that the
observed intensity ratios of the CO low- to high-level
lines in the TW Hya disks require an additional heating
source, which could be the X-ray stellar radiation.

The observed lines of C,H, CN, and HCN are sensitive
to the properties of the impinging UV radiation, in partic-
ular to the fraction of the total UV luminosity emitted in
the Ly line (Bergin et al. 2003). The observed ratio of the
CN to HCN column densities in disks is typical of pho-
ton-dominated chemistry, as predicted by the chemical
models (Chapillon et al. 2008, in prep.). Molecular ions
(HCO™* and N,H™") are the dominant charge carriers at in-
termediate disk heights and their observations allowed the
constraint of the ionization fraction in these regions, with
a typical value of 1073 (Qi et al. 2003, Dutrey et al. 2007
b). The observed ratios of DCO* to HCO™ and DCN to
HCN column densities have much higher D/H value than
the cosmic abundance of 0.01% and thus deuterium frac-
tionation is effective in disks (Qi et al. 2008).

In general, the observed molecular abundances are
lower by factors 5—100 in protoplanetary disks com-
pared to the values in Taurus molecular cloud, likely due
to efficient freeze-out and photodissociation. A puzzling
observational fact is that a significant reservoir of very
cold CO and HCO™" gas exists in the disks of DM Tau
and LkCa 15, at temperatures 13 — 17 K, which are below
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the freeze-out temperature of CO (20 K). Conventional
chemical models cannot explain this without invoking
a non-thermal desorption mechanism that works in the
dark disk midplane, like efficient turbulent diffusion
and UV-photodesorption driven by cosmic ray particles
(Semenov et al. 2006, Oeberg et al. 2007).

Observations of dust thermal emission at (sub-) mil-
limeter and centimeter wavelengths are used to mea-
sure the slope of the wavelength dependence of the dust
opacities, which is a sensitive indicator of grain growth
and sedimentation in disks (e.g., Rodmann et al. 2006).
There is strong evidence that in many evolved disks,
with ages of a few Myrs, dust grains grow until at least
pebble-like sizes. The results from the Infrared Space
Observatory (Iso) and Spitzer reveal the presence of a
significant amount of frozen material and a rich vari-
ety of amorphous and crystalline silicates and PAHs in
disks (e.g., van den Ancker et al. 2000, van Dishoeck
2004, Bouwman et al. 2008). The PAH emission features
at near-and mid-infrared wavelengths are excited by the
incident stellar radiation field and as such depend on
disk vertical structure and turbulent state (Dullemond et
al. 2007). These lines are more easily observed in disks
around hot, intermediate-mass Herbig Ae/ Be stars than
cool, Sun-like T Tauri stars (e.g., Acke & van den Ancker
2004, Geers et al. 2007, Sicilia-Aguilar et al. 2007).

Various solid-state bands observed at 10—30 um in
emission belong to amorphous and crystalline silicates at
temperatures betwwen 100 and 300Kelvin with varying

Fig. I11.3.1: Physical and chemical structure of a protoplanetary
disk. In the dark, dense and cold midplane most molecules
reside on dust grains, and chemical evolution is dominated by
ion-molecule and surface reactions; this region has the lowest
ionization degree, with dust grains being the most abundant
charged species. A warmer intermediate layer is located above
midplane, heated by mild UV radiation. Many reactions with
barriers can occur and a rich variety of molecules exist in the

Fe/Mg ratios and grain topology/sizes (e.g., van Boekel
et al. 2004, Natta et al. 2007, Bouwman et al. 2008,
Voshchinnikov&Henning 2008). The composition of the
hot gas in the inner disk as traced by ro-vibrational emis-
sion lines from CO, CO,, C,H,, HCN and recently water
and OH, suggests that complex chemistry driven by en-
dothermic reactions is at work there (Brittain et al. 2003,
Lahuis et al. 2006, Eisner 2007, Salyk et al. 2008). At
larger distances from the star the disk becomes colder and
most of these molecules stick to dust grain, forming icy
mantles. The main mantle component is water ice with
trace amount of other more volatile materials like CO,
CO,, NH;, CH,, H,CO, HCOOH and CH;0H (Zasowski
et al. 2007). Typical relative abundances of these minor
constituents are about 0.5 to 10 percent of that of water.

Chemical Structure of a Disk

The chemical evolution of protoplanetary disks has
been investigated in detail by using robust chem-
ical models (Willacy et al. 1998, Aikawa & Herbst
1999, Willacy & Langer 2000, Aikawa et al. 2002,
Bergin et al. 2003, van Zadelhoff et al. 2003, Ilgner
et al. 2004, Semenov et al. 2004, Willacy et al. 2006,
Ilgner & Nelson 2008). The current theoretical picture
based on a steady-state prescription of the disk structure
divides the disk into three zones, see Fig. I11.3.1. Before
planets have formed and disk gas is dispersed, the dense

gas phase; this is the zone where most of the molecular lines
are formed. The ionization fraction in the intermediate layer
is determined by a multitude of molecular ions, in particular
HCO™. Further above, a hot, highly ionized disk atmosphere is
located, where only the simplest radicals and ions (apart from
H,) survive; this is the region where ionized carbon is abundant
and C* emission lines are excited.
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midplane is well shielded from stellar and interstellar
high-energy radiation. While its inner part can be heated
up by accretion, the outer zone is cold, between about
10 and 20 Kelvin. The only ionization sources are cos-
mic ray particles and decay of radionuclides with short
lifetimes, and thus matter remains almost neutral with a
low degree of turbulence. The molecular complexity in
the midplane is determined by ion-molecule and surface
reactions, with most molecules attached to the grains. A
warmer zone adjacent to the midplane is partly shielded
from stellar and interstellar UV / X-ray radiation. The
complex cycling between efficiently formed gas-phase
molecules, accretion onto dust surfaces, rapid surface
reactions, and non-negligible desorption result in a rich
chemistry (see Bergin et al. 2007 for a review). The in-
ner part (10 — 20 AU) of this region in the disks around T
Tauri stars can be substantially ionized by stellar X-ray
radiation. The intermediate molecular layer is dense
enough (about 105—10° cm~3) to excite most of the ob-
served emission lines. A hot and heavily irradiated sur-
face layer is located above this, where C*, light hydro-
carbons, their ions, and other radicals like C,H and CN
are able to survive. This is the region where PAH and
silicate emission features are produced.

Modeling of Disk Chemical Evolution

The Plateau de Bure interferometric image of the DM
Tau disk at the 175 resolution in the H,CO (3-2) line is
shown in Fig. I11.3.2 (left panel). Despite the high noise
level, the H,CO emission appears as an asymmetric ring-
like structure, with a dip in the southern direction. To
make a proper analysis of these data, a consistent combi-
nation of disk physical and chemical models along with
radiative transfer in molecular lines is used. To simulate
the physical structure of the disk the MPIA astronomers
utilize a 1 + 1 D flared disk model which is similar to the
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4h33m4950 48s5
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model of D’Alessio et al. (1999) with a vertical tempera-
ture gradient. The dust grains are modeled as compact
amorphous silicate spheres of uniform 0.1 um radius,
with the opacity data taken from Semenov et al. (2003)
and a dust-to-gas mass ratio of 100. The accretion rate is
assumed to be 2 X 102 MQ yr, a = 0.01, and the disk
outer radius is 800 AU. We focus on the observable disk
structure beyond the radius of about 10 AU. The total
disk mass is 0.07 M, and the disk age is 5 Myr (Piétu
et al. 2007). The thermal and density disk structure is
shown in Fig. I111.3.3 (left and middle panels). To mimic
the case when the vertical temperature gradient is weak
or absent, the astronomers also consider the same disk
model with a vertical temperature distribution fixed to
the value at one pressure scale height.

They assume that the disk is illuminated by UV radia-
tion from the central star with an intensity x = 410x, at
100 AU and by interstellar UV radiation with intensity x ,
in plane-parallel geometry (Draine 1978, van Dishoeck
et al. 2006, Dutrey et al. 2007 b). They model the atten-
uation of cosmic rays (CRP) by Eq. (3) from Semenov
et al. (2004) with an initial value of the ionization rate
Cerp = 1.3 X 10717 571, In the disk interior ionization due
to the decay of short-living radionuclides is taken into
account, assuming an ionization rate of 6.5 X 10719 -1
(Finocchi & Gail 1997). The X-ray ionization rate in a
given disk region is computed according to the results of
Glassgold et al. (1997 a), Glassgold et al. (1997 b) with
parameters for their high-metal depletion case and a to-
tal X-ray luminosity of = 1023 J cm~2 s ~! (Glassgold et

Fig. 111.3.2: (Leff) The observed integrated intensity map of
H,CO (3-2) in the disk of DM Tau shows an asymmetric
shell-like distribution with a chemical inner “hole” of 100 AU
in radius. (Right) The same features are present in the synthetic
integrated intensity map of para-H,CO (4 - 3) that is produced
with a realistic physical and chemical disk model and line
radiative transfer.

1
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Fig. 111.3.3: Distributions of molecular densities (leff) and tem-
perature for the DM Tau disk model.

al. 2005). The gas-phase reaction rates are taken from
the RaTE 06 database (Woodall et al. 2007), while sur-
face reactions together with desorption energies are
adopted from the model of Garrod & Herbst (2006). A
standard rate approach to the surface chemistry model-
ing, but without H and H, tunneling was utilized (Katz
et al. 1999).

Using the time-dependent chemical code “ALCHEMIC”,
the MPIA astronomers simulated 5 Myr years of evolu-
tion in the DM Tau disk, followed by 2D non-LTE line ra-
diative transfer modeling with “Urania” (Pavlyuchenkov
et al. 2007), see Fig. 111.3.4. The observed ring of H,CO
emission with a depression is fully reproduced by our
model. We found two possible explanations why such a
large-scale chemical hole can exist in the disk around DM
Tau. The 100AU hole in the H,CO emission is fully re-
produced by both a disk model with X-ray driven chemi-

Fig. 111.3.4: (Left) The radial distribution of the HCO™ column
density in the DM Tau disk as computed with 3 different chemi-
cal models: 1) the stellar X-ray luminosity is assumed to be
close to the observed value of 1023 J cm™2 s™! (solid line), 2) no
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cal processes and somewhat less markedly in the model
without surface chemistry. These two models predict dif-
ferent spatial distributions of molecular species, which
can be tested by future interferometric observations.
Destruction of formaldehyde has important conse-
quences for organic chemistry. The X-ray chemical mod-
el leads to the clearing of an inner hole of about 100 AU
radius in all chemically related CO-bearing species, in-
cluding HCO™, by converting gas-phase CO into heavier
CO2-containing and chain-like hydrocarbon molecules.
In contrast to CO, these heavier species are locked on
dust surfaces in the inner disk region, where tempera-
tures are lower than about 35-50 K (Fig. II1.3.4, solid
line). This implies substantially different initial condi-
tions with respect to the presence of complex organic
molecules inside the planet-forming zone of protoplane-
tary disks, if this X-ray driven chemistry is important.
The less realistic model without surface chemistry
shows the inner depression in column densities of highly
saturated molecules only, like H,O, NH;, and to some ex-
tent H,CO (see Fig. 111.3.4, dashed line). These species are

X-ray radiation penetrates into the inner disk (dotted line), and
3) the model without surface reactions but with X-ray radiation
included (dashed line). (Right) The same calculations but for
the chemically related H,CO molecule.
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formed on dust surfaces in a sequence of hydrogen addi-
tion reactions. Though at the current stage one cannot ful-
ly distinguish between these two scenarios, for the under-
standing of the evolution of organic species in protoplan-
etary disks it will be of great importance to verify which
of these explanations are valid. With the aid of the high re-
solving and collecting power of ALma the MPIA astrono-
mers hope to get a distinct answer on this question.

Predictions for ALma

Though in the previous section we discussed the evolu-
tion of complex chemical species in protoplanetary disks
which would require the use of ALmA to fully understand,
first one has to understand if ALma will help to discrimi-
nate between chemical stratification and thermal gradi-
ents in disks. For that the astronomers will use HCO™ as
a representative abundant molecule that traces the ion-
ization fraction and possesses strong rotational transi-
tions, and which is readily observed in disks (Dutrey et
al. 2007). The HCO™ abundances have a layered struc-
ture with the maximal HCO™ concentration of ~10-8
reached at intermediate disk heights. Many observed spe-

Abb.111.3.5: (Left o right) The continuum-subtracted HCO* (4-3)
synthetic map at the V = + 0.77 km s~! velocity channel for the
three disk models: the model with chemical stratification and
temperature gradients, the same model but with uniform abun-

cies have a similar stratification, e.g., CO, CS, HCN, etc.
(Aikawa & Herbst 1999; Vasyunin et al. 2007).

Strong turbulent mixing and/or global advection flows
can smooth these abundance gradients, leading to more
uniformly distributed abundances (Willacy et al. 2006;
Semenov et al. 2006). Therefore, the astronomers also
consider a model with an uniform HCO™" abundance of
1079 relative to H,. Thus, the ALmA study is based on three
disk models: (1) the model with chemical stratification
and vertical temperature gradient, (2) the same model but
with uniform abundances, and (3) the model with uniform
abundances and no vertical temperature gradient.

Using these three DM Tau-like disk models, and the 2D
non-LTE line radiative transfer code of Pavlyuchenkov et
al. (2007) with thermal dust continuum included, the MPIA
astronomers synthesize “ideal” (beam-unconvolved) chan-
nel maps. At the 60° inclination the integrated HCO*(4-3)
line width is about 3 km s~!, with a peak intensity reached
at about 0.8 km s~!. The corresponding 0.1 km s~! wide
velocity channel at V = 0.77 km s~! of the continuum-sub-
tracted HCO™(4-3) map is shown in Fig. I11.3.5.

This close to edge-on orientation is particularly favor-
able as the layered and uniform disk chemical structures
can be clearly distinguished in the channel maps, if suffi-

dances, and the model with uniform abundances and no vertical
temperature gradient. The inclination angle is 60°. Intensity is
given in units of radiative temperature (Kelvin).

X,
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+ Tgrad
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ciently small channel widths of 0.1 —0.2 km s ~! are used.
All synthetic channel maps reveal a complex pattern and
are asymmetric. The model with both non-zero tempera-
ture and abundance gradients has a remarkable “omega”
shape, where the cold midplane with low HCO* concen-
tration appears as two intensity “holes” (Fig. I11.3.5, left
panel). A steep temperature gradient in the radial direc-
tion toward the inner disk region is clearly visible, while
the vertical temperature gradient cannot be fully traced

Fig. I11.3.6: (From first to third row) The same as in Fig. 111.3.5
but processed with the GiLpas ALma simulator for the three ar-
ray configurations and 64-antennas: “zoom-c” (~0.25" beam
size, integration time is 2 hours), “zoom-b” (~0.5" beam size,
integration time is 0.5 hours), and “zoom-e” (~ 1" beam size,

with the HCO™ lines due to strong chemical stratification
of this species. The HCO* (4—3) emission is thermalized
and optically thin in this case.

The two models with uniform abundances have rela-
tively high HCO™ column densities so that self-absorp-
tion becomes important. In the model with fixed vertical
temperature this effect leads to a layer with low intensi-
ty in the upper part of the map (Fig. II1.3.5, right panel).
However, the overall intensity of the HCO™ (4-3) emis-

integration time is 0.5 hours). (Bottom row) The HCO™ (4 - 3)
channel map at the V= +0.3km s~! velocity channel for the
disk model with chemical gradients and the inclination angle
of 20°.
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sion is higher compared to the model with layered abun-
dances. The radial temperature gradient is also prominent
in this case.

The model without chemical stratification but with a
vertical temperature gradient also reveals the self-absorp-
tion layer in the upper part of the channel map. The exci-
tation temperature of the HCO™ (4-3) transition chang-
es strongly with the disk height and has the lowest value
in the midplane. This zone of low intensity appears as a
fake “spiral arm” in the lower part of the map (marked as
“midplane” in Fig. II1.3.5, middle panel). Note that such
a pattern somewhat resembles the “omega” structure for
the model with chemical stratification of HCO*. While
only one representative channel is shown, one should
bear in mind that analysis of the interferometric data
is more reliable when all channels and dust continuum
emission are taken into account.

Despite the fact that all the models considered can
be distinguished in the synthetic channel maps, it is im-
portant to study whether ALmA is able to disentangle the
effects of thermal and chemical structure in disks. To
simulate the observations with ALma, use of the syn-
thetic HCO™ (4-3) channel maps is made as an input
to the GiLpas simulation software. The focus lies on the
0.77 km s ! channel (with 120 kHz bandwidth or 0.1 km
s ! velocity width). Typical weather conditions at the
Chajnantor plateau are assumed, with the following main
types of errors leading to noise: 1) receiver temperature
is 80 K, system temperature is 230 K (at n = 357 GHz,
see Guilloteau 2002), 2) random pointing errors during
the observation are 0.60", 3) relative amplitude errors are
3 % with a 6 % hour-1 drift, 4) residual phase noise after
calibration is 30°, 5) anomalous refraction. The object is
assumed to pass the meridian in the middle of a single

Table I11.3.1: Requirements for ALmA to study protoplanetary
disks in molecular lines in order to discriminate between ther-
mal structure and chemical stratification.

observational run. 30 minutes of integration time is used
or increased such, that the deconvolved maps look simi-
lar to the input model with chemical gradients. In con-
trast to modern interferometric facilities there will be no
difficulty achieving a good uv-coverage with ALMA in a
fraction of an hour.

The simulated Atma channel maps of HCO* (4-3)
at various spatial resolutions for the three adopted mod-
els and the inclination angle of 60° are presented in Fig.
II1.3.6 (upper 3 rows). All significant features that are
present in the “ideal” molecular emission spectra appear
clearly at the resolution of 0.25" (“zoom-c” array config-
uration) and some are still visible at half the resolution
(“zoom-d” configuration). The use of even lower reso-
lution (“zoom-e”) makes it difficult to disentangle the
chemical and thermal features without extensive model-
ing. The DM Tau disk model with layered HCO* abun-
dances and 2D temperature gradient has the lowest line
intensities and hence requires the longest observation of
2 hours, while for the models with uniform HCO™ abun-
dances it can be as short as 30 minutes or less.

In addition, we perform a similar analysis for a face-
on orientation with i = 20°. At such low inclination chan-
nel maps for distinct disk models look similar and multi-
line, multi-molecule analysis become a must. The cor-
responding V = 0.3km s~! channel of the HCO (4-3)
channel map is presented in Fig. II1.3.6 (bottom row).
This channel map has a ring-like shape with two emis-
sion peaks located around the low-intensity midplane.
The intensity in this channel is a factor of 2 stronger than
for the disk model with i = 60° and thus the observation-
al time required to detect all these features is only 1 hour
with the 0.25” beam size and less than 30 minutes at low-
er resolutions. All major features in the i = 20° channel
map are resolved even with the compact “zoom-e” array
configuration.

Given the importance of multi-line observations and
ability of ALmA to simultaneously observe several tran-
sitions of several species in various frequency bands,

89 30 zoom-c (4°h) z00m-c (10h) | £ &P zoom a/b (> 12h)
220 75 zoom-d (1h) zoom-e (> 12h) zoom-c (4h) zoom-c (10h)
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245 80 zoom-e (3h) zoom-d (12h) zoom-b (>12h) zoom-b (>12h)

m 266 90 zoom-e (<0.5h) zoom-d (1h) zoom-c (4h) zoom-b (>12h)
357 120 zoom-d (<0.5h) zoom-e (<0.3h) | zoom-c (2h) zoom-d (12h)
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we continue our study for other observationally impor-
tant molecular tracers (CS, HCN, CO isotopes) as well
as a smaller disk with a radius of 250 AU. All results are
summarized in Table III.3.1. The channel maps for other
transitions at millimeter wavelengths and for molecules
located in the intermediate layer are similar to that of
HCO™, though their intensities are vastly different. We
find that smaller disks are better studied at high frequen-
cies of 400-700 GHz with moderately extended array
configurations leading to smaller beam sizes than at mil-
limeter wavelengths, though longer integration times are
required. The contamination of the high-lying emission
lines by the optically thick dust continuum from the disk
inner regions and non-LTE excitation can be an issue for
the analysis of these high-frequency data.

Summary

The MPIA team briefly overviews recent progress in
the understanding of chemical evolution in protoplan-
etary disks, from both the theoretical and observation-
al perspective. A puzzling observation of the chemi-

cal inner hole visible in the spatial distribution of the
H,CO emission in the disk of DM Tau is addressed
theoretically. They found that such a hole can be ex-
plained either by the absence of efficient hydrogena-
tion reaction on dust surfaces or efficient processing of
disk matter by stellar X-ray radiation in the inner disk
region, which was overlooked in previous studies. In
future, when the Atacama Large Millimeter Array will
become operational, the planet-forming zone of disks
will be observable and this hypothesis can be verified.
The ALma interferometer will allow to distinguish the
effects of temperature gradients and chemical strati-
fication in disks through molecular line observations,
in particular for highly-inclined objects. The MPIA
team found that moderately extended array configura-
tions (with baselines of 1 km) and 0.5—10 hours of in-
tegration time will be necessary to pursue such goals.
In general, chemo-dynamical models of disks together
with interferometric observations will lead to a com-
prehensive understanding of the molecular inventory of
protoplanetary disks.

Dmitry Semenov und Thomas Henning
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l11.4 Starburst Clusters in the Milky Way

The majority of stars are born not in isolation, but in
stellar clusters and associations. Interacting galaxies
like the Antennae galaxies are the birthplaces of mas-
sive stellar clusters with several 100,000 to millions of
stars. Over time, these super star clusters are expected
to evolve into globular clusters quite similar to the
150 or so that constitute the Milky Way globular clus-
ter system, which formed about 13 billion years ago.
Among the most extreme star formation environments
in the present-day Milky Way are starburst clusters
with several 10,000 to 100,000 stars. As the stellar popu-
lation in starburst clusters contains stars with masses
from 0.1 to 120 solar masses, starburst clusters are
ideal testheds to study star formation and early stellar
evolution across the entire range of stellar masses.

Fig. 111.4.1. Location of the presently known starburst clusters
plotted on a map (courtesy of Wikipedia) of the Milky Way
spiral arm structure. The Sun's orbit is indicated by a black
circle, and the present-day position of the Sun by a yellow
dot. The small inserts show near-infrared observations of the
individual starburst clusters.

Local Spur

NGC3603

Starburst clusters with ages of a few million years repre-
sent unique astrophysical laboratories, because they con-
tain, in a rather homogeneous environment, stars across
the entire stellar mass range from the upper mass cut-off in
the mass function down to the hydrogen burning limit (and
possibly beyond) and with the same metallicity and age.

As such, starburst clusters are the ideal places to study
star formation and to test theories on formation and evo-
Iution of stars and clusters. Unlike interacting galaxies
such as the Antennae galaxies, where hundreds of super
star clusters have been identified, the Milky Way houses
only a handful of starburst clusters. Starburst clusters in
the Antennae, however, are barely resolved, restricting
study to the integrated properties of hundred thousands
of stars. In the Milky Way, on the other hand, starburst
clusters can be resolved into thousands to tens of thou-
sands of stars, and the properties of each star can be de-
rived individually.

Galactic Starburst Clusters

Milky Way starburst clusters can be found either in the
galactic center region or in spiral arms. Because of strong
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extinction and crowding due to the high stellar densi-
ty in the galactic plane, our census of galactic starburst
clusters is most likely incomplete, as all known spiral
arm starburst clusters are located on the near side of the
galaxy (see Fig. II1.4.1). The incompleteness is also high-
lighted by the recent discovery of two embedded red su-
pergiant clusters in the Scutum-Crux spiral arm. Five to
ten million years ago, these red supergiant clusters would
have qualified as starburst clusters.

Advantages of studying Spatially Resolved Starburst
Clusters

There are several advantages in studying local, and hence
spatially resolved star-burst clusters. First, the large num-
ber of stars is crucial for a statistically sound determina-
tion of the mass function and dynamical properties of the
clusters. Second, unlike less extreme star formation envi-
ronments, starburst clusters initially house the most mas-
sive and luminous O-type main sequence stars. Fast stel-

Fig. 111.4.2: Near-infrared color-magnitude diagram of the
central region of Westerlundl obtained with adaptive op-
tics (Naco) at the Eso VLT. Left: the pre-main sequence
and main sequence population as well as the PMS/MS
transition region are identified. Center: the best fitting
isochrone PS99 from Palla and Stahler (1999) is overplot-
ted. It provides both a good fit to the transition region and
yields the same value for the foreground extinction as has

lar winds disperse any remnant interstellar material left-
over from the formation of the cluster. UV photons from
the most massive stars lead to rapid photo-evaporation
of any remnant circumstellar material around the low-
mass members of the cluster. The resulting advantages
are twofold: star in the cluster suffer little to no differen-
tial extinction and IR excess, which results in a well con-
strained colour-magnitude sequence for the cluster mem-
bers (Fig. 111.4.2); further, the absence of circumstellar
material means that non-accreting pre-main sequence
tracks can be used to compare theory with observations.
The presence of on-going accretion alters pre-main se-
quence evolutionary tracks quite drastically.

Westerlund 1 - Testing Evolutionary Tracks

The following analysis is based on near-infrared obser-
vations of Westerlund 1, which is located in the Scutum-
Crux spiral arm at a distance of 3.5 kpc from the Sun.
With an initial stellar mass in excess of 50,000 solar

been determined by a comparison of main-sequence stars
with a Geneva isochrone. Right: this figure highlights that
an isochrone by Siess et al. (2000) does not fit the transi-
tion region as well. The offset in infrared intrinsic colours
for the lower mass MS stars when compared with Geneva
isochrones indicates a potential problem in the transforma-
tion from the theoretical to the observational plane for the
Siess tracks.
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masses Westerlund 1 is the most massive starburst clus-
ter identified in the Milky Way to date. Seeing-limited
wide-field data obtained with the Eso NTT and Sor1 cov-
er an area of about 5 pc X 5 pc centered on Westerlund 1.
This is supplemented by adaptive optics high-resolution
imaging of the cluster center obtained with Naco at the
Eso VLT.

Starburst Clusters Going Bust
— or are they Proto-Globular Clusters?

Given a total stellar mass of at least several 10,000 solar
masses, starburst clusters must have formed out of giant
molecular clouds. Once the most massive stars appear
on the main sequence, they rapidly ionize and disperse
the remaining gas. Simulations by a number of research
groups indicate that, in general, a star formation efficien-
cy (SFE) of at least 30 percent is required for a stellar
cluster to re-main bound, though under special circum-
stances a SFE as low as 10 percent might suffice for clus-
ters to survive for a hundred million years.

To answer the question whether any of the local star-
burst clusters constitutes a proto-globular cluster, obser-
vation of the cluster kinematics are required. Thus far 1d
velocity dispersions derived from radial velocity mea-
surements of a handful of the brightest cluster members
in Arches and Westerlund 1 have been obtained, and —

NGC3603 Young Cluster

Westerlund 1

-"‘..I-

assuming virial equilibrium — employed to estimate an
upper limit of the total mass in each of the two clusters.

Of the Galactic starburst clusters shown in Fig. I11.4.3,
all plotted to the same physical scale, and ordered ac-
cording to age from left to right, only NGC 3603 YC and
Arches, the two youngest clusters in the sample, exhibit
compact cores with half-mass radii of less than 0.5 pc,
whereas the already slightly more evolved Westerlund 1
and Quintuplet clusters have half-mass radii of 1 pc. The
two recently discovered red supergiant clusters with ages
of around 10 Myr have still larger half-mass radii.

For the spiral arm clusters, which are experiencing
only weak tidal force fields, this could be evidence that
dynamical evolution is accelerated by the gas expulsion.
For the starburst clusters in the Galactic center region,
strong tidal shear could result in rapid cluster dispersal.

Thus there are hints that the current generation of
Milky Way starburst clusters is not long-lived, and hence
is different from proto-globular clusters.

Fig. I11.4.3: Five near-infrared images of Galactic starburst clus-
ters are all shown to the same physical scale, ordered according
to their age from left to right. The apparent increase in cluster
size as measured by the half-mass radius with increasing age is
suggestive of a rapid dynamical evolution (and dissolution in
the general Galactic field) of the starburst clusters.
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Outlook

Recently, Stolte et al. (2008) compared multi-epoch
high-resolution adaptive optics observations of Arches,
and derived an upper limit on the two-dimensional ve-
locity dispersion in agreement with the radial velocity
measurements. They also discuss that astrometric fol-
low-up observation should yield the true velocity dis-
persion of Arches.

Ongoing multi-epoch astrometric monitoring of
Milky Way starburst clusters will thus provide consid-
erably improved constraints on the internal velocity dis-
persion, which in turn will be valuable for comparison
with theoretical models.

The next generation of high-precision astrometric
instruments like Graviry for the Eso VLTI should reveal
the kinematics of stars in the very cores of the starburst
clusters, provide dynamical mass estimates for the most
massive stars, and possibly even trace intermediate mass
blackholes hidden in the very centers of these clusters.

Wolfgang Brandner, Boyke Rochau,
Felix Hormuth,
in collaboration with Andrea Stolte (UCLA)



92

IV. Instrumental Developments and Projects

IVA1 Instruments for the LBT

Lucirer I/1l: Two Multi-Mode Instruments for the Near
Infrared

The first of two identical infrared instruments, LUCIFER |
and I, will be delivered mid 2009 to the Large Binocular
Telescope (LBT) near Tucson. The complex systems con-
sist in each case of a highly resolving infrared camera, a
long-slit spectrograph, and a multi-object spectrograph—
they will be the central infrared devices on the LBT.

The first tests of the entire system were performed at the
end of 2007 after LUCIFER I’s assembly at the MPIA.
Simultaneously, at the MPI for Extraterrestrial Physics
the unit for multi-object spectroscopy (MOS) was produ-
ced and tested. At the end of 2007 it was installed at the
MPIA in LUCIFER I. Essentially the MOS unit consists of
a cryogenic mask changer: A robot system enables long-
slit or MOS masks to be exchanged out of a loader. The
loaders can be exchanged during the day without having
to warm the cryostats. The second LUCIFER instrument
should follow in about one year.

Fig. IV.1.1: Both LBT individual telescopes will be equipped
with an IR camera spectrograph.

Instrument Concept

Luctrer (LBT NIR Spectrograph Utility with Camera
and Integral Field Unit for Extragalactic Research)
is a spectrograph with camera designed for use at the
LBT in the near infrared (wavelength range of 0.9 to
2.5 micrometers). A consortium of five Institutes (State
Observatory Heidelberg, MPIA, MPI for Extraterrestrial
Physics, Astronomical Institute of the Ruhr-Universitét
Bochum, and the University of Applied Sciences for
Technology and Design Mannheim) built two identical
versions of this instrument.

Lucrtrer I/IT will be the LBT’s workhorse in the ne-
ar infrared. It will be able to deliver infrared images and
spectra both with seeing and diffraction limited angu-
lar resolution. An overview of the various observation
modes is provided in Tables IV.1.1 and IV.1.2.

The instrument will work at temperatures of less than
70 K. Essentially, the following observation possibilities
are available:

e seeing-limited imaging

o diffraction-limited imaging with a field of vision of
0.5 X 0.5 square arc minutes

¢ long-slit spectroscopy (seeing- and diffraction-limi-
ted)

e multi-object spectroscopy (MOS) with slit mask
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mode seeing limited Sl e parameter |camera spectroscopy
JOTiC - 025 /px 0/25/pxl

camera N 3.75 N 1.8 N 30 FOV 4'x4’ 3'%x4'

FOV 4x4' 4x4’ 0/5x 0.5 resolution |acquisition mode only |500-5000

f 1500 1500 1500 narrow band filter acquisition mode

—ell mm mm mm total band zJHK

chm 375 mm 1800 mm 3000 mm Iongslit and MOS

g 30940 mm 14850 mm 247 540 mm scale 0712 /pxl 0712 /pxl

scale 120 mas/pxl | 250 mas/pxl | 15 mas/pxI FOV 4' x4’ 4'x 3’

pupil resolution |wide and narrow band |1000- 10000

T~ 102 mm 102 mm 102 mm filter longslit and Mos
Il =4 =4 -0’5 scale 07015 /pxl 07015 /pxl|

Ll FOV 0/5%0!5 0/5x0.5

Rim 10000 500 resolution [FOV limited by 4000 - 40000

FSR (K) 0.22 um 0.46 um isoplanatism longslit

Table. IV.1.1: Instrumental parameters of the diffraction-limited
and seeing-limited observing modes.

The switch between direct imaging and spectroscopy
takes place by swiveling the lattice unit (exchanging a
flat mirror with a grating) and changing the focal mask
(from field-limited mask to long-slit or multiple-slit
mask). This swap of focal masks takes place via a com-
plicated cryogenic robot system which was developed at
the MPI for Extraterrestrial Physics.

A special observing mode —not shown in Table IV.1.2 —
is still in the preparatory phase: To support the search for
extrasolar planets, an optical system is being integrated
in the filter discs delivering four parallel images with the
/730 camera that have slightly different narrow-band fil-
ters at and near the methane absorption wavelength of

Fig. IV.1.2: The optical concept of the camera and of the spec-
trograph.

entry window

detector

fold mirror 2

collimator L2

Table. IV.1.2: The available observing modes.

1.6 um. Thus differential images can be created which
facilitate the search for planets in the immediate vicinity
of bright stars, particularly where there are high levels of
methane in the planetary atmospheres. The optical com-
ponents required for this are currently being built at the
Institute for Applied Optics and Fine Mechanics in Jena.

Technical Details

The Optical System

The optical concept is represented in Fig. IV.1.2: To per-
mit cold field boundary masks, long slit and MOS masks
to be swiveled in, the focal plane of the telescope is lo-
cated in the cryogenic region (behind the entry window).
The entry window itself is an AR coated quartz window
which is inclined by 15 degrees against the optical axis.
The reflected optical fraction of the incoming light is

A grate/mirror

collimator L3

N fold mirror 2
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Fig. IV.1.3: LUCIFER in the MPIA’s experimentation hall during
the integration phase: The upper crystal portion is just being
removed, the cold structure surrounded by super-insulation foil
inside is becoming visible. The telescope simulator is in the
background.

Fig. IV.1.4: The cable routing in the cryostat can be freely seen
through the open flange for the cable bushings.

transmitted to the wave front sensor and serves as the
control signal for the adaptive optics.

In order to limit the space required by the entire
system, the triple lens collimator which follows in the
beam path is pleated with the help of three flat mirrors.
The pupil plane in the collimated beam path coincides
with the plane of the grating (or of the folding mirror).
The subsequent camera systems are housed on a wheel,
thus making it possible to choose between three diffe-
rent image scales. While the f/30 camera is a cassegrain
system with dual lens corrector, the two faster cameras
are pure lens systems.

The detector is a Hawaii-II type with 2048 X 2048 18-
um pixels. The focus position can be corrected during
operations. The 1.8, 3.75, and 30 aperture ratio provide
0.25, 0.12, and 0.015 arc seconds per pixel imaging sca-
les, respectively.

28 filters can be positioned on two filter wheels. The
filter wheels are located on the convergent optical path
in front of the detector (see Fig. IV.1.2). At present eight
narrow band and ten wide band filters are designed for
both LUCIFER instruments.

The Calibration Unit

For calibration purposes, a unit can be swung in front
of the cryostat window which images the light from a
calibration lamp emanating from an Ulbricht integrating
sphere. Both a broadband lamp for the calibration of the
camera and a gas discharge lamp for the calibration of
wavelengths are available here.

The Cryostat

The entire optics, including the telescope’s focal plane,
are cooled in a cryostat to around 70 K. The cryostat’s
housing is a lightweight stainless steel construction (see
Fig. IV.1.3). All supply openings such as plug flange,
CCC cooler, vacuum connections, and in- and outflow of
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liquid nitrogen are housed in the lower (or anterior) part
of the cryostat. (see Fig.IV.1.4)

Two Gifford McMahon coolers (Sumitomo) keep
LUCIFER at a temperature of roughly 70 K. To speed up
the cooling process, liquid nitrogen can be introduced
over a duct system with heat exchangers. The detector
is connected to the same cooling system. A temperature
regulator can stabilize it at its working temperature of
between 72 K and 80 K to a precision of +0.01 K. Both
CCC coolers are diametrically opposite each other. They
are synchronized by using the helium pressure signal
of the first cooler to synchronize the second one. This
way, despite the cushioned brace, vibrations can be mini-
mized which could otherwise possibly be transferred to
the vacuum tank. This is of particular importance for the
telescope’s interferometric operation.

Fig. IV.1.5: View of the MOs unit with loader and robot in pro-
cess of exchanging a mask.

The cylindrical vacuum tank has a diameter of around
1.6 m and a total length of about the same size. The com-
pletely integrated instrument weighs 2600 kg, of which
around 400 kg are cooled to a working temperature of
60K to 100 K. The flange for changing the loaders can
be seen on the reverse side of the cryostat (facing the ob-
server in Fig. IV.1.3). A large vacuum valve is added so
that the mask loader can be pulled out after an auxiliary
cryostat is flange mounted and pumped down.

Aside from the MOS unit, described in more detail
below, eight motor units in LUCIFER are all actuated by
cryogenic stepper motors:

e Two of the three folding mirrors can be inclined
remotely in two directions in order to achieve a fine-
adjustment in the cold. This mechanism can further-
more be used to compensate for any remaining de-
flection effects.
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e Two gratings and a plane mirror are housed on the
grating exchange unit. The drive serves on the one
hand to change the grating or for the switch between
the camera mode and spectroscopy and, on the other
hand, to tune the central wavelength

e The two filter wheels provide room for 28 filters.
Currently 18 positions are occupied with filters. In
each wheel, an additional position is reserved for the
differential camera.

e In front of the camera wheel an additional lens can be
swiveled in to take an image of the pupil on the de-
tector with an f/1.8 camera. In this manner the align-
ment of telescope and instrument can be controlled.

e The camera revolver houses the three f/1.8, f/3.75,
and f/30 camera systems. All three can be used both
as an imager and as a spectrograph. The f/30 camera
can also be used as a differential methane band came-
ra while the /1.8 also serves with a fore-lens to take
images of the pupil.

e By correcting the focusing by up to +5 mm, diffe-
rences in the optic filter thickness can be offset.

The Mask Exchange Mechanism

Multi-object spectroscopy will likely be the most used
mode on LUCIFER. Both LUCIFER devices are equipped
with exchange loaders for the slit masks. Ten long-slit
and field masks are available as standard equipment. In
addition, 23 multi-slit masks (MOS masks) can be ex-

Fig. IV.1.6: Fan-out board and detector array in the test cryostat
during the first test of the detector.

Fig. IV.1.7: LUCIFER on the telescope simulator. On the reverse
side, the flange for exchanging the mask loaders can be seen.
The cryostat was temporarily cabled and the detector is in
operation.

changed with the help of a cryogenic robot. The robot
guides the current focal mask back to its spot in the loa-
der, searches for the selected mask in the loader, and
brings it to the focal plane. The loader with 23 Mos
masks can be exchanged during the day as described
above (Fig. IV.1.5). The complex device for loader ex-
change at low temperatures (Fig. IV.1.5) significantly
improves LUCIFER’s observational readiness: Although
the process must take place during the day, this avoids
a warm-up cycle that would render LUCIFER unusable
for six days.

The first MOS unit has already been finished and has
been tested successfully in a normal operating environ-
ment. The second unit is currently being assembled at the
MPE for delivery to the MPIA in January 2008.

Read-out and Control Technology

The instrument’s control technology comprises the fol-
lowing components which are housed in a temperature-
regulated rack: voltage supply, overvoltage protection
and instrument fuse; temperature regulator for the rack
and the detector; motor control electronics; and instru-
ment communications unit. The rack with its control
electronics will be fixed to the telescope and is connected
with the instrument via the cable twister. Read operati-
on and MOS control electronics are piggybacked to the
reverse side of the cryostat. 32 channels are read out
together with four additional reference channels. Tests
of the read-out noise revealed around 1 ADU per read-
out which corresponds to about one third of the detec-
tor read-out noise. In total, three read-out electronics sy-
stems are being built, one for each of the two LUCIFERs
and one as an additional spare part.
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The Software

The software for LUCIFER is being developed at the
University of Bochum. The software package is based
on the platform-independent object-oriented JAVA lang-
uage. Software application has four surfaces and offers
users particularly comfortable control possibilities on the
top surface via a graphical user interface. The software
was initially developed on a virtual LUCIFER instrument
and in the meantime has begun operating on the actual
instrument.

Installations at the LBT

Various pre-installations were made on the LBT in pre-
paration for the commissioning of LUCIFER I: In parti-
cular, the fixed layering of the helium pressure ducts of
the cooling system was prepared from the compressor to
the cooling head on the cryostat. Cabinets were built for
the four compressors; each cabinet holds one compres-
sor. The emitted heat is dissipated by a glycol cooling
system.

Fig. IV.1.8: A deep look into LUCIFER’s tightly-packed innards:
On the left, the loader for the focal masks with the robot
that belongs to it; the black tubus carries the collimator’s
first lens, above which the first folding mirror can be seen.

Status

Once the cooling system was installed and tested in
2006, LUCIFER I could be completely assembled in
MPIA’s experimentation hall and was successively
tested during the reporting year. LUCIFER was initi-
ally tested for background radiation: Additional radi-
ation protective plates and improvements in the focal
mask brace were able to reduce the background to
values below the detector’s dark current. Following
improvements to the mechanical assembly and the
grating exchange equipment, turning warpage could
be significantly reduced on the telescope simulator.
Fine alignment of the collimator lenses resulted in
satisfactory images for the three camera systems. In
the fall of 2007, the MOS unit was also finally in-
stalled.

In parallel, the cryostat on LUCIFER II served at
the MPE as a test cryostat for the first MOS unit. The
complex system was trimmed for reliability and the
Mos software was debugged. After delivery of the first

Below right one can see two cameras on the camera wheel
above which is the axis of the first filter wheel. On top are
the third collimator lens and its mirror image in the third
folding mirror.




98

IV. Instrumental Developments and Projects

unit, the second MOS unit was prepared for LUCIFER
II.

According to the time schedule currently in place,
LUCIFER’s acceptance will occur in April 2008 and will
be followed by its ramp up in June. By then, the LBT
will be equipped with a fixed secondary mirror which
will replace the still unfinished adaptive secondary mir-
ror. Initial tests on LUCIFER I will therefore be restricted
to the seeing-limited mode.

The complete breadth of application, including adap-
tive optics, will likely be available at the end of 2008.
LucrtrerR II will then be completed within the following
year.

For additional details see:

www.Isw.uni-heidelberg.de/projects/[LUCIFER/

Rainer Lenzen, Bernd Grimm,

Tom Herbst, Werner Laun,

Michael Lehmitz, Ralf-Rainer Rohloff,
Clemens Storz, Karl Wagner

LiNnc-NIRVANA — the Interferometric Imager for the Large
Binocular Telescope

Linc-NIRvANA (LN) is an innovative instrument, which
seeks to combine the light from the two 8.4-meter pri-
mary mirrors of the Large Binocular Telescope (LBT)
onto a single image plane, using the technique of Fizeau
interferometry. This approach allows the instrument to
achieve the sensitivity of a 12-meter telescope and the
spatial resolution of a 23-meter telescope. LINC-NIRVANA
is a collaborative effort between the German and Italian
LBT partners, with major contributions coming from
MPIA Heidelberg, INAF (Padova, Bologna, Arcetri, Roma),
Koln, and the MPI for Radioastronomy in Bonn.

LBT Focal Plane Mirror
Collimator DM

Piston Mirror &
Vis /IR Dichroic

= f/20 Camera
Ground-Layer

Wavefront Sensor K Mirror

Mid-High-Layer
Wavefront & b L
Patrol Camera

Fig. IV.1.9: Components of the warm optics for LINC-NIRVANA.

The LN team made significant progress in assembly, in-
tegration, and test of the instrument in 2007. Highlights
include the delivery of the first of four wavefront sensors
to the LBT Optics Lab in Heidelberg. MPIA and INAF
scientists integrated the first Mid-High layer Wavefront
Sensor (MHWS) with the warm fore-optics of the instru-
ment in preparation for closed-loop adaptive optics tests
early in 2008.

Work also continued on the cryogenic science chan-
nel, with receipt and integration of the cold test optics
and the start of bench integration and test of the larger

Fig. IV1.10: The first Mid-High layer Wavefront Sensor (tall
structure to rear-left) integrated with the warm LN fore-optics
in the MPIA lab.
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Fig. IV.1.11: Installation of the upper half of the science channel
cryostat for flexure tests on the large optical bench of LINC-
NIRVANA.

components. A re-designed impeller for the cooling sy-
stem promises reduced acoustic vibrations. The team is
now at the stage where most components have been pro-
cured and the assembly and verification of sub-systems
is well underway. A critical final aspect is flexure testing
of these items on the large optical bench in the MPIA
clean room.

The year 2007 also saw a major re-work of the science
case for LINC-NIRVANA, producing the so-called “Design
Reference Mission” or DRM. This is a series of indivi-
dual science cases worked through with realistic simula-
ted data and image reconstruction software. The goal of
the DRM is threefold. First, the general science context
has evolved since the beginning (and initial science case)
of the project. Second, the DRM is specifically chosen
to exercise a wide variety of instrument modes to ensure
compliance of both software and hardware. Finally, the
Design Reference Mission will form a coherent, high im-
pact science program for early exploitation of the unique
capabilities of the instrument.

Harald Baumeister, Jiirgen Berwein, Peter Bizenberger,
Armin Bohm, Luis Borelli, Florian Briegel, Mario Brix,
Fulvio De Bonis, Sebastian Egner, Wolfgang Gdssler,
Tom Herbst (PI), Frank Kittmann, Martin Kiirster (PM),
Lucas Labadie, Werner Laun, Ulrich Mall,

Daniel Meschke, Lars Mohr, Vianak Naranjo,

Alexei Pavlov, Hans-Walter Rix, Ralf-Rainer Rohloff,
Eva Schinnerer, Thorsten Schmidt, Jiirgen Schreiber,
Clemens Storz, Jan Trowitzsch, Karl Wagner,

in collaboration with:

INAF (Padua, Bologna, Arcetri,Rom,Genua),
Universitdat Koln, MPIfR Bonn

LBT Characterization

Vibration Measurements

The vibration properties of the structures involved and
possible measures to dampen them were studied in or-
der to optimize performance of the telescope and its in-
struments. During a campaign in October/November
2007, both sides of the LBT were characterized under
typical operating conditions. Numerous parameters de-
termine the vibration characteristics at varying locations
of the telescope structure. For this reason a measurement
system with 16 parallel input channels was used in or-
der to examine the right-left asymmetry of the accelera-
tion appearing in similar structures (e.g. in the right and
left primary mirrors). By knowing the amplitudes and
frequencies of the strongest vibrations, active and pas-
sive compensation (through controlled actuators and/or
through damping) processes can be developed.

Mario Brix, Vianak Naranjo
Telescope Control Software

The MPIA has accepted two working packets for the
LBT’s control software:

¢ The Instrument Interface Software (IIF) to control the
communication between all instruments on the LBT
and the telescope

* The software for the telescope’s tracking system (Guide
Control System, GCS) and for guiding the active op-
tics of both main mirrors (Acquisition, Guiding and
Wavefront sensing units, AGW), which will be used in
those systems that use the units as tracking systems and
for wavefront sensor technology

Both working packets comprise design, coding, im-
plementation, and documentation of the software and
their commissioning together with particular instru-
ments. The IIF software is already being used together
with both LBC primary focus cameras.
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Fig. IV.1.12: Vibration measurements on the tertiary mirror car-
rier with LBT’s protective structure open.

Two MPIA software developers for these tasks are
fully integrated into the LBT software team in Tucson
(Arizona). In the case of the IIF packet, a significant
part of the work of the software engineer is dedicated
to the coordination with various instrument builders in

Columbus (Ohio), Bochum, and Potsdam; thus requi-
ring extended stays in Tucson. The developer of the GCS
packet has been dispatched by the MPIA for a longer pe-
riod of time.

Martin Kiirster, Luis Borelli, Torsten Leibold

Fig. IV.1.13: The MPIA DIMM (small telescope on J-shaped
mount) located near the top end of the Large Binocular
Telescope.
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Differential Image Motion Monitor

Unambiguous knowledge of the current seeing condi-
tions is essential to the success of large ground-based
telescopes. Such knowledge permits reactive observing,
in which the queuing of ongoing programs can be mat-
ched to current atmospheric conditions. Over the longer
term, correlation of seeing measurements with other
seasonal and meteorological indicators can help in pre-
dicting the image quality on any given night. This al-

lows more effective planning and better use of scarce
observational resources.

During 2007, a team of MPIA scientists constructed
and delivered a Differential Image Motion Monitor
(DMM) to the Large Binocular Telescope (LBT). This
device measures the seeing by recording the differen-
tial motion of two images of a single star, which pass
through two slightly different paths in the Earth’s at-
mosphere.

Although conventional in most ways, the MPIA
DiMM faced a peculiar and difficult challenge arising
from restrictions on construction at the LBT site. A typi-
cal DIMM installation includes a tall tower (ca 10 m) lo-
cated sufficiently far from other structures to allow sam-
pling of the free air turbulence. However, the LBT sits in
a scientific natural refugium and new construction per-
mits are essentially unavailable. As a result, the MPTA
team developed a novel mounting and guiding system
which allows the DIMM to point at and track a star while
mounted to the LBT telescope, which is itself pointing
at and tracking a different target.

Johannes Schmidt, Ralf-Rainer Rohloff, Armin Bohm

Fig. IV.1.14: Test camera #1 (above) mounted on the adaptive
optics test tower in Florence. Test camera #2 (below) attached
to the Gregorian focal port, which LUCIFER will occupy in Fall
2008.
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Fig. IV.1.15: Energy concentration simulation at 0725 (left)
and FWHM (right) in dependence on wavelength for varying
atmospheric turbulence profiles measured above Mt. Graham.

Infrared Test Cameras for the LBT

The Large Binocular Telescope is unique in having ful-
ly adaptive secondary mirrors as part of the facility in-
frastructure. These mirrors correct atmospheric turbu-
lence by applying forces to a thin membrane of alumi-
nized glass held by electromagnetic forces close to a
thicker reference surface. The adaptive secondaries are
extraordinarily complex systems and require proper test
equipment for performance verification and commissi-
oning. To simplify and accelerate this process, the LBT
Observatory solicited proposals for a pair of infrared ad-
aptive optics test cameras in late 2006.

The MPIA, in cooperation with its partners in Bologna,
responded to the proposal and was given the green light
in March 2007 to proceed with the design, fabrication,
and implementation of the test cameras. These devices
employ fast framing near infrared detectors That can
capture the current delivered telescope image up to one
hundred times per second (CHECK). Three different fields
of view allow characterization of the core of the stellar
point spread function (PSF), the fainter wings of the PSF,
as well as the wider image plane of the telescope.

Daniel Meschke,

Ralf-Rainer Rohloff,

Partners:

University of Bologna,

Astronomical Observatory of Bologna
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The solid lines show the GLAO improved result while the dotted
lines represent the uncorrected result. The worst profile has an
image quality of 1”18.

Phase-A Study of the Laser Guide Star

Laser guide stars are revolutionizing earth-bound near-
infrared astronomy with adaptive optics and interfero-
metry. This has already been demonstrated on different
telescopes, e.g. the laser guide stars PARSEC of SINFONI
and NACO on the VLT or the laser guide star of the Keck
observatory on Hawaii. Adaptive optics which correct
only the lowest layers of the atmosphere —also known
as Ground Layer Adaptive Optics (GLAO)-can help
over a wide viewing field to improve the image quali-
ty by at least a factor of 1.5 and the energy concentrati-
on by at least a factor of 2. This increases the efficiency
of the telescope when there is high turbulence in the at-
mosphere.

The Phase A study for the LBT began in July 2007
and will end in March 2008. Its goal is to examine the
advantages of such instruments and their earliest imple-
mentation. In addition, tests are being conducted as to
how such an instrument can be used in the future even
in a diffraction-limited mode for high image quality over
a small field or for limited quality over a larger field for
the individual or interferometric operation of both LBT
channels.

Wolfgang Gdssler,

in collaboration with:
Sebastian Rabien (MPE),
Simone Esposito (INAF-OAA),
Michael Loyd-Hardt (UA),
Andreas Quirrenbach (LSW),
Jesper Storm (AIP)

und Richard Green (LBTO)
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IV.2. Instruments for the VLT

Cat's Eye Optics for the PRIMA Differential Delay Lines

PRIMA, the instrument for Phase Referenced Imaging
and Micro-arcsecond Astrometry, will implement
the dual-feed capability at the Very Large Telescope
Interferometer (VLTI). It will thus enable simultaneous
interferometric observations of two objects that are
separated by up to one arcminute.

PRIMA is designed to perform narrow-angle astrome-
try in K-band with two auxiliary telescopes as well as
phase-referenced aperture synthesis imaging with instru-
ments like AMBER and MIDI. The instrument is compo-
sed of four major sub-systems: Star Separators (STS), a
laser metrology system (PRIMET), FRINGE Sensor Units
(FSUs), and Differential Delay Lines (DDLs). The first
three subsystems are currently being tested at ESO. In or-
der to speed up the full implementation of the 10 parcsec
astrometric capability and to carry out a large astrometric
exoplanet search program (ESPRI), the MPIA, in colla-
boration with the Observatoire de Genéve (Switzerland)
and Landessternwarte Heidelberg, is currently building
the DDLs for PRIMA and develops the astrometric obser-
vation preparation and data reduction software.

The PRIMA facility is planned to become fully opera-
tional in 2009. In return for its effort, the consortium has
been awarded guaranteed observing time with PRIMA and
two ATs to carry out a systematic astrometric Exoplanet
Search with PRIMA (ESPRI).

Measurement method

A two-telescope interferometer measures the delay
between the wavefront sections from a star as they arrive
at the telescopes. However, atmospheric piston perturba-
tions usually prohibit accurate measurements of this de-
lay in absolute terms. To circumvent this problem, a dual-
star interferometer like PRIMA measures the differential
delay between two stars. When their angular separation
is smaller than the isoplanatic angle of the atmosphere
(about 10” in K-band), the piston perturbations of the two
wavefronts are correlated and the differential perturba-
tions (AOPD, ;) average to zero rapidly.

If one of the stars is bright enough to measure its fringe
phase within the atmospheric coherence time, it can be
used to stabilize the fringes on the other star (fringe-
tracking), thus allowing for much longer integration times
and hence increasing the number of observable objects.

To obtain fringes on the detector, the external delay
difference, which is directly related to the angular separa-
tion A« via the interferometer baseline (B), must be com-
pensated with optical Delay Lines (DL) in the interfero-

Bright, fast sampling,
fringe tracking

AOPD,,

faint, slow sampling,
position reference

WWW AOPDIW ]

AOPDgg, = BX Aa +A¢ +AOPD,, +AOPD,,

Fig. IV.2.1: Measurement principle: narrow-angle astrometry
with differential delay interferometry. AOPD,  is introduced
in the DDL.

meter. The two star beams are first sent parallel through
one main DL to minimize the effects of air turbulence in
the tunnels.

Due to the non-zero angular separation between the
two stars and the diurnal motion, there is however also
a variable differential optical path difference (OPD) bet-
ween the two stars that must be compensated with DDLs.
The DDLs operate in vacuum and provide a much smal-
ler stroke (= 60 mm). On a 100 meter baseline, 10 mi-
croarcseconds correspond to 5 nanometer OPD, which
defines the total error budget for DDLs, fringe detection,
and metrology. The beams from the two telescopes are
then interferometrically combined in the PRIMA Fringe
Sensor Units (FSU).

At zero fringe position external and internal delays
are equal. The laser-monitored internal delay (AOPD;y,)
together with the residual differential fringe phase
(AOPDggy) is then the primary observable of the inter-
ferometer (see Fig. [V.2.1).

With the auxiliary telescopes, the minimum K-band
brightness of the primary stars, required for fringe-tra-
cking, is K = 14 mag. The minimum K-band brightness
of reference stars required to reach 10 microarcseconds
is K= 14 mag. The maximum separation between target
and reference star is about 15 arcseconds.

Hardware developments

The design of the DDLs has been developed by the consor-
tium in close collaboration with ESO. The DDLs consist of
Cassegrain-type, all-aluminum retro-reflector telescopes
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Fig. IV.2.2: DDL Cat’s Eye in the optical laboratory at MPIA
set-up for wavefront measurements.

(cat’s eyes) with about 20 cm diameter that are mounted
on stiff linear translation stages. A stepper actuator at the
translation stage provides the long stroke of up to 60 mm.
A piezo actuator at the M 3 mirror in the cat’s eye provides
an additional fine stroke adjustment over about 10 micro-
meters with an accuracy of 1 nm. Both actuators are dri-
ven by one control loop, such that the optical path can be
smoothly adjusted within 120 mm (twice the stroke length)
and with an accuracy of 2 nm. Together with an internal
metrology system, the DDLs are mounted on a custom-
made optical bench in non-cryogenic vacuum vessels.

Table IV.2.1: Specifications for PRIMA DDL system.

< 15um (PtP)

70 mm (translation stage)
< 2.5nm (goal: < 1.0 nm)

The main hardware contribution of MPIA consisted of
developing and providing the four cat’s eye telescopes.
The ambitious anticipated astrometric accuracy on sky
of 10 microarcsec (see Table IV.2.1) resulted in in ve-
ry demanding technical specifications for the cat’s eye
optics (Table IV.2.2). For manufacturing the cat’s eye
telescopes, in 2006 the MPIA contracted the company
Axsys from Detroit.

The first of the four optical systems was delivered to
the MPIA in August 2007, where it was extensively te-
sted over two months. A new, dedicated optical laborato-
ry with special measurement equipment was installed at
MPIA to verify the demanding technical specifications
(see Table 2).

Fig. IV.2.2 shows the test setup in the MPIA lab to
measure the wavefront abberations introduced by the
cat’s eye optics. All four cat’s eyes were found to com-
ply with the technical specifications: The first was then
delivered to our project partner in Geneva, where it was

Table IV.2.2: Specifications for cat’s eye optical system.

< 0.5 arcsec (on axis)
0.6-28 uym
12 kg (incl. plates)
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Fig. IV.2.3: Schematic view of the integrated Differential Delay
Lines for PRIMA.

integrated with the other DDL components and prepa-
red for system acceptance tests (Fig. IV.2.3 and Fig.
1Iv.2.4).

The other three cat’s eye optics were delivered by
Axsys to the MPIA between November 2007 and January
2008. After testing them at MPIA they were also deli-
vered to Geneva, where the full DDL system is being
integrated and tested before shipping to Paranal (Fig.
IV.2.5).

Fig. IV.2.4: (From left) — Ralf Launhardt, Johny Setiawan, and
Thomas Henning in the DDL integration laboratory in Geneva
with two of the four DDLs visible in the foreground.

High-quality optical windows for the vacuum vessels
were manufactured by the company Halle (Berlin). They
were also tested at the MPIA and were found to fulfill the
accuracy requirements.

Software developments

Software developments by the ESPRI consortium include
Observation Preparation Software for PRIMA astrometry
(coordinated from Geneva) and the complete astrometric
data reduction package (coordinated at LSW). Data re-
duction from raw instrumental data to calibrated delays
will proceed fully automatically with two pipelines and a
set of calibration parameters that is re-derived every few
months from all available PRIMA astrometry data. The
software packages will be delivered to ESO prior to the
commissioning of the instrument and will be available to
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Fig. IV.2.5: (From left) — the three project PlIs, Didier Queloz
(Geneva), Thomas Henning (MPIA), and Andreas Quirrenbach
(LSW Heidelberg;) together with a chocolate model of the
DDLs (now with vacuum vessels) at the “dedication” ceremo-
ny in Geneva.

all users. The conversion of calibrated delays into astro-
physical quantities, e.g., planet orbits, is the responsibili-
ty of the science user.

Scientific preparations

Starting in 2009, a systematic astrometric Exoplanet
Search with PRIMA (ESPRI) will address the following
key questions:

(i) Precise determination of the planetary mass distri-
bution

(ii) Detection of new Saturn- to Uranus-mass planets
around nearby stars

(iii) Formation and evolution of multiple planet systems

(iv) Exploring planet formation as a function of stellar
age and mass

With these objectives in mind, three lists of potenti-
al targets, containing in total nearly 900 stars, have be-
en defined:

1. Stars with known radial velocity planets

2. Nearby main-sequence stars within 15 parsec around
the Sun

3. Young stars with ages between 5 and 300 Myr within
100 pc around the Sun

The team at the MPIA is currently carrying out an
extensive preparatory observing program to identify
suitable astrometric reference stars and to characteri-
ze the planet search target stars. With a final detection
rate for reference stars of 10-15 percent, 100 to 150 stars
will be monitored for astrometric signatures of extraso-
lar planets.

Towards commissioning

The integration of the first sub-systems for PRIMA (STS)
on Paranal is scheduled for January 2008. As the last
sub-system, the DDLs will be shipped to Paranal and in-
tegrated in July 2008. When assembly and integration is
finished, the commissioning on sky is planned to start in
late 2008. PRIMA will first be commissioned with two
AT’s. Commissioning with UTs will follow when the sy-
stem is debugged and stable fringe-tracking is achieved.
Although the commissioning is the responsibility of ESO,
the consortium, including the MPIA, will support ESO in
this task.

Harald Baumeister, Peter Bizenberger,
Uwe Graser, Thomas Henning,

Ralf Launhardt, Vianak Naranjo,
Johny Setiawan, Karl Wagner
Partners: Observatoire de Genéve,
Landessternwarte Heidelberg, ESO
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Fig. IV.2.6: The Product Association Map for the IFS sub-.
instrument.

SPHERE

SPHERE (Spectro-Polarimetric High-contrast Exoplanet
Research) is a project aimed at the direct imaging of ex-
trasolar planets using Eso’s VLT. The MPIA is the Co-PI
institute to the SPHERE Consortium, which consists of
a total of 12 European institutes including the European
Southern Observatory (ESo).

SPHERE is currently in the final design configuration
phase (C) with the “Final Design Review” planned for
December 2008. It successfully passed the “Preliminary
Design Review” in 2007. SPHERE consists of a high-per-
formance Adaptive Optics (AO) system and three focal
instruments which all apply differential imaging techno-
logy in order to get a handle on residual scattered light
from central stars: The IFS 3D-spectrometer, the IRDIS
differential imaging camera, and the ZIMPOL differenti-
al polarimeter are the key elements for direct imaging of
extrasolar planets.

With SPHERE, the MPIA is primarily involved in three
areas: On the one hand, the MPIA is responsible for the
development of data reduction, data analysis, and data
flow control software. Given its 76 “recipes”, SPHERE
represents by far the most complex instrument (from the
point of view of data reduction technology) that has been
delivered to ESO to date. Fig. IV.2.6 shows the data pro-
duct association map for the IFS sub-instrument. For the
first time in ESO’s history, automatic pipelines are provi-
ded to analyze the data.

_______ ® — — — — —

h
_______ ® — — — — —

sph_ifs_ sph_ifs_ sph_ifs_ sph_ifs_
Flatfield Astrometry PlateScale || Photometry Standard Telluric
®-
°

——————— - — — ——¢ — — — — — - —
————— - — — — — 9 — — — — — - —
————— - — — — — 9 - — — — — - —

——————— - — — —— 90 — — — — — - -

- — = - — - —%— - — — — - — — — — - — -

- — = - —— —%— - — — = - — — — — - — -

Disortion
map 2 —<

—_—_———— - === - = = _— =
Position angle N P S,
(Plate scale)

Detector count - -
per flux unit

Sph_ifs_ScienceFieldStab sph_ifs_ sph_ifs_
Sph_ifs_SciencePupilStab|| Monochromaticlmage SpatialSampling

On the hardware side, the MPIA is contributing
through design and production of the correctors for at-
mospheric dispersion and by providing a detector shift
unit (path = 0.2 mm X 0.2 mm, working temperature =
=200 °C).

Together with Physik Instrumente (PI), a NEXLINE®
piezo incremental step drive was specially designed and
built at the MPIA for this unit’s use at low temperatures
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Fig. IV.2.7a: CAD-Model

Fig. IV.2.7b: Finished NEXLINE®-Actuator.

(Fig. IV.2.7). These actuators guarantee high resolution,

long switch actuation paths, and self-retention while at

rest. They have now for the first time been applied in the

Cryo-area and in the future will be available in series for
this area.

Markus Feldt

and the SPHERE-Consortium

VLT-Instruments of the Second Generation

MATISSE

The “Multi Aperture Mid-Infrared SpectroScopic Ex-
periment” is one of three VLTI second generation
Instruments which was selected by Eso in 2006 for a
phase-A study.

After delivery of the phase-A study in June 2007, the re-
sponsible committees of ESO (the STC and the Council)
gave the green light for the development of this mid-inf-
rared spectro-interferometer. Thus MATISSE is in a sense
the successor of MIDI, the Mid-Infrared Interferometric
Instrument, which was built at the MPIA and which is
working on Paranal since 2003.

MATISSE  will combine the beams of up to four of
the 8 m UTs (Unit Telescopes) or up to four of the 1.8 m
ATs (Auxiliary Telescopes) of the Very Large Telescope
Interferometer (VLTI) on Paranal. Since MATISSE will be
able to measure in “closure phase mode” it offers an ef-
ficient capability for image reconstruction with a spatial
resolution of up to 10 milliarcsec. It will work at three
wavelength bands: L, M, and N, where the L and M band
(3 um—5.4 um) open new wavelength windows for the
VLTI. Furthermore, L band observations can be perfor-
med simultaneously to the N band (7 um— 13 um) ob-
servations.

Three different spectroscopic resolutions in the range
of R =30-1500 will allow for interferometric spectro-
scopy. Thus it provides the basis for a fundamental analy-
sis of the composition of gases and dust grains in various
astrophysical environments.

Key science programs for the ATs cover for examp-
le the formation and evolution of planetary systems, the
birth of massive stars, as well as the observation of the
high-contrast environment of hot and evolved stars; with
the UTs, selected astrophysical programs such as the stu-
dy of Active Galactic Nuclei and Extrasolar Planets will
also be possible.

MATISSE is developed and built by a collaboration
of the Observatoire de la Cote d’Azure, the MPIA, the
MPI for Radio Astronomy in Bonn and two institutions
(ASTRON / Dwingeloo and Leiden University) from the
Netherlands.

The MPIA is making major contributions to MATISSE:
With the Project Scientist (Sebastian Wolf, Co-PI) the
MPIA is leading and coordinating the scientific efforts
for MATISSE. Furthermore, the MPIA is responsible for
the cryogenics system (including the large cryostat), the
entire control electronics, and the instrument control soft-
ware. In addition several smaller work packages, such as
e.g. image de-convolution software, integration and te-
sting, will be performed at the MPIA in Heidelberg.

The basic concept of MATISSE was developed in the
course of the phase-A study. Several difficulties had to
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be overcome: For a long time it was not sure if the new
N-band detector would be available. Raytheon had stop-
ped the development of the new 1 K X 1 K mid-infrared
detector (“Aquarius”), asking for additional money from
Eso. In September, funding could be found and the emer-
gency back-up solution of using the DRS Technologies
MegaMir, 1 K X 1K detector (smaller pixel size) could
be dropped.

Another still open problem is the future location of
MATISSE in the Interferometric Laboratory. Since its size
will be nearly twice that of MIDI it cannot just replace
the MIDI instrument. This issue is under discussion with
Eso.

Another topic during the second half of 2007 was the
development of an appropriate cryogenic concept for
the huge cold optical bench and the various tempera-
ture levels to be used in MATISSE. With the cold optics
at 40 K, the detectors at 35 K (L-band) and 8 K (N-band)
and their pre-amplifiers at > 80 K, it is very difficult to
include all these in a cryostat, which from its size (mo-
re than twice that of MIDI) is already at the limit and
which is confined by the small space available in the
Interferometric Laboratory.

Sebastian Wolf, Uwe Graser,
Thomas Henning, Werner Laun,
Karl Wagner, Udo Neumann

GRAVITY

GRAVITY is an adaptive optics assisted 2" generation in-
strument for ES0's Very Large Telescope Interferometer.
GRrAVITY will combine the light from all four of the 8 m
Unit Telescopes of the VLT to do interferometric phase
referenced imaging with a resolution of 4 milli-arc-
seconds, and narrow-angle astrometry with an accuracy
of 10 micro-arcsec for objects as faint as K = 20 mag.

In 2007, GRAVITY successfully passed its Phase A re-
view at ESo. Contract negotiations with ESO for the
Preliminary and Final Design Phases are currently un-
derway. First light of GRAVITY at the VLTI is foreseen
for 2012.

GRAVITY is a consortium with the four partners Max-
Planck-Institute for Extraterrestrial Physics (Principal
Investigator Institute), Phase (itself a consortium of
French Institutes, including Observatoire de Paris and
Observatoire de Grenoble), University of Cologne, and
the MPIA.

GRAVITY will take advantage of the unique 1.7 arc-
second diameter field of view of the VLTI. By measuring
the angular separation of two objects located within this
field, the astrometric accuracy should be improved by
a factor of up to 10 beyond the present goal for PRIMA.
The MPIA is developing the optical switchyard and in-
frared wavefront sensors as major instrumental compo-
nents for GRAVITY. Located in the VLTI laboratory, the
GRAVITY infrared wavefront sensors will not only sense
the atmospheric turbulence, but also wavefront errors in-
troduced in the VLTI beam relay optics. This, combined
with the interferometric instrument based on integrated
optics, and the use of all four 8-m Unit Telescopes gives
GRAVITY an unrivalled combination of sensitivity and as-
trometric accuracy.

The defining science case for GRAVITY is an astrome-
tric study of the close environment of the supermassive
black hole in the center of the Milky Way. With an accu-
racy of 10 micro-arcsec, GRAVITY will be able to study
orbits of stars and disk flares as close as a few times the
Schwarzschild radius of the black hole, and hence test
General Relativity in its strong field limit. The MPIA’s
main science interests include an in depth study of
young, massive starburst clusters with the aim to derive
precise masses for the most massive stars, study cluster
dynamics, and search for intermediate mass black holes
potentially hidden in the very centers of these clusters, as
well as to survey very-low mass stars in the solar neigh-
bourhood for planetary mass companions.

Wolfgang Brandner, Stefan Hippler,
Ralf-Rainer Rohloff, Rainer Lenzen
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IV.3 Instruments for Calar Alto

PANIC

A wide field imager for the near infrared was named by
the astronomical communities both at the MPIA and the
IAA as the most desirable new instrument for Calar Alto.
Such an instrument, albeit not the first of its kind, would
have many applications, ranging from solar system stu-
dies to cosmology. Since the overbooking is normally
much higher for the 3.5 m telescope than for the 2.2m
telescope, it was decided to build PANIC, a Panoramic
Near Infrared Camera, for the 2.2 m telescope.

The currently available detectors have sizes of
2048 X 2048 pixel. It was decided to use an array of four
detectors to increase the available field of view. To cover
a field of view of 0.5 degrees X 0.5 degrees results in an
image scale of 0.45 arcsec/pixel. Since these detectors
are buttable with a gap of only about 167 pixels, PANIC
will have a very convenient foot-print.

The instrument will have pure lens optics with ten
lenses in eight groups. The image quality is defined as
usual, 80 percent encircled energy within two pixels over
the whole field of view and for all wavelengths. The spec-
tral range extends from 0.8 to 2.5 microns and thus inclu-
des the optical z-band.

The layout is shown in Fig. IV.3.2. The instrument
first has to meet limits of length and weight, which re-
quires the optical path to be folded by three mirrors.
Second, the cryostat is extremely lightweight in order to
meet the limits set by the telescope. Cooling is achieved
with liquid nitrogen, the holding time is estimated to be
34 hours with a 30 liter filling. A sec-ond small liquid
nitrogen vessel is exclusively used to cool the detector.
The conical steel element attaches the whole instrument
to the telescope; its weight is only 15 kg, and its flexure
is only 10 microns

Fig. IV.3.1: The optical system of PANIC. The total length is
about 180 cm and requires a folded design.

All optical elements are mounted to an optical bench
in order to minimize flexure. This is very important since
the optics requires small mechanical tolerances, typical-
ly on the order of 50 microns. Finite element analysis
has shown that the flexure of the optical bench exceeds
this value by factors of a few, but only in the most ex-
treme cases.

Four filter wheels, with six positions each, are fore-
seen to accomodate 20 filters. The optical design also al-
lows the use of narrow band 1 percent filters.

These detectors allow also on-chip guiding in a small
sub-window. This will be necessary since the standard
guiding unit of the telescope would vignette a part of the
field of view and therefore cannot be used in combina-
tion with PANIC.

The read-out electronics will be the latest development
of the standard MPIA read-out electronics. The four de-
tectors will be read out simultaneously in 128 channels.
A fast read-out mode will also be included.

To aid observers, an observation tool will allow easy
input of all information to set-up the instrument and per-
form the observation. A quick-look system with online
data reduction will allow the observer to judge the qua-
lity of the data obtained, and the data will be archived
automatically.

Although optimal for surveys, the image scale is in-
adequate for studies requiring a high spatial resolution.
An enhancemant was investigated to supply a second
pixel scale of 0.25 arcsec/pixel by exchanging parts of
the optics, accomplished by mounting the corresponding
lenses on a motorized wheel; however, with the required
additional optics and mechanics the instrument would
have exceeded the weight limit at the 2.2 m telescope.
Fortunately, optical calculations have shown that PANIC
can also be used at the 3.5 m telescope, with a pixel sca-
le of 0.22 arcsec/pixel. The instrument can thus be used
for observations which need the large field of view at the
2.2 m telescope and for observations which require high-
er spatial resolution at the 3.5 m telescope.

Josef Fried in collaboration with IAA, Granada
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Fig. IV.3.2.: The design of PANIC. Above: Light enters from top
into the cryostat, three mirrors fold the light path to a compact
design. The diameter of the cryostat is about 100 cm. All opti-
cal elements are mounted to an optical bench (red) to minimize
flexure. Below: view on the optical bench showing the folding
mirrors, the lens optics and the filter wheels (yellow).

The New Control System for the 3.5 m Telescope

The 3.5 m telescope had a control system that dated from
the 1970s and its contemporary hardware had reached the
limits of its useful life; repairs to the outdated technolo-
gy had become extremely difficult as replacement parts
were no longer available — not even equivalent types. In
order to prevent breakdowns of purely technical nature,
the system was completely replaced.

The new system controls the telescope’s drives in hour
and variation, the rotation of the Cassegrain flange, and
the focus drive. The telescope computer system no longer
consists, as before, of only one computer where the bus
extended across the entire telescope building in order to
communicate with the individual drives to be controlled,
but of a total of five VME computers which are assigned
to the drives. They are networked with the central com-
puter across a standalone Ethernet. Commercially availa-
ble digital, highly integrated, intelligent modular compo-
nents control and regulate the individual drives. The old,

mostly analog hardware was thus replaced with modern,
highly integrated, and intelligent digital electronics.

Because there are very high precision demands on
such a control system, the required control loops are
complex. Thus, for example, the most complicated and
important drive, the hour drive, consists of three control
loops which are interconnected with each other. These
structures, which were established by ZEISS in experi-
ments, were retained in simplified form in the design in
order to save on development time.

After two years of operation, it is clear that the new
control is excellent. The computer system has been run-
ning for months without a hitch and the installed modular
components have had no breakdowns so far.

In addition to reliability, an important criterion for
controlling a telescope is obviously the precision achie-
ved. Here too there has been improvement: With the ori-
ginal control from the desired position, the rms-deviation
was 0.15 arcseconds; with the new control it is now only
0.1 arcseconds.

Josef Fried, Karl Zimmermann, Rainer Wolf,
in cooperation with Calar Alto’s engineers
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IV.4. LAiwo - the Large Area Imager for the Wise Observatory

The MPIA, the University of Tel Aviv and the Institute for
Astrophysics in Gottingen, initiated a transit search pro-
gram, the Giant Transiting Planets Observations (GITPO),
funded by the three institutes and the German-Israeli
Foundation. The aim of the research project is to detect
transiting extra-solar Jupiter-size planets around stars
with magnitudes / = 14 — 15 mag.

The transit or eclipse method consists of the temporary
drop in the brightness of the central star when its planet
passes in front of it. The observing strategy will consist
in the continuous monitoring of three fields at any given
time, until 3000 images are acquired. We anticipate to ha-
ve 15 days per month during three years, covering a to-
tal sky surface of 30 square degrees. Observations will be
coordinated with the 1.2-m MONET telescope located in
Texas, USA, operated by the University of Gottingen. The
network of these two telescopes will increase the number
of measurements, enhancing the estimated number of
planets detected. Dozens of transiting extra-solar planets
are expected to be found over the three years observati-
on campaign.

Fig. IV.4.2: The filter Ruler.

In this context a Large Area Imager for the Wise
Observatory — LATWO (see Fig. IV.4.1) with a field of
view of one square degree was built at the MPIA. The ca-
mera is composed of four front-side illuminated Lockheed
CCD486 devices, each with 4000 X 4000 pixels, the pixel
size being 15 microns. The camera is divided in two seg-

Fig. IV.4.1: View of the LAIWO dewar.
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Fig. IV.4.3: The CCD mosaic of the LAIWO detector.

ments: the first segment consists of the cryogenic tank
filled with liquid nitrogen to cool the CCDs with the de-
war head on the top containing the CCDs and the entran-
ce window. The second segment is the filter drawer with
a ruler inside, where three separate plates of sets of filters
(Johnson B,V, R, Cousins I and the Sloan z") can be moun-
ted at the same time (see Fig. IV.4.2). Each plate may con-
tain five filters, four for the science CCDs and one for the
guider CCD. The guider CCD, an e2V CCD47-20 frame
transfer device, with 1000 X 1000 pixels, each with a size
of 13 microns, is located at the center of the mosaic sur-
rounded by the four science CCDs (see Fig. IV.4.3).

The camera was completed in September 2007 and
shipped to Israel. In October, a MPIA team of scientific as
well as technical staff went to the Negev desert to install
the camera on the 1-m telescope in the Wise Observatory
(see Fig. IV.4.4). The installation went smoothly and com-
missioning started slowly since we were hindered by fre-
quent bad weather. After our return, observations were
pursued by the Israeli colleagues, T. Mazeh, Avi Shporer
and technical staff from the Wise Observatory, when the
first serious problems started to appear, described below.

The CCDs are read out in a 16 channels mode, i.e. each
CCD is divided in four quadrants. Observations are per-
formed on a 15 days per month basis, which implies that
the camera has to be regularly dismounted to free space
for other instruments of the Wise Observatory. After a
first dismount and mount process of the LAIWO camera,

Fig. IV.4.4: The Wise-Teleskop.

a CCD quadrant appeared to be dead, and a second died
shortly after, as well as two more during the next obser-
ving run. It was then decided that all operations had to be
discontinued, to investigate further the problem and re-
turn to the Wise Observatory in Israel to perform additi-
onal tests on-site. In the meantime, after approaching the
CCD manufacturer to inquire for possible reasons that
could explain the unexpected events, it was discovered
that a special powering-up and powering-down sequen-
ce had to be followed, and had not been communicated
to MPIA at the time of purchase. The manufacturer added
the crucial information, unfortunately too late, that the vi-
olation of this sequence could damage the CCDs in an ir-
reversible manner.

During the second visit to Israel by a small MPIA team
(C. Afonso and R. Klein) for further tests and to establish
the health of the remaining CCDs, that exhibited functio-
nal features in the last observing run, it was established
that now all the CCDs were unresponsive. It was then de-
cided to ship back the LAIWO camera to Heidelberg, and
to acquire new CCDs. Hopefully, LATWO will be soon in
good shape (mid 2009), since we are all very eager to start
hunting extrasolar planets and discover new Jupiters!

Cristina Afonso (SciM), F. Briegel,
Thomas Henning (PI), R. Klein,
Karl-Heinz Marien (PM),

in collaboration with

the Univerities of Gottingen

and Tel Aviv
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IV.5. Instruments for Space Observatories

PAcs — Far Infrared Camera and Spectrometer for
HERSCHEL

Within a consortium of 15 European institutes, MPIA is
participating in the development of the PACS instrument,
a camera and spectrometer for wavelengths of 60 to 210
pm for the HERSCHEL space observatory, which is sche-
duled for launch at the end of 2008.

As largest Co-I institute in the European PACS consorti-
um, MPIA is providing the focal plane chopper, characte-
rizing the large Ge:Ga spectrometer cameras and their
-270 °C cold readout electronics, investigating radiation
damages to these components, and contributing to the ca-
libration of the instrument before and during flight.
With the delivery of the refurbished chopper qualifi-
cation model and its implementation into the PACS flight
spare unit, the hardware provision from Heidelberg final-
ly ended in 2007. Laboratory measurement of the Ge:Ga
detectors have continued in order to optimize the detec-
tor operation in flight. These measurements comprise the
characterization of transient behaviour after flux changes
and responsivity behaviour under ionizing radiation.
Focus of the MPIA team has now become the characte-
risation and calibration of the PACS flight instrument on-
ground, and building up the Instrument Control Center
(ICC). The main subjects worked on by the MPIA ICC
team are the optimisation of the chopper performance
as well as the performance assessment of the instru-
ment internal calibration sources and the spectrometer’s
stressed Ge:Ga detectors and cold read-out electronics.

Fig. IV.5.1: Integration of the refurbished chopper qualification
model into the PACS flight spare instrument in the clean room
at Kayser-Threde, Munich.

Fig. IV.5.2: Members of the MPIA ICC team in front of the com-
manding console in the PACS operational room at MPE while
executing a PACS flight instrument test script.

MPIA has also significantly contributed to the setup of
the overall ground calibration plan. The MPIA team also
contributes to the general interactive and pipeline analy-
sis development and documentation and sets up special
calibration analysis scripts for the ground tests. Results
have been documented in about 50 test reports for infor-
mation to the whole ICC team, the PACS consortium and
EsA as well as for reference for later corresponding in-
flight tests. Follwing the delivery to ESA, the PACS flight
model was integrated into the HERSCHEL flight cryostat
at Astrium-Friedrichshafen in the summer. In autumn,
MPIA started to coordinate the build-up of the PACS per-
formance verification plan, which covers the first impor-
tant in-flight phase, and established the first in-flight ca-
libration of the instrument.

Two MPIA-led Guaranteed Time (GT) key projects
on the dusty young universe and the earliest stages of
star formation have successfully passed review by the
HERSCHEL observing time allocation committee. In ad-
dition, Heidelberg is participating in three other GT key
projects and is involved in a number of Open Time key
programs covering a broad range of astrophysical topics.
The decision on time award for these programs is ex-
pected for January 2008.

Oliver Krause, Ulrich Klaas,

Jeroen Bouwman, Helmut Dannerbauer,
Ulrich Grozinger, Thomas Henning,
Markus Nielbock, Jiirgen Schreiber,
Jutta Stegmaier



IV.5 Instruments for Space Observatories

115

Cryogenic Wheel Mechanisms for the Mirl and NIRSPEC
Instruments aboard JWST

The MPIA is the only European institute which is
engaged in the development of two of the four scienti-
fic instruments for the James Webb Space Telescope
(JWST). In close collaboration with ZEiss (Oberkochen),
the Institute is developing filter and grating wheel me-
chanisms for MIRl and NIRSPEC —the cryomechanical
hearts that enable the full operational functionality of
these complex instruments. In addition to the hardware
contributions, MPIA is responsible for the electrical
system engineering of the MIRI instrument. Members of
the Institute are deeply involved in the ground-testing of
Miri and also involved in the science teams of hoth MiRi
and NIRSPEC.

The infrared space observatory JWST is jointly develo-
ped by the US, European and Canadian Space Agencies.
Its 6.5 m mirror will allow acquisition of images that will
be as sharp as those taken by the smaller Hubble mirror
in the optical range. To avoid blinding of the sensitive
cameras by its own thermal radiation, the primary mirror
is cooled radiatively to —230 °C. This “passive cooling”
is possible at the Lagrangian Point L, at 1.5 million km
anti-solar distance from Earth. NASA will have overall re-
sponsibility for the JWST mission to be launched aboard
an European ARIANE-5 rocket in the year 2013.

JWST is equipped with four scientific instruments,
two of which are built mainly in Europe: MIRI, a came-
ra with coronograph and spectrometer for the mid-inf-
rared range (5 to 28 wm), is built by a consortium of 20
European institutes, with JPL providing detectors and

Fig. IV5.3: Filter wheel mechanism for the Mid-Infrared
Instrument (MIRI). The wheel carrying filters, coronographic
masks and a douple prism is moved by a central torque motor.

Axial Balancing
Weight -

KIP between
bearing and Filter
Wheel

Filter Wheel with
Index bears

Magnet Ring

Integrated Bearing
with KIP

the cryomechanical cooler. NIRSPEC, a near-infrared ran-
ge (1 to 5 wm) multi-object spectrograph capable of ob-
serving more than 100 objects simultaneously, is develo-
ped by ESA and an industrial consortium led by EADS-
Astrium, Germany.

Common to all focal-plane instruments is that they ha-
ve to be operated in a cryo-vacuum at temperature bet-
ween —267 °C (MIRI) and —240 °C (NIRSPEC) so that
their own thermal emission will not outshine the cosmic
infrared radiation. Another common property of the in-
struments is that all of them have large optical exchange
wheels with numerous gratings, filters beam splitters,
mirror, prisms and coronagraphic masks mounted on
them. Although every space technician is anxious to
avoid mechanisms like these wheels (...may fail...), po-
werful scientific instruments without moving parts are
not feasible. Because of previous successful develop-
ments of such mechanisms for the European space tele-
scopes ISOand HERSCHEL, our Institute was well prepa-
red for these high-risk challenges and became involved
in the development of wheel mechanisms for MIRI and
NIRSPEC, which have even more demanding require-
ments than those of previous missions.

The JWST wheel mechanisms are based on a ratchet
principle (see Fig. IV.5.3): At the periphery of the wheel
small ball bearings are mounted. Their number corre-
sponds to the quantity of optical elements. A wedge-
shaped element on a moving lever latches between two
ball bearings, thus locating the position of the wheel with
a repeatability of about one second of arc. The central
motor is a torque motor without transmission. The exact
position is carried out mechanically without electric po-
wer by the spring torsion of the ratchet system. This drive

Positioning is performed using a detent latching into the index
bearings outer race. The mechanism has a diameter of 28 cm
and a total mass of 3 kg.

Ratchet
= Subassembly

Stator Interface
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Fig. IV5.4: Verification Model of the MIRI instrument
after integration at Rutherford Appleton Labs. This
is the first fully functional model of a JWST science
instrument. The instrument is suspended and thermally

concept avoids feedback from an electrical position sen-
sor and electrical power dissipation since positioning is
always carried out mechanically with great reliability.

After a successful Critical Design Review (CDR) of
the MIRT optical system, MPIA and C. ZEISS are cur-
rently working on the qualification models of the MIRT
wheel mechanisms. NIRSPEC is shortly behind in sche-
dule. Preparation of all necessary documentation accor-
ding to space standards for the NIRSPEC wheel mecha-
nisms CDR started in 2007. While MPIA contributes to
the development of the NIRSPEC grating and filter wheels
as a contractor to C. ZEISS and is responsible for the de-
velopment of the electric components (motors, position
sensors, cryo-harnesses) the roles are reversed for MIRI:
Here C. ZEISS builds the flight hardware as industrial
contractor of MPIA.

To mitigate technological risks in the mechanism de-
velopment programme and to decrease cost, prototype
models have been built and tested at MPIA prior to the
qualification models. These prototype have been inte-

insulated by a carbon-fibre hexapod structure. The spec-
trometer unit is located at the top of the image shown;
beneath the imager section and the entrance optical
chain can be seen.

grated into the MIRT verification model which is the first
scientifically representative model of a JWST instrument
(Fig. IV.5.4), allowing a first assessment to be made of
the performance. The first extensive cryogenic test cam-
paign in 2007 was very successful: All subsystems wor-
ked without any major flaws, providing further confi-
dence that the development of the flight model is on a
successful way.

Oliver Krause, Ralph Hofferbert,
Friedrich Miiller, Thomas Henning,
Dietrich Lemke, Ulrich Grozinger,
Armin Huber, Armin Bohm,

Monica Ebert, Karl Wagner,

Stefan Meister, José Ricardo Ramos,
Ralf-Rainer Rohloff, Silvia Scheithauer,
Thomas Bliimchen, Tobias Junginger,
Stephan Birkmann, Matthias Alter



V People and Events

V.1 Conferences, Public Lectures, Tours, and More

The MPIA not only had a series of shining moments in
2007; there were also numerous functions with varying
scope: In addition to a series of scientific conferences,
the institution’s daily routine now includes public lec-
tures, tours, and events for high school and university
students.

Astronomers no longer research or live in an ivory to-
wer. Both the personal exchange among specialists and
the presentation of scientific results to the public have
gained importance: Vividly prepared presentations of
research results provide for wide awareness among the
people and for animated interest among both male and
female students.

Conferences and Summer Schools

Together with the astronomy center of the University of
Heidelberg (ZAH), the MPIA organized an international
conference under the banner “Galaxy Growth in a Dark
Universe”. The conference ran from July 16 to 20 at the
Heidelberger Kongresshaus and was attended by around
200 renowned astrophysicists from around the world.
The astronomers presented around 70 lectures and dis-
cussed the newest results and theories on the creation
and development of galaxies. Since the discovery of dark
matter and the insight that almost all galaxy centers ac-
commodate super massive black holes with masses that
correlate indeed to the mass of their host galaxy, excite-
ment has again widely spread through this research field
of astronomy. Thus it seems that galaxies in the young
universe were closely linked with the formation of cen-
tral black holes. How this happened though remains wi-
dely unknown and was the focus of intense debate bet-
ween observers and theoreticians.

The close link between observation and theory is al-
so clear from another conference that MPIA held at the
Hiedelberger Kongresszentrum from September 10 to
14: “Massive Star Formation: Observations confront
Theory”. These days various concepts relating to the for-
mation of high-mass stars are being discussed and simul-
taneously being reviewed through observations. In this
light, completely new possibilities are opening up with
the Large Binocular Telescope (LBT), when both mirrors
will be working from Spring 2008, as well as with the fu-
ture ALMA and HERSCHEL observatories.

This large advance with the LBT led to initial sci-
entific work that partially appears in this annual report
and where the first authors are MPIA astronomers (see

Chapter IL.5). The institute’s dedication to the LBT addi-
tionally showed itself in the “LBT Board Meeting” event
in mid-May that was held at the MPIA.

It’s not automatically the end of light for the former
large telescopes with 2 to 4 meter mirror diameters when
10 m class telescopes begin their operation. The former
telescopes continue to hold their place in part in their
own application areas such as the large and time con-
suming surveys of the universe. This is also true for the
Calar-Alto observatory, the scientific results from which
were mirrored in the presentations of numerous partici-
pants at the “Calar-Alto Colloquium” held at the MPIA
from the 2" to the 3" of May.

MPIA additionally organized two conferences in the
MPG’s Ringberg Castle on Lake Tegern. From May 20
to 26, the relationship between Galaxy activities and their
formation was the focus of a conference with the title
“The Impact of AGN Feedback on Galaxy Formation™.
Half a year later another topic was the primary focus:
“Astronomy with Laser Guide Star Adaptive Optics”.
More and more telescopes can be driven close to the li-
mits of diffraction through adaptive optics supported by
artificial laser stars. Observations that were impossible
until recent times and which open new windows for as-
tronomy are possible because of the concomitant incre-
ase in sensitivity and resolution.

The MPG founded the International Max Planck
Research Schools (IMPRS) in order to provide stu-
dents with the best education possible. Since 2005,
MPIA has been leading the “IMPRS for Astronomy and
Cosmic Physics at the University of Heidelberg” (see
annual report 2005, Chap. V.4). During this reporting
year, the MPIA in Heidelberg completed the IMPRS
Summerschool 2007: “The Milky Way Galaxy”. In ad-
dition, in Dorio, Italy, the “4"" MPIA Student Workshop”
took place —an additional large event especially for stu-
dents.

Public Relations

Whenever possible, the MPIA seeks to link its scientific
events with public relations. Thus, parallel to the Galaxy
Growth Meeting, a total of ten press releases were issued
this year and one press conference was called.

Tours through the MPIA also continue to generate gre-
at enthusiasm. Aside from tours for the IMPRS, students,
school classes, and other groups, there were also some
special tours for prominent guests. Thus for example in
November a group accompanying Heidelberg’s mayor,
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Dr. Gerner, visited the institute. In the middle of the ye-
ar, we started guiding visitors through a newly designed
hallway. Here, large backpanel lit astronomy diagrams
are the attraction, all of which have a direct relation to
institute projects. Guests can also obtain much informa-
tion from the newly designed institute brochure which
was gratefully supported by several of our partners from
the business world. The brochures supplement our alrea-
dy existing “handouts” such as the annual report and our
very detailed leaflet.

One of the peak moments among the public events
was the institute’s participation in the “Night in Science”.
We will discuss this event— which was attended by se-
veral thousand people —in the next segment. An addi-
tional highlight was again, however, our lecture series
“Astronomy on Sunday Morning” which we set into mo-
tion last year. Each of the eight lectures was attended
by a full house adding up to nearly thousand visitors in
total. We also found good resonance again with the po-
pular science lectures that some of our members held in
schools, planetariums, or at other outside events. During
the reporting year, a new lecture series was also started.
It was titled “Astronomy in Heidelberg” and will be ta-
king place during the winter months at the Mannheim
Planetarium. Researchers from all of Heidelberg’s five

astronomy institutes lecture there and our institute is in-
volved in its organization.

The MPIA’s journal Sterne und Weltraum and the
project “Science in Schools!” generously supported by
the Klaus Tschira Foundation (see Annual Report 2005,
Chapter V.10) also continue to move forward. Since
2006, it has included middle school level students as
well as high school students. Together with classroom
tours, the biennial student practicum to guide high school
students in their career choice, and our participation in
Girls’ Day, MPIA’s presence continues to make its mark
among our youth. To keep it this way, the MPIA invited
guests from the Council of German Observatories in May
to the first Working Meeting for the Year of Astronomy,
2009.

2007 was a successful year for the MPIA. This was
the case both for scientific advances as well as for pubic
events and other activities. The success was also possi-
ble because employees provided renewed dedication to
the institute. The latter deserves special mention becau-
se in October 2007 the Advisory Council was our guest
and performed a comparative evaluation of the MPIA.
This very important event for the institute also ended in
great success.

Klaus Jdger
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V.2 The “Night of Science”

For the first time in the Rhein-Neckar Region, the Night
of Science was held on November 10, 2007. Similar to
the Night of Museums that was established years ago,
more than one hundred institutes and companies in
Heidelberg, Mannheim, and Ludwigshafen opened their
doors to the public. The MPIA and the state observato-
ry were special attractions as usual: Just around 4000
of the total estimated 23 000 participants headed up the
Konigsstuhl.

Astronomy is and remains a science that deeply fasci-
nates much of the population. Proof of this is the third
large event in a short period of time after the MPIA took
part in the 2005 open house and the institute participated
in the Long Night of Museums in 2006.

On November 10, 2007, the MPIA and the state ob-
servatory presented a varied program to the public bet-
ween 6 pm and 2 am. The large onslaught of visitors was
remarkable because many guests had to decline the op-
portunity to addend other sessions due to the long tra-
vel times here and back. Even the bad weather and the
sometimes pouring rain quite obviously did not stop
people from visiting the institute of astronomy.

The visitors were able to obtain an overview of mo-
dern astronomy research at a total of 28 stations that
were spread between both institutes. Lectures, expla-
nations of exhibits, and demonstrations of experiments
helped us to report on scientific causes and technical
challenges. Instruments for current and future earth- and
space-based large telescopes were also explained on-
site. Films were shown and at times commented on live.

Even the youngest visitors were provided for: A specific
childrens’ program at the state observatory allowed them
to experience the fascinating universe.

One of the main attractions was the lecture series in
MPIA’s large auditorium. Black holes, distant galaxies,
extrasolar planets, and the search for life in the universe
were the subject of 10 lectures. Even the last lecture
held at one in the morning still saw the auditorium ne-
arly fully occupied. Great excitement was generated by
the several stations which dealt with the Large Binocular
Telescope. Practical demonstrations, for example on in-
frared observations, adaptive optics, data analysis, and
space-bound observations, also were attended with gre-
at interest.

An additional magnet for the public was the MPI
station for nuclear physics which dealt with high en-
ergy astrophysics. Due to routine construction, the
MPIK could not open the entire building to the public.
Unceremoniously, they decided to appear as guests on
MPIA’s premises.

Sufficient informational material to take home was
also provided and each visitor had the opportunity to
purchase T-shirts, cups, or posters. Naturally, the physi-
cal well being of our guests was also provided for.

As with similar events, the Night of Science was on-
ly a success because of the dedication of numerous em-
ployees —not a requirement for a Saturday night. Even

Fig. V.2.1: Full house at the MPIA during the Night of Science fed
the typically high demand for informational material.
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Fig. V.2.2: The visitors, curious to obtain new knowledge, were
happy to receive explanations on complex technologies such
as the inferometer.

Fig. V.2.3: Even the last lecture held at one o’clock in the mor-
ning still saw the auditorium nearly fully occupied.

e

the support of the local organizations by the regional
promoters functioned very well. Thus, the bus transfer
from and to Heidelberg went without a glitch. And even
though the onslaught of citizens left all participants little
time to catch their breath, the atmosphere after a strenu-
ous eight hours was quite positive. So yet again, the ef-
fort paid off and those participating really enjoyed the
event.

Klaus Jédger
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V.3 Tuisee's Last Journey

In the 1970s the Tisee balloon telescope from Heidelberg
flew a total of 17 times into the stratosphere to obser-
ve the sky in the infrared. At that time, the research in
Heidelberg opened a new window into space. In June
2007, the device took its last journey. It was transported
from the MPIA on the Koénigstuhl to the State Museum
for Technology and Labor in Mannheim where it will be
kept for prosperity as an “original from the early age of
space astronomy”.

Since its foundation, the MPIA has been dedicated to ex-
traterrestrial research. Especially its early entry into the
related infrared spectrometry effort was of great signifi-
cance to the institute’s later development. Next to the two
photometers for the Helios 1 and 2 sun probes (lift-off
in 1974 and 1976), the THisBE (Telescope of Heidelberg
for Infrared Studies by Balloon-borne Experiments)
was developed and built together with Dornier and the
institute’s shop under the leadership of Dietrich Lemke.
In those days, observations with the balloon-borne tele-
scope offered the only possibility to observe space ob-
jects in the infrared and ultraviolet spectral ranges.

With such a research balloon, it’s possible to carry te-
lescopes and equipment weighing up to 400 kilograms
into altitudes as high as 40 kilometers. There, 99.7 per-
cent of the earth’s atmosphere lies below the balloon and
thus observations in the ultraviolet and infrared become
possible. Four telescopes with openings of 6 to 20 centi-
meters were built in the MPIA’s workshop and were used
on the THISBE.

THisBE climbed into the stratosphere from Meppen im
Emsland for the first time in September 1969 —in those
days still just for test journeys. With a 50 000 cubic meter
large hydrogen-filled plastic balloon, the instrument was
able to reach a height of 25 kilometers, then parachut-
ed after a two and a half hour flight into the Liineburger
Heide.

The entire flight program that lasted up to ten hours,
was stored on punched tape and ran automatically guided
by a quartz clock. At the earth station, the measurement
data were sketched with a recording stylus in real time
and stored for final analysis on magnetic band tape.

Most flights took place in the 1970s with helium-filled
balloons in Texas—the first two during the autumn of
1971. After up to ten hours of observation in the stratos-
phere, the balloon telescope would parachute to earth and
would be recovered. The landing was moved to very thinly
populated areas several hundred kilometers from the star-
ting point. Many of these recoveries in the snake-infested
swamp regions of the American Southeast turned out to
be true adventures for the Heidelberg scientists. The last
flight in October 1980 took off from Oberpfaffenhofen.

Fig. V.3.1: The THisBe balloon gondola and the infrared tele-
scope cooled with dry ice for the observation of 2.4 and 3.5 um
wavelengths shortly before take-off on August 12, 1974 at the
launch site for scientific balloon flight in Palestine, Texas.

Of special scientific significance were the first ob-
servations of the Milky Way’s central region at a wave-
length of 2.4 um, observations of the zodiacal light,
and measurements of airglow — an emission of the OH-
radical in the atmosphere. The intensive infrared radia-
tion of billions of stars, mostly cooler than our sun, was
charted in the central region of the Milky Way which is
darkened by interstellar dust. From ultraviolet and inf-
rared measurements of the zodiacal light which occurs
through the dispersion of sunlight in interplanetary par-
ticles, information on the size distribution of the dust
particles was derived. Cosmic night-sky brightness, an
important dimension in theoretical development models
of galaxies from the time of their creation, was mea-
sured in a gap of the OH airglow emission spectrum.

The experience with THiSBE tipped the scale for the
MPIA and in the 1980s it participated in building in-
frared instruments for satellites. THISBE was excellent
preparation for the IsopHOT camera which up to 1998
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operated very successfully in the European Iso infrared
satellite. With IsopHoT, the far infrared at up to 240 um
wavelength was explored for the first time. This long-
wavelength radiation is emitted from very cold cos-
mic sources that are at around — 240 degrees Celsius.
Thereafter, significant contributions were made to the
Pacs instrument on the European HERSCHEL space tele-
scope which will be launched in the coming year. MPIA
will assume a leading role in the development of two
infrared instruments for the successor to HUBBLE, the
future James-Webb Space Telescope.

Fig. V.3.2: The loading of the balloon telescope into the vehicle
of the State Museum for Technology and Labor in June 2007
at the MPIA on the Konigsstuhl in Heidelberg. Left to Right:
Klaus Barth, museum conservator, Dietrich Lemke, then the
project leader for THisBg, Wilfried Hofmann, who obtained his
PhD 30 years ago based on THisBE measurements, and Thomas
Kosche, head of collections for the museum. (Photo: S. Kresin,
Rhein-Neckar-Zeitung.

Dietrich Lemke



V.4 Honors, Prizes, and an Appointment

Eric Bell receives the Heinz Maier Leibnitz Prize

At a banquet event on 5 June 2007, the German Research
Foundation awarded, for the 30t time, the Heinz Maier
Leibnitz prize for up-and-coming scientists, worth 16,000
Euro. One of only six recipients of this award, Eric Bell
of the MPIA was honored for his “experiments seeking
to clarify how galaxies formed in the initial fluctuations
after the big bang.” The laudation acknowledged to
“achieve an international role through a skilful combi-
nation of thorough modeling preparatory work, the inclu-
sion of a multiplicity of data from different wavelength
ranges, and new cosmological observations."

Eric Bell studied physics and astronomy at the University
of Glasgow and received his doctorate at the University
of Durham (UK). Thereafter, he worked as scienti-
fic assistant at the University of Arizona. In 2002, he
joined the MPIA where he initiated the European Union
Research Training Network for “Spectroscopic and
Imaging Surveys for Cosmology”. In 2006, Eric Bell
founded, within the frame of the DFG’s Emmy-Noether
program, a group of up-and-coming scientists who were
focused on how large galaxies develop.

The development of galaxies over a cosmological-
ly long period of time can be followed, for example, on
the basis of its total mass and luminosity. However, mea-
sured brightness is only an insufficient indicator for the
total stellar mass. The reason for this is that, compared
to old stars, young stars radiate much more light per stel-
lar mass unit. The result, for instance, can be that two
galaxies’ stellar masses can differ from each other by a
factor of ten in terms of luminosity.

Bell developed a method through which stellar masses
in the middle of galaxies can be established with a 30
percent uncertainty. For this, it is necessary to record the
galaxies in varying spectral ranges. This method and the
resultant processes have very quickly become standards
in astronomy.

Through this process, modern inquires can be re-exa-
mined. Thus, it was assumed that mass-rich galaxies stea-
dily grew through mergers with other galaxies. It was un-
clear, however, whether this process continued until today
or whether mass-rich galaxies completed their formation
long ago and steadily aged up until now. Bell and his col-

Fig. V.4.1: Eric Bell at the DFG’s Heinz-Maier-Leibnitz Prize
award ceremony on June 5 in the Bundeskunsthalle in Bonn.
He is being congratulated by DFG President Matthias Kleiner
(right) and Federal Minister of Research, Annette Schavan.
(Photo: DFG)

leagues were able to prove that mass-rich galaxies had not
created new stars during the past eight billion years (the
current age of the universe being estimated at 13.7 billion
years). On the other hand, the research showed that the
number of mass-rich galaxies today is significantly grea-
ter than it was ten billion years ago.

The growing number of mass-rich galaxies in the
“second half” of the “universe’s evolution” is signifi-
cant. According to current theories, growth through mer-
ger is important especially for mass-rich galaxies and it
is an immediate consequence of the gravitational effect
of dark matter. Bell defends the thesis that this increase
in the number of mass-rich galaxies is likely caused by
merging galaxies.

Two decisive questions still remain open and are the
main priority for further research. First, Bell would like
to attempt to obtain a more exact understanding of the
rate at which galaxies are merging. This would provide a
reference point for the distribution of dark matter.

Second, current theory predicts that galaxies can also
grow through the cooling of gasses. Observations do not
support this. Why is that the case? Bell and colleagues
want to compare the characteristics of mass-rich galaxy
populations with models of galaxy formation and evolu-
tion. In this way they hope to obtain insight into the con-
ditions under which a cooling of gasses is suppressed.

Henrik Beuther receives the Astronomical Society's
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Ludwig-Biermann Prize

Since 1989, the Astronomy Foundation has been awar-
ding the Ludwig Bierman sponsorship prize worth 2500
Euro. The award was named after the founder and first
director of the Institute for Astrophysics in Garching
and was conceived as a travel sponsorship for outstan-
ding young astronomers. In 2007 the prize was awarded
to Henrik Beuther for “his important observations and
original contributions to understanding the creation of
massive stars”. Beuther was the first astronomer from
Heidelberg to receive this prestigious prize.

Henrik Beuther studied physics at the University of
Cologne and received his PhD at the Max-Planck Institute
for radio astronomy in Bonn for his studies on the early
stages of the formation of massive stars. Thereafter, he
did his postdoctoral work there and as a DFG Emmy-
Noether fellow at the Harvard-Smithsonian Center for
Astrophysics in the US. Since September 2005, he has
been heading the MPIA’s Emmy-Noether group which
primarily studies the early phases of massive star for-
mation. Many questions still remain unanswered in this
research area. For example, it remains unclear whether
the most massive stars are formed through similar ac-
cretion mechanisms as low mass stars or whether other
processes, such as the merging of proto-stars, become
important.

Henrik Beuther is approaching these questions from
different directions and is directing his focus on the fol-
lowing points: What are the characteristics of massive
accretion disks, what is the influence of the high-mass
star formation regions’ initial fragmentation, what ty-
pe of dust and gas chemistry is involved in star forma-
tion regions, and what role does gas outflow and infall
play in a star and/or in its circumstellar disk? In 2006,
Beuther generated attention particularly through his ob-
servations of accretion disks of mass-rich, young stars
(see Annual Report 2006, p. 32).

Fig. V.4.2: Ludwig-Biermann Prize recipient Henrik-Beuther.

Gerhard Hensler read the statement of praise at the
award ceremony. It read in part: “Henrik is well respected
internationally and has an impressive list of publi-
cations where he is predominantly the first author... The
Astronomy Foundation hopes to provide a small contri-
bution to Henrik’s future by awarding him the Ludwig-
Biermann sponsorship prize. But, most importantly, the
award emphasizes the excellence of his research.”
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Anders Johansen, Boris Haussler, and Konrad Tristram
receive the Ernst Patzer Prize

The Ernst Patzer prize to sponsor up-and-coming sci-
entists is financed from by the scientific Ernst Patzer
Foundation which was established by the widow of the
philosopher and art lover, Ernst Patzer. This foundation
has set itself the goal to financially encourage and sup-
port science and research, primarily in the field of as-
tronomy. It awards its sponsorship prizes to young ma-
le and female MPIA scientists. The best peer-reviewed
publications of an up-and-coming male or female scien-
tist during the PhD or post-doc phase are honored. The
examination of the submitted suggestions is done by a
selection board which consists of two MPIA scientists
and one third party scientist. The three laureates for 2007
each received 2000 Euro.

Anders Johansen received the award for his work titled
“Rapid planetesimal formation in turbulent circumstel-
lar disks” (Johansen et al., Nature 2007, 448, 1022) (see
Chap. I1.3). There, Johansen describes a new scenario in
our understanding of the formation of planetesimals and
small planets out of small stone lumps. Johansen showed
that the gravitational accretion of stone lumps in turbu-
lent eddies can take place at a high level of acceleration.

Only the application of new software allows for the
calculation of the movement of such lumps in turbulent
accretion disks. Johansen played a crucial role in the fur-
ther development of the pencil code which solves on a
numeric grid the magneto-hydro-dynamic equations for
a gas which can interact with smaller particles. It was
only thanks to the development of a parallel solver that
the gravitational accretion of dust lumps could be cap-

Fig. V.3.3 a-c: The winners of the Ernst-Patzer Prize: Anders
Johansen, Boris Héussler and Konrad Tristram (L fo R).

tured quantitatively. This work opened new possibilities
in the understanding of how planetesimals and small pla-
nets form.

Boris Héussler obtained the Patzer Prize for his work
titled “Gems: Galaxy fitting catalogues and testing para-
metric galaxy fitting codes: Garrr, GIM2D” (Héussler
et al., Astrophysical Journal). For his research he took up
an extremely important technical problem in the study of
the cosmological development of galaxies: The systema-
tic examination of different algorithms for the analysis of
galaxy images on CCD images of the HUBBLE space tele-
scope. Without this examination, one would not be able to
understand whether the observed development in the gala-
xy populations was real or whether it resulted from selec-
tion and analysis effects. Through his systematic examina-
tion, Hiussler created the technical foundation on which
scientific studies on the development of galaxies stand
within the frame of the Gewms (Galaxy Evolution from
Morphologies and Spectral Energy Distributions) project.

His publication is the result of a systematic approach
and very time-consuming work. In it he also provides
practical suggestions for data analysis which will be very
helpful for other scientists working in this field.

Konrad Tristram was recognized for his work “Resolving
the complex structure of the dust torus in the active nu-
cleus of the Circinus galaxy” (Tristram et al., Astronomy
and Astrophysics, in press). In his work, he presents the
first direct measurement of the long postulated hot gas
torus which surrounds an active galactic nucleus of the
near Seyfert-2 galaxy, Circinus. A new method of infe-
rometric observation in the mid-infrared was used to ob-
tain this important information on the structure of dust
distribution. This method’s breakthrough lies especial-
ly in the successful observation with multiple base lines
of the Very Large Telescope Interferometers in combina-
tion with the Mip1 instrument. Mip1 was developed and
built under the direction of the MPIA.
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To interpret these excellent data, a new modeling me-
thod was developed. This made it possible to take full
advantage of the data set’s complete information con-
tent. Thus the spatial distribution of two dust componen-
ts could be ascertained. Furthermore, Tristram found in-
dications that the torus itself did not have a homogenous
structure but that it rather consisted of individual clumps.
The result was of great significance for understanding ac-
tive galactic nuclei.

Fabio Fontanot receives the Tacchini Prize of the Italian
Astronomical Society

The Italian Astronomical Society annually awards the
prize to the writers of the five best Italian PhD theses in
physics. The prize is named after Pietro Tacchini (1838 —
1905) who was the founder of the Italian Society of
Spectroscopists (Societa degli Spettroscopisti Italiani).
In 2007, Fabio Fontanot was recognized for this PhD the-
sis “Multiwavelength approach to the joint formation
and evolution of galaxies and AGN".

Fabio Fontanot studied physics as the University of
Triest where he also received his PhD. Since May 2006,
he has been working at the MPIA as a post doctoral can-
didate on distant quasars and the development of AGN
and massive galaxies.

In his PhD thesis, he examined the mutual deve-
lopment of active galactic nuclei (AGN) and galaxies
whereby he incorporated both observations as well as
models. The experimental part of his work relies on the
Goopbs survey of the universe which was conducted with
the Spitzer, HUuBBLE, CHANDRA and XMM-NEWTON space
telescopes. This data set aided in the search for high
redshifted quasars and for the evaluation of their nume-
rical density. Fontanot could show, for example, that at
redshiftings between z = 5.2 and z = 3.5, the quasars alo-
ne could not be responsible for the complete ionization of
the intergalactic medium.

Fig. V.3.4: Fabio Fontanot, Tacchini Prize recipient.

In the second part of his thesis, Fontanot presented a
new model named GALRISE with which he was able to si-
mulate the mutual development of galaxies and AGN. Of
significant importance here was the inclusion of feed-
back mechanisms such as the accretion of material on
a super-massive black hole and the creation of a super
wind driven by the black hole’s radiation and by stellar
radiation. These formation scenarios can explain the re-
lationship between the masses of the black holes in the
centers of active galaxies and the star bulges surroun-
ding them.
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Benjamin Moster receives the University of Heidelberg
Otto Haxel Prize

For several years now, the Department of Physics and
Astronomy at the University of Heidelberg awards the
Otto Haxel Prize. Each semester, the prize honors an out-
standing thesis in theoretical and experimental physics.
In 2007, MPIA's Benjamin Moster received the 500 Euro
award for his research of galaxy halos and the cluste-
ring of galaxies at high redshiftings.

The goal of the work was the examination of a relation-
ship between the stellar mass of galaxies and the masses
of dark matter halos in which these are located. Moster
approached the problem through N-body simulations.
He then compared the results for the relationships of the
star to halo masses with semi-analytical calculations.
The results were able to simulatet the SDSS observatio-
nal data well. Thereafter the star halo mass relation was
used in order to derive predictions regarding for other
more distant galaxies. One of the results is that the rela-
tionship of the masses in the stars of one galaxy to the
masses of the surrounding halo should decrease toward
larger redshifts. Put another way: The dark matter halos
dominated the total mass of the galaxies more than they
do today.

Fig. V.3.5: Benjamin Moster, Otto-Haxel Prize recipient.

Sebastian Wolf accepts an appointment at the
University in Kiel

During the reporting year, Sebastian Wolf was appoin-
ted to a W2 professorship at the University in Kiel. Wolf
wants to dedicate himself there to the study of star and
planetary formation. The focus of his research will be
on numerical simulations and the observation of circum-
stellar disks.

Since 1997, Sebastian Wolf has been working at the state
observatory in Thuringia. There he developed a method
with which radiation transportation can be particularly ea-
sily and quickly treated numerically in any three-dimen-
sional dust configuration. At the same time at the Eso on
La Silla he observed circumstellar disks around binary
stars. Within the framework of his doctorate, he then ap-
plied the theoretical models, inter alia, to these dust disks
and made predictions on the polarization of the dispersed
light. During this time he thus gathered experience both
in theoretical and observational astronomy which was of
great advantage for his current appointment.

After research visits at the MPIA, the Jet Propulsion
Laboratory where he participated on the SpiTzER space
telescope’s legacy program, and the California Institute of
Technology, he joined the MPIA as the head of an Emmy-
Noether group. The DFG sponsored his working group,
which included a PhD and a post doctoral candidate, for
four years. After deepening his studies on protoplanetary
disks by applying high spatial high resolution observation
methods, he was able to join the MaTISSE interferometry
project as a project scientist (see Chap. IV.2).

Fig. V.3.6: Sebastian Wolf, in front of the MPIA building.
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Within the scope of the Emmy-Noether program, the
purpose of the grant is also to reach the “qualification
of a university teacher” —as it’s known to be said at the
DFG. Sebastian Wolf took advantage of this opportuni-
ty: Since January 2008 he is a Professor at the University
in Kiel.

Markus Possel receives the Hanno and Ruth Roelin
Prize for Scientific Journalism

At the annual meeting of the Astronomy Society in 2007 in
Wiirzburg, Markus Pdssel from the Max Planck Institute
for Gravitational Research (Albert Einstein Institute) in
Golm received the Roelin Prize for scientific journalism.
The prize is in the amount of 3000 Euro and is awarded by
the Max Planck Institute for Astronomy. A jury of scien-
tists and science journalists makes the selection.

The Hanno and Ruth Roelin Prize recognizes a sci-
ence journalist who has been particularly successful
in conveying new insights in astronomy and space re-
search to a wide audience (see Annual Report 2005,
Chap. V.11). Markus P&ssel who was honored in 2007
(born 1972) received his PhD from the Max-Planck
Institute for Gravitational Research in 2003. His the-
sis discussed “Hidden Symmetries in Five-dimensional
Super-Gravitation”. At the time of the award, he was
working at the institute as a scientist focusing on the ba-
sics and the conveyance of the general theory of relativi-
ty. Currently he is Senior Science Advisor to the World
Science Festival which will take place in New York at the
end of May 2008.

Just in time for the Einstein Year 2005, Possel had the
idea of creating a generally accessible online portal for
the theory of relativity. Since then, »Einstein Online«
has developed to a wide platform in which 17 renowned
universities and research institutes are participating. The
portal comprises around 500 text pages in German and
English and more than 200 images and animations which
bring visitors closer to the fundamentals and applications
of the theory of relativity. It was released in January 2005
and had 800 000 hits worldwide by the Fall of 2007.

At the same time, Markus Possel published in re-
nowned magazines and newspapers numerous general-
ly accessible texts on the theme of relativity theory in-
cluding in the book “The Einstein Window: a Journey
through Space-Time”.

Fig. V.3.7: Markus Possel

And finally, Markus Pd&ssel published texts and con-
ceived interactive experiments for various exhibitions
during the Einstein Year. Worth a special mention is his
collaboration in the large exhibition “Albert Einstein —
Engineer of the Universe” which attracted 130000 vi-
sitors in 2005 in Berlin. He was significantly involved
in the conception, planning, and implementation of the
“Einstein World Today* part of this exhibition in which
current developments in relativity theory were presen-
ted and for which he also wrote exhibition and catalo-
gue texts.

His scientific competence and the breadth of the mul-
timedia approach provided the jury with the impetus to
aware the 2007 Hanno and Ruth Roelin Prize for scienti-
fic journalism to Markus Pdssel.

Jakob Staude



V.5 A Researcher’s Enthusiasm Infects his Students

A conversation with Willy Benz, the new external scientific member

Willy Benz, professor at the University of Bern, was ap-
pointed in 2007 as an external scientific member of the
MPIA, making official a partnership that has existed
for a long time between him and astronomers from
Heidelberg. In the coming years his research will fo-
cus on planetary formation. In this conversation, Benz
explains his research, his attitude toward the unity of
research and lecturing, and his future plans for collabo-
ration with the MPIA.

Question: What are you working on right now with your
colleagues?

WB: At the Institute of Physics at the University of Bern,
we concentrate on the formation and development of pla-
netary systems, especially our own. Among us is a group
which builds measurement instruments for space probes:
An instrument packet from the University of Bern is cur-
rently flying in the RoserTa comet probe. In contrast, my
own group’s work is theoretical. For example, we have
conducted much research on the formation of extrasolar
gas planets and also of the moon. In doing so, we have
simulated the collision of the young earth with a body
the size of Mars.

You have been recently pursued the question whether
Mercury was the target of such a direct hit during its
formative period. What motivated you to do this?

WB: Mercury has a special position in the solar system
because it is 70 percent iron. Some scientists explain
this by saying that part of its rocky mantle vaporized.
The alternative we are examining assumes that Mercury
was hit in its early stages by a body and that it lost a
part of its mantle in the process. It is interesting that
both models make varying predictions about the che-
mical composition of the mantle. For this reason we are
also very interested in the results of the MESSENGER and
BepiCoLomBO Mercury probes. It is naturally a shame
that, for cost reasons Esa cancelled the initial plan of in-
cluding a landing probe on BepiCoLOMBO.

Although you are a theoretician, you recently ap-
peared as curator to a much admired publication by
Michel Mayors’ group, who discovered a star with three
Neptune-sized exoplanets. How did this come about?

WB: Michel Mayor was my PhD advisor. As Mayor was
thinking about the HARrPs instrument, I helped him with

the grant application. Since then, Bern has belonged to
the Harps working group.

Harps is a high-resolution spectograph assisting in the
search for exoplanets on Eso’s 3.6 m telescope on La
Silla.

WB: That’s correct. At the end of the 1990s, no one in
Switzerland had built an instr