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NOTES FROM THE PRESIDENT

Safeguarding the Future
■ Preparing – Scientific research would

be inconceivable without a sound educational footing upon which new-found
knowledge can build – knowledge that
must be acquired, learned and understood.
The Max Planck Society is thus closely
following the studies and discussions surrounding the German education system.
Today’s students are, after all, the researchers of tomorrow, and schools should
introduce them to science at an early
stage. This means not only specialized
knowledge, but also creative thinking,
independent action and a taste of how
exciting it is to conduct research for oneself. The Max Planck Society offers special facilities for teachers and students to
gain direct insight into its work. For example, via the MAX series of brochures,
BIOMAX, GEOMAX and TECHMAX. We
also offer advanced training for teachers.
The Max Planck Institute for Human Development also plays an important role in
analyzing the German education system.
In 2000, the institute took a lead role in
overseeing the first PISA study. In this
issue’s “Viewpoint,” Jürgen Baumert and
Kai Maaz describe how valuable it is – not
least economically – to promote education
and support children at an early age. And
how much Germany stands to lose if it
fails to act or responds too late.

eral state must make education and research a priority, financially and otherwise, as these issues fall under their
jurisdiction. They have the power to implement the sustained enhancement of
education and research, both for the benefit of individual regions and in the interest of Germany as a whole.
■ Planning – The issue of energy supply

is a prime example of the economic and
social importance of innovative research.
Even though the price of oil is currently
lower than it was last summer, the search
for sustainable and, above all, climatefriendly energy supplies is one of the cen-
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■ Prioritizing – Spending on education

and research is one of the most enduring
investments a country can make, so it is
only right that it should feature prominently in discussions on how to overcome
the global financial crisis. Education and
research are the only means by which to
lay a permanently sustainable foundation
for a competitive economy. Only a welleducated and well-trained population can
meet the demands of the modern globalized labor market. And only innovative
research can safeguard the creation of
new products and processes, as all genuine innovations are ultimately based on
scientific progress. Science has the potential to revolutionize technology and fundamentally change our lives. Investing in
education and research can prevent the
current financial crisis from developing
into a long-term structural crisis. For our
federal system, this means that every fed-

tral issues facing mankind. As described
in the last issue of MaxPlanckResearch,
the Max Planck Society has just devoted
a book to this issue: “Die Zukunft der
Energie. Die Antwort der Wissenschaft”
(The future of energy. The answer from
science. Verlag C.H. Beck, 2008). In this
issue, you can read a condensed chapter
in which Carl Christian von Weizsäcker
discusses the option of a world climate
treaty. This represents the political and
economic aspect of research into this
subject. Of course our scientists are also
contributing to the development of new
energy sources – from hydrogen and biomass to nuclear fusion – and are investigating new means of storing and saving
energy generated in environmentally
friendly ways. The more doors research
opens, the better our chances of overcoming this huge challenge.
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Peter Gruss,
President of the
Max Planck
Society.
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ON THE COVER:
Quantum mechanics brought
fundamental new insights
to physics. These include,
for example, the uncertainty
principle, the wave function
that describes the state of a
quantum mechanical object,
and wave-particle dualism.
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UNFATHOMABLE LIFE: At depths
of several kilometers, unique
ecosystems can be found in the
so-called “cold seeps” on the ocean floor, the
role of which is currently being researched
in the context of global material cycles.
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PLATONIC WORLDS: Starting
with completely abstract
structures, mathematicians
develop new theories and models that
precisely formulate and describe real
properties of the real world.

66

GLOBAL ISSUE:
Stabilizing the world’s
climate and simultaneously
supplying the world with energy
requires technical innovation and
creativity at the political level.
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A good landing:
The 350-kilogram
stationary Phoenix probe investigates its surroundings on
Mars.

PLANETOLOGY

The discovery came as anything but a surprise,
since ice was already predicted under the surface
of Mars years ago based on observations by the
Odyssey spacecraft. The orbiter’s gamma ray spectrometers found indications of ground ice over
6
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broad areas, less than a meter below the surface.
Particularly large quantities of ice were discovered at higher latitudes, where it is buried only a
few centimeters deep. The Phoenix landing site is
approximately 68 degrees north latitude, comparable on Earth to the town of Kiruna in northern
Sweden.
More recently, Mars satellites had sent photos
of surface areas with characteristic polygonic
landscapes. “That’s why this particular area was
chosen for the Phoenix landing,” explains Horst
Uwe Keller from the Max Planck Institute for Solar System Research. Geologists are familiar with
similar structures from permafrost regions on
Earth, and large quantities of ice are found below
these arctic landscape forms, too.
At the Max Planck Institute on the edge of the
Harz mountains, the mission is being watched
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Since May, Phoenix has been using its extending arm to dig in the red sands of Mars and,
in the process, has encountered ice. Contact
with the probe was lost in early November –
as expected, it literally froze with the approach
of the Martian winter. Phoenix was the first
landing vehicle ever to investigate the polar
regions of the Red Planet. The color camera
on the robotic arm was developed at the Max
Planck Institute for Solar System Research,
where the mission is being tracked with great
anticipation.
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Phoenix Rises from Ice
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Robots on the
red planet: The
digging arm on
the Phoenix probe
has just taken a
soil sample. The
Robotic Arm
Camera from the
Max Planck Institute for Solar
System Research
is attached just
in front of the
scoop. The solar
cells for the probe
are visible on
the left in the
foreground.

with a great deal of excitement; after all, the institute is involved in the Phoenix mission. Keller is
responsible for the Robotic Arm Camera (RAC).
This color camera is attached to the front end of
the robotic arm and records excavations and the
transfer of samples to the analysis equipment on
board the probe.
The 520-million-euro project has put a lander
on the Mars surface without damage for the sixth
time. However, unlike the mobile vehicles Spirit
and Opportunity, which have been active for five
years, this 350-kilogram three-legged probe is
stationary. The Phoenix mission is headed by the
University of Arizona, which was commissioned
by NASA.
“The first indications that ice is indeed concealed below the landing site were delivered just
a few days after our RAC landed,” recalls Mars expert Walter Goetz, who is analyzing the data from
Phoenix at the Max Planck Institute in Lindau. The
exhaust blast from the engines disturbed loose
material on the ground and revealed light-colored
layers of icy soil directly under the landing vehicle. “The panorama cameras weren’t able to observe it, but the RAC on the moveable arm found
the telltale light patches in the ground – a fantastic image,” says Goetz.
Light-colored, in some cases white patches in
the trenches excavated by the robotic arm support the ice theory. “The ice doesn’t look the same
everywhere, which is possibly due to variations in
the salt content of the ice patches,” explains the
physicist. Under the current climatic conditions,
the water ice on the surface of the landing area is
not stable over long periods. Both Phoenix cameras showed that it began to change once it had
been dug up. “It evaporates without first thawing.
The duration of this sublimation is an interesting
parameter that supplements the information
about the ground material supplied by the other
instruments,” describes Walter Goetz.
However, the ice is not the only interesting aspect. Researchers speculate that there could be
habitable zones in the polar ground layers – places where primitive organisms could exist. Liquid

water is necessary for this; currently, however, it
is probably too cold. But variations in the orbit of
Mars around the Sun could also allow periods
with a milder climate, during which the ground
would thaw out for some time. Microbes could
use warm periods like these and would survive
through cold phases in a kind of hibernation.
Was the Martian arctic once actually “habitable”? Phoenix examined the polar soil with several pieces of equipment. For example, on multiple occasions, the TEGA instrument (Thermal
Evolved Gas Analyzer) gradually heated samples
to 1,000 degrees and used a mass spectrometer to
analyze the gases released in the process. Not surprisingly, this process also revealed the signature
of water ice. The Wet Chemistry Laboratory also
already delivered some preliminary findings: in
this device, the Martian soil is mixed with water

brought along from Earth in order to find soluble
components.
The researchers found an alkaline pH level,
which was not the case with soil samples from the
equator and the middle latitudes. Furthermore,
they identified calcium carbonate and perchlorate. In Horst Uwe Keller’s words, particularly the
latter compound is rather surprising: perchlorate
could indicate that the ground had once thawed.
In November, NASA declared the mission finished. The robotic arm, which penetrated the soil
to almost 20 centimeters, had not been working
for some time. In the late arctic summer, the solar
cells in the Phoenix were no longer delivering sufficient electricity for digging. Thick clouds of water ice crystals had since covered the landing site,
and wind speeds of up to 4 meters per second
were measured on the surface. Temperatures fell
from minus 45 degrees Celsius during the day to
minus 96 degrees at night.
At the time of going to press, analysis of the
various data was still in progress. However, there
are already indications that the chemistry of the
arctic soil of Mars is different. “Apart from the
pH value, there are also the salts that were found
in the soil. This is likely to have consequences for
the picture that we have of Mars and of its history,” predicts Horst Uwe Keller. The first academic publications are already enthusiastically
anticipated.
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A worm’s eye
view of Phoenix:
The Robotic
Arm Camera discovered water
ice close to the
surface of the
Martian soil
just a few days
after landing.

@ Contact:
DR. HORST UWE KELLER
Max Planck Institute
for Solar System
Research, KatlenburgLindau
Tel.: +49 5556
979-419
Fax: +49 5556
979-240
e-mail: keller@
mps.mpg.de
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The Push and Pull of Pollination
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fitness). The biologists tested the effects of flower
chemistry on female fitness by removing the pollen-producing filaments from their test plants to
prevent self-fertilization. The hummingbirds and
the moths brought pollen to the test plants from
the wild tobacco plants growing in the area. The
test plants produced natural quantities of seeds
only if their flowers produced benzyl acetone and
their nectar was laced with nicotine. The plants
without the repellant and the attractant were
fertilized only half as often.
Test plants with genetically marked pollen and
neighboring emasculated wild tobacco yielded
similar results for male fitness: the pollen from
plants with naturally formulated nectar was distributed almost five times more than that from
plants that produced neither benzyl acetone nor
nicotine.
“Interestingly, the rate of successful fertilization in plants without the attractant fell during
the growing season, while the plants without nicotine became more successful,” says Danny Kessler. As the videos show, hummingbirds visit more
at the beginning of the year, being attracted more
by the color rather than the scent of the flowers.
If they drink too much nectar, the fertilization
rate falls. At the end of the growing season, the
plants are frequented mainly by moths that require the floral scent to help them locate the
flowers.
Ian T. Baldwin, who headed the study, concludes from the experiments that, “just as the
manufacturers of soft drinks protect their formulas and strive for constancy in order not to lose
market share, altering their recipes only in response to the dictates of global sales, so plants
have evolved and incorporate ingredients into
their nectar recipes in response to the dictates of
Darwinian fitness.”
●
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Without the services of hummingbirds, moths and
other pollinators, the tobacco plant would have
to pollinate itself. And with inbreeding, genetic
errors would become exposed, and inbred plants
are less likely to survive in the ever-changing conditions of the real world. Since these plants can’t
move, they use a postal service of sorts to exchange gametes. They attract potential pollinators to their white flowers with a bouquet scented
with benzyl acetone, and reward the visitors with
a drink of nectar.
While these flower visitors would rather loiter
at a flower drinking nectar than transporting pollen, the tobacco plant spikes their sugary nectar
with a bitter-tasting poison. This forces the pollinators to only sip the nectar and fly to another
flower. While moving from flower to flower
searching for better nectar, they distribute the
pollen they gathered as they sampled the nectar.
Using genetically engineered variants of the
tobacco plant, the Jena-based biologists uncovered the ecological effects of the nectar recipe.
One version of the plant with a control gene
makes natural nectar, one produces no nicotine at
all, another makes no benzyl acetone, and a
fourth produces neither nicotine nor benzyl acetone. “Without benzyl acetone, the plants attracted fewer hummingbirds and moths,” says Danny
Kessler. He used video cameras to observe the
traffic to the flowers in an experiment conducted
outdoors at the institute’s field station in Utah,
USA. The winged visitors soon moved away from
the nectar containing nicotine. In contrast, they
enjoyed large quantities of the nicotine-free nectar, frequently emptying the flowers completely.
The evolutionary fitness of an organism can be
estimated by the number of grandchildren it produces. For plants, this can be realized by producing seeds (female fitness) or by siring seeds (male

Seduced: The
colorful flowers
of wild tobacco
plants tempt the
Rufous hummingbird, Selasphorus
rufus, to take a
sip of nectar (left).
The mixture of
bitter nicotine (N)
contained in the
nectar in the receptacle (right)
and benzyl acetone (BA) ensures
optimum fertility.
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The nectar of the tobacco
plant is both sweet and bitter.
The bitter note of the nicotine
not only deters pests and nectar robbers, but also secures
the plant the most success in
reproduction. Scientists at the
Max Planck Institute for
Chemical Ecology in Jena have
found that an accurately dosed
quantity of the poison nicotine, together with the attractant benzyl acetone, optimizes
the frequency with which the
plant is cross-pollinated by
visitors to the flower. (SCIENCE,
August 29, 2008)

@ Contact:
PROF. IAN T. BALDWIN
Max Planck Institute
for Chemical
Ecology, Jena
Tel.: +49 3641
57-1100
Fax: +49 3641
57-1102
e-mail: baldwin@
ice.mpg.de
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The Indian Dream

G RAPHIC : T AMVADA

In developing countries, people who are
unable to find a job are likely to set up
their own business – even if only as a
rickshaw driver. However, in a country like
India, self-employment is more than just
a stopgap solution. As Jagannadha
Pawan Tamvada, a scientist at the
Max Planck Institute for
Economics in Jena, has discovered, many of the selfemployed people in India’s
urban areas are better
off than those who
earn a salary.
In industrialized nations,
entrepreneurs are considered to be the drivers of economic growth. If things go well, they are
rewarded with above-average prosperity. The developing world, however, has,
in the past, taken a different view of
entrepreneurship: self-employment was
seen as a last resort for those with no
prospects in the formal labor market. It was
traditionally thought that their earnings
would never reach, much less exceed, those of
salaried employees.
But in developing countries such as India, selfemployment may be the best career choice, even
for those who have alternate career options. Having analyzed data on 90,000 workers between 15
and 70 years of age, Jagannadha Pawan Tamvada
found interesting results. Many of the trends he
uncovered are similar to those found in industrialized countries. Men are more likely to be selfemployed than women, and older people are more
likely to set up businesses of their own. As individuals complete work at higher and higher levels
of schooling, the odds of self-employment increase. Earning a university degree, however, decreases those odds.
“Individuals with a university degree have more
employment opportunities and can, in some cases,
command very high salaries,” explains Jagannadha Pawan Tamvada. The study also revealed
marked regional differences: Bihar and Uttar
Pradesh, the country’s two poorest states, have
the greatest proportion of self-employed individuals. The self-employed in these states are also
more likely to work in agriculture than those in
more economically prosperous regions. Using data
covering 150,000 new firms, he found that the
size of the new firms here is significantly smaller
than those in other states.
Jagannadha Pawan Tamvada also investigated
the extent to which the path of self-employment

is likely to lead to individual
prosperity. As an indicator of affluence, he evaluated consumption spending of 26,500 households. “The results show that
self-employed individuals who employ others are the most prosperous,” explains the
Max Planck researcher. They are followed by salaried employees, self-employed individuals without
employees, and finally, casual workers. The selfemployed without employees are only marginally
less well off than salaried workers, and in urban
areas, the gap between the two groups is closing.
In urban areas, the self-employed individuals are
found in nearly every sector – from rickshaw drivers to company founders. Those with driving licenses offer their services to businesses or hospitals as drivers. Freelance teachers educate the
children of affluent families. “Most self-employed
individuals are found in retail and in craft trades,”
adds Tamvada.
The choice of self-employment is also linked
to religion, as Jagannadha Pawan Tamvada and
his colleagues in Jena, David B. Audretsch and
Werner Bönte, have discovered: Hindus in India
are significantly less likely to be self-employed
than Christians or Muslims. “Hinduism and its intrinsic caste system have a huge influence on the
social status of the individual,” explains Tamvada.
As a result, the members of the socially rearward
castes are less likely to become self-employed
than those in the forward castes.
●
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Likelihood
of being selfemployed: The
proportion of
those who work
for themselves
is highest in the
states of Bihar
and Uttar Pradesh, on the
border with Nepal, and in the
far northeast
of the country
(dark green).

@ Contact:
DR. JAGANNADHA
PAWAN TAMVADA
Max Planck Institute
for Economics, Jena
Tel.: +49 3641
686-730
Fax: +49 3641
686-710
e-mail: tamvada@
econ.mpg.de
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Results from new research undertaken at
the Max Planck Institute for Evolutionary
Anthropology have revealed that Neanderthals
and modern humans apparently began to
evolve separately around 660,000 years ago
and did not propagate with each other.
The scientists have published the full gene
sequence of the mitochondria, the cellular
powerhouse, of a 38,000-year-old Neanderthal
man. Understanding this gene sequence has
made it possible to make a detailed comparison
with known gene sequences in human mitochondria. (CELL, August 8, 2008)
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In 1980, the
38,000-year-old
bones of a
Neanderthal man
were found in
Vindija Cave in
Croatia. Max
Planck researchers
have now fully
decoded his mitochondrial DNA.

When modern man colonized Europe around
35,000 years ago, he encountered a different species of human – the Neanderthal. At the Max
Planck Institute for Evolutionary Anthropology,
research is currently underway into whether the
two groups fought each other, lived side by side,
or even lived together. An international team
working with department head Svante Pääbo is
decoding the Neanderthal genome (Neanderthal
Genome Project). Many millions of base pairs have
already been found. In addition, the scientists
have now sequenced the entire mitochondrial
DNA (mtDNA), which includes 13 protein-encoding genes.
“For the first time, we have been able to sequence the entire Neanderthal mitochondrial
DNA by piecing together many fragments,” explains Richard Green, who headed the study. In
total, the researchers used so many fragments
that the genome was created 35 times. “This
means that the sequence can be considered practically error-free,” says Green. Together with his
colleagues, he examined the bones of a Neander-

thal man who died around 38,000 years ago, and
whose remains were discovered in 1980 in Vindija
Cave in Croatia. These bones were special because,
unlike other samples, they were comparatively
uncontaminated by any other DNA.
The researchers focused on the DNA of the mitochondria, which, as a basic part of the egg cell,
is inherited only from the mother. From 300 mg
of bone material, the researchers were able to isolate 8,341 fragments of DNA ranging in length
from 30 to 278 base pairs. Assembled like a jigsaw
puzzle, these fragments yielded a mitochondrial
genome with 16,565 elements – almost exactly as
long as that of modern man.
The scientists then compared this gene sequence to that of Homo sapiens. This revealed
that the Neanderthal mtDNA did not match any
of the variants that researchers have found in living humans. The investigations thus offered no
proof that Neanderthals and modern humans had
interbred. It appears that their ancestors started
to evolve separately around 660,000 years ago
(give or take 140,000 years).
These results also confirm the assumption that
the Neanderthal population was relatively small.
“Most paleoanthropologists assume that, 40,000
years ago, there were just a few thousand Neanderthals wandering around Europe,” says Johannes
Krause, a co-author of the study.
Decoding the mitochondrial genome is merely
a preliminary to decoding the entire Neanderthal
genome – including the DNA in the cell nucleus.
“We are very pleased to be able to use the full genomic analysis to research human evolution. This
result is just the tip of the iceberg in fully sequencing the Neanderthal genome,” says Svante
Pääbo.
●

E VOLUTIONARY A NTHROPOLOGY – J OHANNES K RAUSE

No Sex with Homo Sapiens

@ Contact:
RICHARD E. GREEN
Max Planck Institute
for Evolutionary
Anthropology, Leipzig
Tel.: +49 341
3550-544
Fax: +49 341
3550-555
e-mail: green@
eva.mpg.de
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CHEMISTRY

Fueling with Wood

P HOTO :
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Plant waste is anything but garbage. It has a
potential future use as a raw material for biomass fuel that will not compete with foodstuff.
Through a new process, cellulose – the main,
energy-rich component of wood, straw and
other plant matter – can now be split relatively
easily into glucoses, its smallest elements. The
method was developed by scientists at the Max
Planck Institute of Coal Research. (ANGEWANDTE
CHEMIE, September 2008)

der to break down the bonds between the sugar
molecules, it must be acidic – that is, like acetic
acid, it must give up protons easily. It must also
be solid so the chemical industry can separate it
easily. Finally, it must have many large pores into
which the viscous solution of sugar chains can
penetrate. Since the pores increase the surface
area, the cellulose is converted more efficiently.
“We have established that an acidic resin is

The paper on which you are
reading this text consists
mainly of cellulose: long
chains of sugar molecules
that give plant cells their stability. As sugar contains a lot
of energy and can be fermented to create alcohol, cellulose is suitable not only as a
raw material for the paper industry, but also for renewable
fuels. Up to now, however, it
has not been possible to break
down cellulose (the most
common organic compound
on Earth) easily to create separate sugar molecules that
can be used in industrial applications. The bonds between
the sugar molecules – or more
precisely, the glucose molecules – have resisted all
chemical and biotechnological attempts to break them
down effectively. There has
thus been little hope of sucMax Planck researchers have developed the previously elusive
cess on a large scale.
process needed to turn organic waste, such as waste wood, into gas.
Roberto Rinaldi, Regina
Palkovits and Ferdi Schüth, scientists at the Max
an excellent catalyst under these conditions,”
Planck Institute für Kohlenforschung (Coal Resays Ferdi Schüth.
search) in Mülheim an der Ruhr, have now found
After the reaction, the scientists add water to
a way to deal with this problem. Using a special
the mixture so that the short sugar chains settle.
catalyst and an ionic liquid as the solvent, in just
“Enzymes then easily split these short chains into
a few hours, they selectively split the long chains
glucose, the sugars that make up cellulose,” says
of sugar into shorter sections that can then be
Ferdi Schüth. His team’s method also allows
processed with existing methods. This procedure
very stable plant parts containing microcrystalcreates scarcely any byproducts that might othline cellulose to be broken down. Usually, these
erwise cause problems in subsequent stages.
remain as insoluble components after cellulose
The scientists first dissolve the cellulose in an
processing.
ionic salt that is liquid at room temperature. “This
“We can even use wood at the beginning of the
makes the long sugar chains accessible to subseprocess,” explains the scientist. “Which means that
quent chemical reactions,” explains Ferdi Schüth,
we can actually say that our process can break
who headed the study, “allowing the solid catawood down into sugar.” In order to create biomass
lysts to attack the cellulose.”
fuel in this way, however, the researchers now need
The catalyst plays an extremely important role,
to optimize the process and find a less expensive
as he and his colleagues have discovered: in oralternative to the expensive ionic liquids.
●
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Nerve Cells Offer a Helping Hand

12

The human brain consists of around one hundred
billion nerve cells. Each of these cells is linked to
neighboring cells through 10,000 to 20,000 contact points. It is this complex network that makes
it possible for us to receive impressions and process them. But what happens in the brain when
one of the sense organs suddenly fails to deliver
information? This can happen, for instance, if an
accident destroys the touch-sensitive cells in the
skin, if hair cells in the ear cease to function, or if
the retina is damaged.
In all of these cases, the nerve cells in the brain
that are responsible for the damaged area no longer receive information. They become, in a manner of speaking, unemployed. Do these cells then
atrophy? Not at all, as Tara Keck and her colleagues at the Max Planck Institute of Neurobiology in Martinsried, together with Ulf Eysel at
Ruhr University in Bochum, have now established.
It can be said of the brain that free capacity is not
allowed to go to waste – but the experts are astonished at the enthusiasm with which the nerve
cells embrace this philosophy.

allow nerve cells to find and identify suitable
neighbor cells to contact with the intention of
exchanging data.
Barely two months later, the scientists marveled
at the results of this increased activity: the nerve
cells had replaced almost all the previous contacts
that had become useless as a result of the lesion.
“It is well known that young brains can adapt,”
says Tara Keck. “However, we were surprised that
rewiring on this scale can take place in an adult
brain.” This extensive restructuring of cell contact
points allowed the nerve cells that had become
unemployed to process incoming signals from
other areas of the retina, thus compensating for
the damage to a certain degree.
Neurologists recently observed similar activity
in the nerve cells of the spinal cord, where adult
nerve cells also have the flexibility to grow into
new nerve cables. This unexpected ability of the
brain to adapt has provided new food for thought
about the potential for regeneration after injury
and could, in the long term, lead to new therapeutic approaches.
●
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After a retina sustained damage in the form
of a small, dot-like lesion, the scientists examined nerve cells in those parts of the cerebral
cortex that enable visual perception. For the
first time, they were able to observe how the
neurons that had previously been responsible
for this area were being completely rewired.
After just a few days, nerve cells that, due to
the injury, had stopped receiving information
from their retinal cells were forming three
times as many extensions as neighboring cells
that had not been affected. These extensions

P HOTO : MPI

Post-injury
networking:
Scientists are
amazed at how
painstakingly
even an adult
brain can rewire
itself after a
breakdown. The
photo shows a
colored map of
the visual cortex
seven days (left)
and twelve days
(right) after a
small retinal lesion (center).

They are the kind of employees every boss
would like to have: when they have free
capacity, they step in to help out their colleagues. Scientists at the Max Planck Institute
of Neurobiology and at Ruhr University in
Bochum have found that, although this is not
always the case in the working world, it is
what actually happens in the brain. Nerve
cells in the cerebral cortex that cease to
receive information from their partner cells
in the retina help neighboring cells. (NATURE
NEUROSCIENCE, August 31, 2008)
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THE MALICIOUS DOWRY OF OLD GENES: Most
of the known genes that can contribute to the
emergence of diseases have been in existence
since the formation of the first cells – so for
more than a billion years. This finding was made
by scientists at the Max Planck Institute for Evolutionary Biology in Plön using a statistical procedure that allowed them to trace every gene
currently in existence back to its origins – or to
be more precise, to the last shared ancestor in
which the gene in question could be shown to
exist. This genetic “family history” showed that
most of the more than 2,000 known genes that
can trigger disease in humans arose during the
evolution of multicellular organisms more than a
billion years ago, and during the development of
bony fish 400 million years ago. Surprisingly,
subsequent mammal evolution saw the emergence of hardly any potentially disease-triggering genes. This indicates that genetic diseases
primarily affect biogenetically old cellular processes, and that today almost every organism,
including the human one, is afflicted by similar
ancient diseases. This, in turn, means that many
of these diseases can be studied in simple model
organisms – although this stands in contrast to
the view that these diseases are inseparably
bound up in fundamental cell processes and will
therefore never be completely eliminated.
MOTH’S EYE VIEW might well be used in the future to describe optical devices of all kinds, as
well as spectacles, screens, window panes and solar cells. Researchers at the Max Planck Institute
of Metals Research in Stuttgart have succeeded in
creating anti-reflective glass surfaces on the same
principle as moths’ eyes. They have developed a
process that etches bumpy nanostructures on the
surface of lenses or other glass. This bumpiness is
more effective in preventing light from reflecting
off of these surfaces than any traditional non-reflective coating, costs little to manufacture, and is
also durable. The biological inspiration for these
bumps was found on moth eyes, which protect
the moths from discovery by enemies. There is a
wide range of suitable applications for this technical imitation in every area of optical, display
and solar technology, as well as on car windshields
and buildings – in short, everywhere where it is
important to prevent light loss or to eliminate
disruptive reflections.
A NEW APPROACH TO COMBATING TB: For the
first time in more than 80 years, a very promising
live tuberculosis vaccine has reached the clinical
trial stage in Germany. “Tuned up” with genetic
engineering, it is a variant of the BCG vaccine
that has been used worldwide, but that has now
lost much of its efficacy. The basis for the new
vaccine was researched at the Max Planck Insti-

tute for Infection Biology in Berlin. A gene implanted in the bacteria used to create the vaccine
enables them to escape from the digestion chambers of “scavenger cells” after vaccination. In this
way they do not disappear from the immunological scene, which was the case with traditional
vaccines, but can continue to stimulate the immune system. Whether and to what extent the
new vaccine will prove to be tolerated and effective in humans will not be established until after
numerous test phases have been completed –
which could take around ten years.
GAMMA FLASHES expose pulsars: For the first
time, a rotating neutron star has been detected by
its gamma radiation. This evidence was found by
scientists at the Max Planck Institute for Extraterrestrial Physics in Garching in collaboration with
an international team – and with the aid of the
Fermi Gamma Ray Space Telescope, which was
launched into space in 2008 and orbits the Earth
at an altitude of 560 kilometers. The pulsar, which
has been given the designation “CTA 1,” is around
4,600 light-years from Earth and is the remains of
a supernova in the Cepheus constellation that
must have flared up 10,000 to 15,000 years ago.

As it rotates around its axis about three times every second, an intense gamma ray sweeps across
the Earth like the beam from a lighthouse. These
recently discovered relics of a supernova represent
a very young high-energy pulsar, making it a
member of a very small family that currently consists of around ten known objects. Researchers
are hoping that studying these objects will provide them with new insight into the mechanisms of star development and the chemical
evolution of the Milky Way.
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The pathogen that
causes tuberculosis,
Mycobacterium
tuberculosis, divides
every 16-20 hours.
Compared with
other bacteria,
which divide once
every minute, this
is extremely slow.

www
Further
information is
available at www.
maxplanck.de
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HUMAN DEVELOPMENT

Better to
Step in Early

than Fix
Things Later
As a country that prides itself on its education system, Germany
was left reeling by the PISA study. To think that, in an international
comparison of scholastic performance at the dawn of the 21st
century, the nation of poets and philosophers failed to secure even
an average grade! How has Germany responded to this challenge?
JÜRGEN BAUMERT

and KAI MAAZ consider the problems

facing educational policy and detect first glimmers of hope.
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erves were tense again at the end of last year: First
came the results of the PIRLS/IGLU survey of reading comprehension among children about to finish elementary school, followed by the third comparative PISA
study of learning skills among 15-year-olds. This time,
Germany’s politicians, administrators and teachers
breathed a sigh of relief: things seem to be improving.
Elementary schools are performing well. Achievement
levels are rising. However, the high share of immigrant
children leaving elementary school with inadequate language skills remains a problem. In secondary schools, too,
there are signs of improvement, particularly in the sciences. It is gratifying to note both that greater numbers of
young people are achieving the qualifications needed to

enter vocational training, and that their achievements are
less closely linked to their social origins. Like a weighty
tanker on the sea of education, the system seems to be
slowly responding to the change of course.
What has happened? The international comparative
studies have shown just what is at stake: Knowledge and
ability, commitment and a sense of responsibility are the
most important resources available to our society. Education is a precious commodity that can be acquired
only through sustained effort, and that is quickly squandered through neglect. A clear view of the outcomes of
the education system is the first step toward rethinking
its structure and processes. At a political and adminis®
trative level, this rethink is very much in evidence.
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The Conference of Education Ministers seems to be
acting as pacemaker in this overdue process of modernization – albeit with some difficulty and the occasional
relapse. Piecemeal regulation is increasingly being replaced with strategic orientation. Educational reports,
international comparisons, education standards and the
introduction of pilot programs, inspections and early diagnosis and support are all markers of this development.
However, there is still reason for caution: significant
problems still exist.
The results of the PISA 2000 study provided the first
broad-based evidence for the existence of serious social
inequalities in education systems. Not one country that
participated in the study has yet succeeded in breaking
the link between the acquisition of reading, mathematics
and science literacy and certain features of social background. On the other hand, the data does reveal differences in how effectively individual countries are tackling the problem. In Germany, the differences in the
achievement levels of children from differing backgrounds remain substantial; they emerge at an early age
and increase as the child grows older. It is also striking
that Germany’s success rates in integrating – even second-generation – immigrants into the education system
lag far behind those of other countries.
The situation in Germany is the product of 40 years of
political reluctance to grasp the thorny problems associated with immigration. This national duty has been neglected due to party-political wrangling – with inevitable consequences. While the latest PISA results indicate
a general trend toward improvement, the problems still
remaining are considerable.

Where are the barriers to social mobility?
Back in the 1960s, there was much talk of social inequality in educational participation in Germany. The
country’s tracked secondary system, characterized by
minimal mobility from one school type to another, was
identified as a major problem in that it provided insufficient scope for children to develop their talents and created inequalities between social strata. Subsequent education reforms, such as the harmonization of the
curricula taught at the different types of schools, the
partial coordination of syllabuses, the reforms of rural
schools, vocational-track schools and comprehensive
schools, and the reintegration of children with special
needs into regular schools, were all born of a desire for
social equality.
16
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Yet despite the expansion of education in the 20th
century, social inequalities in terms of educational participation and the acquisition of basic skills have proven
exceptionally hard to eradicate. As educational and social researchers have repeatedly observed, social inequality is entrenched in the education system.
The question of why and how these social inequalities
arise in the system was marginalized for a long time.
Many studies at both the national and the international
level focused solely on describing the situation. As to
the question of where these inequalities arise, a simple
and common answer is to blame the very structure of
the education system. But is that really the case?
In Germany, one focus of discussion has been on the
early transition from elementary to secondary school.
Back in the 1960s, the Conference of Education Ministers resolved that the elementary school’s recommendation of a secondary track for each pupil should be based
exclusively on the pupil’s capacity to benefit from that
form of education – regardless of social aspects, such as
the status and affluence of the parents.
A study entitled “The transition from elementary to
secondary school – regional, social, and ethnic/cultural
disparities in educational equity” conducted at the Max
Planck Institute for Human Development in Berlin is, for
the first time, providing nationally representative data
on the transition to secondary school – one of the most
important transitions in a pupil’s educational biography.
Besides performance in reading, mathematics and science, this study incorporates a broad spectrum of variables in its analysis of the decision-making process. The
data provides insights into how aspects of social origin
manifest themselves at points of transition, how great
an effect they exert, and how social disparities might
perhaps be addressed.
Educational researchers and social scientists are particularly interested in how social origins exert their effect: Is
social background directly reflected in measurable differences in skills and achievement that are, for example, the
product of differences in parental care and support (primary social disparities)? Or do the parents’ educational
background and class influence their decisions and expectations for their children’s education in a manner that
itself leads to socially selective participation in education
(secondary social disparities)? Whereas primary disparities are consistent with the principles of meritocracy, the
secondary disparities clearly violate these principles in
that they produce new disparities in educational participation that are independent of ability and attainment.

HUMAN DEVELOPMENT

Sadly, it remains the case that social
justice does not prevail at the transition to secondary school: children
from the lower strata of society are
systematically disadvantaged at the
move to lower secondary education.
For example, young people from professional families are around three
times as likely as children from working-class families to attend an academic-track Gymnasium rather than an intermediatetrack Realschule, even given comparable aptitude and
achievement.
In Germany, as elsewhere, parents’ expectations for
their children’s school-leaving qualifications have been
steadily rising. In the past ten years, the Realschule certificate and the Gymnasium certificate (which is a requirement for university entrance) have become equally prominent on parents’ wish lists. Nevertheless, the content of
these wish lists differs widely depending on the parents’
own career and educational background: whereas only a
quarter of parents who left school with a vocational-track
Hauptschule certificate hope to see their children qualify
for university entrance, among parents with the Gymnasium certificate, this proportion rises to almost three quarters. Class-specific expectations and cost-benefit considerations appear to underlie the parents’ decisions. The
Transition study aims to identify the specific criteria on
which parents base their decisions, and to determine how
they weight these criteria. Results already show that there
is more evidence of social justice in teachers’ recommendations than in parents’ decisions.
Once pupils have made the transition to a specific type
of secondary school, their social background seems to
have virtually no influence on their learning gains from
grade 7 to grade 10. This finding, which emerged from a
long-term study of educational processes and psychosocial development in children and young adults (BIJU),
coincides with the results of US studies. It would seem
that educational success or failure is predetermined by
the crucial choice of secondary school type – irrespective of the pupil’s individual intellectual, cultural, social
and economic resources.
Various studies have provided empirical evidence that
different school types represent specific learning and developmental environments. The differential learning
gains of students at different school types indirectly
broaden the scale of social inequality. But why should
the gap widen in this way?

There appear to be several potential explanations: differences in pupils’ individual aptitude and ability
(individual effect), differences in the
academic, social and cultural composition of the student body (composition effect), and institutional
differences, such as differing syllabuses, teaching programs, educational cultures and teacher qualifications (institutional effects).
If it is not primarily the school that creates social inequality, what about the parents’ influence? Long-term
studies in the US have shown that social inequality develops mainly during the long summer vacations. It is
during this period that learning trajectories diverge,
whereas during term time, they remain largely parallel.
Therefore, it seems that it is not primarily the school, but
rather family and neighborhood influences that create
social inequality.

Summer camp compensates for disadvantages
A new study by the Max Planck Institute for Human Development suggests that the same applies in Germany,
where even the relatively short summer vacation contributes to disparities in the reading skills of elementary
school pupils. The achievement gap widens when school
is out – children from the lower strata of society and
from immigrant families fall behind their counterparts
from more privileged homes or without an immigrant
background.
That need not happen. A summer camp run in Bremen
by the Berlin-based Max Planck Institute and financed
by the Jacobs Foundation showed that recreation, theater-based language training and daily German lessons
can be successfully combined. The rewards are evident
in the bright eyes of the enthusiastic children and in the
sustained improvement in their language skills. Vacation
programs like this offer no opportunity for social disparities to increase. On the contrary, they compensate
for social disadvantages. The Bremen model has found
many imitators. However, the fact that summer camps
have not yet become an integral part of the educational
program of every sizeable local authority district shows
that the road from recognition to politically and socially
responsible action is a long one.
The findings of studies on the economics of education
demonstrate that early intervention and support are not
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just good policy, but also make good
economic sense. Drawing on longterm experimental studies that have
been running for over 40 years now,
economist and Nobel laureate Jim
Heckman recently showed that early
support for families and quality care
and education opportunities can
yield returns for both individuals and
the economy that add up to a multiple of the investment cost. The marginal utility of such
support measures diminishes as the recipient grows older.
According to Heckman’s findings, the age of seven to
eight represents a critical threshold. Later support programs can be effective, but their cost is then generally
higher than the aggregate long-term returns. Even though
no society can afford to dispense with late-in-the-day
support for disadvantaged groups, the principle must be
that it is better to step in early than to fix things later.

Repair programs are too expensive
Nevertheless, in Germany, the repair-shop mentality prevails, as the rising number of those admitted to the socalled transitional system shows. The collective term
“transitional system” refers to the wide range of generally short-term programs intended to bridge the gap between leaving school and embarking on proper vocational training. The number of young people enrolled in
such programs has risen sharply in recent years and includes both those who have qualifications but have
failed to find a suitable position, and those without the
necessary qualifications to begin training for a career
with future prospects.
Particularly the latter group is growing steadily. Such
“qualification gaps” are a product of modern knowledgebased economies, in which fewer training and employment opportunities are open to less-qualified young people, and the general education system is unable to provide
a substantial proportion of the next generation with the
basic skills they need to undertake demanding vocational
training. In Germany, this high-risk group that fails to attain minimum educational standards and that lacks the
motivation to learn is far too big, accounting for around
20 percent of the age group. The education and training
facilities offered via the transitional system are probably
more effective than is often assumed; however, they are
extremely expensive. This applies, in principle, to all repair programs. Despite the evident positive trends – rising
18
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achievement levels, more young people
qualifying for vocational training,
some progress in weakening the link
between social background and educational outcomes – there are still some
aspects of the German education system that are clearly problematic.
In her speech marking the 60th anniversary of post-war currency reform,
German Chancellor Angela Merkel set
out her vision of Germany as an education-based republic: In today’s world, prosperity for all means education
for all. The Chancellor declared education to be a signature issue. But does she have the authority to deliver on
her promises? In every important respect, responsibility
for education lies with the federal states, local authorities, independent charities and other parties to the social
contract. The reform of the federal system that was put
into effect after some dispute both within and between
the parties has further disentangled and clarified these
responsibilities: education remains largely a matter for
the federal states. The federal government is responsible
for supporting scientific research, and provides a costly
repair shop function at the point at which the federal
states and German businesses are failing: the point of
transition from school to primary vocational training.
Against this background, the high hopes that some
concrete measures might emerge from the Chancellor’s
education summit were bound to be disappointed. Nevertheless, her efforts would appear to be part of a wellconsidered strategy of making education a signature issue – to be signed off by the chief ministers of the
federal states. If there is to be a genuine broad-based effort involving the federal government, it is essential that
the urgency of the education issue be fully appreciated
by the state governments, and that the minister presidents step up to their responsibilities. Whether, and
when, this happens remains to be seen.
JÜRGEN BAUMERT is a Director at the Max Planck Institute for Human Development in Berlin. He has become
known to the general public mainly through the PISA
study, the first cycle of which he headed in Germany.
He is also co-editor of the report entitled “Das Bildungswesen in der Bundesrepublik Deutschland,” a standard
work on the German education system.
KAI MAAZ is an academic staff member in the Center for
Educational Research at the Max Planck Institute for
Human Development.
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The World
of Quanta

20
We exist because matter differs
from antimatter. But what does
the difference consist in?

Newtonian physics is completely sufficient for everyday use: it explains why
a ripe apple hanging on a

26
The mirrors that physicists want
to use for their quantum magic
tricks are massive. Where does the
power of quantum physics end?

tree falls off onto someone’s
head, helps us avoid an accelerating car, and describes
the trajectory of a banana
shot. But Newton’s formulas
aren’t even half the truth of
physics. For very small-scale
objects, quantum physics

32
Magnesium atoms simulate quantum
magnetism, or superconductivity.
Will these experiments also bring about
a universal quantum computer?

applies, which contradicts
our everyday experience
with mysterious phenomena
– with quantum acceleration, spooky action at a distance, and compass needles
that point both north and
south at the same time.

36
Magnets are commonly known to be
dipoles, but now they can be separated into
monopoles – in solids. How many more
surprises will physicists encounter there?

You can learn about some
of these phenomena and
current research into them
on the following pages.
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Nature shuns perfect symmetry. If it didn’t, the universe would contain no matter – only radiation.
For half a century now, physicists have been searching for the reason behind this minor yet, for humans, essential departure from perfection. Three Nobel Prizes have already been awarded for partial successes, the last one in 2008. At the MAX PLANCK INSTITUTE

FOR

NUCLEAR PHYSICS

in

Heidelberg, MICHAEL SCHMELLING and ALBAN KELLERBAUER are investigating this phenomenon by studying the properties of matter and antimatter particles.
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What Makes Up
the Cosmos

THE WORLD OF QUANTA
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hen the philosopher René
Descartes was contemplating
the existence of man, he concluded:
“I think, therefore I am.” For decades,
physicists have pondered why anything exists at all. A satisfactory answer has yet to be found, but they
have devised some new experiments
to probe the question more deeply in
the coming years.
The – literally existential – question
follows from relativistic quantum
field theory, which states that for every particle there is an antiparticle.
Both partners have largely the same
properties, such as identical mass, but
opposite charge. So an antiproton, for
example, is just as heavy as the positively charged proton and has an
electrical charge of precisely the same
magnitude, but negative – at least according to today’s standard theory. If
the two come into contact, they are

annihilated, and matter and antimatter are fully transformed into energy.
Based on the numbers alone, the annihilation of one kilogram of matter
could supply all the energy needed to
run a city of one million inhabitants
for an entire year.
This self-destructive behavior must
have played a key role in the evolution of the early universe. In the first
billionths of a second after the Big
Bang, the extremely hot universe
was filled with radiation and matter.
Particle-antiparticle annihilation was
going on continually; and conversely, such pairs formed out of radiation. In the end, there should have
been just as much matter as antimatter. However, numerous observations
have convinced the astrophysicists
that, in the observable part of the
universe, there is no antimatter left
over from the Big Bang.

In the Large Hadron Collider (LHC), protons are fired at each other with such high energy
that reactions such as those that prevailed shortly after the Big Bang can be studied. Ideal
conditions for studying the asymmetry between matter and antimatter.

From this, the researchers conclude
that there must have been a tiny imbalance during this early phase of
the universe: for every few billion
matter-antimatter pairs that were
annihilated, one particle must have
been left over. That is akin to all men
and women living on the Earth getting married on the same day and
one person being left alone. This difference seems to be minor, but it
cannot be explained with a purely
random surplus.

A SYMMETRY THAT
ISN’T PERFECT
We owe our existence to this tiny
deviation from perfect symmetry between matter and antimatter. The
question of why nature appears to
slightly favor the one type of matter
is what occupies Michael Schmelling
and Alban Kellerbauer from the Max
Planck Institute for Nuclear Physics
in Heidelberg.
This put Schmelling on the trail of
an experiment that American physicists James Cronin and Val Fitch
conducted at a particle accelerator at
Brookhaven National Laboratory in
1964. The particle collisions that
took place there created, among other things, so-called neutral K mesons. Like almost all elementary particles, these decay after a short time.
There are two types of neutral K
mesons, with the primary difference
between the two being their lifetimes. Both are composite states of
quarks and antiquarks, but the shortlived type decays primarily into two
pions, while the long-lived one decays into three pions. These decays
are mediated by the weak force, one
of the four fundamental interactions.
In one of these, an asymmetry between matter and antimatter must
occur, and based on everything par-
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Key parts of the LHCb detector were built under clean-room conditions at the MPI for Nuclear Physics.

ticle physicists know today, this can
only be the weak force.
If there were perfect symmetry between particles and antiparticles, it
would be absolutely forbidden for
long-lived particles to decay into
two pions. Or in the language of particle physics: the CP quantum number would be conserved. To the physicists’ surprise, however, this was not
the case. Cronin and Fitch noticed
that a small fraction of the longlived K mesons decay into two pions.
So the CP symmetry is not exact,
and there is a fundamental difference between matter and antimatter.
“At the time, that was a real surprise for the physicists,” says Schmelling. But they quickly recovered
from it and integrated this so-called
CP violation into the emerging Standard Model of elementary particles.
Toshihide Maskawa, Makoto Kobayashi and Yoichiro Nambu were
recently awarded the Nobel Prize in
Physics for this extension. Cronin
and Fitch had already received this
Prize in 1978.

The next important step came
three years after this memorable experiment. The famous Russian physicist Andrei Sakharov published an
article in which he showed that this
symmetry breaking between matter
and antimatter is needed to explain
an excess of matter in the young
universe. According to Sakharov’s
theory, the universe also must have
gone through a state of thermal
non-equilibrium less than a billionth
of a second after the Big Bang. “One
can perhaps imagine this as a phase
transition, similar to when water
freezes and becomes ice,” explains
Michael Schmelling. “Here, the
asymmetry was essentially frozen
and the matter dominance of the
universe established.” Did that provide the final answer to this fundamental question?
No! As theoreticians soon realized,
the asymmetry measured in the K
meson decays was much too small.
“It would have to be a billion times
larger in order to explain the greater
amount of matter over antimatter,”

says Schmelling. Nevertheless, many
physicists are convinced that one key
to this mystery lies in CP violation.
Theory predicts that CP asymmetries depend on the particle type.
Relatives of the K mesons, the B mesons, are particularly interesting in
this respect, since they are expected
to display much larger decay asymmetries than the K mesons. For that
reason, physicists have already been
studying the decay of these particles
for years at two accelerators in the
US and Japan. One problem is that B
mesons are much heavier than K mesons. Producing them in particle collisions thus requires significantly
more energy. In addition, only a
small fraction of all possible decays
is suitable for measuring CP violation. So the field is still wide open.

NEW PARTICLES –
BORN FROM FIREBALLS
This is where the new super-accelerator, the Large Hadron Collider (LHC),
of the European particle laboratory
CERN comes into play. Protons will
be fired at each other with extremely
high energy in the 27-kilometer-long
ring accelerator. New particles, including the desired B mesons, will
form in the resulting “fireballs.”
The expected production rate at the
LHC is a dream for Michael Schmelling and his colleagues: “In this accelerator, there will be several thousand
times more B mesons created every
second than in the same amount of
time at the other accelerators.” Schmelling’s group is part of an international collaboration of some 600
physicists who built one of the four
large LHC detectors: LHCb. Although
the production rate of these particles
will be very high, the researchers have
a difficult task ahead of them: The B
mesons are not produced in isolation,

Witnesses of the inverted world: In 1995, researchers at CERN succeeded in
producing antihydrogen. The “fingerprints” on the computer monitor testify to
this; the lower portion (green) shows 11 events whose radiation corresponds
exactly to the radiation created when electrons and positrons are annihilated.
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but rather together with dozens of
other particles. Furthermore, only
about one in ten thousand B meson
decays is interesting for later analysis.
At the same time, the researchers must
fight a background of around ten million “normal” proton-proton collisions
per second – for although numerous
particles are produced here, not one of
them is a B meson. So it is the proverbial search for a needle in a haystack.
Of course Schmelling and his colleagues were disappointed when, due
to a technical defect, the accelerator
had to be shut down again shortly
after it was started. The LHC, which
was cooled down to just a few degrees above absolute zero, will not
be able to be started up again until
summer 2009. “We could have gathered a lot of useful data even during
the start-up phase,” says the Heidelberg-based Max Planck physicist.
Just as with small lab experiments,
the researchers must also gain experience with a huge and complex detector like LHCb. Here, too, there will
be parts of the detector with different strengths and weaknesses. “We
will have to take this into account
when analyzing the data.”

The particle collisions of interest to the researchers can be simulated in advance using computers.

With a length of 20 meters and a
diameter of 10 meters, LHCb is the
size of a three-story house and
weighs a total of 4,500 tons. The apparatus consists of several different
sub-detectors whose task is to measure the properties of the particles
created in the high-energy collisions:
momentum, charge and mass. Schmelling’s group began to develop
silicon strip detectors and corresponding readout chips for the LHCb
experiment ten years ago.

On one surface – measuring about
the size of four packs of cigarettes –
the lab model of a silicon detector
has 384 strips and 3 readout chips. It
gives only a weak impression of the
complete system built into LHCb.
There, it covers a total active surface
of approximately 11 square meters,
and has more than 272,000 readout
channels. With strip spacing of 0.18
millimeters, the passage of a charged
particle can be reconstructed at 16

P HOTOS : MPI

FOR

N UCLEAR P HYSICS ( ABOVE ) / SPL - A GENTUR F OCUS ( BELOW )

ELEVEN-SQUARE-METER
SILICON DETECTORS

detector positions with a precision of
0.05 millimeters.
The researchers encountered a
number of problems in developing
the approximately 30-square-millimeter readout chips. Each chip integrates 128 extremely sensitive preamplifiers with which the weak
signals of a silicon strip detector can
be read out at a rate of 40 MHz and
stored for 4 millionths of a second.
During that time, an independent logic determines whether the signals belong to a potentially interesting proton-proton collision. If so, then the
information is passed on. Furthermore, the chips must be able to withstand the intense radiation at LHC for
a long time. “Any normal electronics
components would be destroyed within a few hours,” says Schmelling.
The research and development work
of the group in Heidelberg was shared
between experienced postdocs and
students – with four doctoral dissertations having been successfully completed over the past few years, and
®
three currently still in progress.
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So the physicists will use the experiments with the LHCb detector to
observe decays in which there is
known to be an asymmetry between
matter and antimatter. One of Schmelling’s colleagues at the institute,
Alban Kellerbauer, is taking another,
more radical approach. He wonders
whether particles and antiparticles
might perhaps have slightly different
properties after all. For example, the
current Standard Model states that
protons and antiprotons have exactly the same mass and a charge of
equal magnitude but opposite sign.
But is that really the case? And if
not, how might minor differences be
measured?
For about ten years now, physicists
have been trying to generate antihydrogen atoms to compare their properties with those of hydrogen atoms
– an extremely difficult task. The
constituents of the antiatoms, antiprotons and antielectrons (positrons)
can be created relatively easily, but
combining them to form an atom is
particularly tricky.
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When the LHC is restarted in summer, the Heidelberg-based physicists
hope to harvest the fruits of their
ten long years of work. Then they
will use specially developed computer programs to filter the data for
interesting decays of the B and antiB mesons, and measure CP asymmetries with the greatest possible precision. The most exciting result for
them would be to find deviations
from theoretical predictions based
on the Standard Model. That would
be a clear indication of a “new physics,” such as the existence of as-yetunknown elementary particles that
influence the decay of the mesons
and that may have helped matter
prevail over antimatter in the early
universe.
The LHC offers the particle physicists entirely new opportunities, and
their expectations are high. “We
hope that someday we will understand all processes so well that we
can answer the question of why there
is matter in the universe,” says Michael Schmelling.
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The cylindrical Penning trap, where the antiparticles are stored.

Nevertheless, this goal seems to be
very promising, as hardly any other
value in quantum physics can be
measured as precisely as a certain
transition of an electron in the hydrogen atom. The group of physics
Nobel laureate Theodor Hänsch from
the Max Planck Institute of Quantum
Optics used lasers to determine this
number down to 14 decimal places.
It seems only natural to measure the
same transition in the antihydrogen
atom and compare it with Hänsch’s
figure. So laser spectroscopy of antihydrogen was the goal of the two research groups Atrap and Athena at
CERN. Alban Kellerbauer was part of
the Athena group and is only too familiar with the hurdles these experiments present.
First, antiprotons were created in
an accelerator. Since they were moving at nearly the speed of light, they
were first slowed down in a particle
decelerator (actually an accelerator
run in reverse) and then fired through
a metal foil, which further reduced
their energy to a thousandth of the
original value. The antiprotons were
now slow enough to be transferred
into a so-called Penning trap. That is
a metal container inside of which a
combination electrical and magnetic
field confines the antiprotons.
At the same time, positrons that
had been created in the decay of radioactive sodium-22 were introduced
into this trap. Cleverly shaping the
electrical field made it possible to
trap these tiny clouds of antiprotons
and positrons and to superpose them.
In the process, the particles joined to
form antihydrogen atoms.
The two groups at CERN first accomplished this feat
in 2002. In the
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two years that followed, together
they produced several million antihydrogen atoms, and yet the ambitious goal of the laser analysis was
not attained. This was because the
electrical fields in the Penning trap
can confine only electrically charged
particles. But as soon as an antihydrogen atom forms, it is neutral and
is no longer affected by the fields. It
dashes out of the trap and disintegrates on the container material after
just fractions of a second.
But the situation is not entirely
hopeless. It is, in fact, possible to
build an additional trap comprising
inhomogeneous magnetic fields that
can hold the antihydrogen atoms.
Unfortunately, the particles coming
out of the Penning trap are too fast
for this. “The magnetic trap can be
pictured as a pot into which one
tosses the atoms like balls,” is how
Alban Kellerbauer explains the technology. “But the balls are so fast that
they bounce right back out.” Since
the magnitude of the magnetic field
cannot be increased arbitrarily, the
physicists are facing a real problem
at the moment.
The Athena and Atrap groups are
currently refining their equipment,
but Alban Kellerbauer is very skeptical that it will really be possible to
produce enough antihydrogen for laser spectroscopy in the foreseeable
future. He therefore set up, together
with colleagues from several other
European universities, a separate
group called Aegis, with which he
aims to address a very different issue: Does antimatter fall in exactly
the same way as matter in Earth’s
gravitational field? A cornerstone of
modern physics states
that all objects

Laser beams are used to slow down the antiparticles. This technique is being tested in lab experiments.

fall at the same rate regardless of
their mass and chemical composition. This applies only in a vacuum,
where there is no friction to impair
their movement. But it has never
been possible to test this fundamental law for antimatter.

THE END OF THE GENERAL
THEORY OF RELATIVITY?
In modern approaches to a new
framework of particle physics, such
as string theory, it seems to be possible that matter and antimatter could
fall at different rates of acceleration.
“But string theory does not make any
concrete prediction,” says Kellerbauer. It would be sensational if his
group were to detect such a difference. “It would be the end of the general theory of relativity,” Kellerbauer
adds. But how does one measure the
fall of antihydrogen atoms?
Instead of capturing the antiatoms
after they form, they are accelerated
parallel to the Earth’s surface. This
beam then travels over a distance of
about one meter, bending a few mi-

crometers downward before striking
a detector. An intricate measuring
apparatus known as an interferometer makes it possible to determine the
exact vertical distance of this fall.
The experimental value obtained in
this way is then compared with the
expected value. If the antihydrogen
beam lands on the detector somewhat higher or lower than expected,
it means that antimatter falls at a
different rate than matter in the
gravitational field.
The Aegis project had already received a positive review from the
Scientific Committee at CERN. Now
the Research Board has also given it
a green light, so Kellerbauer’s group
can set up the equipment and begin
with the measurements in two to
three years. If the researchers should
detect a difference between matter
and antimatter, they would be pushing the door wide open for a “new
physics.” And they would be a big
step closer to answering the question
of why there is now matter in the
THOMAS BÜHRKE
universe.

-p
+e
–H

In a hydrogen atom (far left), an electron
orbits the nucleus, which consists of a proton.
In antihydrogen (left), the charges are just the
opposite: an antielectron (positron) orbits the antiproton.
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Spooky

Mirror Tricks
The properties of one particle can determine those of another even though the two are miles apart
and don’t exchange any information. What appears to be a spooky phenomenon is what physicists
call entanglement, and they have already observed it in small particles. Now ROMAN SCHNABEL,
a professor at LEIBNIZ UNIVERSITY HANNOVER and at the nearby MAX PLANCK INSTITUTE
FOR
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(Albert Einstein Institute), aims to entangle two heavy mirrors.
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lear, lucid thinking is probably
the best defense against the
meanderings to which even physicists can succumb the moment they
attempt to formulate quantum physics in comprehensible imagery. This,
at least, is the impression Roman
Schnabel conveys as he patiently explains his research in his tidy office
at the Max Planck Institute for Gravitational Physics in Hanover. In any
case, the young professor of experimental physics has no use for hip
quantum mysticism. But he certainly
doesn’t shy away from contact with
other schools of thought. He recently
gave a lecture on quantum physics
at an event that was hosted by an
Asia institute and that highlighted
the relationship between the natural
sciences and Buddhism.
“In contrast to the Buddhist teachings presented there, quantum phys-

ics allows for true randomness,” says
Schnabel. That things can happen
for absolutely no reason is just one
of the quirks of the quantum world.
An even stranger phenomenon is the
one that Viennese quantum physicist
Erwin Schrödinger dubbed entanglement in the 1930s. It allows two particles to form a quantum object even
when they are far apart.
In addition, in the quantum world,
every measurement changes the object that is measured. So if one measures, on one particle, the quantum
property through which that particle
is entangled with other particles, the
same property will promptly be determined for each of the particles involved. And it doesn’t matter how far
apart these particles are. For entangled light quanta (photons) in air, it
even works across a distance of 144
kilometers, as Austrian physicists

Two entangled dice would show random but always identical numbers (below). Unlike
dice, it should be possible to entangle two mirrors suspended on quartz threads (left).

showed in 2007. Such spectacular
demonstrations trace back to thought
experiments from the 1930s. Back
then, the smartest minds in physics
argued heatedly about the consequences of the still young quantum
mechanics. Albert Einstein, in particular, wanted to dissect the alleged
weaknesses with a razor-sharp knife.
Now experimenters can realize these
thought experiments – and what do
you know: nature is just as crazy as
quantum theory describes it.

AN ELABORATE PLAN
FOR A BOLD IDEA
Since the 1970s, experimental quantum physics has been developing
into a fascinating research field, focusing particularly on entanglement.
Although quantum mechanics describes this phenomenon mathematically precisely, its consequences contradict everything we know from our
everyday experiences. In our environment, we perceive only large
things for which subtle quantum effects normally go under in the flood
of physical interactions. Only the
most modern experimental skill can
prepare the delicate entanglement
and maintain it for awhile.
In principle, quantum mechanics
imposes no limits – neither on the
spatial distance between the entangled objects nor on their size. Roman
Schnabel now wants to investigate,
together with colleagues in his 18member research group, whether it is
possible to entangle also really large,
heavy objects. Other working groups
are also attempting this with larger
objects than photons or atomic components of matter, for instance with
giant molecules. But Schnabel’s idea
is far bolder: intense laser light will
be used to entangle two massive mirrors. He plans to start with mirrors
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A laser beam split by a semitransparent piece of glass entangles the mirrors and measures their motion.

weighing “maybe 100 grams” and
then increase the weight to a good
kilogram. If that succeeds, then entanglement will have finally reached
our world of large, tangible objects.
The plan has been thought out so
thoroughly that the critical reviewers
of PHYSICAL REVIEW LETTERS, the most
highly renowned journal of physics,
have given it their stamp of approval.
If it succeeds, it will be a major sensation. Schnabel is optimistic, as he can
use a unique precision technology
that was developed at the Albert Einstein Institute for the major gravitational wave experiment GEO600.
When asked how he would explain
entanglement to his hairdresser, Schnabel can’t suppress a hearty laugh.
It’s not easy to come up with understandable images. A thought experiment with two players who can’t see
each other gives an initial impression. A referee places two dice in a
cup and shakes it. The thing to keep
in mind is that they are quantum

dice, and shaking them entangles
them. Now the referee gives each
player one die. They each toss their
die and write down what number
they see. In the quantum world,
however, the toss corresponds to a
measurement, which destroys the entanglement. So the referee collects
the dice again after each round, entangles them, and passes them out
again. After a few rounds, he ends
the game.

NO TRICKS IN THE
QUANTUM DICE GAME
The three now first look at one of the
two notepads. As expected, they see
a list of randomly rolled numbers.
But when they lay the two notepads
side by side, they discover something
astounding: the columns of numbers
are identical! The quantum dice apparently produced random numbers,
but in the exact same order. This
must be due to entanglement, as the
experienced referee ruled out all

tricks and collusion between the
players. Furthermore, the dice were
neither loaded, nor did they exert
any hidden forces on each other.
There isn’t (yet) such a thing as
quantum dice, but entangled quantum particles behave similarly: there
seems to be a strange connection between them. However, even this image is misleading, as there are no
physical forces in play. In addition,
only certain properties are ever entangled. For light quanta, for instance, this can be what is known as
polarization, which can be imagined
as a small pointer. If two entangled
photons are prepared in a certain
way, then the polarizations of both
photons must point in exactly the
same direction.
Now, although the two photons
must obey this strict “principle of
conservation,” the quantum world
does not dictate the direction in
which the polarizations must point
in relation to their surroundings.
This is a further quirk of the entangled quantum world: as long as a
property isn’t measured, it isn’t fixed
for the object being observed. Only
when someone measures the polarization of one of the two photons
does he give it a direction relative to
its surroundings. The polarization of
the other photon must then immediately point in the same direction, no
matter how far away it is.
In physics, this process is called
entanglement collapse. Quantum
mechanics sets no limit whatsoever
on the speed with which it assimilates all entangled particles. In light
of such oddities, Albert Einstein
criticized that it was as if there were
“spooky action at a distance.” “Of
course that does not exist – that
image would be completely wrong
in physics terms,” stresses Roman

A radar gun in the police car measures
either the distance between the cars (position
measurement; green), or the sum of their
speeds (momentum measurement; blue).
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Schnabel. Physicists in Geneva recently showed that the collapse actually propagates at least ten thousand times faster than light. This
raises the question of whether,
through measurements on the first
photon, one could use the second
photon to morse information to a
recipient faster than the speed of
light. This would fundamentally
contradict Einstein’s special theory
of relativity, which puts an absolute
speed limit of the speed of light on
all physical interactions.

GRAVITY COMES
INTO PLAY
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Quantum theory actually saves this
situation, though theoretical physics
has been trying in vain for more
than seventy years to unite it with
the (general) theory of relativity. This
is where we see the greatest gap in
the premises of modern physics. Very
strangely, quantum theory follows
the rules of the theory of relativity.
That is to say, it prohibits any possibility of an “entanglement chat” at
superluminal speed by incorporating
randomness – essentially as an interfering transmitter. If, for instance,
someone were to attempt to morse

The highly polished mirrors must remain free of dust and grease.

bits of information to a communication partner through polarization of
entangled photons, he would notice
the following annoying effect: any
measurement on one’s own photon
does not produce a specific intended
bit, but rather a completely random
result, just like throwing dice. This
effectively prevents any transmission
of meaningful information.

Roman Schnabel and his colleagues will have an eye on the critical gap between quantum theory and
the theory of relativity when they attempt to entangle heavy objects, as
this is where the gravitational force
comes into play. It is the only one of
the four fundamental forces of physics that still continues to stubbornly
defy description in quantum theory
terms. On the other hand, it is closely
tied to the general theory of relativity: gravity is created by warps in
space-time, which are caused by objects having mass. So Schnabel’s
mirrors, which are indeed quite
heavy, sit in a small but possibly
momentous space-time indentation.
The well-known British theoretician
Sir Roger Penrose from the University
of Oxford raised the question of
whether this indentation could destroy the highly sensitive entanglement. “Most physicists think, as I do,
that it won’t change the quantum
character,” explains Schnabel. So the
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Only an expert can keep track of all the details –
Roman Schnabel inspects the laser equipment.

entanglement of the mirrors should
be successful, but the sensitive quantum state may indeed feel the effects
of gravity. That might open up completely new, experimental access to
an as-yet-unknown quantum gravity
that bridges the gap between quantum theory and the theory of relativity. “It would be phenomenal if we
could unite the gravitational force
and quantum physical phenomena in
such experiments,” says Schnabel enthusiastically: “Then we might be able
to discover something new about the
relationship between these forces.”
To understand how gravity might
influence entanglement, one must
first take a closer look at Schnabel’s
planned experiment. The main question is which properties of two such
large objects as the mirrors can be
entangled. In the case of microscopic
quantum particles, physicists like to
use decay processes to obtain entangled systems. “The particles are then
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completely new there and initially
exchange no information whatsoever
with the rest of the universe,” explains Schnabel. But they are closely
connected with each other, which
manifests itself in their entanglement.
“It’s as if the two particles know
only of each other in the beginning,”
says Schnabel. A variety of external
forces gradually begin to act on them
and thus define their properties with
respect to their environment. Only
then do they really show up in our
cosmos, so to speak. In doing so,
they lose their quantum entanglement relationship to each other and
become separate particles with individual properties.
The mirrors, in contrast, are initially isolated, individual objects that
know nothing of each other. So Schnabel’s team must take the reverse
approach: they must suppress the
disruptive influences of the environment on the properties to be entangled, and in this way turn the mirrors into a quantum object. The
researchers in Hanover hope to entangle the mirrors’ centers of mass
using a strong laser beam whose
photons exert light pressure on the
mirrors. Thanks to this force, the laser acts like a mechanical spring.
“The position and speed of the
center of mass of one mirror should
then be determined only by the corresponding properties of the center
of mass of the other mirror,” explains
Schnabel. Position and speed here
are specified relative to the axis between the two centers of mass. So
the mirrors are to be entangled in
one spatial dimension. To this end,
they will be suspended on superfine
quartz threads like pendulums – a
technique originally used in GEO600.
When they oscillate only minutely,
their motions in the axis direction

1/2009

are practically as free as if they were
floating.
If the experiment succeeds, the positions and the speeds of the mirrors’
centers of mass should seem to disappear in the axis direction. They
dissolve into approximations and
aren’t perceptible again until the moment they are measured – and the
result of any measurement is only
vaguely predictable. In the floating
state prior to measurement, the mirrors are entangled. After the laser
light is turned off – and as with the
quantum dice, it is not allowed to
maintain any secret connection between the mirrors – the entanglement should theoretically survive for
about a hundredth of a second. In
physics, that is a wonderfully long
time for experimenting.
The precision laser serves not only
to induce entanglement, but also to
detect it. This is because its light can
be used as a superfine ruler with
which the motion of the mirrors’ centers of mass can be measured extremely precisely. The physicists can
register even oscillations of just one
attometer – an unimaginably tiny
0.000000000000000001 or 10-18 meters. “That is a thousandth of the diameter of a proton,” Schnabel proudly points out.

MYSTERIOUS RESULTS IN
QUANTUM CAR RACING
Two measurement results that appear
to contradict one another will prove
whether the mirrors are entangled.
Paradoxically, they are completely
correct in quantum mechanics terms.
To explain this, Schnabel describes a
somewhat peculiar quantum car
race: “Imagine three cars on a threelane racetrack.” The observer sits in
a quantum police car that drives at a
constant 100 km/h in the right lane.

THE WORLD OF QUANTA

In the left lanes, on a level with the
police car, are the two other cars,
which correspond to the two mirrors.
They are supposed to try to drive exactly 100 km/h, as well.
The observer can capture the motion of the two with a radar gun. He
first notices that they are subject to
fluctuations: apparently they aren’t
able to constantly stay exactly on a
level with him. Now he notices something strange. With his radar gun set
so that he can determine the precise
position of the cars, he measures that
the two cars oscillate back and forth
in synch. “So they are sometimes in
front of him together, and sometimes
behind him together,” explains Schnabel. But this measurement says nothing about the speed of the cars.
The second measurement setting
shows the policeman the sum of the
speeds. Despite the fluctuations, the
two cars are always driving at a
combined speed of exactly 200 km/
h! That allows just one conclusion:
as soon as one car speeds up, the
other must slow down accordingly –
or vice versa. The two cars thus oscillate asynchronously against each
other. But this measurement doesn’t
reveal how far apart they are at the
moment this speed is measured.
Each measurement contradicts the
other, but which one is correct? The
amazing answer is: they both are! It
just depends on which radar gun setting the policeman uses when measuring. This is because the two cars are
entangled in this direction of motion.
That is exactly the kind of contradictory oscillation behavior Schnabel
expects to see with the entangled
mirrors. Two detectors will monitor
this mirror motion in the axis direction, while the laser light will assume
the role of the radar waves. One detector will measure the precise speed

at which the mirrors move relative to
each other, and the other detector
the distance of the centers of mass
relative to each other – right down
to the exact attometer. The speed
measurement will generate a perfectly asynchronous oscillation and the
position measurement a perfectly
synchronous one.
With this, the researchers in Hanover aim to realize a famous thought
experiment devised by Albert Einstein, together with Boris Podolsky
and Nathan Rosen, at Princeton University in 1935. The three scientists
wanted to show that quantum physics is incomplete, because their experiment seems to suggest that it is
possible to simultaneously measure
the positions and the speeds of two
entangled objects with precision.

A FIRST GLIMPSE OF
QUANTUM GRAVITY
In our quantum car race, any radar
measurement would destroy the entanglement of the two cars, but it
can be set up in exactly the same
way. So the quantum policeman can
freely decide whether to occasionally
measure the position first and then
the speed: by measuring like that, he
could, in principle, determine the
precise positions and speeds of the
entangled cars, even if it would apply only to the overall system, namely the distance between the cars and
their speed relative to each other.
But that seems to contradict
Heisenberg’s well-tested and confirmed uncertainty principle, which
states that the position and speed of
an object can never be determined
simultaneously with precision. Within quantum mechanics, there is only
one completely logical – if radical –
way out of this dilemma. In the
quantum car race, it is indeed not

possible to say anything precise
about the position and the speed of
each individual car. “The entangled
objects, in our case the two mirrors,
no longer have any individual properties in terms of position and speed,”
explains Schnabel.
Einstein did not accept this point
of view because it contradicted his
understanding of a physical reality,
which required each individual system of the entangled object – so here
each mirror or each car – to have a
speed and a position, even if they
cannot be determined simultaneously with precision. But apparently
physics must bid farewell to this Einsteinian understanding of reality – at
least until there is a better interpretation. So far, only one thing is certain: in this case, quantum theory
describes nature without any contradiction of any previous experiments.
Now Roger Penrose’s question
about gravity, which could help unify quantum theory and the theory of
relativity, can be understood: if an
entangled mirror no longer has a
precise position, then it can end up
effectively next to its own spacetime indentation – whose position
the general theory of relativity describes precisely. So it should feel the
effect of its own gravity. If this affects its quantum state, the experimental physicists may get the first
glimpse of quantum gravity effects.
To date, theoreticians can only
speculate about the world of quantum gravity, for instance in the form
of string theory. However, it will take
a few years yet before the mirror experiment is realized. In any case,
Schnabel is convinced that it will
confirm the predictions of quantum
physics: “It’s just right in a way that
Einstein could not accept.”
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Magnesium
make the computation extremely complicated. For this reason, physicists like TOBIAS SCHÄTZ,
head of an Independent Junior Research Group at the MAX PLANCK INSTITUTE
OPTICS,

OF

QUANTUM

are developing quantum simulators. The purpose of the simulators is to provide physicists

with a better understanding of certain forms of magnetism, for instance, or of high-temperature
superconductivity.
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not describe the interaction of as few as 30 atoms correctly, since the quantum mechanical effects
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Atoms are unpredictable – at least when they occur in large groups. A conventional computer can-

Q UANTUM O PTICS

Simulates Magnets
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fter the initial matches of the
UEFA EURO 2008™ soccer
championship,
many
observers
would have picked the Dutch or Portuguese team to win. Shortly afterward, both were unceremoniously
evicted from the tournament. Just as
even the most experienced commentators can’t predict the course of a
game involving 22 soccer players,
physicists are unable to foretell the
quantum physical behavior of atoms
in large groups. They do, however,
have one advantage over the soccer
commentators: they can simulate the
processes that take place in the quantum world.
So researchers hope to simulate
such phenomena as magnetism,
quantum-critical transitions and
high-temperature superconductivity.
However, conventional computers
used for this purpose rapidly reach
fundamental limits. At present, their
capacity is limited to around 30
quantum particles, and even the best

computers of the future will probably be unable to cope with any more
than 40. Physicists are thus developing quantum simulators as a more
powerful alternative.
Among them is Tobias Schätz, who
heads an Independent Junior Research Group at the Max Planck Institute of Quantum Optics in Garching. He and his staff recently
constructed a simple version of a
quantum simulator that can be used
to study, for example, magnetic phenomena and high-temperature superconductivity. To achieve this,
Schätz and his team exploit a quantum system that they are very familiar with and that can be monitored.
Their first aim is to use the simulator
to imitate quantum magnets, whose
properties they do not yet fully understand.
In an initial experiment, the researchers used the instrument to
imitate a two-atom quantum magnet whose behavior they had al-

Tobias Schätz must prepare the ion traps (below) carefully in order for the
four triangular electrodes to capture the magnesium ions within them (left).

ready predicted using conventional
computers. Since the quantum simulator confirmed these predictions,
it was proven to be fundamentally
suitable for such studies. In the future, the researchers hope to expand
the new device in such a way that it
can be used to study more than two
particles.
A quantum simulator shares essential properties with the system
that it imitates, and is thus suitable
for studying such systems. “In addition, we can use it to test how a system behaves when we change only
one of its properties and retain all
the others,” says Tobias Schätz.

THE SEARCH FOR ZERO
RESISTANCE CONDUCTORS
“The possibility of using a quantum
simulator to control discrete properties selectively could help us, for example, to one day understand the
phenomenon of high-temperature
superconductivity and thus to produce materials that can conduct electric current without resistance – even
at temperatures of over 40 degrees
Celsius.” The critical temperature at
which a high-temperature superconductor ceases to present resistance
depends, among other things, on the
distance between the atoms in a solid. This, in turn, is a function of the
chemical composition of said solid.
However, the chemical composition
also influences numerous other properties that have an impact on the
superconductivity. “So if we modify
the composition of high-temperature
superconductors, we don’t know
whether the different interatomic interval or some other change in the
properties is responsible for displacing the critical temperature or, for
that matter, whether positive and
negative effects cancel each other
out,” says Schätz.
It will be some time before physicists can actually use quantum simu-
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a)

b)

Radio-frequency electrodes
(radial confinement)
Laser
Quantum bits and pieces: Two energy
levels of an ion (blue) represent spin up and
spin down (left). Four electrodes ensure that the
quantum bits don’t escape during computation;
a laser assists in reading the simulation result.
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Paul trap

OF

Tobias Schätz and his colleagues
have now simulated how the quantum magnet changes from the paramagnetic to the ferromagnetic state.
In the paramagnetic state, the two
elementary magnets are unaware of
each other, and align themselves
with an external magnetic field. The
Garching-based physicists have now
simulated the gradual increase in interaction between the two elementary magnets. The probability then also
gradually rises of the two bar magnets aligning themselves ferromagnetically – that is, with the north

T OBIAS S CHÄTZ / P HOTO : MPI

SIMULATED MAGNETIC
ORIENTATION

BASED ON MATERIAL FROM

poles of both pointing downward
and upward at the same time.
The physicists have already used
a computer to simulate the behavior
of the atoms in a quantum magnet.
“This means that we can test whether our simulator works,” says Tobias
Schätz. And it does. The physicists
have trapped two magnesium ions
between a number of electrodes that
confine the electrically charged particles by means of electrical forces.
The two magnetic orientations are
simulated by two energetic levels of
the magnesium, between which the
electrons hop back and forth. The
outer magnetic field is simulated
using radio waves, which transport
an electron from one level to the
other. The physicists beam in the radio waves for just half the time required to turn a compass needle
from north to south. In this way,
they attain a superposition state in
which each compass needle points
in both directions at the same time
– something that is illogical in classical physics.
The researchers use a laser to simulate the coupling between the two
atoms that brings about their ferromagnetic arrangement in the energetically most efficient state. The

the same time? The result is indeterminate as long as no one examines
the magnet. Until that happens, the
compass needles point both upward
and downward at the same time, and
decide on a direction only the instant
they are measured. But it is sufficient
for a physicist, by conducting a measurement, to force one of the atoms
to define its orientation. In the same
instant, the magnetic moment of the
other atom then assumes the same
alignment. This is due to another
mysterious phenomenon known as
entanglement.

G RAPHIC : C HRISTOPH S CHNEIDER ,

lators to study high-temperature superconductivity. The physicists in
Garching began by simulating how
the magnetic order in a two-atom
quantum magnet changes when the
two atoms are no longer independent
of each other, but become linked.
In a magnetic material such as
iron, individual electrons behave like
small compass needles or bar magnets, each with a north and a south
pole. In a permanent magnet, such
as a horseshoe magnet, these minute
bar magnets are all aligned in the
same direction – physicists call this a
ferromagnetic state – and with their
combined force, are even able to
magnetize and attract another piece
of iron.
In a quantum magnet, the situation is unclear, as is often the case
in quantum physics. The “compass
needles” within the quantum magnet – that is, the elementary magnets – do not become aligned until
an attempt is made to determine
their orientation. Before this, the
compass needle points in two directions at the same time: upward and
downward. In a quantum magnet
consisting of two atoms, as investigated by Tobias Schätz and his team,
the situation is already more complicated, especially when the two
magnets interact with each other –
so, when they become linked. When
this happens, the two elementary
magnets tend to align their north
poles in the same direction, since
this requires the least energy.
What direction will this be, though,
when each individual elementary
magnet possesses two orientations at

Q UANTUM O PTICS

The particles line up neatly for the computational roll call.
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laser’s electromagnetic field captures the atoms and moves them.
The energy of the laser beam, however, lies precisely between the two
electronic levels of the magnesium
ions. This leads to a phenomenon
similar to that which can be seen on
a hanging telephone receiver: if the
cable is moved slowly back and
forth, the receiver swings to and fro
in step, but if the hand is moved too
quickly, the receiver swings back
and forth in the opposite direction
to that of the hand.

G RAPHICS : C HRISTOPH S CHNEIDER ,
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THE NEXT GOAL:
FRUSTRATED SPINS
Following the same principle, the laser used by the physicists in Garching moves magnesium ions whose
electrons are at the higher electronic
level in the same direction in which
it is moving itself. Magnesium ions
whose electrons have less energy, on
the other hand, are drawn by the laser beam in the opposite direction.
What matters now is that less energy is required when both ions migrate in the same direction – that is,
when they are in the same electronic
state. The observations by the physicists in Garching confirm this: the
probability of their laser pushing the
two ions in the same direction increases with the intensity of the
beam, or in other words, with the
coupling strength.
The simulator thus reflects precisely what occurs in a two-atom quantum magnet: the stronger the magnetic coupling between the two

A harmless trap: It can’t snap shut until it is sealed with a lid.

atoms, the more likely they are to assume a ferromagnetic state. This
means, however, that when the two
compass needles are entangled, they
point in the same direction: both simultaneously north and south. The
researchers have thus clearly demonstrated entanglement, which Einstein
considered “spooky.”
“We now plan to expand our
simulator little by little,” says Tobias Schätz. “Even a simulator for
a quantum magnet comprising
three atoms arranged in a triangle
will allow us to conduct interesting
physics experiments.” For instance,
by carefully adjusting their simulator, Schätz and his colleagues will
be able to simulate the antiferro-

F

F

magnetic state, in which the elementary magnets are aligned in
exactly opposite directions – their
north and south poles alternate.
But how are the elementary magnets aligned in a triangular quantum magnet? “In this case, the effect is described as spin frustration,”
explains Schätz. It is as if two battling soccer players were to be
joined by a third player who, upon
reaching the two others, forgets
which team he belongs to.
“Such spin frustrations may be
relevant to high-temperature superconductivity.” When physicists understand this relationship better,
they might perhaps also discover
why some substances conduct electrical current losslessly, even at relatively high temperatures. This, in
turn, would enable them to develop
materials that are able to do so at
room temperature. For the scientists
who achieve it, this goal would be a
triumph equivalent to soccer players winning the World Cup.
PETER HERGERSBERG

Divide and conquer: An intense laser beam, displayed as
a wave, pushes the ions into the trap (top). The direction in
which the laser pushes the particles depends on the electronic
state of the ions (upward or downward arrow). The same
should also be possible in a two-dimensional ion crystal.
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Polar Research
in Spin Ice
A fresh perspective has always been of benefit to science. RODERICH MOESSNER, Director at
the MAX PLANCK INSTITUTE

FOR THE

PHYSICS

OF

COMPLEX SYSTEMS,

conducts research

into unusual types of order in condensed matter, for example in magnets. In the process, he has
discovered exotic phenomena such as magnetic monopoles.
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ight and shadow, good and bad,
yin and yang – some opposites
need each other. Physics also has an
inseparable pair of opposites: the
north and south poles of a magnet.
To date, physicists have never been
able to find reproducible evidence
for the existence of a single magnetic pole – what they call “a magnetic
monopole”. The majority of researchers are not surprised by this, as all
known magnetic building blocks of
matter, such as the electron and the
neutron, always possess both north
and south poles. Since our environment is made up of such particles,
there should be no piece of matter
that constitutes a magnetic monopole. That, at least, is the general
consensus.
Against this background, the results of Roderich Moessner’s research, namely that magnetic mono-

poles exist in magnetic materials,
seem astonishing. Moessner, a theoretical physicist and Director at the
Max Planck Institute for the Physics
of Complex Systems in Dresden, believes that they exist in a substance
that derives its exceptionally unusual magnetic properties from its particular crystal structure: spin ice.
Spins are the minute magnetic moments of the electrons in the solid,
which behave like miniature bar
magnets. These miniature bar magnets are arranged in spin ice in the
same pattern as water molecules in
ice (see box, page 39).
In the material, magnetic north
and south poles can move apart by
any distance, as if freely mobile carriers of magnetic north poles and
corresponding carriers of south poles
existed. This is the conclusion of
analyses performed by Moessner and

Research into new forms of order: Roderich Moessner with a model of the
spin-ice crystal lattice (left) and with V. Ravi Chandra from his group (bottom).

his colleagues Claudio Castelnovo
and Shivaji Sondhi at the universities of Oxford and Princeton, respectively. The researchers’ theory has
attracted attention in the scientific
community, not least because it has
explained mysterious experimental
data on spin ice (see box, page 40).
The fact that discrete magnetic
north and south poles occur in spin
ice, however, does not mean that
there are two new particle types,
each bearing one of these magnetic
poles in the same way that electrons
bear a negative electric charge and
protons a positive one. The textbooks
of elementary particle physics do not
need to be rewritten.

WATER WAVES ARE A
COLLECTIVE PHENOMENON
“Rather, the existence of magnetic
monopoles is a collective phenomenon due to the interactions between
the atoms and electrons of which
spin ice is composed,” says Moessner. He compares the atomic teamwork in spin ice with water waves:
“Individual water molecules do not
exhibit waves; only a great many
water molecules together are able to
do so, by exerting forces on their
neighbors. Waves are a simple example of a collective phenomenon.”
Waves in water and magnetic
monopoles in spin ice are examples
of the whole being potentially more
than merely the sum of its parts.
“Emergence” is the term that scientists use for the appearance of new
qualities when a large number of
discrete elements combine to form a
new unit. An example is the combination of many individual cells to
form a multicellular living organism.
Solid-state physicists know of numerous emergent phenomena, such
as sound waves in crystals. Many of
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WORLDS WITH
THEIR OWN LAWS

therefore apply that cannot be derived directly from the fundamental
formulae of elementary particle
physics. Such findings suggest that
some materials can be regarded, in a
sense, as miniature worlds that effectively create their own laws of
nature.
The Dresden-based scientist is not
the only one with this view. As early
as 1972, American physicist Philip
W. Anderson warned in the journal
SCIENCE of the consequences of the
reductionist research philosophy
then prevailing. This philosophy assumes that things can be understood
by being broken down to their smallest constituent parts. This is the route
that particle physicists were taking
at the time.
Anderson countered that reductionism would never be able to deliver a complete explanation of macroscopic phenomena, such as
solid-state materials, plants, human
beings or the universe.

In solids, however, quasiparticles can
in principle occur that, although they
possess the magnetic moment of an
electron, carry no charge (or viceversa). In other words, they can be
compared to one-sided coins. Against
this background, it no longer seems
absurd for spin ice to contain magnetic monopoles.
The deconstruction of the elementary particles in the solid does not
stop here: at very low temperatures
and in strong external magnetic
fields, quasiparticles can even occur
at interfaces between two parts of
the solid that bear a fraction – for
example a third – of the elementary
charge that is recognized as being
indivisible.
In complex physical systems, with
their many billions of interacting
atomic nuclei and electrons, laws
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He concluded his paper by saying:
“The whole is not only more than,
but also very different from, the sum
of its parts.” In order to understand
the behavior of large and complex
conglomerates of elementary particles, research must be conducted that
is no less fundamental than the study
of the smallest particles themselves.
The researchers in Roderich Moessner’s group have attempted to discover as yet unknown principles according to which complex physical
systems organize in space and time.
One object of their research is topological quantum liquids. In a quantum liquid, matter is present in a
special state that exists in addition
to the solid, liquid and gaseous phases. An example is the Bose-Einstein
condensate, in which, at very low
temperatures, small clouds of atoms
enter a common quantum state. A
quantum liquid is topological when
certain of its properties are determined by its geometry. “These topo-

I MAGE : C ASTELNOVO , C., M OESSNER , R., S ONDHI , S.L. N ATURE 451, 22-23 (2007)

these collective phenomena do not
constitute elementary particles in the
usual sense; like the discrete magnetic poles in spin ice, however, they
have certain properties in common
with such particles. For this reason,
they are also referred to as “quasiparticles”.
The magnetic monopoles are a
class of quasiparticles that particularly fascinate physicists, while at
the same time presenting them with
major puzzles. “Quasiparticles exist
that appear to be fragments of elementary particles that are normally
considered to be indivisible,” says
Moessner. The electron, for example,
is defined by, among other things,
two properties: its negative elementary charge and its magnetic moment
of a certain strength. These two
properties appear as inseparable as
the two sides of a coin.

logical quantum liquids are currently
playing an important role in the research into quantum computers,”
says Moessner.
The hidden organizing principles
are, in a sense, the laws of nature of
complex systems, and thus the
foundation of new insights. Roderich Moessner and his colleagues
only predicted the appearance of
the magnetic monopoles after they
had observed a new form of order
in spin ice.

NO MONOPOLES
WITHOUT SPIN ICE
This new type of order concerns the
magnetism in the material. The magnetic order of spin ice is much less
evident than, for example, that in
ferromagnetic metals, which can be
permanently magnetized. “In ferromagnets, the magnetic moments of
all atoms tend to be aligned,” says
Moessner. The arrangement of the
moments can be compared to a picket fence. “To see this order, it would
be sufficient to observe the alignment of the moments of a few discrete atoms,” he explains. We would
then discover that most of the magnetic moments point in a certain direction. This order is local.
“In spin ice, by contrast, there is
no local order,” says Moessner. But
the fact that spin ice is not simply
random becomes evident only when
all magnetic moments in a larger region are observed. “First, however,
we must consider the individual tetrahedra of which spin ice is composed,” says Moessner. Each tetrahedron is subject to the ice rule, which
dictates that the magnetic moments
at two of its corners have one orientation, the opposite to that of the
moments at the other two corners
(see box, page 41). This permits six
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A question of alignment: If two of the spins point into the tetrahedron and
two out of it (top left), their magnetic charges cancel (bottom left). When a spin
flips, two monopoles form (top and bottom right).

SPIN ICE

AND

WATER ICE

Spin ice forms in a crystal lattice of
tetrahedra that are joined at their
corners. Spin ice composed of the elements holmium or dysprosium, titanium
and oxygen. Spin ice owes its name to
a similarity with water ice. The latter
consists of oxygen and hydrogen atoms.
Each oxygen atom has four neighboring
hydrogen atoms. Two of these – the
two with which the oxygen atom forms
a water molecule – are closer to the
oxygen than the other two. Experts call
this the ice rule. Spin ice has a similar
local arrangement of the magnetic
moments of the spins located at each
corner of the tetrahedron. Magnetic
moments resemble minute bar magnets,
each with a north and a south pole.
Like the needle of a compass, the magnetic moments are pivoted at each of
the four corners of the tetrahedra that
make up spin ice. In the lowest-energy
and thus preferred state of spin ice,
two north poles in each tetrahedron
point to its center, and two away from
it – a magnetic version of the ice rule.

combinations for the orientation of
the four magnetic moments at the
corners of the tetrahedron, and thus
six different total magnetic moments. The magnetic moments of
multiple tetrahedra combine to form
the magnetization of a region under
consideration. Even when the ice
rule is observed, different regions in
spin ice may vary widely in their
magnetization.
“In spin ice, one revealing quantity is the magnetization of lattice
planes that run through the crystal
like floors through a building,” says
Moessner. The magnetization of
these planes turns out to be the same
as long as the ice rule is observed.
“This shows that a certain order is
still present,” he says. And only
where an order exists can it be violated. A magnetic monopole is nothing other than such an infringement.
Initially, Roderich Moessner’s interest
lay not in the magnetic monopole,

A network of tetrahedra: In this
structure, holmium or dysprosium, titanium
and oxygen combine to form spin ice.
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but in the departure from such an order. He considered how the magnetization of the entire crystal changes
when an external magnetic field acts
on spin ice in the laboratory.

A MYSTERIOUS
PHASE TRANSITION
In 2004, researchers in Japan observed
that a phase transition occurs in spin
ice when, at temperatures below one
Kelvin – equal to minus 272 degrees
Celsius – a magnetic field was increased
above a critical value. The transition
displayed characteristics similar to the
condensation of water vapor. The researchers observed, for example, that
energy was suddenly released. But exactly what happens in the crystal was
still unclear. The magnetic monopoles
proposed by Moessner and his colleagues now provide an explanation:
their density increases suddenly when
the critical magnetic field is reached.
In a sense, they change from a gaseous
to a liquid state.

THE SEARCH FOR
A NEW ORDER

throughout Moessner’s research career. While working on his doctoral
studies, he studied two-dimensional
electron gases, and predicted electronic states that were found to lead
to orders resembling those in liquid
crystals. In liquid crystals, mole-

I MAGE : C ASTELNOVO , C., M OESSNER , R., S ONDHI , S.L. N ATURE 451, 22-23 (2007)

“The magnetization can change only
when the ice rules are violated at
certain points in the crystal. Magnetic defects are then formed at these
points,” explains Moessner. These
defects move through the crystal in
the direction of the magnetic field,
and transport the change in magnetization from one plane to another.
When he analyzed the properties of
these defects, the physicist noticed
that they were magnetic monopoles:
they behave in an analogous way to
electrical charges.
The special properties of spin ice
were not discovered by chance. The
search for hidden and exotic types
of order has been a recurring theme

Spaghetti in spin ice:
The monopoles (red and blue
dots) can migrate through the
solid as if they were connected by a tensionless spring.
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cules align along one spatial direction; otherwise, they remain random. The existence of these
electronic states was later verified
experimentally.
Moessner subsequently conducted
research in Hamilton (Canada) and
at Princeton University in the US.
There, he showed that – surprisingly
simple – microscopic models exist
in which the elementary charge can
be separated from the magnetic moment of an electron – that is, the
spin. To understand how this happens, one can imagine that the electrons in the solid move on a lattice.
The negative charges of the electrons are compensated by the positively charged ions.
In the lattice planes, each electron
is surrounded by its neighbors. It
pairs off with one of these neighbors
such that the spins of the two electrons – their magnetic moments –
cancel. However, these pairings are
ephemeral. Each electron continually
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PREPARATIONS
EXPERIMENTS

FOR

In his book A Different Universe: Reinventing Physics from the Bottom
Down, published in 2005, physicist
and Nobel laureate Robert B. Laughlin predicts new discoveries of many
such organizing principles and laws
of nature in complex systems. According to Laughlin, we are still unaware of the great majority of organizing principles. So the physicists
in Roderich Moessner’s group still
have much work to do.
Theoretical research into complex
systems fascinates him for two reasons. “For one thing, we work in
small groups, which gives us a high
degree of flexibility and variety,”
says Moessner. The second reason is
probably more important: “Particle
and astrophysicists have one large
universe. We have many small quasiuniverses,” he says jokingly. “For
us, every material is a potentially
new type of complex system.” The
variety within solid-state physics,
says Moessner, derives from the
countless possible combinations of

the elements in the periodic table. So
there are many new phenomena yet
to be discovered.
The results of the scientists’ research into miniature quasiuniverses
should not remain purely theoretical.
Experiments on the monopole hypothesis are now on the agenda.
Preparations for these are underway
at several locations. “Whatever the
results of the experiments, I am confident that they will teach us some-

SPAGHETTI INSTEAD

OF

thing important,” says the physicist.
He does not yet envisage direct technical applications of the magnetic
monopoles. However, the good news,
says Moessner, is that it will hopefully be possible to create magnetic
monopoles should they be needed
for a specific application. “This demonstrates the level of control that we
are now able to exercise in materials
physics and the physics of complex
CHRISTIAN MEIER
systems.”

SPRINGS

Moessner and his colleagues use an astonishingly simple model to explain magnetic monopoles as a collective phenomenon in spin ice. The starting point of the
model are the magnetic moments at the
corners of the tetrahedra of which spin
ice is composed. Moessner compares each
magnetic moment to a dumbbell, with a
north pole at one end and a south pole at
the other. Two north and two south poles
thus meet in the middle of each tetrahedron. The opposing magnetic charges of
the poles in this configuration cancel.
If one of the dumbbells is now turned by
180 degrees, an imbalance arises in the
middle of two adjacent tetrahedra. Three
poles with the same polarity meet one

quires only a little additional energy to
overcome the attraction between the
magnetic monopoles. As the distance between the poles increases, the energy required drops progressively. When an adjacent dumbbell flips, one of the poles
migrates one tetrahedron further. Since
the procedure can be repeated indefinitely, the magnetic monopoles are effectively freely mobile. In conventional magnetic substances, such as iron, this is not
the case. Although these substances contain magnetic moments, the reversal of
each moment requires the same amount
of energy, since it is surrounded by opposing moments. For this reason, in ferromagnets, the attraction between two

When one bar magnet in a chain (a) flips, two monopoles (b and c) are
created. In the spin ice model, such chains are jumbled up (colored lines, d).
The monopoles (e) can move along these chains.
with the opposite polarity: in one tetrahedron, three north poles face a single
south pole, and in the adjacent tetrahedron, three south poles a north pole. So
overall, there are surplus north poles in
one tetrahedron, and surplus south poles
in the other. This disturbs the magnetic
neutrality at a local level, and thus requires the use of a tiny energy quantum.
The poles can now move apart; this re-

magnetic defects does not become weaker as they move apart; rather, the energy
required increases without bound, almost
as if they were at opposite ends of a
spring being stretched apart. In spin ice,
by contrast, chains of moments are tangled like spaghetti on a plate that can be
pushed around at will. So monopoles are
linked, as it were, not by a spring, but by
a loose thread.
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changes partners, with the result that
the entire arrangement of bonds is in
constant motion.
“If a single electron is removed
from the lattice, a hole, a positive
charge, is left behind, and next to it,
an unpaired electron,” explains
Moessner. The remaining solitary
electron is evident only from its spin;
against the positive background, its
negative charge goes unnoticed, as
before. The electron need not remain
alone, however; it can capture a
partner from an adjacent spin pair.
The unpaired spin, or the magnetic
moment, thus migrates through the
lattice, without the positive charge
following it.
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FASCINATING RESEARCH

Scientists at the MAX PLANCK INSTITUTE

FOR

MARINE MICROBIOLOGY

are researching the methane seeps of the deep West African margin, which are
highly distinctive for their enormous biodiversity and abundant biomass.

Researchers in
Deep Water

U

nique and rich ecosystems
have formed on the ocean
floor at depths of several kilometers
despite the absolute darkness, inconceivably high pressure, and large
fluxes of toxic sulfide. Very special
faunal communities can be found in
these areas, which are known as cold
seeps. They benefit from the presence of methane and other hydrocarbons, which seep naturally from
the ocean floor and are converted
into biomass and energy by microorganisms.
Several billion cells of bacteria and
archaea can reside in just a single
gram of ocean sediment, and based
on this, it is estimated that the ocean
floor houses one third of the Earth’s
total biomass. The microorganisms in
the seabed are able to decompose organic components and catalyze important mineralization processes:
some of them reduce sulfate and iron,
while others generate methane from
42
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hydrogen and carbon dioxide. These
conversion processes are extremely
important as they have a crucial influence on the ultimate fate of organic carbon in the global carbon cycle.
Little is known about how many
different organisms benefit from the
ability of the microorganisms to access chemical energy from a variety
of geological and biological processes – which is hardly surprising considering how difficult it is to access
these microorganisms. However,
even if the scientists are still struggling to gain a comprehensive understanding of the many different
methane-driven ecosystems on Earth,
a series of studies carried out in recent years have underscored the potential that exists for unexpected
new discoveries in this field. The scientists who participated in the expedition to the West African margin
recorded their experiences in an Internet blog.

1/2009

JULY 17, 2008:
ANCHORS AWEIGH!
It was “anchors aweigh” from
Walvisbaai (Namibia) for the Meteor
and its international crew shortly
after 10 a.m. this morning. Accompanied by the pilots and a large
number of jellyfish in the waters
around us, we embarked on our scientific expedition, which will last six
weeks and take us northward from
here to the Congo continental margin. Naturally, all of the scientists
gathered on deck are armed with
their cameras to witness the start of
our journey and enjoy the last
glimpses of land. For many of them,
it was the first time on a research
vessel; but even for the old “sea
hands,” the departure always marks
the beginning of another new adventure. We were seen off by a few seals
whose heads popped out of the water now and then, and a large sea
turtle that suddenly appeared on the

MARINE MICROBIOLOGY
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Antje Boetius (above) and her colleagues
kept a diary on the Internet during the
six-week expedition with the Meteor
(below) along the west coast of Africa.

FASCINATING RESEARCH

portside to catch its breath, but disappeared again just as quickly.
The scientific research group that
set sail from Walvisbaai with the
research vessel Meteor on July 17,
2008 could hardly be more diverse:
30 students, technicians, doctoral
students, postdocs and scientists
from more than six different institutes and countries; old hands with
over 30 research trips under their
belts; and complete novices who had
never spent even a day at sea. And
with them, a crew of 32 sailors, who
are, of course, a critical component
of every research mission. The expedition was lead by Antje Boetius. A
microbiologist by profession, Boetius
has been head of the Max Planck
Microbial Habitats Research Group
since 2003, and also holds a professorship at Jacobs University Bremen,
a private institution.
Quest is a robot system developed for routine
deep-sea use (above). It can deploy the microsensor-profiler that Volker Asendorf is in the process
of assembling (below) on the ocean floor.

M76/3b is the code designation of
the collaborative expedition involving researchers from the Max Planck
Institute for Marine Biology, the
Center for Marine and Environmental Sciences at the University of Bremen (Marum), the Alfred Wegener
Institute, the French research institute Ifremer, the University of Paris,
and the University of Ghent. Their
destination is the West African continental margin, where the marine
researchers hope to gain new insights into the bizarre fauna of the
gas and fluid seeps with the help of
Marum’s remote-controlled underwater robot Quest-4000.

JULY 18, 2008:
WELCOME TO ROV-HAUSEN
With its enormous cable-winch,
large control container, and crew of
nine technicians who work in shifts
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around the clock, the Remotely Operated Vehicle (ROV) Quest is a small
town in itself, referred to on board as
“ROV-Hausen” (“ROV-town”).
Marum’s remote-controlled dive
robot is equipped with an impressive
number of sensors, cameras and manipulators that can be deployed on
dives to depths of up to 4,000 meters. The dive robot’s control room
fills its container to such an extent
that, in addition to the two ROV pilots on duty, there is only enough
room for two scientists to work there:
the dive leader and a note-taker. The
high-resolution video taken by the
HDTV camera is transmitted directly
to the ship network and presented
online to the rest of the team on a
big screen. Because a very intensive
research program with long dives is
planned after the lengthy transit to
the dive sites, all of the scientists on
board will probably get the chance to
accompany the Quest dives in the
control container.
Water and gas are stored in the
sediments of the world’s oceans and
in the crevices and clefts of the oceanic crust that lies beneath them.
These fluids are mobile and not permanently enclosed within the sediments and crust rocks. Cracks and
gaps in the crust are caused by different sediment properties and by
gravitational and tectonic movements. The fluids stored in the pore
space can thus escape to the open
sea through these gaps. The presence
of a special community of mussels,
worms and bacteria provides the
most definite clue to the existence of
such deep-sea cold seeps.
White crabs scurry silently across
the ocean floor, meter-long tube
worms sway in the current and giant
mussel beds form. Life in the aphotic
surroundings of the deep sea relies
on alternative energy sources – photosynthesizing green plants do not
exist here. So the mussels and worms
live in symbiosis with bacteria that
are able to oxidize the methane and

MARINE MICROBIOLOGY

the sulfide contained in the fluids, to
generate biomass and nutrition with
the energy obtained in this way. This
process is known as chemoautotrophy. The researchers on the Meteor
want to find out how chemical,
physical and geological parameters
influence these seep ecosystems, and
how biology controls the conversion
of the climate-impacting gas methane. They also hope to obtain an answer to the question as to the role of
deep-water methane reservoirs and
their biota in climate events.

JULY 20, 2008:
ON THE METHANE

TRAIL

Many people can describe something only if they see it. Geophysicists, however, have to describe
things without ever having seen
them. They do this by measuring
their different physical properties,
such as acoustic properties. As a
geophysicist, I will be in charge of
some of the acoustic systems, such
as the echosounder and parasound
system, during this section of the
The image produced using the parasound system shows a gas flare in the water column
(above). The ocean floor can be visualized using
the multibeam echosounder; the mud volcano
of the Congo Canyon is shown here (below).

expedition, M76-3b. What kind of
information can we retrieve from
acoustic systems? The multibeam
echosounder is used to obtain a realtime visualization of the ocean floor.
The parasound system, in contrast,
gives us information about the sediments under the ocean floor and enables us to identify various complex
structures in the seabed. And that’s
not all: the parasound measurements also enable us to identify gas
flares in the water column at a
depth of 4,000 meters or more. Isn’t
that fantastic?
The very first time I saw a gas
flare with the robot, I was really
amazed. It is unbelievable how such
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a big and strong acoustic signal is
generated in the water column by
tiny gas bubbles making their way
up to the surface of the ocean. The
question of gas seepage from the sea
floor is very important, as methane,
the main component of the gas bubbles, becomes a very aggressive
greenhouse gas when it reaches the
atmosphere.
Relatively little would likely be
known about these gas occurrences
if they didn’t have a particular effect
on acoustic waves, which researchers
use to explore the ocean floors. Due
to the low density and acoustic veQuest-4000 makes its first visual contact with
the ocean floor: a densely populated ecosystem
located above a gas seep (above). Rising
methane – the energy source for the cold seeps –
is measured using a calibrated funnel (below).

locity of gas compared with the surrounding sediment, a particularly
clear echo is generated and the gas
bubbles are also made to oscillate.
Depending on the properties of the
signal, the further spread of the seismic wave can even be completely inhibited – a sure sign of the presence
of gas in the pore spaces.
These seabed gases are produced
when organic material is decomposed through biological and chemical processes. They accumulate initially dissolved in water in the pore
spaces of the fine-grained sediment
on the ocean floor and build up extensive reservoirs. An escape route
becomes available only when a crack
occurs – for example, along a disturbance area – if the overpressure in
the deep is sufficient to open the
crack. A considerable volume of gas,
water and sometimes also mud is
then ejected to release the pressure.
This causes the formation of a mud
dome, also called a mud volcano.
Also, the ocean floor can cave in and
leave behind holes, known as pockmarks, that are several hundred meters wide and up to 30 meters deep.
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As soon as these depressions in the
ocean floor and gas flares are identified, the experts on board the Meteor
try to obtain samples and take highresolution photographs of gas hydrates, bubble flares and the different types of biological communities
that occur in these gas seeps.

JULY 23, 2008:
COME ON, LET’S DIVE!
After over a week in transit, busy
preparations, and intense planning,
the long-awaited event finally took
place this morning: the ROV Quest
went on its first dive. Both the crew
and the scientists had been eagerly
awaiting the start of the mission.
Unfortunately, a severe damper was
put on things after just a few minutes. The dive had to be cancelled
due to an electronic problem, and the
heavy red hulk had to be lifted on
deck again. But the problem was
solved in less than half an hour, and
a number of enthusiastic spectators
were able to watch a second launch,
which went smoothly this time. After
a two-hour descent to a depth of over
2,750 meters, we finally got to see
the sight we had all been waiting for:
the ocean floor. The investigation
could begin.
The first aim was to locate gas
seep sites. Based on the gas flare that
had been mapped the previous night
using acoustic geophysical measurements, it took less than half an hour
to find the first gas bubbles. Despite
some technical problems, which often arise on the first dive of an expedition, a large part of the scientific
program could be completed and
sample material collected before the
dive had to be interrupted due to an
oil leak. Gas bubbles were collected
in specially made pressure containers, sediment samples were taken in
so-called push cores (small cylinders
similar to cake tins), a net was filled
with mussels and tube worms, and
small bottles were filled with water
samples – altogether a rather good
result for the first day of diving. The

long-awaited work then began for
many of us: the first samples could
be distributed, quantified, fixed, and
even analyzed.
The Regab pockmarks on the West
African continental slope are characterized by particularly high levels
of biomass and biodiversity in their
communities. Their sediments hold
enormous gas stores, including the
climate-endangering gas methane in
the form of gas hydrate. Methane
hydrate forms at great depths and
low temperatures, and is stable at the
conditions found here, with 4ºC and
300 bar at a depth of approximately
3,000 meters. The water molecules
form a cage-like crystal structure in
which the gas molecules are enclosed. The mixture freezes to cold
white methane hydrate, which looks
somewhat similar to water ice. Based
on its specific hydrate structure, a
cubic meter of gas hydrate can bind
164 cubic meters of methane.
Sampling in the geo-laboratory (above and center)
is muddy work. The researchers are successful
in their quest for the “white gold” of the ocean
floor: the methane ice can ignite in air (below).

JULY 24, 2008:
MUD ON BOARD
We began sampling the sea floor
today with a gravity corer. The gravity corer is a steel pipe that is several
meters long and has a 1.5-ton weight
attached to the top end. A plastic
tube known as a liner is inserted into
the steel pipe. The device is then
lowered down to the sea floor and
slowly penetrates the sediment by its
own weight. After the recovery of the
gravity core, the liner, which now
contains the sediment, is removed
from the steel pipe, cut into segments, and sampled.
Large volumes of gas hydrate were
retrieved in the core on the first attempt. The chunks of gas hydrate
were then removed from the core and
frozen in liquid nitrogen, as the gas
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hydrate immediately decomposes at
the high temperatures and low pressure found at sea level. In addition to
the methane, the core also contains a
lot of vile-smelling sulfide gas, a
product of the microbial conversion
of methane. The sulfide reacts very
strongly with silver – and some colleagues’ fingers are now adorned
with black engagement rings. The
second core was “slaughtered” in the
cold room. Here, the pore water was
extracted using rhizone-syringe sampling, and the sensitive chemical parameters could be analyzed instantly
in the ship’s laboratory. The rest of
the core was sealed and stored for
potential subsequent tests in the
cooling room and, later, in the
Marum core archive.
An auspicious combination of factors is required for the formation of
spectacular structures like the Regab
The researchers observe the ocean floor from the
ROV control center. They placed wood and other
material on the ocean floor for the purpose of settlement experiments. Oxygen, temperature and pH
are measured using the handheld device (below).

pockmark. In the Congo Basin, it
consists of a huge layer of salt that
was formed in the South Atlantic
during the Cretaceous period. Today,
it is deformed through pressure at
great depths, and rises in many locations due to its low density. As it
does this, it pushes up the sediment
layers that lie above it, and these
disintegrate along many disturbance
areas, making it easier for the gas to
escape to the surface. The pockmarks
are located exactly above these rising salt bodies, which concentrate
the gas flow and thus supply the numerous seeps. The researchers want
to find out how these fascinating
deep-sea habitats of the West African continental margin are linked to
geological and biogeochemical processes at the gas and fluid seeps and,
in particular, why they attract such
enormous diversity of species.
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JULY 28, 2008:
MEGAFAUNA
FROM THE DEEP!
We began sampling one of the different Regab mussel habitats during
the last two dives. We were able to
sample a new species of clam (genus
Calyptogena) with a net. We were
also able to deploy two types of benthic chambers to measure the methane flux and respiration rate of organisms on the ocean floor. We then
sampled the clams under the chamber quantitatively with a box grab.
The bivalves were counted, weighed
and measured on deck. The Calyptogena clams are specially adapted to
the extreme conditions at the methane seeps: they have special blood
pigments that can bind the toxic substance sulfide. What is poisonous to
the bivalves themselves is energy for
the symbionts that live in their gills.
The clams transport the sulfide to the
bacteria, which feed the host in exchange. The clams’ different blood
pigments are also adapted to different oxygen concentrations, as oxygen
can be scarce at methane seeps.
The symbiosis between chemoautotrophic bacteria and their host animals, as in the case of the Calyptogena clams, can be species-specific.
This means that the clam and bacterium develop together and are so
closely synchronized with each other that they are unable to enter into
symbiosis with any other organism.
However, in addition to the chemotrophic symbioses, there are also
freely living microorganisms whose
diversity and physiological contributions are not sufficiently known.
Biodiversity analyses of the microorganisms using molecular methods and lipid biomarker analyses
should provide more information on
their diversity and function. The potential of these extraordinary cold
seep communities with regard to
controlling methane fluxes is still
unknown. The measurements of the
methane and sulfide flows and other

MARINE MICROBIOLOGY

microbial conversion rates will help
in the characterization of the microhabitats.

AUGUST 17/18, 2008:
QUEST 226 – THE FINAL

DIVE

Short summary of dive 226, which
ended in the early hours of the morning of August 19: A complete success! We were able to get through all
of our tasks before we ran out of oil
and had to surface. Okay, we made
mistakes a few times with the video
mosaic and were not able to cover all
of the transects as planned – but we
did see an awful lot. We were able to
retrieve the experiments, both the
The scientific participants of expedition M76/3b
(above) collected a large number of samples
from the ocean floor of the Regab pockmark
(below) to take home with them – plenty of
work to keep them occupied on their return.

Tracs (experiments on the settlement
of various material surfaces by larvae of deep-sea organisms) and a
piece of the wood experiment we had
sunk three weeks ago. A huge number of crabs have since set up home
here and, strangely, an entire swarm
of shrimp, which are usually found
only on the tubeworms and mussel
beds. The shrimp appear to be very
flexible when it comes to choosing a
partner and nutrition: we even saw
one eating the feces of a vesicomyid
clam, which was simply unable to
produce the feces at the rate at which
it was consumed. Others were fighting over a worm.
The scientific research in the Regab area ended at 6:15 on the morning of August 19, and the researchers on the Meteor embarked on their
journey home. It was a five-day trip
to Walvisbaai – time for relaxation,
cleaning up, sorting data and samples, and packing containers.
The full version of the researchers’
blog is published on the website
www.planeterde.de.
ADAPTED
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MATHEMATICS

Many people switch their inner traffic light to red as soon as they hear the word mathematics: Stop, too
difficult! Nevertheless, mathematics governs all of our thinking, and it is part and parcel of an astonishingly
large number of everyday things and processes. JURI MANIN, Director Emeritus at the MAX PLANCK
INSTITUTE
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short while ago, I was at a
conference in Amsterdam
and heard a manager give a talk in
which he seriously put part of the
blame for the crisis in the financial
markets on us mathematicians. He
leveled the accusation at us that our
mathematical models were one of the
reasons for this crisis. What he overlooked here was the fact that financial mathematics is based on statistical mathematics and thus predicts
only probabilities and averages. In
the end, the stock exchange is a game
of chance. It is clear that many people, like this manager, are utterly naïve in their use of these mathematical
tools. They use them as a black box
without understanding the mathematical models behind them. That
explains why they are so surprised
by sudden developments, such as
those happening on the stock exchange, that may be mathematically
improbable but not impossible.
This example shows that it is
worthwhile thinking about the many
– often hidden – applications of
mathematics in our daily life. This
applies not only to the seemingly
distant world of finance, which, nevertheless, has a quite direct influence
on our life. Every technology is
based on mathematically formulated
theories and models, from computers
and the Internet to aircraft and structural engineering. Doctors, social
scientists, public opinion researchers, pollsters and governments use
statistical mathematics methods
when they test the effects of a new
drug, draw up election forecasts or
estimate future tax revenues. The
natural sciences, of course, and first
and foremost physics, make particularly intensive use of mathematical
methods.

in Bonn, argues that mathematics is an important tool of human knowledge.

Many aspects of our world can be
described precisely and intelligibly
with mathematics. Since antiquity,
this has led some mathematicians to
believe that mathematical structures
and forms are not simply thought up
by humans, but exist independently
of us. An indication of this could be
the fact that new theories and models
can emerge from completely abstract
mathematical structures, and that
these describe certain properties of

Mathematics is a tool of knowledge and, in turn, it provides our
culture with powerful application
tools. It produces abstract levers, so
to speak, that we can use to move
things in our real world with a high
degree of efficiency. We are indebted to applied mathematics for progress and prosperity, but also for
death and destruction in the form of
new warfare tech-

Left: Design of a solar system:
Johannes Kepler used geometric bodies
to describe the orbits of the planets.
Right: A great mind, now unfortunately only in
stone: Eratosthenes calculated the Earth’s circumference fairly accurately using the lengths of
shadows, approximations and ingenious geometry.

our world with precision. Physics
knows many such examples: antimatter, black holes and particle spins were
initially purely theoretical solutions to
mathematical equations before it became clear that they really existed.

THE DIALECTICS
OF MATHEMATICS
So if mathematical structures were to
exist independently of us, we mathematicians would not invent, but discover them. I cannot seriously defend
the idea of the existence of such a
platonic world of pure ideas outside
of our minds. Emotionally, however,
I strongly feel that we are not inventors, but discoverers. We can thus
imagine our knowledge of the world
as a hierarchy of models. Every model has two meanings: one that is located on the higher platonic level of
purely mathematical language, and
another one on a lower level, on
which we can understand its relevance to the real world.

nology, the latter
at least since the
time of antiquity.
Mathematics is thus also (mis-)used
to simulate the effect of fragmentation bombs on human bodies, as
testing on live pigs is prohibited for
“humanitarian reasons.” Here, enlightenment and insight keep company with their most sinister counterpart.
Even in peaceful times, the naïve
use of mathematical tools as a black
box holds certain dangers, not only
on the stock exchange. Who, for example, thinks about what the Google
search engine actually does when
we use it to search for information
on the Internet? This approach is
comfortable, but it has its drawbacks. We do not realize how search
engines filter information to deliberately manipulate us, and also to
spy out our interests. A very similar
thing happens with the protagonists
– at least the more naïve ones – on
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the financial market. They look at
their monitors and make investment
decisions based on the information
displayed, without having a very
deep understanding of how it was
generated. Often it turns out well.
Occasionally, though, it goes disastrously wrong.
The financial world is based on
numbers, and the history of mathematics starts with counting. Count-

– numbers that we know as the simplest form of arithmetic. The numbers here still represented things or
values from the material world: primeval mathematics was applied
mathematics. It was only with the
increasing degree of abstraction that
pure mathematics evolved.
This and the invention of writing
made it possible for complex administrative systems to develop. It was

utes). This now enabled the overseers
to plan in advance how much time
their gang of workers would need for
a certain task. This work standard
seems astonishingly modern, even
today.

DOOMED BY
THE ROOT
Ancient Greece was a turning point
in Western culture for the development of mathematics. The word
mathematics originates from the ancient Greek word μαθηματικὴ τέχνη
- which in turn
(mathematik
e-´ tékhne),
derives from µάθηµα (máthema)
for

Ptolemaeus also described the orbits of planets
mathematically – unfortunately, he got it wrong
(left). Isaac Newton’s law of gravity, presented in
the Principia, is still valid, even if as a special case.

ing is a measurement, and the natural numbers 1, 2, 3 and so on provide
the norm. Our forebears thus founded proto-mathematics, or primeval
mathematics. The counting of cattle
or containers filled with grain enabled humans to plan ahead for the
first time. Since counting with fingers reached a limit at some stage,
they used sticks, counting stones or
notches. This made counting more
abstract and powerful, because some
symbols no longer represented only
a 1, but 10 or perhaps 60. In addition, there were the basic arithmetical operations as simple calculating
operations. This was the start of calculating with – initially only natural
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the birth of more developed societies
with a highly stratified division of
labor. A good example is the administrative reform by the Sumerian king
Shulgi, who presumably governed
the country called Ur between 2047
and 1999 BC. Shulgi wanted to record the population’s capacity for
work and to use it more efficiently.
The primary aim, of course, was to
have a military fighting strength that
was as large as possible, and that required an efficient economy to supply it. Shulgi introduced a standardized measure for the amount of work
that could be accomplished by a
group of workers in one sixtieth of
the working day (about twelve min-

1/2009

something learned, knowledge, science. The Greeks of antiquity also
laid the cornerstone of pure mathematics. By dividing whole numbers,
they arrived at rational numbers, and
continued the game up to the question of the length of the diagonal
in a square with a side length of 1.
They found that it couldn’t be a rational number! This was one of the
great discoveries of the Pythagorean
school.
Euclidian geometry, more than
any other burgeoning branch of
mathematics, represented pure mathematics at that time: suddenly
there were areas extending into infinity, made of an infinite number of

MATHEMATICS

infinitely small mathematical points.
This was enormous progress in abstract thinking.
The resourceful Greeks readily used
the new tools of pure mathematics
for engineering and fundamental
questions about our world. In other
words, they turned the tables again.
Eratosthenes of Cyrene (274 – 194 or
284 – 202 BC), for example, succeeded in estimating the circumference of
the Earth with an accuracy that astonishes us today. The mathematician
knew that in Syene in Egypt (now
Aswan), the Sun did not cast a shadow at midday on the day of the sum-

camel caravans or ships on the Nile.
In any case, he thus arrived at a figure of 250,000 stadia for the circumference of the Earth. Converted to
kilometers, this estimate is only one
percent away from the modern value
of the Earth’s circumference.
In view of the imprecision of the
data, Eratosthenes’ estimate was
amazingly precise – and of course he
also had a little bit of luck. He used
Euclidian geometry for his calculation, and made three assumptions:
first, the Earth is a sphere; second,
the Sun is very far away, so that its
rays are incident in parallel; and
third, Alexandria and Syene have the same longitude. Eratosthenes thus
proceeded like a modern
scientist: he developed a

between them. As a quantitative
model, it can formulate processes in
the micro-world into precise numbers. However, physicists must first
correctly adjust more than two dozen
“free parameters” – the screws of the
model machinery, as it were. This
tweaking of parameters is characteristic of models that describe a clearly
defined phenomenon as accurately
as possible.
Models are much more unassuming than theories. A good theory
needs only a very small number of
free parameters, or screws. In the best
case, however, they should describe

P HOTOS - FROM LEFT TO RIGHT : OH / S IR I SAAC N EWTON (1642 –1727) P RIVATE C OLLECTION - K EN W ELSH - BRIDGEMANART . COM / F. S CHMUTZER

Lucky: When Albert Einstein, seen here during
a lecture in Vienna in 1921, formulated the
general theory of relativity, the non-Euclidian
geometry required was already in existence.

mer solstice because, being so close
to the equator, it was vertical at the
zenith at noon. He compared this
with the shadow cast in Alexandria
on the same day, at the same time.
Here, more to the north, the Sun
was lower. With the aid of geometry,
Eratosthenes concluded that the distance between Syene and Alexandria
should correspond to one fiftieth of
the circumference of the Earth.
In order to be able to estimate the
Earth’s circumference from this angular measurement, the mathematician still required the distance between Alexandria and Syene. We
now know that it is 850 kilometers.
Erastothenes put it at 5,000 Greek
stadia. Perhaps he had this information from the highly developed administration of ancient Egypt, for
example from average travel times of

mathematical model, fed in measured
data, and so obtained the Earth’s circumference. This number was far beyond the scales used by people of
that time – scales that were determined by the immediate environment
in which those people lived. This
finding about the Earth meant that
mankind had made a huge intellectual leap.

CREATING MODELS
FOR PHYSICS
The practice of thinking in mathematical models spans from the epicycles, which Greek astronomer
Claudius Ptolemaeus (approx. 100 –
175) used to describe the observed
motion of the planets, to the modern
Standard Model of elementary particle physics. The latter describes the
elementary particles and the forces

the entire world – or at least a highly
idealized world. So theories arise
from the concept that, beyond the
material world, there is a reality that
can be described mathematically.
Physics again provides us some fine
examples. Classical mechanics idealizes extended bodies by assuming
that their entire mass is concentrated
in small centers of gravity.
This assumption significantly simplifies the mathematical treatment of
physical bodies. This allowed English
physicist Isaac Newton (1643 – 1727)
to formulate his famous law of gravity. This stated that two bodies with
masses m1 and m2, for instance the
Earth and the moon, attract each
other with the following gravitationm .m
al force F = G 1r 2 2, where r is the
distance between their centers of
gravity, where their masses should
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A VIEW OF LIFE
FOR THE UNIVERSE
As soon as a new theory replaced
Newton’s law of gravity, it wasn’t
only the equation that changed, but
the complete mathematical structure
of the theory. That replacement was
Albert Einstein’s general theory of
relativity. It describes gravitation in
much more general terms as a geometric result of the warping of fourdimensional space-time, which is

Bang is far beyond the human scale,
it has become common knowledge
that even children learn about. This
is yet another huge intellectual leap
in our understanding of the world.
The Big Bang is also a modern,
mathematically formulated metaphor
for the alpha, the beginning of our
world. Cosmology also offers such a
metaphor for the omega: According
to the current state of our knowledge,
our world will freeze up in a continuously expanding universe. So, in addition to models and theories, mathematical metaphors form a third kind
of incredibly powerful tool of knowledge. A mathematical model is an
invitation to develop models that can

Pioneers of the computer age:
Alan Turing taught computers –
this is one of the first examples
from 1951 – how to compute.

caused by the masses. The general
theory of relativity doesn’t even have
an equation for such a force: Newton’s law of gravity results only as a
special borderline case.
So theories describe the world satisfactorily only until they are replaced by better theories. They are
governed by our view of the world,
which is itself in a state of flux. Newton’s view of the world still assumed
that space and time, which were Godgiven, were absolute. Albert Einstein
destroyed this view of the world with
both of his theories of relativity at a
time when general traditional views
of the world were beginning to become shaky. The theories of relativity
now offered a much more powerful
mathematical toolbox. With this and
with astronomical observations – that
is, remote sensing – the cosmology of
the 20th century has been able to expand our view of the world to the
whole universe. Although the Big
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complex of all organs, even though
brain research still doesn’t understand how it functions.
Using the computer as a metaphor
for the brain doesn’t do it justice at
all. It is more suited to the functioning
of individual nerve cells in the brain.
After all, computers and neurons have
an input and an output. The Internet
is a much more precise and suitable
mathematical metaphor for the brain
as a whole: in the huge and open network, computers constantly make new
connections; new participants come
along, and others switch off – just like
neurons in the brain.
Here, it could be argued that the
computer and the Internet are not
mathematical metaphors, but technical
ones. But this is not
the case: the computer, more than any
other machine, is
materialized mathematics. The mathematical foundation
of modern – that is,
freely programmable
– computers is the
so-called Turing machine. English mathematician Alan Turing (1912 – 1954)
devised an idealized image of a mechanical deterministic calculation
that became famous as the Turing
machine.
This machine could equally well
imitate logical deductions. Before
Turing, most metaphors related to
mathematics and logic were linguistic ones: deductions and proofs were
considered potential acts of (written)
speech. Turing’s metaphor opened up
our imagination and paved the way
to the modern world of computers.
Finally, we can turn the tables in
the best tradition of antiquity and
ask ourselves what the Internet does
with our brain. Does it change our
scientific knowledge? What will happen if our thinking and knowledge
become more and more complex, and
are increasingly transferred to large
databases and computer networks?
P HOTOS : SPL - A GENTUR F OCUS (2)

be concentrated. From a mathematical point of view, the constant G and
the variables r, m1 and m2 are free
parameters, or the “screws” in the
equation. However, the variable r2
contains an exact 2, not 2.000000003
or 1.99999995. Newton’s theory precisely specifies this 2.

be applied to reality (or, quite tangibly, to build machinery). A mathematical metaphor is an invitation to
reflect on what we know.

METAPHORS
AS TOOLS
Metaphors compare something that
we know quite well with something
that we don’t know well. In this way,
we make it more tangible for ourselves. A still-young mathematical
metaphor is artificial intelligence.
On the one hand, it comprises certain aspects of the technologically
realized computer world. On the other, it is often used – together with
computer hardware and software –
as an image to illustrate how biological brains function. In this way,
it gives us the feeling that we understand something about the most
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boxes hidden in it would then lead to
a loss of insight. However, since humans are adaptable, mathematics
will surely remain a powerful knowl■
edge tool in the future.
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way we handle information and the
way we communicate with each other. The knowledge available on the
Internet is greatly increasing, news
spreads much more quickly than before, and every individual is experiencing a permanent acceleration. But
this development also harbors the
risk of getting lost in distraction instead of reflecting at length. Paradoxically, it is precisely the Internet
that could undermine creative thinking. The many mathematical black

DR. YURI IVANOVITCH MANIN,
71, was Director at the
Max Planck Institute for
Mathematics in Bonn
until 2005. His main
fields of research are
number theory, geometry
and mathematical
physics. He has written over 15 books. His
latest, Mathematics as Metaphor
(American Mathematical Society, 2007),
uses essays to delve deeper into the issues
discussed here.
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I am convinced that the abstract
thinking of mathematics will, in the
future, continue to take place inside
the heads of individuals. In any case,
this is valid as long as the old science-fiction vision of chips that can
be implanted into the brain does not
become reality – a reality that would
network us with other people and
computers in a completely new way.
But this is pure speculation.
There is no doubt that the Internet
is changing the way we work, the

ROLAND WENGENMAYR,
47, is a physicist, science
journalist and editor of
the German-language
physics magazine PHYSIK
IN UNSERER ZEIT. For him,
research is an adventure
and the most important
driving force behind modern civilization.
He believes that as many people as possible
should have access to this via popular
science texts. He also enjoys illustrating
articles.

WORK?

When search criteria are entered, Google produces, in simple terms, a list of Web pages.
These pages contain the word or compound term sought. The search engine then has to
sort this usually enormous list of pages according to the relevance of their content. But
how does Google measure this relevance? The measure is provided by the hypertext links
on the Web pages. One criterion for the importance of a Web page is the number of
links to it from other Web pages. Google is still refining this selection strategy. It takes
into consideration that not all links are of equal value: The link from an important Web
page is given a higher weighting, while a link from an unimportant page gets a lower
one. Each page thus transfers its own importance equally to all pages to which it links.
The importance of the Web page being viewed results from the (weighted) links through
which the other pages refer to it. Although this seems to lead to circular reasoning, it
works. From a mathematical point of view, this strategy is well defined and is based on
the Markov theorem.
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Flashback

The Race for
the First Reactor
When the Max Planck Institute for Physics relocated
to Munich 50 years ago, it found more than just a new
home. Following the move from Göttingen – another
instance of Werner Heisenberg’s deep commitment –
the institute also changed its scientific focus. Instead
of nuclear fission, the scientists turned their attention
to plasma research and nuclear fusion – not least because of the research reactor being built in Karlsruhe
for industrial purposes.
t least one thing was clarified by then: “Nuclear physicists not responsible for bad weather” declared the
GÖTTINGER TAGEBLATT on September 21, 1954, following
a lecture by Rudolf Schulten, a reactor physicist at the Max
Planck Institute for Physics. The article went on to explain
that an exploding atomic bomb would not ionize the air
sufficiently to create areas of high or low pressure. As Schulten explained, it would take about 2,000 exploding bombs
to do that. And after such an inferno, mankind would have
more to worry about than bad weather – if mankind even
still existed.
Nuclear energy, and thus also nuclear physics, have clearly
always aroused more or less justified fears. Werner Heisenberg, Nobel laureate and Director at the Max Planck Institute for Physics, nevertheless continued to research nuclear
processes for every peaceful purpose. This explains why he
was keen to build a research reactor – a delicate subject so
soon after the war. Nevertheless, the Germany Treaty of
1955 permitted such a reactor to be built. The question was,
where? In a mangled mix of metaphors, the resulting argument was dubbed the Nuclear Cold War.
In the aftermath of the Second World War, the Max Planck
Institute for Physics was housed in the former Aerodynamic
Experimental Institute (AVA) premises in Göttingen, an arrangement that Heisenberg always viewed as temporary. But
the institute was growing so dynamically that its accommodations soon became cramped. However, there was no space
available in Göttingen for a bigger building, and even less for
a research reactor. The only option was to relocate.
Two cities vied to offer a home for the Max Planck Institute and the nuclear reactor: Karlsruhe and Munich. And
both offered Heisenberg’s institute the prospect of substantial financial support. The Bavarian Minister of Education and
Science at the time, August Rucker, was willing to contribute
six million Deutschmarks to build an institute in Munich.
Bavaria also offered a workable source of uranium in the
form of copper uranium oxide deposits in the Fichtelgebirge
mountains. With these arguments, the Bavarian Government
hoped to attract the Max Planck Institute for Physics to the
banks of the Isar river. Not least among its motives was the
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desire that nuclear energy might free Bavaria from its dependence on coal from the Rhineland, and that the Max
Planck Institute might attract an influx of talented students.
But Baden-Württemberg outbid Bavaria with an offer of
ten million Deutschmarks. The squabble over the site of the
institute went beyond the realms of science and economics.
Munich’s breweries feared that radioactive effluent might
pollute the groundwater, and with it, their beer. It took an
expert report to persuade the State Parliament to overturn
the objection.
At a “nuclear conference” in June 1955, Chancellor Konrad Adenauer proposed a compromise under which both
Bavaria and Baden-Württemberg could claim victory: the
Max Planck Institute for Physics would move to Munich
with a light water reactor for basic research. Given the
city’s proximity to the Iron Curtain, he considered it too
risky a location for a heavy water reactor for industrial research, which was thus built in Karlsruhe, complete with
its own research center.
In October of that year, the Senate of the Max Planck
Society resolved to relocate the institute to Munich. It was
to settle by the Isar river by 1958. Officially, Heisenberg
welcomed the move on the grounds that it would expand
the scope for experimentation. However, it also represented the fulfillment of a personal wish. He had felt close ties
with the city ever since his younger days and his time as a
student. When Munich celebrated its 800th anniversary, he
praised its beauties:
“Ludwigsstrasse from the Siegestor to the Feldherrnhalle,
bathed in sunlight, the view from the Monopteros looking

P HOTOS : MPS (2)

Gravitational waves were also among the targets hunted by scientists
at the MPI for Physics in Munich – Heinz Billing tracked them down
with an aluminum cylinder, the centerpiece of the Weber experiment.

FLASHBACK

across the flower-strewn lawns of the
mas are ionized gases that are outDie Welt, September 9, 1955
English Garden to the Frauenkirche, the
wardly more or less neutral. On Earth,
The parties had all already agreed on a different
‘Marriage of Figaro’ at the Residenzplasma is found in lightning flashes, or
solution at the “nuclear conference” chaired by the
theater, the Dürer collection at the
it is created artificially. Since stars and
Chancellor in Bonn on June 29: the first industrial
Pinakothek, the train to Schliersee and
almost the entire interstellar gas are
reactor is scheduled for Karlsruhe and the first
research reactor for Munich. To restore peace, AdeBayrischzell packed with skiers, and the
composed of plasma, it is the most
nauer publicly confirmed this decision.
beer tent crowned with the Bavarian
common state of matter in the unilion at the October beer festival.”
verse. So in order to gain a better unThe Heisenberg family moved to Munich in July 1958. A
derstanding of the physics of space, it would be helpful to
short time later, he and his colleagues took possession of the
be able to imitate the temperatures and densities that occur
new institute premises. In the north of the city, architect
in the atmospheres of stars – that is, to conduct astrophysSep Ruf, a school friend of Heisenberg, constructed a new
ics in the laboratory, as Ludwig Biermann put it. As Co-Dibuilding that was inaugurated on May 9, 1960: Heisenberg
rector responsible for astrophysics, he studied the solar wind
remarked at the official opening that they had preferred to
– which he discovered – that also blows through our planedelay the ceremony until the institute could be reached
tary system in the form of plasma (see MPR 2/2006).
without sinking in the mud. Prior to that time, there were
A better understanding of this state of matter, which on
no paved roads leading to the site.
Earth is somewhat exotic, could also lead to a new source of
Even before the institute and before the reactor in Karlsenergy for the world, if only the fire of the stars could be
ruhe were ready, Munich’s reactor was up and running,
ignited here on Earth. In this spirit, the scientists at the Max
though by this time it belonged to the Technical University.
Planck Institute for Physics turned their attention from
Almost parenthetically, Bavaria’s Minister President Wilhelm
splitting the atom to nuclear fusion. Today, this research is
Hoegner had offered it to Heinz Maier-Leibniz, who taught
continued by a successor institute, the Max Planck Institute
physics at the university. After consulting briefly with his
for Plasma Physics.
Besides plasma in space and on Earth, from the outset,
the staff at the Munich institute has also concerned themselves with elementary particles. Their studies of cosmic radiation while still in Göttingen fell within this field. Using
the new “accelerator machines” then being built in Berkeley
and Geneva, physicists were able to artificially create the
most elementary building blocks of matter.
At the start of 1960s, they set their sights on mesons,
among other things. We now know that these unstable particles do not themselves belong to the actual group of elementary particles, since they are composed of several even
smaller – elementary – particles. But they do also occur as
subunits of the matter of which the Earth is composed. And
their decay processes offer some clues as to the properties
of their elementary components.
Particles like these, which exist for just tiny fractions of a
second, were detected by physicists in the early 1960s almost on a monthly basis – thanks to the accelerators. At
CERN in Geneva, for example, scientists from the Max Planck
Without new techniques, there would be no new physics:
Institute for Physics experimented with protons, the nuclei
Helmut Lindner prepares a Josephson contact that is particularly sensitive to radio signals from space.
of hydrogen atoms, which they accelerated to an energy of
several billion electron volts. The collisions created particles
that leave measurable traces in a bubble chamber – a chamcolleagues, Maier-Leibniz accepted – on the condition that
ber filled with liquid hydrogen.
it included an institute. Hoegner inaugurated the reactor in
Using this technique, in 1963, the physicists in Munich
1957. Due to its shape, the reactor dome was soon nickadded new species to the particle zoo – at that time primarnamed the “Atomei” (atomic egg).
ily mesons that were previously unknown to physicists. Such
From then on, however the Max Planck physicists in Mudiscoveries were possible only due to the great ingenuity
nich ceased their studies of the processes of nuclear decay.
with which the physicists refined their experimental techThis was reflected in the institute’s new name: the Max
niques. It also took considerable creativity to master the rePlanck Institute for Physics and Astrophysics. The initial insulting volumes of data. Since then, the research conducted
tention was that its experimental work should focus on
at the Max Planck Institute for Physics has made great
plasma physics. The experiments aimed to create the condistrides, but the scientists must still overcome the same kinds
tions observed in the stars, as Heisenberg commented in his
of challenges – for example at the Large Hadron Collider
opening address.
just recently commissioned at CERN.
Plasma is the name physicists use to describe the fourth
state of matter, in addition to solids, liquids and gases. PlasPETER HERGERSBERG/THOMAS RODE
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Science in
They look as if they’ve been
haphazardly dashed off, are
often hard to decipher and
are obviously not intended
for anyone else to understand. However, notebook
entries and children’s drawings are tools of knowledge
creation – and that is precisely why CHRISTOPH
HOFFMANN

and BARBARA

WITTMANN

are interested

in them. The researchers
from the MAX PLANCK
INSTITUTE
TORY OF

FOR THE

SCIENCE

HIS-

are

studying how writing and
drawing by hand can help
us gain new understanding.

I

t’s quite possible that Christoph Hoffmann could distinguish any number
of archives in Germany by their very
scent. For the life of him, he can’t say
how much of his time he’s now spent in the study of archives. The inter-institutional research initiative “Knowledge in the Making. Drawing and Writing as Research
Techniques” has been ongoing since the fall of 2006.
The initiative was developed by Christoph Hoffmann
and Barbara Wittmann in cooperation with Hans-Jörg
Rheinberger, Director at the Max Planck Institute for the
History of Science, and Gerhard Wolf, Director at the
Kunsthistorisches Institut (Institute of Art History) in
Florence (Max Planck Institute).
The project encompasses two groups of researchers at
the two institutes studying the role that observational
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sketches, notes and drawings play in obtaining scientific
insight, and in the aesthetic process. Each of them looks
at it from a different perspective, with a different subject: Jutta Voorhoeve, an art historian at the Kunsthistorisches Institut, is studying the functions of drawing in
contemporary art, and Omar W. Nasim, also from the institute in Florence, is investigating drawings of cosmic
nebulae done by English astronomers and artists between 1830 and 1865. At the Berlin-based institute, Karin Krauthausen is working on the Cahiers (notebooks) of
Paul Valéry, Christoph Hoffmann has devoted himself to
Ernst Mach’s notebooks, and Barbara Wittmann has tak-

HISTORICAL EPISTEMOLOGY

Sketches
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The Great Nebula in Orion
as drawn by British scientist
Johann Frederick William
Herschel, ca. 1835.

en on the task of examining the use of children’s drawings in the field of psychology.
“We want to create an awareness of the fact that, even
in today’s highly technology-centered research context,
apparently trivial actions like writing and drawing have
something to contribute to scientific knowledge,” says
Hoffmann, explaining the goal of the research project.
“Without the ability to write or the capacity to use a
pen, science as we know it would not be possible.” He
goes on to say that, while pen and paper do not in themselves produce direct knowledge, they do influence people’s cognizance and thinking.

“Thinking a thought and putting it down in writing
and drawings are two completely different things,” says
Hoffmann. Apparently, we humans prefer to record
things in black and white rather than merely keeping
them in our heads. That is why things like lists are so
popular – this is, incidentally, a form that Hoffmann
comes across a great deal in his notebook studies. “A list
is script-bound: you may have the content in your head,
but you tend to write things down just in case – to help
you not to forget, or to give you an overview of everything,” says Hoffmann.
The value of the tool for knowledge acquisition becomes even more conspicuous when it comes to other
mental tasks. “Some things need to be put down on paper before you can even conceive of them,” explains
Hoffmann. Functional graphs in mathematics are one
example, as the scholar points out: “It’s impossible to
imagine diagrammatic operations in your head if you
haven’t seen them drawn somewhere first.”

Painstakingly deciphering scribbles
Hoffmann, who studied modern history and German literature, is now very familiar with calculations, formulas
and diagrams. After all, he chose the notebooks of physicist and philosopher of science Ernst Mach for his project work. There are 53 of these pocketbook-size volumes
chronicling 40 years of research. The chronology shows
that Mach began making his notes when he took over as
head of the Physical Institute of the University of Prague.
The first of the notebooks dates back to the early 1870s.
In a bid to better understand the idiosyncrasies they
contain, Hoffmann will compare them with the observation journals of biologist Karl von Frisch, written half a
century later, as well as the notebooks of writers and
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How Ernst Mach saw himself:
Sketch of the visual field of the
left eye and one hand drawing.

philosophers – he has Friedrich Nietzsche and Robert
Musil in mind.
He’s just returned from the archive of the Deutsches
Museum in Munich. There he spent the entire day bent
over Mach’s notebooks, painstakingly examining them
line by line and comparing each with other entries. How
did the little books help Mach move his research forward? That is the question Hoffmann is hoping to answer with his archival archaeology.

The scribble pad as a memory aid
“I’m trying to attain a complete understanding of the
different methods that appear in the books,” he says.
Lists, drawings, tables – there are functional differences
between all of them. After all, there are many ways of
recording the setup of an experiment. His aim is not
only to shed light on Mach’s particular method of note
taking, but also to gain general insight into the notebook as a tool of science. “I want to make an inventory
of all of the possible methods, and chose Ernst Mach because his notebooks are so extensive. They contain so
many different things.”
The notebook as a scientific tool – it’s no easy task he
has set himself. His chosen research object does not ex62
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actly make easy reading. The reason for this lies in the
very nature of the object – after all, such notebooks
aren’t intended for further publication. They are testimonials of a purely personal nature, being – unlike a letter
– not addressed to anyone. “Notebooks are normally
seen as a kind of extended memory,” says Hoffmann.
That is why notebooks are not self-explanatory.
Mach’s research springs back to life on the pages of
his notebooks. The scribble pads accompanied him wherever he went. With space for data and observations, experiment setups and unsolved questions noted down side
by side with drafts of letters or reminders of everyday
things – like the entry: “Buy notebook.” At the top of
one page he notes a train connection; below it are details of an experiment setup, along with notes and comments. The rest of the page is taken up by a calculation.
“Each of these notes illustrates different aspects of scientific activity: organization, experiment and data processing all strung together, seemingly at random and
without context,” says Hoffmann, describing the chaos
spread out across the pages. The notebook researcher has
noticed just one regularity about them: there is no law
of sequence. Not even the chronological relationships
are clear. It is impossible to say whether the entries on
any given page were made in a single day or a single

HISTORICAL EPISTEMOLOGY

week; there is generally no indication of how much time
passed between entries. For the Berlin-based science historian, they frequently bear witness to the concomitance
of research projects. “The proximity of the entries points
to the simultaneous events in Mach’s working life,” adds
Hoffmann. A lack of chronological clues doesn’t mean
that the entries were made completely arbitrarily.
Hoffmann firmly believes that Mach’s notes represent a
scientific tool for the physicist – a means of guidance and
support in the process of understanding, like differential
calculus or photography. The notes in which Mach allows
sketches and words to blend into one another also testify
to this. Here, he is indicating that the things concerned
are still only in the process of becoming conceivable in
words. Now and then there are also little sequences of
notes where a problem is outlined slightly differently
each time, in sentences or drawings, as if the real task
were to understand the problem in the first place. Or, in a
technique typical of Mach: a formula is supported with a
sketch that he uses to visualize the relationships between
the items in the term in geometric form.
The range of methods is much more extensive than
Hoffmann has discerned so far. But under no circumstances should you think that reading Mach’s notebooks
would be just like watching him at work. No, that would
require too much reconstruction, and too much would
remain a mystery anyway. “Each of the notes is quirky
in its own way. You can see that there is method to it
but, like a coded message, you can’t always decipher just
what it is.”
Barbara Wittmann, one of Hoffmann’s colleagues at
the Max Planck Institute in Berlin, also knows what it’s
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How the current flows: Mach’s comments
on various circuits for Leyden jars.

Depiction of the flows surrounding
a supersonic projectile in 1887.

like to have trouble deciphering
things. She is working with two
forms of drawing that differ greatly
– at first glance, anyway. Part of
her work is devoted to the use of
scrawly stick figures, leaning houses and other imaginative children’s
drawings in the field of psychological diagnostics; her second case
study concerns the role of freehand
scientific drawing in modern biology. What both subjects have in
common is the fact that drawing is
seen as a tool in the true sense: as a
technique for making visible something that had been forced to remain inaccessible with the help of
other tools.
Like Hoffmann in his notebook
research, Barbara Wittmann also
steers clear of analyzing the content itself. The first of her two case
studies focuses on the role of chil1/2009 MA
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dren’s drawings in psychology between 1880 and 1950.
“Drawing was mostly seen as a medium for documenting perceptions, abilities and conflicts that the child was
unable to articulate verbally,” says Barbara Wittmann.
More than games and make-believe or tall tales, drawings were supposed to provide insight into the sensomotoric development and spatial perception of children,
their psychoanalytical dispositions and symptoms, as
well as their intelligence and social integration.
“This case study gives me the opportunity to study,
based on examples, the conditions and methods that
need to take effect in order for drawing to be a means
of knowledge creation,” she explains. What she is specifically interested in is demonstrating how it was possible to use children’s drawings in the service of psychology. After all, practitioners were compelled to
combine such doodles with other techniques, such as
dialog, in order to ascertain anything approaching valid facts from them.

The timeless business of making notes
Her second case study also features close interaction between drawing and other techniques. This study is concerned with freehand scientific drawing in the life sciences. Until the invention of photography, but also
afterward and even up to the present day, research done
with microscopes was accompanied by freehand drawings. There was intense interplay between the techniques
of preparation and representation, which helped bring
about major advances in knowledge. Drawings, for example, played an important role in the development and
dissemination of the realization that the nervous system
consisted of neural units.
Freehand scientific drawing provides a particularly
clear illustration of what it is that Hoffmann and Witt64
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Draw-a-man for science – American
psychologist Florence Goodenough used
this test to study the intelligence of
preschool children starting in 1924.
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Drawing by a seven-year-old boy from an experiment
by Jean Piaget, aimed at developing spatial thinking.

mann want to demonstrate: the inherent accomplishment of the tool or
technique, which is more than a mere
tool of execution. “The focuses of our
respective research projects are actually not that far removed from each
other,” says Wittmann, referring to
the notebook studies of fellow scientist Christoph Hoffmann: “Making
notes, like drawing, involves very
old-fashioned techniques that are
still in use in today’s high-tech era.”
They apparently do something that
modern media cannot. The simple,
old-fashioned practices survived not
least because they can be made to
‘communicate’ with considerably
more technologically complex methods and devices.
The Berlin-based scholars believe
that the very fact that there are still people who fill notebooks and make scientific drawings proves their theory.
As Barbara Wittmann puts it: “I am convinced that
drawing makes it possible to see something that no other technique can reveal.” Although electron microscopes,
microphotography and CAD simulations now place a
range of high-tech imaging tools at our disposal, traditional scientific drawing continues to hold its own in
certain niches. These include supporting a scientist’s
work at the microscope in zoology and neurobiology; in
drawings of type specimens made in the course of the
first description of a new species; and finally, in research
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contexts that demand a substantial
degree of reconstruction, such as paleontology and archeology.
Barbara Wittmann has found the
zoological institutes and natural history museums of the capital to be
particularly rich sources of scientific
drawings. At the Institute for Biology
at Humboldt University in Berlin, zoologist Gerhard Scholtz and his coworkers have been drawing for the
past two decades using something
called a camera lucida, a drawing device invented in the early 19th century to record the developmental biology of crabs.
She considers the zoologist’s drawing practices to be “the very lucky
case” of a method that has retained a
great deal of continuity in terms of
graphical conventions in the course
of its almost 200-year history. Illustrators using the device restrict themselves to the outline and later add in
dots to render the object in relief.
Over the same period, there has been
a major transformation in the facilities available in laboratories, the
preparation of agents and the objects
of knowledge.
“Add to that the fact that all illustrators are compelled to think about
an object’s characteristics, to analyze
it and interpret it as soon as they look
at it,” explains Barbara Wittmann.
The pencil is therefore also a pedagogical tool. Before drawing the first
line, illustrators need to decide, for A drawing produced at the microscope with the help of a camera lucida on the
example, what the edges and the development of an embryo of Gammarus pulex (incorrectly called ‘freshwater shrimp’).
boundaries of their object are, how
the structure is composed and what does not belong
Software developers are inventing note-writing prothere, having found its way into the picture by virtue of
grams, virtual index cards and electronic pens with this
being nothing more than an artifact caused by the optiin mind. Most commonly, informal writings like scribcal instruments or the preparation employed. By slowing
bles, lists and diagrams are a means of managing what
down the observation – because drawing takes time –
is known and what is not yet known, what has been
the pencil forces illustrators to take a careful look.
done and what has not. As such, they document the
What’s more, Barbara Wittmann says, if there’s anyevolution and processing of knowledge in a way that
one who needs convincing that pens and notes really are
manuals, experiment setups and research reports are
important tools, they need only take a look around their
unable to do.
own office: “Even today, many scholars in the arts and
And this is where the science historians find the comhumanities can only sort out their thoughts if they ocmonality between children’s drawings and physicists’
casionally turn off the computer and bring order to their
sketches, notebook entries and zoological drawings. All
many arguments and projects on paper.”
of these forms and techniques, so different on the surNotepads are by no means disappearing from the evface, are part of the same toolkit of the mind – the reeryday lives of academicians; they simply need to be
sources of knowledge in the making that put us on the
BIRGIT FENZEL
incorporated in the scientific logic in a different way.
right path to understanding.
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Climate Protection

without Borders
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ENERGY

The future of the global energy supply and the future of the
world’s climate: two problem areas that not only demand technical
innovations, but also require far-reaching regulation at the political
level. CARL CHRISTIAN

VON

WEIZSÄCKER,

at the MAX PLANCK INSTITUTE
GOODS,

FOR

Senior Research Fellow

RESEARCH

ON

COLLECTIVE

proposes a solution to this problem in the form of a treaty
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under international law – a world climate agreement that would
allocate tradable CO2 emissions rights to individual states.*
*T HIS

TEXT IS AN EXTRACT FROM THE ARTICLE

“I NTERNATIONALE E NERGIEPOLITIK ”,

PUBLISHED IN THE ANTHOLOGY

D IE Z UKUNFT DER E NERGIE (O NLY

PUBLISHED IN

G ERMAN ).
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No number of wind turbines, solar systems (right),
or nuclear power plants
can substitute plants for
the generation of clean
coal (above). From a technological perspective, showing the world how clean
coal works is the most important contribution that
countries like Germany
can make to resolving
the climate problem.
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f the global climate is to be stabilized to ensure that the average
temperature on Earth does not increase by more than 2 degrees Celsius, emissions of CO2 and other
greenhouse gases must be reduced
by at least half their current levels
by the middle of this century. In order to achieve this, all major emitters of CO2 must be bound by an
international treaty. The partners of
such a world climate agreement
would include the Kyoto countries
as an entity, along with the US,

market of this kind for a homogeneous good ensures that the scarce
resource is used with optimum efficiency. The practical problem of
agreeing on the emission volumes
for individual countries will constitute a key issue in the negotiations
leading to the future world climate
agreement. In any case, the target
path must lead to a situation in
which the per capita CO2 emissions
of the populations in all countries
are the same by around the middle
of this century.

Brazil, Russia, India and China. The
individual member states would
then be allocated CO2 emissions
rights that would also be tradable.
This trade would be served by a
fund that could sell and buy the
CO2 rights and, in this way, stabilize the world market price for CO2,
initially at around 40 euros per
metric ton of CO2.
This idea of globally tradable
emissions rights is based on the
economic theory that holds that a

We know from the structure of the
global climate problem that the precise
time at which CO2 is emitted is not of
crucial importance. All that needs to
be ensured is that CO2 emissions decline cumulatively and permanently. It
could absolutely make sense to accept
higher CO2 emissions initially if this
makes their reduction easier to achieve
in the long run. This idea can be illustrated based on the example of China
(and similar considerations also apply
to India and Brazil).
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Until recently, China was a very
poor country. However, as a result of
its shift to a market economy, China
now finds itself in the throes of a
turbulent catching-up process in
terms of economic growth. The standard of living of the Chinese population is doubling in cycles of less than
ten years. If this growth trend continues through the middle of this
century, China will reach the same
per capita wealth level as the one
currently enjoyed by the population
of Europe.

Historical experience shows that
environmental awareness increases
with rising living standards. People
who are hungry do not think about
the distant future. Their priority is
getting enough food to survive now.
When a population is able to feed itself, it begins to focus on housing
and clothing. After this, it becomes
interested in a good education for its
children and in its own health. Environmental awareness starts here, as
it cannot be denied that environ-

mental pollution is usually accompanied by a negative impact on
health. Initially, people think of their
local environment; filters are fitted
in power stations to retain the coal
dust, sulfur dioxide and other harmful substances. If living standards
continue to increase, the question of
climate problems gains in significance for the population.
Consequently, the paradoxical situation arises in which, despite the
fact that economic growth is harmful to the stabilization of the global

climate, it is also the subjective,
psychological precondition for focusing a population’s interest in
stabilizing the climate. Therefore, as
it is absolutely essential that China
participate in a world climate agreement, the Chinese population should
initially be granted significant CO2
rights so that economic growth
there is not halted. However, this
should be attached to the condition
that China commit itself now to reduce its CO2 emissions in subse-

quent decades in accordance with
the agreement.
Such an approach would have
the advantage, first, of inducing
China to enter into such an agreement and, second, of immediately
increasing the price of CO2 emissions in China to the world market
level. The opportunity costs of CO2
emission would then also increase
for a country like China: although
it will have been allocated more
emissions rights than the country
currently needs, it would be able to
sell to the fund the emissions rights
it does not require.
This would create an incentive for
the Chinese government to set the
CO2 price on the domestic market at
this world market level and establish
an efficient allocation mechanism for
CO2. This could take place immediately following the establishment of the
world climate agreement. Such an approach would not stunt the growth
process in China in any way, as the
increase in the price of electricity
arising from the establishment of this
CO2 scheme would be countered by
the additional yields from the sale of
CO2 rights to the fund, which, in turn,
would constitute financial resources
available for use in the investment
process for economic growth.

WIND AND SOLAR ENERGY
HAVE NO PRIORITY
When the need for a world climate
agreement as outlined above is considered in the light of the energy
forecasts of the International Energy
Agency (IEA), also presented above,
it is very clear that the global climate
problem can be resolved only if we
succeed in technically mastering the
capture and sequestration (storage)
of carbon during the combustion of
coal, oil, and gas in large power
plants, and in implementing this ap-
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Garzweiler brown coal
mine in Germany (above).
In the author’s opinion,
we will not be able to do
without a fossil fuel such
as coal in the future. However, in order to reduce
emissions, we need innovative technologies, such as
clean-coal power plants.
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proach at an economically palatable
cost. No number of wind turbines,
solar systems or nuclear power plants
can replace clean coal. Therefore,
from a technical perspective, the
most important contribution a country such as Germany can make to resolving the climate problem is to
show the world how clean coal
works. This would be far more important than promoting wind or solar energy.
This assertion is further corroborated by the ideas economist Hans-

newable energies and nuclear power,
or as a result of implementing energy-saving measures, and if the demand for oil declines because drivers
are forced to also use biofuels, this
will lead, above all, to a reduction in
the cost of these fuels in the short to
medium term – that is, a lower oil
price, lower gas price and, probably,
a lower coal price as well.
It would also result in even more
coal, gas, and oil being used in other
parts of the world until a balance has
been re-established between supply

Werner Sinn presented in relation
to the climate problem. Sinn points
out that the countries that export
fossil energy feedstock – coal, oil
and natural gas – are interested in
selling their goods, and will remain
reliant on this for some time to
come. The world market price for
these goods is determined by supply and demand.
If the demand for coal and gas declines as a result of constructing additional systems and plants for re-

and demand. In other words, based
on an extreme variant of the “Sinn
effect,” promoting renewable energies and building additional nuclear
power plants will not reduce CO2
emissions at all. It will merely relocate them. Having relied on fossil fuels for centuries – and even more so
in recent decades – and thus fostered
supply through technological progress and high investment, we will
not be able to get rid of this supply
that quickly.
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The desire of the suppliers – so for
instance the Persian Gulf states and
other oil-exporting countries – to
line their coffers through the sale of
these exports can be made compatible with successful climate policy
only if we ensure, with the help of
carbon capture and sequestration,
that this supply does not cause CO2
emissions, or at least produces fewer
CO2 emissions.
The question as to how strong this
“Sinn effect” is can only be answered
empirically. What proportion of a
cubic meter of natural gas or ton of
coal that is saved by constructing
wind power plants in a particular
part of the world disappears from the
world market because the reduced
price of this fuel renders its extraction uneconomical? How much of
this saved fossil fuel is used additionally elsewhere in the world because the reduced price now makes
its use there cost effective?
If it is assumed in the context of
a sample calculation that the longterm demand curve for fossil fuels
has the same (negative) slope as the
long-term (positive) supply curve,
then any technical saving of fossil
fuels through the use of renewable
energies, through additional nuclear power, through energy-saving
measures and through foregoing
economic growth will cause half of
the fossil energy saved in this way
to be burned additionally elsewhere
due to the reduction in its price. As
a result, based on the “Sinn effect,”
the net saving effect is only half of
what it would be in the absence of
this effect.
By comparison, in accordance with
the “Sinn effect,” the net effect of
the CO2 savings achieved through
the use of clean coal is even greater
than the initial technical savings, as
the sequestration of CO2 at coal-fired

power plants costs additional energy.
So using clean coal requires more
coal per kilowatt hour than is the
case without sequestration. Although
CO2 emissions decline with clean
coal, this method triggers an increase
in the demand for coal. Consequently, in contrast to the other types of
emissions saving, this approach has
the effect of increasing the price of
fossil fuels, with the result that demand declines in applications that
do not involve sequestration.
Thus, for every metric ton of sequestered CO2, overall CO2 savings
exceed one ton. The climate effect
of a ton of CO2 saved technically
through sequestration is therefore
considerably greater than the climate
effect of a ton of CO2 saved technically through the use of renewable
energies or nuclear power.

KYOTO PROTOCOL HAD
NO SIGNIFICANT EFFECT
Finally, a few comments on climate
policy as implemented at the European and national levels. The Kyoto
Protocol, which was concluded in
1997, concerns 30 percent of global
CO2 emissions – based on the states
that actually undertook to implement
reduction obligations. These reduction obligations are on the order of
10 percent as compared with the initial value of emissions levels in 1990.
The countries involved in this agreement are, for the most part, countries
with slow economic growth. This
means that, without the Kyoto Protocol, their CO2 emissions would have
increased by around 10 percent between 1990 and 2012.
So the result of the Kyoto Protocol
is that CO2 emissions within the
countries that undertook to reduce
their emissions are 20 percent lower
on average than they would have
been without the agreement. This 20

percent relates to 30 percent of global emissions, so accounted for just 6
percent of global emissions in the
base year, 1990. In view of the fact
that global CO2 emissions are currently still increasing by 1.8 percent
per year (despite the Kyoto Protocol),
this one-time savings of 6 percent of
global emissions merely delayed the
increase of CO2 emissions by around
three years. This is all the Kyoto Protocol has achieved. Its direct impact
on the climate is thus negligible.
The Kyoto Protocol can be considered worthwhile only if it is assumed that the good example, the
exemplary behavior of a model pupil as presented here, will prompt
other countries in the global community to participate in a true world
climate agreement. There is some
evidence to support the fact that
this behavioral assumption is valid.
For example, the willingness to pursue an active climate policy has increased significantly in the United
States in recent years. The Chinese
leadership may also have been influenced by Kyoto.
Nevertheless, it is far from inconceivable that a world climate agreement involving all of the OECD
countries, China, India, Brazil and
Russia will fail. Europe needs a plan
B for this eventuality. Should this
approach fail, there is something to
be said for abandoning climate policy, also in the Kyoto states. As long
as industrial operations in these
states must compete with companies in the US and China, which are
not subject to the disadvantages
of such an agreement, competition
distortions will arise and negatively
affect employment and prosperity
in the Kyoto countries – and, moreover, assuming that Kyoto fails,
without any positive effect on the
®
world’s climate.
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coal-fired power stations in Germany meets with resistance that is, in
part, based on climate policy, then
the shortfall in the electricity supply to the population that may be
expected as a result of both this
and the withdrawal from nuclear
power will prompt a change in
mood that will also negatively impact climate policy.
Thus, in conclusion, it may be
stated that the only solution that
makes sense is a world climate
agreement that obliges at least the
OECD countries and China, India
and Russia to realize massive reductions in CO2 emissions. These cannot be achieved through energy
saving, the promotion of renewable
energies and nuclear power alone;
clean coal is indispensable. The
most important technological-economic contribution that Germany
can make here is to demonstrate
workable systems for clean coal.
Certain forms of promotion of renewable energies, on the other hand,
such as the mandatory mixing of
biofuel, are actually counterproduc■
tive in climate-policy terms.

climate policy, and the above-outlined world climate agreement could
provide a model for more efficient
climate policy at the national level.
If, for example, solar energy is being
promoted today in the form of feeding solar electricity into the national
grid at a price of almost 0.5 euros
per kilowatt hour, this approach to
climate policy is clearly too expensive compared with the above estimated price of 40 euros per ton of
saved CO2 emissions. It promotes
systems whose contribution to reducing emissions costs maybe 300 to
400 euros per ton of CO2.
A wealthy country can, of course,
afford such extravagance in its climate policy. The electricity customers simply pay a bit more for their
electricity to compensate. But the resources used in this way could be
used far more efficiently in the interest of climate protection, and an
eight to ten times greater effect
could, perhaps, be achieved at the
same cost.

MAGICAL LIMIT OF
40 EUROS PER TON
The estimated 40 euros per ton of
CO2 equivalent as fair in terms of climate policy can already serve as a
guideline for a pioneer policy in the
national and European context. Promotional measures and dirigiste dictates should be verified according to
whether they save CO2 at a cost of
less than 40 euros per ton. Many of
today’s climate policy instruments
would struggle to pass this test.
An efficient policy design also
serves the interest of sustainable
climate policy. In view of the pressing policy problems arising in other
areas, inefficient, over-expensive
climate instruments will ultimately
discredit climate policy itself. If, for
instance, the construction of new
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Furthermore, the migration of the
energy-intensive sectors of industry
to non-Kyoto states means that emissions are not actually reduced, but
merely transferred. This makes no
sense whatsoever. It would also be a
bit of dishonest politics to pat ourselves on the back for preventing
CO2 emissions in the area under the
jurisdiction of the Kyoto Protocol if
this measure remains largely ineffective because it has prompted an increase in CO2 emissions in other parts
of the world.
Another relevant point here is that
the measures currently being taken
to reduce CO2 emissions are extremely dirigiste. This even makes them
counterproductive to a certain extent. This is clearly demonstrated by
the example of biofuel. If crop prices
increase as a result of the obligation
to mix biofuel with diesel, this poses
a serious disadvantage for the poorer
segments of the world’s population,
for whom food becomes more expensive. Secondly, it means that
more artificial fertilizer will be used
as the rise in crop prices triggers an
increase in the profit-maximizing
volume of artificial fertilizer employed. As Paul J. Crutzen and his
co-authors have shown, the use of
artificial fertilizer is extremely harmful to the climate due to the resulting
production of the trace gas nitrous
oxide. Thus, in terms of greenhouse
gas emissions, all in all, mixing biofuel with diesel increases emissions
rather than decreasing them.
Governments are not the best
managers of scarce resources in other respects, either. This is evidenced
by the miserable results of the various attempts in human history to establish centrally planned economies
as compared with market economy
systems. A shift to price mechanisms
thus also makes sense in the area of
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Her curiosity and drive have already led her into many disciplines:
KIRSTEN BOMBLIES

has dabbled in the history of art, Egyptology and

journalism, seeks out nature-centered experiences wherever possible, and is
an enthusiastic painter. At the MAX PLANCK INSTITUTE
MENTAL
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she studies the evolutionary genetics of plants.
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Bomblies
T

hey can’t mean me! There must
be some mistake,” was the first
thought that shot through her mind
when she took the phone call in September. She had won the MacArthur
Foundation’s Genius Award. It also
came with a small monetary prize:
half a million dollars for the next
five years. The program’s objective is
to support fellowship holders so that
they can pursue their creative, intellectual and professional aptitudes.
Creativity is the key factor in the
choice of award winners. It’s no coincidence that fellows include not
only scientists, but writers, artists
and entrepreneurs as well. At just 34,
Kirsten Bomblies has achieved the
kind of recognition that other researchers strive for their whole lives
– often in vain.
Who was it that recommended her
for the fellowship? The biologist,
currently a postdoc in Detlef Weigel’s
research group at the Max Planck
Institute for Developmental Biology
in Tübingen, still doesn’t know who
it was. “But it must have been someone who knows me well,” she says.
She immediately e-mailed everyone
it could have been: “If it was you,
thank you so much!”
Thale cress, Arabidopsis thaliana,
is the object of Kirsten Bomblies’ research. Usually measuring just a few
centimeters, it’s a plant with small
white flowers; a simple weed that
grows around field borders and
pushes up between the pavement in
urban areas – so unremarkable that
it’s hardly given a second glance.
Goodness knows, there are prettier
plants: why not sunflowers, violets
or orchids?
“Most of the plants we think of as
beautiful are genetically more complicated and have a much longer
lifecycle. Sunflowers, for example,
take months to flower. Orchids even
take years,” explains Bomblies. That

would be inconvenient for the kind
of genetic experiments the scientist
conducts. With Arabidopsis, it takes
only about eight weeks from germination to when the next round of
seeds matures. And the nondescript
little plant has a very manageable
genome, with just 125 mega-base
pairs, and does not require very
much in the way of care – large
populations of the plant can grow
in very small spaces due to its small
stature.

A GREEN THREAD
A TURBULENT LIFE

THROUGH

The young biologist wants to understand what can go wrong when
plants start to change genetically.
A simple wish, but it entails a really
big question: How does evolution
work – and what about the formation of new species, otherwise
known as speciation? Without this
there would be no biodiversity.
When pollen meets up with the pistil of another related plant, it’s not
always a new and healthy variety
that results, perhaps one with bigger leaves or one that suddenly
blossoms with pink flowers instead
of white ones. Stunted offspring
might be the result, with mottled
leaves and an inability to form
flowers and to reproduce – symptoms that look very similar to disease in plants. This can happen
even if neither parent plant shows
signs of disease.
From the several thousand Arabidopsis varieties that exist throughout
the world, Kirsten Bomblies selected
300 and played at evolution with
them in the lab: she carried out 1,400
cases of hybridization and arrived at
25 extremely frail offspring. These
plant offspring, called hybrids, were
subjected to genetic testing and the
scientist discovered that they exhibit
autoimmune-like defects.

Yes, even simple greenery has a
very complicated immune system.
It’s actually programmed to fend off
exogenous attacks. If the plant is set
upon – colonized by mold, mildew
or bacteria, for instance – it shuts
down some of its cells. These then
die, and brown spots form. “That’s
exactly what we’re seeing in these
hybrids in the absence of any attack
from outside. And it’s happening
throughout the entire plant,” says
Bomblies. This throws their hormone levels completely out of kilter.
The plant remains small and is unable to grow anything but tiny
leaves. All of this has been triggered
by genetic incompatibilities between
the parent plants.
This interest in nature runs
through Kirsten Bomblies’ turbulent
life like a green thread. Or rather,
like a vine that goes off in all directions, regardless of where it is put.
From an early age, Bomblies had to
again and again get used to new
places if she wanted to flourish.
Kirsten Bomblies was born in Uelzen, Germany, in 1973. Her father
was still a student at the time.
Barely a year old, she was uprooted for the first time when her father’s
studies took the family first to Osnabrück, then to Holland and, finally, to Africa for two years. When she
thinks back to those days, she hears
dogs barking and sees banana trees:
the plantation she and her brother
Arne, less than a year younger than
she, used to run through to meet up
with the neighbors’ children. She
was five at the time and the family
lived in Nigeria. She went to an
American school. “And I got malaria.
Now that was fun!”
The family emigrated to the US in
1981. They had a motorhome and
traveled across the country. Kirsten’s
father, now a survey engineer, was
job hunting. Her most vivid memo-
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tified in books and then pressed.
“Even then, I’d noticed that different
species grew on the mountains’
southern slopes than on the wetter,
shady northern side.” Amazing how
plants adapt to their environment!
But surely she didn’t already want to
become a biologist? She laughs. “No,
first an astronomer, then a vet.”

DRAWING TO
PAY THE RENT
At 16, she began to work for a vet
while still in high school. She fed the
dogs and cats, cleaned out the cages,
and was even permitted to administer small
doses of the anesthetics
and take X-rays. The
vet, who was thrilled
with Kirsten’s interest
in the job, showed and
explained everything
to her. She stayed there
six years. It was almost
logical that biology
and chemistry were her
favorite subjects. But
she liked literature, too,
and wrote poems and
short stories. “Usually

The same is by no means identical: Kirsten
Bomblies carefully documents the variations
in the Arabidopsis hybridizations.
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ries are of the national parks and
state forests they visited. Like the sequoias they saw in Redwood and Sequoia National Parks in California.
Or the dunes, some as high as 250
meters, at Colorado’s Great Sand
Dunes Monument. “And then there
was the Olympic National Park in
Washington State – it was like something from a fairytale! Dense rainforest with rich mosses and overhanging trees – a real fantasy land.”
They lived with relatives in Pennsylvania to start with, then spent a year
in Phoenix, Arizona. But that didn’t
work out, so they returned to Pennsylvania and, finally, moved to rural
Castle Rock, Colorado, in 1985. Owing to the frequent moves, it was
hard to have any real friends. “My
brother was my best friend.”
Kirsten Bomblies got her first horse
at the age of twelve. Hestar was exactly the same age as she was and
had been trained as a cowboy’s
horse. “Things became interesting
when we came upon cows: Hestar
always wanted to herd them!” Kirsten Bomblies spent most of her free
time outdoors. If she wasn’t riding,
she collected plants, which she iden-
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Kirsten Bomblies has created 1,400 hybridizations of Arabidopsis varieties.

funny ones. Little reminiscences of
Africa or people I knew. But there
was always a bit of fiction to them.”
She enthusiastically took part in a
journalism course. Later, at the University of Pennsylvania in Philadelphia, she enrolled for biochemistry.
However, curious spirits like to roam.
“I registered for all sorts of other
classes on the side, including art history and Egyptology.”
Back then, she earned money to
pay her rent by drawing, doing illustrations for geologists working in the
field of paleobotany. “That was great
– I love puzzles!” What she had to
do was piece together stone fragments from parts of fossilized plants
and then draw a “realistic-looking
plant.” She happily recalls: “I learned
a lot about plants and their evolution doing that.” Her earlier interest
in botany burgeoned once more and
soon sprouted new shoots in the
form of a little research project in
plant biology, which eventually led
her to study plant genetics.
It was while writing her bachelor’s
thesis under the supervision of Scott
Poethig that she encountered Arabidopsis for the first time. She was
looking for the genes that caused the
young offspring to grow into an
adult plant. She was also searching
for mutants that displayed an abnor-
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mality in the formation of trichomes,
fine hairs, on the bottom of the leaf.
Whereas all leaves had trichomes on
the top surface, the first ones did not
have any underneath. And she also
found a gene that appeared to be responsible for this.

FLOATING IN A
FAIRYTALE FOREST

P HOTOS : B ERND S CHULLER (2)

“However, it turned out that my
first scientific discovery came about
as a result of a mistake,” she recalls
with a wry smile. The gene was not
responsible for the transformation
into an adult plant – it actually did
something else entirely: it made the
leaf rotate completely. The top became the bottom. “And that’s the
only reason we saw hairs on the
bottom surface.” An unexpected but
nonetheless interesting finding.
And not the only accidental discovery in science.
So what direction was she going to
take now? A doctorate? Yes – but on
what subject? Kirsten Bomblies decided to first work as a biologist. “I
needed a break. To live a little!”
When her mentor Scott Poethig flew
to San Diego to give a speech at the
Salk Institute, she said, half jokingly:
“Check and see whether there’s a job
there for me.” He came back and had
actually found her something: a job

In order to root out the causes of disease, the biologist needs to examine the plants in precise detail.

with Detlef Weigel, who was researching in San Diego at the time.
So she went to the West Coast and
Arabidopsis moved into the limelight
again – this time the genes that ensure that the plants not only produce
green leaves but also start to develop
flowers at some point.
It was interesting work, but it was
also fantastic in other ways, she recalls. She went hiking and swimming frequently, and went diving in
the Pacific almost every weekend –
in a very real fairytale forest. “Floating in the kelp forests was just brilliant!” Eye to eye with little leopard
sharks, rays, turtles and squid that
tried to hide from the divers. And
she did a lot of painting, too: mainly in ink and watercolors, and occasionally in acrylic. As a member
of the local art society, she took part
in exhibitions, sold a few pictures
and won art prizes.
Other highlights included regular
visits to the opera, followed by feasts
at Extraordinary Desserts. “Everyone
went there afterward in their fabulous outfits.” Cakes, cream tarts and
candies made from French recipes.
For Kirsten Bomblies, each morsel of

cake was like a little piece of her European homeland: besides Germany,
home was unmistakably Holland,
too, where she often went to visit her
relatives. She speaks fluent German
with more of a Dutch accent than an
American one.

THE ORIGIN OF THE
MODERN CORN PLANT
By 1999, she had finally made up
her mind: plant genetics was just the
thing for her. She moved from San
Diego to Madison to do her doctoral
work at the University of Wisconsin.
And switched from Arabidopsis to
corn. This meant hard field work.
The corn had to be planted in an area
the size of a soccer field, which
needed to be weeded and the corn
subsequently harvested. Her aim in
this work, which also took her on a
two-week research camp to the unfrequented Hawaiian island of Molokai, was to study the origin of corn.
“It was just me and the plants – and
an awful lot of rain. The loamy soil
meant that you soon had tons of
mud on your boots.”
Five parts of the corn genome are
primarily responsible for making

More than a hobby: Kirsten
Bomblies earned money from
her drawings while at college.
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he was in a relationship or I was. When we
did eventually find
ourselves single at the
same time, we discovered that we’re actually
a perfect match.” Now
she’s married to him.
Having spent some
time working on two
different
continents,
the only thing that separates them these days
is a little glass screen
between their desks in
the lab. And even this
is usually open, stoically guarded by a
stuffed dinosaur. Her
husband, Levi Yant, is
currently writing his
doctoral thesis at the
Max Planck Institute in
Tübingen.
The fact that Kirsten
Bomblies herself has
been working in Tübingen since 2004 is due
One reason Bomblies likes Tübingen is because it is so close to nature.
to another twist of
corn look the way it does today. “The
fate: at a conference in Barcelona,
original plant, teosinte, comes from
she bumped into Detlef Weigel, who
Mexico and is very different. It still
extended her an on-the-spot invitagrows in the wild there, and is scrubtion to come interview for a postdoc
bier and shrub-like. The ears are
position in Tübingen. She was, howmore like panicles, very small and
ever, still considering other postdoc
with only two rows of grain with a
positions in the US and the UK at
rock-hard shell.” Which genes trigthe time. “But the great intellectual
gered the leap from two rows to four,
freedom you have at Max Planck reand thus the development of modern
ally impressed me. You really don’t
corn? To find out, extensive crossing
find that in too many places,” she
and backcrossing work had to be
stresses.
carried out on teosinte, as well as
IMPRESSED BY THE
genetic analyses and knock-out exINTELLECTUAL FREEDOM
periments.
She finds the old, peaceful university
But even the most diligent of doctown, with its half-timbered houses
toral students needs some time out.
and narrow alleys, to be lovely. She
And Wisconsin beckoned: climbing
enjoys being able to ride to the forand kayaking with friends, including
est on her mountain bike in five
a fellow scientist from her institute.
minutes. And of course she loves the
“For five years we were nothing
European food: “All the different vamore than climbing buddies. Either
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rieties of cheese, wine and chocolate!
In the States, everything that comes
from Europe is extremely expensive.”
But there are some things she misses
over here: Mexican food and, most
of all, the small, independent coffee
shops, often part of a bookstore, that
have little in common with Starbucks
and the like. “I practically lived in
these stores in Madison while I was
writing my thesis.”
Kirsten Bomblies will be packing
her suitcases once again in the summer of 2009. It’s about time, too,
since Harvard University in Boston
has been holding open a professorship for her for the past two years.
She just didn’t want to be separated
from her husband once again. Her
combination of subjects, genetics
and evolutionary biology, is as rare
as it is popular, which is why they
allowed her to put off the move. Harvard! Another one of those things
that many dream of but never quite
achieve: first five years as an assistant professor, then three as an associate, and after that – with a little
luck – tenure, an open-ended position at one of the most respected
universities in the world.
Does she have any unfulfilled
dreams? She thinks for a moment.
She’d like to publish a book of exciting stories concerning modern evolutionary research. She would like to
motivate a large audience to become
more interested in science. And, at
some point, she wants to help create
better research opportunities for students from, for instance, South
America or Africa, which have little
money to devote to science.
Speaking of money, she still
doesn’t know what she’s going to
do with the prize money from the
MacArthur Foundation. She can
spend it on whatever she likes. It is
intended to enable her to develop
her creativity to an even greater
degree – in any field whatsoever.

P HOTOS : B ERND S CHULLER (2)

PERSONAL PORTRAIT

DEVELOPMENTAL BIOLOGY

Maybe she’ll rent a little studio in
Boston where she can paint and
write in peace? Maybe. The best
ideas are often had when the actual
project is temporarily put aside to
devote oneself, with everything one
has, to other things.

FUN

ON THE JOB
ALSO BRINGS SUCCESS

If there is such a thing as a recipe
for success, the one that Kirsten
Bomblies follows seems to be a good
one. She does not plan her life in
advance, does not stubbornly pursue her career or think only of the
next paper. “Sure, I like recognition.
But it’s not all that important to
me.” It’s the joy of the job that urges her on, and it is also her reward.
She’s curious about everything she
encounters. Even with all her dedication to her research, she never
forgets to enjoy life. Curiosity and
pleasure – aren’t they the perfect
ingredients for creativity? She

Green for the greenhouse – the place of work determines the color of the lab coat.

knows that creativity is something
that can neither be conjured up nor
extorted out of a 12-hour day in the
lab. You’ve either got it – or you
don’t. Put like that, one could say
that Kirsten Bomblies is lucky. But

biology knows nothing about luck.
From a purely genetic perspective,
the crossing of her parent plants appears to have produced a mutant
with “creativity” as a distinguishing
CATARINA PIETSCHMANN
feature.
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BREAKTHROUGHS

IN

The Large Hadron
Collider at CERN
has been hailed as
the scientific phenomenon of the
year by the journal SCIENCE. Guests
were given a tour
of the installation
at its inauguration on September 10, 2008.

2008

Research That Sets the Pace

P HOTO : CERN

Each year, the two major scientific journals
SCIENCE and NATURE single out the publications
they consider to be the breakthroughs of the
year – those that, in their opinion, have the
greatest significance for future research. And
once again, Max Planck researchers are among
the authors of this year’s publications.
For the editors of the respected journal NATURE
METHOD, a subsidiary of NATURE, the “Method of the
Year” in 2008 was ultrahigh resolution fluorescence microscopy. It has been mainly physicists
working at interdisciplinary research institutions
who have recently found sophisticated ways to
improve light-optical microscopy far beyond the
200-nanometer resolution limit postulated by
Ernst Abbé. Stefan Hell, Director at the Max

Planck Institute for Biophysical Chemistry in Göttingen, was the first to achieve nanometer-scale
resolution using light-optical microscopy.
The STED microscope he developed, which has
been manufactured and marketed by Leica-Microsystems since November 2007, makes it possible to distinguish tiny fluorescence-marked protein complexes that are just 20 to 50 nanometers
in size – structures that are about a thousand
times smaller than the diameter of a human hair.
Recently, Hell and his colleagues have made further spectacular improvements that now also enable them to track dynamic processes in individual cells. At a rate of 28 frames per second and a
spatial resolution of 65 nanometers, their first
video shows living nerve cells working at their
task of signal transmission.
®
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MAX PLANCK NEWS

Biochemists have also been observing proteins,
the basic building blocks of life, at work. There has
been a long-running argument over how proteins
bond with their target structures, which are often
proteins as well. Many researchers have assumed
that the structure of the target molecule forces the
protein to adopt a complementary form, on the
basis that what doesn't fit must
be made to fit. However, it
may also be the case that
proteins switch back
and forth between different conforma-

Bert L. de Groot
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The enzyme
ubiquitin marks
exhausted proteins as cellular
waste. Researchers at the Max
Planck Institute
for Biophysical
Chemistry have
revealed how it
identifies them.
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tions until they have found their target molecule.
A group of scientists headed by Helmut Grubmüller, Christian Griesinger and Bert L. de Groot of the
Max Planck Institute for Biophysical Chemistry in
Göttingen have succeeded in recording protein dynamics over a timescale of microseconds and at
atom-scale resolution.
Their observations support the hypothesis that
proteins evidently jump around between dozens
of conformations. Only when a specific conformation has been selected will the protein, as observed, finally match the point of contact with
the target molecule. The investigations carried
out by the researchers in Göttingen were focused
on the ubiquitin molecule, a (ubiquitous) protein
that is present in all eukaryotic cells. It marks
damaged or exhausted proteins as cellular waste
ready for disposal. In doing so, it changes its form
in a matter of microseconds. If one of its forms
happens to match one of its partners, the two
proteins spontaneously bond together.
The ubiquitin is thus not forced into a particular
form by its partner, as was previously believed. In
fact, the protein already possesses many forms, like
a bunch of keys, each of which fits a different lock.
These latest discoveries now explain why ubiquitin
can recognize many different partner proteins with
a high degree of specificity. The technique developed by the Max Planck scientists could one day
provide new insight into diseases and their mechanisms, and was therefore also hailed as a breakthrough of the year by the editors of SCIENCE.
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Researchers have also made great strides in genome sequencing. The new sequencing technologies are faster and less expensive than those used
for the human genome project. To sequence the
Neanderthal genome, the team headed by Svante
Pääbo at the Max Planck Institute for Evolutionary Anthropology in Leipzig used the “Sequencing
by Synthesis” technology developed in the US by
454 Life Sciences, following the example of American colleagues who recently used this method to
decode 70 percent of the mammoth genome. In
August 2008, a team of scientists in Leipzig headed by Johannes Krause displayed the complete

Helmut Grubmüller

Christian Griesinger

mitochondrial genome sequence of a 38,000year-old Neanderthal – a preliminary step toward
decoding the entire Neanderthal genome.
SCIENCE reserved the title of “scientific phenomenon of the year” for the Large Hadron Collider (LHC) at CERN in Switzerland. As the US
magazine wrote – not without a hint of jealousy
at the sheer scale of the project – European
countries are getting progressively better at
bundling their resources in pursuit of ‘big science.’ Scientists from the Max Planck Institute
for Physics in Munich and the Max Planck Institute for Nuclear Physics in Heidelberg will also
be working at the LHC.
The Munich-based physicists are taking part in
the Atlas experiment, which aims, among other
things, to get a handle on the Higgs particle. According to the Standard Model of particle physics,
the Higgs boson is what gives particles mass, and
it is hoped that the massive energy unleashed in
the LHC will allow its existence to be proven experimentally for the first time. Some of the detectors required for this project originate from the
Max Planck Institute for Physics.
Researchers at the Max Planck Institute for Nuclear Physics have also designed other detectors
for an experiment code-named LHCb, in which
they aim to identify differences between matter
and antimatter. They hope to discover why the
latter has largely disappeared from the universe,
even though it must have been formed on the
same scale as matter itself.
●
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YOUNG PROFESSIONAL AWARD 2008

“Plenty of scope for creativity”

P HOTOS : U NIVERSUM C OMMUNICATIONS D EUTSCHLAND / P RIVATE

Much praise for the Max Planck Society:
According to a study by the Swedish
consultancy Universum Communications, the research organization
is the most popular employer
among young scientists, heading
a field of 130 enterprises.
The consultants surveyed
young professionals who had been
on the career ladder for an average
of four years and
were around 31
years of age. The
Max Planck Society was rated as
the top employer
by 20.3 percent of them, ahead of
the Fraunhofer-Gesellschaft (14.9
percent) and Roche Diagnostics (13.1
percent).
“I work in a laboratory that is at the absolute cutting edge of the research field that
I’m interested in,” says Matias Hernandez of the
Max Planck Institute for Biophysical Chemistry in
Göttingen. “The people I get to work with are as
well trained and highly qualified as can be. Plus,
there’s the international flair and friendly working atmosphere at the institute.”
Between July and August 2008, market researchers interviewed around
7,800 professionals working in
economics, science and engineering, and information technology.
The percentage of women working in IT and engineering was below 25 percent, rising to 51 percent among the scientists.
When it comes to top employers, Germany’s successful research
organization is in good company:
among economists, Porsche
ranked just ahead of Lufthansa
and the BMW Group. IT specialists would ideally like to work for
search engine Google, the em- Matias Hernandez
ployer of choice picked by 20 percent of those
surveyed, replacing last year’s winner SAP. Next in
line were IBM Deutschland and the BMW Group.
Among engineers, the top three places went to
Porsche, BMW and Audi, as in the year before.
Questions about career goals revealed some
marked differences between men and women:
some 52 percent of men, but only 32 percent of
women, have their eye on a management post.

Arbeitgeber

In contrast, women attach great importance to
the right work-life balance – 61 percent rated it
as particularly important. Even among men, 49
percent value a good balance and apparently
would not pursue a career at
any cost.
Human resources managers are
likely to be particularly interested in the fact that three quarters
of these young professionals
could imagine changing employers in the short or medium term.
For the scientists, criteria such as
a friendly work environment, attractive basic salary and good
opportunities for development
are most likely to tip the scales.
“A good work environment and
intellectual challenge were the
two most important aspects in
my choice of job,” agrees Matias Hernandez. “I
would never sacrifice these two aspects in return
for more money. On the contrary, I would take a
cut in lifestyle – albeit not too big a one – in return for a rewarding career experience. That is exactly what I’ve done here in Göttingen.” The biggest barrier to a career move, incidentally, is an
unattractive location, which ranked far ahead of
an inadequate income.
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For those interested, current job
offers at the Max
Planck Society
can be found at:
http://www.mpg.
de/english/career
Opportunities/
index.html
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FIRST ADVANCED GRANTS AWARDED

Success in Brussels
For the first time since taking up its work
in 2007, the European Research Council has
begun awarding its Advanced Grants, which
provide funding of up to 3.5 million euros per
applicant. Among the 275 applications to be
approved are 5 submitted by Max Planck Directors. With a total of 20 funding applications
made by Max Planck Institutes, the success rate
of one in four is above average.

P HOTO : AP

The funds awarded by the European Research
Council are financed by the EU
Commission in
Brussels. The photo shows the Berlaymont building.

In the first round of tenders, the Brussels-based
ERC received a total of 2,167 completed applications for Advanced Grants. The applicants,
who must be outstanding and established heads
of research groups, come from 26 different countries; 12 percent of them are women.
The UK accounted for the greatest number of
successful applicants, followed by Germany and
France. When counting only the female applicants, Germany came out on top. The field of engineering and sciences comprised 41.5 percent
of approved applications, the life sciences 30.5
percent, and the humanities 17.5 percent, while
10.5 percent were for interdisciplinary research
projects.
The Science Council of the ERC anticipates that
a total of 275 grants with a total value of 542
million euros will be disbursed. Unlike applications
made under the EU research programs, the ERC
does not specify the subjects for which its grants
are awarded. Its object is rather to promote research on the frontiers of knowledge.
As was the case when the Starting Grants for
junior scientists were awarded, due to budget restrictions, some of the Advanced Grant applications were positively assessed but will neverthe-

less not receive funding. This was the fate of some
of the participating Max Planck Institutes: 20
submitted applications, 10 of which were positively assessed – so 50 percent; however, only 5
research projects will actually be funded. Still, for
the Max Planck Society, this is a success rate of 25
percent, compared with an average of just under
13 percent (of 2,167 Advanced Grant applications,
275 will be funded). Those applications that were
positively assessed but did not receive funding
failed by only a very small margin, as the Brussels
office of the Max Planck Society has learned.
The following Max Planck scientists will receive
an Advanced Grant:
Markus Antonietti (Max Planck Institute for
Colloids and Interfaces), Christian Griesinger (Max
Planck Institute for Biophysical Chemistry), Johannes Lelieveld (Max Planck Institute for Chemistry), Svante Pääbo (Max Planck Institute for
Evolutionary Anthropology) and Peter H. Seeberger, who was recently appointed to the Max Planck
Institute for Colloids and Interfaces and submitted a successful application while still a Professor
at the ETH Zurich.
Funding is also being granted to an External
Scientific Member of the Max Planck Institute for
Psycholinguistics: Pieter C. Muysken, who works
primarily at the Centre for Language Studies at
Radboud University in Nijmegen but has close ties
to the MPI for Psycholinguistics. Incidentally, this
should soon also be the case for astrophysicist
Michael Kramer and the Max Planck Institute for
Radio Astronomy: the scientist is currently teaching at the University of Manchester, but has just
accepted an appointment in Bonn. He, too, will
bring ERC funding with him.
●
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SYMPOSIUM

IN

MUNICH

Plasma Crystal in Space
For ten years now, German and Russian scientists have been jointly researching complex
plasmas onboard the space station ISS – reason
enough to sum up progress so far. In November,
the Max Planck Institute for Extraterrestrial
Physics in Garching organized a symposium to
present and discuss the results of this research
into complex plasmas.

P HOTO : RKK-E NERGIA

Plasma research
in zero gravity:
In March 2008,
cosmonaut Yuri
Ivanovich Malenchenko carried
out experiments
with the PK-3
Plus apparatus
onboard the International Space
Station ISS.

The joint German-Russian venture was first established in 1998, when Russian Minister of Research
Vladimir Fortov suggested, during a visit with
Gregor Morfill, Director at the Max Planck Institute for Extraterrestrial Physics, that the two sides
share in an experiment on complex plasmas
aboard the Russian space station MIR. Morfill was
delighted to accept the offer: with financing from
the German Aerospace Center (DLR), researchers
at the MPI in Garching worked together with the
aerospace industry to build the PKE-Nefedov laboratory that fits inside a container the size of a
rain barrel.
However, MIR came to an end before the apparatus was completed – so the study of complex
plasmas became the first scientific project onboard the International Space Station ISS, where
it has since also become the most successful ex-

periment. At the end of 2005, the PKE-Nefedov
laboratory was replaced by PK-3 Plus.
In addition to electrons and ions, a complex
plasma also comprises electrically charged macroscopic particles and is formed at relatively low
temperatures. Its particular properties make it a
model system for the study of solids, liquids, gases
and natural plasmas and enable investigations at
the level of individual atoms. This, in
turn, has led to some entirely new
insights into microscopic physics.
On Earth, however, gravity interferes with interaction between the
larger component particles in complex plasmas. Therefore, this research
work is far better carried out in conditions of weightlessness. In fact,
some experiments can be conducted
only in zero gravity. This applies especially to the formation of plasma
crystals in which the charged particles form neatly arranged lattice
structures. With the interference of
gravity, it is barely possible to even
observe this process.
The discoveries made in space
have since been reported in 40 scientific publications – and were duly
celebrated at the two-day symposium in Garching. “We had an interesting discussion that shed light on
these projects from every angle,” relates Hubertus Thomas, who works
as a project scientist at the Max
Planck Institute for Extraterrestrial
Physics. “We talked about the technology and shared our experiences
in working with complex plasmas
under zero gravity.” One of the high
points of the symposium was a report by cosmonaut Pavel Vinogradov on his scientific work onboard the ISS.
This research into complex crystals is of significance not only for physics, but also for medicine.
The Garching-based scientists are able to create
plasmas at temperatures of around 30 degrees
Celsius. Such plasmas are gentle enough to treat
wounds that refuse to heal, as the ionized gases
in the plasmas kill off bacteria. In order to develop plasma instruments for medical applications,
the scientists in Garching are drawing on the experience they have gained in experiments aboard
the ISS, which are still ongoing. Physicists have
high hopes for future advances in the study of
solids, fluid dynamics and soft matter, which, like
sand, exhibits some of the characteristics of both
fluids and solids.
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M ICROBIOLOGY ( ABOVE ) / U LM U NIVERSITY ( BELOW )
FOR MARINE

might then be possible to develop active pharANTJE BOETIUS WAS AT HOME two days before
macological agents to counteract this process.
Christmas when an e-mail arrived in her computer’s inbox: You’ve won the Leibniz Prize! A treA HUMOROUS, whimsical and affectionate promendous surprise – after all, the award presented
duction – that is how the jury assessed the photo
by the German Research Council carries 2.5 milentitled “Ball Lightning,” submitted by Norbert
lion euros in prize money. That is enough to fund
Michalke as his entry for the Technology Journala lot more studies of the seas, a subject not norism in Word and Image award presented for the
mally at the center of general scientific interest. “I
fourth time by the German Academy of Science
am delighted that microbial ecology has been sinand Engineering (Acatech). Working for Maxgled out for such an award. There is so much still
PlanckResearch (issue 2/2008, page 35), the Berto discover. But because we study minute living
lin-based photographer photographed two staff
beings that are invisible to the naked eye, the immembers as they set off an electrical discharge in
portance of this research is lost on many people,”
the laboratory at the Max Planck Institute for
explained the oceanographer. The 41-year-old
Plasma Physics. The jury also
scientist, the only woman among
went on to say that the photo
all Leibniz Prize winners for 2008,
depicts a technically sophisticatstudies the microbiology of the
ed subject, captured with impresmarine methane cycle. She has
sive skill, awarding Michalke first
worked at the Max Planck Instiprize in the single photo categotute for Marine Microbiology in
ry. The award, which is intended
Bremen since 1999, where she
to promote the understanding
heads a research group with
and appreciation of technical innearly 30 members. She is also a
novations, carries a total of
professor at the private Jacobs
20,000 euros in prize money.
University in the city, and a project head in the MARUM excelTHE RECENT OPEN ACCESS
lence cluster at Bremen Universiconference, this time hosted
ty. Antje Boetius has also just
jointly with Heinrich Heine Unitaken over the leadership of what
versity in Düsseldorf, was the
is known as the ‘bridging group’
sixth in this series of events orgaformed by the Helmholtz Associnized by the Max Planck Society.
ation and the Max Planck SociThe conference focused on the
ety. This is a joint project dedifar-reaching changes taking place
cated to deep-sea ecology and
in scientific communication and
technology being conducted by
publication. The number of initiathe Alfred Wegener Institute for
tives being undertaken and the
Polar and Marine Research and
innovative publication models
the Max Planck Institute in Brepresented at the conference unmen. In the future, the project
derscore the fact that Open Acwill increasingly concentrate on Leibniz Prize winners:
cess is already inseparably linked
the ecosystems of the deep Arc- Antje Boetius, Research Group
with the latest developments in
tic Ocean.
leader at the Max Planck Instiscientific research. Open Access is
tute for Marine Microbiology
actively supported both by such
ANOTHER LEIBNIZ PRIZE win- in Bremen, and Karl Lenhard
ner was cause for further cele- Rudolph, head of the Max Planck sponsors as the German Research
Council and by the EU. Some of
bration at the Max Planck Soci- Stem Cell Aging Research Group
the projects supported by the latety. Karl Lenhard Rudolph, a at the Ulm University Institute
ter are actually obliged to publish
39-year-old doctor of medicine, of Molecular Medicine.
their results in a freely accessible form. Dieter Imis head of the Max Planck research group invesboden, who is soon to become President of Eurotigating stem cell aging that has been estabHORC (the European Heads of Research Councils),
lished for over a year now at the Ulm University
announced his intention to make Open Access a
Institute of Molecular Medicine. The Ulm-based
central theme of his presidency. The fact that he
group has also just set up a Max Planck Partner
made this announcement in Düsseldorf shows the
Group at the Institute of Laboratory Animal Sciimportance that decision-makers in the world of
ences operated in Beijing by the Chinese Acadescience attach to the conference, which upholds
my of Medical Sciences and the Peking Union
the tradition of the Berlin Declaration. The Max
Medical College. Rudolph’s team works mainly
Planck Society was also a co-initiator of the Berlin
with naturally occurring adult stem cells in an
Declaration and has been committed to the issue
effort to understand the mechanisms that reof Open Access for many years.
strict the function of these cells in old age. It
●
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IN THE SPOTLIGHT

Echoes from the Past:

In November
1572, a new star appeared on the firmament – a supernova. Danish astronomer Tycho Brahe was among
those who witnessed this massive cosmic explosion.
He discovered that the “stella nova” was much farther
from the Earth than the moon. This stood in stark
contradiction to the then-current world view according to Aristotle, in which the translunar world – including the sphere of the fixed stars – was invariable
and eternal. Now the object has made history once
again: More than four centuries later, astronomers
obtained this color image of Tycho’s star. It is a composite of infrared and X-ray images taken with the
3.5-meter telescope at the Calar Alto Observatory
and with the Spitzer and Chandra space telescopes.

The photo shows the expanding envelope of matter
(green, yellow) having temperatures of millions of
degrees. This envelope was formed by the thermonuclear explosion of a white dwarf. The outer shockwave appears as a blue ring of high-energy electrons.
Newly created dust, as well as dust that was heated
up due to interaction with the circumstellar matter,
glows red. By observing light echoes, researchers have
now succeeded in spectroscopically analyzing the explosion itself, in a time machine of sorts. According
to these findings, it was a normal Type Ia supernova.
This object class is very important due to its use as a
standard candle for cosmology, and recently led to
the discovery of dark energy.
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