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1 General Information

1.1 A brief history of the MPA

The Max-Planck-Institut für Astrophysik, called
the MPA for short, was founded in 1958 under the
directorship of Ludwig Biermann. It was first es-
tablished as an offshoot of the Max-Planck-Institut
für Physik, which at that time had just moved from
Göttingen to Munich. In 1979, after the headquar-
ters of the European Southern Observatory relo-
cated to Garching, Biermann’s successor, Rudolf
Kippenhahn, moved the MPA to its current site.
The MPA became fully independent in 1991. Kip-
penhahn retired shortly thereafter and this led to a
period of uncertainty, which ended in 1994 with the
appointment of Simon White as director. The sub-
sequent appointments of Rashid Sunyaev (1995)
and Wolfgang Hillebrandt (1997) as directors at
the institute, together with adoption of new set
of statutes in 1997, allowed the MPA to adopt a
system of collegial leadership by a Board of Di-
rectors. This structure has now been in place for
ten years. The Managing Directorship rotates ev-
ery three years, with Simon White the incumbent
for the period 2006-2008. The institute has three
external Scientific Members: Rolf Kudritzki, Ric-
cardo Giacconi and Werner Tscharnuter.

The MPA was founded as an institute for the-
oretical astrophysics. Its initial mission was to
develop the theoretical concepts needed to under-
stand the structure and evolution of stars, the dy-
namics of magnetised interstellar media and other
hot plasmas, the properties of relativistic parti-
cle populations, and the transition probabilities
and cross–sections important for astrophysical pro-
cesses, especially in rarified media. These efforts
led to a variety of international collaborations and
complemented the observational and instrumental
activities carried out in other Max-Planck insti-
tutes. Since its foundation, the MPA has also had
a concentration in numerical astrophysics that is
unparalleled in any other institution of similar size.

In recent years, activities at the MPA have di-
versified and now include a wide range of data
analysis and interpretation activities as well as
purely theoretical or numerical work. Resources
are channeled into specific areas where new instru-
mental or computational capabilities are expected

to lead to rapid developments. Active areas of cur-
rent research include stellar evolution, stellar at-
mospheres, accretion phenomena, nuclear and par-
ticle astrophysics, supernova physics, astrophysical
fluid dynamics, high-energy astrophysics, radiative
processes, the structure, formation and evolution
of galaxies, gravitational lensing, the large-scale
structure of the Universe and physical cosmology.
Several previous research areas (solar and solar sys-
tem physics, the quantum chemistry of astrophysi-
cal molecules, General Relativity and gravitational
wave astronomy) have been substantially reduced
over the last decade.

Various aspects of the MPA’s structure have his-
torical origins. Its administration (which is housed
primarily in the MPA building) is shared with the
neighboring, but substantially larger MPI für ex-
traterrestrische Physik. The library in the MPA
building also serves the two institutes jointly. The
MPA played an important role in founding the
Max-Planck Society’s Garching Computer Centre
(the RZG; the principal supercomputing centre of
the Society as a whole). As a result, 10 posts at
the computing centre, including that of its director
and several other senior figures, are formally part
of the MPA’s roster. These posts are managed in-
dependently by the computing centre and by its
governing bodies in consultation with the MPA.
This arrangement has worked well and as a result
a close working relationship is maintained between
the MPA and the RZG.

1.2 Current MPA facilities

The MPA building itself is a major asset for its
research activities. It was specially designed by
the same architect as ESO headquarters, and the
two buildings are generally considered as impor-
tant and highly original examples of the architec-
ture of their period. Although the unconventional
geometry of the MPA can easily confuse first-time
visitors, its open and centrally focused plan is very
effective at encouraging interaction between scien-
tists (for example at the now traditional morning
“scientific coffee”) and makes for a pleasant and
stimulating research environment.
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4 1. General Information

Library

The library is a shared facility of the MPA and
the MPE. The fact that it has to serve the needs
of two institutes with differing research emphases
– predominantly theoretical astrophysics at MPA
and observational/instrumental astrophysics at the
MPE – explains its size. At present the library
holds about 22000 books and conference proceed-
ings, reports and observatory publications and it
holds subscriptions for about 200 journals and
manages online subsriptions for about 400 period-
ical. In addition the library maintains an archive
of MPA and MPE publications (monographs, re-
ports, periodicals), two slide collections (one for
MPA and one for the MPE), and it stores copies
of the Palomar Observatory Sky Survey (on photo-
graphic prints) and of the ESO/SERC Sky Survey
(on film).

The MPA/MPE library catalogue includes
books, conference proceedings, periodicals, re-
ports, observatory publications, doctoral disserta-
tions, habilitation theses and links to other online
publications. This catalogue and the correspond-
ing catalogues of other MPI libraries on the Garch-
ing campus and elsewhere are accessible online via
the internet from the library and from every of-
fice terminal or PC. Internet access to other bib-
liographical services, including electronic journals
and the SCI, is also provided.

Additional technical services such as several PCs

and terminals in the library area, copy machines, a
microfiche reader/printer, a bookscanner, two laser
printers, and a fax machine are available to serve
the users’ and librarians’ needs.

In 2003 the ”General-Verwaltung” (GV)
launched the “Edoc” system in which all insti-
tute publications (MPA and MPE) are archived
electronically and made accessible internally from
the library homepage. The administration and
maintenance of this system is carried out by the
library staff (e.g. about 900 publications in 2006).
The institute’s library also takes part in the
“VLib” (Virtual Library) project of the GV, which
is the general information portal of the MPG
providing a common surface under which various
scientific information resources become available.

Computational facilities

Because of the heavy emphasis on numerical astro-
physics at MPA, the provision of suitable comput-
ers and network connections is a critical element in
achieving the institute’s scientific goals. In practice
computing needs are satisfied by providing both ex-
tensive in-house computer power and access to the
supercomputers and the mass storage facilities at
computing center Garching (RZG). The RZG and
MPA try to coordinate their development plans to
ensure continuity in the working environment ex-
perienced by the users. Several MPA mid-range
computers are housed and operated at RZG.
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The philososphy of MPA’s computer system is
to achieve the following requirements:

• every user has full access to all facilities needed

• scientific necessity is the driver for new acqui-
sitions

• desktop PCs are provided for everyone, run-
ning under one operating system (Linux) and
a fully transparent file and software system

• full data security due to multiple backups

• highest system security due to choice of oper-
ating system and firewalls

• fully redundant resources

• no maintenance or system tasks by users
needed

With this approach MPA is achieving virtually
uninterrupted, continuous service. Data loss over
the past few years is below the detection limit, and
duty cycles are well beyond the 99% level. Since
desktop PCs are not personalized, hardware fail-
ures are quickly repaired by a complete exchange
of the computer.

In addition to the desktop systems, of which
none is older than four years and which (in 2006)
amount to more than 140 fully equipped working
places, users have access to central number crunch-
ers (64-bit Opteron architecture), mainly through
a batch system. The total on-line data capacity
is beyond 100 Terabyte, individual user disk space
ranges from 1 GB to 1 TB, according to scientific
need.

All MPA scientists and PhD students may also
get a personal laptop for the duration of their pres-
ence at the institute. These and private laptops

may be connected to the in-house network, but to
a subnet which is separated from the crucial sys-
tem components by a firewall. In addition to the
standard wired network (Gb capacity up to floor
level, and 100 Mb to the individual machine), ac-
cess through a protected WLAN is also possible.

The basic operating system relies on OpenSource
software and developments. The Linux system is
an in-house developed special distribution, includ-
ing the A(dvanced) F(ile) S(ystem), which allows
completely transparent access to data and a high
flexibility for system maintenance. For scientific
work, licensed software, e.g. for data reduction and
visualization, is also in use.

The system manager group comprises two full-
time and three part-time system administrators;
users have no administrative privileges nor duties,
which allows them to fully concentrate on their sci-
entific work.

The most important resources provided by the
RZG are parallel supercomputers, a PByte mass
storage facility (also for backups), and the gate-
way to GWIN/Internet. The exchange of expert
knowledge with RZG staff and regular mutual con-
sultations are also very valuable.

In addition to the central MPA computer ser-
vices, both the Planck Surveyor project and the
SDSS group operate their own computer clusters.
Both installations are designed in a similar fashion
to the general system, and are maintained by the
MPA system managers.

1.3 2006 at the MPA

The MPA Radio Observatory

In 2006 the MPA continued to expand and to
diversify its activities. Perhaps the most dra-
matic new departure was the decision to become
directly involved in observational radioastronomy.
The Low Frequency Array (LOFAR) is a Dutch-
led project to construct an interferometer at metre
wavelengths made up of a very large number of
very simple antennas. It will be the first major
telescope where the effective beam is constructed
in software during post-processing and it will have
much larger computational requirements than tra-
ditional radio telescopes. This results in overlap
with MPA numerical expertise which complements
the project’s strong scientific overlap with MPA
interests in studying the epoch of reionisation, cos-
mic magnetism and the evolution of AGN. With
the help of a large equipment grant from the MPG
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the MPA has therefore purchased a remote LO-
FAR station, a field of antennas which will be con-
structed on 2 hectares of agricultural land in a rural
area about 50km north of Garching. This will be
one of four such stations in Germany and will al-
most double the north-south resolution of the LO-
FAR interferometer. MPA is responsible for con-
struction and operation of the station as well as for
transfer of all data (around a Gigabit/second) to
the main processing centre in Holland. The MPA
scientist in charge is Benedetta Ciardi.

How to double your PhD students

A change of a different kind in 2006, was the in-
stitution of a formal ”workshop” to interview ap-
plicants for PhD places at MPA. This became nec-
essary because of the increasing number of appli-
cations coming through the very successful Inter-
national Max Planck Research School on Astro-
physics which MPA runs jointly with MPE, ESO
and the LMU Observatory. The enormous diver-
sity in nationality and background of the appli-
cants makes it very difficult to assess their abilities
”on paper” so the MPA WIR (the science faculty)
decided to make a long shortlist and then to invite
all candidates to visit at the same time. This al-
lowed us to assess them personally, and allowed the
applicants to learn about the institute and about

possible PhD projects. In the end about 25 stu-
dents came to the workshop, which produced such
a high level of enthusiasm on the two sides that
more than half the shortlist ended up being offered
and then accepting a PhD post. Together with
a few students coming in through the more tradi-
tional routes, this resulted in 19 new PhD students
arriving at the beginning of the 2006/2007 aca-
demic year, more than twice the MPA’s previous
average annual student intake. This remarkable
success was not lost on the other IMPRS institutes
and it was decided to carry out a similar exercise
jointly for all the IMPRS institutions in 2007.

Biermann Dynamics thanks to
Alexander von Humboldt

2006 was the tenth year of the Biermann Lec-
ture series at MPA. As in previous years we were
lucky to be able to persuade an outstanding theo-
retical astrophysicist to spend time at the institute
and to give a series of three lectures aimed at a
broad astronomical audience. This year’s lecturer,
Scott Tremaine, spent considerably more than the
usual month in Germany, taking advantage of a
Humboldt Research Award to support an extended
sabbatical leave in Munich. As a result, MPA staff
and students were able to interact with Scott not
only around the time of the Biermann Lectures,
which, as in past years, filled the MPA lecture hall
to capacity, but also at scientific coffee and a vari-
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ety of other functions over a full 6-month period.
Students at other institutions will also benefit from
this stay since Scott used the time to finish a new
edition of his famous Stellar Dynamics textbook
with James Binney; the manuscript was sent to
the publishers the week before the end of his stay.
He came to the MPA soon after stepping after a
number of years as the Chair of the Princeton De-
partment of Astrophysical Sciences, and he left to
take up a new position as John Bahcall’s succes-
sor at the Institute for Advanced Study. The MPA
and the AvH Foundation thus helped to smooth a
transition which may be more dramatic than the
distance between the institutions would suggest.

Three other Humboldt awardees were also res-
ident at MPA during 2006. Alex Szalay (Johns
Hopkins University) visited several times on his
AvH Research Award and did much to promote
the institute’s involvement in Virtual Observatory
activities. Piero Madau (University of California,
Santa Cruz) is spending almost a full year on sab-
batical in Munich in 2006/2007, again supported
by an AvH Senior Research Award. He has been
interacting closely with scientists both at MPA and
at ESO. Finally, Julio Navarro (University of Vic-
toria) returned to take several additional months
from his Bessell Prize in order to continue Virgo
Consortium projects in collaboration with MPA
scientists.

International Exchanges

The numbers of international visitors at MPA have
continued to increase in 2006. Although two Marie-
Curie Research Training Networks, dedicated to
Gamma-ray Bursts and to Type Ia Supernovae,
came to an end this year, a third network dedi-
cated to Multiwavelength Analysis of Galaxy Pop-
ulations continues to be very active and is coordi-
nated from MPA (by Guinevere Kauffmann). In
addition a number of new channels have brought
increased numbers of students and postdocs to
the institute. In particular, the EU-funded Latin-
American-European Network for Astrophysics and
Cosmology (LENAC) is currently bringing around
10 South American students to the MPA each year
for stays of between 2 and 6 months, and Marie-
Curie Early Stage Training funds are bringing an-
other 4 or 5 students from the EU and elsewhere for
stays of similar length under a grant made to the
European Association for Research in Astronomy
(EARA, this association links MPA with major as-
tronomy institutes in five other European coun-
tries). Bilateral postdoc exchange agreements be-

tween MPA and the Kavli Institute for Theoretical
Physics (Santa Barbara), the Canadian Institute
for Theoretical Astrophysics (CITA) and the Cen-
ter for Astrophysics (Cambridge, MA) have also
led to visits in both directions during the year.

The links between MPA and chinese astronomy
continue to be strong despite the retirement in May
2006 of Gerhard Boerner, the founder and tireless
supporter of these very fruitful exchanges. The
original MPA partner group at the Shanghai As-
tronomical Observatory, led by Yipeng Jing, came
to the end of its 5-year term in 2005, and 2006
saw the start of follow-on activity which was again
supported by the Max Planck Society in recogni-
tion of the productivity of this Sino-German col-
laboration. Exchange visits in both directions con-
tinue, a joint workshop was held in Shanghai in
autumn 2006, and this year also saw the appoint-
ment of the first postdocs to a joint programme
in which the holders work on joint projects be-
tween the institutes and spend approximately half
their time in each country. A new MPA Partner
Group was also established at SHAO in 2006 un-
der the leadership of Xiahou Yang; this group will
work on hydrodynamical simulation of galaxy for-
mation/evolution. The principal collaborating sci-
entist at MPA is Volker Springel.

Public Outreach

The public outreach work at the MPA includes a
very broad range of activities. Our scientists are
involved in teacher education, they present public
talks as well as lectures to school classes, they su-
pervise undergraduates and high school students
on small research projects and during internships,
they guide tours groups through the institute (in-
cluding architecture classes), they write articles for
popular science magazines, and they act as inter-
view partners for newspaper and television jour-
nalists.
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One of the highlights of this year’s public out-
reach was the participation of MPA in a sci-
ence exhibition on the Marienplatz and Marien-
hof in downtown Munich. This event was orga-
nized by the initiative “Wissenschaft im Dialog”
and was supported by the Federal Ministry of Ed-
ucation and Science as part of the “Science Sum-
mer” in the “Year of the Computer Sciences”. On a
big plasma screen MPA presented high-resolution
movies of cosmic evolution and of supernova explo-
sions. About 60000 visitors enjoyed the events at
various places in central Munich.

Another outreach highlight in 2006 was an Open
House on Sunday, October 15, when the whole
Garching Campus celebrated the opening of the
underground link to central Munich after sev-
eral years of disruptive construction work. The
MPA offered its roughly 1000 visitors a program
of hourly talks, continuous slide and poster shows,
our “Cosmic Cinema” multi-media presentation of
science movies, the “astro consultation” in the cof-
fee corner, and the possibility to observe the sun
in Hα using a 20 cm telescope on the roof ter-
race of the institute. A real crowd puller was
our Kindertag, a special program organized both
for teenagers and for younger children. While
kids aged 10–16 could enjoy themselves with as-
trogames and a computer quiz, kids between 5 and
10 had a lot of fun building and launching rock-
ets and hot air balloons, manufacturing a “rainbow
box” in which light was expanded into its spec-
tral colors, and experiencing the phase transition
of sublimating “Martian” (dry) ice.

1.4 How to reach us

• Postal address:

MPI für Astrophysik
Postfach 13 17
D-85741 Garching
Germany

• Telephone (country code 49):

89-30000-0 (switchboard)
89-30000-2214 (secretary)
89-30000-2235 (FAX)

• Electronic address:

e-mail:
user-id@mpa-garching.mpg.de

(initial + last name
will reach most people,
e.g. mdepner for Maria Depner)

World Wide Web:
http://www.mpa-garching.mpg.de
anonymous ftp:
ftp.mpa-garching.mpg.de

• MPA (reference) library:

phone: +49-89-30000-2305/6
FAX: +49-89-30000-2378
email: lib@mpa-garching.mpg.de
URL: http://www.mpa-garching.

mpg.de/libris.html
homepage: only local access



2 Scientific Highlights

2.1 Magnetic fields in stellar
core collapse

At the end of their thermonuclear evolution the
inner cores of stars of initially more than 8 solar
masses collapse within a few 100 milliseconds from
a radius of a few 1000 kilometers to several tens
of kilometers. The core, reaching densities which
exceed those of atomic nuclei, transforms into a
proto-neutron star. When the collapse of the core
is halted by repulsive nuclear forces a very ener-
getic shock wave forms near the core’s edge. How-
ever, within a few ten milliseconds this prompt hy-
drodynamic shock wave stalls due to severe energy
losses. According to the current paradigm, the
stalled shock is revived after the post-shock layers
of the core have been energized for several tenths of
a second by neutrinos diffusing out of the central
core. The neutrinos produced by the continuing
neutronization of the core carry away the gravi-
tational binding energy of the stellar core. The
revived shock eventually blows off the stellar man-
tle and envelope yielding a supernova explosion.
The details of this explosion mechanism are not
yet fully understood. Besides the neutrino-matter
reactions, convection and hydrodynamic instabili-
ties are thought to play an important role.

Additional physical processes which are possibly
important for core collapse and supernova explo-
sions involve rotation and magnetic fields. Obser-
vations show that the surface layers of most mas-
sive stars rotate quite rapidly. If these stars retain
their angular momentum until core collapse, and
if a significant amount of this angular momentum
will be concentrated in the stellar core, it will mod-
ify or even completely alter the dynamics of the su-
pernova explosion. Although one does not expect
that these requirements are fulfilled for all core col-
lapse supernovae, they may hold for a small subset
of ”exotic”supernovae (about one in ten thousand),
which are probably related to the phenomena of
gamma-ray bursts. Concerning the strength and
topology of the magnetic fields of massive stars the
observational situation is even less clear. Prior to
collapse the magnetic field strengths of stellar cores
are probably intermediate between those of magne-
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Figure 2.1: Magnetic energy density distribution (color
coded), magnetic field lines, and flow field (vectors) of one
of our core collapse models. Strong shearing motions lead
to a complex magnetic field structure.

tized white dwarfs (∼ 106 Gauss) and neutron stars
(∼ 1012 Gauss). Although fields of this strength
are dynamically unimportant for stellar cores (be-
cause of their high pressure), differential rotation
and convection can considerably amplify the initial
”seed” magnetic field during core collapse and in
the subsequent neutrino heating phase. Once the
initial field has become sufficiently strong, it will
also modify or even completely alter the dynamics
of the explosion. Whether this indeed occurs de-
pends on the amount of differential rotation of the
core, the initial strength of its magnetic field, and
the rate and amount of field amplification.

In order to study the possible combined effects
of rotation and magnetic fields, we performed ax-
isymmetric magneto-hydrodynamic numerical sim-
ulations using a simplified collapse model. We ne-
glect neutrino transport entirely, use a simple ap-
proximation to the complex equation of state de-
scribing the thermodynamic conditions in the stel-
lar core, and start our simulations with simplified

9
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initial stellar models (polytropes). As the state of
rotation and magnetization of the pre-collapse core
is still uncertain, both from observations and the-
ory, we performed a parameter study varying both
uncertain parameters. Compared with theoretical
expectations and observational constraints we have
considered quite rapidly rotating and very strongly
magnetized initial models in our exploratory study,
as only such extreme models give rise to signif-
icant changes in the collapse dynamics. On the
other hand, our models cannot handle field ampli-
fication by the magnetic dynamo process due to
the assumption of axisymmetry. Thus, we under-
estimate the amount of amplification of the core’s
initial magnetic field strength, which we compen-
sate for by choosing stronger initial fields.

The approximations made in our study, in par-
ticular the missing treatment of the neutrino trans-
port, limit its validity to the collapse phase and the
immediate post-collapse evolution (up to a few tens
of milliseconds past core bounce). Thus, instead
of investigating the details of the neutrino driven
explosion mechanism, we focussed on the modifica-
tions of the global dynamics of the explosion due
to magneto-rotational effects.

In our models, the seed magnetic fields are am-
plified by a number of processes:

1. During collapse, the magnetic field is com-
pressed along with the matter. This leads to
an increase of the field strength by a factor of
several hundreds or thousands.

2. During collapse, the core spins up due to angu-
lar momentum conservation, leading to faster
and more differentially rotating core. By the
process of winding the magnetic field strength
grows linearly with time, the increase of mag-
netic energy being supplied by the energy
available in form of differential rotation. In
contrast to amplification by compression, this
mechanism changes the topology of the mag-
netic field, transforming the initial dipole mag-
netic field into a predominantly toroidal one.

3. A differentially rotating magnetized fluid can
be unstable against the so-called magneto-
rotational instability, which leads to a fast ex-
ponential amplification of the magnetic field.

Further processes leading to field growth, such as
a convective dynamo, are suppressed in our mod-
els by our approximations and the assumption of
axisymmetry. The above processes give rise to a
complex field topology (Fig. 2.1).
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Figure 2.2: The structure of a bipolar outflow in one of
our simulations. The ratio of magnetic to gas pressure is
grey-shaded, and the vectors display the magnitude and the
direction of the Lorentz force FL. The jet is collimated by
the magnetic field along the beam.

Once amplified sufficiently, the magnetic field
has a pronounced influence on the flow dynamics.
Its main effect is the transport of angular momen-
tum along the field lines connecting different re-
gions of the core. The magnetic field tries to en-
force a state of rigid rotation. Thus, it slows down
the central part of the core and weakens the cen-
trifugal support in these regions. Consequently,
a phase of secular core contraction occurs. The
amount and speed of this contraction depends on
the relative size of the centrifugal and pressure sup-
port of the core. Although a fairly gradual pro-
cess in cores supported mainly by pressure, it can
resemble a second collapse in cores supported pre-
dominantly by centrifugal forces. In the latter case,
the structure of the inner parts of the core is altered
considerably.

The effects of magnetic fields on the morphology
of the shock wave are similarly pronounced. In
most non-magnetized models the shock is almost
spherical. Strong magnetic fields lead to a prolate
deformation of the outflow, transforming the ini-
tially spherical shock wave into a mildly relativistic
jet-like outflow directed along the rotational axis.
The structure of this collimated outflow (Fig. 2.2)
shows similarities with features well-known in sim-
ulations of relativistic jets.
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Figure 2.3: A comparison of the gravitational wave sig-
nals of a core collapse model with an initially weak mag-
netic field (left/top) and one with an initially strong mag-
netic field (right/bottom). The corresponding spectra (solid
lines) are compared with the sensitivity curves of the LIGO
gravitational wave detector (shaded regions). Note that the
initial models differ only in the strength of their magnetic
field. The strong field model ejects a bipolar outflow, which
causes the flat part of the spectrum below 700Hz.

The modified dynamics of magnetically domi-
nated core collapse events manifests itself in modi-
fications of the gravitational wave signal emitted by
the cores. Previous investigations of rotating, non-
magnetic core collapse distinguish three basic sig-
nal types, depending on the core’s initial rotation
rate and the equation of state. Our models show a
fourth signal type, which is emitted by models un-
dergoing a secondary collapse triggered by angular
momentum transport by magnetic fields. We also
find that otherwise identical models emit different
signal types depending on whether or not they are
strongly magnetized.

A common feature observed for all models pro-
ducing a jet-like outflow is a slowly varying positive
signal amplitude during the late stages of the ex-
plosion. This distinctive gravitational wave signal
is a direct consequence of the collimated axial out-
flow.

We also computed the frequency spectra of the
gravitational wave signals of our models and com-
pared them with the sensitivity of the LIGO grav-
itational wave detector. We find that the gravi-
tational wave signals emitted by our core collapse
models can be detected throughout the Milky Way,
and that the spectral differences between magne-
tized and non-magnetized (or weak field) models
are sufficiently large to allow for their discrimina-
tion (Fig. 2.3) (Ewald Müller).

2.2 The Supernova that Made

the Crab Nebula

Researchers at the Max Planck Institute for As-
trophysics have solved the puzzle of how the Crab
Nebula was formed. Their elaborate computer sim-
ulations demonstrate that the expanding cloud of
gas is debris from a star ten times more massive
star than the Sun, whose explosion was driven by
the powerful heating of neutrinos. These elemen-
tary particles were radiated in huge numbers when
the stellar core collapsed to a neutron star.

When Chinese and Arab astronomers watched
the sky in the spring of the year 1054 A.D., they
discovered a new star in the constellation of Tau-
rus. According to their historical records, the
”guest star” became brighter during several weeks
and could be observed by July for 23 days even in
the daytime. It remained visible to the naked eye
for about two years.

Now we know that they observed the birth of
the Crab Nebula by a gigantic supernova explo-
sion. After millions of years of quiet evolution, a
massive star exhausted the supply of nuclear fuel,
whose burning had provided the energy and pres-
sure to stabilize it against the pull of its own grav-
ity. When the nuclear flame in its center died, the
stellar core collapsed within fractions of a second to
a neutron star, a compact object with more mass
than the Sun, but a diameter of only 20 kilometers.
This neutron star is visible as the famous pulsar in
the Crab Nebula, which sends periodic pulses of
radiation as it spins around its axis 33 times per
second.

Most of the star, however, was ejected in a vi-
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Figure 2.4: The Crab Nebula and the Crab pulsar, the
gaseous and compact remnants of a supernova explosion
that occurred in the year 1054 A.D. Relativistic particles,
which are accelerated by the pulsar, cause the bluish glowing
of the gas even 950 years after the explosion. The outer
filaments consist mostly of hydrogen and helium from the
disrupted star.

Figure 2.5: Computer simulation of the collapsing and
exploding core of a star with 8–10 solar masses. The lines
follow the radial positions of selected shells in the star as
time evolves. The shock wave of the explosion is marked by
the bold, rising, black solid curve. One can see a bifurca-
tion developing between the matter that forms the central
neutron star and the ejected gas that is driven outward by
the heating of neutrinos. Colored lines indicate composition
interfaces in the dying star and show that only little carbon
and oxygen are thrown out in the explosion.

Figure 2.6: Snapshots from a two-dimensional computer
simulation of the onset of the supernova explosion of a star
with 8–10 solar masses. The displayed times are 0.08, 0.1,
0.15, and 0.25 seconds after the creation of the supernova
shock (clockwise, beginning with the upper left panel). One
can see rising bubbles of neutrino-heated matter, separated
by narrow down-flows of cooler gas. The bubbles expand
away from the nascent neutron star at the center and ac-
celerate the stellar explosion. Note that the radial scale (in
kilometers) changes by a factor of 20 from the upper left to
the lower left panel. These anisotropies are the seeds of the
asymmetries seen in the Crab remnant 950 years after the
supernova event.

olent explosion with an energy roughly equal to
what the Sun has radiated in its 5 billion years
of life. The hot stellar debris flashed up as the
new star reported by the Chinese and Arab as-
tronomers, and is nowadays visible as the filamen-
tary gas cloud of the Crab Nebula measuring six
light-years across and still expanding with a veloc-
ity of 1500 kilometers per second (see Figure 2.4).
It contains not only the chemical elements which
the star has built up in a sequence of nuclear burn-
ing stages, first fusing hydrogen to helium, then
helium to carbon, and then carbon to neon, mag-
nesium, and oxygen, but also material like radioac-
tive nickel, which was freshly assembled during the
explosion. The helium richness of the nebula and
the low abundances of carbon and oxygen were in-
terpreted as hints that the exploding star had a
mass of only about 8 to 10 solar masses, just suffi-
cient to end its life as a supernova.

But how did the star blow up? What was the
reason why the star was disrupted? A group of
researchers of the Max Planck Institute for Astro-
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physics is convinced that they have now found the
answer to this long standing conundrum. Their re-
fined computer simulations reveal that neutrinos
are the driving force behind the explosion. These
elementary particles are produced in huge numbers
in the very hot and extremely dense interior of the
newly formed neutron star, mainly by reactions of
electrons and positrons with protons and neutrons,
the constituents of atomic nuclei. Having made
their way to the surface of the neutron star, most
of these neutrinos stream off, carrying away more
than 99 percent of the energy liberated during the
neutron star formation. Less than one percent of
the neutrinos, however, is captured in the stellar
gas surrounding the neutron star before being able
to escape. The energy transfer by these neutrinos
heats the gas and makes it boil like the fluid in a
pressure cooker (see Figure2.6). The rising pres-
sure finally accelerates the overlying stellar mate-
rial and leads to the outburst of the supernova.

Although this theory for the onset of the ex-
plosion is 25 years old, proving its viability with
detailed computer models turned out to be ex-
tremely difficult. Now at least for stars near the
lower end of the mass range of supernova progen-
itors the models lend support to the theoretical
idea. With the refined description of how neutri-
nos are created and interact in the matter in the
supernova core, the Max Planck society research
group was able to confirm that neutrino heating
can indeed drive healthy explosions of stars like
the one whose relics form the Crab Nebula. The
new models agree nicely with observations that the
energy of the Crab explosion was only about one
tenth of that of a typical supernova. In contrast to
previous simulations they also predict only small
amounts of ejected carbon, oxygen, and nickel (see
Figure 2.5). Moreover, the strong enrichment of
the chemical composition of the remnant with ex-
otic elements is absent and thus a conflict of the
older models with the observed abundances of rare
elements in the Milky Way Galaxy is solved. Since
the disrupted star had a rather low mass and the
explosion was sub-energetic with little production
of radioactive material, other Crab-like supernovae
must be expected to be fairly dim and therefore dif-
ficult to discover at great distances, although they
could account for one third of all supernovae.

The computer models suggest that the Crab su-
pernova was such a tremendously bright event only
because it was just 6300 light-years from Earth.
Compared to other supernovae it actually was a
fairly unspectacular case. These computer models
will tell us what we have to look out for in order

to identify more such cases. (F. S. Kitaura, H.-
Th. Janka, R. Buras, A. Marek, W. Hillebrandt.)

2.3 The source of radiation in
gamma-ray bursts

Gamma-ray bursts (GRBs) are flashes of gamma-
rays distributed isotropically on the sky. The
gamma-rays, the so-called ’prompt emission’ are
followed by emission in X-rays and lower energy
radiation. Through this afterglow they can be pin-
pointed on the sky, and their coincidence with dis-
tant galaxies establishes them as extremely power-
ful cosmic explosions. The power of the explosion
appears to be released in a small volume and to
involve a relatively small amount of mass. The en-
ergy of the explosion is carried by a flow moving
with a speed close to the speed of light.

An observational connection to supernovae in
conjunction with studies of the host galaxies pro-
vides compelling evidence for the connection of
long duration (lasting a few tens of seconds) GRBs
with the death of massive stars. Although less di-
rect, there is substantial evidence that short dura-
tion (lasting less than a second) GRBs come from
the coalescence of double neutron star systems.

The spectrum and the variability of the prompt
gamma-ray emission have been studied in detail for
thousands of bursts. The spectrum has a charac-
teristic non-thermal appearance: a broken power
law, with most of the energy emitted around the
break, at a photon energy of ∼1 MeV (in the frame
of the host galaxy: due to the cosmic redshift the
break is actually observed at a few hundred keV).
The light curves are very variable, and are often
composed of a large number of spikes.

The mechanisms responsible for the gamma-
rays seen as prompt emission remain controversial.
Most studies have focused on synchrotron radia-
tion from non-thermal particle distributions, such
as could be produced in internal shock waves in
the flow. This model places the source of radia-
tion at a large distance from the central engine,
where the flow is optically thin. For this mech-
anism to be efficient, the flow must be composed
of slower and faster shells which coast with rela-
tivistic speeds relative to each other. There is a
number of problems related to the synchrotron in-
terpretation of the prompt emission (and with the
patches proposed for these problems). Also, par-
ticle acceleration in relativistic collisionless shocks
is not understood from first principles, so their en-
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ergy distribution has to be assumed.
In addition to such optically thin radiation at

large distances from the central engine (∼ 1013−−17

cm), all models also predict at least some radia-
tion from the photoshere of the flow, much closer
(∼ 1011) cm to the source. The photosphere is
the location where the flow becomes transparent,
and where any radiation that was trapped at lower
levels is released to the outside. The amount of
trapped radiation, as well as its spectrum, depend
on how and where it is produced. Radiation pro-
duced deep inside will be close to thermal equi-
librium, but by adiabatic expansion its energy is
lost by conversion to kinetic energy of the flow be-
fore it can escape. Significant radiation from the
photosphere requires an internal energy source in
the flow that is dissipated into radiation at optical
depths between about 100 and unit (1010−−11 cm).

Such a source exists in models for GBRs in
which the energy flux from the central energy is
initially magnetic (also called ‘Poynting flux’ mod-
els). If this magnetic energy is dissipated in the
right place, it leads to both acceleration and inter-
nal heating of the flow. It turns out that a non-
axisymmetric magnetic field in the central engine
(like the inclined dipoles of pulsars) causes dissipa-
tion of magnetic energy by reconnection of neigh-
boring field lines of different directions at just the
right place in the flow, if one adopts the physical
parameters inferred from observations.

This model makes clear predictions for the char-
acteristics of the flow and the rate of magnetic
energy dissipation at different radii. This makes
the model predictive and accessible to detailed ra-
diative transfer calculations. Analytical consider-
ations show that, while radiation and matter are
in approximate thermodynamic equilibrium deep
inside the flow, heating of the electrons through
energy dissipation leads to an increase of their
temperature already at optical depths ∼ 50. The
frequent Coulomb collisions between the electrons
guarantee that they maintain a thermal distribu-
tion in this region. Inverse Compton scattering of
the underlying radiation field by the hot electrons
close to the photosphere leads to a photon spec-
trum with a non-thermal appearance.

For quantitative calculations of this mechanism
a Monte Carlo comptonization code has been de-
veloped. In a simulation, the electron tempera-
ture is determined by balancing the heating re-
sulting from magnetic dissipation with the cooling
by Comptonization. The calculations verify that
the flow develops a hot photosphere with comov-
ing electron temperatures of the order of ∼ 30 keV
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Figure 2.7: Photospheric spectrum of the reconnection
model for GRB flows. Photon energies are in the central
engine frame. For moderate and high luminosity-to-mass-
flux ratio η, the spectra peak around 1 MeV. The flat high
energy tail is the result of inverse Compton scattering of
photons off hot electrons close to the photospheric radius.
For low η dissipation stops below the photosphere and the
resulting spectrum is quasi-thermal.

(and larger further out) for a large range of lumi-
nosities and mass fluxes of the flow. The emerg-
ing photospheric spectra have a broken power-law
shape; the emission at photon energies above the
break results from upscattering of soft photons by
more energetic electrons at optical depths of order
of unity (unsaturated Comptonization). The pro-
cess is quite similar to the one that is believed to
result in the non-thermal appearance of the spec-
trum of accreting black holes in X-ray binaries and
Active Galactic Nuclei.

The overall appearance of the photospheric spec-
trum is very similar to the observed prompt emis-
sion while the model can also naturally account
for the clustering of the break in the ∼1 MeV en-
ergy range (see Fig. 2.7). The strength of the
photospheric emission depends on the character-
istics of the flow such as the luminosity and the
mass flux. The photospheric luminosity ranges
from ∼ 3–30% of the total luminosity of the flow,
making it a rather efficient way to power the GRB
prompt emission.

In our magnetic dissipation model modulations
of the characteristics of the flow (such as luminos-
ity and mass flux) by the central engine translate
directly into variations of the photospheric emis-
sion. Compared with other models, the spectral
and temporal properties of the prompt emission
thus offer direct clues to the operation of the cen-
tral engine. For example, the observations show a
correlation (the Amati relation) between the break
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Figure 2.8: Narrowing of pulse width with photon energy,
as predicted by the model for individual sub-pulses of the
burst. Assumption is that he relation between luminosity
and baryon loading deduced from the Amati relation, η ∝

L0.6, holds also within a burst.

in the spectrum and the total energy of the prompt
emission, and an anticorrelation between the pulse
width with photon energy. These are reproduced in
the model if there is a tendency for more luminous
flows to be characterized by higher luminosity-to-
mass-flux ratio (see, for example Figure 2.8). In
other words the photospheric interpretation of the
GRB emission predicts that the more luminous
flows are ‘cleaner’. Whether a central engine such
as a black-hole-disk system exhibits this kind of
behavior is an interesting problem currently under
investigation. (D. Giannios, H. C. Spruit)

2.4 Seismology of magnetars

On December 26th 2004 an undersea earthquake
off the western coast of Sumatra triggered a deadly
tsunami. The event was so violent, measuring over
9 on the Richter scale, that it left the Earth’s crust
ringing like a bell for days afterwards. Less than
48 hours after this catastrophic event, the Earth
was hit by the most energetic blast of X-rays and
gamma-rays ever recorded. The cause? A star-
quake on a neutron star with an ultra-intense mag-
netic field, known as a magnetar, 50000 light years
away from our solar system. And just as on Earth,
the event left the star ringing - the first time this
had ever been observed on a neutron star.

Seismologists studying the Sumatra earthquake
used data from monitoring stations across the
globe to pinpoint the exact location of the crust
fracture, its size and the speed at which it broke.
This, together with the frequencies and decay rates

Figure 2.9: The X-ray light curve of the December 2004
event as recorded by the Rossi X-ray Timing Explorer
(RXTE) satellite. After the initial bright flash there is a
long decaying tail. This tail is due to emission from fireballs
of plasma ejected during the flare that are then trapped by
the field and evaporate slowly (see Figure 2.10). As the star
rotates the fireballs swing in and out of view, giving rise to
the slow pulsations clearly visible in the tail. The coloured
arrows indicate the times at which the six strongest seismic
vibrations appear (they are too rapid to be seen at this time
resolution). Shown in red is the 625 Hz oscillation thought
to be the first radial overtone of the shear modes. The black
lines are thought to be lower frequency shear modes with
different angular patterns. The blue line indicates lower fre-
quency vibrations that must involve the stellar core as well
as the crust.

of the long-lived vibrations, provides information
about the composition of our planet. Now for the
the first time we have the prospect of doing the
same for neutron stars. Clearly we do not have the
luxury of placing seismometers on the star - but
the information we need is encoded in the X-rays
and gamma-rays detected by orbiting telescopes.

But what can we hope to learn from neutron star
seismology? Neutron stars are the densest objects
in the known Universe, forming in supernova ex-
plosions that mark the death of stars several times
more massive than the Sun. The compact object
that remains, once material has been blown off
in the explosion, contains a little more mass than
our Sun but crushed into an object only 10-15 km
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in radius. Gravity is so strong that neutrons are
squeezed out of atomic nuclei to form a core of
nuclear fluid. Nuclear physicists do not know ex-
actly what happens under these conditions: neu-
trons may even disintegrate into their constituent
quarks, forming all kinds of exotic particles.

So in studying the composition of neutron stars
we are testing the laws of physics in environments
far beyond those that we can generate here on
Earth. But how do we go about doing this? Nu-
clear models predict a certain relation between the
mass and radius of the star. In principle if one can
measure masses and radii for lots of different neu-
tron stars, one should be able to identify the correct
model. Unfortunately, measuring these parameters
is extremely challenging. Masses can only be iden-
tified reliably for neutron stars in binary systems,
where we can compute the orbit. Radii cannot be
measured directly (the stars are too small for us to
resolve the disk) and have to be inferred in other
ways, such as by looking at the star’s thermal emis-
sion. Most of these methods are extremely model-
dependent and uncertain. Seismology offers a novel
and extremely promising alternative.

So what triggers the seismic activity? Magne-
tars have magnetic fields of at least 1e15 G. That
is one thousand times the field on a typical radio
pulsar, and a staggering one thousand billion times
stronger than the Earth’s magnetic field. This field
forms at birth, either by dynamo action during the
supernova, or due to a high magnetic field par-
ent star. The strong field gradually decays, and
as it does the field lines become tangled and un-
stable. Eventually they snap and reconnect. This
launches high energy flares, just as reconnection on
the Sun launches solar flares. Giant flares, of the
type responsible for the 2004 event, are very rare
but involve catastrophic global rearrangements of
the magnetic field. But why should field reconnec-
tion trigger a starquake? On a neutron star the
field lines are anchored to the charged particles in
the solid crust (the outer region of the star where
intact nuclei still exist). For this reason it had
long been suspected that the when the field lines
snapped they should also break the crust, trigger-
ing seismic vibrations.

The first observations of this phenomenon, in
the aftermath of the 2004 flare, were reported
by Gianluca Israel (Rome) and his collaborators.
Strohmayer and Watts then found evidence of seis-
mic vibrations from a second magnetar that had
emitted a giant flare 7 years previously. Refining
our techniques, and using data from other satel-
lites, we also conducted a more detailed analysis of

Figure 2.10: An impression of how a magnetar might look
during the decaying tail of a giant flare. The surface of the
neutron star is vibrating, with the colours and arrows in-
dicating the magnitude and direction of the surface move-
ments. Fireballs of plasma ejected by the flare and then
trapped by the reconnecting field are also shown. The fire-
balls are responsible for the slow pulsations that we see in
the X-ray light curve as the star rotates. How these fire-
balls interact with the seismic vibrations to cause the high
frequency variations in the X-ray light curve is the subject
of current research.

the 2004 event. The star, it turns out, emitted a
chord of at least seven different vibration frequen-
cies (see Figure 2.9).

Neutron stars are extremely complex objects and
many different types of oscillation are possible.
The frequencies of the magnetar oscillations match,
for the most part, the frequencies expected for
the torsional shear oscillations of the neutron star
crust. These primarily horizontal (non-radial) vi-
brations, restored by shear forces, had already been
identified as the modes most likely to be excited by
a starquake. Comparing the results of mode cal-
culations to the observed frequencies we can start
to deduce stellar properties. Particularly exciting
has been the identification of what we think is a
radial overtone of the shear modes. By comparing
the high frequency overtone to the lower frequen-
cies we have been able to estimate, for the first
time, the thickness of a neutron star’s crust. If
this identification is correct it puts an extremely
strong constraint on nuclear physics models.

It may even allow us to rule out a particular class
of nuclear physics models called strange or quark
star models. In these models neutrons in the stellar
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core disintegrate into quarks, which then react to
form a stable fluid of up, down and strange quarks.
Much effort has gone into working out how obser-
vations might distinguish strange stars from neu-
tron stars, but the question has yet to be settled
decisively. Where the two types of star do differ
dramatically, however, is in crust composition and
thickness. Computations by myself and my col-
laborator Sanjay Reddy (LANL) have now shown
that torsional shear modes of strange star crusts
have frequencies that do not fit the observations.

We are now working to refine our simulations of
the seismic process, focusing in particular on the
effects of the strong magnetic field on the oscilla-
tions, their excitation, damping and detectability.
The last issue is particularly interesting. The en-
vironment around a magnetar in the aftermath of
a giant flare is extremely complicated, being dom-
inated by trapped plasma fireballs that completely
change the emission conditions (Figure 2.10). Ul-
timately, however, our goal is to do what terres-
trial seismologists take for granted: reconstruct a
complete history of the starquake in order to learn
whatever we can about the interiors of these fasci-
nating stars. (Anna Watts)

2.5 Nature of the Galactic X-ray

background

It has been known since the late 1970s that apart
from bright X-ray point sources (mostly neutron
stars and black holes in binary stellar systems)
there is an unresolved X-ray emission distributed
throughout the Milky Way. The origin of this
”Galactic ridge X-ray emission”, or the Galactic
X-ray background, remained unclear for a long
time. Numerous studies showed this emission to be
strongly concentrated towards the Galactic plane.
However the measured X-ray spectrum indicated
that the emitting gas is so hot (kT >5–10 keV)
that it cannot be bound within the Galactic gravi-
tational well. The plasma must then be constantly
outflowing and carrying away an enormous amount
of energy, the source of which was not understood.

An alternative explanation of the Galactic X-
ray background, proposed soon after its discovery,
is that it is the superposition of X-rays from mil-
lions of Galactic point sources, too weak to be de-
tected individually. This would eliminate the prob-
lem of keeping hot plasma bound to the Galactic
plane. However it was difficult to rigorously test
this hypothesis because there remained a large un-
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Figure 2.11: Map of the Galaxy in the 6.7 keV emission
line (top) - a characteristic feature of the Galactic X-ray
background emission - appears very similar to the map of
the Galaxy in the near-infrared (bottom), dominated by
emission of normal stars. The similarity of these two maps
supports the hypothesis that the Galactic X-ray background
emission is made of a large number of weak stellar type X-
ray sources.

certainty with regard to the expected cumulative
luminosities of different classes of faint Galactic X-
ray sources.

We have recently made a number of steps that
significantly furthered our understanding of the na-
ture of the Galactic X-ray background. First of
all, we obtained high quality maps of the Galaxy
in X-rays, which demonstrated that the X-ray sur-
face brightness closely traces, both in the disk and
bulge of the Galaxy, the near-infrared light pro-
duced by ordinary low-mass stars. This indicates
that the amount of X-rays emitted every second
in a given volume of the Galaxy is proportional to
the total mass of stars contained in that volume.
Addressing the same problem from a different an-
gle, we determined the X-ray emissivity per unit
stellar mass in the Solar neighborhood by direcly
summing up the emission from faint X-ray sources
located only tens to hundreds of parsecs away from
the Sun. Remarkably, both results proved to be
in good agreement with each other. We concluded
that the Galactic X-ray background is made mostly
of emission from a large number of accreting white
dwarf binaries and coronally active stars (single
and in binaries).

A point-source origin of the Galactic X-ray back-
ground entails several predictions for observations
in hard X-rays. First, because in this scenario
the main contribution to the background is pro-
vided by accreting white dwarf binaries, hard X-
ray emission is expected to trace the near-infrared
map of the Galaxy similarly to the softer X-rays,
since white dwarf binaries belong to the normal
(old) stellar population. Second, there must be
an exponential cutoff in the spectrum of the X-ray
background at energies 20–30 keV, since this cor-
responds to the maximum temperature of thermal
emission produced through release of the gravita-
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Figure 2.12: The map of the hard X-ray (17-60 keV) glow
of the Milky Way obtained by INTEGRAL (false color map
image) very well agrees with the near infrared image of the
Galaxy (black countours). It strongly supports the idea that
the bulk of this glow emission is provided by weak compact
sources.

Figure 2.13: Brightness distribution of the Galactic ridge
hard X-ray emission (red dashed area) along the Galactic
plane overplotted with the brightness distribution of the
Galaxy in near infrared spectral band (blue line).
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Figure 2.14: Image of the Galactic Center region taken
by the Chandra observatory. Circles denote the positions of
detected point sources.

tional energy of the accreting matter on a white
dwarf surface (kT ∼ GMwd/Rwd).

We tested these predictions using the state-
of-the-art hard X-ray imager IBIS on board the
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Figure 2.15: Luminosity functions of faint X-ray sources
measured in the Solar vicinity (red area) and in the Galactic
Center region (gray area). It can be seen that they are quite
compatible with each other. The sources in the gray area
explain at least 40-50 % of the total X-ray flux measured
in the Galactic Center region, while still weaker sources ex-
pected to be present in this region by analogy with the Solar
neighborhood, probably provide the remaining 50-60flux.

INTErnational Gamma-Ray Laboratory (INTE-
GRAL). Data collected by this instrument over
four years of operation allowed us to map the weak
hard X-ray glow of the Galaxy and measure its
spectrum. The map does not correlate well with
the gamma-ray map of the Milky Way, strongly
suggesting that the hard X-ray emission in not
generated through interaction of cosmic rays with
the interstellar medium. Instead the intensity of
the Galactic background in hard X-rays traces well
the stellar mass density distribution, thus provid-
ing strong support to the idea that the bulk of
Galactic background emission in this energy band
is provided by weak compact sources. In particu-
lar, for the considered 17-100 keV energy band, the
dominant contribution to the background emission
should come from accreting white dwarf binaries.
This result was strengthened by the detection of a
high energy cutoff in the background spectrum.

However the ultimate answer as to whether the
Galactic X-ray background is produced by point
sources or by truly diffuse interstellar plasma can
only be given by direct observations. The most
suitable tool for this purpose is the Chandra X-ray
observatory. This is because the angular number
density of X-ray sources becomes so high at low
fluxes that one needs arcsecond angular resolution
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(as provided by Chandra) to overcome the problem
of source confusion.

We used approximately 1 Msec worth of Chan-
dra observations of the Galactic Center region to
demonstrate that point sources with X-ray lumi-
nosities higher than 1031 erg/s contribute at least
40% to the total X-ray background in this region.
Furthermore, a comparison of the reconstructed lu-
minosity function of Galactic Center point sources
with the previously measured luminosity function
of X-ray sources in the Solar neighborhood showed
very good agreement between the two and sug-
gested that the still unresolved 60% of the Galactic
X-ray background is probably produced by coro-
nally active stars and white-dwarf binaries with
luminosities below 1031 erg/s, the current effective
threshold of Chandra. (Mikhail Revnivtsev, Sergey
Sazonov and Roman Krivonos)

2.6 Simulating the influence of
cosmic rays on galaxy

formation

Theoretical models of galaxy formation in the cold
dark matter (CDM) cosmology have matured con-
siderably over the past decade, yet large parts of
the physics of star formation and its regulation
by so-called “feedback” processes have remained
poorly understood. In some sense the problem has
even become more complicated than once believed,
as it has been realized in recent years that super-
nova explosions of evolved stars are not the only
important source of non-gravitational energy for
evolving galaxies. For example, supermassive black
holes, which can be found at the centers of nearly
every galaxy, are now believed to play an important
role during galaxy formation, shaping their prop-
erties in decisive ways. Furthermore, there are yet
more “exotic” physical phenomena that also regu-
late star formation in galaxies in subtle but poten-
tially crucial ways.

In fact, such an influence could come from mag-
netic fields and the relativistic charged particles
that they lock into the local fluid by forcing them
on gyro-motions around the field lines. These par-
ticles, called “cosmic rays”, are thought to be gen-
erated abundantly at structure formation shock
waves, and in supernova explosions. The cos-
mic rays provide a non-thermal pressure contri-
bution to the gas that changes its hydrodynamic
behaviour, an influence that – while well known to
exist – has largely been neglected in galaxy forma-

tion models thus far.
Scientists at the Max-Planck-Institute for Astro-

physics (MPA) have developed new hydrodynami-
cal simulation methods that for the first time allow
self-consistent studies of the joint influence of star
formation, black holes and cosmic rays on galaxy
formation. In principle, simulation models allow
the study of even the most complicated and non-
linear phenomena in nature, including those which
are untractable by analytic calculations. However,
practical limitations typically require substantial
simplifications of the physics to make the prob-
lem accessible on today’s computers. This is also
the case for the treatment of cosmic rays, which
poses in full generality a high-dimensional trans-
port problem that is far too complicated for direct
inclusion in cosmological simulations of structure
formation.

A team at MPA composed of T. Ensslin,
M. Jubelgas, C. Pfrommer and V. Springel has
circumvented this problem by approximating the
local momentum spectrum of cosmic ray particles
with an isotropic distribution in momentum space
of power-law form, together with a low-energy cut-
off. Such a spectral shape provides a good match
for the cosmic rays seen in our Galaxy, where they
are known to contribute about a third of the to-
tal pressure in the interstellar medium. Assuming
in addition that the local magnetic field is suffi-
ciently tangled such that cosmic ray particles can
only slowly diffuse away from the local medium,
Ensslin and collaborators could arrive at a phys-
ically well motivated representation of the cosmic
ray population in the smoothed particle hydrody-
namics (SPH) code GADGET-2. For the first time,
this model can account for dynamical effects of the
cosmic ray pressure in simulations of galaxy forma-
tion.

As sources for cosmic rays (made up of relativis-
tic protons in the model) they considered two phys-
ical effects, the production in supernova remnants
and the acceleration at structure formation shock
waves, where a small fraction of particles diffuses
back and forth across the shock and gains energy
each time (Fermi acceleration mechanism), up to
ultra-relativistic energies. A realistic treatment of
the shock acceleration requires an on-the-fly mea-
surement of the Mach number of the shock, because
only shocks with high Mach number are efficient
particle accelerators. As a prerequisite for this
work, the team therefore had to develop a novel
method for dynamically detecting shocks in SPH
and for determining their strength.

Interestingly, the new simulations predict that
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Figure 2.16: Projected gas density field (left panel) in a slice of thickness 20 h−1Mpc through a non-radiative cosmological
simulation at z = 0. The simulation includes cosmic ray production at structure formation shocks. The panel on the right
shows the ratio of the projected cosmic ray energy density to the projected thermal energy density.

cosmic rays are preferentially produced in the ac-
cretion regions around halos and filaments, such
that their relative contribution to the pressure is
largest in voids (Figure 2.16). Since strong accre-
tion shocks are found primarily in the high redshift
universe, a considerable fraction of the dissipated
shock energy ends up in cosmic rays instead of the
thermal reservoir at these early times. At redshift
z ∼ 10, around ∼ 45% of the internal energy of the
gas is in the form of cosmic rays, while this ratio
drops again to around ∼ 10% at the present epoch,
as a result of thermalization losses and the lower
acceleration efficiency in the denser gas of collapsed
structures.

Cosmic rays produced at shocks and in super-
novae can also be found in the intracluster medium
of rich galaxy clusters, where they modify the ther-
modynamic structure of clusters. In particular,
the higher compressibility of a composite gas with
thermal and cosmic ray pressure leads to a slight
increase in the baryon fraction inside the cluster
virial radii, and to small changes in the radial den-
sity and pressure profiles. The simulations also pre-
dict that the relative contribution of cosmic rays to
the total pressure varies with radius, being compar-
atively low in the central parts. This presumable
explains why the Sunyaev-Zeldovich signal of the
simulated clusters is found to hardly change as a
result of the cosmic rays. However, the X-ray emis-
sivity can be boosted by up to 40% suggesting that
‘precision cosmology’ with clusters of galaxies will

require a quantitatively accurate understanding of
the non-thermal physics explored here.

The other source of cosmic rays considered, the
strong shocks in supernova explosions, directly af-
fect the interstellar media of star forming galax-
ies. The new results obtained at MPA show that
it is particularly in small galaxies where the cos-
mic ray pressure can rise to a significant fraction
of the total pressure, or even dominate it. Here the
thermalization timescale of cosmic rays can be sub-
stantially longer than the ordinary cooling time of
the thermal gas, such that the cosmic ray pressure
can “puff up” the gas and be effective in delaying
star formation in small galaxies. Indeed, in simula-
tions of disk galaxies with a total mass of ∼ 109 M⊙

the star formation rate was reduced by up to a fac-
tor of 20 when cosmic rays were included, while
for large galaxies of ∼ 1012 M⊙ there was hardly
any change. Figure 2.17 illustrates the cosmic ray
pressure effect in edge-on views of the star forming
gaseous disks for galaxies of two different masses.
This tentalizing result suggests that the seemingly
exotic physics of cosmic rays may play an impor-
tant role in explaining the observed faint-end of the
galaxy luminosity function, whose flat slope is in
stark contrast with the steep rise of the dark mat-
ter halo mass function on the same scale. The two
can only be brought into agreement if star forma-
tion in small halos is strongly suppressed. Cosmic
ray physics appears to be one possible mechanism
for this.
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Figure 2.17: Effect of cosmic ray feedback on a star forming gaseous disk, seen edge-on. The top row shows results for

a halo of mass 1010 M⊙, the bottom for 1011 M⊙. In both cases, a run without cosmic ray feedback is shown on the left,
and one with cosmic ray production by supernovae on the right. The gas density field is colour-coded on a logarithmic
scale. The contour lines show the contribution of the projected cosmic ray energy density to the total projected energy
density.

These first results for the dynamical effects of
cosmic rays in structure formation simulations
highlight the need to augment N-body simulations
of the dark matter with a hydrodynamical treat-
ment that faithfully accounts for the rich physics
of the baryons. The present models explored at
MPA already account for a multiphase structure
of the star-forming gas, for feedback and metal en-
richment by supernovae, for black hole growth and
its associated energy release, and for the produc-
tion of cosmic rays. However, the future holds fur-
ther challenges, including the task to include mag-
netic fields and radiative transfer self-consistently
in simulations of cosmic structure formation. With
respect to cosmic rays, it will be interesting to use

the present model to make further testable predic-
tions for future observatories like GLAST, which
should be able to detect the gamma-ray flux pro-
duced by hadronic interactions of cosmic ray par-
ticles. (Volker Springel)

2.7 How do galaxies grow?

Insights from large
spectroscopy surves

Over the past 5 years, the study of galaxies has
gained new impetus thanks to a new generation of
very large photometric and spectroscopic surveys.
Perhaps the most ambitious among these has been
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the Sloan Digital Sky Survey (SDSS), which is now
close to completing a map of one quarter of the en-
tire sky by determining the positions, brightnesses
and distances of over a million galaxies.

The galaxy spectra obtained by the SDSS are of
high enough resolution and quality to permit ac-
curate measurements of nebular emission lines and
stellar continuum absorption features. These mea-
surements provide important constraints on the
physical properties of the galaxies in the survey.
The stellar absorption lines can be used to esti-
mate the ages and metallicities of the stars in the
galaxy and the amount of light emitted by the
galaxy can then be converted into an estimate of its
total stellar mass. The nebular emission lines are
produced in ionized gas in the galaxy. The ratios
of different line species can be used to diagnose
whether the primary source of ionizing radiation
is from hot young stars, or from matter accret-
ing onto a supermassive black hole at the center of
the galaxy. If the ionizing radiation is from young
stars, the emission lines provide a direct measure of
the star formation rate and gas-phase metallicity of
the galaxy. If the radiation is from a central active
nucleus (AGN) , the intensity of certain emission
lines can be used to measure the accretion rate onto
the central black hole.

Scientists at the MPA and at Johns Hopkins Uni-
versity in Baltimore, led by Guinevere Kauffmann
and Tim Heckman, have developed the method-
ology and tools needed to exploit the information
provided by surveys such as the SDSS. The avail-
ability of detailed physical information for unbi-
ased samples of hundreds of thousands of nearby
galaxies has led to wide variety of new insights into
how galaxies have formed and evolved over cosmic
time.

Traditionally, galaxies in the nearby Universe
have been divided into two major classes: 1)
elliptical galaxies, which have massive spheroids
and red optical colours, and 2) spiral galaxies,
which have actively star-forming blue disks. With
the SDSS, correlations between between different
galaxy properties can be studied and the distri-
bution of galaxies in a multi-dimensional space of
physical parameters can be quantified. One im-
portant result to emerge from this kind of anal-
ysis was the realization that the galaxy popula-
tion is strongly bimodal: the two main classes of
galaxy first recognized by Hubble in 1926 clearly
occupy strongly disjoint regions in physical param-
eter space.

In a series of papers, the MPA group studied the
relations between the stellar masses, sizes, inter-

nal structure, and star formation histories of galax-
ies. They showed that the galaxy population as a
whole divides into two distinct families at a char-
acteristic stellar mass of ∼ 3 × 1010M⊙. Below
this mass, galaxies have young stellar populations
and low densities and concentrations typical of disk
systems. Above this mass, there is an abrupt tran-
sition to older systems with high densities and con-
centrations typical of massive spheroids.

This characteristic mass where galaxies transi-
tion from young to old is now believed to be an
important clue in understanding so-called “cosmic
down-sizing”. Cosmic downsizing describes a sce-
nario in which active star formation shifts to lower
and lower mass galaxies as the Universe evolves.
This paradigm appears to provide a good descrip-
tion of the properties of galaxies observed in very
deep surveys, where properties such as masses and
star formation rates can be measured out to signif-
icant look-back times.

Cosmic downsizing is seen as something of a
paradox by theoreticians who try to understand
how galaxies may have formed from the evolution
of tiny density perturbations generated in the ear-
liest moments of the Universe following the Big
Bang. According to now-standard theory, the dom-
inant matter component of the Universe consists of
unseen dark matter that interacts only via gravita-
tion. Dark matter does not undergo cosmic down-
sizing. The collapse of dark matter starts on small
scales and proceeds to ever more massive struc-
tures. Understanding exactly why the behaviour
of galaxies and dark matter should be so different
remains one of the major challenges for theoreti-
cians working on galaxy formation.

One possibility that is being actively investi-
gated by many researchers is that some form of
energetic output by the galaxy itself causes star
formation to shut down in massive galaxies. Accre-
tion onto the supermassive black holes that located
at the centers of all bulge-dominated galaxies can
in principle provide a source of energy that is not
linked to the presence of young stars. The most
plausible mechanism for transferring energy from
the black hole to the gas surrounding the galaxy
is via the jets that emerge at close to the speed of
light from many galaxies with active nuclei. These
jets emit synchrotron radiation and are most easily
detectable at radio wavelengths.

In collaboration with Philip Best at the Uni-
versity of Edinburgh, the MPA team has re-
cently turned its attention to identifying radio-loud
sources in the SDSS data. Their findings sup-
port the hypothesis that radio jets are reponsible
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Figure 2.18: An example of a radio-loud active galaxy.

for shutting down galaxy growth – radio-loud ac-
tive galaxies are found preferentially in the most
massive galaxies in the Universe and intrguingly,
the dependence of the radio-loud AGN fraction on
galaxy mass appears to mirror the rate at which
gas is predicted to cool from the hot atmospheres
of these systems and form stars.

These results have also been found to extend to
clusters of galaxies, which are gravitationally dom-
inated by dark matter, but also contain vast quan-
tities of hot gas. This hot gas cools by emitting
X-ray radiation , thereby decreasing its tempera-
ture and allowing more gas to flow to the center in
a so-called ”cooling flow”. The galaxy at the center
of a galaxy cluster is located at the place where the
gas density is expected to reach a maximum . One
major mystery is why there is generally very lit-
tle ongoing star formation in these objects. If gas
condensing in the ”cooling flow”was forming stars,
one would expect to see evidence of young stellar
populations in central cluster galaxies. Analysis
of a large sample of central cluster galaxies in the
SDSS revealed that these objects were more likely
to host a radio-loud active galactic nucleus when
compared to galaxies of the same mass that were
not located in clusters. This work lends further
credence to the hypothesis that radio jets are re-
sponsible for shutting down galaxy growth.

For the the very most massive galaxies in the
nearby Universe with masses of 1012 solar masses,
the fraction of radio-loud systems is found to ap-
proach 100 percent. It is interesting to speculate
that this is not a coincidence and the scale of the
largest galaxies in the Universe is set when radio
jets are always turned on and the galaxy is perma-
nently starved of any further supply of new gas.

Studies of radio galaxies may have much to teach
us about how energetic feedback shuts down star
formation in massive galaxies, but astronomers
would still like to understand how galaxies do man-
age to form in the first place. In the standard the-
oretical scenario, galaxies form by the condensa-
tion of gas in gravitationally dominant dark mat-
ter halos. If the gas initially has the same angular
momentum as the dark matter and conserves this
angular momentum during its contraction, then a
rotationally supported disk will form and its size
can be predicted from theory.

The Galaxy Evolution Explorer (GALEX) satel-
lite was launched by NASA in April 2003. It is an
orbiting space telescope that is observing galaxies
in ultraviolet (UV) light across 10 billion years of
cosmic history . UV light is emitted primarly by
massive young stars and it can hence be used as a
very sensitive probe of the recent star formation in
a galaxy. UV radiation is almost entirely absorbed
by ozone in the upper atmosphere of the Earth so
astronomers must obtain their observations from
space.

One surprise discovery made by GALEX is that
some early-type galaxies that look ”red and dead”
when viewed in optical light, turn out to have very
extended outer disks that are only visible in the
ultra-violet. An example of such a galaxy is shown
in Figure2.19. The galaxy NGC 4265 only showed
an oval-shaped ball of light when observed in visi-
ble light. In UV light one sees a disk with a beau-
tiful set of spiral arms.

Recent work by the MPA group has extended
this result to the entire population of elliptical
galaxies in the local Universe. The analysis demon-
strates that UV disks are a common phenomenon
among this population. Interestingly, all ellipti-
cal galaxies where the central supermassive black
hole is growing at an appreciable rate have outer
UV-bright disks . This suggests that the disks con-
tain a reservoir of gas necessary for ongoing growth
of the central spheroids and supermassive black
holes. The disks are subject to dynamical insta-
bilities such as warps and bars, and gas will then
flow inwards towards the nucleus of the galaxy.
The galaxies that host UV disks are on average



24 2. Scientific Highlights

Figure 2.19: This image highlights the hidden spiral arms
(blue) that were discovered around the nearby galaxy NGC
4625 by the ultraviolet eyes of NASA’s Galaxy Evolution
Explorer.

quite different to those that host radio jets – radio
AGBN are typically found in the very most mas-
sive galaxies and in galaxies that reside at the cen-
ters of rich clusters, whereas UV disks are typically
found around smaller bulges and in lower density
environments.

As the variety of data probing galaxies at dif-
ferent wavelengths accumulates, more and more
pieces of the galaxy formation puzzle continue to
fall into place. Direct measurements of the gas con-
tent of galaxies remain an elusive, but important
missing link in understanding how galaxies form
as a result of cooling in dark matter halos. Radio
surveys of the atomic hyrogen content of galaxies
have so far not kept pace with optical surveys, be-
cause of the very limited sensitivity of the available
detectors. This situation is set to change over the
next years and the MPA group is preparing to play
a central role in new data acquisition and analysis
that will shed light on this issue
(Guinevere Kauffmann).

2.8 Serving the New Millennium

In summer 2004 the Garching Supercomputer Cen-
tre of the Max Planck Society finally delivered re-
sults for the Millennium Run. At the time, this
was the largest simulation of the evolution of cos-
mic structure ever carried out, and it had taken
almost six months to get it through the centre’s
IBM-Regatta supercomputer; if it had been possi-
ble to run without breaks, it would still have taken
a month to complete the job on a 512-processor
partition. The simulation used the full 1 Tbyte
of memory available, and by the time it was done

it had produced about 20 Tbytes of archived out-
put. These represent the distribution of dark mat-
ter in a 690Mpc cube of the Universe with enough
spatial and mass resolution to see the dark matter
concentrations corresponding to even quite small
galaxies and with enough temporal resolution to
reconstruct the formation history of every object.

Three years later, the Millennium Run remains
the largest simulation of its type ever carried out,
four different galaxy formation models have so far
been built to populate it with galaxies, and well
over 50 papers have been submitted for publication
based wholly or partially on its numerical data.
More than half of these are by authors who are
unassociated with the Virgo Consortium, the inter-
national supercomputing collaboration which car-
ried out the simulation. This has been possible
because of a concerted effort to release the data
in easily usable form. Their volume and complex-
ity are such that sophisticated databases with a
high-level query language are needed to promote
effective public access. The Millennium Archive
has been built as one of the principal activities
of GAVO, the German Astrophysical Virtual Ob-
servatory, and it is currently the largest and most
complete application of Virtual Observatory tech-
niques to the publication of theoretical data from
numerical simulations.

The public release of simulation data brings new
challenges which are different from and go beyond
those which must be faced when setting up a pub-
lic archive for observational data. Many of these
result from the great variety of relations between
the various objects in the database, as well as from
the many properties that can be assigned to each
one. In practice, most users are not interested in
the raw data from the simulation – the positions
and velocities of the 1010 dark matter “particles”
followed by the supercomputer – but rather in the
properties of dark matter halos and galaxies, ob-
jects created from the simulation output through
post-processing. Dark matter halos are the basic
nonlinear units of the simulated universe. They
have masses, sizes, angular momenta, velocity dis-
persions, shapes, concentrations, positions and ve-
locities, in addition to internal substructures (sub-
halos) which are the remnants of objects which fell
into them during their growth. The Millennium
Archive contains information for about 7.5 × 108

halos and subhalos, all linked in a tree structure
which describes how each object was built from
those present at the immediately preceding time.
This is the data structure used by the galaxy for-
mation algorithms.
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Figure 2.20: The web interface to the Millennium Sim-
ulation archie. The query shown selects all galaxies with
redshifts between 1.0 and 1.03 in a 0.1 degree slice in dec-
lination from a database containing a deep mock survey of
galaxies on a 1.4o

× 1.4o area of the sky.

Figure 2.21: A plot made using the web-tool VOPlot of
the positions in redshift and right-ascension of the galaxies
returned by the query of 2.20

Galaxy formation is a complicated and uncertain
process, and many physical models for its various
aspects must be tried in order to establish those
which best describe observed phenomena. A prin-
cipal goal of the Millennium Run project is to pro-
vide a framework for comparing such models to
observational data. It is thus important to make
available simulated galaxy catalogues with a va-
riety of assumptions about the physics of galaxy
formation so that users can get a feel for the un-
certainties involved. A galaxy catalogue for the
full Millennium Run has about 109 entries. For
each of these galaxies many properties can be cal-
culated by the formation model and must be stored
in the database, for example, redshift, position and
velocity, stellar and gas masses, observer- and rest-
frame magnitudes for a wide range of photometric
bands, star formation rates, bulge-to-disk ratios,
sizes, mean stellar ages and metallicities central
black hole masses and accretion rates... In addi-
tion, pointers are needed to connect the galaxies
present at different times, and these produce a tree
data structure which gives the merger history of
each galaxy and which parallels (but is different
from) the halo formation trees.

A final issue which has to be addressed comes
from the fact that users wish to use the Millennium
Run for a wide variety of purposes and the“view”
of the data which is most convenient for them de-
pends on their project. Scientists interested in
models for the build-up of nonlinear structures can
work most efficiently with halo merger trees. Those
interested in the growth of visible galaxies would
rather use galaxy merger trees. Projects to study
the dark matter structures around galaxies need
efficient links between the galaxy and halo cata-
logues. Studies of the properties of the cosmic web
are most easily carried out using a high-resolution
map of the density field. Observers wishing to com-
pare simulated results with real data often prefer
to have the data tabulated along the past light-
cone of a virtual observer, rather for the fixed time
“snapshots” for which they were originally gener-
ated. They can then make a virtual survey (usually
referred to as a “mock catalogue”) which is con-
structed with exactly analogous limitations (e.g.
sky coverage, magnitude limit, and so on) as their
real survey. This is very useful for investigating ob-
servationally induced selection effects, and a com-
parison of mock catalogues constructed from differ-
ent galaxy formation models makes it clear which
aspects of the observational data are sensitive to
the physical effects which are being varied.

If a database is to be successful in serving data
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to a wide community, it must be easy to use, well-
documented, robust, and support a sufficiently
powerful Query Language that users can obtain the
data they want in a short time and with a mini-
mum of effort. In order to fulfil these requirements
the MPA/GAVO group decided to use a relational
database for storing the post-processing results of
the Millennium database. Products stored so far
include density fields sampled on a 2563 grid, sub-
halo merger trees, galaxy merger trees obtained us-
ing semi-analytic simulation methods implemented
independently at MPA and in Durham, and light
cones derived from some of these galaxy catalogues,
both deep pencil beams and shallow all-sky cata-
logues of a depth similar to the SDSS spectral sam-
ple.

A relational database offers a standardised view
of data in terms of tables. Objects (for example
halos or galaxies) are mapped to rows in the ta-
bles, with columns holding the individual proper-
ties, such as galaxy luminosities, halo masses, po-
sitions etc. Some of these columns can also hold
pointers to rows in the same or other tables, in-
dicating relations between the corresponding ob-
jects. For example galaxies point to the subhalos
they are embedded in. The true strength of the
relational approach is that there is a standard and
intuitive query language (SQL) that makes use of
this tabular view of the data. Users therefore do
not need to learn the intricacies of data formats,
something that is often a problem in simulation
work. In a relational database this query language
is implemented by efficient query engines that in-
terpret the potentially complex requests and exe-
cute these in the most efficient way. Such query en-
gines offer standard ways to tune the database for
performance, adding tree-based indexes, or hash-
tables to the tables, and deciding which route to
take through the multiple tables.

To provide online access to the Millennium
database, GAVO has implemented a web-based
query interface (see Fig. 2.20). Apart from pro-
viding documentation and example queries, users
can type in their own SQL queries and execute
them. The results, which themselves are tabular,
can be returned to the user in various formats, or
they can be stored in a private database, that is
assigned to registered users. This approach is di-
rectly modelled on the highly successful SDSS Sky-
Server database, in particular its CAS jobs service
(http://cas.sdss.org/dr5/en/). One advantage of
this is that users can cross-correlate their results
with the main database for further analysis by join-
ing their own tables to archive tables in their query.

For small output data tables users can di-
rectly visualise their results using a VOPlot ap-
plet created by the Indian Virtual Observatory.
Figure 2.21 shows an example of this visualisa-
tion for the query shown in Figure 2.20. That
query selected a slice of the light cone stored
in MPAMocks..Kitzbichler2006a-Johnson pencil
beam, restricted in redshift and declination. For
queries producing larger results it is more useful to
store the results on disk for further analysis using
more powerful tools. It is also possible to use spe-
cially created adapters that pipe results to popular
scripting languages (e.g. IDL and R), or to the
TOPCAT standalone visualisation tool, originally
created by StarLink and now maintained by the
Euro-VO project. This makes it possible, for ex-
ample, to explore 3-D representations of data on-
line.

At the time of writing there are 117 registered
users of the Millennium Archive site with local disk
space allocated for storage and manipulation of
the results of their queries. About 85% of these
have successfully executed queries on the main
databases. Roughly half appear to be already car-
rying out significant research programmes (more
than 50 successful queries), while about 20% can
be characterised as heavy users (more than 1000
successful queries). Currently 6× 108 rows of data
are being downloaded from the site per week. The
user group is still growing rapidly and it will prob-
ably be several years before the archive’s success in
generating new science from the Millennium Sim-
ulation can be properly assessed. (Gerard Lem-
son and Simon White; the public databases and
documentation can be found at http://www.mpa-
garching.mpg.de/millenium).

2.9 Coherent structures in solar

granulation and solar
p-mode excitation

Helioseismology has provided us with a new ‘win-
dow’ to look inside our Sun. Through observing its
oscillations with sufficiently high precision it is pos-
sible to constrain the profiles of sound speed, den-
sity, and mean molecular weight, and thus also of
pressure and temperature, as a function of depth.
While integral quantities such as the radius or the
luminosity of the present Sun can be matched by
adjusting model parameters used in solar struc-
ture and evolution calculations, the recovery of the
depth profiles of thermodynamical variables, which



2.9. Coherent structures in solar granulation and solar p-mode excitation 27

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 10  11  12  13  14  15  16  17  18

<
w

θ3 >
si

m
ul

at
io

n 
/ <

w
θ3 >

m
od

el

depth in ln(P) [cgs units]

solar granulation convection

simulation / GH model
simulation / QN model

 0

 0.5

 1

 1.5

 2

 2.5

 3

 10  11  12  13  14  15  16  17  18  19

<
w

θ3 >
si

m
ul

at
io

n 
/ <

w
θ3 >

m
od

el

depth in ln(P) [cgs units]

granulation convection in a K dwarf (M=0.7 solar masses)

simulation / GH model
simulation / QN model

Figure 2.22: The top panel shows the ratio between the

cross-correlation wθ3 computed directly from the simulation
and two different models (GH and QN) using the simulation
data as input in the model expressions. The bottom panel
shows the same quantity for an 0.7 M⊙ K dwarf of solar
abundance at an evolutionary age of t ∼ 6 Gyr. The loga-
rithmic, horizontally averaged gas pressure is used to denote
depth, as it increases strictly with depth and resolves the
different regions. The photosphere is located to the left of
the first vertical line in both panels, followed by the super-
adiabatic layer below it (between the first and the second
vertical line), and the quasi-adiabatic region (to the right
of the second line). The bottom region (to the right of the
third line) is influenced by the closed lower boundary as-
sumed in the simulations. Note the solid line remains much
closer to 1 in the quasi-adiabatic region.

is necessary to predict the helioseismological ob-
servables, is an independent and stringent test of
our understanding of the interior of our Sun. Suc-
cessful achievements of helioseismology over the
past two decades include the determiniation of the
depth of the solar convection zone as well as of
the gradient of helium in its radiative interior, the
provision of strong constraints on the core temper-
atures and thus solar neutrino production (which
eventually led to observational evidence for the ex-
istence of neutrino oscillations), and the unveiling
of the complicated rotational profile in the interior
of the Sun. Under the name of asteroseismolgy this
technique is now applied to an increasing number
of stars including solar-like ones and white dwarfs.

Most of the information obtained from helio-
seismology is based on identifying the oscillation
modes observed in the data and thus determining
both their amplitudes and frequencies, as well as
variations of these quantities with time. The domi-
nant contribution to these oscillations are p-modes
(pressure modes), sound waves trapped in the res-
onant cavity provided by the finite size of the Sun
and the change of physical conditions as a function
of location. Naturally, we can learn more about
the solar interior, if we have a detailed physical un-
derstanding of how energy is injected into or dissi-
pated from these p-modes. Stochastic excitation of
p-modes by convection is considered to be the main
mechanism which drives these oscillations. Mode
frequencies, sound speed, and observed amplitudes
imply that the strongest driving occurs just be-
low the visible surface of the Sun. Numerical sim-
ulations of solar surface convection are an excel-
lent tool to study mode driving. The signature
of p-modes has indeed been found in simulations
of several research groups. A direct calculation of
the observed mode spectrum is not possible from
such simulations, because only few modes fit within
a simulation box with sufficient resolution for the
up- and downflows at the granulation scale, where
most of the kinetic energy resides. However, the
simulations can be used to probe models of the ex-
citation mechanism.

Refined models consider both the fluctuating ve-
locity fields as well as fluctuations of entropy as
sources for injecting energy into the modes. Usu-
ally, for the fourth order correlations of velocities
and temperature, which appear in those models,
the quasi-normal approximation is assumed. For
this assumption to hold the fields have to behave
similar to a Gaussian random distribution. The
strong asymmetry between up- and downflows ob-
served for the solar surface indicates that this ap-
proximation is fairly questionable. The same can
be concluded from numerical simulations.

Coherent structures which are observed as broad
upflow regions (granules) enclosed by a narrow in-
tergranular network of downflows are by no means
restricted to stellar convection. The same pattern
is found for convection in the oceans of the Earth
and in reversed form (narrow, rapidly rising plumes
embedded in broad, slowly moving downflows) for
convection in its atmosphere. To model the lat-
ter V.M. Gryanik (at AWI Bremerhaven) and col-
laborators have suggested a ‘two-scale mass flux
model’. It yields scaling relations for the fourth or-
der moments which are also functions of the skew-
ness of the velocity and temperature fields, whereas
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Figure 2.23: The top panel shows the power injected
into solar p-modes per mode as a function of frequency
as deduced from observations (dots with error bars) and
from solar envelope models with different convection mod-
els and model atmospheres (solid curve indicates the physi-
cally most complete model). These models assume a quasi-
normal distribution of fourth order correlations. The bot-
tom panel shows the benefits from taking the flow topology
into account (solid curve, other curves indicate the conse-
quences of approximations made to the complete model).
Note the linear scale for the power rate. The observed data
are derived from observations with the GOLF instrument
on board of SOHO and are a revision of the data shown in
the top panel.

in the quasi-normal approximation they only de-
pend on second order moments. Consequently, in
the new model the fourth order correlations also
depend on the asymmetry between up- and down-
flows as well as hot and cold drafts, in avereges
computed at a given radius. With the parameters
of the scaling relations constrained by asymptotic
cases the model was found to yield very good re-
sults when probed with observational and simula-
tion data from geophysics.

Is that model also applicable to the case of con-
vection in the surface layers of the Sun or low mass
stars ? To answer this question numerical simula-
tions have been performed and evaluated in col-
laboration with F.J. Robinson (Yale University).

Fig. 2.22 displays a fourth order cross-correlation,
wθ3, as an example (w and θ refer to velocity and
temperature fluctuations relative to their horizon-
tal mean, with their correlation products averaged
horizontally and in time using snapshots from the
simulation as input data). For the new model (GH)
a considerable improvement is found in compari-
son with the quasi-normal approximation (QN) in
the nearly adiabatic part of the simulation (be-
tween the second and third vertical line in both
panels): the relative error is reduced from a factor
of 2 – 3 down to 20% – 30%. Similar improve-
ments are found for the other fourth order correla-
tions. These results are corroborated by numerical
simulation for the Sun performed with the code
of Å. Nordlund and R.F. Stein by collaborators
at the Obs. de Paris-Meudon (K. Belkacem, M.-
J. Goupil, R. Samadi). For their case open instead
of closed boundary conditions have been assumed
at the top and bottom of the simulation box and
a more detailed radiative transfer scheme has been
used as well. The same improvement was found
for the geophysical systems mentioned above, de-
spite vast differences in equations of state, heat-
ing and cooling mechanisms, boundary conditions,
and the role of stratification and compressibility.
Since the common feature shared by all the ana-
lyzed systems is that of an interior, quasi-adiabatic
convection zone with a filamentary flow and tem-
parture structure, the shortcomings of the quasi-
normal approximation in this part of stellar con-
vection zones can indeed be assigned to the coher-
ent structures which characterize this region and
which are well accounted for in the new model.

As a result of previous collaboration with the
seismology group at the Obs. de Paris-Meudon
the usefulness of excitation rates of solar p-modes
as an additional probe for solar structure models
has been demonstrated (top panel of Fig. 2.23).
Clearly, the existing models underestimated the
driving of p-modes in the range of 2.5–4 mHz by
a factor of 2–3. This frequency range is strongly
influenced by the physics in the uppermost part
of the quasi-adiabatic convection zone. Since
the quasi-normal approximation clearly underes-
timated fourth order correlations (cf. Fig. 2.22),
which in turn results in an underestimation of
mode excitation rates, the two-scale mass flux
model by Gryanik was considered a welcome al-
ternative. Further work done in the seismology
group at the Obs. de Paris-Meudon eventually led
to a new ‘closure model with plumes’ applicable
to mode excitation rate calculations. The predic-
tions of this approach are now essentially in agree-
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Figure 2.24: The top panel shows the temperature dis-
tribution in a subdomain of a solar granulation simulation
in 2D with ∼ 1.8 km vertical and ∼ 2.8 km horizontal res-
olution. The bottom panel shows the density distribution
in another snapshot. The upflow regions (yellow shaded re-
gions in the top panel reaching nearly its top) are smooth
even at this high resolution, confirming previous results
(e.g., R.F. Stein and Å. Nordlund). The downflow regions
are highly turbulent, though only below the visible surface
(blue color shades in the top panel), where the strongest
driving of solar p-modes should occur (green shades).

ment with the observed data (right panel, 1-σ error
bars), except for the highest frequencies, which are
strongly influenced already by the super-adiabatic
layers that reach into the bottom part of the ob-
servable photosphere. As of now, the model re-
quires second order moments from another convec-
tion model or simulations as input data. If the lat-
ter are not available, a deterioration of the agree-
ment with observations has to be expected, when
standard convection models are instead taken as a
source for that data (compare the solid curve in the
top panel with the dot-dashed one in the bottom
panel of Fig. 2.23).

We expect further progress in this field from
new numerical simulations of solar granulation per-
formed at very high resolution. In collaboration
with H. Muthsam (Univ. of Vienna) a new code,

Antares, based on advanced numerical methods
and grid refinements has been used to perform sim-
ulations in 2D. In a subrange of the entire simula-
tion box they have a resolution of 2–3 km, an order
of magnitude better than in previous (2D and 3D)
simulations. Fig. 2.24 shows snapshots from these
calculations. Vigorous secondary instabilities are
formed around the downdraft plumes which cre-
ate structures on a scale of 10 km and presumably
even smaller. They give rise to a variety of acous-
tic phenomena and are currently investigated for
their potential to provide a better understanding of
the process of energy injection into p-modes. High
resolution simulations in 3D have been started and
even more detailed simulations are also planned for
the 2D case. This in turn will help to further im-
prove the models and in the end the predictive ca-
pability of helio- and asteroseismological analyses
(Friedrich Kupka).



3 Research Activities

3.1 Numerical Hydrodynamics

The activities of the stellar hydrodynamics group
at MPA in 2006 can be grouped into four major,
partially overlapping research directions: develop-
ment of numerical tools for simulating core collapse
supernova, investigations of thermonuclear (type
Ia) supernovae, studies of general relativistic core
collapse, and simulations of solar convection (see
also the sections on Stellar Physics and on Nuclear

and Neutrino Astrophysics).
The modeling of core collapse supernovae (ul-

timately) requires an efficient solution of three-
dimensional hydrodynamics coupled to the six-
dimensional neutrino transport problem. To this
end K. Kifonidis has continued his work on a
new implicit/explicit, multidimensional radiation-
hydrodynamics code, which will be able to ef-
ficiently exploit parallel computer architectures.
The basic code version, which originally made use
of Cartesian grids, was extended to handle gen-
eral, structured curvilinear grids in collaboration
with W. Högele, a student from the department of
mathematics of the TU München staying for a half-
year internship at MPA. Furthermore, new implicit
algorithms were implemented whose performance
is currently being evaluated.

Besides this more strategic and long-term
project the activities of the core collapse supernova
modelers aimed at further enhancing the capabili-
ties of the existing simulation tools. B. Müller in
his PhD work, supervised by H.-Th. Janka, sig-
nificantly improved the performance and efficiency
of the neutrino-hydrodynamics code VERTEX-
PROMETHEUS. Combining the lepton number
and energy transport equations he reduced the
number of equations to be integrated without sac-
rificing the good numerical conservation of both
fundamental quantities. During a two-month sum-
mer project R. Buras enhanced the stability of
the VERTEX-PROMETHEUS code for large time
steps. This improvement makes long-time cool-
ing calculations of nascent neutron stars feasible,
and will allow for the computation of the result-
ing neutrino light curves and spectra. In order
to be also able to treat MHD effects M. Ober-
gaulinger started developing a multi-dimensional

neutrino radiation magneto-hydrodynamics code.
This Ph.D project supervised jointly by Th. Janka
and E. Müller is pursued in collaboration with
M.A. Aloy and K. Kifonidis. The code is based on a
flux-conservative formulation of the Eulerian MHD
equations and on the comoving-frame equations of
radiative transfer. For the solution of the hydro-
dynamic equations, several approximate Riemann
solvers are applied, amongst them the multi-stage

solver by E. Toro which considerably reduces the
numerical viscosity of the scheme. The Boltzmann
equation of radiation transport is approximated by
a system of evolutionary equations consisting of the
energy-integrated first two angular moments of the
neutrino distribution function. The resulting sys-
tem of partial differential equations is hyperbolic
and is integrated by standard approximative Rie-
mann solver techniques. Radiation and matter are
coupled by a number of neutrino baryon reactions.
As a first application, the nonlinear evolution of
MHD Kelvin-Helmholtz instabilities is simulated.

Several projects were concerned with the study
of the effects of relativistic gravity in core collapse.
A. Marek studied the performance of an effective
relativistic potential in 1D and 2D stellar core col-
lapse simulations with and without neutrino trans-
port during his PhD work supervised by H.-Th.
Janka. Together with H. Dimmelmeier he tested
the quality of such an approximate description of
general relativistic effects against a more complete
treatment of relativistic gravity.

H. Dimmelmeier, C. Ott (MPI for Gravitational
Physics, Golm, Germany), I. Hawke (University
of Southampton, U.K.), and E. Seidel (Louisiana
State University, U.S.A.) performed comparison
studies of supernova core collapse using (i) Co-
CoNuT a well-tested and accurate 2d/3d rela-
tivistic hydrodynamics code utilizing the confor-
mal flatness approximation of space time, and
(ii) Cactus/Whisky, a full-fledged general relativis-
tic hydrodynamics tool developed at Golm. The
simulations of rotational supernova core collapse
performed with both codes have considerably ex-
tended the state-of-the-art in this field by com-
bining in three dimensions without any symme-
try restriction a fully relativistic treatment of grav-

30
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ity, a micro physical description of matter includ-
ing deleptonization effects, and the best available
initial models from stellar evolution. This work,
which was done in collaboration with A. Marek and
H.-T. Janka, has shown for the first time that the
dynamical bar-mode instability in rotating proto-
neutron stars (also observed by other groups) is
not confined to idealized conditions, but occurs in
more realistic astrophysical situations too. The
simulations have also yielded more realistic tem-
plates of the gravitational wave signal from super-
nova core collapse. Currently, H. Dimmelmeier,
C. Ott (MPI for Gravitational Physics, Golm, Ger-
many), A. Marek, H.-T. Janka, and E. Müller at-
tempt to establish criteria to predict the dynamics
of collapsing stellar cores from the rotational state
of the stellar progenitor. The ongoing study shows
that the influence of rotation was strongly overesti-
mated in previous studies using a simplified model
for the core matter. The new results will help to in-
crease the probabilities to detect such events with
gravitational wave detectors currently being built
or already taking data.

A further study concerned with relativistic grav-
ity dealt with neutron star oscillations. Together
with N. Stergioulas (Aristotle University, Thes-
saloniki, Greece) H. Dimmelmeier advised the
Diploma student K. Zagkouris (Aristotle Univer-
sity, Thessaloniki, Greece) to use the CoCoNuT
code for simulations of axisymmetric oscillating
neutron stars whose thermodynamics is described
by a tabulated equation of state. This improves
on previous studies which were limited to a sim-
ple analytic formulation of the equation of state,
and extends the field of asteroseismology to rotat-
ing neutron stars. H. Dimmelmeier also provided
the Ph.D. student E. Abdikamalov (SISSA, Tri-
este, Italy) of L. Rezzolla (MPI for Gravitational
Physics, Golm, Germany) with the CoCoNuT code
to investigate the collapse of neutron stars induced
by a phase transition to quark matter. Such a tran-
sition, which results in a violent star quake, is ac-
companied by significant emission of gravitational
waves, which could be observable by gravitational
wave detectors.

The modeling of thermonuclear supernova explo-
sions continued to be a major part of the activities
of the group. Although Friedrich Röpke was on
leave at the University of California at Santa Cruz,
the work based on the group’s combustion hydro-
dynamics code SuCCESs (Supernova Combustion
Code for Explosion Simulations) continued and led
to several new and exciting results.

A first set of simulations was completed in which

it could be shown that the approach chosen by the
group, i.e., large eddy simulations with a sophis-
ticated local and dynamical sub-grid scale model
for turbulence, and a level-set to track the burn-
ing front, is well justified. This could be done by
means of a simulation carried out at the RZG by
Friedrich Röpke and Wolfgang Hillebrandt, run-
ning on 512 processors of the IBM Regatta super-
computer over more than 1000 hours, numerically
resolving length scales down to 800 meters in the
core of the exploding white dwarf star. A second
similar simulation with different ignition conditions
was performed at the Supercomputer Center in Ed-
inburgh in the framework of the European Infras-
tructure DEISA. The tera bytes of data obtained
from both simulations imposed new challenges for
post-processing and visualization which initiated a
close collaboration with the RZG, but the work is
not yet completed. Light curves were computed in
collaboration with Sergei Blinnikov and the group
at ITEP in Moscow and they fit those of observed
type Ia supernovae surprisingly well. Also, for the
first time, the predicted nuclear abundances from
a (parameter-free) simulation could be compared
directly with those reconstructed for a real super-
nova from a dense time series of spectra and, again,
the agreement was quite good.

While in these simulations it was assumed that
the mode of propagation of thermonuclear flames
inside the white dwarf star is a subsonic deflagra-
tion, also the possibility of a transition to a det-
onation late in the explosion was re-investigated,
because there seem to be indications from ob-
served spectra that such a transition might take
place at least in some supernovae. This work was
done by Friedrich Röpke in collaboration with Jens
Niemeyer’s group at the University of Würzburg.
They could add a module to the SuCCESs code
that follows the detonation front, thought to be
launched once the deflagration flame enters the
regime of distributed burning, with a second level-
set. A first set of simulations showed that, indeed,
a late detonation can bring the explosion models
closer to their observed counterparts. The new
code was also used in Diploma thesis by Michael
Fink to re-investigate the possibility that rather
low-mass white dwarfs with He layers on top, the
so-called sub-Chandrasekar-mass branch of type Ia
supernova progenitors, might explode, triggered by
the detonation of the helium. He could show that
this is a robust explosion mechanism. However, the
properties of these explosions do not agree with any
of the observed type Ia supernovae. A possible ex-
planation is that white dwarfs cannot accumulate
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enough He on their surface but rather burn the
accreted He in flashes before it can detonate.

Figure 3.1: 3D numerical simulation of solar surface gran-
ulation. The figure presents a snapshot of the difference
between the logarithm of temperature and its horizontal
average. Cool, narrow downdrafts (blue) are embedded be-
tween hot upflow regions (red), as can be seen on both sides
of the box (the top layers show a more complex, partially
reversed pattern, but they are located already at the bottom
of the chromosphere). Differences between up- and down-
flows are small in the interior (green areas on both vertical
sides). This simulation run provides the boundary condi-
tions for much higher resolution simulations that probe the
detailed structure and properties of downflow regions (F.
Kupka).

The collaboration of F. Kupka with H. Muthsam
(Univ. of Vienna) on the numerical study of solar
convection resulted in the first set of simulations of
solar granulation which feature a local (grid) reso-
lution of 2–3 km in part of the simulation domain
with a realistic background (simulated at lower res-
olution and enclosing the domain of interest) and
realistic micro-physics. Shearing instabilities, un-
detectable with standard grid resolutions of 20–
30 km, could for the first time clearly be identified
at the boundaries between up-flowing granules and
down-flowing plume-like features. While these pro-
cesses take place mostly underneath the observable
surface, they may play an important role in how
energy is fed into solar oscillations and how flow
patterns underneath the solar surface are modified
by the up- and down-flows. This study is now ex-
tended from the two dimensional to the three di-
mensional case using the super-computing facilities
of the RZG. The grid refinement of the Antares
simulation code (by H. Muthsam and co-workers)
used for this work will also benefit the study of
semi-convection, for which the code is reaching pro-

duction stage (collaboration with H.C. Spruit).

R. Walder, in collaboration with D. Folini (ETH
Zurich), analyzed supersonic turbulence in shock-
bound interaction zones of colliding hypersonic
flows. Such turbulence is thought to play a domi-
nant role in star formation but is physically impor-
tant also in wind-driven structures and probably
gamma-ray bursts. They showed that the average
properties of the interaction zone are well described
by scaling laws obtained from dimensional analy-
sis. The governing number is the upstream Mach
number. Numerical simulations allowed to deter-
mine the scaling parameters and showed that the
spatial scale of the turbulent structure scales with
the width of the interaction zone and the upstream
Mach number.

3.2 Stellar Astrophysics

In the field of Stellar physics the activities at MPA
in 2006 concentrated on four major topics: (i) sim-
ulations of core core collapse supernovae, (ii) and of
thermonuclear supernovae, (iii) constraining theo-
retical supernova models by observations, and (iv)
understanding certain aspects of stellar evolution
(see also the sections on Numerical Hydrodynamics

and on Nuclear and Neutrino Astrophysics).

The simulations of core collapse supernovae in-
volved a study of the importance of the magneto-
rotational instability (MRI), and of the mixing
processes occurring in the envelopes of explod-
ing massive stars. M. Obergaulinger, E. Müller,
M.A. Aloy, and H. Dimmelmeier investigated
the collapse of rotating magnetized stellar cores,
particularly focusing on the development of the
magneto-rotational instability. In several simula-
tions based on simplified core models (polytropes),
they were able to resolve the fastest growing MRI
modes. They observed an exponential growth of
the magnetic field strength, leading to enhanced
angular momentum transport and the formation of
jet-like outflows. K. Kifonidis in collaboration with
H.-Th. Janka, E. Müller, and T. Plewa (Flash Cen-
ter, Univ. of Chicago) performed adaptive mesh re-
finement simulations to study the development of
hydrodynamic instabilities in the mantle and en-
velope of exploding massive stars as a consequence
of bipolar and quadrupolar asymmetries produced
in the innermost ejecta by convective overturn in
the neutrino-heating layer and by a newly discov-
ered non-radial instability of the stalled accretion
shock. The simulations revealed the importance
of Richtmyer-Meshkov instabilities at the compo-
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sition interfaces of the star after shock passage for
triggering large-scale mixing of hydrogen deep into
the stellar core and of metals far into the hydro-
gen layer, as required to explain the observational
properties of SN1987A. P. Mach (Univ. Cracow,
Poland), a student staying on a ten months intern-
ship funded by DAAD at MPA, presently continues
these studies for different stellar progenitor models.

In 2006 the European Research Training Net-
work (RTN) “The Pysics of Type Ia Supernova
Explosions” came to an end. Over its five years
of operation it has accumulated photometry and
spectroscopy for a total of 16 nearby supernovae
which, with one exception (SN 2004aw was of type
Ic) were all of type Ia. Meanwhile, most of the
data have been reduced, calibrated, and were ana-
lyzed by researchers of the collaboration, includ-
ing N. Elias de la Rosa, A. Pastorello, and S.
Taubenberger from MPA, a challenging task, be-
cause the observations of each supernova were done
with up to 12 different telescopes. It is planned
to provide this unique set of data to other inter-
ested astronomers once the data reduction is com-
pleted for the full set which is forseen for the end
of 2007. The data analyzed so far have already
led to extremely interesting conclusions. It was
found that otherwise almost identical supernovae
can have distinctly different early spectra which
may be the clue to map the accretion history of
the white dwarf prior to the explosion. Although
it was found that in order to calibrate their peak lu-
minosities, a prerequisite for cosmic distance mea-
surements, at least one second parameter should
be considered. Most of this interpretive work was
done by M. Stehle and P. Mazzali, together with
other members of the collaboration.

Constraining theoretical supernova models by
observations has become a very active field of re-
search at MPA. P.A. Mazzali and collaborators dis-
covered a Type Ic supernova in coincidence with an
X-ray Flash, the weak analogue of a Gamma-Ray
Burst, and observed the supernova, SN2006aj with
the ESO-VLT. In collaboration with visiting post-
Doc D. Sauer he modeled the spectra and light
curve of the supernova and showed that it is the re-
sult of the explosion of a star of initially ∼ 20 M⊙.
This, and the luminosity of the supernova, suggest
that the collapse did not produce a black hole, as
expected for supernovae belonging to the hyper-
nova/GRB class, but rather a neutron star. The
X-ray flash was probably produced by some mag-
netic activity on the surface of the nascent neu-
tron star, which also could have increased the ex-
plosion energy to the slightly larger-than-normal

value of 2 × 1051 ergs. The results were communi-
cated in two publications in Nature. P.A. Mazzali,
in collaboration with D. Sauer and K. Nomoto’s
group at Tokyo University, further modeled a set
of SNe Ic in order to establish the range of prop-
erties and progenitors of these objects. In particu-
lar, they studied the ”normal”low-energy SN1994I,
and the over-energetic, broad-lined, but still non-
GRB SN 2004aw. P.A. Mazzali also continued
the development of a fully three dimensional light
curve and nebular spectrum synthesis code, which
has been applied to the GRB-SN 1998bw.

Further observational studies of SNe Ic were pur-
sued in the PhD work of S. Taubenberger, super-
vised by W. Hillebrandt. He went on investigating
the observed properties of various kinds of super-
novae. He has completed his studies on the pecu-
liar Type Ic SN2004aw, that provide further in-
sight into a class of supernovae that has not been
well studied so far. Issues like the intrinsic het-
erogeneity within this class, links between regular
SNe Ic and hypernovae, and the presence or ab-
sence of helium in the ejecta are addressed in this
work. In addition, basic physical parameters of
the progenitor star and the explosion have been
inferred by means of an analytical description of
the light curves. The second object S. Tauben-
berger has concentrated on, SN2005bl, is an under-
luminous Type Ia supernova with unprecedentedly
strong C II lines in its earliest spectrum, six days
prior to maximum brightness. Spectral model-
ing, that has been performed in collaboration with
S. Hachinger and P.A. Mazzali, indicates a carbon
abundance at the photosphere of at least 8% at
that epoch. This large amount of unburnt mate-
rial, together with the low abundance of NSE ele-
ments, suggests very incomplete burning, and may
shed light on the explosion mechanism underlying
the group of under-luminous SNe Ia.

Besides SNe Ic, i.e., stripped core collapse super-
novae, P.A. Mazzali also modeled the light curves
and spectra of a number of thermonuclear super-
novae (SNe Ia) observed through the European Su-
pernova Collaboration and the EU-RTN on The

Physics of Type Ia Supernova Explosions. He su-
pervised PhD student M. Tanaka (Univ. Tokyo)
in the development of a three-dimensional code for
the calculation of early-time supernova spectra us-
ing the Monte Carlo approach. The properties of
the outer supernova ejecta determined by this code
have been published. P.A. Mazzali also worked on
extracting the general properties of SNe Ia and to
understand how they affect the use of these ob-
jects in cosmology. In collaboration with P. Pod-
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siadlowski (Univ./ of Oxford) he investigated how
the presence of stable iron group isotopes such as
54Fe and 58Ni can affect the light curve and the
spectra of supernovae. They showed that a small
change in the metallicity of the white dwarf pro-
genitor can lead to uncertainties in the peak bright-
ness of the supernova of the order of 20%, which
is the size of the effect used for cosmology, while
the shape of the light curve is not affected. Us-
ing the nebular spectra of 23 well-observed SNe Ia
P.A. Mazzali determined the element distribution
of their ejecta. His results, which are published in
Science, suggest that the mode of explosion is sim-
ilar in all SNe Ia, possibly a delayed detonation.
In his diploma project supervised by P.A. Maz-
zali, S. Hachinger measured line ratios in different
SNe Ia to establish observational trends, and ex-
amined the diversity of spectral properties among
supernovae Ia of different luminosity.

Observational signatures of thermonuclear su-
pernovae were also modeled by S.A. Sim, who
worked on the implementation of Monte Carlo ra-
diative transfer methods for the computation of
light curves and γ-ray spectra from three dimen-
sional models of SNe Ia. A new Monte Carlo code,
which is both fully three dimensional and allows for
an arbitrary orientation of the supernova relative
to an observer’s line of sight, has been developed,
tested and applied to investigate several multi di-
mensional radiative transfer phenomena. The code
has been used to show that both complex inhomo-
geneity, as predicted by modern SNe Ia hydrody-
namic simulations, and any global departures from
sphericity can affect light curve shapes as com-
pared to those obtained with simpler one dimen-
sional computations. These multi dimensional ef-
fects have ramifications for understanding aspects
of the observed diversity in the SNe Ia population.

The studies in stellar evolution included the core
helium flash, stars which show enhancement of α-
elements (O, Na, Mg, Si, Ti, . . . ), the stellar prop-
erties of K giant stars showing radial velocity vari-
ations, and techniques to ensure a better scientific
exploitation of asteroseismic data from the CoRoT
mission.

M. Mocak, K. Kifonidis and E. Müller adapted a
version of the 3D PPM-hydrodynamics code HER-
AKLES to model dynamic phases of stellar evolu-
tion, and in particular the core helium flash. For
this purpose they have added thermal conduction,
a stellar equation of state, and a nuclear reaction
network to the basic hydrodynamics scheme. After
extensive testing of the implementation, M. Mo-
cak, in his PhD thesis supervised by E. Müller and

1010 cm

Figure 3.2: Upper panel: A three-dimensional simulation
of an aspherical Type Ia supernova at 10 seconds after ex-
plosion. The white/yellow regions contain material that
has undergone nuclear burning during the explosion and
contains mostly heavy elements (iron-group, mostly 56Ni.)
The blue regions are unburned and consist primarily of car-
bon and oxygen. Only one hemisphere of the star is shown.
Bottom panel: The aspherical distribution of burned ma-
terial in the explosion means that the observed brightness
depends on the direction from which the supernova is ob-
server. The figure shows the brightness of the supernova
(measured in units of the solar luminosity) as a function
of time for two different directions of observation (the red
and green curves) compared to the mean brightness, which
is obtained by averaging over all directions. It can be seen
that the observable light curves can be quite different from
the mean light curve which could affect the interpretation
of some observations of supernovae Ia (S.A. Sim).

A. Weiss, has begun using this code to study the
hydrodynamic effects of the core helium flash in
solar-type stars.

A. Weiss and coworkers investigated stars which
show enhancement of α-elements (O, Na, Mg, Si,
Ti, . . . ). New low-temperature molecular opac-
ity tables were provided by J. Ferguson (Wichita
State University, Kansas, USA) and their effect
on stellar models was investigated together with
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M. Salaris (Liverpool, UK) and D. Alexander (Wi-
chita State). Grids of stellar models of various
iron-to-hydrogen rations were then produced by
A. Weiss for a project about new synthetic spectra
(in collaboration with P. Coelho and B. Barbuy,
Sao Paulo, Brazil, S. Charlot, Paris, G. Bruzual,
Merida, Venezuela). With a similar approach the
effect of element abundance variations (mainly in
He, O, Na) on isochrones for globular clusters was
investigated (Weiss, Salaris, Ferguson). It was
shown that stars of different mixtures populate the
same locus in the colour-magnitude diagram, as
long as they are on the main sequence and red gi-
ant branch, but that they would separate on the
horizontal branch. This would open the possibility
of testing the predicted He-enhancement directly.
In a large international collaboration, with cowork-
ers from ESO (M. Döllinger, L. Pasquini), the
Landessternwarte Thüringen (A. Hatzes), Padova
(L. Girardi) and other institutions from Germany
and Brazil, A. Weiss also investigated the stellar
properties of K giant stars showing radial velocity
variations, which can be due to either non-radial
pulsations (allowing seismology of evolved stars)
or extra-solar planets.

J. Ballot and collaborators have developed tech-
niques to ensure a better scientific exploitation of
future asteroseismic data from the CoRoT mission
(successfully launched on December, 27). They
have studied techniques to infer information on ro-
tation speed and rotation-axis inclination of slowly-
rotating solar-like stars (Ballot, Garcia & Lambert
2006). Constraining the inner rotation profiles of
stars is crucial to understand the dynamical pro-
cesses playing a role on their structure and their
evolution. Asteroseismic information of a star is
mainly derived from the spectrum of its oscillation
modes. De-noising methods, based on a curvelet
filtering (derived from wavelet), have been devel-
oped and checked. Such techniques will improve
the analysis of spectra, especially making easier the
identification of modes (Lambert et al 2006).

Two projects from stellar astrophysics were con-
cerned with the sun and the physics of stellar sur-
face layers.

U. Anzer in collaboration with F. Fárnik,
S. Gunár, P. Heinzel and P. Schwartz (all As-
tronomical Institute Ondřejov, Czech Republic)
continued the investigation of solar prominences.
They completed the work on magnetic equilibria
of filament extensions which have been observed in
some extreme-ultraviolett (EUV) lines. They also
applied their newly developed method for filament
diagnostics to one particular filament observed on

the disc and determined its geometrical structure.
In addition, they calculated the Lyman continuum
spectrum of hydrogen which is emitted by promi-
nences on the limb and found a good agreement
with observed spectra. Based upon some earlier
studies they proposed a combined observational
programme using both EUV lines and the X-ray
continuum for the new Japanese satellite Hinode
which can give more insight into the physics of
prominences.

F. Kupka continued his study of non-local mod-
els of convection which explicitly account for ob-
served asymmetries in up- and downflows. After
detailed tests with numerical simulations (together
with F. Robinson, Yale Univ.) and intercompar-
isons with applications of such models in neigh-
boring disciplines (atmospheric sciences, oceanog-
raphy) it was possible to explain the range of appli-
cability of these models. In the absence of strong
shear flows and sufficiently away from solid or sta-
bly stratified boundaries the models predict lower
order moments of velocity and temperature fields
with an order of magnitude higher accuracy than
any other modeling approach. In collaboration
with the Obs. de Paris-Meudon (K. Belkacem, M.-
J. Goupil, R. Samadi) it was possible to apply a
variant of this model to the case of p-mode oscil-
lations in the Sun (and in α Cen A and B). While
previous models underestimate the energy injected
into the solar oscillations by an order of magni-
tude, the new model agrees with the observed data
within 1 σ errors for most of the observed frequency
range.

Solar research at MPA will profit in the future by
an agreement between the MPA with the Institute
for Solar Physics of the Royal Swedish Academy
of Sciences for acquisition of observations with the
Swedish 1-m telescope on La Palma, and for collab-
orative work on analysis and theoretical interpre-
tation of the observations. MPA contact for this
collaboration is H. Spruit.

Stellar astrophysics at MPA in 2006 was also
concerned with compact binaries and accretion
flows. The former, i.e. binary systems in which
at least one of the two components is a compact
star (white dwarf, neutron star, black hole), are
of considerable astrophysical interest. One of the
ongoing activities in the theory of stellar struc-
ture and evolution concerns the formation and evo-
lution of such binaries. As an ongoing service
to the community working on compact binaries
H. Ritter has continued compiling the data for
the regular updates of the ”‘Catalogue of Cata-
clysmic Binaries, Low–Mass X–Ray Binaries and



36 3. Research Activities

Related Objects”’ which is available only on-line
since 2003. In collaboration with U. Kolb (Open
University, Milton Keynes), 7 releases (the latest
as of 1 October 2006) of this catalogue have so
far been issued (with the next release being due 1
July 2007). E. Meyer-Hofmeister in collaboration
with V. Burwitz and J. Greiner (MPE) compared
the new observational results for RX J0513.9-6954,
the changes between the X-ray-low/optically-high
and X-ray-high/optically-low states, with models
of Kato & Hachisu and found that periodic changes
in the mass overflow rate from the companion star
are indicated.

3.3 Nuclear and Neutrino
Astrophysics

The research activities in the field of Nuclear and

Neutrino Astrophysics included the study of nu-
cleosynthesis processes, the implementation of im-
proved electron captures rates in the core collapse
supernova simulation code, the successful explo-
sion of 8–10 M⊙ stars with O-Ne-Mg cores, the
importance of various flow instabilities for neu-
trino driven supernova explosions, and neutrino-
antineutrino annihilation in the vicinity of black-
hole/accretion-torus systems.

The elemental and isotopic nuclear abundances
of the ejecta of the type Ia supernova explosion
models were computed in a post-processing step
by Marius Gieseler, an MPA student. In order to
obtain a good sampling of the data, nucleosynthesis
reaction networks had to be integrated for typically
523 tracer particles. The results could be compared
directly with observations. In particular, the mass
of radioactive 56Ni could be computed. Since the
light curves of type Ia supernovae are powered by
the decay fro Ni to Co and Fe, this allowed us to
predict them without using any fitting parameters.

J. Pruet, R.D. Hoffman (both LLNL, Califor-
nia), S.E. Woosley (UCSC, Santa Cruz, Cali-
fornia), in collaboration with H.-Th. Janka and
R. Buras, investigated nucleosynthesis in the
proton-rich ejecta of core collapse supernova mod-
els resulting from a new process, the so-called rapid
neutrino-p process. In this process, the interaction
of neutrinos with free protons leads to the pro-
duction of neutrons, whose instantaneous capture
helps to bridge p-process waiting-point nuclei and
thus enables the formation of p-process nuclei with
mass numbers A > 100 in neutrino-processed su-
pernova ejecta.

I. Panov (ITEP, Moscow) in collaboration with
H.-Th. Janka performed r-process calculations for
neutrino-driven winds from newly formed neutron
stars. The project was intended to explore the pos-
sibility, pointed out by Japanese groups, that for
suitable density and temperature prevailing dur-
ing the neutron-capture phase, strong r-processing
is possible even at modest entropies. Significant
differences compared to the Japanese results were
found. The assumption of a time- and progenitor-
independent outer boundary condition as used by
these groups for describing the interaction of the
neutrino-driven wind with the preceding supernova
ejecta is fundamentally questioned by work per-
formed by A. Arcones for her PhD project, super-
vised by H.-Th. Janka and L. Scheck. A. Arcones
conducted hydrodynamic simulations of neutrino-
driven winds from nascent neutron stars in core-
collapse supernovae. These simulations reveal that
a supersonic wind (and not a subsonic breeze as fre-
quently considered) develops and is abruptly decel-
erated in a termination shock that forms when the
fast wind collides with slower earlier supernovae
ejecta. The properties of this reverse shock feature
and their dependence on the neutrino wind condi-
tions and on the progenitor star were investigated
in spherical symmetry and in two dimensions. The
parametric nucleosynthesis studies by I. Panov and
H.-Th. Janka suggest that the reverse shock can
have a significant impact on the nucleosynthesis
taking place in the neutrino-driven outflow.

A. Marek as part of his PhD work, supervised
by H.-Th. Janka, performed stellar core-collapse
simulations with an improved description of elec-
tron captures on heavy nuclei provided by K. Lan-
ganke and G. Mart́ınez-Pinedo (GSI, Darmstadt).
The rates they employed are based on shell model
Monte Carlo calculations for a large number of
nuclear species in nuclear statistical equilibrium.
The core-collapse studies reveal that convergence
of the conditions in the stellar core until bounce
is mainly driven by electron captures on free pro-
tons and less by electron captures on heavy nu-
clei. Using improved rates for non-conservative
neutrino-nuclei scattering from the GSI-group in
stellar core collapse simulations, B. Müller, in a
start-up project for his PhD work supervised also
by H.-Th. Janka, found that the high-energy tail
of the emitted neutrino spectra is significantly re-
duced by energy losses of neutrinos in such colli-
sions with heavy nuclei.

Collapse and supernova explosion of 8–10 M⊙

stars with O-Ne-Mg cores were simulated by
F.S. Kitaura in a collaborative project with H.-
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Th. Janka and W. Hillebrandt. In this mass range
of progenitor stars the viability of the neutrino-
driven mechanism could be established and pre-
dictions of nucleosynthetic implications of this ex-
plosion scenario could be improved.

A. Marek, supervised during their PhD work
by H.-Th. Janka, continued 1D and 2D simula-
tions of stellar core collapse and post-bounce evo-
lution for different progenitors with the VERTEX-
PROMETHEUS code, employing a very sophisti-
cated treatment of multi-group neutrino transport.
A. Marek confirmed the importance of the low-
mode SASI instability for the long-time behaviour
of the stalled shock and for the neutrino-driven
explosion mechanism. As previously seen for an
11.2 solar-mass star, A. Marek also discovered a
neutrino-driven explosion in the case of a 15 solar-
mass progenitor, occurring later than half a second
after bounce and supported by the shock expansion
in the course of a growing SASI mode. The simula-
tions reveal the presence of g-mode instabilities in
the neutron star, but the amplitudes are typically
a factor of 100 lower than found by a group in Tuc-
son, and these g-mode oscillations of the neutron
star are not the cause of the explosion.

L. Scheck during PhD work, supervised by H.-
Th. Janka, E. Müller, and K. Kifonidis, investi-
gated the growth of low-mode non-radial (bipo-
lar and quadrupolar) instabilities of the stalled ac-
cretion shock in supernova cores, a phenomenon
termed SASI (standing accretion shock instability).
In well chosen test problems for supernova condi-
tions L. Scheck in collaboration with T. Foglizzo
(CEA-Saclay, Paris) could demonstrate that the
growth of this instability is indeed due to an
advective-acoustic cycle and not a purely acoustic
one, in agreement with linear analysis performed
for toy-model setups by T. Foglizzo, his PhD stu-
dent P. Galletti (CEA-Saclay, Paris), L. Scheck
and H.-Th. Janka. Evaluating his large set of 2D
and some 3D models, L. Scheck could also show
that the low-mode instabilities that occur during
the first second of the supernova explosion lead to
global asymmetries of the mass ejection in the ex-
plosion, which by momentum conservation yield a
reasonable explanation for the observed high natal
velocities of many pulsars.

In his Diploma Thesis work R. Birkl, supervised
by E. Müller in collaboration with M.-A. Aloy
and H.-Th. Janka, performed ray-tracing calcu-
lations for neutrino-antineutrino annihilation in
the vicinity of black-hole/accretion-torus systems.
He explored the efficiency of energy deposition
by this process for different geometries, taking

into account relativistic effects as described by a
Schwarzschild or Kerr metric.

3.4 High Energy Astrophysics

Above 40 keV the Earths atmosphere becomes an
intense source of hard X-ray emission induced by
cosmic rays. In this energy range the shape of the
spectrum is determined by Compton scattering and
photoabsorption, and is virtually independent of
the incident cosmic ray spectrum. The spectrum
emergent from the atmosphere in the energy range
25-300 keV has been calculated by Monte-Carlo
simulations. Comparison with a recent measure-
ment by the INTEGRAL observatory of the atmo-
spheric hard X-ray emission and the cosmic X-ray
background agrees shows agreement within 10%.
This suggests a possibility of using Earth observa-
tions for in-orbit calibration of future hard X-ray
telescopes (E. Churazov).

The giant outbursts of magnetars (neutron stars
with a very strong magnetic field, ∼ 1015 G),
are believed to result from magnetic ‘star quakes’.
They cause the star to oscillate, much like Earth
does after an earthquake. Such oscillations have
been observed in the strongest giant flare observed
to date, from the Soft Gamma Repeater SGR 1806-
20. As with the Earth, this opens the possibity of
probing the interior structure of a neutron star by
seismology. The star, it turns out, emitted a chord
of at least seven different notes. By comparing the
high and low frequencies it was possible to mea-
sure, for the first time, the thickness of the neu-
tron star crust. This parameter is an important
constraint on the nuclear equation of state. The
observations pose particular challenges for strange
star models, in which neutron stars are composed
primarily of strange quark matter. Calculations
showed that the seismic frequencies of strange stars
should differ dramatically from those of neutron
stars, and cannot be reconciled with the observa-
tions. This has consequences for our understanding
of Quantum Chromodynamics (A. Watts, with T.
E. Strohmayer (NASA GSFC) and S. Reddy (Los
Alamos National Laboratory)).

Gamma-ray bursts

Theory of Gamma-ray bursts (GRB) remains a
stimulating subject of research, with continual
changes in views resulting from new observations
and theoretical ideas. One of the key problems
under discussion in the current literature concerns
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Figure 3.3: Artist’s impression of the jet in a Gamma-ray
Burst (D. Giannios; picture: G. Drenkhahn)

the location of the gamma-ray emitting region; an-
other one the importance of strong magnetic fields
for powering the relativisic outflow (near the speed
of light) and the observed radiation of a GRB.

Existing model calculations for outflows in which
the energy of the ’central engine’ is extracted by
a magnetic field (also called ‘Poynting flux out-
flows’) treat the magnetic field as axisymmetric.
This model is also used for the jets in Active Galac-
tic Nuclei (AGN). In 3 dimensions, however, such
flows are unstable to kink-mode instabilities. Dis-
sipation of magnetic energy by these instabilities
can power the observed radiation, as well as accel-
erating the flow (see Drenkhahn in Annual Report
2002). The process now turns out to have rather
different consequences in AGN jets and GRB. In
AGN jets, rapid dissipation of magnetic energy by
the instability causes the flow to become domi-
nated by its kinetic energy flux at distances ∼ 1000
gravitational radii (sub-parsec scales). The energy
released by the instability can power the emission
observed from the compact region called the ‘blazar
zone’. When applied to GRB outflows on the other
hand, the model predicts more gradual magnetic
dissipation. At the distance where the decelera-
tion of the ejecta by interaction with the environ-
ment is expected ( 1016 cm), the flow still carries
significant magnetic energy. (D. Giannios)

One of the most intriguing recent discoveries
(made by Gamma-ray burst detectors on Swift) is
the flaring activity in X-rays, seen in about half of
the afterglow light curves. Such flares occur from
minutes to ∼1 day after the prompt emission. This
has led to the suggestion that they are caused by
late central engine activity, but this would pose
strong demands on the physics and energetics of
the central engine. An attractive alternative is that
flares are instead powered by the magnetic energy
remaining in the flow at large distances from the
source, and released when the ejecta are deceler-

ated by the surroundings. Magnetic dissipation in
this region can give rise to multiple, rapidly evolv-
ing and energetic flares. (D. Giannios)

Powerful magnetically dominated GRB outflows
can be produced, not only in axisymetric models
(as in the above) but also by a nonaxisymmetric
rotating central engine (‘AC model’). A classic ex-
ample being the rotation-powered pulsar nebula.
For GRB conditions, the dissipation of magnetic
energy takes place around the photosphere of such
a flow, producing Gamma-radiation much closer
to the source than assumed in conventional mod-
els. The accompanying Research Highlight shows
how Compton scattering in this region naturally
produces spectra very similar the observed prompt
emission. (D. Giannios, H. Spruit)

The connection between GRB and Supernovae
(SNe) has been strengthened by an investigation
of four pairs of GRBs-SNe with spectroscopically
confirmed connection. These show a tight corre-
lation between the peak spectral energy of GRBs
and the peak bolometric luminosity of the under-
lying supernovae (SNe). Combined with the well-
known relation between photon energy at the peak
of the spectral energy distribution and the isotropic
equivalent energy of GRBs, this result suggests
that the critical parameter determining the GRB-
SN connection is the peak luminosity of SNe, or
equivalently, the mass of 56Ni generated by the
SN explosion. Application of the relation to Type
Ibc SNe with normal peak luminosities indicates
that if those normal SNe have GRBs accompanying
them, the GRBs would be extremely soft and sub-
energetic in gamma-rays, and hence easier to detect
with X-ray or UV detectors than with gamma-ray
detectors. (L.-X. Li)

In some GRBs (such as 060218, associated with
SN 2006aja) a soft black-body component has been
observed in the early X-ray afterglow, and inter-
preted as the signature of a supernova shock wave
passing sthough the thick wind of the progenitor
WR star. A closer look at this model, however,
shows that it can reproduce the observations only
if the progenitor WR star has an unrealistically
large radius. (L.-X. Li)

Active galactic nuclei

A currently popular research theme is how the mas-
sive black holes were formed that are found as
Active Galactic Nuclei (AGN) at the centers of
Quasars and other galaxies (including our own).
Most likely, they acquired a significant mass al-
ready around the time their host galaxies were



3.4. High Energy Astrophysics 39

formed, a process which can now be studied with
numerical hydrodynamic simulations [B. Ciardi, I.
Pelupessy (CMU, Pittsburgh) and T. Di Matteo
(CMU, Pittsburgh)].

They continued to grow over billions of years,
however. Initially they would have been very lu-
minous objects (quasars), later at low luminosity in
a so-called radiative inefficient, low accretion rate
regime. In this later long-lasting phase, the accre-
tion process by which the holes grew was always
associated with relativistic jets: outflows at nearly
the speed of light. The effect of these jets on their
environment is regarded as an essential ingredient
in the way galaxies are formed.

There now turns out to be a close relation be-
tween the measured kinetic energy output of AGN
jets sitting in the cores of galaxy clusters, and their
emission properties, in both the radio and the X-
ray bands. The observed scaling between kinetic
and radiative (bolometric) power, Lkin ∝ L0.5

bol

is well constrained, and is consistent with radia-
tively inefficient ”jet-dominated” modes of accre-
tion. With this relation the kinetic luminosity
function can be derived for flat spectrum radio
AGN, and the total integrated jet power in the
local universe can be determined (i.e. ≈ 3 × 1040

ergs s−1 Mpc −3 at z = 0. Over the entire life of
universe, the total energy deposited by AGN jets
is ≈ 2 × 1058 ergs Mpc−3. Combining this with
the local observed black hole mass density gives
an average jet production efficiency (i.e. the frac-
tion of kinetic energy liberated for unit accumu-
lated black hole mass) of about 2-3%. However,
since most of the power comes from low luminos-
ity sources, which are not believed to contribute to
a substantial fraction of the final black hole mass
density, the actual efficiency of jet production dur-
ing actively jet-driving phases must be significantly
higher, possibly indicating that black hole spin ex-
traction may play an important role in jet produc-
tion. [A. Merloni, S. Heinz (MIT)].

The first results from a long (500 ksec) Chan-
dra observation of M87 show a striking feature: a
neat circular shell, with an outer radius of 2.8’ (13
kpc). This ring of hard X-ray emission provides an
unambiguous signature of a weak shock, driven by
an outburst from the SMBH, traversing the M87
atmosphere. The observed spectral hardening cor-
responds to a temperature rise from 2.0 to 2.4 keV,
which translates to a Mach number M ∼ 1.2 for
monoatomic gas with γ = 5/3. In addition, two
additional surface brightness edges were detected
(at radii of 0.6’ and 1.2’). The 0.6’ feature may
be the gas just outside the “piston”driving the 2.8’

shock, while the 1.2’ feature is probably produced
by a secondary outburst. [E. Churazov, W. For-
man, C. Jones (CfA)]

Galaxy clusters

The distribution of elements heavier than Helium
(‘metals’ in astrophysical parlance) in the gas fill-
ing the space between galaxies in a cluster (’clus-
ter gas’) is known to be inhomogeneous, peaking
near the cluster’s core. The abundance profiles
seen are likely associated with the ejection of met-
als from the brightest cluster galaxy. The width
of the observed abundance peaks is significantly
broader than the central galaxy light distribution,
however, suggesting that gas motions within the
cluster gas are mixing the metals ejected from the
galaxy. Treating this process in a diffusion ap-
proximation, constraints the characteristic veloc-
ities and spatial scales of stochastic gas motions
have been derived for a sample of cool core clusters
and groups. For the same sample the characteris-
tic velocities and the spatial scales of the gas mo-
tions were calculated, assuming that the gas cool-
ing losses are balanced by the dissipation of these
same gas motions. A comparison of the derived
spatial scales and the sizes of observed radio bub-
bles inflated in the ICM by a central active galactic
nucleus (AGN) suggests that the AGN/ICM inter-
action makes an important (if not a dominant) con-
tribution to the gas motions in the cluster cores. A
more direct probe of the gas motions may be ob-
tained from the shape of the emission lines: for
lines of heavy ions the Doppler turbulent broaden-
ing is important. Hence iron ions are robust tracers
of turbulent velocity fields in cluster cores. The
linewidth of the Iron XXV Kα line varies along
the projected radius and has been computed, de-
pending on the direction and on the intensity of
turbulent velocity. The next generation of X-ray
telescopes will have enough resolution to test these
findings. [P. Rebusco, E. Churazov, H. Böhringer
(MPE), W. Forman (CfA)]

X-ray binaries

Rapid variations in the X-ray light curve, so-
called burst oscillations, are observed during Type
I X-ray bursts from accreting neutron stars. In
the accreting millisecond pulsar XTE J1814-338
these oscillations were found to have an energy
dependence that is quite distinct from the oscil-
lations found in non-pulsars, and is inconsistent
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with all current models. [A. Watts, with T. E.
Strohmayer (NASA GSFC), J. Hartman (MIT), D.
Chakrabarty (MIT), J. Poutanen (Oulu)].

Figure 3.4: The temperature on the surface of a neutron
star where accreted material is undergoing rapid explosive
nuclear burning, giving rise to an X-ray burst. The red
zones are hotter and the blue zones cooler. As the star
rotates around its axis we see the hot areas move in and
out of our field of view, giving rise to brightness variations
known as burst oscillations. The unusual temperature pat-
tern shown, with a cooler patch at the center of a hot spot,
may explain some of the bizarre features of the oscillations
(A. Watts)

The evolution of populations of high-mass X-ray
binaries (HMXB) as a function of time after a star
formation event can be studied by two methods. A
method applicable to the Magellanic Clouds is to
use archival optical data for a reconstruction of the
spatially resolved star formation history. Compar-
ing this with the spatial distribution of high-mass
X-ray binaries, the time dependence of the HMXB
population density following star formation can be
found. Another way is to make use of the spiral
structure in the spatial distribution of HMXBs in a
spiral galaxy. Due to the delay between the time of
star formation and the peak of the HMXB popula-
tion, the spiral structure seen in the distribution of
bright X-ray sources will be displaced from that ob-
served in standard SFR indicators, such as Halpha
emission. Evidence for such a displacement is in-
deed observed by Chandra in M51. [P. Shtykovskiy
(Space Research Institute, Moscow), M. Gilfanov]

The famous high-mass X-ray binary SS433 was
the first object in our galaxy discovered to produce
a relativistic jet. Its X-ray emission varies with the
orbital period of the binary, with the O-star com-

panion eclipsing the accreting X-ray source (the
jets are in the plane of the sky, the disk is seen
edge-on). In addition to these eclipses, the X-
rays are modulated by absorption in the powerful
stellar wind from the optical star. The tempera-
ture profile in the X-ray emitting jet has now been
determined from detailed observations of the or-
bital modulation with the RXTE observatory, un-
der the assumption that the precessing accretion
disk is geometrically thick, and using a geometri-
cal model of the binary system. The hottest vis-
ible part of the X-ray jet is located at a distance
of l ∼ 0.06 − 0.09a, or ∼ 2 − 3 × 1011 cm from
the central compact object and has a temperature
of about Tmax ∼ 30 keV. Appreciable orbital X-
ray eclipses at the ‘crossover’ precessional phases
were discovered, which puts a lower limit on the
size of the optical component R/a > 0.5 and an
upper limit on a mass ratio of binary companions
q = Mx/Mopt < 0.3 − 0.35. The size of the eclips-
ing region can be larger than secondary’s Roche
lobe because of substantial photoabsorption by a
dense stellar wind. This must be taken into ac-
count when evaluating the mass ratio from analysis
of X-ray eclipses. [M. Revnivtsev, E. Filippova in
collaboration with Special Astrophysical Observa-
tory (Nizhnij Arkhyz, Russia) and Sternberg As-
tronomical Institute (Moscow, Russia)]

In a program of identifying new X-ray sources
from INTEGRAL, RXTE and SWIFT observa-
tions, 6 new nearby AGNs and two galactic high
mass X-ray binaries were identified, as well as two
new cataclysmic variables, presumably intermedi-
ate polars. [M. Revnivtsev, R. Sunyaev in col-
laboration with Space Research Institute (Moscow,
Russia) and Kazan State University (Kazan, Rus-
sia)]

X-ray binaries usually form as descendants of
initially normal binary stars. Exceptions occur in
globular clusters, where the density of stars is so
high that isolated neutron stars and black holes can
form X-ray binaries by capturing a companion from
the surrounding field of stars. Is the star density in
the bulge of a galaxy high enough to produce X-ray
binaries in this way? The question can now be an-
swered with accurate data from the Chandra X-ray
observatory of the bulge of M31 (the Andromeda
nebula). The frequency, per unit stellar mass, of
X-ray point sources increases dramatically in the
inner ≈ 1 arcmin of this galaxy. This is the first
evidence of dynamical formation of low mass X-ray
binaries in the dense stellar environment near the
center of the galaxy, similar to the process taking
place in globular clusters. The luminosity func-
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tion of surplus sources near the center of M31 is
similar to that of globular cluster sources and dif-
fers from the luminosity function of field sources,
which presumably have a primordial origin. A the-
oretical study has been started of the formation of
X-ray binaries in dense stellar environments, with
particular emphasis on the previously unexplored
high velocity regime typical for galactic bulges. (R.
Voss and M. Gilfanov)

X-ray background

Early in 2006 the INTEGRAL observatory per-
formed a series of four 30 ksec observations with
the Earth disk crossing the field of view of the in-
struments. The modulation of the aperture flux
due to occultation of extragalactic objects by the
Earth disk was used to obtain the spectrum of
the Cosmic X-ray Background(CXB) in the en-
ergy band 5-100 keV. The shape of the spectrum
is consistent with that obtained previously by the
HEAO-1 observatory, while the normalisation is
∼10% higher. The increase relative to the earlier
adopted value of the absolute flux of the CXB near
the energy of maximum luminosity (20-50 keV) has
direct implications for the total energy release from
supermassive black holes and for their growth at
the epoch of the CBX origin. (E. Churazov, S.
Sazonov, R. Sunyaev, M. Revnivtsev in collabora-
tion with the INTEGRAL project team).

The X-ray background of the sky consists of a
component associated with our own galaxy, and a
component of extragalactic origin, distributed uni-
formly over the sky. With scan and slew observa-
tions of the Rossi X-ray Timing Explorer (RXTE)
the best quality map so far of the Galactic back-
ground emission has been obtained. This was done
utilizing the fact that the Galactic background
emission contains a very strong emission line at
6.7 keV, while practically all contaminating bright
point sources do not have such an emission line.
The Galactic background X-ray emission traces the
infrared surface brightness of the Galaxy very well.
(M. Revnivtsev, S. Molkov and S. Sazonov)

Thanks to its wide field of view, IBIS on IN-
TEGRAL is quite sensitive to the Galactic back-
ground emission at higher energies, while at the
same time the imaging capabilities of the coding
aperture telescope make it possible to account for
the flux from bright Galactic point sources. The
longitude and latitude profiles of the background
emission derived from 3 years of observation with
INTEGRAL are again in good agreement with the

Galactic distribution of stars obtained from in-
frared observations. This, along with the measured
hard X-ray spectrum of the Galactic ridge emis-
sion strongly indicates its stellar origin. The emis-
sivity of the ridge in the energy band 17-60 keV
agrees with that of the local (in the Solar neig-
borhood) population of accreting magnetic white
dwarf binaries — the dominant contributors to the
GRXE at these energies. In addition, the shape
of the obtained Galactic background spectrum can
be used to determine the average mass of white
dwarfs in such systems in the Galaxy as ∼ 0.5M⊙.
The total hard X-ray luminosity of the GRXE is
L17−60keV = (3.7 ± 0.2) × 1037 lum in the 17–60
keV band. At energies 70–200 keV no additional
contribution to the total emission of the Galaxy
apart from the detected point sources is seen. (R.
Krivonos, M. Revnivtsev, E. Churazov, R. Sun-
yaev)

To further constrain other possible contributions
to the X-ray background from the Galaxy, deep
observations of the Galactic Center (GC) region
with Chandra Observatory were used. At dis-
tances of 2′ − 4′ from Sgr A∗, at least ∼ 40% of
the total X-ray emission in the energy band 4-8
keV originates from point sources with luminosi-
ties L(2 − 10keV ) > 1031 erg/sec. From a com-
parison of the source number-flux function in the
GC region with the known luminosity function of
faint X-ray sources in the Solar vicinity, it can
be concluded that Chandra has already resolved
a large fraction of the cumulative contribution of
cataclysmic variables to the total X-ray flux from
the GC region. This comparison in addition indi-
cates that most of the yet unresolved ∼ 60% of the
X-ray flux from the GC region is likely to be pro-
duced by weak cataclysmic variables and coronally
active stars with L(2−10keV ) < 1031 erg/sec. The
bulk of the Galactic X-ray background is therefore
produced by discrete sources. [M. Revnivtsev, S.
Sazonov, in collaboration with Center for Astro-
physics (Cambridge, USA)]

The origin of the extragalactic component of
the X-ray background has been a source of con-
troversy. One of the possibilities is that it just
consists of unresolved, distant AGN. This has now
been tested with the all-sky hard X-ray survey
recently completed by the INTEGRAL observa-
tory. It provides an unbiased sample of local ac-
tive galactic nuclei, including those surrounded by
large amounts of cold gas which absorbs the softer
X-ray radiation, making such objects invisible be-
low few keV. The hard X-ray luminosity func-
tion measured from the INTEGRAL survey has a
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canonical double power-law shape, with a break at
L ∼ 1043.4 erg/s (17–60 keV). To apply this re-
sult to the X-ray background problem, one needs
to know how the properties of AGN have changed
with cosmic time. It turns out that both the spec-
tral shape and intensity of the cosmic X-ray back-
ground are reproduced if the distribution of ab-
sorption columns in AGN has not changed signif-
icantly since z ∼ 1.5, while the AGN luminosity
function has experienced pure luminosity evolu-
tion. (S. Sazonov, M. Revnivtsev, R. Krivonos,
E. Churazov, R. Sunyaev) Apart from AGN, X-
ray binaries in normal galaxies can also contribute
to the background. Their effect turns out to rather
modest, however, about 8% from high-mass X-ray
binaries and less than 2% from low-mass XRB. [I.
Prokopenko (Space Research Institute, Moscow),
M. Gilfanov]

3.5 Accretion

When a neutron star orbits around a black hole,
angular momentum emitted in the form gravita-
tional waves causes the orbit to shrink. If the orbit
is sufficiently close, the two will eventually merge
in a violent event in which mass is ejected and a
powerful burst of gravitational waves is emitted.
What is left is a black hole with some mass still
remaining in orbit around it. Such events, though
rare, are among the most likely sources of grav-
itational radiation to be detected in the future,
and a good candidate for the origin of gamma-
ray bursts (GRB). These possibilities can now be
tested in detail with relativistic hydrodynamic sim-
ulations of such mergers. The computations re-
veal that between 0.05M⊙ and 0.25M⊙ can remain
in orbit around the black hole for many orbits.
These torus masses were estimated to be sufficient
for providing the energy that is needed to explain
the recently observed, well-localized short gamma-
ray bursts by ultrarelativistic, collimated outflows
that are powered by neutrino-antineutrino annihi-
lation (R. Oechslin and H.-Th. Janka). Such out-
flows were simulated by M.-A. Aloy, H.-Th. Janka,
and E. Müller. The jet profiles for the computed
set of models were used to make predictions for
the redshift, fluence, and energy distributions of
short-hard bursts. These theoretical predictions
were compared with the current data of short-hard
gamma-ray bursts with known redshifts [H.-Th.
Janka, M.-A. Aloy, P. Mazzali, and E. Pian (Is-
tituto Naz. di Astrofisica, Trieste)].

The so-called soft spectral state in X-ray bina-

ries is interpreted as arising from accretion of gas
via a disk reaching inward to the last stable or-
bit, and its complement, the hard state, from an
inner advection-dominated hot accretion flow sur-
rounded by a truncated outer disk. The observa-
tions, however, show a more complex picture, in
particular the existence of cool gas in an inner-
most region during the hard state. An explanation
for this intermediate spectral state is called for.
Such a state can occur when, following a decrease
in the mass flow rate, during the change from disk
accretion to a hot inner flow, a gap forms in the
disk and matter recondenses from the advection-
dominated flow down to an inner disk. Analyt-
ically evaluated condensation rates seem to indi-
cate that these results provide a further step in
understanding black hole accretion physics. The
results are valid for stellar and supermassive black
holes. [F. Meyer and E. Meyer-Hofmeister, B. F.
Liu (National Astronomical Observatories, CAS,
Kunming, China)].

X-ray transients with very low accretion rate
have recently been detected. Their X-ray bright-
ness is rather variable. The questions arising are
how such low mass overflow rates come about, and,
whether a thermal/viscous instability in the disk
can cause the observed variability. Results point
to the existence of a very large number of unde-
tectable binaries with very low mass overflow rates.
(F. Meyer and E. Meyer-Hofmeister)

The X-ray spectrum of an accretion disk around
a black hole depends on the rotation rate of the
hole. Provided both the observational data and the
theoretical models to interpret them are sufficiently
accurate, this effect can be used to measure the
spin of accreting black holes. Using the best mod-
els and data presently available, spins of a∗ ∼ 0.75
and ∼ 0.65–0.75 are found for GRO J1655-40 and
4U 1543-47. Thus, neither black hole has a spin ap-
proaching the theoretical maximum a∗ = 1. From
a similar spectral analysis of the X-ray contin-
uum that employs a fully relativistic accretion-disk
model, it appears that the compact primary of the
binary X-ray source GRS 1915+105 is a rapidly-
rotating Kerr black hole: a∗ > 0.98. [L.-X. Li with
J. E. McClintock, R. Shafee, R. Narayan (CfA),
R. A. Remillard (MIT), S. W. Davis (UC Santa
Barbara)]
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3.6 Interaction of radiation with
matter

Numerous physical problems require a detailed un-
derstanding of the radiative transfer of photons
environments ranging from the intergalactic and
interstellar media to stellar or planetary atmo-
spheres. The full solution of the seven dimensional
radiative transfer equation is still beyond our com-
putational capabilities in many astrophysical situa-
tions. An increasing effort has been devoted to the
development of radiative transfer codes based on a
variety of schemes and approximations. However,
few analytical solutions exist that can be used to
test the codes. B. Ciardi, in collaboration with I.T.
Iliev (CITA, Toronto), A. Maselli (MPA, Garch-
ing) and others, has set up a number of numerical
tests which are currently used by many groups to
compare different approaches.

Surveys of high-redshift galaxies identified as
Lyα emitters (LAEs), are an important tool for
studying the reionization history of the young
universe and the properties of the intergalactic
medium (IGM) at high redshift. Only an accu-
rate treatment of the line transfer, together with
proper modeling of the evolution of the ionization
state of the IGM will produce a reliable theoretical
background for the interpretation of LAE survey
data. A. Maselli together with A. Verhamme and
D. Schraerer, have developed a numerical scheme
for the resonant transfer of Lyα line photons. The
code accounts for both hydrogen and dust opacity
in arbitrary 3D density/temperature/velocity con-
figurations and follows the Lya radiation transfer
for one or multiple point/diffuse sources. The code
has been successfully tested for several geometric
configurations and has been shown to be able to re-
produce many of the Lyα line profile morphologies
which characterize observed galaxies.

3.7 Galaxy Formation and the
Intergalactic Medium

Hydrodynamical Simulations

The cosmology group at MPA leads the world in
using state-of-the-art hydrodynamical simulations
to study the formation and evolution of galaxies
as well as the influence that galaxies may have on
their surrounding gaseous medium.

In collaboration with the Virgo Consortium,
V. Springel and S.D.M. White are engaged in

a project entitled GIMIC (Galaxy-Intergalactic
Medium Interaction Calculation), carried out as
part of the DECI initiative of the Distributed Eu-
ropean Infrastructure for Supercomputer Applica-
tions (DEISA). Re-simulations of 5 spheres drawn
from the Millennium Run are being carried out,
with star formation, supernova feedback, galac-
tic winds and multi-species metal enrichment fol-
lowed explictly in the simulations. These simula-
tions will, for the first time, allow the extraction of
very long lines-of-sight through the Lyman-α for-
est and allow detailed comparisons with available
quasar absorption line data to be carried out. V.
Springel (in collaboration with J. Schaye (Leiden)
and T. Theuns (Durham)) is also running a com-
prehensive grid of simulations of the formation of
galaxies on the Bluegene/L supercomputer of the
LOFAR telescope in Groningen to investigate how
different physical assumptions for the regulation of
star formation by feedback affect the simulation
predictions.

The origin of intergalactic magnetic fields is still
a mystery. T. Enßlin has investigated how effi-
ciently galactic winds can provide an intense and
widespread ‘seed’ magnetization. Semi-analytic
simulations of magnetized galactic winds coupled
to high-resolution N-body simulations of structure
formation were used to estimate lower and upper
limits for the fraction of the IGM which can be
magnetized up to a specified level. They find that
galactic winds are able to seed a substantial frac-
tion of the cosmic volume with magnetic fields.
Most regions affected by winds have magnetic fields
in the range 10−12 < B < 10−8 G, while higher
seed fields can be obtained only rarely and in close
proximity to wind-blowing galaxies. These seed
fields are sufficiently intense for a moderately ef-
ficient turbulent dynamo to amplify them to the
observed values.

Much effort has also gone into developing realis-
tic simulations of galaxy clusters. C. Pfrommer, T.
Enßlin, V. Springel and K. Dolag performed high-
resolution simulations of a sample of 14 galaxy
clusters to study the effects of cosmic rays (CRs)
on thermal cluster observables such as X-ray emis-
sion and the Sunyaev-Zel’dovich effect. The mod-
eling of the cosmic ray physics includes adiabatic
CR transport processes, injection by supernovae
and cosmological structure formation shocks, as
well as CR thermalization by Coulomb interac-
tion and catastrophic losses by hadronic interac-
tions. They find that while the X-ray luminosity
can be boosted by up to 40 per cent, the integrated
Sunyaev-Zel’dovich effect is only slightly affected.
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Figure 3.5: A temperature map of the gas in a high-
resolution simulation of the formation of a galaxy cluster.
Cooler material associated with individual galaxies and with
filaments that feed the cluster can clearly be seen high-
lighted against the hot intracluster medium (K. Dolag).

In collaboration with Italian scientists, K. Dolag
used hydrodynamical simulations to study galaxy
populations inside clusters and to study the ther-
modynamic state of the gas in the external re-
gions of clusters. K. Dolag has also worked on
measuring the magnetic power spectrum and the
magnetic autocorrelation function from magneto-
hydrodynamical simulations of galaxy clusters.
The structure of the magnetic field was found to
correlate strongly with the dynamical state of the
cluster.

V. Springel constructed hydrodynamical simula-
tion models of the hot galaxy cluster 1E0657-56
(the ‘bullet cluster’). Based on deep Chandra ex-
posures, the inferred velocity of the ‘bullet’ in this
merging system is of order ∼ 4700 km s−1, which
is unusually high and appears difficult to reconcile
with the expected velocities of merging dark mat-
ter substructures in the ΛCDM cosmology. This
could either mean that the system is an exceed-
ingly rare peculiarity, or supply tentative evidence
for new physics, like a ‘fifth force’ in the dark sec-
tor. However, the simulations of Springel and G.
Farrar (New York Univ.) show that an easier ex-
planation seems more likely, where the inferred ve-
locity is in fact a substantial overestimate of the
real velocity, due to incorrect assumptions about
the dynamical state of the pre-shock gas.

Semi-analytic Models

Semi-analytic models of galaxy formation provide
a complementary way of modelling the evolution
of galaxies in a cosmological context and are able
to provide considerable insight into understanding

galaxy populations.

G. Kitzbichler and S.D.M. White used the Mil-
lennium Simulation to explore the high-redshift
predictions of the most recent models. Lumi-
nosity functions, stellar mass functions and num-
ber counts were calculated from mock observa-
tional catalogues produced from the simulation and
were compared to data from the EGS and COS-
MOS surveys . First comparisons gave promis-
ing results and a number of mock galaxy cat-
alogues have been made publicly available at
www.mpa-garching.mpg.de/Millennium. In col-
laboration with D. Elbaz (CEA, Saclay) the depen-
dence of star formation activity on the local galaxy
density was analyzed. First results indicate that
the strong correlation that is observed for galax-
ies at the present day , has apparently reversed at
earlier epochs. The relation measured in the real
Universe appears to exhibit a more rapid evolution
than in the model.

G. De Lucia and J. Blaizot used semi-analytic
models grafted onto the Millennium Simulation to
study the hierarchical formation of the brightest
cluster galaxies (BCGs). The stars in these spe-
cial galaxies form very early and in many small
progenitors. The galaxies are, however assembled
surprisingly late: half their final mass is typically
locked-up in a single galaxy after redshift ∼ 0.5.
Because most of the galaxies accreted over cosmic
time have little gas and red colours, late mergers
do not change the apparent age of BCGs. Model
results appear to be in qualitative agreement with
observational data. G. De Lucia and J. Blaizot
have made their model publically available.

L. Wang, G. Kauffmann, C. Li and G. De Lu-
cia developed a new method for modelling galaxy
clustering using high resolution numerical simula-
tions. The simulation is used to specify the posi-
tions and velocities of the galaxies. Galaxy phys-
ical properties such as stellar mass and star for-
mation rate are parametrized using simple func-
tions that depend on the mass of the halo when
the galaxy was last a central dominant object, and
the time when the galaxy first becomes a satellite.
This method provides a way of using the observed
abundances and correlation functions of galaxies
measured from large redshift surveys to constrain
the relation between stellar mass and dark matter
halo mass, and to understand how the recent star
formation histories of galaxies depend on mass and
on the location of the galaxy within the surround-
ing dark matter distribution.



3.7. Galaxy Formation and the Intergalactic Medium 45

Co-evolution of Galaxy Bulges and
Supermassive Black Holes

In recent years, it has become clear that the evo-
lution of galaxies and their central supermassive
black holes must be tightly linked. A great deal of
effort is being devoted to understand the physical
nature of this connection, and the impact that en-
ergy liberated by an accreting black hole may have
on the host galaxy.

On the modelling front, D. Sijacki and V.
Springel implemented a novel scheme for active
galactic nuclei (AGN) heating in a low accretion
rate regime in cosmological simulations of galaxy
cluster formation. It was found that the central
regions of galaxy clusters are affected significantly
by AGN activity, resolving the so-called cooling
flow problem and, at the same time, yielding re-
alistic BH masses and accretion rates at different
redshifts.

M. Ruszkowski and T. Enßlin used magnetohy-
drodynamical simulations to study whether mag-
netic fields can stabilize the bubbles inflated by
radio jets. Contrary to previous claims, their re-
sults suggest that other mechanisms, such as vis-
cosity, are most likely responsible for stabilizing
the bubbles. The treatment of viscous fluids in an
astrophysical context has been the subject of inves-
tigation by Sijacki and Springel, who have devel-
oped a novel implementation of physical viscosity
in the parallel TreeSPH code GADGET-2. Among
other results, they were able to show that physical
viscosity does indeed have a stabilizing effect on
buoyantly rising bubbles in clusters.

In a collaboration with scientists from CfA, V.
Springel studied the growth of AGN using numeri-
cal simulations of galaxy mergers that incorporate
black hole growth and quasar feedback. In a series
of papers led by P. Hopkins, they have explored
a new model for quasar lifetimes which allowed
them to predict the quasar luminosity function in
various passbands, and its evolution with redshift.
They also showed that if quasar activity is identi-
fied with the formation of spheroids in the frame-
work of the merger hypothesis, then properties of
the red galaxy population can be predicted from
the model with high accuracy. Using the compre-
hensive set of hydrodynamical merger simulations
carried out by the group, B. Robertson found that
the MBH − σ relationship is expected to evolve
very little with redshift, and that gas dissipation
plays an important role in explaining the observed
tilt of the fundamental plane of elliptical galax-
ies. In a paper led by T.J. Cox, the group further

demonstrated that gas dissipation during mergers
is required to match the kinematic structure of ob-
served elliptical galaxies.

Using a more observational approach, A. von der
Linden and G. Kauffmann studied the properties of
radio-loud AGN in a sample of 625 nearby groups
and clusters selected from the Sloan Digital Sky
Survey. The study concluded that brightest group
and cluster galaxies (BCGs) have a higher dark
matter content than non–BCGs of comparable stel-
lar mass, and that they do not follow the typical
scaling relations of elliptical galaxies. BCGs were
found to be more likely to host a radio-loud AGN
than other galaxies of the same stellar mass. It was
demonstrated that the radio-loud AGN properties
of both BCGs and non-BCGs could naturally be
explained if this activity is fuelled by cooling from
hot gas surrounding the galaxy. Using observa-
tional estimates of the mechanical output of the
radio jets, the time-averaged energy output associ-
ated with recurrent radio source activity was esti-
mated for all group/cluster galaxies. The conclu-
sion of the analysis was that unless the efficiency of
converting AGN mechanical energy into heating in-
creases by 2-3 orders of magnitude between groups
and rich clusters, radio-mode heating will not bal-
ance radiative cooling in systems of all masses.

Visiting graduate student C. Li , G. Kauffmann,
L.Wang, and S. White analyzed the clustering of
90,000 narrow-line AGN drawn from the the SDSS.
The cross-correlation between AGN and a refer-
ence sample of galaxies was computed and com-
pared to results for control samples of inactive
galaxies. On scales larger than a few Mpc, AGN
were found to have have almost the same cluster-
ing amplitude as the control sample. On scales be-
tween 100kpc and 1Mpc, AGN were clustered more
weakly than the control galaxies. Mock catalogues
constructed from high-resolution N-body simula-
tions were used to interpret this anti-bias, showing
that the observed effect is easily understood if AGN
are preferentially located at the centres of their
dark matter halos. The study also included an
analysis of the incidence of very close companions
around AGN and concluded that galaxy-galaxy in-
teractions cannot explain the activity seen in the
majority of the objects in the sample.

G. Kauffmann studied a volume-limited sam-
ple of massive bulge-dominated galaxies with data
from both the Sloan Digital Sky Survey and the
Galaxy Evolution Explorer (GALEX) satellite. In
this sample, the SDSS spectra sample the light
from the bulge-dominated central regions of the
galaxies. The GALEX NUV data provide high
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sensitivity to low rates of global star formation in
these systems. It was found that there is a much
larger dispersion in NUV-r colour than in optical g-
r colour and that nearly all the galaxies with bluer
NUV-r colours are AGN. Both GALEX images and
SDSS colour profiles demonstrate that the excess
UV light is always associated with an extended
disk. The scenario suggested by a detailed anal-
ysis of the data is one in which the source of gas
that builds the bulge and black hole is a low mass
reservoir of cold gas in the disk. The presence of
this gas is a necessary, but not sufficient condition
for bulge and black hole growth. Some mechanism
must transport this gas inwards in a time variable
way. As the gas in the disk is converted into stars,
the galaxies will turn red, but further gas infall can
bring them back into the blue NUV-r sequence.

V. Wild and G. Kauffmann have been working
on new, more sensitive methods for constraining
the detailed recent star formation history of galax-
ies. Application of the method to bulge-dominated
galaxies in the SDSS is allowing the incidence of re-
cent starbursts in these systems to be quantified in
detail.

D. Gadotti applied his image decomposition
code to the images of a few hundred galaxies and
AGN from the SDSS DR2 sample, obtaining struc-
tural parameters and colors of galactic components
(bulges, disks and bars). In collaboration with G.
Kauffmann, he studied how these components re-
late to each other and the extent to which AGN
differ from normal galaxies. The study revealed
that bulge size is the single most important param-
eter related to black hole activity. In collaboration
with L. Athanassoula, he has also compared the
structural properties of simulated and real barred
galaxies.

G. De Lucia has also continued her collaboration
with various members of the EDisCS Consortium.
In particular, she has studied the evolution of the
colour-magnitude relation from high redshift to the
present day. Her analysis has shown that faint red
galaxies become increasingly important with de-
creasing redshift or, in other words, the faint end
of the colour-magnitude relation becomes increas-
ingly populated at lower redshift. These findings
clearly indicate that the red-sequence population
of high-redshift clusters does not contain all pro-
genitors of nearby red-sequence cluster galaxies. A
significant fraction of these must have moved onto
the red-sequence below z ∼ 0.8.

Re-Ionization

One of the most debated issues in the theoretical
modelling of cosmic reionization is the impact of
low mass gravitationally-bound structures. B. Cia-
rdi has carried out the first numerical investiga-
tion of the role of such minihaloes, which serve
as self-shielding screens of ionizing photons. She
finds that, depending on the details of the mini-
halo formation process, their effect on the over-
all progress of reionization can range from mod-
est to significant. An important, related issue, is
under which circumstances such small-mass halos
can form. Collapse and cooling require the pres-
ence of molecular hydrogen, so studying the for-
mation/destruction of such species is of basic im-
portance. J. Jasche, B. Ciardi and T. Enßlin have
studied the effect of cosmic rays on primordial
chemistry, finding that in certain environments,
cosmic rays can actually promote molecular hydro-
gen formation.

Another important issue is the role of very mas-
sive, metal-free stars in the first stages of reion-
ization. B. Ciardi has investigated the physics of
the transition from an early epoch dominated by
massive Pop III stars to a later epoch dominated
by familiar low-mass Pop II/I stars, as well as the
impact of Pop III stars on reionization. U. Maio,
B. Ciardi and K. Dolag are now studying the same
transition by means of numerical simulations. An
alternative way to study the evolution of the stel-
lar IMF is to exploit the detection of high redshift
GRBs and their relation with the SFR. B. Ciardi
is currently investigating this issue in more detail.

A wealth of information on the reionization his-
tory is likely to be obtained by the next generation
of radio telescopes. In fact, it has long been known
that neutral hydrogen in the IGM may be directly
detectable in emission or absorption against the
CMB radiation at the frequency corresponding to
the redshifted 21 cm line. B. Ciardi has used nu-
merical simulations of cosmic reionization and of
the related 21 cm emission line to produce syn-
thetic radio maps as seen by a LOFAR-type tele-
scope, finding that, if reionization occurs relatively
late, the telescope will be able to detect HI struc-
tures on arcmin scales.

A. Maselli has investigated the possibility of con-
straining the mean neutral hydrogen fraction (xHI)
from the extent of the quasar HII region measur-
able in high-z quasar spectra. The study finds that
observations can provide only rough estimates of
xHI, since the measured HII region size typically
underestimates the real size.
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Figure 3.6: Maps of CMB temperature anisotropies (up-
per panels) and differential brightness temperature of 21cm
line emission from neutral hydrogen (lower panels), ex-
pected from a model in which IGM reionization is complete
at redshift 8 (left panels) and 13 (right panels). Yellow
(blue) indicate high (low) values of the temperatures (B.
Ciardi).

3.8 Large-Scale Structure, Dark
Matter and Gravitational
Lensing

The cold dark matter (CDM) model has been very
successful, but the ultimate verification of this
model would be to “see” or map the dark matter
that is predicted to surround every galaxy. B. Met-
calf, S. White and S. Hilbert have shown that this is
possible with the use of radio telescopes now being
planned and built to observe radiation coming from
the hyperfine transition of neutral hydrogen in the
early universe (10 < z < 300). With enough sensi-
tivity and resolution, the distribution of all matter,
all the way back to this early time, could be imaged
through its gravitational effects at a signal-to-noise
ratio in excess of ten. Such a map and its correla-
tions with observations in other wavelengths would
revolutionize the study of dark matter and galaxy
formation.

The gravitational lensing of high redshift 21 cm
radiation can also be used to measure many cos-
mologically relevant parameters such as the total
matter density, the equation of state for dark en-
ergy, the density of baryons and the spectrum of
initial density fluctuations to accuracies far exceed-

ing those possible with any other proposed method.
This would provide invaluable information on the
nature of the mysterious dark energy that is caus-
ing the universe’s expansion to accelerate and on
the physics of the very early universe that created
the large scale density fluctuations we see today. B.
Metcalf and S. White performed an initial study of
cosmological parameter estimation through a tech-
nique called gravitational lensing tomography us-
ing the 21 cm radiation.

Because type Ia supernovae are good standard
candles they are a unique probe of gravitational
magnification. B. Metcalf introduced a method
for determining if dark matter is dominated by
macroscopic compact objects (MCOs) (for exam-
ple brown dwarfs, white dwarfs or primordial black
holes) or microscopic particles (WIMPS, axions,
LSP, etc.) by using the distribution of supernova
brightnesses at high redshift. The analysis showed
that MCOs can be ruled out as the sole constituent
of dark matter and an upper limit on the density of
MCOs was estimated. With the much larger sam-
ple of supernovae expected from the SNAP satellite
and planned ground-based surveys, a mass fraction
in MCOs as small as a few percent will be measur-
able using the lensing method.

E. Hayashi studied the shape of the gravitational
potential of galaxy-sized dark matter halos in cos-
mological simulations. In collaboration with J.F.
Navarro (University of Victoria) he found that dark
matter halos become more triaxial towards their
centre. This has significant implications for the
shapes of rotation curves in disk galaxies and for
the X-ray surface brightness profiles of galaxies and
galaxy clusters. E. Hayashi also studied the cross-
correlation between galaxies and mass in the Mil-
lennium simulation. Together with S.D.M. White,
he developed a simple model which accurately de-
scribes the clustering of mass around galaxies. This
model is useful for comparisons with observational
studies which probe the large scale distribution
of matter, for example, weak gravitational lensing
analyses.

O. Möller created a comprehensive code that al-
lows the calculation of strong lensing statistics for
a large galaxy sample using a wide range of ana-
lytical mass profiles. Observational effects can be
taken into account as well as the environment of
galaxies. Using a large mock-light cone created
by M. Kitzbichler from semi-analytic galaxy cata-
logues , this code was used to create a mock sample
of lens galaxies. It was demonstrated that the code
could predict the observed statistical properties of
lens systems correctly.
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H. Sandvik, O. Möller and S. White addressed
the recent discovery from N-body simulations that
the clustering of dark matter haloes of given mass
depends on their formation history. A generalisa-
tion of the standard one dimensional excursion set
method permits a discussion of filaments and pan-
cakes, along with dark matter haloes. The analy-
sis demonstrated that if the formation history of a
halo depends on the size of its progenitor filaments
and sheets, an effect similar to that observed in
simulations may be accounted for. H. Sandvik also
extended his model-independent method for clus-
ter mass reconstruction, to allow for inclusion of
weak lensing data.

In collaboration with L. Gao (Durham) S. White
extended his studies of assembly bias, the fact that
the clustering amplitude of dark matter halos de-
pends not only on their mass but also on other
properties which reflect details of how the halos
were assembled. They were able to show signifi-
cant (and independent) dependences on formation
time, concentration, substructure and spin.

F. Kitaura and T. Enßlin developed a new fast
algorithm for reconstructing the large-scale cos-
mological ATLAS structure of the Universe using
galaxy redshift surveys. It is designed to take into
account noise, incompleteness, and masks, which
often plague such surveys.

3.9 The Cosmic Microwave
Background

Work led by A.J. Banday has focused on the nature
of the anisotropy data collected by NASA’s WMAP

satellite, with particular emphasis on understand-
ing the physical nature and accurate removal of the
Galactic foreground component.

A detailed study of the foreground spectral prop-
erties observed in the first-year WMAP data has
been undertaken. The anomalous low-frequency
emission was found not to be connected with a
hard synchrotron component spatially correlated
with the Galactic dust (as initially claimed by the
WMAP team), but with the dust itself. Further-
more, this emission showed signs of spatial varia-
tion in its spectral behaviour on the sky by a factor
of ∼ 2 from cloud to cloud. The synchrotron com-
ponent was determined to have a steep spectral
index, as expected from lower frequency observa-
tions. Unexpectedly, the diffuse free-free emission
was demonstrated to be fitted by a well-known
spectrum at K and Ka band, but with a derived

emissivity corresponding to a mean electron tem-
perature of 4000-5000 K. This is inconsistent with
estimates from Galactic HII regions – the origin of
the discrepancy is unclear.

In order to account for the variations in fore-
ground spectral behaviour across the sky, a solu-
tion to the CMB component separation problem
has been proposed based on standard parameter es-
timation techniques. A parametric spectral model
is assumed for each signal component, and the pa-
rameters fitted on a pixel by pixel basis. Ulti-
mately, the method should allow the foreground
uncertainties to be rigorously propagated through
to CMB power spectrum estimation and cosmolog-
ical parameter inference. Such a component sep-
aration strategy will be of great importance for
Planck and high-sensitivity polarisation measure-
ments. The method is currently being applied to
the WMAP three year data release.

Although the use of parametric fitting methods
to the CMB data should ultimtely provide one of
the more robust and accurate methods for fore-
ground removal, the current sensitivities of CMB
measurements are such that fits to templates of the
foreground emission provide an adequate solution
to the component separation problem. A new ap-
proach to foreground removal (WIFIT) has been
proposed that does not rely on prior knowledge
about the foreground components. Instead, the
necessary information is extracted directly from
the microwave sky maps. The method has been
successfully applied to the WMAP first-year data.

A final method for performing component sepa-
ration is based on Independent Component Anal-
ysis (ICA). This method is one of a class of so-
called ”blind” algorithms, in that it makes no spe-
cific assumptions about the number or statisti-
cal nature/morphology of the foreground compo-
nents. Applied to the WMAP three-year data, the
method yields an estimate of the CMB sky with an
angular power spectrum in close agreement with
that of the WMAP team.

J. Chluba and R.A. Sunyaev studied the details
of cosmological hydrogen recombination at red-
shifts in the range z ∼ 200 − 2000, focusing on
the release of photons during this epoch. The hy-
drogen recombination spectrum was computed in a
frequency range ν ∼ 0.1 − 3500 GHz including the
main collisional processes and following the evolu-
tion of all the angular momentum sub-states sepa-
rately taking into account up to 100 shells. It was
shown that ∼ 5 photons per hydrogen atom are
released at z > 800. These distortions of the Cos-
mic Microwave Background (CMB) spectrum have
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Figure 3.7: Reconstruction of simulated large-scale structures with ATLAS. The upper left plot shows the true
underlying over-density field. The observed noisy data along stripes given in the upper right plot result from
multiplying the signal by a windowing function, that is one in the observed region and zero in the unknown region,
and adding a noise to it that increases in the radial direction. The lower left plot represents the reconstruction,
in which the suppresion of the noise and signal enhancement in the observed region can be seen, and also the
correct propagation of the information into the un-sampled regions. We see in the lower right plot the pixel
to pixel correlation between the real- and the reconstructed density field, split into the sampled (black dots)
and the un-sampled region (red dots). The spreading of the red dots shows the propagation of the information
about the density fluctuations thanks to the correlation function. The values of the r correlation coefficients are
higher than the ones obtained when neglecting the windowing (by assuming zero over-densities in un-sampled
regions), even in the observed region (F. Kitaura, T. Ensslin).
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a very peculiar spectral dependence, which exceeds
the level of ∆I/I ∼ 10−7 at frequencies below
ν ∼ 2 GHz, and may become observable in the fu-
ture. Furthermore, it was shown that percent-level
corrections to the ionization history arise, which
may be important for the accurate analysis of fu-
ture CMB data.

K. Dolag, V. Springel, M. Maturi (ITA Hei-
delberg) and A. Waelkens investigated the Rees-
Sciama effect by using a constrained high-
resolution hydrodynamical simulation to probe the
details of the signal and a linear matched filter to
fix an upper limit on its amplitude. The Rees-
Sciama effect from the local universe peaks at low
angular frequencies on the sky and has a mini-
mum/maximum amplitude of 0.3µK/0.8µK. Even
if its quadrupole is well aligned with the CMB
quadrupole, its amplitude is not sufficient to ex-
plain observed inconsistencies with the concor-
dance Λ-CDM model in the current WMAP data.

T. R. Jaffe continued previous studies into a sur-
prising correlation between a non-standard topo-
logical model of the Bianchi Type VIIh and the
WMAP data. In particular, the release of the
three-year data for WMAP allowed additional tests
that enabled her to rule out the influence of year-
to-year systematic effects as well as foregrounds.

3.10 Quantum mechanics of
atoms and molecules,
astrochemistry

An interesting probleme in the gravitational col-
lapse scenario of early structure formation is the
cooling of primordial gas to allow small mass ob-
jects to form. As the neutral primordial gas is a
poor radiator at low temperatures (T ≤ 104 K),
molecular hydrogen is needed for further cooling
down to temperatures (T ∼ 100 K). The forma-
tion of molecular hydrogen is catalyzed by the pres-
ence of free electrons. Therefore J. Jasche, B. Cia-
rdi and T. A. Enßlin developed a computer code
to study the effects of ionizing cosmic rays on the
thermal and chemical evolution of primordial gas.
They found that cosmic rays can provide enough
free electrons for the formation of molecular hydro-
gen, and can therefore increase the cooling ability
of such primordial gas under certain conditions.

The HeH Rydberg molecule confined by a
cylindrical harmonic potential has been studied
by J.M.H.Lo, M.Klobukowski, D.Bielińska-Wa̧ż,
E.W.S.Schreiner, and G.H.F.Diercksen. They find

that confinement affects this molecule differently
than strongly-bound diatomic molecules. The con-
finement does not dramatically vary the bond
lengths for the low-lying electronic states of HeH,
and the bond lengths could be either stretched or
compressed. The excited states are not necessarily
more strongly bound by the potential, and some of
the states become less bound when the confining
potential is applied.

The energy spectra and oscillator strengths of
two, three and four electrons confined by a quasi-
two-dimensional attractive Gaussian-type poten-
tial have been calculated for different strength of
confinement and potential depth by T.Sako and
G.H.F.Diercksen using the quantum chemical con-
figuration interaction method employing a Carte-
sian anisotropic Gaussian basis set. A substantial
red shift is observed for the transitions correspond-
ing to the excitation into the center-of-mass mode.
The oscillator strengths, concentrated exclusively
in the center-of-mass excitation in the harmonic
limit, are distributed among the near-lying transi-
tions as a result of the breakdown of the generalized
Kohn theorem.

W.Krämer has studied basic exothermic binary
reactions of potential astrophysical relevance. His
previous investigations demonstrated the impor-
tance of resonance states for the performance of the
reactions. Resonances are quasi-bound vibration-
rotation levels lying just above the relevant dis-
sociation threshold of a molecular system stabi-
lized by rotational centrifugal barriers. They are
intermediately populated during the reaction pro-
cess and depending on their quantum characteris-
tics they either reproduce the energy levels of the
initial reaction partners or they can stabilize the re-
action process radiatively through spontaneous ra-
diative decay to bound vibration-rotational levels
of the reaction product or via non-radiative tran-
sition processes. The diatomic or triatomic molec-
ular systems studied so far within the project are
formed in weak interactions with small binding en-
ergies. The number of bound vibrational states
in such weakly bound molecular complexes is rel-
atively small and the handling and assignment of
these states therefore does not cause major difficul-
ties. The situation becomes much more complex
in strongly bound systems where already the num-
ber of bound vibrational states becomes very large
without taking into account the even much larger
number of connected rotational states. Character-
izations of highly excited states in such systems on
the basis of individual quantum numbers becomes
impossible. It is therefore reasonable to inquire
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whether these states may be understood from a di-
ametrically opposite point of view, assuming that
in these states individual quantum structures are
washed out. A statistical theory of the energy lev-
els can be applied in these cases which is able to
describe the general appearance and the degree of
irregularity of the level structures. Different statis-
tical methods such as the density of states or the
nearest-neighbor level spacing distribution repre-
sentations are applied in a first step of this research
project to describe the general patterns of the en-
ergy level structures and dipole moment properties
of the interstellar triatomic ions HN+

2 , HCO+, and
HOC+ and their deuterated isotopomers. After
investigating the capabilities of different statistical
methods a future step will be to develop a con-
nection between appropriate statistical properties
and temperature dependent macroscopic proper-
ties such as for example reaction probabilities or
rate constants.

Quantum mechanical applications of H2 pair in-
teractions, which are an important subject of re-
search in the field of collisional and radiative effects
in the interstellar medium, have been studied by
J. Schäfer. The motivation of starting activities in
this field is due to the well established assumption
that about 85% of the baryon mass of the Milky
Way is still undetected, located in the Halo far out-
side the optical disk, and to a smaller amount at so-
lar Galactic radius with an estimated mass contri-
bution of 50%. There are some reasons to assume
that the Halo masses are primordial H2 gas and He
condensed in a fractal structure, in thermal equilib-
rium with the cosmic microwave background radi-
ation, and therefore hardly observable. A plausible
reason for detecting hydrogen solids at solar Galac-
tic radius are sufficiently available condensation
sites at sufficiently low temperature (≈ 3K) prior
to star formation which makes the H2 gas stick to
solid H2 surfaces. Spectroscopic evidence for hy-
drogen solids has been found by doing quantum
mechanical calculations of pair H2 emission bands
in the wavelength range between 6 and 12 µm, i.e.,
both molecules of a pair at nearest neighboring dis-
tance undergo a rotational dipole moment transi-
tion and emit one infrared photon. Ten approxi-
mate zero-phonon pair transition bands have been
used to explain the four typical features measured
in the ISO-SWS mission (1995-97) which are well-
known and usually claimed to be emitted by poly-
cyclic aromatic hydrocarbons (PAHs). The source
of the chosen measured spectrum, observed with
a slit of 14 × 20 arcsec2, is located in the photo-
dissociation region of the nebula NGC7023, at a

proximity of 430 pc, in a distance range of (8.6 -
17.2)·103 AU north of the B-type star HD 200775.
Signatures of solid hydrogen emission of the seven
pure parahydrogen bands are the dipole pair tran-
sitions, the accurately fitting frequency positions of
the bands and the typical zero-phonon band widths
valid also for comparable sources. The frequencies
of the three ortho-para H2 bands have not been
determined because they need extra analysis. Ex-
perimental confirmation of the ten solid hydrogen
bands is not available yet because only a few ab-
sorption bands and no emission band of rotational
pair transitions have been measured so far in the
lab.
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tions. In: Proceedings of the Fifteenth Workshop on General Relativity and Gravitation in Japan.
Eds. T. Shiromizu, H. Yoshino et al. Tokyo Institute of Technology 2006, 62–74.
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Metallicity: Mass Loss, Explosions, Cosmology”, ASP Conference Series, Vol. 353, p. 315.
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Döllinger, M. P., L. Pasquini et al. (incl. A. Weiss): Radial velocity variations of G and K giants. In:
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4.2. Publications in proceedings and monographs 67

Longinotti, A. L., S. Sim, K. Nandra et al. Energy-shifted lines in XMM-Newton epic spectra of seyfert
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Panter, B.: MOPED analysis of the SDSS DR1 - stellar mas function, star formation rates and down-
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Poghosyan, G., R. Oechslin, K. Uryu and F.K. Thielemann: Deconfinement phase transition in rela-
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Eds. D. Blaschke and D. Sedrakian. Vol. 197, 2006, Springer Verlag Dordrecht, The Netherlands
415–425.
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Scannapieco, C., P.B. Tissera, S.D.M. White and V. Springel: Effects of chemical and energy feedback
in the formation of galaxies. In: XI IAU Regional Latin American Meeting of Astronomy Eds. L.
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Scannapieco, C., P.B. Tissera, S.D.M. White and V. Springel: Supernova outflows in galaxy formation.
In: The fabulous destiniy of galaxies: briding past and present. Eds. Le Brun, V., A. Mazure, S.
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Tanaka, M., P. Mazzali, K. Maeda and K. Nomoto: Aspherical ejecta of type Ia supernovae inferred
from high velocity features. In: Origin of Matter and Evolution of Galaxies. AIP Conference
Proceedings Vol. 847, Eds. Kubono, S., W. Aoki et al. American Institute of Physics, Melville,
NY, USA 2006, 485–487.

Tissera, P.B, C. Scannapieco, S.D.M. White and V. Springel: Galaxy Formation and Supernova Feed-
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Vogt, C., and T. Enßlin: Magnetic turbulence in cool cores of galaxy clusters. In: Astronomische
Nachrichten Vol. 327, Issue 5/6, Wiley-VCH Verlag GmbH, Weinheim, 2006, 595–598.

Voss, R. and M. Gilfanov: The luminosity function of X-ray point sources in Centaurus A In: IAU
Symposium and Colloquium Proceedings Series. Eds. Meurs, E.J.A. and G. Fabbiano. IAU
Symposium 230, Cambridge University Press 2006, 364–368.

Weiss, A.: Low mass stars. In: Memorie della Societa Astronomica Italiana. Eds. Walker, A.R. and G.
Bono. MontePorzio Catone, Italy, Stellar Pulsation and Evolution Vol. 77, 2006, 43–48.

Weiss, A.: Extra-mixing during the red giant branch evolution of low-mass stars. In: Chemical abun-
dances and mixing in stars in the milky way and its satellites. Eds.: Randich, S., and L. Pasquini.
ESO Astrophysics Symposia, Springer Verlag Berlin 2006, 298–303.
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netohydrodynamics simulations. In: Astronomische Nachrichten Vol. 327, Issue 5/6, Wiley-VCH
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4.2.2 Publications available as electronic file only

Downes, R.A., R.F. Webbink, M.M. Shara, H. Ritter, U. Kolb and H.W. Duerbeck: A catalog and atlas
of cataclysmic variables: The final edition. J. Astron. Data 11, 2 (2005).
http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=V/123A

http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=V/123A

Hoffmann, T., Hultzsch, P., Sauer, D., Pauldrach, A. and W. Hillebrandt: Radiative Transfer Models for
Type Ia Supernovae In: Gaissach Workshop on Astroparticle Physics, October 9-11, 2006 Published
electronically by the SFB-375 ”Astroparticle Physics”
http://users.physik.tu-muenchen.de/sfb375/Server/gaissach2006/index.html

Ritter, H. and U. Kolb: Catalogue of cataclysmic binaries, low-mass X-ray binaries and related objects
(Edition 7.6 and 7.7).
http://www.mpa-garching.mpg.de/RKcat/

http://physics.open.ac.uk/RKcat/

http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=B/cb

http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=B/cb

4.3 Books and popular articles

G. Börner: Schöpfung ohne Schöpfer? dva Verlag
– Echo des Urknalls. Physik in unserer Zeit. 37 No.6, 264–265 (2006).

Enßlin, T.A.: Der Nachhall des Urknalls. Physik Journal. 5 Nr. 12, 24–27 (2006)

Janka, H.-Th.: Jenseits von Eisen. Physik Journal 5, 18–19 (2006).
– Supernovae, Hypernovae und verschmelzende Sterne. In: Kosmische Spurensuche — As-
troteilchenphysik in Deutschland. Forschungszentrum Karlsruhe GmbH, Karlsruhe, 48–49 (2006).
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Hillebrandt, W., H.-Th. Janka and E. Müller:
– How to blow up a star. Scientific American, 295, part no 4, 42–49 (2006).
– Rozsadzic gwiazde. Swiat Nauki. 11 36–43 (2006).

V. Springel: Die Millennium Simulation: Mit einem Superrechner auf den Spuren von Galaxien. Sterne
und Weltraum 11, 30–40 (2006).

4.4 Invited review talks at international meetings

E. Churazov:
– The Fourth Harvard-Smithsonian Conference on Theoretical Astrophysics ”The History of Nu-
clear Black Holes in Galaxies”, (Boston, USA, 15.05.-18.05) – The 6th INTEGRAL Workshop,
”The Obscured Universe”, (Moscow, Russia, 2.07.-08.07) – MPA/ESO/MPE/USM Joint Astron-
omy Conference, ”Heating vs. Cooling in Galaxies and Clusters of Galaxies”, (Garching, Germany,
6.08.-11.08) – The 6th Microquasar Workshop, ”Microquasars and Beyond”, (Como, Italy, 20.09.-
22.09)

B. Ciardi:
– “TIARA Reionization Workshop” (Hsinchu, Taiwan, 13.2.–3.3.) – “TIARA winter school on
cosmology” (Hsinchu, Taiwan, 13.2.–17.3.) – “The End of the Dark Ages - From First Light to
Reionization” (Baltimore, USA, 13.3.–15.3.) – “IAG-LENAC XIII advanced school of astrophysics”
(Foz do Iguazu, Brazil, 6.4.–12.4.) – “IAU XXVIth General Assembly” (Prague, Czech Republic,
14.8.–25.8.)

G. De Lucia: “Workshop on Massive Galaxies over Cosmic Time II” (Tucson, November 1-3) – ”Cosmic
Frontiers” (Durham University, July 31 - August 4) – ”Galaxies and Structures through Cosmic
Times” (Venice, March 26 - 31)

H. Dimmelmeier:
Invited Plenary Talk, ”Understanding Neutron Stars” Meeting, (Alicante, Spain, 25.09.-27.09.)
– Invited Plenary Talk, ”3rd Annual Meeting of the European Network on Theoretical Astroparticle
Physics (ENTApP) ILIAS/N6”, (Paris, France, 12.12.-14.12.)

T.A. Enßlin: ”Long Wavelength Astrophysics”, IAU General Assembly 206 (Prague, 21.8.)

M.Gilfanov: ”High Energy Astrophysics - 2006” (Moscow, Russia, 25.12.–28.12.)

W. Hillebrandt: 13th Workshop on Nuclear Astrophysics (Ringberg Castle, 3. 4. – 3. 4.)
– DEISA Symposium, Perspectives in High Performance Computing (Bologna, 4. 5. – 5. 5.)
– From Stars to Galxies: Building the pieces to build up the Universe (Venice, 16. 10. – 20. 10.)

H.-Th. Janka: “Astrophysics and Nuclear Structure” Workshop (Hirschegg, Austria, 15.01.–21.01.)
– “Supernova and Gamma-Ray Burst Remnants” Workshop (Santa Barbara, USA, 06.02.–10.02.)
– “Nuclear Astrophysics” Workshop (Ringberg Castle, 03.04.–08.04.)
– “Neutrino 2006” Conference (Santa Fe, USA, 13.06.–19.06.)
– “The Obscured Universe” Workshop (Moscow, Russia, 02.07.–08.07.)
– “Core Collapse Supernovae and their Host Galaxies” Workshop (Paris, France, 02.10.–04.10.)
– “Texas in Australia” Symposium (Melbourne, Australia, 11.12.–15.12.)

G. Kauffmann:
–“The Fourth Harvard-Smithsonian Conference on Theoretical Astrophysics:The History of Nuclear
Black Holes in Galaxies”, (Cambridge, 15.5.–18.5.)
– “Cosmic Frontiers” (Durham, 31.7.–4.8.)
– “Heating vs. Cooling in Galaxies and Clusters of Galaxies”, (Garching, 6.8.–11.8.) – “The End of
the Dark Ages - From First Light to Reionization” (Baltimore, USA, 13.3.–15.3.) – “IAG-LENAC
XIII advanced school of astrophysics” (Foz do Iguazu, Brazil, 6.4.–12.4.)
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P. Mazzali:
– ”Supernovae and Gamma-Ray Bursts”at the meeting ”One Millennium after SN1006”, Hangzhou,
China, May 23-27
– ”Asphericity in GRB Supernovae” at the conference ”Swift and GRBs” Venice, Italy, 5-9 June
– ”The connection between Supernovae and GRB/XRF” at the meeting ”Triggering Relativistic
Jets” Ensenada, Mexico, 1-5 Sept

E. Müller: Invited talk, Workshop on “Gravitational wave data analysis” (Paris, France, 15.11.)

M. Ruszkowski: ”Review of heating mechanisms in clusters of galaxies”, invited review talk at ”Heating
vs. Cooling in Galaxies and Clusters of Galaxies” – MPA/ESO/MPE/USM Joint Astronomy
Conference, Garching (6.8. - 11.8)

S. Sazonov: Workshop “The keV to TeV connection”, Rome (17.10.–19.10).
– Conference “High Energy Astrophysics Today and Tomorrow”, Moscow (25.12.–27.12.)

V. Springel:
– Harvard-Smithsonian Conference “The History of Nuclear Black Holes in Galaxies” (Cambridge,
USA, 15.-18.5.)
– “The Obscured Universe”, 6th INTEGRAL Workshop (Moscow, Russia, 2.-8.7.)
– Invited Review, Session on “The Origins of Massive Black Holes and Quasars at High Redshifts”,
11th Marcel Grossmann Meeting (Berlin, 23.-29.7.)
– “Galaxies, Super-massive Black Holes and the Cosmic Web”, 7th Sino-German Workshop (Shang-
hai, China, 25.-28.9.)
– “The End of the Dark Ages - From First Light to Reionization” (Baltimore, USA, 13.3.–15.3.) –
“IAG-LENAC XIII advanced school of astrophysics” (Foz do Iguazu, Brazil, 6.4.–12.4.)

H. Spruit:
Review at the Sixth Microquasar workshop (Como, Italy, 20.9.)
– Plenary talk at the 23rd Texas Conference on Relativistic Astrophysics (Melbourne, Australia,
14.12.)

A. Watts: Invited talk COSPAR Meeting Session 1.3 (Different manifestations of neutron stars)
(Beijing, China, 17.07-21.07)
– Invited talk (Special Session on Magnetars), American Astronomical Society High Energy
Astrophysics Division Meeting (San Francisco, USA, 04.10-07.10)

A. Weiss: “From Stars to Galaxies: Building the pieces to build up the Universe” Conference, (Venezia,
Italy, 16.10.–20.10.)

S. White: Heineman Prize Lecture: AAS meeting, (Washington, 8.1.–13.11.).
– The Millennium Simulation and the Local Group: Aspen winter workshop (Aspen, 5.2.–9.2.).
– Numerical cosmology - recreating the Universe in a supercomputer: Lectures presented at the
Bibliotheka Alexandrina, (Alexandria, Egypt, 22.3–30.3.)
– Nonlinear Structure Formation: the growth of galaxies and larger scale structures: Lectures to
the IAGUSP/LENAC Summer School, (Foz do Iguacu, Brasil, 6.4.–12.4.).
– Large-scale Structure: Insights from the Millennium Simulation: Review at ”Cosmic Frontiers”
(Durham, 31.7.–4.8.).
– Feedback and Galaxy Formation: Review at ”Heating versus Cooling in Galaxies and Clusters of
Galaxies” (Garching, 7.8.–11.8.)
– Lecture to the Gesellschaft deutsche Naturforscher und Aertzte ”Alles Aus Nichts: die Ursprung
unseres Universums”, (Bremen, 16.9.)
–Large-scale modelling of the evolution of galaxies: From Stars to Galaxies – conference in honour
of Cesare Chiosi, (Venice, 16.10.–3.11.).
– Galaxy Growth in a LCDM Universe: Massive Galaxies over Cosmic Time II, (Tucson 28.10.–
3.11.)
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– Physics and Evolution of Galaxies: Review for “Towards the European ELT”, (Marseille, 27.11.–
1.12.).

4.4.1 Public talks

G. Börner: Urania Berlin (2.6.) und Hameln (19.9.)

B. Ciardi: Galaxies and the History of the Universe. Tag der offenen Tür” (MPA, Germany 15.10.)

T.A. Enßlin: Volkssternwarte Bonn (30.11.)
– summer school on dark matter and dark energy, Bad Honneff (20.7.)

E. Müller: Ringberg Castle (25.06.)
– Gymnasium Ober-Ursel (11.07.)
– Gymnasium Gernsheim (12.07.)
– Gymnasium Offenbach (13.07.)
– Deutsches Museum Bonn (27.09.)
– Akademie für Lehrerfortbildung, Dillingen (13.10.)
– Am Ende ein neuer Anfang: Vom spektakulären Tod der Sterne. MPA, Tag der offenen Tür
(15.10.)

B. Müller: Im Sternenfeuer geschmiedet: Die Herkunft der schweren Elemente. MPA, Tag der offenen
Tür (15.10.)

H. Ritter: Astronomischer Verein Basel (8.12.)
– PD Dr. Hans Ritter: ”Warum strahlen Sterne? Tag der offenen Tür. (MPA, Germany 15.10.)

V. Springel: CeBIT Hannover, Day of Supercomputing (11.3.)
– Planetarium Nürnberg (22.3.)
– Volkssternwarte München (24.3.)
– Volkssternwarte Berlin (3.5.)
– Wie Supercomputer das Universum enträtseln Tag der offenen Tür. (MPA, 15.10.)
– Karl-Schwarzschild-Lecture, Physikalischer Verein Frankfurt am Main (1.11.)
– Volkssternwarte Ingolstadt (14.12.)

H. Spruit: Wie sehen schwarze Löcher aus? MPA, Tag der Offenen Tür, Garching (15.10.)

R. Walder: Seniorenuniversitaet Zurich (14.11.) Winterthur (6.12.), Liechtenstein (7.12.)

S. White: Alles aus Nichts. Der Ursprung des Universums. MPA, Tag der Offenen Tür, Garching
(15.10.)



5 Personnel

5.1 Scientific staff members

Directors

W. Hillebrandt, R. Sunyaev, S.D.M. White (managing director)

External Scientific Members

R. Giacconi, R.-P. Kudritzki, W. Tscharnuter.

Emeriti

H. Billing, R. Kippenhahn, F. Meyer, H.U. Schmidt, E. Trefftz.

Staff

M.A. Aloy (till 15.12.) A.J. Banday, J. Ballot, J. Blaizot, G. Börner (till 30.4.), J. Bolton (since 1.10.),
J. Braithwaite (till 31.8.), P. Cerda-Duran (since 1.10.), J. Chluba, B. Ciardi, E. Churazov, R. Collet
(since 1.10.), G. De Lucia, N. De la Rosa (since 1.12.), H. Dimmelmeier, K. Dolag, T. Enßlin, D. Gadotti,
D. Giannios, M. Gilfanov, B. Groves (till 31.10.), E. Hayashi, H.–T. Janka, G. Kauffmann, K. Kifonidis,
F. Kupka, L.X. Li, A. Maselli, P. Mazzali, Z. Meliani (till 20.3.), B. Metcalf (since 15.9.), A. Mizuta
(till 30.10.) A. Merloni, O. Möller, T. Morris (till 15.8.) E. Müller, R. Oechslin, E. Olsson (since 1.9.),
A. Pastorello (till 31.5.), M. Reinecke, M. Revnivtsev, H. Ritter, F. Röpke, M. Ruszkowski (since 1.6.)
H. Sandvik, D. Sauer (since 1.9.), S. Sazonov, C. Scannapieco (since 1.9.), S. Sim, V. Springel, H.C.
Spruit, A. Watts, A. Weiss, V. Wild.

Associated Scientists:

U. Anzer, H. Arp, G. Börner (since 1.5.), G. Diercksen, W. Kraemer, E. Meyer–Hofmeister, J. Schäfer,
H.-C. Thomas, R. Wegmann.

Sofja Kovalevskaja Program

S. Charlot (till 51.5.), B. Panter (till 30.9.).

Alexander von Humboldt Awardees

P. Madau (since 1.8.), J. Navarro (1.5.–30.6.), S. Tremaine (1.7.-31.12.)

Ph.D. Students

1 A. Arcones*, M. Baldi*, A. Bauswein (since 1.11.), R. Birkl (since 1.6.), A. Bogdan* (since 1.9.),
S. Bonoli* (since 1.9.), M.A. Campisi* (since 1.9.), M. Carrasco-Kind* (since 1.9.), J. Cuadra* (till
31.10.), C. D’Angelo* (since 1.9.), E. Donoso* (since 1.9.), D. Docenko*, M. Frommert (since 1.6.), A.
Gallazzi* (till 30.9.), M. Grossi* (since 1.9.), Q. Guo* (since 1.3.), N. Hammer, S. Hilbert, G. Hütsi*

1*IMPRS Ph.D. Students
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(till 30.9.), T. Jaffe* (till 31.10.), J. Jasche (since 15.10.), P. Jofre-Pfeil* (since 1.9.), F. Kitaura*, A.
Kitsikis*, M. Kitzbichler*, M. Kromer (since 1.9.), T. Mädler (since 1.4.), U. Maio*, A. Marek*, M.
Mocak*, R. Moll (since 1.10.), B. Müller (since 1.1.), M. Obergaulinger, M. Petkova* (since 1.9.), M.
Pierleoni* (since 1.9.), P. Rebusco*, M. Righi*, L. Scheck (till 30.9.), D. Sijacki*, S. Taubenberger, M.
Vogelsberger (since 1.9.), A. von der Linden*, R. Voss*, A. Waelkens (since 1.1.), L. Wang, J. Wang*,
F. Xiang*, B. Zink (till 31.8.),

Diploma students

R. Birkl (till 31.5.), J. Donnert (since 1.10.), M. Fink (till 31.12.), S. Hachinger (since 1.3.), J. Jasche
(till 15.10.), I. Maurer (since 1.9.), B. Möbis (since 1.12.), R. Pakmor (till 31.12.),

Technical staff

Computational Support: H.-A. Arnolds, B. Christandl, N. Grüner, H.-W. Paulsen (head of the compu-
tational support), M. Reuter.
PLANCK Programmer: H.-M. Adorf, U. Dörl, R. Hell, W. Hovest, J. Rachen, T. Riller.
Secretaries: M. Depner, G. Kratschmann, K. O’Shea, C. Rickl (secretary of the management).
Library: E. Chmielewski (head of the library), C. Hardt, R. Schurkus.

Staff news

B. Ciardi: became PI for the MPA participation in LOFAR (the LOw Frequency ARray) through
construction of a Remote Station near Garching.

B. Ciardi: obtained a 5-year W2 position.

T.A. Enßlin: was tenured as a staff member of MPA.

M. Revnivtsev received the “Zeldovich medal of COSPAR” by the Russian Academy of Sciences.

M. Revnivtsev: Habilitation in Moscow: “Sky surveys with INTEGRAL and RXTE observatories:
origin of the background X-ray emission of the Galaxy and the nature of variability of emission of
black holes and neutron stars” (December 2006).

Ph.D. theses 2006

Jorge Cuadra-Stipetich: Stars in the Galactic Centre: Sources and Probes of the Accretion Flow.
Ludwig-Maximilians-Universität, München.

Anna Gallazzi: Modeling and interpretation of galaxy spectra: the stellar populations of nearby galaxies.
Ludwig-Maximilians-Universität, München.

Gert Hütsi: Cosmic sound: Measuring the Universe with baryonic acoustic oscillations. Ludwig–
Maximilians–Universität, München.

Tess Jaffe: Morphological Studies of the CMB: Non-standard Models and Foregrounds. Ludwig-
Maximilians-Universität, München.

Leonhard Scheck: Parametric Studies of Hydrodynamic Instabilities in the Supernova Core by Two-
and Three-Dimensional Simulations. Technische Universität München.

Burkhard Zink: Black hole formation from non-axisymmetric instabilities in quasi-toroidal stars.
Ludwig–Maximilians–Universität; München.
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Diploma theses 2006

Michael Fink: Doppelte Detonationen in Sub-Chandrasekhar-Supernova-Modellen. Technische Univer-
sität München.

Jens Jasche: “On the coupling between cosmic rays and primordial gas”. Leibniz Universität Hannover.

Rüdiger Pakmor: The imprint of the dynamical state on the structure of magnetic fields in simulated
galaxy clusters. Technische Universität München.

Ilya Saverchenko: Interacting Galaxies: Matching Simulations to Observations. Technische Universität
München.
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5.2 Visiting scientists

Name home institution Duration of stay at MPA
Petr Baklanov ITEP, Moscow 28.6.–27.7.
Isabelle Baraffe ENS Lyon, France 22.10.–21.11.
Serena Bertone Univ. of Sussex, UK 7.3.–28.3.
Maria Paola Bottino University of Milan 06.06. – 08.09.
Sergey Blinnikov ITEP Moscow 20.6.-31.7.
Carlos Bornancini Obs. Astr. de Cordoba, AR 20.10.–21.12.
Carmelita Carbone SISSA, Italy 13.3.-28.4.

1.10.–31.12.
Carlos Cardenas Santiago, Chile 04.09.–18.09.,
Matias Carrasco-Kind (Univ. Cat. de Chile) 9.1.–8.6.
Gilles Chabrier ENS Lyon, France 22.10.– 21.10.
Ruixiang Chang Shanghai Observatory since 15.11.
Emilia de Rossi Conicet, Argentina 1.10–15.12.
Jonathan Dursi CITA, Toronto, Canada 1.11.–30.11.
Celine Eminian Univ. of Sussex, U.K. 1.11 – 22.12.
Jason Ferguson Wichita State Univ., Kansas 24.5.–18.7.
Stanislav Gunar Astr. Inst. Ondrejov, Czech 15.1.–14.4.
Luigi Guzzo INAF Brera, Italy 1.10.–31.12.
Jake Hartman MIT 04.09-22.09.
Nail Inogamov Landau Inst., Moscow 14.10.–14.12.
Natasha Ivanova CITA 8.11–2.12
Patrik Jonsson (Lick Obs. and UCSC) 22.9.–21.10.
Chiaki Kobayashi Astron. Obs. of Japan 24.2.–23.3.
Roman Krivonos HEA Dept., Moscow 22.3.–15.6.

4.10.–28.11.
Jounghun Lee Seoul Univ, Korea 1.7.–19.8.
Cheng Li Hefei, China 1.1 – 20.5.
Malcolm Longair Cavendish Lab., U.K. 16.10.–15.12.
Alexander Lutovinov HEA Dept. Moscow 22.10.–25.11.
Patryk Mach Cracow University, Poland since 6.10.
Rubens Machado University of São Paulo since 11.9.
Piero Madau Lick Obs. and UCSC since 1.8.
Keiichi Maede Univ. of Tokyo 2.8.–20.8.
Matteo Maturi University of Padova, ITA Heidelberg 1.4.–30.6.
Marcello M. Miller Bertolami La Plata University, AR 19.1.–19.7.
Petar Mimica Univ. of Valencia 27.9.–17.10.
Sergey Molkov HEA Dept. Moscow 12.1.–11.6.
Alessia Moretti Univ. of Padova, Italy till 30.3.
Dimitij Nadyozhin ITEP Moscow 2.3.–2.5.
Julio Navarro Univ. of Victoria, Canada 1.5.–30.6.
Sergey Nayakshin Univ. of Leicester, U.K. 27.3.–26.4.
Roderik Overzier Leiden Univ., The Netherlands 1.8.–30.8.
Maria-Josefa Perez La Plata Univ., AR 4.8.-20.12.
Elena Pian INAF - Trieste Observatory, Italy 5.7.-15.8.
Lorenzo Piovan Padova University 15.3.–15.9.
Juri Poutanen University of Oulu, Oulu, Finland 5.9–31.10.
Elena Rasia Univ. of Padova, Italy 1.2.–30.4.
Elena Rossi JILA, Boulder 15.5.–15.7.
Gregory Rudnick NOAO Tucson, USA 17.4.–30.4.
Tokuei Sako Tokyo, Japan 03.08.–21.09.
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Name home institution Duration of stay at MPA
Nikolai Shakura Sternberg Inst. Moscow 1.10.–31.10.
Maurizio Salaris Liverpool John Moore University 6.2.–6.7.
Aldo Serenelli Institute for Advanced Study, Princeton 2.6.–8.7.
Shiyin Shen Shanghai Observatory since 15.11.
Pavel Shtykovskyi Space Research Institute, Moscow 1.3–29.5

22.9–18.12
Federico Stasyszyn Univ. de Cordoba, AR 22.9.–24.12.
Kandaswamy Subramanian IUCAA, Pune 10.10.–21.11.
Masaomi Tanaka Univ. of Tokyo 2.8.–20.8.
Sergey Tolstov ITEP Moscow 3.9.-7.10.
Martin Topinka Astron. Inst. of CAoS, Prague till 28.2.
Sergey Tsygankov HEA Dept. Moscow 4.10.–23.12.
Scott Tremaine Princeton University 1.7.–31.12.
Victor Utrobin ITEP Moscow till 30.1.

1.10.–30.11.
Sandro Villanova Padova University 18.5.–1.7.
Rolf Walder Zurich, Switzerland 6.11.–20.12.
Huiyuan Wang Hefei, China 1.1.–20.5.
Jesus Zavala National Univesity of Mexico 16.2.-30.5.
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