


Report by the Managing Director

This volume presents a survey of the activities of the Albert Einstein
Institute during 2003. This was a challenging year for the Institute,
during which we had to cope with funding restrictions and intense
competition from other institutions for some of our brightest young
scientists. It was also a year in which we consolidated some important
accomplishments: tangible progress toward the detection of gravitational
waves; construction of our new laboratories in Hannover; the start of
our research collaboration (a Sonderforschungsbereich) with the
Universities of Jena, Tübingen, and Hannover and with the Max Planck
Institute for Astrophysics; the start of the construction of the first space
mission that the AEI has contributed to, LISA Pathfinder; preparations
for our new International Max Planck Research School; the installation
of a cluster supercomputer (called PEYOTE) to support our work on
black hole simulations; and the expansion of our activities in electronic
publishing. We hosted a number of workshops and meetings, and we
had a very successful visit from our external scientific review committee
(the Fachbeirat). Most important of all, our scientists were able to make
significant progress in research in all our divisions. All the developments
I mention here are described in more detail elsewhere in this report.

In last year’s annual report we celebrated the opening of our experimental
branch in Hannover. AEI/Hannover is a cooperation with the University
of Hannover; it operates the GEO600 gravitational-wave detector and
does research that will lead to new detectors, such as the high-profile
NASA-ESA space mission called LISA. During 2003 the Institute’s
laboratories in Hannover were completed. We now have world-class
facilities, including a high-specification clean room, a large laboratory
for the construction of a prototype gravitational wave detector to test
advanced technology, and many smaller laboratories for table-top
investigations. Work also started on the renovation of our office space,
so that by the end of next year our Hannover facilities will be complete.

One of the experimental activities in Hannover that has important
implications for the future is our work on the LISA Pathfinder mission.
LISA Pathfinder (originally called SMART-2) is a mission of the European
Space Agency (ESA) to test the measurement and control technology
that is needed for the LISA space-based gravitational wave detector.
LISA is planned for launch around 2013, but LISA Pathfinder will go
up in 2007. Its success is important for building confidence that the
ultra-precise measurements required for LISA can be done reliably in
space. As co-PIs for the experimental package on this mission, the team
at AEI/Hannover is building the expertise it needs to participate in
LISA itself a few years later.

Collaboration is at the heart of scientific research, and the AEI supports
a number of formal and informal collaborations with scientists and
research institutes around the globe. Of particular importance to us is
the new Sonderforschungsbereich (SFB: special research area) in
Gravitational Waves. The grant for this was awarded last year and was
mentioned in our annual report. The activities began during 2003: we
appointed new research staff and began to coordinate our research with
our university partners in Jena, Tübingen, and Hannover, and with the
Max Planck Institute for Astrophysics in Garching. The SFB supports
research in three of the four divisions of the AEI.

One of our most important collaborations is, of course, the GEO600
detector. We operate this on behalf of our partner universities, Glasgow
and Cardiff in the UK. We also collaborate very closely with the American



LIGO project, which operates three detectors at two locations in the
USA. During 2003 the joint LIGO-GEO data analysis team completed
and submitted for publications four papers as a result of studying the
data taken during our first ”science run” in 2002. The detectors were
still under development, so their sensitivity was far from their operational
goal, but nevertheless the data analysis resulted in new upper limits on
the strength and population of several potential sources of gravitational
waves. The data analysis exercise also demonstrated that the international
community can organize itself effectively to perform high-quality searches
for these weak signals. One of the four international analysis teams is
led by the AEI. During 2003 there were a further two science runs,
generating much more data with higher sensitivity, and papers reporting
much stronger upper limits will be published in 2004.

Also during 2003 the GEO experimental team made a significant
advance, installing and controlling the first large-scale detector to use
the technique called signal recycling. This technique was invented by
the GEO team and has been incorporated into the design of the
Advanced LIGO detector, scheduled for installation after 2007.
Demonstrating how to make such an interferometer work in GEO was
a significant milestone on the road to the greatly improved sensitivity
of Advanced LIGO, and it took a great effort over several months by a
dedicated team of scientists from the AEI and Glasgow University.
Given these advances and steady progress in commissioning the LIGO
detectors, we may be no more than a year away from reaching design
sensitivity for the current generation of interferometers. After that, the
first detections of gravitational waves will depend on Nature’s cooperation:
we will be entering uncharted territory with few astronomical observations
to guide our expectations.

Another important initiative which we reported on last year is the
International Max Planck Research School (IMPRS) for Geometric
Analysis, Gravitation and String Theory. This is a collaboration with the
University of Potsdam and the Free University of Berlin. (Our former
partners at the Humboldt University in Berlin are no longer part of the
project due to staff movements.) Our first lectures begin in 2004, but
in 2003 we began recruiting students and planning the operation of the
graduate school. We have had more than 50 applications, and more
than 70% of the students we have accepted so far come from outside
Germany.

The AEI reinforced its position as a world leader in numerical relativity
– approaching problems like the computer simulation of collisions
between black holes – by installing a new supercomputer cluster called
PEYOTE. In 2003 we installed 64 dual-processor nodes connected by
high-speed links to allow the processors to work together on complex
problems. We are planning to expand PEYOTE in steps during the next
two or three years to reach more than 200 nodes. The computer supports
the work of scientists in both the Astrophysical Relativity and the
Geometrical Analysis divisions. Funding for this very fast computer was
provided by the Max Planck Society, through its computing committee
(called the BAR). Along with the MERLIN Cluster for gravitational
wave data analysis, which was described in last year’s report, the AEI
now has two teraflop-class computers to support the work of its scientists.

In previous reports we have often mentioned the AEI’s electronic journal,
Living Reviews in Relativity. As reported last year, this is now supported
by central Max Planck Society funds, and during 2003 we founded a
sister journal, Living Reviews in Solar Physics, published by the Max
Planck Institute for Aeronomy. Using our central support, the AEI



editorial staff will support the back-office work for both journals, but
the editorial boards of the two journals will be completely independent.
We restructured our web site (www.livingreviews.org/) into a portal for
both journals. The first articles for Solar Physics are expected to be
published in mid-2004. We also cooperated with others in the
Max Planck Society to organize in October of 2003 the Berlin Meeting
on Open Access Publishing, which resulted in the Berlin Declaration,
a document which commits its signatory institutions to implement
policies to support open-access publishing in the sciences and in the
cultural regime. This declaration was signed not only by the Max Planck
Society but also by all the important scientific research organizations
in Germany and many in other countries.

As in previous years, we also organized workshops and meetings at the
AEI itself. Of particular note was the workshop called ”Strings Meet
Loops”, where the two principal paradigms for quantum gravity met
and presented their different points of view. Actually, in a number of
areas there are indications of convergence between these approaches,
as if they are actually contrasting views of very similar approaches to
quantum gravity, but it will take much more work to see if there is a
common meeting ground, or indeed if either of these approaches will
eventually turn out to be the right way to unite Einstein’s theory of
gravity with the quantum theories of physics that govern atomic and
nuclear processes.

In September 2003, the AEI hosted another meeting, the Symposium
on the Future of Gravitational Physics and Astronomy, which was
designed to provide a perspective on the field of gravitational wave
experiments, in order to assist in our search for a director for the second
experimental division at AEI/Hannover. This search is on-going, and I
hope that in the next annual report we will be able to report some
concrete progress.

Our external scientific review committee, the Fachbeirat, also visited
us in September 2003. Their job is to report to the President of the
Max Planck Society on the quality and effectiveness of our scientific
work. I am pleased to say that their report was positive and very supportive
of our research goals, and this has already helped us in securing some
of the resources that we need to maintain our work, as described below.
During the year we also had our annual meeting of our Kuratorium, a
body of community leaders who can advise us on problems that we
encounter and help us to communicate our results more effectively to
the general public. Again a significant part of the discussion was about
resources to support our research.

Resources for research have, unfortunately, become more of a problem
than they have been in the past. Germany’s economy is not performing
well at present, and funding for science has been pinched. While not
as drastic as the funding cutbacks that have happened in other countries
at other times, the reductions set in place for 2003 have forced us to
re-examine our priorities and to shelve some planned developments.
Prospects for 2004 are not so gloomy, however, and it seems possible
that in 2003 we saw the worst of the restrictions. Provided funding is
available to the Max Planck Society, we can expect in 2004 that our
gravitational wave data analysis group will be put on more secure
foundations and that our delayed extension building will start.

The extension building is sorely needed. As reported last year, we have
rented external office space to accommodate some of our scientists.
The crunch will get worse in 2004 when the students of the IMPRS



arrive and when Professor Gerhard Huisken begins to use his Leibniz
Prize funding to support visitors and scientists. Our space problems
were alleviated temporarily during 2003 by a staffing fluctuation:
Professor Ed Seidel, who founded our numerical relativity group, moved
to Louisiana State University in the USA to head their Center for
Computation and Technology, and a number of staff in his research
group accompanied him. This prestigious appointment is both a plus
and a minus for us: we lose Ed as a day-to-day leader of the numerical
relativity group, but we gain a new partner in numerical relativity,
because Ed will be building further on the already strong LSU research
team in this area. LSU is set to become one of the leading centers for
computational science in the USA, and their close connection to the
AEI will bring long-term benefits.

We reported last year that a number of our younger scientists have
moved to permanent jobs in universities. This is normal, and it is a
reflection on the quality of our scientists that they are sought after for
some of the best jobs in their fields. But it also represents a challenge
to the AEI, because often our departing staff tell us that they would
prefer to stay in our rich research environment, but the attractiveness
of the other offers is too much to pass up. In particular, other institutions
are able to offer much higher rates of pay and much better career
promotion prospects. The Max Planck system and German universities
in general recognize that they are at a competitive disadvantage with
respect to universities and research institutions in some other European
countries and particularly in the USA, but the reforms that are needed
to help us to compete better seem to be slow in coming. We can
therefore expect to continue to see these pressures in future years, both
in terms of staff leaving and in the difficulty of attracting new staff of
high quality to replace those who leave. Our leading research position,
our world-class permanent research staff, and our superb research
facilities offset many of these disadvantages, but we cannot expect to
be entirely immune from these difficulties.

In June 2004 I will step down from the position of Managing Director,
to be replaced by Gerhard Huisken. I want to take this opportunity to
thank all the staff of the AEI, both the scientists and especially the
support staff, who have made it a pleasure for me to oversee the running
of the Institute. The dedication of the support staff – in the administration,
the secretariat, the library, the computer support division, and in public
relations/education/external relations – is a vital element of the success
of the AEI. We scientists are very fortunate to be supported by staff
who take pride in their work with us and who understand what we need
in order to be productive. Professor Huisken has my very best wishes
for his tenure as Managing Director.

Bernard F. Schutz
(Managing Director)
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Max Planck Institute for Gravitational Physics
(Albert Einstein Institute)

The year 2003 was a year of consolidation for the AEI after its expansion
in 2002. The Institute continued to grow, not only in Hannover but
also in Golm, as new collaborations and external funding provided
support for more scientists. Our new laboratories in Hannover were
finished and we began to move our experimental work into them. We
made significant progress in developing the gravitational wave detector
GEO600, we began working on the payload for the LISA Pathfinder
satellite (due for launch in 2007), and we installed a new cluster
supercomputer to support numerical simulations of black hole collisions.

It was also a year in which the Institute had to cope with funding restric-
tions (in common with all publicly supported German research organi-
zations) and with some important staff changes. It weathered these
challenges well and continues to be the largest institute of its kind in
the world, and a focal point for worldwide research into Einstein’s theory
of gravity and its implications in fundamental physics and astronomy.

Science of the AEI: Relativity in Physics and Astronomy
The founding of the AEI in 1995 came at a time of enormous expansion
of interest in and importance of Einstein’s theory of gravitation, general
relativity. During the first 50 years after Einstein proposed his theory
in 1915, mathematicians and physicists struggled to develop techniques
that were capable of unravelling the mysteries of the equations and
making sound physical predictions. No physical theory had been as
challenging mathematically as general relativity. But elegant and
fundamental mathematical work in the 1960’s and 1970’s put the theory
on a sound footing: theorists understood black holes, gravitational waves,
gravitational lensing, and cosmology well enough to make confident
physical predictions.

This was just in time, because general relativity was becoming important
to astronomy. The application of advanced technology to astronomical
observing from the ground and in space led to the discovery of many
new and exotic phenomena that could be explained only by using
relativity. Black holes, gravitational lensing, the cosmological constant
– it is a rare conference on astronomy today that does not deal in an
almost routine way with some or all of these concepts, which two
decades ago were regarded as exotic, if not impossible.

In recent years the most striking technological advances have been in
the design and construction of gravitational wave detectors of enormous
size, based on the technique of laser interferometry. A worldwide network
of such instruments is nearing completion, including the AEI’s own
600 m detector, GEO600. These experiments could soon directly
observe signals from distant astronomical sources that are carried by
the gravitational field itself.

While astronomers were discovering how exotic our universe can be,
physicists studying fundamental physics began turning to general
relativity as well. By the mid-1970’s they had achieved considerable
success in understanding, at least in outline, how all the forces of nature
except gravitation fit together into a single theory. They were then ready
to try to include gravitation into the unified picture that was emerging.
Virtual black holes, black hole entropy, the cosmological constant,
inflation, wormholes, strings, eleven dimensions – fundamental physicists
today work in the exciting border areas between classical gravitation
and quantum field theory, searching for the ”theory of everything”.
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by the Hannover branch.



Mathematical work in general relativity continues to flower. The theory
still presents significant challenges that affect the way it is used in
astronomy and particularly in quantum gravity. The field is ever interested
in new developments in any field of mathematics that can aid
understanding. And, as so often happens in physics, the theory is
stimulating the creation of new mathematical concepts and constructs
that themselves become interesting research topics.

Structure and Research of the Institute
The AEI brings all these threads of research together into a single
institute, where scientists working in all these areas can interact with
one another, learn from one another, and collaborate with one another.
The Institute in 2003 had four divisions: three for theoretical research
in Golm (near Potsdam), and the first of two planned experimental
physics divisions in Hannover.

The Astrophysical Relativity Division (Golm/Schutz) specializes in the
applications of relativity in astronomy. It has two main groups, one
concerned with the search for gravitational radiation and the other with
the computer simulation of black holes and their dynamics. The
gravitational radiation group analyzes data from the GEO600 gravitational
wave detector and its international partners and performs theoretical
studies to understand sources of gravitational waves. The numerical
relativity group is the largest in the world, and is a leader in the
development of collaboration software and Grid utilities that support
teams of people making effective use of large parallel supercomputers
for solving equations in physics.

The Geometric Analysis and Gravitation Division (Golm/Huisken)
extends the techniques that have unlocked the basic meaning of the
theory. The division is a leader in understanding the local and global
properties of solutions to Einstein’s equations, both those that are
dynamical and emit gravitational waves, and those that develop
singularities, places where the predictive power of general relativity
itself breaks down. The division is broadening its research into areas
of geometrical mathematics that have proved powerful in studying
general relativity in the past and which show great promise for further
progress and for applications in numerical relativity and quantum gravity.

The Quantum Gravity Division (Golm/Nicolai) studies methods for
developing a theory of gravitation that replaces general relativity by
making it compatible with quantum mechanics, and if possible unifying
gravity with the other forces of nature at the same time. There are two
main threads to research in this area around the world, called string
theory and canonical quantization, and the AEI is one of the few places
in the world where scientists study both. It is in this research area that
the most fundamental insights and the most exciting changes in our
picture of how Nature is organized can be expected.

The Laser Interferometry and Gravitational Wave Astronomy Division
(Hannover/Danzmann) develops and operates the GEO600 gravitational
wave detector, in cooperation with its UK partners in Glasgow and
Cardiff. The GEO collaboration is a world leader in detector technology.
The optical and mechanical systems they designed for GEO600 are
planned to be a key component in the upgrade of LIGO that will take
place within the next 5 years. The Division also plays a leading role in
the development of the LISA space-based gravitational wave detector,
which will be launched in 2013 jointly by the European Space Agency
(ESA) and the US space agency NASA. Danzmann is the European
Project Scientist for LISA. In preparation for LISA, the Division has
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a major role in the LISA Pathfinder mission, which will be launched
by ESA in 2007 to test the measurement and control systems designed
for LISA.

To support this work the AEI provides in Golm an extensive library and
one of the best computing environments available to any research
institute of its size. The library is a leader in providing electronic access
to journals for our scientists. Our computer installation includes not
only high-performance workstations and servers, but two teraflop-class
cluster computers dedicated to specific research areas.

Even more than the physical facilities, the Institute sees the work of
its support staff as a key part of its performance: caring for the needs
of visitors, maintaining the computer systems and making them accessible
to all, ensuring that the library responds to the needs of scientists,
supporting scientists who need to administer external research grants
– all of these must happen if the research environment is to be productive.
Our public outreach and public relations activities are also given a high
priority, because there is an especially strong interest among the general
public in research associated with Einstein’s theories.

The Institute also maintains an extensive guest scientist program. The
lists in this report of guest scientists for 2003 and of seminars given at
the AEI in 2003 show how rich the intellectual environment is.

The AEI and German Universities
As the largest research institute of its kind in the world, the AEI occupies
a key position not only in world research in relativity but especially in
Germany. Despite the fact that general relativity was created in Germany,
research in mathematical and astrophysical general relativity is unfor-
tunately not strongly supported at most German universities. Apart from
the contributions of a strong group at the Max Planck Institute for Phy-
sics and Astrophysics (which became the core of the AEI when it was
established) and of a few individuals and small groups at German univer-
sities, the focus of the development of classical relativity in the 1960's
through the 1990's was outside Germany. Today, increasing numbers
of German students are going abroad to study the subject at an advanced
level.

In order to help to make Germany attractive to young students, the AEI
participates in at least three different cooperative initiatives. The first
is its long-standing annual vacation course in relativity, offered in coope-
ration with the University of Potsdam, in which the AEI provides stu-
dents from all over Germany the opportunity to learn the foundations
of general relativity here. Those who want to pursue the subject further
may then be able to work at the AEI. The Institute, through its partner-
ships with Potsdam University, the Humboldt University of Berlin, and
the University of Hannover, can supervise work towards advanced
degrees of those universities.

A second form of cooperation with universities is the participation of
the AEI in two SFBs (Sonderforschungsbereich = special research area),
in which it collaborates with scientists at German universities in areas
of mutual interest. These research grants, which run for many years
and can involve hundreds of scientists, are a principal source of support
for university research. The AEI is particularly pleased that in 2003 an
SFB began which joined it with the Universities of Jena, Hannover,
and Tübingen and the Max Planck Institute for Astrophysics in Garching
in a wide-ranging research program in gravitational wave astronomy,
which will help to develop a university research community supporting
the experimental activities of GEO600.
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The AEI’s third initiative is its International Max Planck International
Research School (IMPRS) in Geometric Analysis, Gravitation, and
String Theory, in cooperation with Potsdam University and the Free
University of Berlin. This school, which will enrol its first students in
2004, will not only offer new opportunities to German students to study
at the frontiers of theoretical physics, but it will also bring good students
to Germany from many countries. IMPRS’s are a very successful recent
innovation by the Max Planck Society. They offer instruction through
the medium of English and provide students with a ”graduate-school”
environment in which to study for a Ph.D., something which had been
lacking at German universities before.

The AEI naturally also trains many young German and foreign
postdoctoral scientists in its research groups. Our recent experience is
that when these young scientists leave the AEI they generally go to
excellent academic positions, mostly outside Germany. In time, and
despite the current serious financial pressures on the German research
and education systems, we hope that a larger fraction of our young
scientists will enter academic positions at German universities, so that
they can offer many more German students the opportunity to learn
about and work in the rapidly developing field of research in gravitation.

Another resource that the AEI provides for the university community,
both within Germany and outside it, is the internet-based review journal
Living Reviews in Relativity. This has become a standard reference not
only for relativists but for researchers in allied subjects. The quality of
the editorial board and of the reviewers has led to very high usage figures
on our website, and all of our articles have been downloaded hundreds
(in some cases thousands) of times. The editorial staff of the journal
are now supported by the Heinz-Nixdorf Center for Information
Management (ZIM) of the Max Planck Society, and in 2003 we
announced the foundation of our sister journal, Living Reviews in Solar
Physics.

The Research Vision of the AEI
In a longer view of our research, there are goals and challenges that
motivate AEI scientists. We work from day to day, writing papers, holding
meetings and other discussions, thinking in quiet isolation, travelling
to work with collaborators; but all of this activity accumulates to move
research in certain directions and to prepare for certain expected
developments. Here is a partial list.

The first direct detection of gravitational waves will place the AEI at
the center of this new branch of astronomy. As a member of the most
sensitive network of detectors ever constructed, the GEO600 instrument
should participate in these first detections. The data analysis group,
our gravitational-wave theorists, and the numerical simulations group
will also play key roles in the interpretation of the first observations.

Very soon, supercomputers will be large enough to do realistic calculations
in general relativity, to perform long simulations of black holes and
neutron stars merging, possibly to perform realistic calculations of the
formation of neutron stars and black holes, and probably to explore
mathematical questions, such as the development of singularities, that
have not been solved analytically so far. This work will aid in the discovery
and interpretation of gravitational waves and should also raise new
questions in mathematical relativity, offering new opportunities for
research there.
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The launch of new space-based astronomical observatories – not only
LISA but also new observatories for the cosmic microwave background
radiation, for X-ray astronomy, for cosmological observations in the
infrared, and more – and the commissioning of many new sophisticated
ground-based telescopes – 8-meter-class optical telescopes, optical
interferometers, and survey instruments – will not only challenge us
with unexpected discoveries about black holes, their relation to the
formation of galaxies, and the overall structure of the universe, but they
will provide us with a massive amount of quantitative information about
the universe that will be unprecedented in its precision and detail.
Gravitational theory will be much in demand for the interpretation of
this data.

Mathematics is advancing rapidly in many areas, especially in those
that use computers as an aid to proving theorems, exploring geometrical
concepts, and gaining insight into complex situations. Relativity provides
an attractive area for the application and even the development of new
techniques, offering challenging problems in singularities and in the
global structure of solutions. The cross-fertilisation of relativity and
other branches of mathematics can lead to fruitful research in the next
decade.

If the optimism of scientists working today in string theory and in loop
quantum gravity is justified, then in only a few years we may see the
emergence of a coherent but mathematically complex theory that shows
how gravity is related to all the other forces of nature. Already exciting
and radical ideas are emerging about how these theories might alter
our notions of gravity, explain the Big Bang, and predict completely new
phenomena. Work to understand the theories and explore predictions
that will be testable by experiments and by astronomical observations
will require new mathematics and creative young minds. For the first
time it may be possible to ask sensible questions – and expect sensible
answers – to questions like: what happens inside black holes, what
happened ”before” the Big Bang, what is space-time like on the very
smallest scales, how many dimensions does space really have, and what
is time itself?

The work of the AEI in 2003, as described in these pages, should be
seen in the light of these challenges and opportunities. In almost every
case, scientists at the AEI are addressing issues that lie at the heart of
progress on these questions. A Max Planck Institute is a long-term
investment in a research field, and for gravitational physics the prospects
for the future are especially exciting.

Bernard F. Schutz
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Competing Giants: Einstein, Hilbert
and the Origin of General Relativity:
„Großes wirket ihr Bund, Größeres wirket ihr Streit“*

From 1912 to 1915 Albert Einstein was occupied almost exclusively
with the “problem of gravitation”. On November 25, 1915 he presented
to the Prussian Academy in Berlin his gravitational field equation, the
hard core of general relativity. Five days earlier David Hilbert, the leading
mathematician of the time, had communicated to the Royal Academy
of Sciences in Göttingen a paper entitled ”The foundations of Physics”
which, so it seems (see below), also contained that equation, though
only implicitly.

Before relating some of the history of this remarkable near coincidence
I note that Hilbert never claimed priority, and apart from a short period
of irritation on Einstein’s part, the two great men were fond of each
other, as is shown by letters.

Rather then discussing the irrelevant question of priority I find it
interesting to trace and compare the entirely different trains of thought
which led these scientists to two different theories which both contain
the same gravitational field equation.

Hilbert’s interest in physics seems to have originated in a joint seminar
with his friend Hermann Minkowski in 1905 on the then hot topic of
electrodynamics, simultaneous with but independent of the work of
the still unknown patent clerk Einstein. His interest was renewed and
intensified around 1914 by the developments in the ”old” quantum
theory, Gustav Mie’s attempt to create a non-linear, special relativistic
electrodynamic theory which was intended to explain the structure of
charged particles, and Einstein’s work towards a theory of gravitation
which was to generalize his special theory.

In the summer of 1914 (end of June, beginning of July) Einstein gave
during one week six long lectures in Göttingen on the status of his
work. He was enthusiastic about the fact that Felix Klein and, in
particular, David Hilbert completely understood him. These lectures
apparently provoked Hilbert trying to create a field theory, which extends
Mie’s ansatz by incorporating gravitation along Einstein’s ideas.

There seems to be no detailed record of Einstein’s Göttingen lectures,
but his long paper ”The formal basis of General Relativity” of November
1914 contains the essentials of that status. It gives first essentially all
those aspects of general relativity, which concern classical, non-
gravitational, local physical laws, taken over from special relativity as
usual. In particular Einstein asserted that with any material process
there is associated a stress energy momentum tensor density Tαβ whose
covariant divergence vanishes. Observing that this law is not a
conservation law he formulated, as a requirement which the gravitational
field equation should satisfy, that ”there must exist a (non-tensorial)
complex of gravitational quantities tαβ such that Tα + tα  has vanishing
ordinary divergence.” Einstein considered the validity of such a law as
a physically necessary link, which relates the gravitational field equation
to non-gravitational physics by giving rise to an integral conservation
law for the total energy and momentum of an isolated system. Throughout
his work on general relativity he stuck to this postulate; I shall abbreviate
it as (E1). A second condition (E2) which Einstein required of the
gravitational field equation was that it should not depend on, or single
out, a class of coordinate systems related by linear transformations.
Since inertia and gravity cannot be distinguished locally – recall Einstein’s
elevator argument – the law for gravity and therefore the theory as a
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In view of my topic I could not resist quoting
this sentence, which was cited by Max Planck
in his reply to Einstein’s inauguration speech
at the Prussian Academy in Berlin on 2 July
1914. Planck inverted Schiller’s phrase, which
was, roughly ”Great things they can accom-
plish in contest, greater ones in league.”

David Hilbert (1862 - 1943)
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whole was to admit a large class of nonlinear coordinate transformations,
to be found along with the field equation. Thirdly (E3), he wanted the
equation to be ”causal” in the unusual sense that the components of
the metric tensor with respect to an allowed coordinate system should
be determined uniquely everywhere by their values in the region occupied
by matter. Note that Einstein’s formulation does not refer to uniqueness
of the field in terms of initial data, but to matter being the ”cause” of
the field, and that it presupposes tacitly that a coordinate system can
be specified prior to the assignment of fields. Finally, he wanted the
field equation to reduce, under appropriate conditions, to Poisson’s
equation of Newton’s gravitation theory; requirement (E4).

The main problem Einstein addressed and apparently solved in the
1914 paper was to find an equation satisfying his conditions (E 1,2,3,4).
He began by arguing that generally covariant field equations cannot
satisfy his causality condition (hole argument). He than managed to
find coordinate conditions and a field equation which apparently satisfied
all of his conditions. Since these arguments were wrong there is no use
in discussing them except for two points. Einstein derived the gravitational
part of his field equation by varying an action integral, and for this
reason he was able to satisfy his requirement (E1). (Euler-Lagrange
equations always imply an ordinary conservation law.) Finally, he got
the desired Newtonian limit in the same way as in his later work by
linearising the field equation at the Minkowskian background metric.
I shall continue the Einstein part of the story after the Hilbert part.

Hilbert’s first note on the foundations of physics was published on
March 31, 1916, with the submission date November 20, 1915. Only
in 1997 the science historian Leo Corry discovered in the Göttingen
Archives the set of the first page proofs of the original version of that
paper. That unpublished version contained a theory of coupled
gravitational and electromagnetic fields based on three axioms and a
few additional assumptions. The first two axioms state that the field
equations for the gravitational potential gαβ and the electromagnetic
potential qα result from an action principle whose density is a generally
invariant function of these potentials and their derivatives. This, said
Hilbert, expresses in the simplest way Einstein’s fundamental idea of
general invariance, though – as he remarks – Einstein uses Hamilton’s
principle only in a secondary role, and his action is by no means generally
invariant and does not contain the q’s. Hilbert then states without proof
as his ”Leitmotiv” what later became known as Emmy Noether’s second
theorem. In the case under discussion it states that the 14 Euler-
Lagrange expressions satisfy identically 4 first-order differential equations,
the generalized Bianchi identities. From this mathematical theorem
Hilbert concluded that if the basic equations of Physics are to have the
character of determinateness in Cauchy’s sense, then it is necessary to
complete the 14 Euler-Lagrange equations of which only 10 are essentially
independent, by 4 non-invariant coordinate conditions. Thus for Hilbert,
at least originally, the breaking of general invariance as a basic property
of the theory is necessary since one wants the equations of physics to
determine the future from initial data, a causality requirement quite
different from Einstein’s (E3). To find such coordinate conditions,
Hilbert introduced by long calculations an ”energy conservation law”
in the form of 4 ordinary divergence equations which hold if and only
if the spacetime coordinates satisfy 4 coordinate conditions. These
conditions are then stated as axiom III. This line of reasoning is quite
similar to Einstein’s (E1).

Unfortunately, in the page proofs a part of one page is missing which
contained one numbered equation. Comparison with the published
paper makes it nearly certain that the missing equation gives the action
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density as a sum of a gravitational and an electromagnetic contribution,
with the first part specified as the Ricci scalar denoted as K. Be that
as it may, later in the original manuscript the gravitational equation was
given as the Euler-Lagrange equation resulting from the variation of
the gαβ . However, the variational derivative of K was not computed,
and so the much debated ”trace term” of the field equation was not
exhibited.

In the published version the axioms I and II and Noether’s identity
appeared as in the proof version, but the arguments about causality,
axiom III and the need for coordinate conditions were omitted. Instead
a different, also non-invariant energy conservation law was derived
solely from the first two axioms. (In 1918 Felix Klein showed that this
conservation law, though it looks quite different from Einstein’s, is
equivalent to the latter modulo identities.) The published note contains
the gravitational field equation in explicit form, with the Einstein tensor
on the left hand side, accompanied by wrong assertions about its
derivation and uniqueness.

Thus, Hilbert’s published first note, in which all of Einstein’s papers
of 1915 are cited, provides the first generally covariant, Lagrangian field
theory of gravitation, electromagnetism and charged matter, with a Mie
type stress energy momentum tensor. The theory was never elaborated;
difficulties turned up and the theory did not influence the development
of physics.

I briefly return to Einstein. In October 1915 he seems to have realised
that his former approach to the field equation had been wrong. In the
following month he essentially completed his general theory of relativity
in four steps. On November 4 he formulated a theory invariant under
unimodular transformations, on the 11th he changed it to become
generally invariant, though with an energy tensor restricted to have
vanishing trace. Then, on the 18th, followed the perihelion paper and
on the 25th he arrived at his final, generally covariant field equation
with an unrestricted energy tensor. During this period as before he was
guided by the four requirements described above, but he no longer used
his former, misleading causality argument. On November 28, 1915 he
wrote to Arnold Sommerfeld: ”It is of course easy to write down the
generally covariant field equations, but difficult to recognize that they
generalize Poisson’s equation and satisfy the conservation laws”. In
contrast to Hilbert, Einstein wisely considered a fundamental, field
theoretic description of matter as not yet possible and therefore kept
the matter tensor unspecified. He formulated the well known three
classical tests, which gave empirical support to his theory.

During the critical period of November 1915 Einstein and Hilbert
exchanged several letters, but they talked past each other, each one
being very much concentrated on his own approach.

It emerges that general relativity as a physical theory is due to Einstein.
Hilbert provided the invariant action density for the gravitational field.
In his second note, submitted on December 23, 1916 he explained how
causality in his (and the modern) sense should be understood in a
generally covariant theory, and he illustrated that with an initial-value
formulation for the vacuum gravitational field. His contribution to
physics contained, as he later proudly wrote, ”an enduring core”.

Jürgen Ehlers
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Geometric Analysis and Gravitation Division

The description of astronomical objects by means of mathematics is
one of the oldest human endeavours. To forecast the motion and
appearance of the moon, the planets and the stars Greek mathematicians
developed the first basic concepts of geometry still valid today, their
theory of conic sections was used centuries later by Kepler to formulate
his laws of motion for the planets. Following the discovery of infinitesimal
calculus in the 17th century the development of analysis made it possible
to formulate laws of equilibrium and laws of motion in terms of variational
principles, culminating in particular in the variational interpretation of
the Einstein field equations in General Relativity by David Hilbert.

The second half of the 20th century has seen tremendous progress both
in gravitational physics and in mathematics: On the side of physics
black holes have developed from a theoretical and mathematical curiosity
to very real objects of observation, gravitational lensing has become an
important observational tool, cosmological models interact with particle
physics, and gravitational waves are within reach of modern detectors.
On the other hand mathematical analysis has developed a deep
understanding of nonlinear elliptic and parabolic partial differential
equations arising from geometric variational problems, differential
geometry has developed methods to link local curvature properties of
surfaces and spaces to global properties of their shape, and numerical
simulations allow detailed quantitative predictions from complex
mathematical models. A main task for the Division "Geometric Analysis
and Gravitation" is the pursuit of basic research on mathematical
methods relevant for the modelling of gravitation and the investigation
of specific models for concrete physical phenomena using modern
mathematical techniques.

Since Galilei, Brahe and Kepler the theory of gravitational attraction
between celestial bodies has benefited from lively interaction between
astronomical observation, theoretical physics and mathematical modelling.
In recent times the search for unified theories and new developments
in String Theory and M-Theory have suggested many new connections
between mathematics and physics, the interpretation of observations
in astrophysics and gravitational wave experiments require new methods
in theoretical and numerical analysis. The other divisions of the Albert
Einstein Institute provide continuous exposure to these developments
and benefit in turn from the mathematical expertise offered here.

The Role of Mathematics in the Description of Gravitation
Newton’s theory of gravitation is usually formulated in the language of
differential equations. It had tremendous impact on the mathematical
theory of dynamical systems, potential theory and partial differential
equations, but also on the calculus of variations, hamiltonian mechanics
and symplectic geometry. From a physical point of view Newton’s theory
of gravitation is accurate enough in many situations and for many
purposes - only in extreme situations where very strong forces or high
velocities occur, or where extreme accuracy is required Einstein’s theory
of gravitation has to be used. The mathematical formulation of Einstein’s
theory of gravitation uses both differential equations and geometry,
since the background where the differential equations have to be
formulated and solved is no longer Euclidean space but a curved four-
dimensional space-time. In fact, the equations proposed by Einstein
have to be interpreted as a balance between curvature and physical
non-gravitational fields, as a variational equilibrium between geometry
and matter! This intrinsic linkage of analysis, geometry and physics in
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Einstein’s general theory of relativity leads to beautiful and challenging
mathematical concepts and models which lie at the heart of the work
of the Division ”Geometric Analysis and Gravitation”.

After the main framework of Einstein’s theory has been established
during the last decades it has now become possible to ask specific
questions about characteristic phenomena of general relativity like
rotating neutron stars, collapse of stars into black holes, gravitational
waves emanating from the collision of heavy objects, or conditions in
the early universe. Such specific questions make it necessary to identify
and study new mathematical structures representing classical physical
concepts, for example mass, energy and momentum, in the geometric
setting of general relativity, both in a global and in a localised context.
Moreover, the difficulties arising from the questions posed often make
it necessary to invoke sophisticated mathematical tools such as weak
solutions of differential equations or concepts from geometric measure
theory allowing generalised surfaces with possible singularities. In other
situations it may be advantageous to reformulate the original mathematical
description in a more natural way, for example with the help of conformal
equivalences. Difficult mathematical problems arise in particular
concerning the solvability of nonlinear wave equations and related
stability questions, the description of physically consistent initial data
in the framework of three-dimensional differential geometry, differential
equation models for matter coupled to the Einstein equations, formation
of singularities, and concerning the relation of Einstein’s theory to the
classical theory of Newton in the limit of weak fields.

Geometric Evolution Equations
A recurring theme in the study of general relativity is the evolution of
geometric structures in time: When using a Hamiltonian formulation
of general relativity, where space-time is considered in a suitable (3+1)-
splitting of space and time, the Einstein equations give a prescription
for the evolution of a three-dimensional curved space in time, driven
by its own geometry and the matter fields present in the system. It has
proven to be very fruitful to carefully study the change of geometric
data on the 3-dimensional slices as time evolves in order to understand
the overall behaviour of the system. Similarly, when tracking the horizon
of a black hole through space-time one is naturally led to the study of
2-dimensional surfaces evolving in a 4-dimensional ambient space.
Apart from their direct occurrence in the evolution of a physical system
just illustrated, families of surfaces satisfying natural rules of deformation
are an important mathematical tool in analysing the properties of a
higher-dimensional space: suitably chosen families of 2-dimensional
spheres can provide a natural radial coordinate system around an isolated
gravitating system, thereby helping both theoretical and numerical
investigations. Evolving submanifolds also appear in String Theory and
M-Theory where some of the underlying equations model the evolution
of vibrating strings and membranes. The systematic investigation of
deformation laws for surfaces and curved spaces is an important research
project in the division ”Geometric Analysis and Gravitation”.

In 2003 specific progress was made on the evolution of hypersurfaces
by their mean curvature. For surfaces in Euclidean space which have
the sum of the lowest two principal curvatures positive everywhere, a
surgery procedure was devised which allows the continuation of the
flow past singularities in a controlled way. As one application arising
from this flow with surgery a complete classification of all 3-surfaces
of positive scalar curvature in Euclidean 4-space was obtained. The
result highlights a close analogy of mean curvature flow with the Ricci-
flow of Riemannian metrics employed by G. Perelmann in his attack
on the Poincare-Conjecture and geometrisation of 3-manifolds.
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Geometric Variational Problems
Since the calculus of variations was initiated by Newton, Leibniz and
the Bernoulli brothers and since Huygens demonstrated the power of
variational principles in the foundations of geometrical optics, variational
principles for geometrical structures have governed large parts of physics.
In general relativity they become apparent not only in the Hilbert action
for the Einstein equations and the variational properties of geodesics,
but also in the Hamiltonian formulation of the Cauchy problem and
in the construction of optimal gauges with the help of maximal or
constant mean curvature slices as well as harmonic maps. Needless to
say, variational principles are also present in the formulation of various
models of matter.

In recent years variational principles have also been successfully applied
to understand the inner structure of Cauchy data on a three-dimensional
Riemannian manifold: An early starting point was the proof of the posi-
tive mass theorem with the help of minimal surfaces and the discovery
of deep links between the mass of asymptotically flat three-manifolds
to the Yamabe variational problem in the conformal geometry of closed
three-manifolds. After Bray had recently discovered how the flow by
surfaces along their inverse mean curvature can be used to compute
and estimate Yamabe invariants of certain 3-manifolds, a student showed
how inverse mean curvature flow can be used to give a direct proof for
 the existence of conformal metrics of constant scalar curvature on a
compact 3-manifold.

A specific variational integral studied last year in this section is the
Willmore energy of a 2-dimensional surface, given by the integral of
the square of the mean curvature over the surface. This functional has
intriguing invariance properties and plays an important role both in
Differential Geometry and General Relativity, see the article by Martin
Schmidt in this report.

The Freedom to Choose Natural Coordinates
A key feature of the Einstein equations is their general covariance.
This means that they take the same form in any coordinate system or,
expressed in geometrical language, that they are invariant under diffeomor-
phisms. Considered in the abstract, this is a beautiful property of the
equations. On the other hand it leads to practical difficulties when
pursuing the study of the Einstein equations by means of purely mathe-
matical methods or using computer calculations. One part of this prob-
lem is that of the choice of a good time coordinate. In general relativity
there is no preferred way of splitting the four-dimensional space-time
into time and three-dimensional space. It is possible to cut up space-
time into a family of three-dimensional slices, each of which can be
thought of as ”All of space at a particular time”. While it belongs to the
essence of general relativity that there is no one way of doing this which
is singled out and everyone is free to choose their own slicing of space-
time, a good and geometrically natural choice of slicing can help towards
an elegant and useful description of solutions to Einstein’s equations.
A good choice of slicing involves certain elliptic or parabolic differential
equations for the height of the slice above a given initial slice. Several
projects by PhD students on surfaces of prescribed mean curvature
made substantial progress in this context during 2003.

Once a suitable 3-slice of space-time is constructed, the question of
natural coordinate systems arises again, this time inside the 3-slice
itself. Using the techniques from geometric evolution equations described
earlier researchers at the AEI have been able to construct good two-
dimensional spherical slices inside each 3-slice, providing a natural
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radial coordinate at least in the exterior region of space-times modelling
isolated systems. In a joint project with the SFB283 in Tübingen during
2003 a PhD student developed theoretical and numerical methods for
the construction of 2-surfaces of constant mean curvature in
asymptotically flat slices.

The search for good initial data sets modelling systems containing black
holes leads to boundary value problems involving the horizon of the
black hole. In new work it was shown how the trapped surface condition
can be written as a non linear boundary condition for the constraint
equations. Under appropriate assumptions existence and uniqueness
of solutions in the exterior region for this boundary value problem was
shown.

Cosmology and Symmetry
In cosmology it is common to use very special highly symmetric models
of the universe (homogeneous and isotropic). The actual universe is not
perfectly symmetric. The presence of irregular distributions of matter
breaks the symmetry. In the symmetric models there is a preferred
choice of slicing which is determined by the condition that it too be
symmetric. In more realistic, less symmetric, models this is no longer
the case. If we want to study the structure of models of this kind it is
necessary to make some intelligent choice of slicing. There are various
criteria for a slicing to be good. This depends of course on the application
in which it is to be used. It is desirable to identify some condition which
will invariantly determine a unique slicing, or at least a very restricted
family of slicings, in any space-time of the class to be studied. In studying
cosmological models it is desirable to have a slicing which covers all of
the space-time and where the individual slices do not ”run into the big
bang”. In other words it should not be possible to reach the big bang
by moving along the slice, which should correspond to moving in space.
Work was continued on different ways to obtain good slicings both near
the big bang and in the expanding direction.

A kind of slicing which is very simply defined is a Gaussian one. Each
slice is obtained by following geodesics starting orthogonal to a given
slice for a definite time. This slicing has a very bad reputation in general
relativity since it often breaks down due to formation of caustics in the
family of geodesics. It turns out, however, that in forever expanding
space-times with positive cosmological constant this problem can be
avoided under rather general circumstances. In 2003 very general
solutions of the Einstein vacuum equations with positive cosmological
constant in any dimension were constructed. No symmetry assumptions
were required. At late times these spacetimes can be covered by a global
regular Gaussian slicing and indeed they were constructed in this form.
The mathematical tool used to obtain these results is the theory of
Fuchsian equations which had previously been used to investigate the
structure of spacetime singularities.

The Analysis of Asymptotically Flat Space-Times
Asymptotically flat space-times provide the most important models for
far fields of isolated gravitating systems such as one or several stars,
black holes etc. Most observable general relativistic effects are analysed
in the context of such space-times. Moreover, the only rigorous concept
of gravitational radiation we know is associated with the asymptotic
regime of these space-times, called 'light-like infinity', which is approached
by following light rays which escape to infinity. It is therefore important
to control these space-times in their entirety in terms of an abstract
analysis as well as in terms of concrete calculations. The abstract analysis
provides results about their general structure and asymptotic behaviour
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which are necessary to work out the general theory and to clarify
conceptional questions. However, it also provides information about
the properties of the field equations and the well-posedness of the
boundary value problems for the field equations which form the basis
for the global numerical calculation of such space-times.

Much of the global analysis of asymptotically flat space-times has been
done in terms of the 'conformal field equations'. These equations govern
the evolution of the metric relations after the latter have been scaled
down to achieve a finite coordinate description of the asymptotic regime.
It is one of the many surprises of Einstein's equations that they imply
useful equations for the conformally rescaled field. Some of the work
at the AEI is concentrating on working out the various facets and the
geometric content of the conformal field equations.

During his stay at the AEI one postdoctoral visitor analysed some of
the features of the 'conformal constraints', the subsystem of the full
set of conformal field equations which must be satisfied in particular
by the initial data for the time evolution problem. The results obtained
so far present a first step towards solving the conformal constraints
directly in the conformal picture. Such methods are urgently needed
for the numerical calculation of asymptotically flat space-times.

Past and future light-like infinity, which are most important for the
discussion of radiation phenomena, meet at 'space-like infinity'.
Understanding the behaviour of gravitational fields in that region is
critical for controlling the evolution of complete space-times, including
their asymptotics. This has been an open problem for a long time which
continues to be central in the research of the AEI. During 2003 a
detailed desciption was given of our present understanding of the
relations between the behaviour of asymptotically flat Cauchy data for
Einstein's vacuum field equations near space-like infinity and the
asymptotic behaviour of their evolution in time at null infinity.

The 'cylinder at space-like infinity' has been introduced to provide a
setting for analysing the evolution of the gravitational field near space-
like infinity in a finite picture and with precise control on the asymptotic
smoothness. The subsequent analysis gives increasing evidence that all
expectations projected on this setting will bear out. In new work it was
shown that the spin-2 equations on Minkowski space in the gauge of
the `regular finite initial value problem at space-like infinity' imply
estimates which, together with the transport equations on the cylinder
at space-like infinity, allows one to obtain for a certain class of initial
data information on the behaviour of the solution near space-like and
null infinity of any desired precision.

Numerical Methods
Given the strong interplay between astrophysical phenomena and
mathematical methods and models, there is a strong need to make
detailed quantitative predictions for particular initial conditions for
Einstein’s equations. In view of the nonlinear structure and geometric
invariance of these equations in three space and one time dimension,
the development of numerical methods meets tremendous difficulties,
both from a theoretical and from a practical point of view. The numerical
work pursued in the Geometric Analysis and Gravitation division
complements the work in the Astrophysical Relativity division. It focuses
on specific conceptual and theoretical issues of numerical simulations,
for example in efforts to simulate solutions of the conformal approach
to the Einstein equations or in collaboration with the SFB 382 in
Tübingen on the computation of optimal foliations of three-dimensional
slices of space-time.
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Specific projects adress the numerical simulation of solutions to the
Einstein field equations using the conformal approach. In this
reformulation of the Einstein equations it is important to closely link
mathematical analysis with the numerical methods, for example in
choosing suitable curvature variables  and in determining the growth
behaviour of constraint violating modes. During 2003 computer algebra
was applied in a MathTensor based framework to problems commonly
arising in this context, such as the derivation of 3+1-splits, manipulation
of evolution equations and automatic code generation. Particular
emphasis was  put on working with abstract index tensor quantities as
much as possible. In collaboration with other groups worldwide a major
effort was made to develop standard testbeds for Numerical Relativity.

Einstein's Equations with Matter
Vacuum solutions of the Einstein field equations can be treated from
a purely geometric point of view, they model important physical
phenomena such as the propagation of gravitational waves and black
holes. Most realistic physical models however involve matter and its
interaction with itself and the geometry of space-time. There are several
projects being pursued at the Geometric Analysis and Gravitation
division investigating gravitating systems with various forms of matter.

Understanding of the asymptotic behaviour of solutions of the Einstein-
Vlasov equations with positive cosmological constant and plane or
hyperbolic symmetry was further refined. In  addition it was shown that
in the case of spherical symmetry the presence of a positive cosmological
constant leads to a qualitative change in behaviour. When the
cosmological constant is zero cosmological spacetimes with this symmetry
always recollapse. When the cosmological constant is positive a large
proportion of the models expand forever and have an asymptotic
behaviour similar to that in the plane symmetric case.

Elastic selfgravitating bodies in the context of general relativity continued
to be another area of research in the group. A workshop on this topic
in October 2003 brought together scientists from several related fields,
compare the special report on this event.

Gerhard Huisken
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Astrophysical Relativity Division

The scientists in the Astrophysical Relativity Division concentrate their
research on understanding how Einstein’s theory of gravity, general
relativity, helps us to understand the Universe that astronomers see
around us. Modern astronomical observatories have revealed a rich
variety of phenomena that need relativistic gravitation for their explanation:
black holes, neutron stars, gravitational lenses, and the acceleration of
the expansion of the Universe itself. Among these phenomena, the
AEI’s scientists focus on two related areas where the potential for
scientific progress is especially promising: the detection of gravitational
waves and the numerical study of collisions involving black holes and/or
neutron stars.

Gravitational Wave Detection
The AEI’s Laser Interferometry and Gravitational Wave Astronomy
Division is developing the GEO600 gravitational wave detector, located
near Hannover. Details of this detector and of associated collaborations
on technology development with the American LIGO project can be
found in the report of that division. In the Astrophysical Relativity
Division, our scientists are responsible for analyzing the data from the
GEO600 and LIGO detectors. This is a wide-ranging responsibility,
involving not only looking for a variety of sources but also using the
data to understand the workings of these very complex detectors.

Fortunately, we do not work on this job alone. We work with our partners
in the GEO600 project in Britain (at Glasgow, Cardiff, and Birmingham
Universities) and in Spain (at the University of the Balearics). In
addition, we have a data-sharing agreement with the LIGO project,
under which a large team of scientists from both projects looks for
various gravitational wave sources in the data from all the detectors in
both projects.

The year 2003 was a landmark for these projects, because the first
papers analyzing data from these interferometers were written and
accepted for publication. The data that was analyzed was only a short
stretch of data taken at a time when the detectors were still being
commissioned, so their sensitivity was far from their ultimate design
goal. Therefore the analysis was designed only to set upper limits on
possible gravitational wave sources; we do not expect the first detections
until the detectors have operated at design sensitivity for a year or more.
Nevertheless, the activity of analyzing the data was an important exercise
for the community, and the publications represent a statement of
confidence in our analysis procedures and in the detectors at the time
the data was taken.

Later in this volume there is a report from Prof Maria Alessandra Papa
and Prof Curt Cutler that gives more details of this analysis. The data-
analysis teams are large, consisting of more than one hundred scientists
altogether, and organizing their work was a significant challenge. The
first papers have over four hundred authors, including analysts and
hardware scientists from both LIGO and GEO. Prof Papa is the co-
chair of the analysis team devoted to looking for gravitational waves
from spinning neutron stars, and her team showed that the fastest-
spinning neutron star known, the pulsar PSR J1939+2134, is so smooth
that its average deformation is smaller than a few centimetres; anything
larger would have radiated gravitational waves strong enough to have
been seen in our short observation. While interesting in itself, this result
also shows the potential for these kinds of observations: when the
detectors operate next year with hundreds of times better sensitivity
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and take data for many months rather than weeks, we will begin to be
sensitive to average irregularities smaller than a millimetre, a deformation
that is certainly possible in many spinning neutron stars.

Our MERLIN cluster supercomputer was enlarged this year to 180
dual-processor nodes (giving it a peak computing power greater than
a teraflop) and has a huge disk data storage capacity. Merlin has become
one of the workhorses of the GEO-LIGO data analysis collaboration
and is used at virtually 100% of its capacity, every day of the year.

Dr Papa leads the team that has developed the AEI’s search software
for unknown neutron stars, a difficult computing problem that has been
described in previous annual reports. This software is now the standard
for the GEO-LIGO data analysis, and is being extended to look for
neutron stars in binary systems and for other applications. During 2003
Dr Papa was also named overall data analysis coordinator for the GEO
project, with responsibility for ensuring that the GEO contributions to
the joint GEO-LIGO data analysis were adequately supported and on
time.

While much of the division’s work on gravitational waves is devoted to
data analysis, we also maintain a strong research activity in theoretical
questions, because theory and observation are closely connected in this
field. Indeed, our postdoctoral research scientists who work on data
analysis are also expected to work on theoretical questions for half of
their research time.

A particular highlight of this activity has been work on gravitational
wave sources that the upcoming LISA space-based gravitational wave
detector will see. Cutler and division director Prof Bernard Schutz are
members of the LISA International Science Team, which oversees the
development of this project. LISA is a joint mission of NASA and ESA,
expected to be launched in 2013, and at present the team is working
hard to develop a final specification for the mission before going into
the detailed design phase. Part of that specification is understanding
what sources are likely to be seen, which of them have high priority for
the mission design, and what data analysis challenges there might be
in detecting them in LISA data.

One of the most interesting sources, and unfortunately the most
challenging to detect, is the signal from a compact object (such as a
black hole formed from the collapse of a giant star) as it spirals around
and eventually into a massive black hole in the center of a distant galaxy.
We know that our own Milky Way has a black hole with the mass of
2.6 million suns, and astronomers believe that this is fairly typical.
During the LISA mission we expect every year that there will be perhaps
dozens of signals from such events involving similar black holes within
the volume of space LISA can search. But picking these signals out of
the noise background will be a challenge because they have a very
complex form. The work at the AEI on this problem has been described
in the article by Papa and Cutler.

Numerical Solutions of Einstein’s Equations
The other major activity in the Astrophysical Relativity Division is the
effort to solve Einstein’s equations on a computer in order to study
situations that are not amenable to analytic solution. One problem in
particular is especially important from the point of view of the gravitational
wave detectors: the merger of two black holes as they spiral together
from a circular binary orbit. While rare, these events are expected to
be seen both by ground-based detectors and by LISA, and an adequate
theoretical understanding of the gravitational wave signature of these
events will greatly assist their detectability.

22



Representing on a computer two black holes orbiting about one another
is immensely challenging. It requires a large supercomputer with enough
memory and speed to approach solving the problem, and it requires
software that solves Einstein’s equations with accuracy and stability.
With the installation of the PEYOTE supercomputer cluster at the AEI,
we have a computer that can solve all but the largest simulations. But
we are still limited by software: through a process of trial and error,
scientists at the AEI and around the world are gradually learning what
is required to simulate black holes in orbit over long periods of time.
These problems, and our attempts to solve them, are described in two
further contributions in this volume, so I will not go into further detail
here.

Our numerical relativity group has seen big changes in 2003. The leader
and founder of the group, Prof Edward Seidel, moved to Louisiana State
University in the USA to take on the director position at that University’s
Center for Computation and Technology. This center operates one of
the largest supercomputers at any American university, and has a brief
to develop computational science across all disciplines at the university.
We congratulate Ed on his new position and we welcome the fact that
this establishes a new and very promising collaboration partner for the
AEI. Ed was accompanied to Louisiana by Prof Gabrielle Allen, who
led the Cactus development group at the AEI. We are currently in a
process of restructuring the activities and leadership of the group, with
the aim of continuing to maintain our group as the largest and most
active in the world. Denis Pollney and Michael Russell have assumed
acting leadership of the science and computing sides of our numerical
relativity activities. Look for further developments in next year’s annual
report!

Bernard F. Schutz
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Quantum Gravity and Unified Theories Division

The following is an overview of the scientific activities in the Quantum
Gravity Division over the past year 2003. In comparison with previous
years the scientific output has again increased. Much of this work
involved not only members of the division, but also scientists from
partner institutions all over the world. These collaborations and numerous
contacts were made possible by the AEI visitor program and various
third party grants. The international standing of the group is well
reflected in the large number of invitations extended to members of
the division to speak or lecture at national and international schools
and conferences. These included graduate and undergraduate courses
at universities in Germany, more advanced workshops such as the RTN
Winter School on Strings, Supergravity and Gauge Theory in Torino,
as well as invited plenary talks at the major international conferences
such as the Xth Marcel Grossmann Meeting in Rio de Janeiro,
STRINGS'03 in Kyoto, the ESI Workshop on 2d Gravity, etc.

The Division continues to make great efforts towards attracting young
talents and thereby training the next generation of highlevel theorists.
The new International Max Planck Research School (IMPRS) "Geometric
Analysis, Gravitation and String Theory", although officially due to start
only on 1 January 2004, began to show its positive impact already in
2003 with an increased number of applications and the arrival of new
PhD students. At the time of writing, the IMPRS coordinator, J. Plefka,
has received already more than 50 applications, many of which came
from abroad. Of the IMPRS funded students accepted so far, more
than 70% carry a foreign passport.

Research in the division in 2003 covered a diverse range of subjects
ranging from string theory and quantum field theory to canonical
quantum gravity and loop quantum cosmology. The substantial progress
that was made in all of these areas will be described in more detail
below. In several of these AEI now hosts some of the world's leading
expertise, a fact also recognized in the 2003 Fachbeirat Report. Special
mention should be made here of the contributions of the AEI group to
the subject of string/gauge theory duality. According to some leading
specialists (not from AEI!), the discovery of a hidden integrability
structure in maximally supersymmetric Yang Mills constituted last year's
most important achievement in this field of research, cf. the sections
on plane wave and spinning strings below, and the special feature by
G. Arutyunov in this volume. Another highlight, and in a very different
field of research, was the award of the First Prize in the GRG Essay
Competition to M. Bojowald, whose work was even described in the
Science Section of the New York Times (the first time ever that AEI
made it into the NYT!).

In September 2003, AEI hosted a Workshop ”Strings Meet Loops”.
This was a ”world premiere”, because never before had there been a
meeting of this type whose primary purpose was to bring together
researchers working on string theory on the one hand, and on canonical
and loop quantum gravity on the other, and to enhance exchange of
ideas between the two communities. Besides the talks, which were
mainly addressed ”to the other side”, there were many lively discussions
and frank exchanges, as well as probing questions from the participants
representing the different viewpoints. By all accounts, the meeting was
a great success, and there are now good prospects that a follow-up
meeting will soon be organized in the USA. The event has also been
covered in the April 2004 issue of Bild der Wissenschaft (see also the
article by H. Nicolai and M. Pössel in this volume).
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1. String/Gauge Theory Duality
An important theme for the string approach to quantum gravity continues
to be the intriguing duality between string theories and gauge theories
(see the special feature by M. Staudacher in the 2002 Annual Report).
Work in this direction, the so-called AdS/CFT correspondence, promises
to deepen our understanding of the fundamental meaning of strings,
and might allow us to probe the difficult non-perturbative regime of
this theory of quantum gravity. The number of AEI articles written in
2003 on this subject totals some 25 publications, which to date have
garnered already some 400 citations. Special mention deserves the work
of our graduate student N. Beisert, who in less than a year co-authored
seven papers, and wrote another three by himself; these papers account
for one half of the mentioned citations.

1.1. AdS/CFT, Plane Wave Strings and BMN Gauge Theory
In 2002 much progress had been achieved - in part by AEI members
- for a simplified version of the AdS/CFT correspondence, which involves
a Penrose contraction limit of the curved Anti-de-Sitter metric. Two
comprehensive reviews of this Plane Wave/BMN gauge theory duality
were written by AEI scientists last year (J. Plefka and A. Pankiewicz).
In 2003, a multitude of important new results concerning the duality
were obtained in numerous AEI papers. Special mention deserves work
on BMN matrix theory by Kim, Klose and Plefka, which was shown to
arise as a consistent Kaluza-Klein reduction of N=4 super Yang-Mills
theory. This also allowed to gain added insight into certain recently
discovered integrable structures, to be discussed shortly. We should
also mention progress in plane-wave string field theory computations
on the light cone (Pankiewicz), and difficult state-of-the-art calculations
for correlation functions in N=4 gauge theory, both in the perturbative
(Arutyunov) and non-perturbative (instantonic) regime (Kovacs).

1.2. Spinning Strings, Spin Chains and Integrability
In a generalization of the BMN approach, it was recently argued that
semi-classical methods applied to AdS strings may be directly compared
to perturbative gauge theory calculations of anomalous dimensions for
certain large charge operators. The necessary techniques for performing
such calculations were developed in ground-breaking papers and shown
to match the string predictions (N. Beisert, M. Staudacher, in
collaboration with C. Kristjansen from Copenhagen, and with Uppsala
scientists J.A. Minahan and K. Zarembo). The underlying reason for
this remarkable progress may be traced to integrable structures on both
the string and the gauge side of the AdS/CFT duality. On the string
side this was first understood, in joint work with Frolov, Tseytlin and
Russo in a beautiful AEI paper (Arutyunov). On the gauge side the
integrable structures were found to apply to the complete set of fields
at the one-loop level, and strong evidence was found that integrability
extends to higher loops (Beisert, Kristjansen, Staudacher). Lastly, an
explicit one-loop match between the string and gauge integrable structure
was discovered. Further progress in this rapidly evolving area of research
is to be expected in the near future.

2. Loop Quantum Cosmology
Progress in loop quantum cosmology proceeded along two main lines
in work by M. Bojowald, G. Date and K. Vandersloot. While in previous
years isotropic models have been studied where it could be shown for
the first time how quantum geometry can remove cosmological
singularities, a detailed study has also been done for anisotropic models
to test the robustness of the results. Exact methods are now available
which show that the singularity is removed in essentially the same way
as in isotropic models, but with some additional subtleties. This gives
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further indications that the mechanism is generic and does not depend
on symmetries. The most interesting anisotropic model, which has been
studied in several approaches, is the so-called Bianchi IX or Mixmaster
model. Its classical behaviour is chaotic and very complicated close to
the singularity, which can be traced back to a curvature divergence
there. A detailed investigation of loop modifications of this model showed
that the singularity is not only removed, but that close to it the behaviour
simplifies such that the system is no longer chaotic, with important
implications for the general structure of initial or final states of a classical
universe.

The second main line is a phenomenological investigation of loop
quantum cosmological models, where a first comparison with cosmological
observations has been done. Since there are many different scenarios
one can use to test the theory, this is a vast area which fortunately is
now being investigated by several groups around the world. In particular
the basic observation that loop modifications inevitably lead to an early
inflationary phase with different dynamics also of matter fields has been
looked at in more detail. Even if an inflation field with a suitable potential
is included, there are differences to the standard scenario at early times
which may leave an imprint on the cosmic microwave background at
large scales.

With the number of applications growing, it is also important to
understand the foundation of loop quantum cosmology. This has been
achieved by employing the mathematical technique of Bohr
compactifications which highlights the new features of loop quantum
cosmology as compared to the Wheeler-DeWitt quantization. In addition,
it also illustrates how loop quantum cosmology arises as a simple model
of full quantum geometry which has all the same essential features.

For a more detailed review, see the companion article by M. Bojowald
in this volume.

3. Other Aspects of String Theory/Supergravity
Detailed knowledge of the low-energy effective action of string theory
is very important for studying its phenomenological and cosmological
implications. Together with A. Westerberg (CERN and Karlstad) K.
Peeters continued the analysis of higher-derivative term in the effective
action. Important observations were made concerning the possible role
of Lorentzian string perturbation theory in an unambiguous evaluation
of string amplitudes at higher order in the number of external fields. As
spin-off new symbolic and numerical computer tools were developed
which will play an essential role for further investigations in this long-
term research programme.

In collaboration with I. Antoniadis and P. Vanhove (CERN) and R.
Minasian (Paris), S. Theisen has studied the hypermultiplet moduli
space of type II strings compactified on Calabi-Yau manifolds.
Supersymmetry restricts this space to so-called quaternionic manifolds.
In a first step, the simplest situation, namely the universal hypermultiplet,
which is part of any such compactification, at the perturbative level,
was studied. While the quaternionic structure, combined with various
perturbative symmetries, allows for two possible solutions, a string loop
calculation was needed to decide which of the two solutions is realized
in string theory. In collaboration with A. Schwimmer (Weizman Institute),
S. Theisen continued the analysis of anomalies of conformal field
theories within the framework of the AdS/CFT correspondence. This
was done for arbitrary dual gravity actions in odd dimensions, exploiting
only the symmetries, i.e. those diffeomorphism which induce a Weyl
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rescaling on the boundary where the degrees of freedom of the conformal
field theory are localized. Universal features of Weyl anomalies of
arbitrary conformal field theories with a holographic dual in any even
dimension could be identified. Among other things, it was shown that
these theories are not generic but the allowed contributions to the
anomaly, i.e. the solutions to the Wess-Zumino consistency conditions,
satisfy universal relations.

D-branes are of central importance in string theory, both for the role
they play in string dualities, and for the description of gauge theories
with open strings. For the compactified theory branes in curved
backgrounds must be considered. K. Peeters and M. Zamaklar, together
with P. Meessen (SISSA) have analysed the algebraic description of D-
branes in such backgrounds. Using a variety of techniques, the following
remarkable result was proven: physical consistency, i.e. the requirement
to reproduce the supergravity multiplet and the brane BPS relations,
demands the inclusion of new fermionic brane charges. Branes in curved
backgrounds, and in particular on products of group manifolds were
further considered by M. Zamaklar in collboration with G. Sarkissian
(ICTP).

A. Pankiewicz continued and completed the construction and analysis
of light-cone string field theory on a plane gravitational wave background,
and was able to resolve a puzzle concerning the seeming non-uniqueness
of light-cone string field theory in the plane wave background. A different
(covariant) approach to string field theory has been pursued by E. Fuchs.
In studying the Siegel gauge and other possible gauge choices he
succeeded in finding the form of the similarity transformation that
transforms between different gauge choices including mid-point gauge.

In work with M. Cvetic (Univ. Pennsylvania) and C. Jeschek, K. Behrndt
derived the different constraints on the fluxes depending on the structure
group of internal space, and derived the resulting 4d superpotential as
function of specific flux components. Considering deSitter vacua in
N=2 gauged supergravity with non-compact R-symmetry one can also
derive the general time dependent multi-center black hole solutions,
which couple to an arbitrary number of vector multiplet. With S.
Mahapatra (Utkal Univ, India) vacua of deSitter type were derived,
which correspond to a saddle point in the potential, where the unstable
mode approaches on a regular supersymmetric vacuum from both sides.

In work with A. Sinkovics and K. Skenderis, S. de Haro looked at the
computation of the leading corrections to D-brane solutions due to
higher derivative terms in the corresponding low energy effective action.
They were able to develop several alternative methods for analyzing the
problem and to integrate the equations of motion in the presence of an
R4 term. They also analysed the thermodynamic properties of the
solutions and the corrections to lowest-order solutions.

4. Physics and Geometry in Three Dimensions
Physics and geometry in three spacetime dimensions are of special
interest, because they furnish (sometimes exactly solvable) toy models
in quantum field theory and quantum gravity, and it may well be that
these theories, once they are better understood, may even serve as
building blocks of some yet to be constructed theories describing the
real world. Not only is the geometry of 3-manifolds a key area of research
in modern mathematics, but there is also a large class of models (inclu-
ding Einstein gravity in three dimensions), which stand a chance of
being exactly solvable both at the classical as well as the quantum level.
Furthermore, the maximally extended supersymmetric field theories
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exhibit their ”most symmetric” form in three spacetime dimensions,
with scalar potentials of an unprecedented complexity and richness of
structure.

Pure gravity in three dimensions is topological. It is exactly soluble at
the classical level (in that one can rather explicitly describe the space
of classical solutions). Yet, in spite of its simplicity the theory is non-
trivial. When the cosmological constant is negative this theory has black
hole solutions, whose topology can be rather intricate. In work by K.
Krasnov, the thermodynamics of a general 2+1 dimensional black hole
is studied, using an analytic continuation procedure that was proposed
in his earlier work. The moduli space of black holes is then identified
with the Teichmüller space at a certain genus. The free energy of the
black hole turns out to have the interpretation of the Kähler potential
on the Teichmüller space. One thus gets an interesting thermodynamical
interpretation of the classical Teichmüller theory.

One can also add point particles that are described as lines of conical
singularities. This can be done for any sign of the cosmological constant.
As shown by t' Hooft for positive cosmological constant, the resulting
dynamics of these point particles is very non-trivial. When the
cosmological constant is negative, point particles can collide to form
black holes via the Matschull process, yielding a toy model of gravity
with all essential elements of such a theory. Indeed, it describes both
black holes and simple matter, as well as processes involving these
ingredients. It is of considerable interest to quantize this theory, with
motivations coming from both physics and mathematics. Such conceptual
questions as the origin of black hole entropy and information loss can
then be addressed already at the level of this simple theory, as shown
by Krasnov. Mathematically the problem of quantization of 2+1 gravity
with negative cosmological constant is related to the problem of
understanding of quantum invariants of hyperbolic manifolds, a topic
of current interest.

A second development concerns the construction of gauged supergravities
in 2+1 dimension and the exploration of their vacuum structure. Maximal
gauged N=16 D=3 supergravity models had been constructed for the
first time at AEI by Nicolai and Samtleben in 2000. These models,
being the most symmetric ones known in three dimensions, have very
special properties not encountered in their higher-dimensional cousins.
Due to the on-shell duality between vectors and scalars in three
dimensions, the choice for possible gauge groups is larger than in higher
dimensions. New results in 2003 included a proof of a surprising
equivalence between Yang Mills and Chern Simons gauge theories in
three dimensions, the analysis of non-semisimple gauge groups and the
discovery of gauged supergravities with complex gauge groups without
analogue in dimensions D>3, and a novel description of certain Kaluza
Klein theories in terms of a three dimensional gauged supergravity with
an infinite dimensional non-semisimple gauge group.

All these models feature very intricate potentials. For the maximal theory
these are functions on the E8(+8)/SO(16) coset manifold of scalar fields,
which are of an analytic complexity not encountered in any
scalar field potential so far. The determination of stationary points,
candidates for possible vacua, is therefore a considerable challenge that
suggests employing computer aid. The challenge was taken up by
T. Fischbacher, a PhD student, who was able to develop powerful new
tools that make symbolic as well as numerical calculations with large
Lie group representations possible. The main new idea is to employ
algorithms from relational database systems and, where applicable,
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a highly specialized dense term encoding which is optimized towards
finding simplifying term reductions.

5. (Super)Gravity and Infinite Dimensional Symmetries
Infinite dimensional symmetry groups and Lie algebras continue to be
a source of fascination, especially in connection with the hidden
symmetries of Einstein's theory. Following up on previous work by
Damour, Henneaux and Nicolai, where an extension of the BKL approach
in terms of an expansion in spatial gradients had been proposed in
which the original BKL approximation would just be a first step, the
indefinite Kac Moody Lie algebras E10 and E11 were further investigated
by T. Fischbacher and H. Nicolai. The level decompositions of these
algebras were carried to unprecedented heights (in particular, up to
level 28 for E10), also substantially extending existing results on the
root multiplicities of these Lie algebras. The higher level representations
of E10 are expected to be related to the higher order spatial gradients
in an extension of the standard BKL approach. The underlying software
tools that allow the study of these and other algebras to be taken to a
previously unreached depth have been made publicly available as part
of the LambdaTensor package by T. Fischbacher. Finally, subalgebras
of hyperbolic Kac Moody algebras were studied in work by H. Nicolai
and A. Feingold (Binghamton).

6. Outlook
Although this brief summary cannot do justice to all the work done in
the Quantum Gravity Division during the past year, it hopefully shows
its breadth and variety. Indeed, encouraging diversity appears to be the
best strategy in tackling the challenge of quantum gravity, at least as
long as the correct theory remains shrouded in mystery.

Hermann Nicolai
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Laser Interferometry and Gravitational Wave Astronomy Division

The experimental branch of the Albert Einstein Institute is located in
Hannover. It is operated as a joint undertaking with the University of
Hannover. Currently one division is in operation, but a second division
is foreseen for the near future. The year 2003 was the second year of
operation for this division and many important events happened during
this year. The construction of our new laboratory building was finished
in the fall of 2003 and by Christmas of 2003 all our experiments where
moved into the new lab building. This new building gives us almost
2000 m2 of experimental area, a large high-bay lab, 8 optics labs, 5 clean
room labs, including one with a formal class 100 certification, plenty
of cleaning and preparation rooms and several offices. Most of our
offices where moved into temporary quarters provided by the University
as the renovation of our office building has also begun at the end of
2003. We expect to move back into our renovated office building in the
fall of 2004. This should then give us enough room for the expected
expansion of the Hannover branch of the Albert Einstein Institute.
Scientifically, we have seen major accomplishments on GEO600,
culminating in the third science run S3 in coincidence with LIGO. We
were very happy about the final approval of LISA Pathfinder (formerly
SMART-2) the technology precursor for the LISA mission, and the start
of hardware development for this mission and we have seen a major
expansion of our non-classical light interferometry group, including first
experimental results.

The final goal of all activities of the Albert Einstein Institute in Hannover
is the observation of gravitational waves and the development of
gravitational wave astronomy. This comprises the development and
operation of large gravitational wave detectors on the ground as well as
in space, but also a full range of supporting laboratory experiments in
quantum optics, atomic physics and laser science. Our ground based
detector GEO600 has been built as a German-British collaboration
comprising Max Planck Institute for Gravitational Physics, Max Planck
Institute for Quantum Optics, University of Hannover, Laser Zentrum
Hannover (LZH), University of Glasgow and University of Cardiff. We
are part of the LIGO science collaboration LSC, contributing to the
working groups concentrating on lasers and the second generation
upgrade of the LIGO observatory (advanced LIGO) and we are members
of the LIGO I collaboration by providing mutual data access to our own
GEO600 data. We are collaborating with the French-Italian VIRGO
project through the EGO (European Gravitational Observatory)
consortium. Gravitational wave activities in Germany are funded by the
Deutsche Forschungsgemeinschaft (DFG) through the Sonder-
forschungsbereich TR7 ”Gravitationswellenastronomie” comprising the
Universities of Jena, Tübingen and Hannover and the Max Planck
Institutes for Gravitational Physics and Astrophysics. For the space
detector LISA we are part of an international collaboration of ESA and
NASA, with payload contributions from European national member
states. For LISA pathfinder (formerly SMART-2), the technology
demonstration space mission for LISA to be launched by ESA in 2007,
we are co-PIs of the payload LISA Technology Package (LTP).

GEO600 – A Ground Based Gravitational Wave Detector
GEO600 is a laser interferometer with 600m long arms that incorporates
advanced second generation technology wherever possible. It has been
built on land owned by the state of Niedersachsen and administered
by the University of Hannover. Financial contributions have been
obtained from the state of Niedersachsen, the Volkswagen foundation,
the British PPARC, the German BMBF and the Max Planck Society.



During the year 2003 we concentrated on commissioning GEO600 in
its full dual recycled configuration with final optics suspended from
all-monolithic fused-silica suspensions. An additional feed forward
system for the suppression of low frequency disturbances was installed
to reduce residual coupling of longitudinal motion. A thermally adaptive
optics control system was installed to correct and fine tune in-situ the
radius of curvature of the main optics. A new lock acquisition scheme
for detuned dual recycling was developed that first locks in a far-detuned
state where the acquisition is much easier, and then tunes the signal
recycling frequency down to the operating range. After the very successful
installation of high bandwidth auto alignment systems and drift controls
for all major degrees of freedom of the main interferometer, we finally
managed to also include the signal recycling mirror in the auto alignment
system. The mechanical dissipation in the monolithic suspension system
was measured and found to be consistent with model calculations, and
predictions for the thermal noise behavior of GEO600 due to the silicate
bonded monolithic test mass suspensions were made. The data acquisition
system computer hardware was refitted with faster and more reliable
servers. A fully automatic SMS alert system for the status of the detector,
the data acquisition and infrastructure was implemented. Preparatory
work has now been completed to synthesize an analog artificial pulsar
signal with arbitrary pulsar parameters and to hardware inject it into
the interferometer with an electrostatic mirror drive. The calibration
of the sensitivity of GEO600 is now handled by an autonomous online
calibration method using hardware injection of calibration signals. The
whole data acquisition system is now running with the duty cycle close
to a 100%.

All these efforts made it possible to participate in the S3 science data
taking run in coincidence with LIGO in December 2003 and January
2004. GEO was finally running in an extremely stable and reliable way
with the duty cycle of all systems in lock of larger than 98% during 14
days of data taking. For the first time, the full configuration with power
and signal recycling was used in GEO600 during this run. The signal
recycling was tuned with a bandwidth of a few hundred Hz centered
around 1 kHz to be optimized for a pulsar search for near millisecond
pulsars, in particular the known binary pulsar PSRJ1939+2134. Within
its measurement band, GEO600 reached a sensitivity equivalent to a
linear spectral density of strain h < 3•10-21 m/√Hz in line with the
expecta-tions for this state of commissioning. This represents an
amplitude sensitivity improvement of a factor of 20 compared to the
S1 run in the year before. The data is currently being analyzed, searching
for burst, inspiral, pulsar and stochastic signals. The preliminary search,
processing GEO S3 data with two LAL (LSC analysis library) compliant
burst search algorithms has been finished.

Advanced LIGO and EGO
The first generation of large gravitational wave detectors is going into
operation now. Their sensitivity will not necessarily be sufficient for
serious astronomical observations. The observatories were always foreseen
to go through a series of well planned upgrades with ever increasing
sensitivity. We have been actively participating in all the LSC working
groups developing the design of advanced LIGO, the second generation
upgrade of LIGO. The systems design is now been finished and
incorporates several GEO600 technologies, like multiple pendulum
vibration isolation, monolithic suspensions signal recycling and resonant
sideband extraction. The Advanced LIGO proposal is now under review
by the National Science Foundation (NSF) and the proposal assumes
a hardware contribution from the GEO collaboration in the fields of
high power lasers, signal recycling, and suspensions. These developments
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will also be usable in GEO Upgrade, the next generation detector system
to be installed in the GEO600 observatory, and in Advanced VIRGO,
which should be realized in a comparable time scale to Advanced LIGO.
In Europe we have an intense interaction between GEO and VIRGO
and all resonant detector groups developing concepts for a third
generation European Gravitational Observatory under the umbrella of
the EGO consortium.

Prototype Interferometer, Laboratory Research, and Advanced Techniques
The Garching prototype interferometer concluded its last year of
operation in 2003. It was operated by the remaining small group of AEI
personnel located in Garching and was used to test thermal tuning of
the signal recycling resonance frequency and bandwidth. In-situ tuning
and reliable locking of the signal recycled prototype interferometer was
demonstrated by thermally changing the index of refraction of a solid
etalon signal recycling mirror. The prototype is now dismantled and the
vacuum system will be transferred to Hannover, where current work
on thermal tuning is concentrating on full-sized GEO optics and the
problem of achieving homogeneous heating and lateral homogeneity of
the etalon transmission.

Our laser development work in collaboration with the Laser Zentrum
Hannover (LZH) is aiming at the development of high-power high-
stability laser systems suitable for the next generation of gravitational
wave detectors. We have made further progress in understanding the
noise behavior of miniature monolithic diode pumped Nd:YAG ring
lasers. Using a single-mode diode as the pump source, and feeding back
to the pump current, we could suppress the frequency noise by more
than 30 dB, measured with an independent out-of-loop reference cavity.
This resulted in a simultaneous intensity noise reduction of the non-
planar ring oscillator by an equal 30 dB without any additional actuation.
This clearly demonstrates the correlated origin of these two noise
processes which so far was hidden by the multi-mode nature of most
pumps and the non-optimal overlap of pump and active volume. In this
set-up we could also show that direct pump light stabilization results
in intensity noise reduction of the ring oscillator of more than 20 dB
and the simultaneous frequency noise reduction of the same order of
magnitude without any additional actuation. This has not being possible
in conventionally pumped NPROs. On the high power front we have
now been able to reliably injection lock an 80 W power oscillator to a
high stability oscillator finishing electronics works and commissioning
of the laser system. A traveling laser team from the AEI performed noise
characterization measurements at Hannover and Stanford to prepare
the laser down-select in the LSC lasers working group, selecting the
Hannover design as the conceptual base line design. We have made
major progress on the power noise suppression and are reliably achieving
a relative intensity noise of the 12 W GEO-type laser of better than
10-8/√Hz between 30 Hz and 10 kHz as measured in an independent
out-of-loop detector.

Thermal noise is expected to be a serious obstacle for the sensitivity
of future generations of gravitational wave detectors. The thermal noise
on and near the mechanical mirror resonances has already been observed,
but the off-resonant thermal noise far away from the suspension and
mirror resonances can still only be predicted by modeling calculation.
We have measured the mechanical dissipation in our silicate-bonded
monolithic suspensions and mirrors and are making predictions for the
thermal noise limits to be verified on GEO600. On a small laboratory
prototype we have seen the influence of various cross coupling spurious
noise sources and now are optimizing it to look for high-frequency off-
resonant thermal noise in dielectric mirror coatings.
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Our interferometer modeling effort now also includes the E2E modal
model used by LIGO, which now simulates the complete GEO600
power recycled Michelson. Our software environment Finesse is now
being expanded to include the optical spring effect in high-power signal-
recycled interferometers like GEO600, which is responsible for non-
classical behavior of the interferometer sensitivity. In independent
quantum mechanical calculations we have verified that the existing
GEO600 detector in detuned signal recycling mode could have a
sensitivity within a limited band that is considerably better than the
standard quantum limit. Lately, we have included the beam splitter in
the coupling equations to evaluate the input /output relation of a dual
recycled laser interferometer like GEO600. This leads to a bright port-
dark port coupling, responsible for a bright port contribution to the
noise density of the output field, making technical laser noise more
important than expected before.

New optical media with very steep negative or positive dispersion can
be realized through coherently prepared superpositions of quantum
states in atomic systems. Such systems have potential applications in
future gravitational wave detectors through applications such as white
light cavities and coherently-narrowed cavity resonances. We have
studied the probe and the coupling laser absorption spectrum of a
degenerate two level atomic system in a closed transition, which can
exhibit narrow features at the line centre, where the probe and coupling
field have the same frequency. For the closed 4    5 hyperfine transition
in the Cs D-line we could demonstrate experimentally that the probe
beam shows electromagnetically induced absorption and the coupling
beam transparency at resonance with the double dispersive structure
for the probe laser including an extremely steep negative dispersion at
resonance. We also found a double structure with inverted narrow
feature for the parametric dispersion of the coupling laser. For the
3   2 hyperfine transition in the same line, we found induced trans-
mission for both pump and coupling laser consistent with our calculations.

New interferometer topologies including multiple arm cavities, ring
cavites and reflective and diffractive optics are being investigated both
theoretically and experimentally. Locking and control techniques for
three-mirror cavities by using multiple subcarriers were theoretically
modeled and demonstrated in a table-top setup. The work is now being
expanded to include four-mirror arm cavities and their tuning and noise
behavior. All-reflective interferometer designs using diffractive beam
splitters and cavity couplers are being investigated. Grating designs
compatible with low-loss dielectric coatings are being designed in
collaboration with the University of Jena and first test gratings to be
used as Fabry-Perot couplers were obtained from Jena at the end of
2003.

We are developing fundamental concepts for the third generation of
laser interferometric gravitational wave detectors. By using non-classical
light and QND techniques we are aiming to reduce the quantum noise
in interferometric measurements and to bring the sensitivity of gravita-
tional wave detectors beyond the standard quantum limit. We have
created squeezed light in OPA (Optical Parametric Amplifier) based
sources and will apply this light in table-top interferometers. In 2003
we have made considerable experimental progress in generating the
squeezed light. We are now able to generate squeezing down to sideband
frequencies only 80 kHz away from the carrier. We have shown theo-
retically that optical spring signal recycled gravitational wave detectors
benefit from squeezed light over the full bandwidth by the squeezing
factor achieved externally. We have theoretically analyzed the behavior
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of squeezing enhanced high frequency detectors and proposed a suitable
filter cavity design to generate the appropriate frequency dependence
of the squeezing angle.

LISA and LISA Pathfinder (formerly SMART-2):
Laser Interferometers in Space
LISA is a collaborative ESA/NASA project for a gravitational wave
detector in space with 5 million kilometers armlength, comprising three
space craft at the corners of an equilateral triangle. A joint international
LISA science team (LIST) has been appointed by ESA and NASA with
10 members from each side of the Atlantic. We have been involved in
LISA from the very beginning and three of the ten European members
of the LIST are from the Albert Einstein Institute. During 2003 we
have concentrated on redefining the baseline concept for interferometric
measurement in the LISA constellation and have revisited the optical
bench design. In particular the question of laser stabilization by locking
to the average LISA arm length using unity gain above the inverse delay
time has been discussed and we have performed an experimental
demonstration using an electrical delay line model.

Most of our experimental work during 2003 was focused on LISA
Pathfinder (SMART-2) the technology precursor mission for LISA to
be launched in 2007 by ESA. Experimental work on the hardware has
now started after the approval of the mission by ESA in 2003 and we
are Co-PIs of the technology payload LISA Technology Package (LTP).
We have designed and prototyped the key elements of the LISA
pathfinder interferometric measurement system, in particular the
heterodyne interferometer, the photodiode electronics AD converter,
the phasemeter, differential wave front sensing, software for laser power
and frequency control, AOM drivers with frequency generation. We
have reached (in collaboration with Glasgow) noise curves for the LISA
Pathfinder interferometers below the specifications necessary for the
mission. The flight model of the LISA pathfinder interferometer including
laser modulation and phasemeter will largely be built based on our
prototypes and results. A complete engineering model of the optical
bench and interferometry is currently going through environmental and
performance testing and we are preparing to place a contract with
German industry for the Industrial Architect Function for the final
implementation of the LISA Technology Package on LISA Pathfinder.

Karsten Danzmann
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Fig. 1:
A point on a surface with two
approximating circles.

Fig. 2:
A sphere with two attached handles.

Fig. 3:
Neckpinching of a surface.

Surfaces of Minimal Curvature

The Willmore Functional
Hamilton’s principle describes those trajectories, which obey the
dynamical law of classical mechanics, as the minimizers of an action
associated to all possible trajectories. The calculus of variations provides
tools for the search and investigation of the minimizers of such actions
defined on trajectories ore more general geometrical objects. The
Willmore functional is an example of an action defined on closed
surfaces embedded into the three dimensional space. It measures the
total curvature in the following way: At all of its points the surface may
be approximated up to second order by two circles. The inverse of the
radii of these circles are called principal curvatures. The mean of these
principal curvatures is called mean curvature. It is a function on the
surface, whose dimension is the inverse of a length. Now the Willmore
functional is the integral over the surface of the square of the mean
curvature. Since the dimension of the square of the mean curvature is
the inverse of area, it cancels with the dimension of the integral over
the surface. Therefore this Willmore functional is dimensionless and
does not depend on the size of the surface. Furthermore, this functional
is invariant under all conformal transformations of the ambient space
including rotations and translations.

The Topological Types of Closed Surfaces
All functionals, which are integrals over squares of principal curvatures,
have this feature. But due to a Theorem of Gauß, the integral over the
product of the principal curvatures over a closed surface is a multiple
of 4π. It describes the topological type of the surface. From the topological
point of view, two surfaces coincide, if they can be mapped continuously
onto each other. Almost hundred years ago Dehn and Heegard showed
that each closed orientable surface is topologically isomorphic to a
sphere with finitely many attached handles. The number of handles is
called genus g and completely determines the topological type.

The Theorem of Gauß mentioned above states, that the integral over
the product of the two principal curvatures over a closed surface is
equal to (1-g)4π. From the variational point of view the latter functional
is of minor interest.

Physical Applications of the Willmore Functional
Summing up, the Willmore functional is the natural measure of the
total curvature of a surface. It appears in Physics as a bending energy
of biomembranes and in the pseudolocal mass of Hawkins, which
measures the total gravitational mass included in a closed surface sitting
inside a 3-dimensional slice. In the neighbouring Max-Planck-Institute
of Colloids and Interfaces biomembranes of genus two were investigated,
which are good candidates for the minimum of the total curvature. The
latter concept of pseudolocal mass links the geometry of surfaces with
the theory of general relativity.

On the Existence of a Minimizer
Since the deformations of a closed surface preserves the genus, it is
natural to look for the minimizer of the Willmore functional on surfaces
of fixed genus. A soap bubble is a physical example of such a minimizer.
Indeed, the round sphere is the unique minimizer of surfaces of genus
zero. It is even the minimizer of all closed surfaces. For higher genus
the investigation of the corresponding minimizers becomes more involved.
Even the existence of such minimizers is not clear. L. Simon proved
the existence of a minimizer for surfaces of genus one. Kuwert and
Schätzle extended the proof to arbitrary genus.
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One of the major difficulties is the possible existence of a sequence of
surfaces of fixed genus, with smaller and smaller necks and decreasing
total curvature. In the limit the neck pinches off. This could mean that
all surfaces, whose total curvature is equal to the infimum of the total
curvatures of the surfaces of fixed genus, have lower genus.

Fixing the Conformal Class
A map of surfaces is called conformal, if the angles between arbitrary
lines on the surface is preserved. The conformal classes are the
corresponding equivalence classes identifying those surfaces, which
can be mapped conformally onto each other. There exists some kind
of classification of all conformal classes. The surfaces of genus zero
have only one conformal class. The surfaces of genus one have a
2-dimensional manifold of conformal classes. Finally, the surfaces of
genus g (g > 1) have a (6g-6)-dimensional manifold of conformal classes.
Instead of the surfaces we investigate the conformal mappings from a
given surfaces into the 3-dimensional space. In this manner we obtain
all surfaces of a fixed conformal class. Consequently, the genus is
preserved under limits, since only spheres can pinch off. One might
expect, that the proof of the existence of a minimizer becomes easier.
Indeed, with the help of the so called Weierstrass representation of
conformal mappings we were able to prove that the space of all conformal
mappings with bounded total curvature is compact.

Martin Schmidt

Relativistic Kinetic Theory

Vlasov Matter
Particles are different objects depending upon the physical situation.
For instance, the particles are atoms and molecules in a neutral gas or
electrons and ions in a plasma. In stellar dynamics the particles are
stars and in cosmology they are galaxies or even clusters of galaxies.

Mathematical models of particle systems are often described by kinetic.
The purpose of kinetic theory is to model the time evolution of a
collection of particles. A characteristic feature of kinetic theory is that
its models are statistical and the particle systems are described by
distribution functions, which at any time represent the probability to
find a particle in a given position, with a given momentum. A distribution
function contains a wealth of information and macroscopic quantities
are easily calculated from this function.

The time evolution of the system is determined by the interactions bet-
ween the particles which rely on the physical situation. We can divide
them into two categories: collisional particles and collisionless particles.

In the first case, the driving mechanism for the time evolution, for
instance in a neutral gas, is the collision between particles and this
physical situation is modeled by Boltzmann equations. In the second
case, which is the topic in this review, collisions between particles are
sufficiently rare to be neglected. This situation is modeled by Vlasov
equations. For this reason, matter considered in this physical situation
is said to be collisionless matter or Vlasov matter. For a plasma the
interaction between particles is through the electric charges and in the
stellar and cosmological cases the interaction is gravitational. Naturally
combinations of interaction processes are also considered but in many
situations one of them is strongly dominating and the weaker processes
are neglected.
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Fig. 1:
Relations between various Vlasov
systems in different physical situations.

Plasma physics Stellar dynamics

Vlasov-Poisson

Vlasov-Maxwell

Einstein-Vlasov

Brans-Dicke-Vlasov

Nordström-Vlasov

Non-relativistic

Relativistic

Vlasov-Poisson and Vlasov-Maxwell Systems
One fundamental system which describes collisionless particles is the
Vlasov-Poisson system. This models particles both in plasma physics
case and stellar dynamics depending upon the sign of the mean
Newtonian potential generated by the particles collectively. The appli-
cations of this system are restricted to the situations where the relativistic
effects are negligible, i.e., low velocities and weak fields. Otherwise in
general the dynamics has to be described by the relativistic Vlasov-
Maxwell system in plasma physics and by the Einstein-Vlasov system
in stellar dynamics.

The two Vlasov-Poisson models are very similar to each other and no
substantial difference arises in the question of global existence of
classical solutions, which is by now well-understood. As opposed to
this, the relativistic models have very different structure and so far they
have been considered separately. In the gravitational case, global existence
of (asymptotically flat) solutions for the Einstein-Vlasov system is known
only for small data with spherical symmetry. For the relativistic Vlasov-
Maxwell system, global existence results are available under different
smallness assumptions (small data, almost neutral data and nearly
spherically symmetric data). One of these results has been proved by
S. Calogero and states that for small data the relativistic Vlasov-Maxwell
system has global solutions with no incoming radiation (math-ph/
0211013). Moreover these solutions are shown to emit outgoing radiation
at a rate which is similar to the Bondi mass loss formula in General
Relativity.

Another aspect of the problem which is of interest is the behaviour of
the solutions of the relativistic models when the speed of light goes to
infinity. In this case it is important to show that these limits are solutions
of Vlasov-Poisson systems. This has been proved both in the gravitational
and plasma physics case. Especially, the case of two space dimensions
of the relativistic Vlasov-Maxwell system has been proved by H. Lee.

The Einstein-Vlasov System
In a particle system, each particle is driven by self-induced fields which
are generated by all particles together. In gravitational physics, the fields
are described by the Einstein equations. That is, the Vlasov equation

37



is coupled to the Einstein equations by using the energy-momentum
tensor. One application of the Vlasov equation to this self-gravitating
system is cosmology. The simplified cosmological models are those
which are spatially homogeneous. Spatially homogeneous spacetimes
can be classified into two types: Bianchi models and other models called
Kantowski-Sachs models. They can be distinguished by certain symmetric
groups and are well known in the literature.

In the absence of a cosmological constant, it is known that solutions
of Bianchi type IX and Kantowski-Sachs models cannot expand forever,
while the other Bianchi types force the volume to be monotone. As a
matter of fact, if the Bianchi type is IX or the model is Kantowski-Sachs,
then it has curvature singularities after finite proper time both in the
past and in the future directions. All other Bianchi types which are
expanding at some time have a curvature singularity at a finite time in
the past and all these are future geodesically complete. The detailed
picture of the asymptotics of the spatially homogeneous cosmological
models without a cosmological constant has not yet been achieved in
general.

When a positive cosmological constant is present, Bianchi IX and
Kantowski-Sachs models have complicated features. They have both
expanding and recollapsing phases. It has been shown that there are
chaotic behaviours between expanding and recollapsing phases. Consider
the dynamics of expanding cosmological models in the presence of a
positive cosmological constant. At late times Bianchi models (except
IX) with a cosmological constant must expand exponentially. This kind
of exponential expansion is called inflation. The inflationary models of
the universe involve a very rapid expansion close to the big bang. Also
the fact that the expansion of our universe seems to be accelerating
follows from observations of supernovae of type Ia. This expanding
cosmological model in the presence of a cosmological constant has
been studied by H. Lee; The global existence of solutions for the
Einstein-Vlasov system and the causal geodesic completeness of the
spacetime towards the future have been proved and also the asymptotic
behaviour of solutions at late times in various aspects are investigated
(gr-qc/0308035).

The Nordström-Vlasov System
A different relativistic generalization to the Vlasov-Poisson system in
the stellar dynamics case has been considered recently by S. Calogero
in his PhD thesis at the Albert Einstein Institute. In this model the
Vlasov dynamics is coupled to a relativistic scalar theory of gravity which
goes back, essentially, to Nordström. More precisely, the gravitational
theory corresponds to a reformulation of Nordström’s theory due to
Einstein and Fokker. For these reasons, the resulting system has been
called Nordström-Vlasov system. Although this model has no direct
physical applications, scalar fields play a major role in modern theories
of classical and quantum gravity. For example, the Brans-Dicke
gravitational theory, which is continuously tested against general relativity,
is a combination of Einstein's and Nordström's theory. The Nordström-
Vlasov system is also interesting in a pure mathematical sense. A purpose
of studying this model is that one may reach a better understanding of
a class of systems consisting of hyperbolic and transport equations.

In a series of papers by S. Calogero, H. Lee and coauthors, a theory of
classical and weak solutions to the Nordström-Vlasov system has been
established. Particularly interesting are the proofs of global existence
and uniqueness in two dimensions by H. Lee (math-ph/0312014) and
in three dimensions in spherical symmetry by S. Calogero, H. Andréasson
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and G. Rein. In fact both these solutions describe models that contain
matter and gravitational waves at the same time.

Furthermore, in order to justify this model as a genuine relativistic
generalization of the (gravitational) Vlasov-Poisson system, it is necessary
to indicate the relation between the solutions of the two systems. We
have proved that in the non-relativistic limit, i.e. as the speed of light
goes to infinity, the solutions of the Nordström-Vlasov system converge
to solutions of Vlasov-Poisson system in a pointwise sense (math-
ph/0309030).

Simone Calogero & Hayoung Lee

The Gravitational Wave Group

The astrophysical relativity division has a group of about 10 members
who do research on gravitational waves (GWs); we work on the theory
of wave generation, develop codes to analyse data from GW experiments,
and help analyse the data. We share with the University of Cardiff the
primary responsibility for analysing GW data from the GEO600 detector,
and we play important roles within the LIGO Scientific Collaboration
(LSC), analysing GW data from the U.S. LIGO detectors. We also
enjoy close ties to the LISA mission, a joint ESA/NASA project to fly
a laser interferometer GW detector in space; launch is currently planned
for 2013.

First Science Data from GEO and LIGO
The year 2003 was a very exciting one for gravitational-wave detection.
The data analyses of the first science run (S1) of LIGO and GEO600
were completed. (The S1 run lasted just over two weeks, between
August and September 2002, during which all the LIGO detectors and
the GEO detector were operating in coincidence). The LIGO detectors
also had their second and third science runs, S2 and S3, and GEO600
operated in coincidence with LIGO for the last part of the S3.

Thanks to a complete data sharing agreement between GEO600 and
LIGO, the data analysis is performed jointly by teams of scientists
across the two projects. Different search techniques are employed for
different astrophysical sources. Four teams have been set up to coordinate
searches for the four general types of sources: coalescing compact
binaries; continuous gravitational waves from rapidly rotating neutron
stars (NSs); short bursts (lasting of order milliseconds) of GWs from,
e.g., supernovae or hypernovae; and a stochastic GW background
generated in the very early universe. Each of the four groups has two
chairpersons, an experimentalist and a theorist, who coordinate the
activities of the group and are ultimately responsible for delivering
correct, high-quality scientific papers.

Being part of a large collaboration comes with a price: with more than
360 authors and thirty institutions scattered all over the world, in order
to function, the LSC has to be a very structured organization.
Collaboration meetings are held regularly three times a year and the
working groups have weekly conference calls and usually meet face-to-
face in between the general collaboration meetings. The astrophysical
search software has to be developed in an agreed upon environment,
must comply to precise coding specifications and at any time must be
visible to the entire collaboration. Specific data formats have been put
in place for the input data, the intermediate analysis products and the
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Fig. 1:
The upper curves in this diagram show
the sensitivity of the LIGO and GEO
detectors to continuous GWs from rapidly
rotating neutron stars, during the S1 run.
The GW amplitude (vertical axis) is shown
as a function of the GW frequency
(horizontal axis); a point on any of the
curves tells you what GW amplitude a
source emitting at that frequency would
need to have, to be detectable by the
given detector during the S1 run. The two
lower curves represent the design
sensitivities of LIGO and GEO, for 1-year
observing runs. The black dots represent
upper limits on the strengths of all known,
isolated, rapidly rotating neutron stars,
based on their measured spin-down rates.
The arrow points to J1939+2134, the
fastest known pulsar. The S1 run placed
an upper limit on the GW amplitude of
this pulsar at about 10-22.

output of the searches. The group’s scientific programmer, Bernd
Machenschalk, is responsible for maintaining the group’s web pages,
keeping the various collaboration software installations up to date and
converting the prototype software developed by the scientists to the
required format once it has been tested. Keeping all the necessary
infrastructure up to date and participating in the decisions to define
new standards and revisit obsolete ones, requires a substantial investment
of resources, both in terms of manpower and time.

Since the detectors have not yet reached their design sensitivities
(though they are rapidly approaching these goals), no actual detections
were expected from the data analyzed so far. However, upper limits -
often considerably stronger ones than previously possible - were placed
on source strengths and rates. Also, the exercise of analyzing the early
science data provided an extremely useful ”stress test” of the data
analysis pipelines.

The Search for Continuous GWs from Rotating Neutron Stars
Prof. Papa (permanent staff member at AEI) is the data analysis
chairperson of the LSC continuous wave signals group; the AEI plays
a central role in these analyses, leading the efforts of the continuous
waves group, which produced the first of the upper limit papers. This
paper placed an upper limit on the amplitude of gravitational waves
from the fastest known pulsar, J1939+2134, of about 10-22. (There
were about four hundred authors on this paper, which was accepted
for publication in Physical Review D at the end of 2003.) In the
continuous waves group, two different analysis approaches are being
used. To search for GWs from previously known NSs, the University
of Glasgow has developed a time-domain technique employing Bayesian
statistics. The AEI has developed a complementary, frequency-domain
technique, first suggested by Prof Schutz and collaborators, that uses
frequentist statistics. The AEI’s code can be used both to search for
GWs from known NSs and to conduct an all-sky search for GWs from
unknown NSs.

LIGO’s S2 run started Feb 14th, 2003, and lasted for two months. The
analysis of this data is underway and is broader in scope than for the

40



S1: upper limits will be set on the strength of GWs from all known
isolated pulsars; there will be a wide-frequency, all-sky search for GWs
from previously unknown NSs; and there will be a targeted search
for a GW signal from the binary system SCO-X1. In the S2 analyses,
a new technique (new, that is, to the GW community) is being used to
cover long observation times, large portions of the sky and spin-down
parameter ranges: the Hough transform. The Hough transform is widely
used in pattern recognition in digital image processing. At the AEI we
have adapted this method to search for tracks of possible continuous
wave signals in the time-frequency plane composed of successive FFT-
ed data segments. The effort to develop the software for this search is
led by Prof Sintes (former AEI post doc, now faculty member at the
University of the Balearic Islands and visitor at AEI every year for about
six months) in collaboration with AEI post doc Badri Krishnan and M.A.
Papa, and has been ongoing since 2000. It is very exciting to finally be
using this technique on real data.

The analysis of a larger data set, while also searching for a much wider
class of sources, has brought new challenges. Dr Reinhard Prix at AEI,
together with Prof Ben Owen and Dr Ian Jones (both now at Penn State
University), is working hard on optimal placement of search templates
on parameter space in order to control the computational cost of the
searches. Recognition of instrumental noise artefacts has become
important in order to identify and eliminate large noise outliers; to this
end Dr Yousuke Itoh has designed and implemented tests aimed at
distinguishing the shape of a signal outlier from a large noise disturbance.
Also the pipelines have become more complex; they involve a hierarchy
of stages that use candidates obtained from the analysis of one detector’s
data as triggers for follow-up searches with data from other detectors.

The MERLIN Computer Cluster
Our MERLIN cluster is crucial to our data analysis work. We had 146
dual-CPU nodes delivered at the end of 2002, and 32 more were added
in 2003, so that MERLIN is now a 356-CPU computing facility. Its
overall design, and indeed every component, were specified by AEI
scientists after extensive benchmarking and testing of commodity parts.
This allowed us to achieve a formidable price to computing power ratio.
The cluster is completely managed by AEI staff and has a dedicated
system administrator, Dr Steffen Grunewald, who also supports all the
group’s specific IT needs and is responsible for GEO600 data
management and storage. In fact MERLIN provides not only computing
power, but also constitutes the main European storage facility for fast
retrieval of GEO600 and LIGO data. Several tens of TB of data are
redundantly distributed across the nodes of the cluster, ensuring fast
access during the analysis and a robust and cheap archival system.
(More generally, the AEI manages the transfer of GEO data from
Hannover, where the data files are produced, to the large tape facility
at ZIB, where the data are permanently archived.)

Research on LISA Sources
Both Prof Schutz and Prof Cutler (another permanent staff member in
the Astrophysical Relativity Division) are members of the LISA
International Science Team (LIST). In 2003, theoreticians in the LIST
generally concentrated their efforts on one fascinating but problematic
LISA source: captures of stellar-mass compact objects (COs) by
supermassive black holes (SMBHs) at the centers of galaxies. The COs
spend their last few years, prior to plunge, on highly relativistic orbits
extremely close to the SMBH event horizon; the GWs they emit will
encode all the details of these extremely relativistic orbits (which, for
example, exhibit perihelion precession of order one radian per orbit).
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The Laser Interferometer Space Antenna LISA
is expected to take off in 2013.
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However, at any instant, the GW amplitude of even the strongest source
is expected to lie roughly an order of magnitude below the detector
noise, so something akin to matched filtering will be required to dig
the waveforms out of the LISA noise. Matched filtering requires us to
construct theoretical template waveforms that are accurate in phase to
within about 1 radian - for a 13-parameter space of waveforms, each
of order years long and containing about 100,000 GW cycles! The num-
ber of templates needed to adequately cover parameter space is so vast
that a straightforward implementation of matched filtering - using year-
long templates as filters - is completely impractical. Instead some
(presumably) hierarchical scheme must be found.

Cutler and Leor Barack (an AEI postdoc until May, 2003) have sketched
such a scheme; it begins by coherently searching short stretches of data
(about three weeks long) to look for promising ”candidates.” Each three-
week stretch will generate a list of possible (parameters of) capture
waveforms. In each such list, almost all entries will be noise events -
spurious ”signals” due result of random fluctuations of the noise - but
the true GW signals will be recognizable since they will appear with
the same parameter values in each three-week segment. A key step in
gauging the efficacy of the scheme is computing how many distinct
three-week data stretches there are (i.e., how many templates are needed
to cover a three-week stretch of data). This involves calculating a natural
volume element on the space of waveforms, and then integrating it over
the parameter space. Barack and Cutler have developed a computer
code to do this, using approximate, analytic versions of the capture
waveforms. Several papers on this topic are planned (some in collaboration
with members of Kip Thorne’s group at Caltech, with whom Cutler and
Barack hold regular teleconferences); the first was submitted for
publication in 2003.

Cutler and Barack were also among the co-authors on an extensive
report to the LIST in Dec. 2003, that estimated LISA’s detection rate
for such capture sources, including the effective loss in sensitivity
imposed by limited computer power. For realistic computing power, the
above hierarchical search method was estimated to be a factor 3 times
less sensitive than the optimal search method one could use with infinite
computing power. This loss is much less severe than had been feared.
Even with this effective loss in sensitivity, it was estimated that LISA
should detect hundreds of capture sources per year.

Maria Alessandra Papa and Curt Cutler



Fig. 1:
Gravitational waves emitted during the
merger of a pair of equal mass black holes,
simulated on the numerical relativity
group’s PEYOTE cluster. The merger of
black hole systems is expected to be one
of the prime candidates for early detection
by the GEO600 detector.

Highlights from the Numerical Relativity Group

The last year has been a time of great progress and great change in the
numerical relativity group, both in terms of the science and technologies
we have introduced, but also in the look of the group.

Science
Simulation work has concentrated on the final orbit of binary black
hole initial data. The accuracy of our simulations has improved markedly
over the last year, allowing us to establish that members of a particular
family (”puncture data”) of binary Black Holes (BHs) constructed to
be in stable quasi-circular orbits, actually coalesce in times on the order
of half an orbital cycle. Evolutions of a new binary black hole initial
data family, provided by the Meudon group through the EU Astrophysics
Network collaboration (see below), show indications of orbital behaviour
closer to what is expected in physically realistic inspirals. This family
of data sets will be pushed forward in the coming year.

Our ability to extract physical information from these simulations has
been greatly improved through the implementation of two new tools:
a fast apparent horizon finder, and an event horizon finder. The new
apparent horizon finder is able to determine the location of outermost
trapped surfaces within a couple of seconds processor time, a vast
improvement on previous technologies, and allows us to find horizons
at each timestep, leading to much finer grained analysis and control of
simulations. It has also been augmented to computer quantities arising
from the isolated horizon formalism of Ashtekar and Krishnan, which
will provide alternate measures of physically relevant quantities such
as angular momenta. The new event horizon finder acts as a post-
processor, and is able to determine the causal structure of the spacetime
to high accuracy. This year marks the first time the event horizons of
truly 3D black hole inspirals could be examined, and opens a promising
avenue for future research.

These analysis tools have also found use in the other main body of
simulation work within our group: simulations of neutron star collapse
to a black hole. Here the Whisky code, another product of our EU
network collaboration, has been used to follow the collapse of rotating
neutron stars. Once an apparent horizon is detected, signalling the
formation of a black hole, the central singularity is removed using newly
developed hydro excision techniques, and the evolution can be followed
to determine the final state.
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The various independent measures of horizon dynamics which we have
available allow for strong cross-checking and verification of the physical
accuracy of these models. All of these numerical simulations require
large amounts of computer power, due to the high resolutions required
in the central region, while at the same time requiring that artificial
boundary conditions be placed in the wave zone. This year has seen the
introduction of one of the most promising techniques for getting around
this problem in numerical codes, ”mesh refinement”. This allows for
additional grids to be placed at various locations within the simulation
domain. The grids are of higher resolution than the underlying grid,
allowing fields to be represented with much greater accuracy in regions
where there are large gradients, such as near the centres of black holes
or collapsing neutron stars. For example, using eight nested grids of
successively doubled resolutions, could allow for outer grid boundaries
at 100M with a central resolution of 0.01M, to be run on only 32 nodes
of a cluster computer. With a uniform grid, the largest supercomputers
which we run on would only allow for a tenth the resolution and be
impossibly expensive to run. As such, mesh refinement promises to
provide a huge advance in the accuracy and efficiency of the physics
runs which we are able to perform. Mesh refinement was introduced
as a driver layer called ”Carpet” for the Cactus infrastructure around
which all of our physics codes are based. This has allowed us to use all
of our evolution codes with mesh refinement, almost without modification.
Further, analysis tools such as horizon finders and wave extraction were
quite simple to transform to the new underlying grid structure.

Collaborations
The numerical relativity group is highly collaborative, and works with
many other groups in Germany and around the world. It supports a
large user community outside the AEI with its Cactus Einstein Toolkit
and makes most relativity modules available to external groups. It is very
involved in computational and Grid projects in Germany and worldwide,
as described in the computation section. Its most important external
scientific collaborations are sketched here.

This year marked the end of the 3-year European Network on Sources
of Gravitational Waves, led by the AEI. In September, the network
hosted a summer school for gravitational wave research, where AEI
members were active in presenting a number of well-received lectures
and tutorials. A proposal for a new European Network project called
GWEN, again led at the AEI by Ed Seidel, is currently under review.
If successful, GWEN, or the Gravitational Wave European Network,
will expand the network to 20 sites including three US partners.

Within Germany, the DFG funded SFB-Transregio Gravitational Wave
Astronomy has provided an opportunity for collaborative work with a
number of German institutions and sponsored a number of events. In
particular, the numerical relativity group hosted a workshop on spectral
methods in October, attended by researchers from around Germany
and the US (see also the article by P. Aufmuth in this volume).

In December of 2003, the 2nd Workshop on Formulations of Einstein's
Equations was held in Mexico City, sponsored by a DFG-CONACYT
grant. This workshop was a meeting point for a larger collaboration
among a number of research groups, aimed towards establishing
standardised tests for numerical relativity codes (see p. 73).

An important and very close link has been developed over this year with
the newly founded Center for Computation and Technology (CCT) at
Louisiana State University. Ed Seidel has taken up the CCT directorship

Fig. 2:
Event horizons represent the sur-
face within which no light can ever
escape from a black hole. This
sequence of images shows the
evolution of the event horizons as
a pair of black holes merge.
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and a professorship in the Department of Physics and Astronomy at
LSU. But he keeps a (partial) C3 appointment at AEI, and remains
actively involved, helping to advise students and postdocs, and maintains
responsibilities in leading external projects (EU Network, GriKSL,
GridLab, GWEN).

Gabrielle Allen (also jointly appointed; see computation section), Peter
Diener, Francisco Guzman, and a number of students and computer
scientists have also joined LSU. The physics effort will be carried out
through a very close collaboration between AEI and LSU, which is
strengthened now by joining forces with the existing Lehner/Pullin
relativity group at LSU. The CCT will further be able to provide
important additional resources for support of the Cactus framework
and other computational projects. The result of this new alliance will
be to produce a broader research group, spanning both institutions and
building on the strengths of each. Frequent visits back and forth have
already occurred, and with emerging teleconferencing technologies
supported by the AEI's computational science group, we look forward
to continuing work on joint projects and forging new ones together.

Denis Pollney

Computer Science and Numerical Relativity

The Numerical Relativity group includes a strong computer science
component, which supports the work and computational direction of
the physicists, and uses their scientific applications to drive research
projects in programming environments, visualization, and Grid computing.

The open source Cactus Framework, developed at the AEI, remains at
the core of the computational research and development in the group,
both as the primary tool for the physics research and as the motivating
application for a number of international Grid and computer science
projects.

The AEI is a key partner of the European 5th Framework GridLab
project, which is developing practical technologies for applications to
exploit computational Grids. The AEI leads the development of the
Grid Application Toolkit (GAT), the central component of the GridLab
project, which provides application developers with a useable interface
for leveraging many different Grid services. The programming API
developed for the Grid Application Toolkit has led to the creation of a
Grid Application Programming Interface working group at the Global
Grid Forum. The AEI also leads the development and implementation
of new Grid scenarios for numerical relativity and other Cactus
applications. A set of Cactus GAT thorns have been developed which
closely integrate the GAT in Cactus, these will be further developed
to provide Grid functionality transparently to any Cactus application.

Through GridLab, the AEI has developed GridSphere, a Grid portal
development framework. GridSphere is based on the emerging ”portlet
model” from the Web portal community, and provides portlets which
interact with GridLab and other services such as job submission,
resource brokering, information finding and data transport. GridSphere
1.0 was released in September 2003, and has since been adopted by
a number of Grid and application projects around the world. To support
the work of the numerical relativists, a “Cactus Portal” is being developed
with GridSphere, based on the ongoing NSF Astrophysics Simulation
Collaboratory project of which AEI is a member.
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The Cactus Portal will be tailored to supporting large scale numerical
relativity simulations on the groups major computational resources,
providing features such as customized job submission, tracking and
notification.

Through the German GriKSL project, led by Edward Seidel, two joint
positions in scientific visualization, and through GridLab, the AEI
continues its close collaboration with the Konrad-Zuse Institute (ZIB).
The scientific visualization work has been critical for the numerical
group to visualize its large, complex data sets. Techniques have been
developed, for example, to visualize data generated using the Carpet
mesh refinement driver in Cactus. Work of the GriKSL project has
extended provided new capabilities to remotely visualize partial records
and downsampled versions of large data files, say at NCSA in the US,
without having to transfer the files themselves, which is prohibitive.
Work of this group has also been used in many magazine and newspaper
articles worldwide, and on television programs. For example, the Feb
2003 cover of National Geographic had an image generated by Ralf
Kähler (ZIB/AEI) in our group.

At Supercomputing 2003, in Phoenix, Grid-enabled Cactus simulations
were demonstrated migrating across the GridLab testbed. A black hole
simulation, started via the GridSphere portal using the GridLab resource
broker, was interactively checkpointed and then moved and restarted
on a new resource. As the GridLab technologies mature in 2004 we
expect that such capabilities will be used by the physicists to make
more efficient use of our distributed supercomputing resources,
implementing scenarios such as job migration, task farming and spawning.

As described in the Numerical Relativity article, several members of
the computer science group, Gabrielle Allen, Tom Goodale and Ian
Kelley have accompanied Seidel to take up positions in the new Center
for Computation and Technology at Louisiana State University. Gabrielle
Allen, now an associate professor in Computer Science at LSU, retains
a part time position at AEI, and is still very active in AEI and EU
research projects, connecting the two institutes closely.
Cactus and GridLab projects continue, joint applications for
supercomputing resources in US and Germany continue, and new
proposals are currently either planned or under review in both the US
and Europe for framework interoperability, Cactus development, and
Grid computing. This close connection will provide many new
opportunities for widely disseminating AEI technologies such as Cactus,
GridSphere, and the Grid Application Toolkit.

Gabrielle Allen & Michael Russell
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Integrable Structures of the Gauge/String Correspondence

Gauge/String Correspondence
One of the fundamental questions of modern theoretical physics is the
connection between gauge and string theories. In 1997 J. Maldacena
conjectured a new surprising relation between gauge theories and strings
and challenged theoretical physicists to prove it. According to the
AdS/CFT duality conjecture, certain quantum supersymmetric conformal
field theories have a dual formulation in terms of a closed superstring
theory on the Anti-de-Sitter (AdS) background. To fully appreciate the
non-triviality of this conjecture we recall that closed string theory
contains gravity, and it now appears to have an alternative description
in terms of a non-gravitational theory!

The fundamental example of the gauge-string duality involves four-
dimensional maximally supersymmetric Yang-Mills theory and type IIB
superstring propagating in the AdS5 x S5 space-time, which is the
product of a five-dimensional Anti-de-Sitter space and a five-sphere.
Although not realistic from the point of view of a particle physicist, this
duality pair provides us with a nice ”theoretical laboratory”. Due to
some simplifying features, we have a good chance to verify whether
these apparently different theories indeed describe the same physics.
Hopefully we will gain deeper understanding of the nature of the gravity
force. Last but not least we can hope to shed some light on a dual
”stringy” description of the gauge theory of strong interactions.

Already a first inspection shows that both theories mentioned above
possess the same amount of symmetry, which can be taken as an initial
evidence that they indeed might relate to each other in a non-trivial
way. However, this reasoning is kinematical, and the real question is
whether these theories also share the same dynamical features.

This is much harder to answer. By duality strongly coupled Yang-Mills
theory is equivalent to weakly coupled string and vice versa. Because
of a lack of adequate theoretical methods we neither have much insight
into the strongly coupled regime of the gauge theory, nor on the structure
of the spectrum of strings propagating in a curved space-time. Fortunately,
due to so far unknown reasons, parts of the gauge and the string spectra,
both accessible by existing mathematical tools, seem to allow for a
direct comparison.

In the past two years, initially advanced by pioneering teamwork at the
AEI, a remarkable picture identifying a certain region of the perturbative,
i.e. accessible by the usual weak coupling expansion techniques,
spectrum of the Yang-Mills theory with stringy excitations begun to
emerge. It is based on the important observation that in certain regimes
gauge and the string theories become integrable and therefore admit
explicit solutions. The integrable structures governing the dynamics on
both sides of the correspondence appear very different but nevertheless
can be shown to agree in a mathematically highly intricate and non-
trivial way. This provides a number of explicit high-precision tests of
the duality conjecture and hopefully will explain its mechanism and its
range of validity. Let us now take a bird's-eye view of the fascinating
structures of gauge and string theories and discuss their relation.

Integrable Structure of Gauge Theory. Spin Chains.
The gauge theory in question is of a special type - it is invariant with
respect to conformal transformations. Conformal symmetry naturally
extends relativistic Poincaré invariance and reflects the idea that at
certain instances matter might appear to be structureless to an observer.
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In the quantum theory, however, one faces the well-known problem of
infinities. To have meaningful, i.e. at least in principle measurable
physical quantities, quantum theory requires renormalization of the
parameters of the bare theory. Usually this well-defined mathematical
procedure introduces dimensional parameters, which break the conformal
invariance of the classical theory. Are there theories whose classical
conformal invariance survives quantization? No realistic example of
such non-trivial four-dimensional theory is known to date. The situation
changes dramatically if one looks for gauge theories which are both
conformally invariant and supersymmetric. Supersymmetry and conformal
invariance combine into the larger group of superconformal transforma-
tions. A celebrated example of a quantum superconformal theory in
four dimensions is the one we are concerned with here - Yang-Mills
theory with the maximum number of possible supersymmetries (for a
more detailed description see the special feature by Matthias Staudacher
in the AEI Annual Report 2002).

The basic physical quantities of this theory are the local, gauge-invariant
composite operators, i.e. the operators constructed as products of
elementary fields. They transform in unitary irreducible representations
of the superconformal group. Therefore, to each operator one can
associate scaling (conformal) dimension. Additional labels relate to
space-time and internal symmetries. In general, due to quantum
fluctuations, scaling dimensions get shifted from their classical values
and acquire an ”anomalous” piece. It should be stressed that the existence
of anomalous dimensions is one of the most important concepts of
conformal field theory as the knowledge of the dimensions is equivalent
to the knowledge of its spectrum. At the same time calculation of
anomalous dimensions proved to be one of the hardest problems of
quantum field theory. There exists an enormous literature on the
calculation of scaling dimensions in gauge theories, and in particular
in the QuantumChromoDynamics. Until recently little was known
about the general behaviour of anomalous dimensions in super Yang-
Mills theory.

A significant breakthrough was recently achieved by the AEI team who
realized the privileged role of the dilatation operator. This operator is
one of the generators of the superconformal group and its spectrum
provides the scaling dimensions. Careful study of the dilatation operator
revealed, quite remarkably, that it appears highly constrained by the
symmetries of the theory. The AEI scientists found a very efficient way
to solve these constraints and, therefore, to generate the anomalous
dimensions, even at higher orders of perturbation theory!

Further wonderful insight into the structure of conformal gauge theory
stems from the observation that a composite operator can be naturally
interpreted as a closed (closeness is required by gauge invariance) spin
chain - a one-dimensional lattice with the topology of a circle and a
spin variable attached to each lattice site. In this picture every elementary
field entering a composite operator is treated as a spin degree of freedom
which transforms irreducibly under superconformal symmetry. The
dilatation operator acting in the space of composite operators is naturally
identified with the Hamiltonian of the spin chain. This would not be
so surprising by itself, but it turns out that in an important limiting case
(where the rank of the gauge group tends to infinity) the spin chain
becomes integrable! Integrability means that there is a sufficiently large
set of local mutually commuting integrals of motion (charges), which
includes the Hamiltonian. In 2003 AEI scientists discovered the
miraculous fact that integrability of the gauge theory persists at higher
orders of perturbation theory and can be naturally described in terms
of the integrable spin chains with long-range interactions.
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The importance of this observation is difficult to overestimate. Indeed,
the dilatation operator can be thought of as a matrix operating in the
space of composite operators of the same classical dimension. Its
eigenvalues are the scaling dimensions we are interested in.

For operators of sufficiently small dimensions the matrix can be
diagonalized by hand or by a computer. As its rank grows this becomes
rapidly unfeasible. Fortunately integrability saves the day - there are
efficient methods, based on existence of local commuting charges,
which allows one to determine the spectrum of the Hamiltonian (and
simultaneously the one of all the commuting charges). To conclude, in
the regime we consider the gauge theory is integrable and admits a
marvelous description in terms of the integrable spin chains.

Let us now turn our attention to the string side of the story.

Spinning Strings and Neumann Integrability
Our string theory can be described by a non-linear two-dimensional
sigma-model whose target space is a supersymmetric extension of the
bosonic AdS5 x S5 space-time. Since the corresponding action is highly
non-linear and contains fermions, the quantization problem appears to
be extremely complicated; at present the full spectrum of the quantum
string is beyond our reach. However certain regions of the quantum
spectrum can be well approximated by semiclassical string configurations.
Typically these configurations are solutions of the classical string
equations of motion (supplemented by the so-called Virasoro constraint),
which carry ”large” energy and spins.

Picking one such solution one can approximately determine the string
spectrum by performing a semiclassical quantization around it. Thus,
we are led to the problem of studying ”spinning” strings, i.e. classical
strings rotating in the background space-time with large angular momenta.
It turns out that the bosonic sigma-model describing propagation of our
classical string is a two-dimensional integrable model which can be
thought of as a non-trivial matrix generalization of the famous sine-
Gordon equation.

What are the relevant spinning string configurations? As in the flat
space-time the simplest configurations are those corresponding to rigid
strings, i.e. to strings whose shape is independent of time. These
configurations carry finite energy and can be viewed as solitons of the
sigma-model. A remarkable fact about these solitonic solutions discovered
at the AEI in the last year is that they are naturally classified in terms
of periodic solutions of the Neumann integrable system. This is a finite-
dimensional integrable system describing a three-dimensional harmonic
oscillator constrained to move on a two-sphere (or a hyperboloid in the
non-compact case). Historically this model, discovered by C. Neumann
in 1859, is one of the first examples of a completely integrable
Hamiltonian system. It is really fascinating to see how it reappearing
in the modern context of string theory on a curved background.

We remark that the Neumann system inherits its integrable structure
from that of the two-dimensional sigma-model. Rigid strings appear to
be of two types - folded, with the topology of a rod, and circular, with
the topology of a circle.

Strings Made of Spins
As we have seen in a certain regime both gauge and string theories can
be described as integrable systems. Apparently these systems appear
to be very different. In the first case we deal with a quantum integrable



Fig.1:
A composite gauge-invariant
operator viewed as a spin chain.
Stringy excitations can be visuali-
zed as spin states averaged over

string excitation
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spin chain, while in the second one we have an integrable classical
sigma-model. Is their any way to compare them?

The space-time energy and the commuting components of the angular
momentum (spins) label string configurations very similar to that the
scaling dimension and the Lorentz (internal) spins label composite
operators in the Yang-Mills theory. Thus, in both gauge and string
theories these labels specify a unitary irreducible representation of the
superconformal group and, therefore, allow for a direct comparison.
Once again, to stay within the semi-classical picture, the strings must
be highly rotating and energetic. On the gauge theory side this requirement
amounts to taking the so-called thermodynamic limit where the effective
spin chain becomes infinitely long.

Using sophisticated techniques from the theory of integrable systems
AEI scientists, partially in collaboration with colleagues from Uppsala
University, found a stunning agreement between gauge theory anomalous
dimensions, approximated at low orders of perturbation theory, and the
energies of the corresponding spinning string configurations. We
furthermore demonstrated that this agreement extends to the eigenvalues
of an infinite number of higher commuting charges, whose very existence
render both theories integrable. Thus, we were indeed able to identify
stringy excitations inside perturbative Yang-Mills theory! Every elementary
field contributes a ”quantum” of dimension and spin. ”Long” composite
operators are considered to be made of many quanta, and a wave
approximation corresponds to considering excitations of the continuous
string world-sheet.

We will end this review by noting that the above approach to gauge/string
duality, based on the study and comparison of integrable structures, is
a highly promising and rapidly developing area of research. Future
results and developments might shed new light on the fundamental
problem of quantum gravity.

Gleb Arutjunov
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Loop Quantum Cosmology

If we follow our expanding universe backward in time, it becomes
denser and denser until eventually, according to general relativity, the
energy density will become infinite and the universe will run into a
singularity: the classical theory breaks down at this point and can no
longer tell us what the further evolution would be. Thus, classically
there is no meaning to the question as to what happens before or at
this point, ”before” does not even exist since there is no time. The
singularity of the classical theory is not only a boundary of the classical
universe but also a boundary to our understanding.

It has long been speculated that quantizing general relativity will help
to push through this barrier. In fact, there are similar, though much
simpler, situations in quantum mechanics. For instance, the hydrogen
atom is unstable in a classical description: after a short amount of time
the electron will fall into the nucleus and the atom collapses radiating
away all its energy. Quantum mechanics then tells us that this does not
happen; there is rather a ground state of a finite energy beyond which
the atom cannot fall. Formal analogies can be used to argue that
something similar should happen if we try to describe the fate of the
whole universe in a quantum theory. Instead of having a diverging energy
density, the universe will reach a well-defined state of finite energy and
continue its evolution in the quantum regime where a classical space-
time picture does not necessarily apply.

These formal expectations cannot give us precise information and we
will have to use a quantum theory of gravity to find out exactly what
will happen to the universe. There are two important requirements if
we want to describe such extreme physical situations. First, we will
have to deal with very strong fields which requires a non-perturbative
quantization: a perturbation expansion, though simpler to perform,
would not bring us close enough to the singularity. Secondly, the metric
of space becomes singular since the whole space collapses into a single
point. This means that our theory should better be background
independent, i.e. the full metric should be quantized not just some part
from which an artificial background has been subtracted.

Both these requirements make the development of such a theory very
complicated since, for one thing, we do not know other examples of
similar physical theories which could guide us. Yet, such a theory has
been constructed systematically over the past 15 years or so and is
known as loop quantum gravity. Within this framework loop quantum
cosmology is defined, which focuses on the evolution of the universe
as a whole.

The basic methods of loop quantum cosmology have been laid out in
2000, soon followed by first physical applications: For the first time it
could be proven that a particular realization of quantum gravity would
be non-singular in a generic way. Energy densities remain finite, and
the theory does not stop but instead brings us to a branch of the universe
preceding the big bang. This branch is collapsing and will eventually
bounce to enter our expanding branch, but in the transition region it
can only be described quantum theoretically; there simply is no classical
space-time. This is the reason why the classical theory has to stop there
since its very foundation ceases to be available.

There were soon further, unexpected consequences of the detailed
description of the quantum theory. Inflation, which is important for our
understanding of the formation of structure like galaxies in our universe,
was seen to be a natural and unavoidable consequence of the quantization.



Fig. 3:
Full quantum potential with walls of only finite height and well-defined behaviour
around the classical singularity (center).

Fig. 1:
Classical potential at decreasing volume
(top to bottom): The walls remain of
infinite height and just move closer to
the classical singularity (right corner).

Fig. 2:
Quantum potential with walls of finite
height which break down once the
universe has shrunk below a certain size.

This fact opens up the exciting prospect that consequences of a quantum
theory of gravity can be tested by comparing with cosmological
observations, mainly of anisotropies in the cosmic microwave background,
which are sensitive to the behaviour in the very early universe.

The past year has seen a substantial increase in activities related to loop
quantum cosmology, with now several research groups around the world.
The main work focuses on a rather peculiar behaviour of densities at
small scales which is responsible for the fact that they do not become
infinite. This behaviour has been extracted from the general loop
quantization and is therefore characteristic for the effects which have
to be expected. It modifies Einstein’s classical equations in a special
way which can be studied comparably easily. In particular, the modified
equations predict that the very early universe expands in an accelerated
manner, which gives rise to the inflationary phase mentioned before.
Such a behaviour has been postulated long before, but now seen for
the first time as a consequence of quantum gravity. The modifications,
however, do not give us precisely what had been expected before, but
imply subtle changes to the standard scenarios. This translates to
differences in the process of structure formation which can be observable
and may even explain some recent observations of the WMAP satellite
(a so-called loss of power at large scales) that would be puzzling otherwise.

If we go closer to the classical singularity, even before the usual realm
of inflation, the structure of space becomes very complicated. The
classical universe does not only approach a singularity, spelling its own
demise, but does so in a chaotic manner. This scenario has been studied
extensively, including work at the AEI. However, the smaller the volume
becomes the less trustworthy the classical theory will be, and we have
to see what quantum gravity tells us about this regime. With loop
quantum cosmology it is now possible to do just that. It turns out that
the quantum universe not only is non-singular, but much more tranquil:
Its evolution simplifies once the volume becomes very small such that
the dynamics is no longer chaotic. This observation also provides an
important consistency test for the theory. The classical scenario suggests
a fractal initial state which has structure at arbitrarily small scales. Loop
quantum gravity, on the other hand, predicts a discrete space such that
there is a smallest scale for structure in the universe. From the information
about the loop quantum universe one can derive when the complicated
behaviour and the fragmentation of space leading to the fractal state
stops. As it turns out, this happens just at the right time for the
discreteness of loop quantum gravity to be consistent.
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Fig. 1:
The Hannover squeezing experiment.
The left perspex box houses the green
(532 nm) light generator, the other
two boxes house two squeezed light
sources.
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All these effects described so far are consequences of general
mathematical properties which are crucial for a background independent
quantization. Modifications to the classical equations have been derived,
rather than put in by hand having special applications in mind. For such
a procedure it is very important to understand the mathematical structure
completely, where some remaining gaps have been filled this year using
the mathematical technique of Bohr compactifications. This essential
step completes our understanding of how the far-reaching physical
applications are consequences of the basic mathematical formalism.

The simplest cosmological models are now rather well-understood and
it remains to test the consequences in more complicated, and more
realistic, models and to look out for new effects. Loop quantum gravity
has matured to a theory which is not only distinguished by being perfectly
well-defined mathematically, but which also has sometimes astonishing
consequences for physics.

Martin Bojowald

Squeezed Light for Gravitational Wave Interferometers

In 2003 a new research project has been launched in Hannover. The
goal of this project is to investigate and, eventually, to overcome the so-
called quantum limit in laser interferometric gravitational wave (GW)
detectors. Since laser interferometers use laser light to measure the
tiny length changes induced by gravitational waves, the measurement
sensitivity of laser interferometers is limited by the statistics of the
quanta of the light field, known as photons. The quantum limit can
also be regarded as a certain amount of quantum noise entering our
measurement device, which is given as a fundamental property of physics
itself. It is interesting to note that the quantum noise effects gravitational
wave measurements in two different ways: Shot noise arises from
uncertainty due to quantum fluctuations in the number of photons at
the interferometer output, where a photo diode absorbs all the photons
to gain the GW signal. Radiation-pressure noise arises from uncertainties
in the mirror positions due to quantum fluctuations of the light field
inside the interferometer masking the length change due to a gravitational
wave signal. Quantum noise is regarded as a fundamental noise source
in GW detectors and also in any other measurement device.

To illustrate this: it is physically impossible to reduce both types of
quantum noise (shot noise and radiation-pressure noise) simultaneously.
But, fortunately, it is possible to squeeze one form of quantum noise,
then at the expense of the other, to meet the requirement of Heisenbergs
Uncertainty Principle. Indeed such squeezed states of light were first
generated about 15 years ago, and are now being researched again to
improve GW interferometers.



In our experiment in Hannover we use non-linear crystals to squeeze
the quantum noise of a laser beam of 1064 nm wavelength. Squeezing
of quantum noise is possible only in a non-linear process; in an optical
experiment that means, radiation fields of different wavelengths need
to interact. Here we use strong laser radiation at the second harmonic
frequency (532 nm) to pump the crystal. Squeezed light is then generated
in a so-called optical parametric process.
To improve the sensitivity of GW interferometers, squeezed states of
special shape are required and especially those are not yet demonstrated.
One important point is, that the light must be squeezed at frequencies
for which gravitational waves are expected, i.e. in the acoustic band
from 10 Hz up to 10 kHz. Until now squeezed light has been generated
mainly above 1 MHz due to technical difficulties at lower frequencies.
We have developed a special common noise cancellation technique
that recovers squeezed noise buried by technical laser noise, see the
improvement at low frequencies from (d) to (b) in Fig. 2. Currently we
hold a world record having demonstrated squeezed states at frequencies
down to 80 kHz (not shown here). Our goal is to reach and cover the
complete acoustic band, as mentioned above.

Once appropriate squeezed states are available for GW interferometers
they will be coupled into the signals output port of the detector. We
have shown that not only conventional Michelson interferometers but
also power- and signal-recycled interferometers like GEO600 and even
more sophisticated interferometers of second and third generation GW
detectors will gain from such squeezed states. Fig. 4 shows calculations
of signal-normalized spectral noise densities of the GEO600 detector,
without squeezed light input (upper curve) and squeezed light input
included (lower curve). In both cases just the quantum noise contributions
have been taken into account, whereas seismic, thermal and other types
of noise have been neglected. The quantum noise spectrum without
squeezed light input already reveals two dips where the quantum noise
is lowered. These dips are called the opto-mechanical and the optical
resonance and are a special feature of the signal-recycling topology of
GEO600. The highly motivating result from our theoretical analysis is,
that squeezed states enable further reduction of the noise floor over
the entire frequency band. In Fig. 4 we have assumed a squeezing
factor of two on a linear scale which has been demonstrated already;
higher squeezing factors will result in even better noise performances.

Roman Schnabel

Fig. 2:
In this measurement squeezing has been observed
wherever curves (b) and (d) fall below the shot noise
reference. In case of (b) squeezing is demonstrated
down to a frequency of 250 kHz.

Fig. 3:
The laser interferometer topology of the GEO600
detector plus a Faraday rotator to inject squeezed
states of light for an upgraded future design of the
detector.
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Fig. 4:
Modelled quantum noise performances of the
GEO600 detector. The curves show the reduction of
quantum noise over the entire frequency spectrum
if squeezed states are injected into the interfero-
meter. Here a linear squeezing factor of two has
been assumed which corresponds to -6 dB in
variance.



Fig. 1:
Schematic of the
GEO600 optical layout

Fig. 2:
The injection locked laser system for GEO600
(lab system)

Laser Research for Gravitational Wave Detectors

The Albert Einstein Institute strives to gain the most fundamental
insights into the universe. To do so, many members of the institute are
working on opening a new window to our view of the cosmos: the detec-
tion of gravitational waves. The groups in Hannover have the challenging
and exciting task of developing techniques, which will allow gravitational
wave detection in the near future. Since 2001 the Hannover institute
already operates one of the first generation gravitational wave detectors,
GEO600 (see schematic in Fig. 1), which is localised in Ruthe near
Hannover (see annual reports 2001 and 2002).

GEO600 is a complex experiment, consisting of many intricate subsys-
tems: The arms of the Michelson interferometer present one of the
largest ultra-high vacuum systems currently existing in Europe. The
200 plus feedback control loops determine the behaviour of the detector;
they are effectively the brain of GEO600. Photodetectors and environ-
mental monitoring quasi constitute the eyes and ears. The very heart
of GEO600 though is the laser system, the ultra-stable light source
which initially brings the interferometer to life. The laser group in
Hannover is devoted to the development of this laser system and of
optimal stabilisation schemes for it. To do so, we strive towards a funda-
mental understanding of the physical processes, which cause noise in
lasers.

The light source for GEO600 is a laser diode pumped solid state injec-
tion locked laser system (Fig. 2), which emits infrared light (wavelength
1064 nm). It consists of a high stability Nd:YAG master laser (a non-
planar ring oscillator, NPRO) with an output power of 800 mW, and
a slave laser (a quasi-monolithic Nd:YAG laser in bowtie configuration)
with lesser stability characteristics, but higher output power of 12 W.
Together the two form a ”team”, and by a technique called injection
locking we receive the best of both worlds: A high stability high power
laser system. Yet by itself the injection locked system is not stable
enough to be used as the GEO600 light source. Therefore a major goal
of our group is to hone this system so it fulfils the challenging specifi-
cations of GEO600. This is achieved by active stabilisation of the obser-
vables of the laser system, namely the laser frequency, the laser power
and the laser beam geometry and position.

In the GEO600 laser system we have implemented a frequency stabili-
sation, which keeps the output ”colour” of the laser light constant to
a value smaller than 10-14 in a wide frequency band. This means that
the frequency of the laser light varies with less than one part in 100
trillion! Naturally a ”change of colour” in this order of magnitude is far
from being visible. But this frequency stability is crucial for the operation
of the gravitational wave detector, as frequency fluctuations can produce
signals, which feign arm length changes caused by gravitational waves.
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Fig. 3:
Relative intensity noise of the
injection locked laser system of
GEO600 (lab system) with active
power stabilisation.
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Light exhibits the so-called wave-particle-duality, i.e. sometimes it
behaves like it is made up of discrete particles (photons), in other
experiments it shows wave-like phenomena. Besides this, laser light is
of a special nature. When using the photon picture we can see that the
photons emitted by a laser do not arrive at regular intervals, but in
”bunches” - laser light obeys the Poisson statistics. So when this light
is detected by a photodetector (as it finally is in GEO600), we measure
a mean constant value, but also fluctuations of the light power. These
fundamental fluctuations are called shot noise, they have their origin
in the quantum nature of light and can therefore not easily be evaded.
- When laser light hits a mirror, due to the Poisson statistics the arrival
of photons is as irregular as rain hitting an umbrella. The momentum
transferred to the mirror by the photons then varies over time, this
effect is called radiation pressure noise, which sets an additional limit
to the attainable sensitivity of the gravitational wave detector. Techniques
to overcome the so-called standard quantum limit (the combined limit
of shot noise and radiation pressure noise) are presented in the article
of Roman Schnabel in this report (see page 53).

Technical power noise of the laser system usually lies much higher than
the above mentioned fundamental noise sources. We have to actively
stabilise the output power of the injection locked laser system, as power
noise ultimately limits the detection sensitivity of the gravitational wave
detector. Power stabilisation of the injection locked laser system is
realised by detecting a part of the output power and feeding back the
derived control signal to the pump current of the slave laser. With this
method we currently achieve the lowest ever power noise in this kind
of laser system in the frequency regime from 100 Hz to 10 kHz (Fig.3).
The relative intensity noise of 10-8/√(Hz) means that the output power
of the laser system fluctuates only to one part in one hundred million.
This nearly complies with the specifications for gravitational wave
detectors of even the second generation!

The beam positions and the beam geometry of the laser at the detector
site have to be held constant with respect to the interferometer geometry.
The interferometer is made up of suspended mirrors, and these mirrors
define the ”space” the light may take up. The laser light only enters the
interferometer if it geometrically ”fits” into it, though. By the technique
of differential wavefront sensing and an intricate autoalignment system
the laser beam is held stable on the interferometer input.



Fig. 4:
Schematic of the model NPRO
with single mode laser diode
pump source

Fig. 5:
Stabilisation schemes (either
current lock or pump light stabili-
sation) for the single mode laser
diode pumped NPRO
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The stabilised laser system was long term tested in the Institute in
Hannover before installation at the site of the gravitational wave detector
in 2000. Since then the laser system has run constantly with a duty
cycle of more than 99% and only occasional maintenance work (change
of laser diodes etc.). A second identical laser system is in operation in
the laser lab in Hannover, where new stabilisation techniques are
developed and improvements are tested before implementation in
GEO600.

Hardly ever are noise processes completely uncorrelated to one another.
In our solid state laser systems we often unintentionally introduce noise
in one observable when we stabilise another. This is then due to non-
vanishing transferfunctions between the observables. To be able to
develop optimal stabilisation schemes we have to characterise our laser
systems by measuring all possible transferfunctions. In the course of
this characterisation we discovered that the pump current of an NPRO
can be used to tune its frequency. Obviously changing the pump current
of a laser results in a change of the output power of the laser, too. One
could now suspect another unwanted coupling between observables,
but sometimes coupling comes in handy: Using the pump current as
the actuator for frequency stabilisation (current lock) of a conventional
NPRO, we not only obtain frequency noise reduction, but also a small
amount of intensity noise suppression. This result inspired investigations
of the fundamental causes of these noise correlations.

For this we constructed a model NPRO (Fig. 4). Its single mode pump
source has an optimised geometry and thereby permits an enhanced
overlap of the pump and the laser mode in the crystal.

The current lock experiments on this system yield an equal amount of
frequency and intensity noise reduction without the necessity to even
directly detect the intensity. On the other hand, the detection of pump
light intensity fluctuations and feedback to the pump current (pump
light stabilisation) results in NPRO intensity stabilisation and also in
NPRO frequency noise suppression, without having detected frequency
fluctuations at all (Fig. 5).
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Fig. 6:
Results of the simultaneous
stabilisation of the model NPRO
with current lock:

(a) frequency noise

(b) intensity noise

These results are unprecedented - never before has simultaneous
stabilisation in frequency and intensity by detection of only one of the
two observables been realised! Exemplary results (in this case of current
lock) can be seen in Fig. 6.

For gravitational wave detectors of the second generation the light
power will have to be increased from currently around 10 W to
approximately 200 W. This requires innovative new designs and even
more stabilisation skills. Work is presently being pursued to build these
lasers, the challenge of stabilisation will soon fall to us. Our perpetually
growing understanding of noise processes in and stabilisation techniques
for solid state laser systems leaves us well prepared for the tasks to
come.

Michèle Heurs



Configuration of MERLIN

Type of Cluster:    BEOwulf
Compute nodes:   180 (dual processor AMD 

         Athlons, 1 GB RAM, 
         3 x 120 GB local disk space)

Access nodes:      4 (dual processor AMD 
         Athlons, 2 or 3 GB RAM,
         2 x 80 GB local disk space)

Distributed
data storage:        40 TB

Network:          100 Mbits/sec Ethernet 
         provided by 26 Fast Ethernet 

                             switches with uplinks to a 
         Gigabit Ethernet backbone 
         switch

Operating
System:          RedHat

Remark:          The data analysis software 
         was designed in such a way 

                             that all CPUs can work on 
         their maximum speed, 
         reducing inter-node data 
         exchange to a minimum.

Fig. 1:
Global cluster layout
of MERLIN
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Activities and Highlights of the IT Department in 2003

As in previous years the members of the IT department were faced with
several tasks, and many projects had to be continued. New projects
and developments were started. The two most notable ongoing processes
happened in the cluster computing area. MERLIN, a BEOwulf cluster,
was installed at end of 2002 and is used for data analysis by the
Gravitational Wave Group, which is involved in an international project
with the LIGO Scientific Collaboration (www.ligo.org). Additional funds
from the Max Planck Society allowed to extend the number of compute
nodes of MERLIN. Final configuration of MERLIN (since midyear
2003): 180 dual processor compute nodes, 4 access nodes, per node
3 x 120 GB disk space, 36 TB of disk space available for distributed
data storage.

Since 2002, Dr. Steffen Grunewald, system administrator of MERLIN,
has tested, amended and supplemented both software and networking
environment of the MERLIN cluster. This included the development
of tools to guarantee optimum performance of the whole cluster for the
full range of its tasks: data storage, exchange and analysis within the
LIGO Scientific Collaboration, in particular within the British-German
GEO600 Working Group. For more details on the scientific usage of
MERLIN, see article by C. Cutler and M.A. Papa in this volume.

The second in-house cluster of the AEI is called PEYOTE. PEYOTE
is the name of a cactus in Middle/South America but it can also be
taken as an abbreviation of Parallel Execute Your Own Theoretical
Equations. While MERLIN analyses experimental data, PEYOTE is
used for numerical simulations of Einstein’s equations, for example to
describe the collision of black holes. The CACTUS toolkit
(www.cactuscode.org) is the software mainly used for this purpose. The
first part of the PEYOTE cluster was installed in April 2003. As this
installation was very successful already eight months later PEYOTE
was extended to 128 compute nodes. Configuration of PEYOTE at the
time of writing: 128 dual processor compute nodes, 8 extra dual processor
compute nodes for testing or running smaller jobs, 8 storage nodes with
a total of 12 Terabytes of central disk space.

Dr Holger Naundorf, system administrator of PEYOTE, is responsible
for keeping the cluster running and for supporting the scientists. This
includes updating and refining the software environment to make the
most efficient use of the available resources. For more details about
numerical simulations running on PEYOTE, see article by D. Pollney
in this volume.



PEYOTE – the AEI’s num
eric al s im

ulationscluster

Tangible devices made by
Brygg Ullmer, Zuse Institute Berlin

Fig. 2:
One part of PEYOTE

(64 nodes)
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It should be mentioned that much effort was necessary to prepare the
two computer rooms for the clusters. Both rooms formerly were normal
offices and it was a big challenge for the technicians to install powerful
enough cooling systems. As both rooms are rather small this was not
an easy task to do.

For the scientists running simulations on PEYOTE the visualization of
the results is very important. As the ORIGIN 2000 with its high
performance graphics engine was no longer available the institute had
to find new solutions. The institute received additional money for the
prototyping of new, sophisticated user interfaces (tangible devices).
These serve as both representation and control of digital parameters,
data sets, computing resources, and other digital content. The devices
should offer benefits including simplified interaction, enhanced
manipulation of digital parameters, ease of migration between desktop
and projection environments, and ease of user authentication to grid
computing resources. Tangible devices are a relatively new technique
that has been received enthusiastically by the international community.
In the ”GridLab” research project Dr Brygg Ullmer, researcher at ZIB
(Zuse Institute Berlin), is working on these user interface approaches
for scientific visualization, largely targeted at AEI astrophysicists as
end-users. Unfortunately no money was available for a new virtual
reality projection system, so that the scientists still depend on a rather
old-fashioned system, which has been in service since 1997.

Since the end of 2003 a new security concept has been implemented.
The main philosophy of this concept is to allow only trusted and
authorized users access to systems of the AEI in a convenient manner.
These constraints have led to the need to implement a DMZ
(Demilitarized Zone). An additionally installed VPN (Virtual Private
Network) now helps the users to access the AEI computers and the
data on them from any place of the world in a secure manner. This
facility is very important for the members of the Teilinstitut in Hannover.
Using VPN they have easy access to for example the online catalogue
of the library at the AEI in Potsdam.

As traveling is very time consuming for the scientists, the IT department
continued investigating in AccessGridNodes (AGN), an advanced
videoconference technique.

Configuration of PEYOTE

Type of
Cluster:             High Performance

        Compute Cluster
Compute nodes:  128 + 8 (dual processor
                             INTEL XEONs, 2 GB RAM,
                             120 GB local disk space)

Access nodes:      2 (dual processor INTEL XEONs,
                             4 GB RAM, 72 GB /300 GB
                             local disk space)

Storage nodes:    8 (dual processor INTEL
                             XEONs, 4 GB RAM, 72 GB
                            internal local disk space,
                            1.5 TB data storage)
Total data
storage:               12 TB (8 x 1.5 TB)

Networks:            High speed interconnect
                             network: Gigabit Ethernet,
                             provided by Gigabit switch
                             E600 from Force10 Networks
                             Storage network:
                             100 Mbits/sec
                             Ethernet for the compute
                             nodes Gigabit network
                             for the storage nodes
                             Management network:
                             100 Mbits/sec Ethernet
Operating
System:                RedHat

Remark:          Having three different networks
                             allows to run administrative tasks
                             on the cluster without interfering
                             with the two other networks.
                             The scientists connect to the
                             cluster by logging into an access
                             node and submit their jobs to a
                             queuing system, which then starts
                             the calculations on the nodes.
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A grant from the BAR (Beratender Ausschuss Rechenanlagen, a central
service of MPG) for a standard videoconference (VC) system for all
three institutes of the Max Planck Campus supported this idea. In
several cases external scientists could participate in a workshop or
seminar via AGN or VC, not to mention the easy way of continuation
of the collaboration with Ed Seidel and Gabrielle Allen (now LSU).

Christa Hausmann-Jamin

Activities and Highlights of the Library in 2003

The library of the Albert Einstein Institute is a specialized library offering
services firstly to scientists working at the institute in Golm and the
Teilinstitut in Hannover. Scientists from outside the institute are
welcome and may use the library by making an appointment. Scientists
and students working at the two other Max Planck Institutes on the
campus or at the University of Potsdam located in Golm may use the
library in the same way as the scientists at the institute, but they may
not participate in the library loan service. Two librarians are managing
the library: Elisabeth Schlenk as the head of the library and Anja Lehmann.

The annual growth rate in 2003 of the library holdings  increased in
line with the budget and our holdings list 6.959 monographs and
conference reports, 8.786 bound journal volumes and 140 scientific
journals subscriptions.

The membership in the North Rhine Westphalia Consortium, Bielefeld,
we signed in 2002 to get online access to MathSciNet was renewed as
well as the membership in the Zentralblatt MATH-Konsortium in order
to support the German and European Mathematical Societies.

The generous setting encourages scientists to use the library as a reading
room and not only to carry out the books and journal issues for use in
their offices. To avoid permanent use of the reading places as alternative
office space, the computer department received a multi-media station
that can be used by everyone. In addition, six permanent working places
for students were arranged for the three scientific departments.

The members of the Library Committee are Dr. C. Cutler,  Prof. H.
Friedrich (Chairperson), M. Koppitz and Dr. M. Staudacher. They
check the publisher’s catalogues, brochures and new title announcements
for relevant monographs. They study sample copies of new journal titles
for possible subscription, classify the new books and discuss new
developments or necessary changes regarding the demands of the library
in regular meetings. Mrs. Hausmann-Jamin, Prof. Theisen and Prof.
Huisken support the library committee in terms of the selection of new
books and other relevant media in their fields of activity.

Besides the classical services, namely the supply of the library holdings,
the procurement of literature for the scientists at the Institute is another
main task of the library. In 2003 we started to supply the scientists
working in the Teilinstitut with the same services we offer in Golm.
In general we do this by ordering the requested journal articles or mono-
graphs via the internet server (SUBITO) located at the University
Library in Göttingen. We receive those articles within 24 hours as email
files and we save them for further internal requests. Other libraries
from which we receive requested literature are not only those of the
various Max Planck Institutes, but also those of the universities in
Berlin and Potsdam, of the Astrophysical Institute in Potsdam and the
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National Library Preussischer Kulturbesitz in Berlin. The search in
online databases (SciSearch, INSPEC, MATH, BIBLIODATA, CONF)
through the host STN Karlsruhe is also a service offered by the library.

New tasks for the librarians will arise from discussions within the Max
Planck librarian community concerning a web based catalog called Max
Planck Virtual Library (VLib). The goals of VLib are: (i) to provide inte-
grated access to information resources relevant for Max Planck end
users and to enable simultaneous searches, and (ii) to improve inter-
resource navigation through a context sensitive reference-linking system
as defined by Max Planck requirements. As an information portal VLib
is launched as the comprehensive access point to information resources
for Max Planck users, and it establishes the capacity for seamless navi-
gation from references to other resources or instances. In its current
version, VLib is a step forward on the pathway to a mature Virtual
Library for the Max Planck Society, which will allow a maximum of
integration, navigation, and personalization. The system will be further
developed and improved by the ZIM (Heinz Nixdorf Center for Infor-
mation Management in the Max Planck Society).

The discussion of the future of both electronic and printed media is
still ongoing. Contracts between the Max-Planck-Society and Elsevier
(Science Direct) and Springer have been signed; other publishers (Wiley,
Kluwer, AIP, IOP) will follow. Nevertheless the policy of our library is
to place electronic access at the scientists' disposal irrespective of usage.
The scientists should have the possibility to use the electronic resources
whenever they need them.

We are still one of the pilot institutes for the eDoc Server. This service
is provided by the ZIM. The intention of the electronic document server
is to increase the visibility of the intellectual output of the Max Planck
Society and to add to the world-wide virtual repository of high-quality
scientific information. Universities, research institutions and other
cultural institutions are willing to provide public access to results from
publicly-funded research and educational material as well as to objects
of cultural heritage. Based on the revolution in information technology,
new ways for communicating scientific and scholarly information are
rapidly evolving. The Max Planck eDoc Server is one way of exploiting
the new technologies for the more effective communication of the
research results. It does not replace established and proven practices
of peer-review and certification: repositories like this may exist in parallel
to traditional journal publication, as they serve as building blocks for
new, evolving practices of communication and evaluation of research
results. As a result of this new system the institute has to change the
workflow regarding the documentation of publications within the next
year. In the meanwhile Anja Lehmann is registering the institute
publications adding links for online versions and abstracts not only in
our OPAC (Online Public Access Catalog) but also in the eDoc Server.

The library is represented in the following national associations: Deut-
scher Bibliotheksverband e.V., Sektion Brandenburg (Board Member)
and  Arbeitsgemeinschaft der Spezialbibliotheken. Focusing on the
developments in the new media area the Max Planck librarians establi-
shed different committees. Frau Schlenk was elected for a period of
two years to represent the librarians of the CPT Section in the Sprecherrat
of the MPG, in the IRC (Information Resource Council) and IPC
(Information Provision Council)

Elisabeth Schlenk



"A lazy afternoon in the lecture hall.”
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LSC Meeting at Hannover

Gravitational wave detection is a joint effort of scientists all over the
world. They work together in the LIGO Scientific Collaboration (LSC),
founded in 1997 as a forum for organizing research, publications and
all other scientific activities. At present the LSC comprises about 450
scientists from LIGO, GEO600, TAMA300, and ACIGA. Twice a year
the LSC organizes a meeting at the US American sites, at Hanford
(WA) or Livingston (LA).

In 2003, the LSC broke with tradition and convened at Hannover from
18 to 21 August. Meetings were held at the University of Hannover
using lecture rooms throughout the main hall for plenary and breakout
sessions. 140 participants discussed the latest achievements in detector
commissioning and future plans. The data analysis sessions were of
special interest since the results of the first scientific data acquisition
runs (S1 and S2) were presented. Other sessions concentrated on
thermal noise issues and laser development. Another important topic
was the use of squeezed light for future gravitational wave detectors.
In addition to the crowded sessions, three evening tours were available
to see the GEO600 site and the interferometer. Close to two dozens
of people loaded on the bus each evening for the 25 minute ride to the
observatory.

Obviously the meeting was a success, not only on behalf of the fine
weather, but above all on the excellent coordination of sessions and
resources by Benno Willke. Konrad Mors ensured that everyone could
connect to the web and email services. During the breaks, Klaus Haupt
and his team supplied the participants with snacks and refreshments.
At the traditional conference dinner people enjoyed a delicious buffet
of German and international favourites in the Maritim Grand Hotel.

Peter Aufmuth

A Tale of two Theories: Strings Meet Loops at AEI in October 2003

In media reports of the more enthusiastic variety, quantum gravity has
been styled the Holy Grail of physics. Certainly, the comparison is apt
in two respects: The quest for a theory, quantum gravity has proven
long and difficult. Roughly a century after the birth of both quantum
theory and of Einstein’s general relativity, a description of reality that
fully incorporates both the geometrical nature of gravity and the principles
of the quantum world is still out of reach. Secondly, like the legendary
knights of old, the physicists and mathematicians involved in the modern
quest have ridden off in quite different directions in pursuit of their
elusive goal - there is a variety of candidate recipes for the quantization
of gravity, with string theory and loop quantum gravity the most prominent
among the lot.

Contributing to both difficulty and diversification is the fact that, unlike
the development of quantum theory in the early 1900s, with its lively
interplay between theory and experiment, the search for quantum gravity
has to make do without direct experimental guidance. The energy scales
at which quantum gravity effects can be expected are much too high
for current (and foreseeable) technology. Instead of direct experimental
feedback, guidance is provided by theoretical principles, with the direc-
tion of research crucially dependent on what importance is attached
to what principle. For instance, string theory starts out as the elementary
particle physicist’s approach to quantum gravity, namely by generalizing
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from point particles to one-dimensional ”strings” the quantum theoretical
approach that has proven so successful in the standard model description
of the electromagnetic and electro-weak forces. On the other hand,
loop quantum gravity, the classical relativist’s approach, takes as its
guiding principle the covariance that is the basic feature of Einstein’s
theory, aiming at a geometrized version of standard quantization proce-
dures. So far, the two approaches have not noticeably converged - on
the contrary, as each has been developed further, from string theory to
the mysterious ”M-theory” and from the canonical-geometrical quanti-
zation approach to spin-networks and loops, a veritable language gap
has developed: each theory has its own central concepts and techniques,
and a string theorist talking to his loop colleague of D-branes, K3 and
T-duality has as little chance to be understood as he has of understanding
that colleague’s report on the latest advances concerning coherent loop
states and the Lewandowski-Thiemann-Hamiltonian. The result: two
communities of scientists, a string community and a (substantially
smaller) loop gravity community, working away on their respective pro-
grams, in parallel, in pursuit of the same problem, but with little inter-
group communication. Strings are strings and loops are loops, and never
the twain shall meet?

A peculiar situation, thought both AEI’s Hermann Nicolai and Abhay
Ashtekar, director of Penn State University’s Center for Gravitational
Physics and Geometry. They came up with the idea of a meeting to
promote communication and, hopefully, fruitful discussion between
the two camps, for which the AEI - aptly described by one distinguished
visitor as ”a modern version of Camelot for carrying out gravitational
physics” (cf. p. 69 of this report) - would prove a fitting venue: the
three-day conference ”Strings meet Loops”, held in late October 2003
and attended by fifty researchers from both sides of the Atlantic and,
more importantly, from both sides of the conceptual divide.

The backbone of the conference was formed by a series of review talks
- non-technical, and, as the organizers had exhorted their speakers,
primarily addressed to the other community. The opening talk was an
introductory exposition by Hermann Nicolai, who compared and contras-
ted the successes claimed by both camps as well as the shortcomings
of the two approaches.

First at bat for the loop quantum gravity side was Abhay Ashtekar, one
of the pioneers of the loop quantum gravity approach. He painted a
broad picture of quantum geometry, its motivations, techniques and
applications. Subsequent speakers supplemented this with excursions
into more specialized areas, from the more technical aspects of the
Hamiltonian constraint (Jerzy Lewandowski) to the intricacies of spin
foams (Laurent Freidel). Rounding off the presentation was a talk on
cosmological applications by Martin Bojowald, last year’s winner of the
GRG Essay Competition, and currently the principal investigator of
AEI’s loop quantum gravity group. Cosmology is one of the most impor-
tant touchstones for any theory of quantum gravity: the Big Bang singu-
larity is one of the pathological features of classical general relativity
that a full quantum treatment can be hoped to cure, and loop quantum
gravity can boast of some recent progress in this area that might even
lead to testable predictions.

On the string side, the picture was more diversified, with different talks
focussing on different facets of the theory and its applications. Two
talks explored the aftermath of string theory’s ”1995 Revolution”, the
net of dualities weaving together the different versions of string theory
to form the all-inclusive and still rather mysterious M-theory:
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Bernard de Wit with a lucid account of BPS states and their properties,
and Jan Plefka tying in the eleven-dimensional supermembrane and
matrix models - hinting at a possible explanation of what the letter ”M”
might stand for. Closer to classical general relativity was Kaspar Peeters’
talk on effective field theories of gravity, and on the guidance that string
theory or, more generally, supersymmetry gives for their construction.
Venturing off in an entirely different direction, Marc Henneaux talked
about ‘cosmological billiards’ and the infinite dimensional symmetries
revealed by recent studies of cosmological solutions in Einstein’s theory
and its generalizations. One talk was actually a live telecast from Rutgers
university, with D-brane specialist Michael Douglas holding forth on
the care and feeding of the myriads (10200, to be more precise) of vacuum
solutions that string theory admits.

The last talk, by Max Niedermaier, on integrable quantum gravity in
two dimensions, served as a useful reminder that, beyond the string-
loop-dichotomy, there are yet more approaches to questions of quantum
gravity.

However, the talks themselves were only one part of this symposium -
true to its aim of furthering discussion and the exchange of ideas, there
was a generous allotment of discussion time for each talk. While the
majority of questions both during and after the talks dealt with issues
of clarification - a clear sign of the participants’ earnest efforts to wrap
their minds around the other camp’s ideas -, there were also probing
questions concerning each theory’s conceptual foundations, highlighting
the differences between strings and loops not only in physics, but also
in philosophy: what about the semi-classical states, to pick a question
from the string camp – can loop quantum gravity compute the scattering
of gravitons? Or, as a counter-query, what about the multitude of possible
string vacua – can a theory with so many possible consistent universes
to choose from still claim to be a truly scientific theory in the commonly
accepted sense of the word?

Of course, a three-day meeting cannot give in-depth knowledge of two
complex fields. But all participants agreed that the meeting was a great
success, not only because of the exceptionally good talks, but even more
because it provided a good glimpse over the fence and opened up new
vistas. In that way, everybody had something to take home: a considerably
broadened perspective and hopefully many new ideas about the different
ways of doing quantum gravity.

Hermann Nicolai and Markus Pössel

Annual Meeting of the SFB / Transregio 7
”Gravitational Wave Astronomy”

In 2002, several experimental and theoretical physicists, astrophysicists
and mathematicians from all over Germany have agreed on close colla-
boration on all aspects of gravitational waves. Since January 1st, 2003
the Deutsche Forschungsgemeinschaft (DFG) is supporting this project
with the installation of a new Sonderforschungsbereich (SFB) ”Gravi-
tational Wave Astronomy – Methods, Sources, Observation”. It is de-
signed as a ”Transregio”, with the participation of the Universities of
Jena, Tübingen and Hannover as well as the Max Planck Institute for
Astrophysics in Garching and the Max Planck Institutes for Gravitational
Physics in Golm and Hannover. The DFG is financing approximately
25 positions for, at first, the next four years, with sizable sums for equip-
ment and resources. Prof Dr Gernot Neugebauer from the Friedrich-
Schiller-Universität Jena is the Speaker of the ”SFB/Transregio 7”.



The SFB is divided into three project areas: A. Analysis of the gravi-
tational field equations (three projects), B. Structure and dynamics of
compact objects (six projects), and C. Detection of gravitational waves
(four projects). The further development of theory and experiment of
gravitational radiation requires the use of new mathematical methods,
the refined study of compact astrophysical objects (neutron stars, black
holes, binary systems, or supernovae), and the improvement of
gravitational wave detectors (e.g., by using diffractive optics, resonant
sideband extraction, cryogenic cooling, and quantum non-demolition
techniques).

On February 21st, 2003 the opening ceremony of the SFB took place
at the hotel ”Schwarzer Bär” at Jena. Words of welcome came from the
President of the DPG, Prof. Roland Sauerbrey, and from the head of
the Friedrich-Schiller-Universität, the Rector Prof. Dr. Karl-Ulrich
Meyn and the Registrar Dr. Klaus Kübel. Dr. B. Steffens and Dr. J.
Komusiewicz represented the Thuringian Ministry for Science, Research
and Art. A chamber music ensemble supplied the supporting programme.
Later in the evening, the scientists hotly discussed the exciting news
from WMAP on the cosmic microwave background and the implications
for our model of the Universe.

The first Annual Meeting of the SFB took place on October 10, 2003
at the University of Tübingen. The participants discussed the start of
their projects and agreed to establish workshops and a summer school
in order to support the bond between the different groups.

Peter Aufmuth

MERLIN Performing Magic for Albert Einstein

For several years now the AEI is participating in a worldwide search for
gravitational waves, one of the effects of Albert Einstein’s General
Theory of Relativity, which could not have proven directly yet. After
the award of the Nobel Prize for Physics to Hulse and Taylor in 1993,
the quest for gravitational waves has been supported by the construction
and operation of earth-bound wave detectors all over the world. The
AEI does not only operate one of them (the GEO600 detector located
in Ruthe near Hannover, consisting of a Michelson interferometer with
an arm length of 600 metres, run by German and British researchers)
but also takes active part in the LIGO Scientific Collaboration.
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Gernot Neugebauer (University of Jena),
Speaker of the SFB transregio



M.A. Papa, data analysis coordinator for
the GEO project, featuring MERLIN’s
countdown.

Minister Johanna Wanka, M.A. Papa, and
Bernard Schutz pushing the "red button”.
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Interferometers, unlike optical or radio telescopes, cannot be pointed
to a selected area of the sky. Thus to extract possible signals from a
pointlike source (e.g. a rapidly rotating neutron star or a pair of black
holes falling into each other) from lots of ”meaningless noise” (in terms
of the scientific goals), the data set has to undergo several steps of CPU
intensive processing.

Fortunately, the scientists at the AEI and their collaborators have found
a way to split up this huge amount of compute load into handy chunks
which can be worked on rather independently by lots of CPUs which
don’t have to communicate with each other very fast. This way an
expensive supercomputer could be replaced by a farm of loosely coupled
”standard” PCs, each equipped with two Athlon MP processors and
some harddisks which together form a large cluster storage pool. This
pool will hold some weeks of raw data from GEO600 as well as several
stages of processing results.
Using funds from the Land Brandenburg, a two-level network
infrastructure consisting of a fast Gigabit Ethernet backbone and 26
switches connecting the individual nodes to it could be realized.

On July 2nd 2003, all 180 nodes of the MERLIN cluster had been
delivered and put on the shelves in the room prepared with power
supplies, cooling devices and network cabling. The Minister for Science,
Research and Culture of the Land Brandenburg, Prof. Johanna Wanka
– member of our Board of Trustees -, had agreed to inaugurate the
cluster. After words of welcome by the managing director of the AEI,
Bernard Schutz, and speeches by the minister herself and the leader
of the data analysis research group, Maria Alessandra Papa, all three
of them pressed the ”red button” to wake up the 180 compute nodes,
which are controlled - and provided with the necessary data and
instructions - by four head nodes. A growing noise of CPU fans and
harddisks, together with an incrementing counter on the control screen,
showed that the new tools of the gravitational wave searchers had
smoothly started operating.

With the help of MERLIN, the researchers hope to gain another proof
of Einstein’s theory, to open a new window to the otherwise invisible
parts of the Universe and eventually find the ”Holy Grail” of physics.

Steffen Grunewald



Through the eyes of a visitor

My yearly visits to the AEI have left me many fond memories. Many
things have changed since the time I was its first visitor at the initial
headquarters in Babelsberg. In the temporary headquarters on
Schlaatzweg, I practically had a whole wing of a modern office building
to myself. But the view out my office window gave me the companionship
of an old city neighbourhood. Children, glad to escape the notorious
Babelsberg cobblestones, skateboarded on the smooth patio below as
if that were its purpose. Today, the new building in Golm is in a rural
setting and overcrowded as a result of the rapid growth of the Institute.
The view out the window is of falcons and fields, which for some is
likely to change after construction of a much deserved new wing. But
some things seem never to change. The original staff members Frau
Roos and Frau Schlenk are just as youthful and enthusiastic, as well
as the founding director Jürgen Ehlers.

As visitors from the U.S. without a car, my wife Susan and I have
particularly enjoyed a life style which can be characterized as "old
Europe" in the best sense of the term. We enjoy the mall free life of
shopping in small groceries and outdoor markets, buying just enough
to fit into our knapsacks. The guesthouse on Reuterstraße in Babelsberg
is strategically located to be exactly the same time away from the
Institute by public transportation as by bike. Susan heads off in the
morning by train for an artist workshop in Berlin while I bike to Golm
along the most cobblestone free route possible through Babelsberg.
Upon awakening one morning to view my first snowstorm here, I
hesitated about this course until I noticed an old lady placing her
granddaughter on the back of a bicycle to take her to school. I have
since felt obliged to follow her example and not miss this combination
of morning exercise and peaceful contemplation the day's work while
pedalling through Sanssouci. We rent a double apartment in Reuterstraße
so that Susan can use one bedroom as her studio. One day I got more
than my fill of exercise and contemplation when I returned to find that
a housekeeper who was not aware of this arrangement had locked the
individual bedroom doors. Until then I thought I had been clever to
leave the cumbersome bedroom key in our bedroom cabinet. It took
another round trip to get a spare key from the porter in Golm.

The Institute is a modern version of Camelot for carrying out gravitational
research. Everything is supplied to carry out unfettered work: computers,
supplies, library and especially the inspiration and advice of a collection
of colleagues not to be rivaled anywhere in the world. I remember once
sitting along the bank of the Grand Canal and marveling at how the
cargo and passengers on the passing boats supplied a sense of the entire
Chinese nation. In a similar way, the stream of visitors through the
Institute reflects the activity of the international community of relativists.
This atmosphere is not wasted, as evidenced by the productive research
described (elsewhere) in this annual report.

You never feel neglected when you arrive at the Institute in the morning.
If you miss a cheery welcome from Frau Pappa you will surely be
compensated by the deluge of email from "new friends" when you log
on to your computer. The honour of being on the Institute's emailing
lists attracts more well-wishers than you might want to imagine. If it
is Monday, and you are visiting the geometric analysis and gravitation
group, the week begins in Gerhard Huisken's office enjoying coffee
and refreshments served up by Frau Lampe, in preparation for the 10:30
seminar. On most other days, the morning is undisturbed time to get
lost in research.
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Eventually my appetite, or that of my nearby colleagues Bernd Schmidt
and Helmut Friedrich, interrupts this reverie and a roundup of
reinforcements marches into the Institute Canteen. This cafeteria offers
one taste of home rarely found in European restaurants - healthy and
free local tap water. Since water is more critical to survival than food,
what more need be said?

The informal gatherings at lunch or afterward over coffee provide a
good opportunity to make new acquaintances and find out what people
are doing. There are even more informal self-organizing occasions that
you should ask about, like the Thursday night pub sessions somewhere
along the train route from Golm to Griebnitzee, the Friday happy hour,
the Saturday night at the Kino and the annual ski trip. The ultimate in
informality is the Fasching party, where the accompanying photo shows
us over-indulging as colliding black holes.

I have had a highly satisfying professional experience at the Institute.
My work on simulating black holes and gravitational waves lies at the
interface of the mathematical relativity and astrophysical relativity
groups. It has given me the opportunity to interact with a broad group,
with expertise ranging from mathematical foundations to the new
phenomenology being developed to usher in the age of gravitational
wave astronomy. Visitors to the Institute soon learn that there is so
much going on that it would be self-defeating to attend every lecture
and participate in every workshop. But there is never any over-saturation
of intellectual stimulation and the spirit of creative struggle.

IT'S CAMELOT!

Jeffrey Winicour
University of Pittsburgh

Two black holes and
”the machine that goes 'Ping'”
at the Fasching Party.



Gerhard Huisken among the winners of
the Leibniz Award 2003.
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Leibniz Prize for Gerhard Huisken
Gerhard Huisken was awarded a Leibniz Prize in February 2003. The
Gottfried Wilhelm Leibniz Prize is the highest honour awarded in Ger-
man research. The Leibniz Programme of the Deutsche Forschungs-
gemeinschaft (DFG) aims to improve the working conditions of outstan-
ding scientists and academics, expand their research opportunities,
relieve them of administrative tasks, and help them employ particularly
qualified young researchers.

Huisken has received the award for the discovery and development of
new mathematical models describing the motion and deformation of
surfaces and higher dimensional geometric spaces. Such deformations
have applications in the description of evolving interfaces in mathematical
physics and in the investigation of curved spacetimes in Einsteins
General Theory of Relativity.

The award for Gerhard Huisken is valued at _1.55 m over the next five
years.

Martin Bojowald wins Gravity Research Foundation Award
The “First Award of the Gravity Research Foundation Essay Competition,
2003” was awarded to Martin Bojowald in recognition of his essay on
"Initial Conditions for a Universe" (gr-qc/0305069). In recent years, a
new formulation of quantum cosmology has been developed which is
based on quantum geometry, a candidate for a theory of quantum gravity.
Here, the dynamical law and initial conditions turn out to be linked
intimately, in combination with a solution of the singularity problem.

Two Otto Hahn Medals for AEI PhD students in 2003
Graduate students Stefan Fredenhagen and Hanno Sahlmann won Otto
Hahn Medals in 2003. Since 1978 the Max Planck Society has annually
honoured young men and women for outstanding scientific achievement
(in their PhD theses) by awarding them this valuable medal. In addition
to a research stipend, the award confers entitlement to preference for
grants enabling recipients to research abroad for one year. The award
is presented during the General Meeting of Max Planck Society in the
following year.

Stefan Fredenhagen was awarded for the development of new methods
for the investigation of renormalization group fluxes in two-dimensional
quantum field theories. Hanno Sahlmann received the award for
important new insights in the connection between canonical quantum
gravitation and quantum field theory at curved background space times.

Stefan Fredenhagen

Hanno Sahlmann

Martin Bojowald



Annual Meeting of the Kuratorium, September 1, 2003
The Ministry for Education and Research (BMBF) officially announced
the ”Einstein Year 2005” in order to celebrate 100 years of Relativity.
At the annual meeting of the Institute’s Board of Trustees, Jürgen Renn
(director at the Max Planck Institute for the History of Science) presen-
ted the planned activities. One of the most popular events in 2005 will
be a big Einstein exhibition in Berlin, which is organized by the Max
Planck Institute for the History of Science. Besides participating in the
exhibition and other public events, the AEI organizes a scientific
conference on ”Geometry and Physics after 100 Years of Einstein’s
Relativity” as well as other activities.

The chairman of the AEI’s Fachbeirat, James Hartle, gave a report on
the Institute’s development in science. He discussed the problem of
brain drain that is virulent in theoretical physics: many gifted scientists
leave the AEI (and Germany) to take up appointments at universities
and research centres abroad.

An important point in managing director Bernard Schutz’ overview was
the Institute’s role in national and international projects. He described
the SFB transregio, the LIGO Scientific Collaboration, LISA and other
co-operations. In addition to these project-based collaborations more
than 150 scientists visit the AEI every year thanks to the Institute’s
generous visitor program.

Hermann Nicolai gave a talk about the International Max Planck
Research School (IMPRS) on Geometric Analysis, Gravitation and
String Theory, a joint project with the Free University of Berlin and
Potsdam University. IMPRS’  are, above all, meant to promote inter-
national collaboration and to significantly increase the interest amongst
foreign applicants for earning a Ph.D. degree in Germany.

New Rooms for the AEI Hannover
In 2002, the experimental part of the AEI has been established in
Hannover. Together with the Division of Spectroscopy of the Institute
for Atomic and Molecular Physics of the University of Hannover both
work under the name of Centre for Gravitational Physics. Part of the
deal with the University was the supply of rooms for the new Centre.
The state of Lower Saxony pays the costs of about 12.5 Mio. Euro for
the renovation of unoccupied University buildings opposite the Centre.
Work started in the Fall of 2002; completion is scheduled for September
2004.

The building opposite the AEI Hannover has been reconstructed
completely to contain labs with clean room conditions, a huge hall
suited for the installation of large facilities, and some offices. All the
rooms are supplied with modern experimental equipment. In December
2003 AEI members moved their experiments to the new rooms. Then
the reconstruction of the former AEI building (Callinstr. 38) started.
It will contain mainly offices, a lecture room, and student labs. Those
concerned had to move into alternate quarters (Am Kleinen Felde 30)
in the vicinity of the University main building and have to return after
the renovation.

Artist’s view of the new
Centre for Gravitational
Physics: a covered foot-
bridge links the office
building (on the left) and
the experimental part
(on the right), as seen
from the Callinstraße.
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DPG Meeting at Hannover
From March 24 to 28, 2003, the German Physical Society (DPG) held
her 67th Annual Meeting in Hannover. About 1200 scientists listened
to more than 600 talks. Karsten Danzmann presented the first results
of LIGO and GEO600, the interferometric gravitational wave detectors.
Many participants used the opportunity to visit GEO600 at Ruthe.

Workshop ”Apples with Apples” in Mexico City
A number of numerical relativity groups around the world have been
recognizing the need for a standardized way of comparing existing codes,
formulations of the Einstein equations and numerical methods. At a
first meeting in 2002 in Mexico City, first concrete ideas in this direction
have been formulated and a collaboration of numerical relativists has
formed to empirically study what works and what does not work in
numerical relativity with solid scientific methods - in other words to
compare apples with apples. A web site (www.appleswithapples.org),
results repository and mailing lists have been established to organize
this effort, and further contributors have been accumulated. After
presenting our methods in a first paper, a second workshop took place
in Mexico City in December 2003, funded by a bilateral DFG/CONACYT
travel grant. The format of this second workshop largely followed the
first one, with talks and discussion sessions accompanied by generously
scheduled ‘work sessions’ for collaboative work and informal discussion
in subgroups. This format has proven exceptionally successful and has
been enthusiastically acclaimed by most participants. The main purposes
of the second workshop was to discuss first results and prepare their
publication in a second paper, the discussion of tests for boundary
treatments in numerical relativity, and the organization of future activities.
AEI members and long-time guest Jeffrey Winicour played important
roles in all discussions. One organisational result was the creation of
an eight-people steering committee, which includes Denis Pollney,
Sascha Husa and Jeffrey Winicour. A plan was worked out to produce
a results paper, with Sascha Husa chosen as lead author, responsible
for completing the paper.

Workshop on Spectral Methods
At the first yearly SFB/TR7 meeting, October 9-10, 2003 in Tübingen,
"spectral methods" turned out as one of the buzzwords that appeared
in many talks. When the potential availability of funding for further
workshops in 2003 was announced, a bold team consisting of A.
Zenginoglu (AEI), J. Frauendiener and S. Husa (later joined by C.
Schneemann (AEI)) started to apply for support for a workshop on
"pseudospectral methods in numerical relativity", to take place at AEI
from October 27-29. Remarkably, this workshop, which consisted of
lectures and "practical hands-on coding sessions", and was prepared in
only three weeks, worked out well for participants and organisers. This
was possible only through the heroic efforts of A. Zenginoglu, C.
Schneemann and J. Ventrella (LSU), who developed the hands-on
exercises and also because a number of experts were already present
at AEI, as guests, students or postdocs in various groups, e.g. Joachim
Frieben, Reinhard Prix and Otto Kreiss.

Participants of the DPG meeting took the
opportunity to take a look at GEO600.
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Meeting on "Relativistic Elasticity"
On 09./10. October 2003 a small workshop on "Relativistic Elasticity"
was organized by R. Beig and B. Schmidt. Its main goal was to introduce
mathematicians working in classical elasticity to relativistic elasticity
and on the other hand, for the relativists, to learn about the methods
used in classical theory. The following talks were given: Relativistic
Elasticity - an Introduction (J. Ehlers, AEI), The Regularity of Minimizers
in Elasticity (J. Ball, Oxford), Selfgravitating Static Elastic Bodies (B.
Schmidt, AEI), How Large can a Mountain on a Neutron Star be? (C.
Cutler, AEI), Perfectly Pinned Neutron Superfluid in Elastic Solid Star
Crust (B. Carter, Paris), The Incompressible Limit in Non-relativistic
Elastodynamics (T. Sideris, Santa Barbara), Local Evolution for Relati-
vistic Elasticity (R. Beig, Vienna), Rigidity Estimates in Elasticity and
for nearly Umbilical Surfaces (S. Müller, Leipzig), Post-Newtonian
Theory of Astronomical Elastic Deformable Bodies (M. Soffel, Dresden).
The meeting was well appreciated by the participants as many interesting
discussions showed.

Vacation Course, 3.-14. March 2003
The two weeks vacation course on "Gravitational Physics", which the
AEI started in 1999 together with the University of Potsdam has become
a regular activity of the Institute. It is meant for students who have
done their "Vordiplom” and took place in the lecture hall of the Max
Planck campus in Golm. In 2003 the first course was held about
"Introduction into General Relativity" (Jürgen Ehlers, Bernd Schmidt).
The second course led by Thomas Thiemann - was entitled "Introduction
into canonical quantization of General Relativity".

For the first time 70 students (26 from Berlin-Potsdam, 49 from all
over Germany) took part in the vacation course. Once more the AEI
could provide some financial support. The courses were again greatly
appreciated such that continuation is planned.

Jordan Symposium
On the initiative of Jürgen Ehlers, the Akademie der Wissenschaften
und der Literatur (Mainz), the AEI and the Max Planck Institute for
the History of Science (Berlin) organized an international symposium
in memory of Pascual Jordan. The symposium was held during October
29 to 31, 2003 at the Mainz academy.

Pascual Jordan (1902-1980) was one of the founders of quantum
mechanics. In collaboration with Max Born and Werner Heisenberg
he formulated in 1925 the basic laws of matrix mechanics. In 1927
Jordan created, at about the same time as Dirac, the transformation
theory, a common framework for matrix mechanics, wave mechanics
and other versions of quantum mechanics. This work prepared the way
towards the comprehensive Hilbert space formulation. In the following
years he was one of the leading figures in developing the early versions
of quantum field theory. After world war II, Jordan founded a seminar
on general relativity at the university of Hamburg, which became a
center for GR in Germany. Jordan’s activities during the Nazi era, but
also his political engagement in the mid fifties in the German Federal
Republic made him a controversial public figure. (See also Ehlers’ essay
on Jordan in the annual report of the AEI for 2002.)

During the symposium some of Jordan’s major scientific contributions,
his interaction with colleagues and students, his role as a communicator
of science and his political activities have been reviewed and, sometimes,
heatedly discussed.
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Campus Info Day
On May 6, 2003, the AEI organized a Campus Info Day on behalf of
all the scientific institutes on the Golm campus. These include two
other Max Planck Institutes (for Colloids and Interfaces, and for
Molecular Plant Physiology), and the Fraunhofer Institute for Applied
Polymer Research.

The idea was to increase communication among the staff of the different
institutes, who normally see one another only in the canteen. There are
many areas of overlapping interests, particularly in chemistry and
computing, and the Info Day was an opportunity for staff to get to know
what related work was going on elsewhere on the campus. Each institute
had about 45 minutes to present a survey of its interests and expertise,
and the formal presentations were then followed by a social event with
snacks, beer, and wine. It is hoped that the event will be repeated
periodically so that we can keep track of changing research directions.

Open Day at the Max Planck Campus on August 30, 2003
On a sunny Saturday in August, the three Max Planck Institutes and
the Fraunhofer Institute for Applied Polymer Research held the Open
Day at the campus in Golm. This event took place for the third time
and can be called tradition meanwhile.

The Minister for Science, Research and Culture of Brandenburg, Prof.
Johanna Wanka gave an address in the central building of the campus.
She visited the institutes and met young visitors in a special children’s
area. Here the children discovered physics, mathematics, chemistry
and biology in a playful way.

The institutes provided lots of experiments and games explaining science.
Some children puzzled about geometrical forms and the secret of
gravitation for a long time. The AEI placed emphasis on the understanding
of geometry providing games like the Tower of Hanoi, Devil’s Knot or
Lucifer’s Friend. As in 2002 the children area was one of the most
frequented places. Besides this program especially organized for young
people, the AEI presented an insight into the theory of relativity, the
world of gravitational waves and the research on black holes. The
program ranged from talks about the basics on Einstein’s theory to
supercomputer simulations and a virtual tour showing the gravitational
wave detector GEO600 via video conference.

Prominent politicians and young scientists
at the Open Day.
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Living Reviews BackOffice
... spreading the Living Reviews concept to other areas of research

‘Living Reviews’ is a unique editorial concept for the publication of high
quality scientific content. 'Living' review articles are (a) as the name
suggests, review articles, providing insightful surveys on research progress
in the fields they cover and guiding readers to the most important
literature in the field (b) solicited from experts in the field by an
international editorial board and subject to peer review and (c) most
important, 'living' which means that the articles are regularly updated
by their authors to incorporate the latest developments in the field.
This concept has been introduced first with the electronic journal Living
Reviews in Relativity, which is being published by the AEI since 1998.
To transfer the Living Reviews concept to other areas of research, the
Living Reviews BackOffice, a joint project between the AEI and the
Heinz Nixdorf Center for Information Management in the Max Planck
Society (ZIM), has been founded. 2003 has been a very successful year
for the BackOffice, as the first Living Reviews sister journal in the MPG
could be established, important software development work has been
completed, and last but not least the successful publication of Living
Reviews in Relativity has been continued. In the following individual
areas of the BackOffice activities are being reviewed:

Living Reviews in Relativity
... highly valued information resource for the relativity community
Seven new review articles have been published in 2003, including three
updates. 15 new authors have accepted the invitation to write and
maintain a 'living' review article. Overall, 60 new articles are now in
preparation. At a glance, the journal's position in the field can be
impressively verified by the following numbers (Status Sep 2003): The
total number of article downloads grew to about 30.000 with an increase
of 48% in 11 months. In the same time the number of articles and
preprints citing reviews published in LRR increased by 60% to 920.
More than 700 readers are subscribed to the journal's mailing list which
announces the publication of new articles.

The annual LRR editorial board meeting was held on 19 September at
the AEI, with board members Bernard Schutz, Bobby Beig, Bala Iyer,
Joachim Wambsganss, Cliff Will and the Living Reviews staff attending.

Image from a 'living' review
on "Gravitational Waves from

Gravitational Collapse" by K. New
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Living Reviews in Solar Physics
... first Living Reviews sister journal in the MPG
The most important result of our work in 2003 was undoubtedly the
founding of Living Reviews in Solar Physics. An editorial board of
internationally renowned experts in the field has been recruited by
editor-in-chief Sami Solanki, which met for the constituting editorial
board meeting of the new journal on 14 March 2003 in the Max Planck
Institute for Aeronomy, Katlenburg-Lindau. Meanwhile about 50 article
topics are in preparation. The web site for the new journal has been
established. The former base url of Living Reviews in Relativity () is
now the Living Reviews portal site, with the individual journals available
at  and  respectively.

Software development
... making Living Reviews publishing tools available to the public
Living Reviews offers an advanced web presentation for its articles.
The overhaul and generalization of the publishing software was an
important part of the BackOffice work in 2003. Since November 2003
the new software (ePublishing Toolkit / ePubTk) is in production for
Living Reviews in Relativity.
Besides streamlining and optimizing the internal article processing work
flow, also many new features for the online version of articles have been
introduced with the new software, such as automatic tracking of
amendments, support of special types of footnotes, indexes for figures
and movies and so on. ePubTk processes articles written in LaTeX with
bibliographies prepared in BibTeX. Many hooks are provided for
configuration using technologies like XML/XSLT, TeX or Python, in
order to achieve different functionalities and layout for the various
presentation formats (HTML, PDF, PS). ePubTK 1.0 is available under
the GNU public license.

MoWGLI
... cutting edge research on semantic markup of scientific articles
As Living Reviews contribution to the EU-funded MoWGLI project
(Mathematics on the Web – Get it by Logic and Interface), Dr. Romeo
Anghelache developed the authoring tool Hermes, which converts
LaTeX sources to XML. Hermes (current version 0.8.3) is prepared to
handle arbitrary TeX and LaTeX mathematical expressions in LaTeX
written documents. It outputs a mixture of presentation and content
MathML, depending on the macros used in the source document.
Hermes complements the LaTeX system: it helps the authors to enrich
the semantics of their work, preserving the rendering quality. Its main
purpose is to assist the authors of scientific articles in making their
work available to the public, on the Internet. A complete volume of
Zentralblatt Mathematik has already been converted to XML using this
tool, also the test conversion of Living Reviews in Relativity articles has
been very successful. Hermes is acknowledged by the W3C and is
available under the GNU public license.

... more highlights
In 2003 Living Reviews has been submitted to the annual scholarly
publishing award granted by the Association of Learned and Professional
Society Publishers. It has been shortlisted in the category of ”Publishing
Innovation”, together with strong competitors like Nature's Signaling
Gateway. The Living Reviews BackOffice was present at the Berlin
Open Access Conference (Berlin, 22-24 Oct 2003), with both an
information display and a talk held by Bernard Schutz – attracting a lot
of attention on this important conference.

Christina Weyher

Resources:

Living Reviews:
http://www.livingreviews.org

Living Reviews BackOffice:
http://www.zim.mpg.de/projects/livrevbo/index.html

ePublishing Toolkit:
http://www.zim.mpg.de/projects/toolkit/index.html

Hermes:
http://relativity.livingreviews.org/Info/AboutLR/mowgli.html
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Academic Achievements

Doctoral Thesis
Simone Calogero finished his doctoral thesis on “Models for isolated
systems of collisionless matter” supervised by Dr. habil. Alan Rendall.
He was awarded his PhD from the Università degli studi di Milano, Italy.

Doctoral Thesis
Thomas Dramlitsch completed his doctoral thesis on “Distributed
computations in a dynamic, heterogeneous Grid environment” supervised
by Prof. Ed Seidel. He was awarded his PhD from the Universität Potsdam.

Doctoral Thesis
Thomas Fischbacher was awarded his PhD from the Humboldt-Universität
Berlin. He wrote his doctoral thesis on “Mapping the vacuum structure of
gauged maximal supergravities - an application of high-performance symbolic
algebra” supervised by Prof. Hermann Nicolai.

Doctoral Thesis
Andreas Freise was awarded his PhD from the Universität Hannover.
He wrote his doctoral thesis on ”The next generation of interferometry:
Multi frequency modelling, control concepts and implementation” under
the supervision of Dr. Benno Willke.

Doctoral Thesis
Hartmut Grote was awarded his PhD from the Universität Hannover.
He wrote his doctoral thesis on ”Making it Work: Second Generation
Interferometry in GEO600!” under the supervision of Dr. Harald Lück
and Dr. Benno Willke.

Doctoral Thesis
Gerd Lanfermann completed his doctoral thesis on “Nomadic Migration:
a service environment for autonomic computing on the Grid” supervised
by Prof. Ed Seidel. He was awarded his PhD from the Universität Potsdam.

Doctoral Thesis
Ari Pankiewicz finished his PhD thesis on ”Strings on planes wave
backgrounds” supervised by Prof. Stefan Theisen. He was awarded his
PhD from the Humboldt-Universität Berlin.

Doctoral Thesis
Markus Pössel was awarded his PhD from the Universität Hamburg.
His doctoral thesis on “Hidden symmetries in five-dimensional supergravity”
was supervised by Prof. Hermann Nicolai.
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Doctoral Thesis
Thomas Quella completed his PhD thesis on “Asymmetrically gauged
coset theories and symmetry breaking D-branes - New boundary conditions
in conformal field theory” at Humboldt-Universität Berlin. His thesis was
supervised by Prof. Hermann Nicolai.

Doctoral Thesis
Volker Marcel Quetschke was awarded his PhD from the Universität
Hannover. He wrote his doctoral thesis on ”Korrelationen von Rauschquellen
bei Nd:YAG Lasersystemen” under the supervision of Dr. Benno Willke.

Diploma Thesis
Johannes Brunnemann has completed his diploma in physics at the
Humboldt-Universität Berlin. The thesis was written at the AEI under
the supervision of Dr. habil. Thomas Thiemann on ”Spectral Analysis
of the Volume Operator in Canonical Quantum General Relativity”.

Diploma Thesis
Stefan Hild graduated in physics from the Universität Hannover. He wrote
his diploma thesis under the supervision of Dr. Harald Lück and Dr. Andreas
Freise on ”Thermisch durchstimmbares Signal-Recycling für den Gravitations-
wellendetektor GEO600”.

Diploma Thesis
Bernd Reimann wrote his diploma thesis at the AEI under the supervision
of Prof. Ed Seidel on ”Maximal Slicing of Schwarzschild”. He completed
his diploma in physics at the Universität Potsdam.

Diploma Thesis
Matthias Rudolf graduated in physics from the Universität Hannover.
He wrote his diploma thesis under the supervision of Dr. Rolf-Hermann
Rinkleff on ”Gitterunterstützter Diodenlaser mit externem Resonator”.

Diploma Thesis
Rafal Swiderski wrote his diploma thesis at the AEI under the supervision
of Prof. Gerhard Huisken on ”Inverser mittlerer Krümmungsfluss und
das Yamabe-Problem in der konformen Geometrie”. He graduated in
mathematics from the Universität Tübingen.

Diploma Thesis
Vinzenz Wand graduated in physics from the Universität Hannover.
He wrote his diploma thesis under the supervision of Dr. Gerhard Heinzel
and Dipl.-Phys. Sascha Skorupka on ”Heterodyninterferometrie und
Phasenauslesung für die wissenschaftliche Weltraummission SMART-2”.



The Fachbeirat

The Fachbeirat is the Institute’s scientific advisory and assessment Board, made up of
internationally renowned physicists. The Fachbeirat advises the President of the Max Planck
Society (MPG) on how effectively the Directors are managing the work of the Institute.
Their advice helps the Directors to establish priorities and improve their management. The
Fachbeirat is the main tool used by the MPG to evaluate its research institutes to ensure
appropriate and effective development of funds. Every two years the members of the Fachbeirat
meet for several days to evaluate the Institute and to prepare a report to the President of the
MPG.

Current members of the Fachbeirat are:

Prof. Dr. Constantin Bachas
Laboratoire de Physique Théorique de l'Ecole Normale Supérieure, Paris

Prof. Dr. Robert Beig
Institut für Theoretische Physik, Universität Wien

Prof. Dr. Gary Gibbons
Department of Applied Mathematics and Theoretical Physics, Cambridge University

Prof. Dr. Hubert Goenner
Institut für Theoretische Physik, Georg-August-Universität Göttingen

Prof. Dr. James Hartle (Chairman)
Physics Department, University of California at Santa Barbara

Prof. Dr. Wolfgang Hillebrandt
Max-Planck-Institut für Astrophysik, Garching

Prof. Dr. James Hough
Department of Physics and Astronomy, University of Glasgow

Prof. Dr. Richard Matzner
Center for Relativity Theory, University of Texas at Austin

Prof. Dr. Roger Penrose
Mathematical Institute, University of Oxford/UK

Prof. Dr. Richard M. Schoen
Department of Mathematics, Stanford University

Prof. Dr. Gerard ‘t Hooft
Institute for Theoretical Physics, Universiteit Utrecht

Prof. Dr. Kip Thorne
LIGO 130-33, California Institute of Technology, Pasadena

Prof. Dr. Stefano Vitale
Department of Physics, University of Trento

Prof. Dr. Robert Wald
Enrico Fermi Institute, University of Chicago
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The Board of Trustees

The Board of Trustees is primarily intended to inspire confidence and create good relations
between the Institute and the public. After all, a scientific organisation is dependent on the
public interest in the opportunities offered by research and even on the public's willingness
to bear the burden of research.

Members of our Board of Trustees are representatives of politics, the media, business and
of science and research:

Prof. Dr. Dr. h.c. Peter J. Deuflhard (Chairman)
Konrad-Zuse-Zentrum für Informationstechnik Berlin (ZIB)
President

Prof. Dr. Dr. h.c. Rolf Emmermann
GeoForschungsZentrum Potsdam
Spokesman of the Board

Beatrice Fromm
Berlin-Brandenburg Academy of Sciences and Humanities
Secretary General

Ulrich Kasparick
Member of the Deutsche Bundestag, SPD
Committee for Research and Development

Marcus Krause
Mayor of the Community of Golm

Prof. Dr. Wolfgang Loschelder
University of Potsdam
Rector

Prof. Dr. Klaus G. Strassmeier
Astrophysical Institute Potsdam
Spokesman of the Board

Dr. Friedrich-Carl Wachs
Premiere Fernsehen GmbH & Co. KG, Unterföhring
Head of Strategy & Business Development (Member of the Board)

Prof. Dr. Johanna Wanka
Brandenburg Minister of Science, Research and Culture

Prof. Dr. Dieter Wiedemann
Film and Television Academy "Konrad Wolf", Potsdam
President

Ranga Yogeshwar (Vice-Chairman)
Westdeutscher Rundfunk Köln
Head of the Science Division



Scientists and Support Staff at the AEI

Directors

Prof. Dr. Karsten Danzmann Laserinterferometry and Gravitational Wave Astronomy
Prof. Dr. Gerhard Huisken Geometric Analysis and Gravitation
Prof. Dr. Hermann Nicolai Quantum Gravity and Unified Theories
Prof. Dr. Bernard F. Schutz Astrophysical Relativity

Director Emeritus

Prof. Dr. Jürgen Ehlers Classical and Mathematical Relativity

Scientists

Dr. Gabrielle Allen (Golm)
Dr. Gleb Arutjunov (Golm)
Dr. Peter Aufmuth (Hannover)
Dr. Martin Bojowald (Golm)
Dr. Curt Cutler (Golm)
Prof. Dr. Helmut Friedrich (Golm)
Dr. Gerhard Heinzel (Hannover)
Dr. Sascha Husa (Golm)
Dr. Kirill Krasnov (Golm)
Dr. Christiane Lechner (Golm)
Dr. Harald Lück (Hannover)
Dr. Kasem Mossavi (Hannover)
Dr. Maria-A. Papa (Golm)
Dr. Jan Plefka (Golm)
Dr. Denis Pollney (Golm)
Dr. Alan Rendall (Golm)
Dr. Hans Ringström (Golm)
Dr. Rolf-H. Rinkleff (Hannover)
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Living Reviews in Relativity, Living Reviews in Relativity 6 (2003),
http://www.livingreviews.org

First upper limits from LIGO on gravitational wave bursts.
Classical and Quantum Gravity (accepted).
E-print-Archive: gr-qc/0312056
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Proceedings 28th International Cosmic Ray Conference, (Eds.) Kajita,
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Universal features of holographic anomalies.
Journal of High Energy Physics 10 (2003) 001.

Search methods for continuous gravitational wave signals applied to
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The Search for Gravitational Waves. Status and Perspectives / 10 June
2003 / 4th International Conference on Physics Beyond the Standard
Model, Tegernsee (Germany)

Two-dimensional models in loop quantum gravity / 23 September 2003
/ Workshop on Gravity in Two Dimensions, ESI Vienna (Austria)

Classical solutions for Poisson Sigma Models on a Riemann surface /
9 October 2003 / Workshop on Gravity in Two Dimensions, ESI Vienna
(Austria)

Loop quantum cosmology / 30 October 2003 / Symposium
”Strings meet Loops”, AEI, Golm (Germany)

Gravitational Waves from Neutron Stars with Large Toroidal B-fields
/ 17 March 2003 / 67. Physikertagung der DPG, Hannover (Germany)

Gravitational Waves from Neutron Stars / 5 April 2003 /
American Physical Society April meeting, Philadelphia (USA)
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9 October 2003 / Workshop on Elasticity, AEI, Golm (Germany)

Initial data for black hole collisions / 11 February 2003 /
Mathematical Aspects of General Relativity,
Mathematisches Forschungsinstitut Oberwolfach (Germany)

Trapped surfaces as boundaries for the constraint equations /
7 July 2003 / Workshop on Penrose Inequalities, The Erwin Schrödinger
Institute for Mathematical Physics, Vienna (Austria)

Trapped surfaces as boundaries for the constraint equations / 7 August
2003 / Numeric and analytic properties of the vacuum Einstein equations,
Tübingen (Germany)

Trapped surfaces as boundaries for the constraint equations / 13 August
2003 / Seventh Hungarian Relativity Workshop, Sárospatak (Hungary)

The LISA Mission / 14 February 2003 / IoP Discussion Meeting
on Gravitational-Wave Astronomy, London (UK)

Gravitationswellenastronomie: Die ersten großen Detektoren gehen
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GEO and VIRGO Joint Research and Development in EGO /
5 June 2003 / VIRGO Council Meeting, Pisa (Italy)

Optical Technology Development in Europe / 25 June 2003 /
SE7 Meeting at Goddard Spaceflight Centre, Washington (USA)

LISA, a space based interferometer / 7 July 2003 /
5th Eduardo Amaldi Conference on Gravitational Waves, Pisa (Italy)

Status of GEO600 /19 August 2003 / LSC Meeting, Hannover (Germany)

Gravitationswellenastronomie / 18 September 2003 /
Astroteilchen-Workshop, Karlsruhe (Germany)

Space Detection of Gravitational Waves / 6 October 2003 / 8th

Astroparticle, Particles, Space Physics, Detectors and Medical Physics
Applications, Como (Italy)

LISA and LISA-Pathfinder, an Observatory for Low Frequency
Gravitational Waves / 7 October 2003 / ESTEC Future Missions
Jamboree, Nordwijk (The Netherlands)

The European Advanced Gravitational Wave Detector Network /
25 November 2003 / APPEC Meeting, München (Germany)

Asymptotically Simple Spacetimes / 18 June 2003 /
First Joint Meeting RSME-AMS, Sevilla (Spain)

Conformal Einstein Evolution / 25 June 2003 / Program on:
Nonlinear Hyperbolic Waves in Phase Dynamics and Astrophysics,
Isaac Newton Institute, Cambridge (U.K.)
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the Einstein equations, Tübingen (Germany)

Smoothness at null infinity and structure of initial data /
1 September 2003 / International Banach Center Warsaw (Poland)

Smoothness at null infinity and structure of initial data / 26 September
2003 / Workshop on the Cauchy problem for the Einstein equations,
CRM, Université de Montreal (Canada)

Status of GEO burst analysis efforts / 18 December 2003 / 8th Annual
Gravitational Wave Data Analysis Workshop, Milwaukee (USA)

Surgery for mean curvature flow / 12 May 2003 / Conference on
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Surgery for geometric evolution equations / 14 June 2003 / Annual
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Surgery for geometric evolution equations / 19 June 2003 / Conference
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Quantum field theory of the electromagnetic vector potential on curved
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Physical Aspects of Quantum Field Theories, Heinrich-Fabri-Institut,
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Black Hole Entropy in 2+1 dimensions / 27 May 2003 / Black Holes
IV, Honey Harbour (Canada)

Aspects of Negative Cosmological Constant gravity in 2+1 dimensions
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Isolated and Dynamical Horizons and Their Applications / 10 June 2003
/ Gravitation: A decennial perspective, Pennsylvania State University (USA)
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laws / 8 April 2003 / APS April meeting, Philadelphia (USA)

E10 and E11 and low levels: searching for a fundamental symmetry /
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Chern-Simons vs. Yang-Mills gaugings of 3d supergravities / 10 April
2003 / Workshop on New Developments in Gauge and String Theories,
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Cosmological Billiards / 29 July 2003 / Workshop on Cosmological
Perturbations on the Brane”, D.A.M.T.P., Cambridge (U.K.)

Gauged supergravities in three dimensions: a panoramic overview /
24 August 2003 / Conference on Symmetries and Mysteries of
M-Theory, Göteborg (Sweden)

The hyperbolic Kac Moody algebra E10 at low levels: searching for a
fundamental symmetry of physics / 18 October 2003 / Colloquium in
memoriam Peter Slodowy, Mathematisches Seminar, Universität
Hamburg (Germany)

The elusive theory of quantum gravity: loops vs. strings / 29 November
2003 / Triangle Seminar on Particle Physics, Vienna (Austria)

The Ramond-Ramond sector of string theory beyond leading order /
28 August 2003 / 36th Ahrenshoop Symposium on the Theory of
Elementary Particles, Akademie Berlin-Schmöckwitz (Germany)

Supergravity description of string diagrammatics / 29 October 2003 /
Symposium ”Strings meet Loops”, AEI, Golm (Germany)

The Plane Wave String/Gauge Theory Duality / 25 March 2003 /
67. Physikertagung der DPG, Hannover (Germany)

Plane-wave matrix theory from N=4 Super Yang-Mills on RxS**3 / 25
June 2003 / Amsterdam Workshop on Strings and Quantum Gravity,
University of Amsterdam (The Netherlands)
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Plane-wave matrix theory from N=4 Super Yang-Mills RxS**3 /
16 July 2003 / Workshop Strings in the Phyrenees, Benasque (Spain)

The Plane-Wave String/Gauge Theory Duality / 29 August 2003 / 36th
Ahrenshoop Symposium on the Theory of Elementary Particles, Akademie
Berlin-Schmöckwitz (Germany)

The Plane Wave String/Gauge Theory Duality / 25 September 2003 /
Desy Theory Workshop 2003, Hamburg (Germany)

Perspectives on M-Theory / 31 October 2003 / Symposium
”Strings meet Loops”, AEI, Golm (Germany)

N=4 Super Yang-Mills and Strings on Plane Waves / 28 February 2003 /
4th Jena Workshop on Gauge Fields and Strings, Jena (Germany)

Late-time asymptotics of expanding cosmological models / 23 June
2003 / Isaac Newton Institute, Cambridge (U.K.)

Simplification of the Einstein equations due to a cosmological constant
/ 17 September 2003 / Jahrestagung der Deutschen Mathematiker-
Vereinigung, Rostock (Germany)

On the asymptotics of Gowdy / 11 February 2003 / Mathematical
Aspects of General Relativity, Mathematisches Forschungsinstitut
Oberwolfach, Oberwolfach (Germany)

On a wave map equation arising in general relativity / 18 June 2003 /
First Joint Meeting RSME-AMS, Sevilla (Spain)

On a wave map equation arising in general relativity / 29 July 2003 /
XIV International Congress on Mathematical Physics, University of
Lisbon (Portugal)

Laser Interferometer GW Detectors - A dwarf and a giant
(GEO 600 and LISA) / 26 September 2003 / Thinking, Observing
and Mining the Universe, Sorrento (Italy)

Squeezed Light Enhanced Michelson Interferometer / 5 February 2003
/ The 2003 Aspen Winter Conference on Gravitational Waves and their
Detection, Aspen Center for Physics (USA)

Manipulating the Quantum Noise: Squeezing Entanglement and
Teleportation / 6 February 2003 / The 2003 Aspen Winter Conference
on Gravitational Waves and their Detection, Aspen Center for Physics
(USA)

Catching flies and journalists with Richard Price / 1 March 2003 /
The PriceFest, University of Utah (USA)

Sources of gravitational waves: an overview / 23 April 2003 / Astrogravs
Meeting: The Astrophysics of Gravitational Wave Sources Workshop,
The Inn and Conference Center Adelphi, Maryland (USA)

Gravitational wave detection and radio astronomy / 23 March 2003 /
Dutch Astronomy Conference, Niemegen (The Netherlands)

Confronting theory with gravitational wave observations / 10 June 2003 /
Penn State Decennial Relativity Meeting, Center for Gravitational
Physics and Geometry, Pennsylvania State University, Philadelphia
(USA)

Gravitational waves: sources and physics / 7 July 2003 / 5th Amaldi
Meeting, Pisa (Italy)

The gravitational wave: sources and backgrounds / 16 July 2003 /
The International Astronomical Union General Assembly XXV, Sydney
(Australia)

The future role of prestigious print journals / 20 October 2003 /
Open Access Conference Berlin (Germany)

Living Reviews: innovative electronic publishing for the sciences /
21 October 2003 / Open Access Conference Berlin (Germany)

Enabling Science and Engineering Applications on the Grid / 13 February
2003 / Ohio Supercomputer Center, Ohio State University (USA)
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Solving Einsteins Equations: Colliding Black Holes, Neutron Stars, and
More / 14 February 2003 / Ohio Supercomputer Center, Ohio State
University (USA)

Plane wave strings, integrable spin chains, and N=4 gauge theory /
12 April 2003 / European Superstring Network Meeting, Siena (Italy)

Integrable Super Spin Chains and Rotating Superstrings / 17 September
2003 / Baku International Conference on Gauge Fields and Strings,
Baku (Azerbaijan)

Integrable Super Spin Chains and Rotating Superstrings / 15 December
2003 / Università Autonoma, Madrid (Spain)

Harmonics on Compactified Homogeneous Manifolds and their
Applications in General Relativity / 20 December 2003 / 5th Workshop
on Singularity and Spacetime and Related Physics, Keio University,
Yokohama (Japan)

Status of GEO600 / 7 July 2003 / 5th Eduardo Amaldi Conference
on Gravitational Waves, Pisa (Italy)

An der Schwelle zur Gravitationswellen-Astronomie / 7 January 2003
/ Großes Physikalisches Kolloquium, Universität zu Köln (Germany)

Astronomie mit Gravitationswellen / 23 January 2003 / Physikalisches
Kolloquium, Universität Siegen (Germany)

Detection of Gravitational Waves with GEO600 / 29 January 2003 /
Seminar über Teilchen- und Astrophysik, Universität Zürich (Switzerland)

Gravitationsforschung in Hannover / 17 March 2003 / Deutsche
Management Akademie, Hannover (Germany)

GEO600 – Nachweis von Gravitationswellen / 26 June 2003 /
Heinrich-Heine-Universität, Düsseldorf (Germany)

Physik für Studierende des Maschinenbaus /
Wintersemester 2002/03 / Universität Hannover (Germany)

Laserinterferometrie und Gravitationswellendetektoren /
Sommersemester 2003 / Universität Hannover (Germany)

Physik für Studierende des Maschinenbaus / Wintersemester 2003/04
/ Universität Hannover (Germany)

Gravitationswellen-Astronomie: Die dunkle Seite unseres Universums
/ 23 January 2003 / Physikalisches Kolloquium, Gesamthochschule
Kassel (Germany)

LISA and SMART-2 Technology / 27 January 2003 / ESTEC, Nordwijk
(The Netherlands)

Laserinterferometric Gravitational Wave Detectors on the Ground and
in Space / 26 February 2003 / Colloquium, Lund Laser Centre, Lund
(Sweden)

Quantenrauschbegrenzte Laserfelder und Interferometrie / 8 March
2003 / SFB 407 Review, Universität Hannover (Germany)

Interferometry for LISA / 27 March 2003 / NASA Technology Readyness
and Implementation Plan Review at JPL, Pasadena (USA)

Gravitational Wave Astronomy - The first large detectors are going into
operation / 29 April 2003 / Kolloquium, Max-Planck-Institut für Physik
(Werner-Heisenberg-Institut), München (Germany)

Gravitational Wave Astronomy - The first large detectors are going
into operation / 7 May 2003 / Kolloquium, DESY Zeuthen (Germany)

Physik in Hannover / 8 May 2003 / Fachbereichspräsentation,
Universität Hannover (Germany)

LISA and SMART-2: Technology and Future / 9 May 2003 / DLR
Programmausschuß-Sitzung, Bonn (Germany)
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LISA Technology / 15 May 2003 / LTP Architect Meeting, Trento (Italy)

Technology Development for LISA and SMART-2 / 16 May 2003 /
ESTEC Technology Review, Nordwijk (The Netherlands)

Gravitationswellen / 22 May 2003 / Physikalisches Kolloquium,
Universität Marburg (Germany)

Gravitational wave astronomy: detectors on the ground and in deep
space / 26 May 2003 / Colloquium, Università Napoli, Neapel (Italy)

Forschung am Max-Planck-Institut für Gravitationsphysik / 14 July
2003 / Max-Planck-Gesellschaft Generalverwaltung, München
(Germany)

Gravitationswellenastronomie: Die ersten großen Detektoren gehen in
Betrieb / 20 October 2003 / Kolloquium, Universität Bielefeld (Germany)

Gravitational Wave Astronomy: The Dark Side of the Universe / GSI
Kolloquium, Darmstadt (Germany)

LISA and LISA-Pathfinder / 28 November 2003 / ESTEC, Nordwijk
(The Netherlands)

Einführung in der Allgemeine Relativitätstheorie / 3 March 2003 /
AEI- Ferienkurs, Golm (Germany)

Monotone quantities, singularities and surgery for mean
curvature flow / 7 May 2003 / ETH Zürich (Switzerland)

Low level representations for indefinite Kac Moody algebras:
searching for the symmetries of M theory / 22 April 2003 /
Humboldt Universität Berlin (Germany)

N=4 Super Yang-Mills and Strings on Plane Waves / 7 January 2003 /
RTN Winter School on Strings, Supergravity and Gauge Theory,
Turin (Italy)

Introduction to the AdS/CFT correspondence / 23 January 2003 /
Graduiertenkolleg, Universität Heidelberg (Germany)

Allgemeine Relativitätstheorie / 15 April 2003 / Technische Universität
Berlin (Germany)

The seismic isolation chain of the Hannover thermal noise experiment /
15 December 2003 / Cascina (Italy)

Einführung in der Allgemeine Relativitätstheorie / 3 March 2003 /
AEI-Ferienkurs, Golm (Germany)

Non-Classical Light / Wintersemester 2003/04 / Universität Hannover
(Germany)

Introduction to gravitational waves / 19 May 2003 / Frascati Spring
School (Italy)

Physics and astrophysics of gravitational waves / 9 September 2003 /
WE-Heraeus Summer School, Grundlagen und neue Methoden der
theoretischen Physik, Seifhennersdorf (Germany)

Estimating the strength of gravitational waves / 13 September 2003 /
BritGrav 3, Ambleside (Great Britain)

Understanding Lense-Thirring and its relation to inflation /
14 September 2003 / BritGrav 3, Ambleside (Great Britain)

Physics and astrophysics of gravitational waves / 4 November 2003 /
Universität Hannover (Germany)

Plane Wave Strings, Integrable Spin chains and N=4 Gauge Theory /
18 June 2003 / V. International Workshop, Lie Theory and its Applications
in Physics, Varna (Bulgaria)

Matrix models and gauge theories / 20 January 2003 /
Bonn International Graduate School, Bonn (Germany)
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Nicolai, H.

Nicolai, H.

Pössel, M.

Schutz, B.F.

Skorupka, S.

Skorupka, S., Heurs, M.

Lectures on supersymmetric gauge theories and matrix models / 1 April
2003 / University of Western Australia, Perth (Australia)

Introduction to String Compactification / 7 July 2003 / 3rd Summer
School on Geometric and Topological Methods for Quantum Field
Theory, Villa de Leyva (Columbia)

Visionen von Raum & Zeit / 6 March 2003 /
Galerie K9 aktuelle Kunst, Hannover (Germany)

Horchposten ins All - der Gravitationswellendetektor GEO600 /
13 March 2003 / Naturwissenschaftlicher Verein Osnabrück (Germany)

Gravitationswellen: Theorie, Quellen, Nachweis / 21 May 2003 /
Hölty-Gymnasium, Wunstorf (Germany)

Allgemeine Relativitätstheorie und Gravitationswellen / 22 October
2003 / Herbstuniversität, Universität Hannover (Germany)

Das GEO600-Projekt / 27 November 2003 / Helene-Lange-Schule,
Hannover (Germany)

Relativitätstheorie & Co / 6 June 2003 / Emil-Krause-Gymnasium,
Hamburg (Germany)

Die dunkle Seite unseres Universums / 8 May 2003 /
Urania Berlin (Germany)

Was ist gute Forschung? / 21 June 2003 / Evangelische Akademie
Lokkum (Germany)

Physik ist Zukunft / 22 October 2003 / Herbstuniversität,
Universität Hannover (Germany)

Modelle in der Physik / 20 February 2003 /
Berlin-Brandenburgische Akademie der Wissenschaften (Germany)

Neue Erkenntnisse und offene Fragen der Kosmologie /
7 April 2003 / Urania Berlin (Germany)

Die Raumzeit ist tatsächlich krumm / 1 October 2003 /
Festvortrag anlässlich eines Schülerfestes, DESY, Hamburg (Germany)

Gravitationswellen / 6 November 2003 / Curie-Gymnasium,
Ludwigsfelde (Germany)

Supergravity, Group Theory and Symbolic Algebra / 6 May 2003 /
Campus Information Day, Max-Planck-Campus, Golm (Germany)

Einsteins krumme Touren / 4 June 2003 / Albrecht-Thaer-Gymnasium
Hamburg (Germany)

Einsteins krumme Touren / 5 June 2003 / Allee-Gymnasium
Hamburg (Germany)

Die vereinheitlichte Theorie - heiliger Gral oder Ende der Physik? /
24 April 2003 / Schloss Poppelsdorf, Bonn (Germany)

Die seltsame Welt der Quanten / 30 August 2003 /
Tag der offenen Türen, Max-Planck-Campus, Golm (Germany)

Trödelprinzip und krumme Touren: Einführung in die Relativitätstheorie
/ 30 August 2003 / Tag der offenen Türen, Max-Planck-Campus, Golm
(Germany)

Einsteins heritage: relativity in the universe / 15 May 2003 /
Stettin University (Poland)

Gravitationswellen: ein neues Fenster ins Weltall / 30 August 2003 /
Tag der offenen Türen, Max-Planck-Campus, Golm (Germany)

Unter Strom! Weihnachtsvorlesung / 18 December 2003 / Universität
Hannover (Germany)

Popular Talks Given by AEI Members

Lectures and Lecture Series Given by AEI Members
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Skorupka, S., Heurs, M.

Aufmuth, P., Goßler, S., Grote, H.,
Lück, H., Willke, B.

Unter Strom! Weihnachtsvorlesung /
19 December 2003 (three times) / Universität Hannover (Germany)

The gravitational wave detector GEO600.
Introductory talk and guided tour

14 January 2003 / 17 January 2003 / 10 February 2003 /
11 February 2003 / 27 February 2003 / 7 March 2003 / 26 March 2003
/ 17 April 2003 / 26 April 2003 / 15 May 2003 / 23 May 2003 /
3 June 2003 / 20 June 2003 / 30 June 2003 / 2 July 2003 /
14 July 2003 / 11 August 2003 / 28 August 2003 / 13 November 2003

Popular Talks Given by AEI Members

Guided Tours at GEO600



The Max Planck Society: Profile and Organisation

The Max Planck Society for the Advancement of Science is an independent, non-profit
research organization. It was founded on February 26, 1948, and is the successor organization
to the Kaiser Wilhelm Society, which was established in 1911. The primary goal of the Max
Planck Society is to promote research at its own institutes.

The research institutes of the Max Planck Society perform basic research in the interest of
the general public in the natural sciences, life sciences, social sciences, and the humanities.
In particular, the Max Planck Society takes up new and innovative research areas that German
universities are not in a position to accommodate or deal with adequately. These interdisciplinary
research areas often do not fit into the university organization, or they require more funds
for personnel and equipment than those available at universities. The variety of topics in the
natural sciences and the humanities at Max Planck Institutes complement the work done
at universities and other research facilities in important research fields. In certain areas, the
institutes occupy key positions, while other institutes complement ongoing research. Moreover,
some institutes perform service functions for research performed at universities by providing
equipment and facilities to a wide range of scientists, such as telescopes, large-scale
equipment, specialized libraries, and documentary resources.

As of 1.12.2003 there are 77 institutes, research centres laboratories and project groups
employing approx. 12,000 people, among them about 3,500 scientists and scholars. In
addition, there were also about 8,000 doctoral candidates, post-doctoral fellows and guest
scientists and scholars from abroad.

About 95 % of Max Planck Society expenditure is met by public funding from the Federal
Government and the states. The remaining 5 % comes from donations, members contributions
and from funded projects. The 2003 budget - as for 2002 - was an estimated E1.24 billion.
The planned budget for 2004 is E 1.33 billion.

Address:
Max-Planck-Gesellschaft zur Förderung der Wissenschaften e.V.
Postbox 10 10 62
80084 Munich, Germany
Phone +49-89-2108-0
Fax +49-89-2108-1111

www.mpg.de
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Distribution of the budget of the Max Planck Society
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Law

Medicine

Computer Science

Biology

Mathematics

Earth Sciences

Space Science

Physics
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Contacts

AEI Potsdam

Office:
Anne Lampe
phone: (0331) 567-7222
fax: (0331) 567-7298
office@aei.mpg.de

Library:
Elisabeth Schlenk
phone: (0331) 567-7400
fax: (0331) 567-7499
library@aei.mpg.de

Computer Systems:
Christa Hausmann-Jamin
phone: (0331) 567-7304
fax: (0331) 567-7298
christa.hausmann-jamin@aei.mpg.de

Administration:
Christiane Roos
phone: (0331) 567-7600
fax: (0331) 567-7699
christiane.roos@aei.mpg.de

Public Relations:
Dr. Elke Müller
phone: (0331) 567-7303
fax: (0331) 567-7298
elke.mueller@aei.mpg.de
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AEI Hannover

Office:
Kirsten Naceur
phone: (0511) 762-2229
fax: (0511) 762-2784
office-hannover@aei.mpg.de

Public Relations:
Dr. Peter Aufmuth
phone: (0511) 762-2386
fax: (0511) 762-2784
peter.aufmuth@aei.mpg.de

From the airport:
Take the S-Bahn no. 5 to the Central Station ("Hauptbahnhof"). Leave the Central Station
direction "City"; walk along the Bahnhofstr. to the subway station "Kröpcke" (at the "Kröpcke"
square); take subway no. 4 direction "Garbsen" or no. 5 direction "Stöcken". Leave the train
at the fourth stop "Schneiderberg/Wilhelm-Busch-Museum"; cross the Nienburger Straße,
walk along the Schneiderberg; after the refectory (Mensa) turn left into the Callinstraße;
no. 38 at the right hand side is the AEI.

By train:
Leave the Central Station direction "City” and follow the above directions

By car:
Take the highway A2; exit "Hannover-Herrenhausen", follow the sign "Zentrum"; drive along
the B6 (Westschnellweg), exit "Herrenhausen"; take the Herrenhäuser Straße to the right;
pass the Great Garden; at the fork to the right into the Nienburger Straße; the second left
is the Callinstraße; no. 38 at the left hand side is the AEI.

How to get to the AEI in Hannover
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From the airports:
Tegel: Bus X9 to train station ”Zoologischer Garten”
Schönefeld: Train ”Airport Express” to ”Zoologischer Garten”
Tempelhof: Underground U6 (direction Alt-Tegel) to ”Friedrichstraße”

then take S-Bahn or Regionalbahn to train station ”Potsdam Hauptbahnhof” and transfer
to Regionalbahn RB 21 (direction Berlin-Spandau) leaving once every hour to Golm
(+ 10 minutes walk) or take Bus 606 straight to the Max Planck Campus

By train:
Take any train going to ”Potsdam Hauptbahnhof”, then transfer to Regionalbahn RB 21
and follow the above directions.

By car:
From Berlin: leave Autobahn A115 at exit ”Potsdam-Babelsberg”, go in the direction
”Potsdam-Zentrum”. Follow signs ”Autobahn Hamburg” until Golm is indicated
Other routes: leave Autobahn A10 at exit ”Leest”, go in the direction ”Potsdam”,
pass Leest and Grube to reach Golm
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