
RELIGION

A Crucial Question 
for the Nation State

COMMUNICATION

Secret Code 
in a Laser Pulse

COGNITION

Dreams Bring Lucidity 
to Our Thinking

EARTH SYSTEM

… and now for
tomorrow’s climate

Light

M
a

xP
la

n
ck

R
es

ea
rc

h
2
.2
0
15

LI
G

H
T

B56133

The Science Magazine of the Max Planck Society 2.2015

www.mpg.de


Plön

SCHLESWIG-
HOLSTEIN

MECKLENBURG-
WESTERN POMERANIA

LOWER SAXONY

SAXONY-ANHALT

BRANDENBURG

SAXONY

THURINGIA

HESSE

RHINELAND
PALATINATE

NORTH RHINE-WESTPHALIA

BAVARIA

BADEN-
WÜRTTEMBERG

Rostock

Bremen

Hanover Potsdam

Berlin

Magdeburg

Halle

Jena

Leipzig

Dresden

Marburg

Münster

Dortmund
Mülheim

Düsseldorf

Cologne

Bonn

Mainz

Heidelberg

Stuttgart

Tübingen

Freiburg

Erlangen

Garching

Munich

Martinsried
Seewiesen

Saarbrücken

Bad Nauheim

Frankfurt

Kaiserslautern

Bad Münstereifel

SAARLAND

Radolfzell

Göttingen

Hamburg

Greifswald

 Institute / research center
 Sub-institute / external branch
 Other research establishments
 Associated research organizations

Holland
 Nijmegen

Italy
 Rome
 Florence

USA
 Jupiter, Florida

Brazil
 Manaus

Luxembourg
 Luxembourg

Research Establishments

 Imprint

MaxPlanckResearch is published by the Science and 
Corporate Communication Office of the Max Planck Society 
for the Advancement of Science. Legal headquarters 
of the Association: Berlin. ISSN 1616-4172

Publisher’s mailing address
Hofgartenstraße 8, D-80539 Munich
Tel. +49 89 2108-1719 / -1276 (Fax: -1405)
e-mail: mpf@gv.mpg.de
The magazine as ePaper: www.mpg.de/mpresearch
App for free download: www.mpg.de/mpr-mobile

Content Authority  
Dr. Christina Beck (-1276)

Editors-in-Chief
Peter Hergersberg (Chemistry, Physics, Technology; -1536)
Helmut Hornung (Astronomy; -1404)

Editorial Staff
Susanne Beer (Culture, Society; -1342)
Dr. Elke Maier (Biology, Medicine; -1064)
Dr. Harald Rösch (Biology, Medicine; -1756) 

Photo Editor  
Susanne Schauer (-1562)

Translation
Baker & Harrison Translations
Ferdinand-Maria-Straße 30, 80639 Munich
Tel. +49 89 8583608-0
e-mail: cb@bakerharrison.de

Art Direction 
Julia Kessler, Sandra Ostertag
Voßstraße 9, 81543 Munich
Tel. +49 89 27818770
e-mail: projekte@designergold.de

Lithography 
kaltner verlagsmedien GmbH
Dr.-Robert-Zoller-Str. 1, 86399 Bobingen

Printing & Distribution
Vogel Druck- & Medienservice GmbH 
Leibnizstraße 5, 97204 Höchberg

Advertising
Beatrice Rieck
Vogel Druck und Medienservice GmbH
Leibnizstraße 5, 97204 Höchberg
Telefon: +49 931 4600-2721 (Fax: -2145)
e-mail: beatrice.rieck@vogel-druck.de

MaxPlanckResearch is printed on paper from responsibly managed forests and bears the seal of the Forest Stewardship Council (FSC)

  2 | 15  MaxPlanckResearch    87

MaxPlanckResearch seeks to keep partners and friends of the 
Max Planck Society up to date on the latest research conduct-
ed at the Max Planck Institutes. Four editions of the magazine 
are published in German each year, all of which are translated 
into English. At present, the English version has a circulation of 
10,000 copies (MaxPlanckForschung: 85,000 copies). It is free 
of charge. None of the views and opinions expressed in Max-
PlanckResearch may be interpreted as representing the offi-
cial views of the Max Planck Society and its associated bodies. 
Reprint of texts is permitted only with the prior approval of the 
publisher. Photographic rights may be granted by agreement.

The Max-Planck-Gesellschaft zur Förderung der Wissen-
schaften e.V. (Max Planck Society) comprises 83 institutes and 
research facilities where around 22,600 employees, including 
some 5,600 permanently employed scientists, work and conduct 
research. The annual budget for 2015 is 1.6 billion euros. Re-
search activities of the Max Planck Society focus on basic re-
search in natural sciences and the humanities. The Max Planck 
Society is a non-profit organization registered under private 
law as an incorporated association. Its central decision-making 
body is the Senate, with members from the world of politics, 
the scientific community, and the professional public, provid-
ing for a well-balanced partnership.

www.siemens.com/pof

Which technologies will shape our lives in the decades ahead? The online magazine Pictures of the Future
reports on the most important trends in technology and offers insights into the laboratories at Siemens. 
It designs future scenarios, describes exciting research activities in feature stories, reports and interactive
360° features, and provides a platform for experts from all over the world. www.siemens.com/pof

Pictures of the Future
The Magazine for Research and Innovation

Scenario 2040 — in Antarctica:

Smart grids are applying digital intel-

ligence to energy supply systems.

Even in places far from civilization,

the grids ensure network stability 

and balance out power generation

and consumption. 

You can find more information about smart grids at: www.siemens.com/pof/smart-grids



ON LOCATION
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Even on cloudy days, the sun shines in the greenhouse of the Max Planck Institute for Chemical Ecology: 520 
high-pressure lamps with assimilation sodium vapor bulbs ensure that the plants have sufficient light and that the 
spectral distribution is right for photosynthesis. To simulate uniform irradiation, the lamps move back and forth 
automatically on tracks. The air conditioning is also computer controlled: temperatures remain at summer levels – 
but not too high – all year round.

Half of the 474-square-meter cultivation floor is usually sown with coyote tobacco (Nicotiana attenuata), a 
species of wild tobacco and the institute’s most important model plant. Along with rapeseed and pea plants and 
poplars, the greenhouse also boasts some more exotic inhabitants: pest-resistant bananas, noni trees and carnivo-
rous pitcher plants. The latter are the main focus of interest for researcher Ayufu Yilamujiang. He studies the exact 
composition of the digestive fluid with which the plant digests the trapped insects.

Carnivorous plants grow in low-nutrient soils and obtain additional nutrition from their animal prey, mainly 
insects. To this end, they have developed special trapping and digestive mechanisms. In the case of the pitcher plant, 
sweet nectar lures the insects to the edge of the pitcher, which is basically formed from reshaped leaves. 

The animals slip off the edge of the pitcher and fall into the digestive fluid. The pitcher plants also find the 
occasional prey in the greenhouse, as parasites or beneficial organisms used to combat these – ichneumon wasps, 
for instance – occasionally fall victim to them. For experiments carried out under controlled conditions, the scien-
tists feed the pitcher plants with fruit flies.

Eternal Summer
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Complicated: Jens Hjörleifur 
Bárðarson focuses on, among other 
things, topological insulators.46

18 Tweezers Made of Light
  Many biomolecules move through cells like microscopic machines. 

Often, however, it isn’t known what forces these molecules 
generate or how fast the molecules act or move. That’s why Stephan 
Grill from the Max Planck Institute of Molecular Cell Biology and 
Genetics in Dresden decided to specialize in measuring molecular 
forces. He uses optical tweezers to pull gently on DNA strands and 
to study proteins.

24 The Making of a Quantum Movie
  Until even just a few years ago, no camera was fast enough to film 

the movements of electrons. Ferenc Krausz, Director of the Max 
Planck Institute of Quantum Optics in Garching, and his team can 
now do this using new techniques, creating the basis for optimizing 
processes in chemistry and electronics.

32 Between Spotlight and Shadow
  The main figures in Caravaggio’s paintings seem to be sitting 

in a spotlight. There were numerous legends surrounding the 
painter and his lighting techniques. Sybille Ebert-Schifferer, 
Director at the Bibliotheca Hertziana in Rome, wants to demystify 
Caravaggio’s image.
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ON THE COVER  Light is our lifeblood, the inspiration for artists, and an indispensable 
tool in science and technology. Reason enough for UNESCO to declare 2015 the Inter-
national Year of Light. The image shows light in optical fibers.
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BIOLOGY & MEDICINE

52 Dreams Bring Lucidity to 
 Our Thinking
  “I think, therefore I am” – René 

Descartes’ thinking gave him the 
certainty that he did, in fact, 
exist. Lucid dreamers are able to 
reflect on their own thoughts 
even during sleep.
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60 Secret Code in a Laser Pulse
  Quantum cryptography aims to 

protect data transmissions against 
eavesdropping. This is what 
researchers from the Max Planck 
Institute for the Science of Light 
are working on.  

ENVIRONMENT & CLIMATE

68 … and now for tomorrow’s climate
  Researchers want to predict what 

the Earth’s climate will be like 
10 or 15 years from now, and in this 
way also explain why, since 1998, 
the Earth has been heating up more 
slowly than models predict.  
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  While Islam is still perceived by 

many as the greatest impediment to 
integration in European immigration 
societies, scientists have come up 
with a more differentiated approach.
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Concealed: Magnetic resonance 
imaging makes visible which brain 
regions are active in lucid dreamers.52 Encrypted: The quantum 

information receiver that can’t 
be tapped unnoticed.60 Swirled: Ocean currents such as 

the Gulf Stream play a major role 
in the climate.68
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PERSPECTIVES

Cooperation Worth Celebrating 

Half a century has passed since Germany and Israel established diplo-
matic relations. To mark this anniversary, scientists from both coun-
tries, the presidents of leading research organizations, and political 
guests met in Israel for a two-day celebration. The event was co-orga-
nized by the Minerva Stiftung, a subsidiary of the Max Planck Society 
that is financed by the Federal Ministry of Education and Research and 
that has been promoting scientific cooperation between the two coun-
tries since 1964. “I firmly believe that nobody could have predicted 
such a development 50 years ago,” said Max Planck President Martin 
Stratmann, stressing that “in view of our particular history, promoting 
mutual understanding remains an important task.”

The high point of the celebrations was a scientific symposium held 
at the Weizmann Institute of Science in Rehovot and officially launched 
by the German Federal Minister of Education and Research, Johanna 
Wanka. The Minister also inaugurated two new Minerva Research Cen-
ters, bringing the total to 23 of these centers of excellence in Israel. 
“The Minerva Centers are the jewel in the crown of German-Israeli sci-
entific relations. They have also become an important feature of the 
Israeli research landscape,” said Johanna Wanka.
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Science celebrates 50 years of German-Israeli relations

Green Light for Research Projects 

The 328 junior scientists awarded 
Starting Grants by the European Re-
search Council (ERC) last December 
include 17 Max Planck scientists. The 
funding of up to two million euros al-
located to the 17 Max Planck research-
ers is intended to help them with the 
development of independent scientif-
ic careers in the period immediately 
following their doctoral studies. A fur-
ther seven scientists from Max Planck 

The Max Planck scientists recently awarded 
Consolidator Grants (from left): Jochen Rink 
and Jan Huisken (molecular cytology and 
genetics), Birte Höcker (developmental 
biology), Sönke Zaehle (biogeochemistry), 
Mikael Simons (experimental medicine), 
Jonas Obleser (cognitive and neurosciences) 
and Henrik Beuther (astronomy).

Max Planck scientists attract EU millions for their projects

institutes also competed successfully 
for ERC Consolidator Grants. The 
Teaming funding line is a new element 
of the “Horizon 2020” EU Research 
Framework Programme, which links 
renowned research institutions with 
institutes in regions that perform less 
strongly in the area of research. The 
Max Planck Society played a key role 
in the design of this instrument. Four 
Max Planck institutes were successful 

in their applications for the funding of 
projects with partners from Bulgaria, 
Poland and Cyprus.

In his speech at the anniversary celebrations, Max Planck President Stratmann 
emphasized the unifying nature of science: “People from different countries 
can meet on neutral ground, so to speak, in scientific institutions.” This was 
also the basis for German-Israeli scientific relations, which have existed now 
for more than 55 years.
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Max Planck Spinoff Finds Buyer with Deep Pockets

How the knowledge gained through ba-
sic research stimulates the economy was 
demonstrated by the sale of SuppreMol 
GmbH in March: Established in 2002 by 
scientists working with Nobel laureate 
Robert Huber from the Max Planck Insti-
tute of Biochemistry in Martinsried, the 
biotech company carries out research on 
innovative drugs for the treatment of au-
toimmune diseases such as multiple scle-
rosis. The advances achieved by the com-

pany, which has 20 employees, made it so 
attractive that US pharmaceutical con-
cern Baxter was willing to pay over 200 
million euros for it.

“This was one of the biggest transac-
tions in the sector, which has been expe-
riencing funding difficulties, particularly 
in Germany, for years,” says Ulrich Mahr, 
a member of the management team of 
Max -Planck-Innovation GmbH. The Max 
Planck Society’s technology transfer 

agency supported the development of 
SuppreMol, particularly in the company’s 
pre-spinoff and early phase. The fact that 
SuppreMol succeeded in attracting a 
strong owner like Baxter for the expen-
sive clinical development and market 
preparation of its drugs has been warm-
ly welcomed. The Max Planck Society and 
the Max Planck Institute will also benefit 
from the sale and stand to receive sums 
in the lower single-digit million range.

US concern Baxter takes over biotech company SuppreMol

Seven-year program focuses on the organization’s development

The Max Planck Society Researches Its Own History
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stitution’s research and development 
mutually influenced each other. The fo-
cus here is on the changes of the Max 
Planck Society through time with a 

Over the next seven years, a research 
program at the Max Planck Institute for 
the History of Science will examine the 
development of the Max Planck Soci-
ety from its foundation in 1948 to the 
end of Hubert Markl’s presidency in 
2002. The program is intended to in-
vestigate the organization’s dynamics 
and research successes, as well as its sci-
entific dead ends, which, however, of-
ten proved productive in the final anal-
ysis. The program will also concentrate 
on critical topics like the ethical limits 
of research, the dual-use problem and 
external influences. Building on the 
studies on the Kaiser Wilhelm Society 
during the National Socialist period, 
the scientists also intend to take a fresh 
look at how the Max Planck Society 
dealt with the misconduct of its prede-
cessor organization. 

The research program, whose par-
ticipants include renowned external 
scholars, aims to comprehensively re-
construct the past and classify it in 
terms of the relevant historical con-
texts. Based on the example of several 
inter-institutional topics, the historians 
wish to concretely examine how the in-

view to its position in science, society 
and politics. The research program will 
be supervised by an international sci-
entific advisory board.

The history of the Max Planck Society began in 1948. The inaugural meeting took place in the 
canteen of the Institute for Aerodynamic Testing (Aerodynamische Versuchsanstalt) in Göttingen.
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Anita Schroven from the Max Planck Institute for Social Anthropology is still helping to manage 
the Ebola crisis in West Africa

“It’s not surprising that the fear was palpable”

When field researchers aren’t out in the 
field, they have no problem participating in 
the unfolding events from their desks at 
home thanks to technology. Anita Schrov-
en, an academic staff member in the “Inte-
gration and Conflict along the Upper Guin-
ea Coast (West Africa)” research group, is in 
contact with Guinea. She lived in the West 
African country for one year. As is the case 
in neighboring Sierra Leone and Liberia, 
the threat of new Ebola infections hasn’t 
been entirely eliminated there.

Out of sight, out of mind: Ms. Schroven, how 
should we see the current situation in West 
Africa from our European perspective?  
Anita Schroven: The good news is coming 
from Liberia at the moment: there have 
been no new cases of Ebola there since 
March 22. Given that the incubation period 
for the disease is 21 days, this gives us cause 
for hope. To be on the safe side, the World 
Health Organization (WHO) has decreed 
that, for a country to be declared Ebola-
free, a period of 42 days must pass since the 
last case tested negative twice. Although 
the number of new Ebola cases is falling in 
Sierra Leone, people are still contracting 
the disease and the transmission routes 
aren’t yet known. The number of new Ebo-
la patients in Guinea is stagnating.

So, we can’t say that the Ebola outbreak is 
coming to an end?
No, unfortunately not. This isn’t the percep-
tion on site either. People are able to move 
freely between the three countries. The 
border controls don’t prevent this, but they 
are having an impact on trade. Food prices 
are increasing and this is contributing to 
an increase in hunger in the region.  

Where do you get your information from?
I am in contact with acquaintances involved 
in field research, and follow reports on the 
radio and Internet. I also maintain contact 
with experts in the field – anthropologists 
and other social scientists involved in fight-
ing the Ebola outbreak and working with 
the WHO, Médecins Sans Frontières, the 
Red Cross and the UN mission, as well as the 
network to which I belong. We debate spe-
cialist issues and can pass on research find-
ings about local practices.  

You carried out research in Guinea on ideas 
and practices of state and statehood in the 
local context. Are there links between this 
and Ebola?
The question as to the extent to which the 
population can trust state structures aris-
es in Guinea, in particular. This has a lot to 
do with the history of the country, which 
gained independence in 1958 but was then 
governed by two dictators for 50 years. The 
political arena has become increasingly 
ethnicized in recent years. The president’s 
group is accused of profiting more than 
others from the state mining revenue. 
There’s a lot of distrust.  

Naturally, this is disastrous in the context 
of Ebola.
The population perceives government in-
tervention as negative, as it is often asso-
ciated with violence and corruption. Mea-
sures carried out in the areas of infrastruc-
ture, education and healthcare tend to be 
ascribed to international aid. The idea of 
civil society is still a recent one in Guinea.  

But comprehensive external aid was rapidly 
required for Ebola. How was that managed?
That was a major challenge for all three 
countries. People were used to internation-
al intervention in Sierra Leone and Liberia, 
as both countries had been subject to UN 
mandates after the civil wars there. At that 
time, refugee aid was provided to people 
from neighboring countries in Guinea at 
the expense of the local population. So it 
isn’t surprising that the reservations and 
fear were palpable when people wearing 
astronaut suits arrived, accompanied by 
people from the ministry of health, saying 

things that the locals didn’t understand and 
presenting a risk scenario that didn’t en-
courage cooperation – especially as there 
were huge information campaigns convey-
ing the message that there is no cure or 
treatment for Ebola.  

But people realized that this approach 
wouldn’t achieve the desired results – 
or did they? 
Yes, first of all, the communication was im-
proved. Instead of sending representatives 
from central government, local dignitaries 
were involved. Village elders, religious lead-
ers and leaders from the initiation societ-
ies lend greater legitimacy to such process-
es. Secondly, consistent use was made of 
the media; discussion forums in which peo-
ple could participate by cell phone were 
transmitted on the radio. Moreover, it was 
essential to ensure that the information is 
available in the local languages.   

Was at least the initial medical position clear?
Even among researchers, there was and is 
no consensus: How reliably can the knowl-
edge gained from earlier outbreaks be ap-
plied? How different are the situations in 
the individual countries? Just one example: 
in Liberia, they changed the recommenda-
tion for sexual contact for Ebola survivors 
from 90 days of abstinence and now advise 
people to use condoms until there is great-
er clarity on the issue. But people sit up and 
take notice when different information is 
suddenly in circulation. They assume, for 
example, that their own government wants 
to harm them.   

What’s next for your research?
We’re planning a conference in Halle in Oc-
tober, where the current field research will 
be linked with theories concerning knowl-
edge production and translation. We want 
to know which information was available 
where and what kind of knowledge was 
disseminated, as the degree of knowledge 
fragmentation is very high. The complexity 
of knowledge generation and translation 
alone can explain why, despite the informa-
tion available from earlier Ebola outbreaks, 
it wasn’t possible to prevent an epidemic of 
the current scale.  Interview: Susanne Beer 

Anita Schroven 
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On the Net
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Our City
The German-American youth portal 
“Step into German” of the Goethe Insti-
tut familiarizes young people with mu-
sic, film and soccer in Germany, as well 
as the German language. In the new se-
ries “Our City,” members of the band 
Tonbandgerät present Hamburg and ex-
plain where they spend their free time, 
what they like to eat and where they go 
shopping. This whets the appetite for a 
visit to the Hanseatic city and may even 
trigger a desire to study and live there.  
www.goethe.de/ins/us/saf/prj/stg/
enindex.htm

New Internet Presence for max-wissen.de

To mark its tenth anniversary, the German-language web-
site max-wissen.de has a completely new look. In addition 
to the traditional “MAX-Heft” dossiers, the very latest in-
formation, images, and now also high-quality videos can 
be found there on fascinating topics from research, such as 
plant immunity, stem cells, climate change and biomateri-
als. The Max Planck Society launched the knowledge por-
tal in 2005 with the help of funding from the Stifterverband 
für die Deutsche Wissenschaft. Since then, it has become a 

Relaunch of the successful German-language website for students and teachers now online

Animations, video clips, the MAX series, 
background information and teaching 
support material: the max-wissen.de 
teacher’s portal offers up-to-date, 
informative and fascinating material for 
school classes free of charge.

Observing Apes on the PC
Welcome to Africa! Primate researchers 
from the Max Planck Institute for Evolu-
tionary Anthropology built camera traps 
in 14 African countries to record thou-
sands of film sequences. The recordings 
must now be evaluated. Since April 22, 
the public can view the material on the 
new citizen science platform “Chimp & 
See” and in this way help the primatolo-
gists with their work. It is sometimes 
the case that there is nothing to see for 
quite a while. Then, a warthog may 
suddenly appear on the screen before a 
group of chimpanzees engages in some 
leisurely grooming in front of the camera.
www.chimpandsee.org

The Art of Packaging in the Cell
We are more than the sum of our genes. 
Environmental factors can affect our 
chromosomes. This alters the tightness 
of the DNA packaging – and this dic-
tates, in turn, whether a particular gene 
can be read or not. As our new film Epi-
genetics – Packaging Art in the Cell shows, 
the environment can shape our charac-
teristics over generations in this way.
https://youtu.be/86H4olxRx7E

popular destination for both teachers and students. Here, 
they can access information about current research topics 
and obtain more in-depth information than in standard 
school textbooks. The material presented on max-wissen.
de makes the everyday lives and activities of scientists more 
transparent: How do researchers obtain their results? What 
methods do they use?

The website has supplemented the published MAX se-
ries, BIOMAX, GEOMAX and TECHMAX, since the late 

1990s. The number of orders re-
ceived for these dossiers show that 
far in excess of 100,000 students 
work on content from the Max 
Planck Society every year. The infor-
mation contained in the dossiers 
has even found its way into the Abi-
tur, the German school-leaving ex-
amination, in some federal states.
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  T  
he hostilities in Ukraine came as a shock 
to most European citizens, many of whom 
had lived their lives to date without the 
shadow of war looming over them. This 
stable and long-lasting period of peace in 

Europe, a continent formerly shaken by armed con-
flict, is largely the achievement of the European in-
tegration process, which has succeeded in reversing 

the centuries-old paradigm of peace as an interlude 
between wars. Today, peace has become the rule in 
Europe, while military violence is the exception.  

It seems to have been forgotten in both public per-
ception and public opinion that the European proj-
ect has, despite its shortcomings, founded a peaceful 
entity made of democracies built on the rule of law 
and respect for human rights. Even if the financial cri-

sis and its devastating socio-economic effects have un-
dermined the cohesion within the European Union, 
a war between EU member states is unthinkable.

In 2012, the European Union was awarded the 
Nobel Prize for Peace for this great accomplishment. 
The jury’s decision can also be read as a friendly re-
minder to Brussels to safeguard (social) peace in times 
of increasing internal friction. Accepting the prize, 
Herman van Rompuy, then President of the Europe-
an Council, described Europe’s situation as follows: 
“Peace is now self-evident. War has become incon-
ceivable.” He also added words of warning whose 
meaning is intensified in light of the ongoing crisis 
in Ukraine: “Yet ‘inconceivable’ does not mean ‘im-
possible’. And that is why we are gathered here to-
day. Europe must keep its promise of peace.”

Keeping this promise is no easy task, as peace does 
not equate with the mere absence of war. Moreover, 
peace depends on both internal and external dynam-
ics, which are often intertwined. In recent years, the 
impact on the European Union and its member states 
of external or externally influenced events has repeat-
edly become apparent. 

Brussels determines the direction in many policy fields, but in European foreign, 

security and defense policy, it’s the member states that set the tone – not the EU. 

When it comes to international peace talks or emergency meetings, such as the one 

held recently over the crisis in Ukraine, it’s the national foreign ministers and not 

the EU foreign policy chief taking the lead. However, given the challenges for peace 

and security in Europe, our author holds that this is an outdated model: it’s time 

for the member states to act in concert.

TEXT CAROLYN MOSER

Peace – Europe’s 
Polyphonic Promise

War between EU member states is 
unthinkable today

VIEWPOINT_Foreign Affairs 
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The CHARLIE HEBDO attacks in Paris, in which transna-
tionally acting terrorist groups were involved, are still 
fresh in our memories. We have also witnessed civil 
wars in Libya and Syria, leading to a considerable in-
crease in asylum seekers in European countries. Cur-
rently, the Union is additionally faced with war in a 
country that shares a common border with several of 
its member states, namely Ukraine.

These events illustrate that peace in and around 
Europe can’t be taken for granted, and that a vari-
ety of security challenges lie ahead. So the time has 
come for member states to reinforce unity in foreign 
policy, security and defense matters. While this 
might seem obvious to the reader, it doesn’t corre-
spond to reality. 

Contrary to the motto of the Union, “United in 
diversity,” there is a great deal more cacophony than 
unity among member states when it comes to issues 
with foreign affairs, security and defense implica-
tions. Concerted action in this area would certainly 

help cope with existing and forthcoming threats to 
stability and peace in Europe, as would a strong in-
ternational standing of the Union.

Member states have existing structures and exper-
tise on which to build. The Union has progressively 
been equipped with a security and defense strand, 
which has already enabled the EU to launch a vari-
ety of civilian missions and military operations. 

Since 2003, thousands of civilian experts and mil-
itary staff – including judges, police officers, infantry 
and navy soldiers and officers, or monitors – have 
been sent out with the Union’s flag on their uniforms 
and vehicles to contribute to the process of restoring 
stability in countries or regions shaken by crises. At 
the time of writing, some 3,000 civilians are working 
in twelve civilian missions, and another 3,000 mili-
tary staff are deployed in five military operations. 

One or two decades ago, only resolute optimists 
would have thought such united external efforts pos-
sible. After the failure of the European Defence Com-
munity – an ambitious project envisaging a Europe-
an army – in 1954, member states adopted a slower 

pace to move forward with integration with respect 
to security, defense and foreign affairs. 

Informal consultations laid the foundations for 
the Common Foreign and Security Policy (CFSP) in-
troduced in 1993 by the Treaty of Maastricht, as well 
as for the post of High Representative for the Com-
mon Foreign and Security Policy that was established 
six years later by the Treaty of Amsterdam and that 
was first held by Javier Solana.

In the wake of the Kosovo crisis – when, after the 
Balkan wars, European nations were again unable to 
properly respond to the atrocities committed in their 
own backyard – a Common Security and Defence Pol-
icy (CSDP) was added to the CSFP in 1999. Its aim 
was to bundle resources, share expertise and increase 
coordination to allow for concerted action.

The CSDP went through its baptism of fire short-
ly thereafter when, in 2003, the Union sent its first 
civilian police mission to Bosnia and Herzegovina, 
and began its first military deployment in Macedo-
nia. To date, the Union has launched more than thir-
ty civilian missions and military operations, varying 
in geographic focus (Europe, Asia, Africa) and the-
matic span. 

Civilian missions range from border assistance 
and monitoring to rule of law support, police train-
ing and police capacity building to security sector re-
form assistance and military capacity building. Mili-
tary operations comprise training missions for armed 
forces, military advice and naval anti-piracy activi-
ties, as well as combat and humanitarian tasks. To en-
able the Union to undertake this wide array of activ-
ities, member states have progressively created 
Brussels-based structures vested with planning, deci-
sion-making and implementation capacities.

Yet, after brisk activity in the Solana era, the Com-
mon Security and Defence Policy almost came to a 
standstill in the wake of the financial crisis when 
member states accorded a lower profile to foreign af-
fairs, security and defence policy questions at the EU 
level. The EU’s international standing has declined as 
a result. But Brussels can’t be blamed for this deteri-
oration, given that decision-making in this policy 
area rests quasi-exclusively with member states and 
their representatives in Brussels.

The legal, institutional and procedural frame-
work of the Common Security and Defence Policy 
(CSDP) and of the Common Foreign and Security 
Policy (CFSP) are shaped predominantly by inter-

3,000 military staff are deployed in 
five military operations
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governmental features. Indicative hereof is the fact 
that the main actors and decision makers are the Eu-
ropean Council (composed of heads of state and 
government) and the Council of the European 
Union (constituted by representatives of member 
states’ governments). Unlike in other policy areas, 
the European Commission and the European Parlia-
ment play only a minor role in matters related to 
foreign affairs, security and defence, and the Court 
of Justice of the European Union generally has no 
jurisdiction in this field.

In addition, the principle of unanimity prevails 
here, with some minor exceptions, in contrast to 
other policy areas. All 28 member states need to be 
in consensus to define a common position or to 
launch a civilian mission or military operation. In 
the event of disagreement among member states, 
the EU’s security and defense are paralyzed. This has 
repeatedly happened in crisis situations – the Arab 
Spring, the fall of the Gaddafi regime in Libya and 
the humanitarian crisis in Syria, for instance – when 
the European Union’s lack of response was a disap-
pointment to many. 

Even the Treaty of Lisbon (2009) did nothing to 
change the fact that member states are strongly fa-
vored – and not the European Union. Most issues 
with foreign affairs, security and defense implications 
are still handled by national governments, and not 
by the High Representative of the Union for Foreign 
Affairs and Security Policy, a position currently held 
by Federica Mogherini. However, a Union with a low 
international profile, together with members states 
divided over security and defense issues, is not the 
most desirable message to convey to the world.

The path to more security and defense cohesion 
in the future is thus not without obstacles. The first 
difficulty to be tackled relates to defining a common 
European stance. Especially in crisis situations, na-
tional players are likely to fall back on national insti-
tutions and mechanisms. In addition, as questions of 
security and defense traditionally belong to the realm 
of the executive, governments are generally wary of 
renouncing their prerogatives and responsibilities in 
favor of common decision-making or implementa-
tion structures. 

The UK’s strong opposition to a change in the 
status quo and to further integration in foreign af-
fairs, security and defense on the road to the Trea-
ty of Lisbon is a case in point. Another example is 

the European External Action Service (EEAS): in es-
sence, the cryptic acronym stands for nothing less 
than the nucleus of an EU ministry of foreign af-
fairs. And yet, appearances matter, so the seeming-
ly neutral designation EEAS was eventually chosen 

over a more political denomination (such as minis-
try of foreign affairs), potentially stirring up fears 
of losing sovereignty to Brussels.

Considering these underlying patterns, it is ap-
parent that there is little leeway for the Union to re-
act to external threats. Faced with civil wars across 
the Mediterranean, ongoing hostilities in Ukraine 
and the reemergence of Cold War rhetoric, it might 
be time to reverse this situation – and stand firm and 
united. This implies not only conceding to concert-
ed action, but also providing the necessary means 
to carry out joint activities. In this context, EU 
member states might have to rethink Europe’s secu-
rity and defence apparatus and increasingly engage 
in pooling, sharing or better coordinating equip-
ment and resources.

This leads to yet another challenge, namely the 
question of whether and under what conditions the 
Union should resort to military means to maintain 
or restore peace (provided there is a UN mandate). 
For most people, military activity is associated with 
member states deploying troops (mainly in the con-
text of NATO operations), not the EU. The Union’s 
international standing and self-image has, to a large 
extent, been coined by its non-belligerent nature. 
Consequently, the EU has adopted a security strate-
gy that combines all elements of foreign policy (di-
plomacy, trade, aid and military and non-military in-
struments) and clearly prefers conflict prevention 
over armed intervention. In fact, civilian missions ac-
count for almost two-thirds of EU-led crisis manage-
ment activities.

For some member states, including Scandinavian 
countries and Germany, the use of military force is 
not readily compatible with the Union’s civilian char-
acter. For other member states, like France, military 
interventions are considered to be an essential aspect 

A security strategy that combines 
all elements of foreign policy
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of a Union that wants to affirm its international role. 
So to what end(s) should military force be employed? 
Should the Union intervene militarily to prevent 
atrocities from being committed? So far, member 
states have, for pragmatic reasons, opted to carry out 
humanitarian interventions, as in Libya, under the 
NATO framework, if at all, and not under the auspic-
es of the Union. 

Also, what about sending armed forces, not to 
maintain, but to restore peace? In several EU opera-
tions, the use of force has been authorized to curb in-
ternal conflicts and prevent regional instabilities – 
such as in the Central African Republic in 2014.

And yet, it is no simple task to gather military 
personnel and resources for these undertakings. Par-
is is often willing to send soldiers and contribute 
materials. Berlin, on the other hand, is known to be 
a more reluctant contributor to military operations, 
and has a clear preference for civilian missions. As 
for the EU operation in the Central African Repub-
lic, France accounted for the majority of troops, 
while Germany committed military transport air-
craft to carry the wounded. The same division of la-
bor for combat tasks and logistical support – “exem-
plary,” as some might say – has also been applied in 
other operations.

In different circumstances, member states have 
shown greater resolve to contribute armed forces. 
This has been the case with, for instance, Atalanta, 
the EU-led naval anti-piracy operation off the Soma-
li coast. More than 20 member states (including Lux-
emburg, a landlocked country with no naval forces) 
and some non-EU countries are contributing to the 
operation. Apart from providing protection to vessels 
of the World Food Programme delivering food to So-
malia, the operation is mandated to deter, prevent 
and repress acts of piracy and armed robbery at sea 
with a view to ensuring that international trade is not 
disrupted, and to use force if necessary. 

The Gulf of Aden is indeed one of the most im-
portant international commercial maritime routes, 
not least because tankers loaded with crude oil are 
transiting through the Gulf to reach nations all over 
the world. Geo-strategic considerations and econom-
ic interests clearly played a role in member states’ de-
cision to take part in the operation.

Against this backdrop, it is astonishing that, in 
2010, the German public was outraged when the for-

mer Federal President Horst Köhler insinuated in an 
interview that military intervention could, under cer-
tain circumstances, be required to safeguard the coun-
try’s interests, including free trade routes and the pre-
vention of regional instabilities. At the time he made 
his statement, German navy forces had already been 
patrolling the Gulf of Aden for two years – appar-
ently unnoticed by the German public.

The episode reveals another stumbling block for 
European security and defense: the fact that member 
states can avoid blame under the cloak of the Union. 
By engaging in EU military operations relatively un-

known to the wider public, member states reduce the 
risk of nasty questions or bad press at home. And if 
anything goes wrong in an operation, national capi-
tals can blame the Union for the failure. Although 
this might sound cynical, it’s not a far-fetched sce-
nario, bearing in mind the general tendency of na-
tional players to blame Brussels for all sorts of unde-
sired policy outcomes. The Union should therefore 
make its external activities more accessible to the 
general public.

Ultimately, there is the challenge for the Union 
to live up to its own expectations, which in turn 
feeds into legitimacy questions. In the absence of 
proper scrutiny by the European Parliament in mat-
ters related to foreign affairs, security and defense 
policy, and given the lack of jurisdiction of the Eu-
ropean Court of Justice over these same matters, the 
Union seems to fall short of the values it seeks to 
promote abroad, namely democracy and the rule of 
law. But applying double standards entails a consid-
erable reputational risk.

This also holds true for transparency issues. For-
eign affairs, as well as security and defense matters, 
are traditionally decided upon and conducted be-
hind a veil of secrecy. While restricted disclosure of 
documents and access to information makes sense 
when it comes to military operations, it’s hard to 
understand why there is little information dissemi-
nated on the outcomes of military missions or, even P
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more so, on civilian missions that deal, for instance, 
with the rule of law or policing.

Furthermore, it would be important to establish 
accountability mechanisms with respect to matters 
of foreign, security and defense policy. The institu-
tional and procedural setup of the Common Securi-
ty and Defence Policy, subject to little parliamentary 
scrutiny and lacking judicial review at the European 
level, seems conducive to circumventing accountabil-
ity. The corruption scandal that hit the Union’s flag-
ship last November, the rule of law mission EULEX 
Kosovo, is one pertinent example. 

It was leaked to the press that high-ranking EU of-
ficials had allegedly been involved in corruption. 
Even more problematic was the fact that representa-
tives of the mission and Brussels-based structures 
seem to have attempted to cover up the story instead 
of properly investigating the allegations brought 
forth by a seconded prosecutor. These entanglements 
prompted the High Representative Federica Mogheri-
ni, on one of her first days in office, to appoint an ex-
ternal expert to review and report on the incident. 
Still, the Union and the mission have already suffered 
reputational damage. The scandal has indeed caused 
much bad press for the good EU cop.

So, how to proceed? Jean-Claude Juncker, Presi-
dent of the European Commission, recently made a 
controversial suggestion as to how to react to exter-
nal threats and to restore the Union’s international 
standing: he resuscitated the ambitious project of a 
European army (in parallel with NATO structures). 

Juncker’s proposal was met with mixed reac-
tions: foreseeably enough, the UK government re-
jected the plan in no uncertain terms, stating that 
defense was undeniably a matter of national re-
sponsibility, whereas the German minister of de-
fense, Ursula von der Leyen, welcomed the prospect 
of a common army. 

The interlude shows that, even more than six de-
cades after the failure of the European Defence Com-
munity project, the time is still not ripe for a Europe-
an army, even though member states have no choice 
but to rethink Europe’s security and defense mecha-
nisms in the long term. But it also shows that there 
is a political will among some member states to strive 
for greater unity in foreign policy, security and de-
fense – a unity that is needed to keep the European 
promise of peace. 
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Post from London, England

Immediate Inspiration 

Anyone who occasionally lands at a bustling airport like London’s Heathrow knows how 
much the modern world connects us to people – or at least it seems that way. Business trav-
elers rush to meetings – they stumble, jostle each other and apologize. Grandparents who 
have traveled from far away carry grandchildren in their arms. Lovers wait for a special some-
one who will soon walk through this sliding door, and who, perhaps, was away for too long.

But how do people actually form these connections with each other? Which regions of our 
brain are active in this process, and how? This question has a long tradition in empathy re-
search, and it has been my companion for some time. To be precise, I’m particularly inter-
ested in a tiny sub-aspect: What happens in the brain when a person is touched? And what 
happens when that person merely observes another person being touched?

To answer these questions, I went in search of suitable connections with other researchers. 
The right device, a magnetic resonance scanner, is already available at the Max Planck In-
stitute in Leipzig, as are the right subjects. While they lay in the MRI tube, I stroked their 
fingers with a paintbrush – or they watched films of the same movement being carried out 
on another person. But this experiment generated huge quantities of data, and accurately 
interpreting this data is a great challenge.

Fortunately, during an initial term as a visiting researcher in England, I met my colleague 
Patrick Haggart from University College London. Then when I was in Leipzig and occasion-
ally got stuck, we discussed it over Skype, sometimes even outside of working hours. And 

Max Planck scientists cooperate with partners in around 120 countries 

worldwide. Here they relate their personal experiences and impressions. 

Empathy researcher Esther Kühn commutes back and forth between 

the Leipzig-based Max Planck Institute for Human Cognitive and 

Brain Sciences and University College London. She finds this cooperation 

to be extremely fruitful.
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Esther Kühn, 31, studied biology in 
Münster before completing her master’s degree in neuroscience in Otago, New 

Zealand between 2007 and 2009. Back in Germany, she conducted research as a 
doctoral student at the Max Planck Institute for Human Cognitive and Brain Sciences in Leipzig until 2013. With the aid of a grant from the German Academic Exchange 

Service (DAAD), she spent half a year 
at University College London (UCL). She returned to Leipzig and, since 2014, has been a member of Arno Villringer’s Department of Neurology. There, she is a major contributor to a strong cooperation with UCL.

RUBRIK  TITEL

together we considered how best to handle my data. At some point, he said: “Wouldn’t you 
be able to answer your questions better if you used my colleague Martin Sereno’s program 
here in London?” 

Of course! And since then, I spend a couple of months each year in the British capital. Now 
one might think that, in London, I need little more than a computer and a full coffee cup, 
but that’s not quite right. I sit in my office together with Martin, who is known as Marty, 
and I draw a lot of inspiration from speaking directly with him. It’s a great advantage! After 
all, he’s a renowned neuroscientist, and the program we work with is his “baby.” 

I have since even come up with new ideas that have nothing at all to do with my original proj-
ect. That’s a tremendous advantage for a junior scientist. It’s also a huge boon for me that my 
colleague has just as much energy and enthusiasm for my project and spends so much time 
on it before speeding home on his racing bike in the evening through the rather bicycle-un-
friendly streets of central London. For me, it’s then time to go to Pilates, or to my sword-com-
bat class. After all, who wants to spend all day in front of the computer monitor?

I’ve now spent a total of just over a year in London. And even though, as a native of Leipzig, 
I consider myself to be spoiled in terms of cultural offerings, London is an incredible step 
up. The city offers me every opportunity, and sometimes I’m almost overwhelmed by the 
cultural choices available. Just recently, I again attended a number of concerts and a classi-
cal ballet performance. Nevertheless, it really did take me quite a while to find my place 
here. London is a logistical challenge, and it’s changing so fast. As an example, even today, 
I can’t estimate how long I’ll need for any given route – I’m simply always late.

When I arrive back at Leipzig/Halle Airport after my adventures in London, everything feels 
much smaller. I’d say, compared with London, Leipzig is my living room. My home. But I’ve 
changed, and I’m full of new ideas. And even if my future research location hasn’t yet been 
entirely decided, I’m sure of one thing: my future in science has begun.P
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prings are ubiquitous in the 
modern world, whether in pens 
or on the grips of garden clip-
pers. A spring is compressed or 
stretched, depending on its 

function. This requires force, as the 
spring resists any attempt to change its 
shape. Springs can be very strong: the 
leaf springs of trucks, for example, eas-
ily support 20 to 30 tons.

To express the strength of a spring, 
physicists perform a measurement that 

determines the spring constant. The 
spring constant is measured by deter-
mining how much force is needed to 
stretch or compress a spring through a 
given distance. The force required de-
pends on the thickness and material of 
the spring. For example, stiff shock ab-
sorbers for sports cars shorten by just 
one millimeter in response to a force of 
70 newtons acting on them – corre-
sponding to the force generated as a car 
drives over cobblestones. 

TINY POWER PACKS

Stephan Grill has nothing to do with 
shock absorbers, sports cars or leaf 
springs. He deals with forces on a com-
pletely different scale. The physicist 
from the Max Planck Institute of Mo-
lecular Cell Biology and Genetics mea-
sures forces that are a billion times 
weaker than these.

Grill isn’t interested in newtons and 
kilonewtons, the units of force in every-
day life, but in piconewtons, less than 
a billionth of a newton, to express the 
forces acting between biomolecules. 
“Biomolecules aren’t rigid and static,” 
says Grill. “Some proteins resemble mi-

croscopic machines powered by tiny 
forces. This is tremendously fascinat-
ing.” Our muscles contract, for exam-
ple, because millions of elongated pro-
teins slide along each other over min-
iscule distances. By combining all these 
tiny shifts, muscles are able to carry out 
large movements.

The movements that interest Grill, 
however, are smaller than those asso-
ciated with muscle proteins. He wants 
to understand how RNA polymerase 
travels along DNA molecules while 
reading the genetic information the 
DNA encodes – a process known as 
transcription.

After decades of intensive research, 
biologists, biophysicists and geneticists 
now understand which molecules are 
involved in transcription, what interme-
diate products are formed, and where 
the energy for the finely tuned genetic 
machinery comes from – but not the 
forces that are involved. “If we really 
want to understand the transcription 
engine, we need to find out what drives 
it,” says Grill. “It’s like any other ma-
chine. If you don’t know how much 
force it generates, you don’t really un-
derstand how it works.”

Many biomolecules move through cells like microscopic machines. Often, however, it isn’t 

known what forces these molecules generate or how fast the molecules act or move. That’s why 

Stephan Grill from the Max Planck Institute of Molecular Cell Biology and Genetics in Dresden 

decided to specialize in measuring molecular forces. He uses optical tweezers to pull gently on 

DNA strands. His method is shedding light on the proteins that read genetic information.

Tweezers Made of Light

FOCUS_Light
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Left: A foam box protects the optical 
tweezers from environmental factors such 
as temperature fluctuations and noise 
vibrations. A hoist can be used to lift the 
entire box or to open the lid.

Right: Stephan Grill can load the sample to 
be investigated, or make changes to the 
setup through the open lid. The researcher 
wears special goggles to protect his eyes 
against the laser light.



ments, there can be no movements,” 
says Ehrlich. “After all, we’re dealing 
with a high level of precision to within 
a millionth of a millimeter.”
What occupies a large box and a whole 
laboratory room is known by experts 
simply as optical tweezers. The sole pur-
pose of the entire apparatus is to cap-
ture a protein, pull on it as if it were a 
spring, and measure its resistance. It’s 
difficult to imagine how laser light can 
capture molecules, but the method, de-
veloped by US physicist Arthur Ashkin 
in the 1980s, is well established.

 
BILLIARDS WITH PHOTONS 

The dual nature of light as a wave and 
a particle has been known for a centu-
ry. Light particles, called photons, pos-
sess momentum that can be imparted 
to an object. This happens, for example, 
when a photon flies through a tiny 
transparent bead and is deflected from 
its path by light refraction. The photon 
propels itself away, pushing against the 
bead. If the light is strong enough, the 
bead can actually be nudged to the side.

But Arthur Ashkin wanted to achieve 
the opposite effect, namely to capture 
the beads with laser light. To do so, he 

used a trick based on a finely focused 
laser beam. Like billiard balls, the pho-
tons impinge on the bead from all di-
rections and hold it in place. It’s possi-
ble to capture and balance a ping pong 
bead on the stream of air from a hair 
dryer. Ashkin achieved essentially the 
same thing with molecules and light.

Many research groups have since re-
fined this prototype of optical tweezers. 
In recent years, researchers have used 
optical tweezers to study various bio-
molecules, including myosin and kine-
sin. Myosin, a motor protein that is 
present in all our muscle cells, moves 
in 14-nanometer increments. As it does 
so, it causes muscle fibers to contract. 
Kinesin moves through the cell in 
8-nanometer steps as it transports cell 
components. “We’ve perfected our op-
tical tweezers to the extent that we can 
even measure the movements of RNA 
polymerase, which are ten times small-
er,” says Grill.

DNA is the blueprint according to 
which the cell produces proteins. For 
polymerase to read the genetic infor-
mation contained in genes, it must first 
open up the DNA molecule, which con-
sists of two intertwined strands, like a 
zipper. It travels, like the slide of a zip-

Measuring forces – at the molecular 
level, this is no easy feat. For this, Grill  
constructed a sophisticated experimen-
tal setup when he was leader of a joint 
group at the Max Planck Institute of 
Molecular Cell Biology and Genetics 
and the Max Planck Institute for the 
Physics of Complex Systems before 
2013. Together with his colleagues, he 
combines mirrors, lenses and high-pre-
cision lasers to form an optoelectronic 
maze. And his tool for measuring bio-
molecular forces is light.

Grill, who is now also a professor at 
the TU Dresden, is in the process of 
moving and shuttles back and forth be-
tween the Max Planck Institute and the 
TU laboratories – four minutes by bike. 
The laboratory at the Max Planck Insti-
tute is currently housed in a small room 
that is almost entirely filled by a large 
gray styrofoam box. Next to it are a 
chair and a table on which three com-
puter monitors sit. Grill’s colleague 
Christoph Ehrlich opens the lid of the 
styrofoam box. Inside is a perforated 
plate the size of a tabletop. Mounted on 
the plate are lenses, mirrors and thin 
tubes that end in fist-sized chunks of 
stainless steel. “When the system is 
running and we’re taking measure- P
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per, from one DNA building block to 
the next, always in 0.34-nanometer 
steps. These building blocks, called di-
nucleotides, represent the letters of the 
genetic alphabet.

As it reads the DNA molecule, poly-
merase strings together the RNA coun-
terparts of the dinucleotides, thus cre-
ating an RNA copy of the DNA strand. 
“We want to know the strength of the 
forces involved as polymerase moves 
along the strand of DNA, and how 
quickly the enzyme progresses,” says 
Grill. “This is extremely difficult in 
view of the short increments involved.”

The trick Grill and his colleagues 
use to measure the forces is impressive. 
Because the RNA-polymerase complex 
can’t be captured easily in an optical 
trap, Grill uses a kind of support struc-
ture: two small plastic beads measuring 
just a few micrometers across. He at-
taches a polymerase molecule to one of 
the plastic beads, and a DNA strand to 
the other. This is where the optical 
tweezers – or more precisely, two opti-
cal tweezers – come into play. Grill and 
his colleagues use one to hold the bead 
with the attached polymerase-DNA 
construct, and the other to hold the 
second bead. They then carefully move 

the two beads closer together until the 
DNA from the first bead binds to the 
second bead, thus forming a tether be-
tween the two beads. The pair of beads 
connected by the long DNA strand re-
sembles a tiny dumbbell.

At first, nothing happens, because 
the polymerase requires energy to trav-
el along the DNA. Only when the re-
searchers add energy-rich RNA nucle-
otides as fuel do things get moving. 
The polymerase moves in increments 
from one nucleotide to the next. But 
because the two beads are held firmly 
in the traps, a tensile force is created be-
tween the beads, like a rope on which 
two opponents are pulling in a tug-of-
war match.

The polymerase must therefore ex-
ert a force to move from nucleotide to 
nucleotide. After each step, it remains 
stationary for a few seconds, during 
which the force on the other bead re-
mains constant. When the polymerase 
takes the next step, it has to apply even 
more force against the growing resis-
tance. While the polymerase progress-
es and the tension on the DNA increas-
es, the beads are gradually pulled out of 
the focus of the laser beams by just a 
few nanometers. High-resolution light 

detectors sense this deviation. A com-
puter program then converts the devi-
ation of the beads away from the cen-
ter of the traps into the force that the 
polymerase generates.

What’s more, the researchers are 
also able to move the two beads back 
and forth, pulling on the DNA like a 
miniscule spring. The spring constant 
of DNA is infinitesimally small: stretch-
ing a DNA molecule by one micron re-
quires a spring force of just one tenth 
of a piconewton. And because the 
polymerase is bound to and moves 
along the DNA, it has to act against 
these forces.

BEADS IN THE TRAP

Although the laser technique is extreme-
ly complex, and the mirror laser beams 
must be precisely adjusted, the trap is 
amazingly simple to operate. Grill’s doc-
toral student Veronika Fitz holds a joy-
stick while gazing at a computer screen. 
Somewhere in the depths of the styro-
foam box, the beads move through a 
small container, and their magnified im-
ages appear as tiny dots on the screen. 
The light beams of the two traps appear 
on the screen as crosshairs.P
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Left: While Veronika Fitz and Stephan Grill 
look at data on the screen, Marcus Jahnel 
(left) prepares the optical tweezers for a 
new experiment.

Right: RNA polymerase II reading a gene. 
The enzyme (blue) moves along the coiled 
DNA strands (yellow, pink), untwists them 
and transcribes the genetic information 
into an RNA molecule (orange). If the 
polymerase makes an error, the faulty RNA 
section is snipped off. The molecule then 
reverses and reads the gene segment again. 
The RNA molecule eventually serves as a 
template for protein synthesis.

FOCUS_Light
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Fitz skillfully places the crosshairs on a 
bead as it floats past. The bead stops. 
Trapped! Fitz switches to the other 
crosshairs, captures a second bead, and 
moves it toward the first. It takes only 
a few seconds for the DNA to bind to 
the bead, thus linking the two beads. 
Fitz tugs a little. “Yes, they’re firmly 
coupled now.”

Despite the joystick and crosshairs, 
the experiments are tricky to perform. 
Often, the DNA thread snaps. Some-
times the polymerase simply refuses to 
move. Fitz manages only three to four 
successful runs a day. “We’re dealing 
with biology, which is sometimes unpre-
dictable,” she says. Grill is proud that 
they are able to perform measurements 
on living objects. “While other tech-
niques exist for measuring molecular 
forces, they are completely unsuitable 
for this type of biological experiment.”

With the help of the optical twee-
zers, the researchers can get right down 
to business. Grill uses the tweezers to in-
vestigate the three different types of 
polymerase that occur in the cells of 
higher organisms: polymerases I, II and 
III. They differ from one another in how 
they read the DNA. “Polymerase I is 
quick and dirty,” says Grill. “It tran-
scribes only those building blocks that 
are required to make ribosomes,” the 

cell’s protein factories, he says. Quick 
and dirty means that polymerase I fre-
quently makes reading errors and in-
serts the wrong nucleotides in the RNA. 
That’s not so bad as far as the synthesis 
of ribosomes is concerned. If a ribosome 
doesn’t work, a new one is synthesized.

CORRECTING ERRORS IN 
REVERSE GEAR 

The situation is different with poly-
merase II. It reads those sections of DNA 
that contain information for synthesiz-
ing vital metabolic and structural pro-
teins, so that transcription errors must 
be few and far between. Polymerase II 
therefore works much more slowly.

If the wrong nucleotide is neverthe-
less inserted into the RNA chain, the 
transcription process halts. The poly-
merase travels backward and cuts off 
the faulty piece of RNA. “We can also 
detect this reset action by the forces in-
volved, and we can even measure the 
time required. The polymerase takes 
around ten seconds to carry out the re-
pair,” says Grill. Such data is still unique.

Grill is seeking to improve our 
knowledge about how DNA is read and 
to shed light on the phenomenon of 
gene regulation. Because genes can be 
switched on or off, the synthesis of 

many proteins can be upregulated or 
downregulated as required. In cancer 
cells, for example, which grow rapidly 
and divide in record time, gene regula-
tion has gone haywire.

The activity of polymerases is key to 
such processes. It is known that some 
genes are switched on very rapidly, 
such as genes that code for heat shock 
proteins, which protect the body 
against excessive heat.

Grill and other researchers suspect 
that polymerase remains permanently 
attached to some of these rapidly acti-

The optical tweezers work like a tug-of-war: When one person pulls on the end of a rope, the other person pulls the other way. The opponents in 
this case are two small beads to which a polymerase molecule (left bead) or a DNA molecule (right bead) are attached. Two laser beams (green) hold 
the beads in position. The polymerase travels along the DNA, pulling the bead to which it is attached from its original position. Sensors measure 
this movement and calculate the forces involved.

Direction of movement

Plastic 
bead

DNA

RNA polymerase

Laser beam

Right: A microscope lens (top) focuses the laser beams on a point. A condenser recaptures 
the scattered light (bottom). Between them is the flow cell in which the experiment takes place. 
The researchers load the optical tweezers through the tubes.

FOCUS_Light
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vated genes. “Presumably, the poly-
merase is parked right in front of the 
gene segment in question and is just 
waiting for a starting signal,” says Grill. 
Such signals may be small proteins, 
known as transcription factors, such as 
TFIIS, that liberate polymerase II from 
its parking bay. Grill, in collaboration 
with Patrick Cramer from the Max 
Planck Institute for Biophysical Chem-
istry in Göttingen, is currently using op-
tical tweezers to investigate exactly how 
this works. Initial results show that this 
liberation process plays an important 
role, especially after long pauses.

The experiments also show that 
polymerase is even able to unravel DNA 
from the structures that DNA is nor-
mally wound around. A DNA strand is 
wound on a framework of proteins 
known as histones – like yarn on a spin-
dle. Evidently, as it progresses along a 
strand of DNA, polymerase pushes 
the histones ahead of it so that the 
DNA slowly unwinds. In the next few 
months, Veronika Fitz’s measurements 
are expected to show how hard poly-
merase has to work to achieve this.   

 

GLOSSARY

RNA polymerase: An enzyme that transcribes DNA into an mRNA copy. Polymerase docks 
to a specific sequence of the DNA strand, known as the promoter. Once a signal has been 
received, the polymerase begins to read the DNA. The transcription process is halted when 
the polymerase reaches a stop sequence. Besides bacterial RNA, three different forms occur 
in nucleated cells. In addition to polymerase itself, many other proteins are involved in the 
transcription process. Scientists therefore often speak of an RNA-polymerase complex.

Transcription: Transcription is the process by which DNA is read. During transcription, 
an RNA copy, called messenger RNA, is constructed from a DNA template. Instead of 
the four letters of the DNA alphabet – A, C, G and T – it contains the letters A, C, G and U. 
The messenger RNA leaves the cell nucleus and then serves as a blueprint for the 
synthesis of proteins.

Transcription factors are proteins that switch genes on and off. They bind either directly 
to one of the proteins of the RNA-polymerase complex or to specific sequences on the 
DNA molecule (promoters, enhancers or silencers). Transcription factors are controlled by 
various factors. For example, they can be activated or inhibited by hormones and enzymes.

TO THE POINT
●   Optical tweezers enable researchers to measure the tiny forces that act between 

biomolecules. A focused laser beam holds the proteins in place.

●   As it reads the DNA strand, RNA polymerase moves in 0.34-nanometer steps from 
one DNA building block to the next, creating an RNA copy of the DNA as it does so. 
If it inserts an incorrect RNA building block, it backs up and repairs the faulty section.

●   Genes that can be activated very rapidly probably have their own dedicated RNA-
polymerase molecule. Once activated by a transcription factor, it can then begin 
its work immediately.

It is relatively easy to operate the optical tweezers, but the underlying physics is complicated. Veronika Fitz and Stephan Grill 
therefore have to perform a whole series of calculations before every experiment.
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Electrons hold the world together. When chemical reactions yield new substances, they play 

a leading role. And in electronics, too, they are the protagonists. Together with his colleagues, 

Ferenc Krausz, Director of the Max Planck Institute of Quantum Optics in Garching, 

photographs the rapid movements of electrons with attosecond flashes, creating the basis 

for new technological developments.  

The Making of  
a Quantum Movie

TEXT ROLAND WENGENMAYR
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 T  
he black curtain goes up: As if 
on a stage, below us lies a clean-
room, about the size of a school 
gymnasium. It is almost entire-
ly filled with a laser system. 

Here, powerful laser beams zip through 
the air, containing a stream of femtosec-
ond light pulses lasting just a few mil-
lionths of a billionth of a second. The sys-
tem is so sensitive that we can only ad-
mire it through an observation window. 
The complex assembly of optical instru-
ments before us forms the first section of 
a speedway where the world’s shortest 
flashes of light cross the finish line. But 
this is no racetrack: we’re in the depart-
ment of Ferenc Krausz at the Max Planck 
Institute of Quantum Optics in Garching. 

The femtosecond laser pulses – which 
are already very short – travel through 
a vacuum tube to a lab one floor down. 
We’re allowed to enter this lab. This is 
where attosecond flashes are created, 
which are a thousand times shorter 
than femtopulses. In the lab stands a 
large barrel to which doctoral students 
Martin Schäffer and Johann Riemens-
berger are making some adjustments. 
The barrel is vaguely reminiscent of an 
enormous washing machine drum 
crossed with an old diving helmet. In 
reality, it’s a vacuum chamber made of 
solid stainless steel. Its armored-glass 
windows permit a glimpse of the probe 
that marks the target of the attosecond 
flashes of light. 

Schäffer and Riemensberger belong to 
the Garching-based team of Reinhard 
Kienberger, who is also a physics profes-
sor at Technische Universität München 
(TUM). More than a hundred scientists 
conduct their research in Ferenc Krausz’s 
department. The pioneer of attosecond 
technology attracts young scientists 
from all over the world who want to 
observe some of nature’s extremely 
fast processes. 

The long path for attopulses: Manish Garg (left) 
and Antoine Moulet work at the experiment 
bench over which the attosecond pulses are 
directed. Because the photo was taken with an 
extremely wide-angle lens, the straight bench 
appears curved.
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selves to this topic. Eadweard Muy-
bridge solved the mystery: yes, for a 
brief moment, all four hooves are in the 
air. In 1878, Muybridge succeeded for 
the first time in freezing all phases of a 
horse’s gallop in rapid snapshots. 

Since then, high-speed images of 
processes that happen faster than the 
eye can see have expanded our knowl-
edge considerably. In natural sciences, 
the decryption of ultrafast processes in 
the world of atoms and elementary par-
ticles is even essential.

ELECTRONS BEHAVE LIKE 
SHELL-GAME TRICKSTERS

Attosecond research in Garching focus-
es on electrons. “These are practically 
everywhere,” comments Krausz on the 
predominance of this negatively 
charged elementary particle. Although 
electrons are extremely small, even 
from the perspective of the nano-
world, they are the quantum glue that 
joins atoms together to construct the 
diverse forms of matter that make up 
our world. Moreover, electrons play a 
leading role in chemical reactions. New 

substances are always created by elec-
trons being pushed in between differ-
ent atoms. Until recently, though, it 
wasn’t possible to trace the activity of 
these elementary particles directly due 
to the speed at which they act.

In other words, for researchers, 
electrons had long behaved like shell-
game tricksters, fooling onlookers with 
their speed. Quantum mechanics can 
describe their behavior theoretically, 
but primarily just the initial and final 
situations in these electronic shell 
games. This was long the case for ex-
periments, too: the electrons’ actual 
motion remained hidden. Not only 
was this gap in knowledge unsatisfac-
tory from the point of view of basic re-
search, but even today, it also impedes 
new, practical developments. Take cat-
alysts, for example, which make chem-
ical reaction processes more efficient. 
In order to systematically identify the 
best material to provide chemical assis-
tance, researchers must be able to un-
derstand just how a catalyst influences 
electron transfer.

As lasers became more and more 
powerful in the 1970s, a fascinating 

Krausz is therefore the perfect person to 
convey a sense of how fast an attosec-
ond is. Purely mathematically, an atto-
second is a billionth of a billionth of a 
second. Even as a physicist, Krausz 
finds this numbers game lacking in 
clarity. So he searches for suitable com-
parisons. “The fastest thing we know is 
light,” he explains, “which can circle 
the earth approximately eight times in 
one second.” But even though light is 
so fast, within one attosecond, it could 
only travel from one end of a single wa-
ter molecule to the other!” With a di-
ameter of only 0.3 nanometers (a nano-
meter is one millionth of a millimeter), 
a water molecule is unimaginably tiny. 
“Nano” is derived from the Ancient 
Greek word for dwarf, nanos, and that 
is precisely what attosecond physics is 
about: extremely dwarfish quantum 
objects that move incredibly quickly.

Anyone who wants to understand 
the motivation of scientists like Ferenc 
Krausz in a historical context should 
consider the horse. For centuries, it was 
disputed whether all four of a horse’s 
hooves left the ground when galloping. 
Generations of painters devoted them- P

h
o

to
: T

h
o

rs
te

n
 N

a
es

er

Clean air for intense laser light: Tim Paasch-Colberg is working on the laser system in the cleanroom, where intense femtosecond pulses 
are produced. Any dust in the air could destroy the delicate optics.
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idea arose: perhaps extremely short la-
ser pulses could be used to take snap-
shots of chemical reactions, as Muy-
bridge once photographed the phases 
of the horse gallop. “Individual images 
taken at different times can then be 
used to create a film that shows the pre-
cise reaction process,” explains Krausz. 

This approach created a new field 
of research based on what is known as 
the pump-probe method. In this meth-
od, a first laser flash initiates a process, 
such as a chemical reaction, and after 
a precisely determined delay, a second 
flash takes a snapshot. By repeating the 
reaction and varying the delay between 
the pump and the probe laser pulses, 
the scientists obtain images of every 
stage of a process. They can then com-
pile these into a film. 

By the 1990s, this experimental 
technique was so sophisticated that it 
provided completely new insights into 
nature, making the movement of at-
oms in molecules visible for the first 
time. For this pioneering achievement, 
Egyptian-American physical chemist 
Ahmed Zewail was awarded the Nobel 
Prize in Chemistry in 1999. 

At the same time, however, what 
had until then been rapid development 
toward ever shorter shutter speeds ran 
up against a wall. Although the tech-
nique was capable of showing process-
es that occur in just a few femtosec-
onds in slow motion, it was only the 
movements of atoms that could be 
filmed, not those of electrons, which 
are much lighter and faster. In order to 
freeze the latter in a snapshot, a radi-
cal new attosecond flash technology 
was needed. 

Around the turn of the millennium, 
Ferenc Krausz, then at Technische Uni-
versität Wien, was the first to succeed 
in breaking the barrier to the attosec-

ond range. Since then, there have been 
steady improvements in filming the 
movement of electrons, and a new 
field of research has emerged. The sci-
entists in Garching are now capturing 
the speedy world of electrons on film. 
But why did this technological barrier 
in ultrashort-time research exist?

FEMTOSECOND LASER LIGHT 
JOLTS ATOMS 

“It has to do with the color of the light 
– in other words, its wavelength,” ex-
plains Krausz. A light pulse can’t travel 
through space unless it comprises at 
least one wave crest and one wave 
trough. Only pulses from such a com-
plete wave train are inherently so sta-
ble that they can make their way from 
the laser to the probe without com-
pletely dissipating. However, if a wave 
train is to be squeezed into an interval 
of a few attoseconds, its wavelength 
must be sufficiently short. 

“For pulses of less than one femto-
second, extreme ultraviolet laser light is 
needed,” says Krausz, “and to produce 
even shorter pulses, there’s no way 
around using X-ray light.” And that was 
precisely the problem: for a long time, 
there were no lasers that could produce 
light in this shortwave spectral range. 
Only in recent years have so-called free-
electron lasers made advances into this 
range. But they have one drawback: they 
require kilometer-long particle accelera-
tors – enormous, expensive facilities for 
large-scale research.

In the 1990s, Krausz – like Muy-
bridge in his time – took on the chal-
lenge of clearing this hurdle using exist-
ing technology. Back then, Muybridge 
combined his giant plate cameras into 
one long row, each being triggered in 
succession by a horse galloping past. 

Thus he managed to capture an image 
of each phase of the gallop. 

Krausz had to make do with femto-
second laser technology that had too 
long a wavelength. He hit upon the idea 
of shooting the high-intensity laser puls-
es at noble gas atoms. The femtosecond 
laser light jolts the atoms and forces 
them to emit a flash in the ultraviolet or 
X-ray range. Because the atoms oscillate 
precisely in time with the excitation 

Electrons passing through: Attosecond pulses 
from extremely ultraviolet light (violet) catapult 
electrons out of the atoms of a tungsten crystal 
(green). Using infrared laser pulses (red), the 
researchers in Garching measured that an 
electron takes 40 attoseconds to pass through 
a single layer of magnesium atoms (blue) above 
the tungsten crystal.

 » Around the turn of the millennium, Ferenc Krausz was the first to succeed in breaking 

through the barrier to the attosecond range. Since then, there have been steady improve-

ments in filming the movement of electrons, and a new field of research has emerged.

FOCUS_Light
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femtosecond laser pulses, this shortwave 
light happens to have the pure, perfect 
quality of laser light (see MAXPLANCKRE-
SEARCH 2004, vol. 2, p. 30). This trick al-
lowed Krausz to advance into the atto-
second range for the first time.

FASTEST FLASH IN GARCHING: 
72 ATTOSECONDS   

Since then, the scientists in Garching 
have continuously improved their atto-
second facilities. In 2004, Krausz’s 
group achieved the world record for the 
shortest light pulse, at 650 attoseconds. 
Today, the best experiments flash 
around ten times faster. “With Martin 
Schultze’s team, we here in Garching 
have pared this down to 72 attosec-
onds,” says Krausz, “but since 2012, 
Zenghu Chang’s group at the Universi-
ty of Central Florida holds the world re-
cord, with a mere 67 attoseconds.” The 
Max Planck Director isn’t bothered that 

Garching lost the record – on the con-
trary. “This shows that our research 
field is the subject of growing interest,” 
he explains proudly. In the end, it’s not 
about records, but about increasingly 
refined tools for studying the fastest 
movements in the microcosm.

Among the first subjects of attosec-
ond metrology or attosecond chronos-
copy, as the specialists in Garching call 
their technology, were the movements 
of electrons in individual atoms and 
molecules. However, for a few years 
now the researchers have been focus-
ing on far more complex electron 
worlds: crystalline solids. In many in-
organic materials, the atoms form the 
regular, spatial grid of a crystal. Crys-
tals occur in great variety in nature; 
even the metals and semiconductors 
that are so useful for countless appli-
cations form crystals.

With the new attosecond measuring 
technology, the team headed by Rein-

hard Kienberger has just recorded in 
real time how electrons zoom through 
a single layer of metal atoms. This pas-
sage is of key importance for both phys-
ics and technology. Its direct observa-
tion can one day aid in developing 
substantially faster electronic switching 
elements and microprocessors. 

Basic researchers are interested in 
the complex behavior of the electrons 
in crystals because the elementary par-
ticles in them have two very central ef-
fects that together determine many 
properties of matter. For instance, 
some of the electrons bind atoms to-
gether to form a crystal lattice. They 
essentially make up the quantum glue 
of matter. The second effect is caused 
by electrons that can detach from their 
original atoms. In metals, for example, 
they whiz more or less freely through 
the crystal lattice, and can thus trans-
port electric current. In addition, these 
conduction electrons have a major in-

HUNTING TUMORS WITH FEMTOSECOND TECHNOLOGY

Ferenc Krausz’s team is investigating, together with scien-
tists from Ludwig Maximilian University of Munich (LMU) 
and Technische Universität München (TUM), how femtosec-
ond lasers can help fight cancer. The researchers, from the 
fields of medicine, biology, informatics and physics, want to 
detect and treat cancer at an early stage, before the primary 
tumor can metastasize. 

In the first step of the method, the Munich-based re-
searchers intend to use special femtosecond lasers that pro-
duce high-intensity infrared radiation. They can use this to de-
tect the molecular building blocks of cancer cells and their 
metabolic products as an unmistakable fingerprint in blood 
and breath. Even in early stages of tumor development, indi-
vidual cancer cells enter the bloodstream, and their metabol-
ic products make their way into the breath through the lungs. 

The next step is to scan patients using well-bundled X-rays 
that are gentle on tissue. These are produced by a high-in-
tensity femtosecond laser. X-rays with such properties are 
currently available only in large accelerator facilities known 
as synchrotrons. Because they have very short wavelengths, 
they can make tumors visible that are smaller than one mil-
limeter: ten times smaller than tumors that conventional X-
ray machines can detect today. And that’s the crux: in a pri-
mary tumor that small, there is a high probability that the 
cancer hasn’t yet spread. Consequently, destroying it actual-
ly does mean healing the patients. 

For this therapy, Krausz and his colleagues plan to irradi-
ate tumors with electrically charged atoms, known as ions. 
These are also produced by the laser. This method is particu-
larly efficient, yet gentle on healthy tissue.

 » Among the first subjects of attosecond metrology were the movements of electrons in 

atoms and molecules. For a few years now, researchers have been focusing on more complex 

electron worlds: crystalline solids. 

FOCUS_Light
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fluence on the mechanical and optical 
properties of a material, and its ability 
to conduct heat. 

In many crystals, however, there are 
no conduction electrons. These materi-
als are thus known as insulators, one 
example of which is quartz. Semicon-
ductors are a sort of hybrid between in-
sulators and electrical conductors. As a 
material used in electronics construc-
tion, semiconductors have radically 
changed our culture. In these materials, 
the electrons need a small push to be 
able to flow as conduction electrons. To 
understand this behavior, we must look 
at electrons as quantum particles. 

Since an electron is also an electro-
magnetic wave, it has a wavelength, 
which is linked to its kinetic energy – a 
bit like the sound of a racecar is linked 
to the speed of its engine. If an electron 
wants to move freely through a crystal 
lattice, its wavelength must match the 
spatial grid of the atoms. This is appli-
cable for only a certain range of wave-
lengths – and a certain range of energy. 
This range forms a kind of highway on 

which electrons can race through the 
crystal. In metals, there is always a lot 
of electron traffic flowing in this con-
duction band. In semiconductors, how-
ever, even the most mobile electrons 
cling tightly to their atoms. They re-
quire an energy kick to manage the 
quantum leap into the conduction 
band. This kick is used, for example, to 
switch operations in transistors.  

DOES INTENSE LIGHT MAKE A 
QUARTZ CRYSTAL CONDUCTIVE?

In insulators, however, this energy kick 
would have to be so intense that it 
would rip the material. Could one nev-
ertheless make an insulator conduc-
tive, even if only for a short time? And 
would it also be interesting from a 
technological standpoint?

These are the questions a Garching-
based team of attosecond researchers, 
in which Elisabeth Bothschafter and 
Martin Schultze were doing their doc-
toral work, asked themselves. To find 
answers, the laser physicists needed 

well-versed crystals experts on their 
side. They found these solid-state 
physicists in theorist Mark Stockman’s 
group at Georgia State University in 
Atlanta, USA. This collaboration was 
facilitated by Augustin Schiffrin, an 
American who had just relocated to 
Garching to conduct attosecond re-
search himself. 

In the lab in Garching, the research 
team used quartz to explore whether 
this insulator can be made conductive 
for a short time when bombarded with 
extremely intense femtosecond light 
flashes – without being destroyed. The 
researchers were also interested in how 
the flashes of light influence its optical 
properties. They tracked this momen-
tary change with even shorter attosec-
ond flashes. 

To do this, Bothschafter and Schul-
tze developed an experiment in which 
the experts in Garching reduced their 
record to a pulse duration of just 72 at-
toseconds. The researchers sent these 
attosecond flashes to their probe, syn-
chronized with femtosecond light puls-

At the source of the attopulses: Elisabeth Bothschafter calibrates the chamber in which the attosecond pulses are created.
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es. This gave them the high-precision 
tool necessary to scan the exact form 
of the femtosecond light pulses they 
used. This was the key to correctly in-
terpreting the change these pulses 
caused in the quartz.  

QUARTZ SURVIVES BRIEF 
ELECTRIC INFERNO

The physicists used the attopulses to 
analyze in real time and in detail what 
happened in the barely 200-nanome-
ter-thick quartz probe when bombard-
ed with light. They found that the in-
tense femtosecond laser pulse, which is 
an electromagnetic wave, produced an 
extremely strong electric field in the 
probe. Martin Schultze compares it 
with the field of an overhead high-volt-
age line connected between two elec-

trodes spaced just a few thousandths of 
a millimeter apart. Every known mate-
rial would vaporize immediately. 

The quartz survived solely because 
this electric inferno raged inside it for 
only a few femtoseconds. It was, quite 
simply, too sluggish to notice it. The or-
deal was long since over and done be-
fore its atoms could drift apart. For the 
electrons, however, it was quite a differ-
ent story. Some of them followed the 
field of the femtosecond pulse like dogs 
on a leash. As a result, they temporari-
ly produced an electric current in the 
quartz that immediately subsided again 
at the end of the femtosecond pulse. 
Then the quartz became a normal insu-
lator again. 

“This means that, using the light 
pulse, it is possible not only to turn on 
conductivity in the inconceivably short 

span of a few femtoseconds, but also to 
turn it off again,” says Krausz. The lat-
ter was crucial, as this doesn’t happen 
in semiconductors. 

Stockman’s group showed that, in 
this situation, electrons move accord-
ing to a completely different mecha-
nism than in semiconductors. In the 
latter, they can be kicked into the con-
duction band within femtoseconds, but 
then, from the perspective of attosec-
ond physics, they stay there for an eter-
nity: namely one thousand to ten thou-
sand times longer than a femtosecond. 
In quartz, however, the electrons im-
mediately follow the electric light field 
away from their atoms, and jump back 
just as quickly as soon as the field fades 
away. Thus, with this method, the re-
searchers obtained an electric switch 
that acts extremely rapidly – within 
femtoseconds. 

The physicists in Garching and 
their collaborative partners initially 
addressed these processes as basic re-
searchers, and in doing so, they uncov-
ered something completely new: nev-
er before has anyone produced such an 
exotic state in an insulator. In the long 
term, this discovery could revolution-
ize electronics, since it is the relative-
ly sluggish persistence of electrons in 
the conduction band of semiconduc-
tors that limits the switching speed of 
conventional transistors. In the lab, 

A piece of fused silica, with a thickness of just 
a few nanometers and mounted in a black 
frame (image center), becomes conductive 
when struck by a red laser pulse. With a 
subsequent attosecond pulse, it is possible to 
measure how fast the fused silica becomes an 
insulator again. G

ra
p

h
ic

: C
h

ri
st

ia
n

 H
a

ck
en

b
er

g
er

; p
h

o
to

: T
h

o
rs

te
n

 N
a

es
er

Light produces electricity: Using a very intense, dark-red laser flash, 
Max Planck physicists make a quartz prism that they have evaporated 
with gold electrodes on two sides temporarily conductive. With a 
second, substantially weaker pulse, they push the briefly mobile 
electrons to an electrode. Current flows.
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GLOSSARY

Attosecond metrology: This technology, which is also referred to as attosecond chronos-
copy, makes use of attosecond pulses to analyze extremely fast processes, such as the 
movements of electrons in atoms, molecules and crystalline solids.

Attosecond pulses: Flashes of light that last only a few billionths of a billionth of a 
second. In one attosecond, light covers a distance of 0.3 nanometers (one nanometer is 
one millionth of a millimeter). This corresponds to the diameter of a water molecule.

Femtosecond pulses: Flashes of light that last one millionth of a billionth of a second – 
about one thousand times longer than attopulses.

Pump-probe method: In this method, an initial laser flash, the pump laser, starts a 
process such as a chemical reaction. After a precisely determined delay, a second flash, 
the probe pulse, takes a photo of the process. The procedure is repeated with varying 
delay times between the pump and the probe laser pulses, creating a series of individual 
images that can be compiled into a film.

TO THE POINT
●   Using laser pulses that flare for just a few attoseconds, Ferenc Krausz and his 

colleagues at the Max Planck Institute of Quantum Optics track the movements 
of electrons.

●   The researchers have directly observed how quickly electrons pass through a single 
layer of atoms. Such insights contribute to the development of faster electronic 
switching elements.

●   Extremely intense femtosecond flashes of red light briefly transform electrically 
insulating quartz into an electrical conductor. As an analysis with attopulses 
showed, the switching process takes just a few femtoseconds. With this mecha-
nism, electronic components could perform operations many times faster.

using extremely small nanostructures, 
conventional transistors already reach 
speeds of hundreds of billions of cycles 
per second. That’s roughly one order 
of magnitude faster than established 
computer microprocessors today. 

“Our discovery would make it pos-
sible to achieve circuit times that are 
another ten thousand times faster,” 
says Krausz, summing up. This would 
allow computers to process vast amounts 
of data in real time. Of course, this 
would also require being able to min-
iaturize the meter-long short-pulse la-
sers that drive the switching opera-
tion. “For that reason – and for a few 
others, as well – this is currently just 
an interesting prospect for the future,” 
he emphasizes. 

For Krausz, as a Max Planck scien-
tist, the focus is on the knowledge 
gained. With the new attosecond mea-
suring technology, Reinhard Kienberg-
er’s team just recorded in real time how 
electrons dart through individual atom-
ic layers of a crystal lattice. This “jour-
ney” is of key importance for physics 
and technology. Direct observation can 
be decisive in helping to one day devel-
op significantly faster electronic switch-
ing elements and microprocessors.    

  https://youtu.be/Ybk3JCunrxw

Filmmakers in the quantum world: Ferenc Krausz is the pioneer of attosecond metrology, which 
can be used to film the movements of electrons. The two vacuum chambers in the foreground and 
to Krausz’s left serve as the filming locations: these are where the experiments take place.
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It is the light of enlightenment that Caravaggio 
shows appearing from the right with Jesus, 
manifesting the calling of St. Matthew (in the 
middle of the seated group). 



TEXT MECHTHILD ZIMMERMANN
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 R  
ome, around 1600: The cap-
ital of the Papal State was 
a Mecca for painters. Here, 
they were able to study 
masterpieces from antiqui-

ty through to those by Leonardo da 
Vinci, Michelangelo and Raphael. How-
ever, there was also huge demand for 
the new. Before he died in 1590, Pope 
Sixtus V had numerous churches built 
and renovated that now required 
adornment. On his trip to Rome, Mon-
taigne noted that there were “barely 
any visual depictions” in the church-
es there – something that is hardly 
imaginable today. 

Artists from all over the world ar-
rived in the hope of being able to dem-
onstrate their talent and be discovered. 
It was their chance to attain prosperity, 
or even affluence and nobility. But 
competition was tough. There were 
many who spent their entire lives copy-
ing works of art for a pittance. After all, 

alongside the prestigious commissions 
awarded by the church and aristocracy, 
there was also a flourishing market for 
mass-produced artworks: copied por-
traits of saints that anyone could pur-
chase for a few coins.

CARAVAGGIO STRUCK A CHORD 
WITH THE AGE 

Michelangelo Merisi, who adopted the 
name of his parent’s home town Cara-
vaggio, was one of those who went to 
Rome as a trained painter in the early 
1590s. He, too, must have started by ek-
ing out a living with copying. But with-
in just a few years’ time, he succeeded 
in establishing valuable contacts. Even 
more importantly, he developed a style 
that was new, and that struck a chord 
with the age.

Four criteria distinguish Caravag-
gio’s visual language: sensuality, vibran-
cy, intelligent use of artistic quotations 

Caravaggio is one of the most influential artists of the Early 

Baroque. He is especially well known for his dramatic lighting 

effects. The technique he used to create these was something he 

guarded like a trade secret. As a result, legends surrounded the 

painter even during his lifetime. Sybille Ebert-Schifferer, Director 

at the Bibliotheca Hertziana in Rome, has taken on the task of 

demystifying Caravaggio’s image.

Between Spotlight  
and Shadow
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paintings are further evidence of his 
success. As early on as 1600, he earned 
600 scudi for two pictures – twice the 
annual salary of a university professor 
at the time.

MALIGNED AS A “MONSTER 
OF GENIUS”

Caravaggio’s success not only attracted 
admirers – it also generated rivalry and 
envy. This was why, during his lifetime, 
and even more so after his death, a 
great many rumors developed that 
eventually grew into legends. In 1633, 
Florentine painter Vicente Carducho 
called his colleague “a monster of ge-
nius and talent” and an “Anti-Michel-
angelo,” and even an “Antichrist.”

In a biographical work by art theo-
rist Giovanni Pietro Bellori published 
in 1672, Caravaggio is already described 

as a degenerate failure. As Bellori had 
a major influence on European art the-
ory, the image he propagated of Cara-
vaggio has endured to this day – much 
to the irritation of Sybille Ebert-
Schifferer: the Director of the Biblio-
theca Hertziana, the Max Planck Insti-
tute for Art History in Rome, has been 
fighting to rehabilitate the artist for 
some time.

To this end, she has compiled copi-
ous evidence from the most diverse 
sources and writings, and published her 
findings in the monumental volume 
Caravaggio: The Artist and His Work. A 
key issue is what Ebert-Schifferer calls 
Caravaggio’s “lighting direction” – the 
painter’s characteristic application of 
light and shadow. She regards this fea-
ture of his work as part of a develop-
ment in art history, as with the advent 
of the work of Leonardo da Vinci – 100 

and – especially striking – his space-de-
fining use of light-dark conceptions. 
Caravaggio painted as if the light were 
falling at an angle from above, like a 
spotlight that in turn cast deep shad-
ows. The background is often dark, 
and parts of the painting can only be 
guessed at. Landscapes or general spa-
tial details are very rarely recognizable, 
with the result that the figures appear 
extraordinarily sculptural – in fact, al-
most too close for comfort, from the 
viewer’s perspective.

In the first few years of the 17th 
century, Caravaggio was celebrated by 
many contemporaries for his “divine 
art of painting,” and was glorified as a 
paragon. In his verses, the poet Gaspare 
Murtola, for example, praised the effect 
of his figures, which he claimed were 
barely distinguishable from living be-
ings. The prices paid for Caravaggio’s P
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Scientists reconstructed the scene of The Crowning with Thorns in order to reproduce the lighting. The result: not one spotlight – as one might think 
at first glance – but three were required to approximate the lighting of Caravaggio’s painting. 
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years before Caravaggio – light phe-
nomena attracted the interest of nu-
merous artists. 

The natural depiction of light and 
shadow became an important subject. 
In his treatise on painting, Leonardo 
himself stated explicitly that sharp 
shadows were to be avoided. An exam-
ination of his paintings reveals why: 
the use of so-called sfumato – bright 
segments that merge softly with darker 
ones, though even these are never com-
pletely dark. Up until the turn of the 
16th to the 17th century, Roman paint-
ers avoided strong shadows.

During his training in Milan, Cara-
vaggio had already been exposed to 
other approaches. In Lombardian art, 
there were paintings with strong light-
dark contrasts, such as those of Giovan-
ni Girolamo Savoldo and Antonio 
Campi. But such painters were a long 
way from their contemporaries in 
Rome, and their works were simply not 
known. According to Ebert-Schifferer’s 
analysis, Caravaggio showed consider-
able skill in taking a form of represen-
tation that was previously unknown in 
Rome, adapting it to his own style, and 
marketing it effectively.

What’s more, by focusing on the 
use of light, Caravaggio was, in fact, 
addressing a key criterion that artists 
were being called upon to pay atten-
tion to at the time: At the Council of 
Trent, the Catholic Church had initiat-
ed the Counter-Reformation in re-
sponse to the spread of Protestantism, 
and art was expected to contribute to 
this. Orders were issued that called for 
church paintings to overwhelm the 
people and appeal to the emotions of 
the faithful by literally drawing them 
into the action in scenes of Biblical 
events and martyrdom.

“Caravaggio was most persuasive in 
implementing this requirement stipu-

lated by the Counter-Reformation,” 
says Ebert-Schifferer. And she points 
out that light in his work is more than 
just illumination: in his religious paint-
ings, it actually embodies Divine Light, 
enlightenment. One very early exam-
ple is The Calling of St. Matthew, which 
remains one of Caravaggio’s most fa-
mous paintings to this day. Together 
with The Martyrdom of St. Matthew of 
1599, it was the artist’s first major com-
mission for a work to be put on public 
display. It’s a remarkable painting, even 
to the non-expert. It’s even more im-
pressive when Sybille Ebert-Schifferer 
explains the details:

ART QUOTATIONS AS A POPULAR 
STYLISTIC DEVICE  

“The Calling of St. Matthew shows Christ 
coming into a room where Matthew, a 
tax collector, is seated. Whether out-
doors or indoors remains uncertain 
due to the darkness. The light appears 
with Christ from the right-hand side 
and reinforces the natural light of the 
scene, as there is a window behind the 
altar on the same side. But the light 
that comes in with Christ is also the 
light of enlightenment, which is at its 
brightest where it falls on the face of 
the tax collector as he looks up. He is 
the one to be enlightened and invest-
ed with a new life. The light also clear-
ly emphasizes Christ’s outstretched 
hand. This is what establishes the con-
nection and depicts the crucial gesture: 
you are the one I mean.”

The art historian also points out an 
example of another characteristic fea-
ture of Caravaggio’s work to be found 
in The Calling of St. Matthew – the 
skilled quotation of other famous 
paintings: “Christ’s gesture is the same 
as that of Adam in The Creation of 
Adam on the ceiling of the Sistine 

Chap el by Caravaggio’s namesake Mi-
chelangelo. Art connoisseurs in Rome 
at the time certainly identified and ap-
preciated this.”

It is a fact that the mutual viewing 
and interpreting of paintings was a pop-
ular pastime among the upper classes 
of the time. The aristocracy and church 
dignitaries enjoyed showing each oth-
er their art collections and demon-
strating their expertise by discovering 
quotations from other works of art. 
Caravaggio deliberately played on this 
penchant of his Roman clients. Later, 

Shed new light on Caravaggio with her book: 
Sybille Ebert-Schifferer, Director at the 
Bibliotheca Hertziana.

 » Caravaggio showed considerable skill in taking a form of representation previously 

unknown in Rome, adapting it to his own style, and marketing it effectively. 
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when he was forced to leave Rome and 
paint for less knowledgeable custom-
ers, this type of allusion is no longer to 
be found in his pictures.

Both of the St. Matthew paintings 
caused a stir in the Roman art world, 
and many painters attempted to imi-
tate Caravaggio’s visual language, es-
pecially his use of light. As Ebert-
Schifferer reports with some amuse-
ment, some would have given any-

thing to be able to emulate the tech-
nique, as shown by trial records dating 
back to 1603. These indicate that young 
painter Tommaso Salini had quoted in-
formation provided to him by his 
friend and colleague Filippo Trisegni 
when giving evidence as a witness in a 
slander trial. When Trisegni himself 
was called to the witness stand, howev-
er, he denied having revealed anything 
to Salini. According to Trisegni, the deal 

had been that, in exchange for the in-
formation, Salini was to show him how 
to paint a cast shadow – and Trisegni 
claimed that this had not happened. 
Ebert-Schifferer finds this anecdote 
very revealing: “The painting tech-
nique with which Caravaggio stirred 
the envy of many of his colleagues 
must have been so valuable that even 
painters who were on friendly terms 
didn’t reveal it to one another.”

In an age long before patents and 
copyright existed, Caravaggio himself 
did everything he could to keep his 
technique a trade secret and a unique 
selling point. Using present-day meth-
ods of analysis, it is at least possible to 
partly uncover aspects of this secret. 
One typical feature is Caravaggio’s use 
of the so-called imprimitura, or foun-
dation: after the obligatory chalk foun-
dation, he applied one or more coarse, 
dark layers of paint so as to be able to 
work from dark to light.

Such foundations were quite wide-
spread in northern Italy. Caravaggio 
perfected the system in that he left in-
dividual lines at the color contours in 
order to achieve a clear separation be-
tween light and dark areas. In his later 
work, he also used the foundation to 
avoid the need to further render areas 
of half-shadow.

Starting in the 16th century, painters were 
required to study shadow-casting as part 
of their training, as demonstrated by Carlo 
Urbino’s collection of sketches.

MICHELANGELO MERISI DA CARAVAGGIO

September 29, 1571 Birth of Michelangelo Merisi in Milan; childhood presumably spent with his grandparents in Caravaggio

1584 to 1588    Apprenticeship with renowned Milanese painter Simone Peterzano

from ca. 1592    Resident in Rome, work in various studios

from 1599    Prestigious public and private commissions for paintings 

May 1606    Caravaggio flees Rome to the nearby principality of Paliano

from October 1606   Resident in Naples

July 1607    Period of stay in Malta

July 1608     Admission to the Maltese Order (barred again in December 1608)

October 1608  Flees to Sicily due to involvement in a brawl 

October 1609    Second period of stay in Naples

July 18, 1610       Death in Porto Ercole
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To elaborate the depicted figures, Cara-
vaggio used a wide range of the most 
varied pigments. He especially disliked 
pure, vividly bright shades: in fact, he 
would often tone down parts that ap-
peared white by means of thin, dark-
toned glazes, making the bright sec-
tions more brilliant and the rest of the 
painting darker. This effect was first 
made visible in the painting Judith Be-
heading Holofernes of 1598/99 using X-
ray fluorescence analysis.

It’s worth noting that Caravaggio 
began to make use of such clever tech-
niques while he was living in the house-
hold of Cardinal Francesco Maria del 
Monte. The artist is thought to have 
been a member of the famiglia from 
1595 onward. Del Monte gave him 
room and board, but above and beyond 
this, he acted as the painter’s mentor, 
inspirer and protector. The period had 
a formative influence on Caravaggio in 

many different ways. It can be assumed 
that he learned to fence and play the 
lute while living with del Monte, but it 
was mainly the Cardinal’s interest in 
modern natural sciences that influ-
enced him most.

Francesco del Monte was a friend 
and supporter of Galileo Galilei. He 
pursued a personal interest in alchemy 
as the precursor to the science of 
chemistry. His experiments may have 
encouraged Caravaggio to experiment 
with novel pigments, for example the 
then newly discovered “Bologna 
stone,” familiar today as barium sul-
fate – a component of many emulsion 
paints and glazes.

Geometry and optics were other im-
portant areas of study pursued in the 
del Monte household. The Cardinal’s 
brother, mathematician and physicist 
Guidubaldo del Monte, is regarded to 
this day as one of the founding fathers 

of descriptive geometry. At the time, he 
was one of the most important re-
searchers into light and shade. To what 
extent Caravaggio studied his work is 
no longer ascertainable today.

However, it is certainly the case that 
other artists delved into it very deeply, as 
Sybille Ebert-Schifferer relates: “There’s a 
treatise by Guidubaldo del Monte with 
a separate chapter on shadows and cast 
shadows. The treatise is highly complex 
– virtually unintelligible to the non-ex-
pert today. Painter Ludovico Cigoli, 
who, incidentally, also corresponded 
with Galilei, found this impractical for 
the needs of painters and set about 
writing his own treatise. Painters’ 
knowledge of and interest in the natu-
ral sciences during this period should 
definitely not be underestimated!”

A number of the art historian’s col-
leagues have put forward the idea that 
Caravaggio used an elaborate system 

Caravaggio is known not only for lighting effects, but also for the richly contrasting psychological nuances of his figures. Judith’s expression at the 
beheading of Holofernes reflects both disgust and determination, while the caricature-like face of the old maid serves to emphasize Judith’s beauty. 
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of mirrors and lenses or a kind of cam-
era obscura to project his figures onto 
the canvas – something she regards as 
far-fetched. “How would an artist have 
been able to paint his models on a can-
vas with a black-brown foundation in 
a darkened room in which they were 
illuminated by a single ray of light?” 
she asks.

In asking this, Ebert-Schifferer also 
deliberately challenges the much-de-
bated “naturalness” of Caravaggio’s 
paintings. Admired by some contempo-
raries and art theorists, it is dismissed 
by others as mere “copying.” “Both 
miss the point entirely,” says the art 
historian. Because it’s only at first sight 
that Caravaggio’s paintings appear to 
provide a lifelike representation. A clos-
er look reveals that the paintings rare-
ly depict a “real” scene as might be cap-
tured by a photograph; in fact, they are 
the result of a complex composition.

ARTISTIC FREEDOM WITH LIGHT 
AND SHADOW

This particularly applies to the use of 
light: The scene from the painting The 
Crowning with Thorns from 1602/03 was 
elaborately reconstructed in Vienna us-
ing spotlights for illumination. In the 
process, the scientists paid particular at-
tention to where the shadows fell – and 
there were several surprises. First of all, 
it took three spotlights to illuminate 
the painting the way Caravaggio paint-
ed it. And even then, none of the shad-
ows were entirely correct. “That’s art, 
after all. He didn’t just copy light that 
falls somewhere,” says Ebert-Schifferer.

Wild theories abound regarding 
Caravaggio’s studio, which he set up in 
a rented apartment after his time in the 
Cardinal del Monte household. The ru-
mors are based on a source dating back 
to 1605, in which the painter’s landla-
dy makes a claim for damage to the sof-
fitto, the ceiling. Several Caravaggio re-
searchers have interpreted the source as 
evidence that the artist made a hole in 
the roof in order to get the light to fall 
into the room vertically.

This kind of interpretation exasper-
ates Sybille Ebert-Schifferer: “That’s 
rubbish, it’s a matter of common sense: 

 

TO THE POINT
●   Caravaggio’s style is characterized by bright light falling at an angle from above 

that casts a hard shadow, giving the scenes depicted a very sculptural appearance.

●  The style is both fascinating and polarizing: There were many imitators, but also 
many enviers and opponents who established a permanent negative image of the 
artist after his death.

●  According to the latest art historical research, Caravaggio’s lifestyle was typical 
of his contemporaries. To some extent, his artistic techniques can be deciphered 
using modern methods.
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firstly, the word soffitto doesn’t mean 
roof at all, but intermediate ceiling. 
And secondly, nobody would be stupid 
enough to make a hole in the ceiling if 
they were working on large canvases. It 
also rains in Rome sometimes, and 
what if the canvases were to get wet?”

The art historian was thus all the 
more pleased when Caravaggio’s rental 
contract turned up in the Rome State 
Archive in 2010, showing that he 
would have been within his rights to 
dismantle part of the intermediate ceil-
ing. Ebert-Schifferer explains that this 
is understandable from an art historical 
perspective: “Caravaggio was working 
on Death of the Virgin at the time, as 
well as other paintings that were more 
than three meters high. Taking out the 
intermediate ceiling allowed him to set 
up the canvases to their full height – 
and he would get additional oblique 
light from the mansard window to 
boot. This type of diagonal light, not 
from a hole but from a window, is even 
recommended by Leonardo as a re-
quirement for a good studio.”

According to the researcher, rumors 
such as that of the demolished roof can 
be accounted for by an image of Cara-
vaggio that has persisted for centuries 
as a seedy criminal who preferred to 
keep the company of thieves and pros-
titutes. The 19th century tendency to 
associate genius with madness and 
crime only served to strengthen this 
image. The interpretation is still reflect-
ed in Derek Jarman’s cult film Caravag-
gio from 1986.

It’s an established fact, according to 
Sybille Ebert-Schifferer, that Caravaggio 
was involved in violent brawls on sev-
eral occasions and, in 1606, was even 

involved in an incident that today 
would be classified as bodily injury 
with fatal consequences. That’s why he 
was forced to leave Rome and couldn’t 
return for the rest of his life. However, 
to assess the artist’s behavior properly, 
it’s important to examine the history of 
crime in general during this period. 
This, too, is something Ebert-Schifferer 
has done, with remarkable results: 
“There were people we would regard to-
day as very respectable, such as aristo-
crats and even lawyers of the consisto-
ry and the like, who would constantly 
get into fights and turn up at the police 
station.” The state monopoly on the use 
of force was not yet established at the 
time. What’s more, it was still common 
practice for the aristocracy to resolve 
conflicts by the rule of force rather than 
before a court. By similar means, Cara-
vaggio might have been anticipating 
the hoped-for social advancement into 
aristocratic circles.

The Director at the Bibliotheca 
Hertziana certainly gained a very differ-
ent picture of Caravaggio in the course 
of her intense work: “You simply have 
to look at whose company he kept, who 
he wrote to. He had lots of literary 
friends – the type of people who don’t 
talk to every clochard. And the paint-
ings themselves indicate that he was an 
amazingly intelligent man with an ex-
cellent knowledge of art.”

Sybille Ebert-Schifferer’s research has 
provided a range of new insights into 
Caravaggio’s life and work. However, 
400 years after his death, it is obviously 
no longer possible to shed new light on 
everything. Just like in Caravaggio’s 
paintings, where the cast shadow leaves 
a certain amount in the dark.               
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Listen Carefully
Shorter attention spans are one cause of hearing loss in old age

Older people often complain of hearing difficulties, partic-
ularly when several people are speaking at once. According 
to researchers at the Max Planck Institute for Human Cog-
nitive and Brain Sciences in Leipzig, the ears alone aren’t 
the only cause. The scientists assigned hearing tasks to both 
young and old participants in their study and measured the 
voltage fluctuations across the surface of the skull that were 
triggered as the brain went to work. The intensity of so-
called alpha waves shows how attentively the subjects are 
listening. And the scientists were able to observe how al-
pha-wave activity declines faster among older test subjects 
than among younger ones. Older people apparently don’t 
remain attentive for so long. The intensity of the alpha 
waves in the brains of the elderly also increases more 
strongly when speech quality is poor, indicating that lis-
tening under poor acoustic conditions demands greater at-
tention as one grows older. These findings might soon en-
able hearing aids to be individually and dynamically adapt-
ed according to how active the brain is, bringing improved 
speech comprehension in demanding situations.  (Journal 

of Neuroscience, January 28,  2015)

Older people often have poor hearing. One reason lies in their decreasing 
attention spans in old age.

Around 4.5 billion years ago, Mars was a 
water-rich planet. A team including sci-
entists from the Max Planck Institute for 
Solar System Research estimates that 
20 million cubic kilometers of water 
once flowed over the surface of the red 
planet. They arrived at this conclusion 
by measuring the ratio of hydrogen iso-
topes in the Martian atmosphere and in 
the soil. “We were able to reconstruct 
how the balance of water on the planet 
developed over millions of years and 
how much water was able to seep away 
into space,” says Paul Hartogh. The re-

sulting figure shows that at least 20 per-
cent of Mars was once covered with wa-
ter. Another conventional method in-
volved analyzing the traces this water 
left behind in the surface geology of the 
planet, with the results pointing to a 
somewhat greater primordial volume of 
water. It’s possible that the missing wa-
ter lies hidden deep beneath the planet’s 
surface. There, it would have no interac-
tion with the atmosphere, and so would 
remain inaccessible to the latest inves-
tigation described above. 
(Science online, March 5, 2015)

At least 20 percent of this heavenly body was once covered with water

Mars – The Blue and Red Planet

Planet of oceans: This is how Mars might have looked 4.5 billion years ago, with at least 
20 percent of its surface covered with water P
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Active ingredient sourced from plant kills renal cancer cells

Nature offers many valuable ingredi-
ents for medical use. Phyllanthus engleri, 
for example, has long been recognized 
in its southern African homeland as a 
medicinal plant for coughs, stomach 
pains and even infectious diseases. 
Some years ago, US scientists succeed-
ed in extracting a substance from the 
shrub called Englerin-A, which has prov-
en to be particularly effective against re-
nal cancer cells, as well as a few other 
forms of cancer. Researchers from the 
Max Planck Institute of Molecular Phys-

iology in Dortmund have 
now discovered how Engler-
in-A works: it increases the 
calcium concentration in 
the cancer cells so dramati-
cally that they die within 
minutes. Englerin-A has the 

advantage that it exclusively activates 
the calcium channels in cancer cells. 
As a drug, it might therefore possibly 
have fewer side effects on healthy cells 
than many other cancer drugs. The re-
searchers, in cooperation with the 
Lead Discovery Center in Dortmund, 
now intend to investigate whether En-
glerin-A is suitable for use as a cancer 
treatment. The Center assists in trans-
lating the findings of basic research 
into medical applications. (Angewandte 

 Chemie, March 16, 2015)

Nature’s Medicine Cabinet

The shrub Phyllanthus engleri 
grows mainly in dry savanna 
areas in southern Africa. 
Its bark contains Englerin-A 
– a substance that causes renal 
cancer cells to die off.

By Computers, for Computers

The information technology of the fu-
ture will need new materials, for in-
stance for magnetic storage media, that 
will support a higher data density than 
today’s hard disks. A team of research-
ers headed by Claudia Felser, Director 
at the Max Planck Institute for Chem-
ical Physics of Solids in Dresden, has 
taken a big step forward in the search 
for suitable alloys. They began by us-
ing computers to design alloys based 
on a family of particularly magnetic 
materials known as Heusler com-
pounds. In this way, the scientists de-
veloped an alloy that becomes more 

strongly magnetized by an external 
magnetic field than any previously 
known compound. The alloy of man-
ganese, platinum and gallium also re-
tains its magnetic charge when the ex-
ternal magnetic field is shut off, thus 
meeting one of the preconditions for a 
high-performance storage material. 
However, the effect occurs in this ma-
terial only at very low temperatures. 
The researchers in Dresden have also 
magnetized a compound of manganese, 
iron and gallium at room temperature – 
but not so strongly. (Nature Materials, 

March 16, 2015)

Researchers used simulations to develop materials that can 
be strongly magnetized

SPECTRUM

Food in Tubes

Bacteria can exchange nutrients between 
themselves via tubular links. This photo, taken 
with an electron microscope, shows the 
genetically modified strains of the bacteria 
Escherichia coli and Acinetobacter baylyi.

In bacterial communities, it can be an 
advantage for individual species to 
specialize in certain specific bio-
chemical processes and outsource 
others. Scientists at the Max Planck 
Institute for Chemical Ecology in Jena 
have discovered that some bacteria 
form nanochannels to other bacteria 
to facilitate the direct exchange of nu-
trients. For their experiments, the 
scientists used two genetically mod-
ified species of bacteria, each of 
which were no longer able to produce 
a different amino acid. Where the 
modified bacteria grew side by side, 
they nourished one another in order 
to compensate for the lack of amino 
acids. A look through the electron mi-
croscope revealed that one of the two 
species formed tiny tubes through 
which both were then able to ex-
change nutrients. The scientists now 
want to fully investigate whether the 
ostensibly simple bacteria structures 
represent a form of multicellularity. 
They were able to increase their com-
plexity by joining together with oth-
er bacteria and combining their abili-
ties. Whether individual bacteria spe-
cies are also able to parasitize other 
bacteria and extract their content 
also remains unclear. (Nature Commu-

nications, February 23, 2015)
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Ceres – A Mysterious World

It was both an arrival and a farewell: 
Just as the NASA space probe Dawn fi-
nally reached Ceres on March 6 of this 
year after a two-and-a-half-year flight 
through the asteroid belt, the spheri-
cal dwarf planet slipped into darkness. 
With the vehicle approaching its des-
tination from the dark side, the scien-
tific camera system on board was un-
able to record any new pictures. Then 
in mid-April, Dawn got in touch once 
again – with a first glimpse of the 
dwarf planet’s north pole. The photos 

show only a small detail of the sur-
face, as large areas of the northern 
hemisphere remain in shadow. Ceres 
is littered with craters, a striking num-
ber of which feature striking central 
mountains. The planet is also reveal-
ing itself to be far less dense than, for 
example, its stony counterparts in the 
inner solar system. Subterranean wa-
ter – whether in frozen or liquid form 
– could account for such measure-
ments. This would also tie in with the 
scattered lighter-colored patches ob-

served on Ceres’ surface, where im-
pacts may possibly have exposed hid-
den ice.

After a five-week break in transmission, the space probe Dawn is once again beaming images 
of the dwarf planet back to Earth

A view of the north pole: This image of Ceres shows a surface pitted with craters, similar to that of 
Earth’s moon. The photo was taken at a distance of 22,000 kilometers.

Researchers from the Max Planck Institute for the Science 
of Light in Erlangen have created light that is more color-
ful than a rainbow. They did so by passing a low-energy in-

frared laser pulse through a photonic crystal fiber (PCF) that 
they had customized in such a way that, as it interacts with 
the fiber, the spectrum of the pulses widens and emerges 

from the fiber as bright white light. The spec-
trum extends from a particularly short-wave ul-
traviolet to the infrared range – a world record. 
Photonic crystal fibers are permeated along their 
entire length by hollow channels arranged sym-
metrically around the core of the fiber. The re-
searchers in Erlangen have now, for the first 
time, created glass fibers using a material that, 
unlike conventional quartz glass, is particularly 
resistant to ultraviolet radiation, but is difficult 
to handle. Light with this world-record spectrum 
could simplify – or even make possible – numer-
ous investigative processes in biomedical re-
search, physics and chemistry. (Nature Photonics, 

January 19, 2015)

A photonic crystal fiber generates light from the ultraviolet to the mid-infrared 
range of the spectrum

World Record in Color

A brilliant source of white light: Max Planck researchers 
in Erlangen have custom-made a photonic crystal fiber 
that enables them to convert an infrared laser pulse into 
light with a particularly broad spectrum. 
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For our brains, sleep is more than just a 
chance to recuperate. Most brain research-
ers today believe that, while we are asleep, 
our brains review what we have previously 
experienced and consolidate new content, 
which is integrated into our existing mem-
ories. This is evidently the case for babies, 
too. Scientists at the Max Planck Institute 
for Human Cognitive and Brain Sciences in 
Leipzig showed babies aged between 9 and 
16 months a series of pictures of objects and 
taught them what the objects were called. 
An analysis of brain activity using an elec-
troencephalogram (EEG) showed that the 
babies were better able to remember the 
names of the objects if they slept after 
learning them. In addition, they were able 
to associate the names with new but simi-
lar objects only after a brief nap. In other 
words, their brains formed generalized cat-
egories while they were asleep – translating 
experience into knowledge. (Nature Commu-

nications, January 29, 2015)

Babies Learn while Snoozing
Sleep improves the ability to remember, and structures the child’s memory

Not really inactive: While sleeping, a baby’s brain consolidates and generalizes what it 
has just learned.

Poison Sprays Return to Haunt Us
Climate change will intensify the concentration of DDT in the Arctic

Some poisons are persistent, popping up 
even in unexpected places. In the last 
century, the long-lasting insecticide 
DDT, for example, as well as the poly-
chlorinated biphenyls (PCBs) used until 
the 1980s as plasticizers were carried 
mainly by air currents as far as the Arc-
tic, where they became concentrated in 
the atmosphere, then making their way 
through precipitation into water, soil 
and ice. Ever since they were largely 
banned, they have been gradually disap-
pearing at the North Pole and elsewhere 
on Earth. Climate change, however, 
could lead to a renewed increase at least 
in DDT in the Arctic, starting from 
around 2075 – even though in our lati-
tudes, the subtropics and most tropical 
parts of the world, it is likely to be pres-

ent in only minimal amounts. According 
to calculations by an international team 
headed by Gerhard Lammel at the Max 
Planck Institute for Chemistry in Mainz, 
it is to be expected that global warming 
in the northern hemisphere will lead to 
an increase in the constellations of jux-
taposed areas of high and low pressure 
that favor the transport of DDT to the 
North Pole. The resulting volumes of air 
flowing into the Arctic contain a rela-
tively high proportion of the poison that 
is otherwise distributed across the world 
in varying concentrations. For people in 
countries where fish from the northern 
polar seas is consumed, there will then 
in turn be an increase in the health risk 
posed by DDT. (Environmental Science & 

Technology, February 16, 2015)

Gathering point for long-lasting organic 
pollutants: DDT and PCBs degrade particularly 
slowly in the Arctic chill.P
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Language Roots on the Steppe
Herdsmen in Eastern Europe may have contributed to the dissemination of Indo-European 
languages 4,500 years ago 

Today, almost three billion people speak one of the 445 In-
do-European languages. An international research team in-
cluding scientists from the Max Planck Institute for the Sci-
ence of Human History in Jena analyzed genetic material in 
search of insights into the origin of this language family. The 

researchers analyzed the genomes derived from the skeletons 
of over 90 individuals who lived in Europe between 6000 and 
1000 B.C. The results indicate that the present European ge-
nome is composed of three essential parts: genes deriving 
from original hunter-gatherer populations, and genes from 
the first farmers who migrated from the Middle East and set-
tled in Europe around 5500 B.C. The research team also iden-
tified the age and origin of the third component: it derives 
from people of the Yamna culture – herdsmen from the Eur-
asian Steppe. These people evidently progressed around 2500 
B.C. from what is now the Ukraine to Central Europe. In Ger-
many, the third component appears for the first time among 
the so-called Corded Ware people, a cultural group whose 
name reflects its characteristic method of decorating pots and 
who flourished at the transition between the Neolithic and 
the Bronze Ages. From their genetic relationship, the re-
searchers conclude that the people of the Eurasian Steppe 
also influenced the language spoken in Central Europe, and 
thus also made their mark on the Indo-European language 
family. This partially contradicts the idea that the forerun-
ner of the Indo-European languages was brought to Europe 
by the first farmers from the Middle East. (Nature, March 2, 2015)

In 1670, a new star shone in the skies 
above Europe that was visible even to 
the naked eye. Up to now, astronomers 
have assumed that the brightness of 
the star was attributable to a nova that 
occurred as a white dwarf sucked in 
matter from a neighboring sun, result-
ing in a cataclysmic explosion. Howev-
er, the eruption was caused by a far rar-
er phenomenon: a violent collision be-
tween two stars. The traces that still re-
main are so weak that, after 345 years, 
it required a careful analysis of obser-
vations using modern submillimeter 
telescopes to solve the puzzle of Nova 

Vul 1670. A team headed by scientists 
from the Max Planck Institute for Ra-
dio Astronomy in Bonn has now found 
the answer with the aid of the APEX 
telescope in Chile. The radiation emit-
ted by molecules in the gas cloud that 
still remains after the collision put the 
researchers on the right track. Follow-
ing this lead, they discovered that the 
mass of the cold gas that remains as a 
residue of the stars is too great to be the 
result of a conventional nova. Nor did 
the isotope ratios they measured or the 
mixture of molecules fit this picture. 
However, a cosmic collision – a very 

rare event in which one star explodes 
after colliding with another – offers a 
near perfect explanation of these obser-
vations.  (Nature online, March 23, 2015)

Solving the Puzzle of Nova Vul 1670 

All that remains of the collision: The residue of the new star observed in 1670. This image was 
created by superimposing a visible light photo taken with the Gemini telescope (blue) and a map 
courtesy of APEX and the Submillimeter Array (orange).

A quadruple burial including father, mother and two sons from the Corded 
Ware culture in Saxony-Anhalt from around 2600 B.C.
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Using Nuclear Spin to Study 
Individual Proteins

Nuclear spin tests greatly simplify the 
work of medical doctors and biologists. 
Not only is this technique the instru-
ment of choice for many medical diag-
noses, but it also yields an increasing 
amount of detail about the chemistry 
of life. A joint German-Chinese team 
including researchers from the Max 

Planck Institute for Solid State Research 
in Stuttgart has now, for the first time, 
employed nuclear spin technology to 
observe the movements of an individu-
al protein molecule at room tempera-
ture and in a milieu that resembles the 
interior of a cell. The biophysicists fol-
lowed the same principles that under-
lie nuclear spin testing in the medical 
field, but used a sensor that was much 
more sensitive: a point in a diamond at 
which a nitrogen atom takes the place 
of a carbon atom. This defect, or more 
accurately, the spin of an unpaired elec-
tron, creates a magnetic moment that 
is measurably affected by the magnetic 
moments of the nuclear spin of, for ex-
ample, a protein. Nuclear spin can 
therefore be used to track individual 
proteins and their interaction within 
cells in order to identify both the causes 
of disease and potential treatments. 
(Science, March 6, 2015)

A brilliant view of a protein: A German-Chinese 
team used an NV center at which a nitrogen 
atom is located in a diamond as a highly 
sensitive sensor to study the form and 
movement of an individual molecule of the 
protein MAD-2.

A recipe for nanofibers: Various organic 
liquids can be carbonized to create spherical, 
layered or fiber-like nanostructures.

Customized 
Carbon
Thanks to a new process of 
synthesis, various carbon 
nanostructures can now be 
specifically manufactured 

Images and movements make learning vocabulary easier

Learning with All the Senses

“Atesi” – which sounds like a word in 
the language of Middle Earth spoken 
in the film “Lord of the Rings,” is in 
fact “Vimmish” for “thought”. Scien-
tists from the Max Planck Institute for 
Human Cognitive and Brain Sciences 
in Leipzig used Vimmi, an artificial lan-
guage developed specifically for scien-
tific studies, to investigate how people 
can best memorize and retain foreign-
language vocabulary. According to the 
researchers, it is easier to learn vocab-
ulary when the brain is able to associ-

ate a word with various sensory percep-
tions. The movement system in the 
brain appears to be of particular impor-
tance: Learners who not only hear 
words in a foreign language, but also 
repeat them with an accompanying 
gesture are better able to remember 
them. This brings the brain’s move-
ment system into play. Using images 
that match the word is another useful 
adjunct to learning. This also activates 
regions of the vision system. (Current 

Biology, February 5, 2015)

1 μm
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Form and movement of biomolecules can now be observed with the 
aid of a particularly sensitive magnetic sensor

The evidence left in the oven that at-
tests to a failed attempt at baking a 
cake – carbonization – could now serve 
as an effective nanotechnology re-
source. Using a sophisticated new vari-
ant of this process, in which the carbon 
content of organic materials is in-
creased, a team headed by Tim Fellinger 
at the Max Planck Institute of Colloids 
and Interfaces in Potsdam has specifi-
cally created various spherical and lay-
ered, as well as fiber-like carbon nano-
structures, and has even succeeded in 
integrating metal, sulfur or nitrogen at-
oms into the structures. Conventional 
carbonization lends itself only to the 
production of spherical nanoparticles. 
However, the researchers were able to 
create different shapes by carbonizing 
organic liquids – a unique achievement 
that chemists had previously believed 
to be impossible. The Potsdam-based 
scientists achieved their breakthrough 
by injecting the organic liquids into a 
molten salt bath heated to 500 degrees. 
These nanostructures are attractive 
candidates for various applications. For 
example, a nickel-carbon nanomaterial 
could serve as a low-cost catalyst in the 
process of electrolytically splitting wa-
ter, which currently requires the use of 
precious metal catalysts. (Angewandte 

Chemie, March 4, 2015)



 W 
hen Jens Hjörleifur 
Bárðarson has posses-
sion of the ball, the 
opposing team needs 
to be on guard. The 

striker for the second team at the Sport-
freunde 01 Dresden Nord sports club 
was one of the mainstays of the success 
this amateur soccer team notched up 
last year. It was Bárðarson’s first season 
with his new team, and the Sportfreun-
de moved up a league – from Dresden’s 
City League B to City League A.   

The nimble Icelander couldn’t have 
had a better start. “I enjoy the compe-
tition,” says Bárðarson, grinning and 
running his fingers through his thick 
beard. Things aren’t going that well this 
year, though. After 19 games, the statis-
tics of Saxony’s soccer association show 
just three goals, and Bárðarson is start-
ing to brood.

But when Jens Hjörleifur Bárðarson 
has the ball, things also get complicat-
ed – off the field at least, in a spartanly 
furnished office at the Max Planck In-
stitute for the Physics of Complex Sys-

tems in Dresden. For the past two years, 
the theorist has headed a research 
group here that investigates quantum 
matter: electrons and other particles 
that often develop extremely tricky 
moves at low temperatures.

IDEAS THAT TIE THE BRAIN 
IN KNOTS 

“It is true that many physical effects 
can be understood by simply treating 
electrons as balls that move from one 
point to another,” says Bárðarson. 
One example of this is electrical con-
duction in a conventional wire, where 
the electrons flow in at one end and 
are pushed out the other. “But things 
get really interesting when we realize 
that electrons are actually waves,” says 
the theorist.

This is when strange things happen: 
like light, the particles can superimpose 
on each other and produce unforeseen 

effects. They can even exert an influ-
ence from a distance. Physicists refer to 
this principle as entanglement. It’s as if 
the equipment manager at the edge of 
the field were to let the air out of a ball, 
causing the game ball to deflate just be-
fore the striker intended to shoot.

Albert Einstein once called this 
“spooky.” Bárðarson’s work is even 
spookier. “Topological insulators,” for 
example – one of the fields of research 
the Icelander is diligently working on 
in Dresden – conduct no current in 
their interior. However, the waves of 
the electrons knot together on the sur-
face. From a physics point of view, the 
mess can be sorted out only when the 
insulators become conductors at pre-
cisely these points.

These are ideas that can tie the 
brain in knots just listening to them. 
Bárðarson likes this. “My undergradu-
ate studies included an excellent lec-
ture on quantum mechanics,” explains 

What do soccer and quantum mechanics have in common? Both have surprising twists in 

store that are difficult to predict. Soccer, however, at least follows some rules that are more 

or less reliable. As a striker, Jens Hjörleifur Bárðarson controls the ball; as a physicist, he 

masters the rules of the quantum universe. The 35-year-old researcher at the Max Planck 

Institute for the Physics of Complex Systems in Dresden studies atomic particles, which 

display many a tricky move.

Player in a  
Magical World

TEXT ALEXANDER STIRN

Staying on the ball: Jens Hjörleifur Bárðarson was a passionate soccer player even as a child. 
He finds analogies to his sport in physics, too – for example when electrons behave like balls.

PHYSICS & ASTRONOMY_Personal Portrait
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the 35-year-old. “To solve the problems 
we were assigned, I often had to sit in 
the library for days. This was one of the 
most exciting courses I ever attended.”

The fun and the fascination have 
retained their hold on him ever since: 
“Quantum mechanics is a bit magical 
– it contradicts all intuition,” says 
Bárðarson. In a nutshell: it’s a chal-
lenge, and the Icelander likes challeng-
es: “For me, being a physicist doesn’t 
mean simply being able to calculate 
things. It means developing an intu-
ition for what will happen.”

And what could be more fascinating 
than doing this in a field with com-
pletely unimaginable rules? “When I 
kick a ball, it’s not particularly difficult 
to calculate what will happen – but it’s 
not particularly interesting, either,” 
says the recreational soccer player. 
Quantum mechanics is different. “Here, 
I can’t rely on things I learned as a 
child. That’s magic.”

Jens Hjörleifur Bárðarson learned 
about the real world in Selfoss – the 
largest town in southern Iceland, with 
around 5,000 inhabitants. This is 
where he first saw the light of the 
world in 1979, as one of five children. 
His mother was an insurance broker, 
his father head of the municipal plan-
ning authority. At home, there was 
never any talk of him also becoming a 
civil servant. “Even if my father had 
wanted this – which I don’t believe he 
did – he wouldn’t have said anything,” 
recalls Bárðarson. “At home we were al-
ways allowed and encouraged to follow 
our own goals and make our own mis-
takes – that’s how one grows up.”

When Bárðarson wasn’t playing soccer, 
he was reading. There’s hardly a photo 
of him as a child where he doesn’t have 
a book in his hand. “I read everything 
I could get my hands on, I always want-
ed to learn something new,” says the re-
searcher. “At high school, I even en-
joyed my German lessons, which 
weren’t always the most popular among 
my classmates.”

PHYSICS OLYMPIAN ON THE 
NATIONAL TEAM  

Mathematics, physics, IT, or maybe 
even engineering? Bárðarson found it 
difficult to choose the right subject to 
study. Since most of his friends were 
computer nerds, he himself also tend-
ed toward computer science. But the 
decision was clinched by the Interna-
tional Physics Olympiad, a global com-
petition that also included students 
from his school in Selfoss. One of his 
teachers urged Bárðarson to take part, 
so he prepared for the competition as 
one of the few Olympians. “Whatever 
I do, I take it seriously – I’m ambitious 
about things like that,” says the Ice-
lander. As if to back this up, he adds: 

“In physics, I now compete only against 
myself. I compete with others when I 
play soccer.”

And the training paid off. Bárðarson 
secured a spot in the Icelandic nation-
al team that was to represent the island 
in the final round of the 1999 Olympi-
ad in Padua, Italy. The preparations in-
cluded work experience in the form of 
a short internship in a faculty of phys-
ics. One of the professors explained to 
Bárðarson that if he were to study phys-
ics, the queen of all disciplines, he 
could still transfer to engineering, if 
necessary, but not the other way 
around. “That sounded convincing,” 
says Bárðarson. “I believed him.”

There was no Olympic victory, but 
his physics studies proved to be the 
door to success. Bárðarson enrolled at 
the University of Iceland in Reykjavik, 
then the only physics faculty on the is-
land. He – as well as a fellow student – 
achieved the best grade awarded to 
date for their bachelor studies. And fol-
lowing the ancient Icelandic tradition, 
he went out into the big, wide world. 
“One of our Viking sayings is: ‘Those 
who grow up only at home remain 
dumb.’ Those who spend time only 

Left: Jens Hjörleifur Bárðarson can 
concentrate on the essentials at his desk, 
which is completely free of paper. 
This allows him an unobstructed view 
of the physical problems he works out 
on the computer.

Right: Jens Bárðarson, Jan Behrends, 
Talía Lezama and Soumya Bera (from left) 
develop the occasional idea as a team.
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with the people in their own surround-
ings come up with no new ideas, no 
fresh impetus.”

Jens Hjörleifur Bárðarson went on to 
study in Denmark and Sweden, com-
pleted his Ph.D. in Leiden, the Nether-
lands, spent several months in Berlin, 
and began the postdoc phase of his ca-
reer at Cornell University in New York. 
Finally, he was drawn to Berkeley, to the 
California sun. His future boss tempted 
him with the words: “A postdoc is prob-
ably the last chance in your career to 
learn something completely new.”

Bárðarson grins at the thought. 
“That was exactly what I wanted to 
hear,” he says. “One of my main goals 
is to learn new things.” The individual 
electrons with their strange, often knot-
ted waves were then joined by entan-
gled particle collectives that exert a mu-
tual effect as if via an invisible hand. “I 
was very happy there.”

Now Dresden is his playground. 
“The cycle of an academic career is such 
that it’s not always possible to choose 
where you work, and it’s difficult to put 
down roots somewhere,” says Bárðar-
son. Researchers and soccer players are 
very similar in this respect: in order to 

advance your professional career, the 
dream teams with globally recognized 
names and famous players are often not 
the best choice – or they are simply out 
of reach.

EXPERIMENTS TO BREAK OUT OF 
THE WORLD OF IDEAS  

Bárðarson, a Manchester United fan, is 
well aware of this. And he accepts it, es-
pecially since Dresden was anything 
but an emergency solution. The Ice-
lander has progressed from postdoc to 
Group Leader. “What’s more, the Max 
Planck Institute in Dresden is one of 
the most respected institutes in the 
world in my field,” he says. Almost ev-
ery expert pays a visit to Dresden once 
a year. And it doesn’t hurt that there are 
experimentalists working on related 
things just across the street, in the Leib-
niz Institute for Solid State and Materi-
als Research.

Even though Bárðarson strongly 
emphasizes that he considers himself 
to be a theorist, he doesn’t want to 
conduct his research all alone in a 
world of ideas. “The work wouldn’t be 
any fun if there were no reality against 

which my calculations could be com-
pared,” says the Icelander. “As a theo-
rist, you naturally try to achieve as 
much as possible with pen and paper. 
But for me, it’s important to remain 
close to experiments – without being 
restricted by them.”

It’s the freedom of the theorist: 
Bárðarson always starts with a physical 
question – an idea devised and solved 
with equations that work only in a 
greatly simplified model world. The 
next step is computer simulation. This 
takes into account all the disturbances 
– caused by reality – that would make a 
manual calculation impossible.

“I prefer to call it a computer exper-
iment rather than a simulation. It’s of-
ten necessary to develop completely 
new techniques,” says Bárðarson. The 
physicist wanted to use one of these 
numerical experiments to gain a better 
understanding of topological super-
conductors – materials in a state in 
which they conduct current in their in-
terior with no resistance, and for which 
calculations indicate that they accom-
modate as yet undetected elementary 
particles on their surface. In this envi-
ronment, Bárðarson sought to simu-P
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late, for instance, the motion of a sin-
gle massless particle. The conventional 
method involves chopping up space 
into tiny pieces in which the equations 
of motion of the particles can be solved 
numerically. In the case of the massless 
particle, however, a second particle 
suddenly appeared, ruining all of the 
calculations.

After numerous attempts, Bárðarson 
decided to take the momentum of the 
electron, rather than its position, as the 
basis for the simulation, and was sur-
prised to find that everything went ac-
cording to plan: “Research always in-
cludes a little bit of luck. In the end, it 
comes down to trying things out – and 
hoping for the best.”

The acid test is then waiting on the 
other side of the street. This is where 
the experimenters subject wires, for ex-
ample, to a magnetic field, measure the 
strength of the current, determine how 
it depends on the temperature, and 
compare the results with the theoreti-
cal predictions. Bárðarson isn’t neces-
sarily after a confirmation here – quite 
the opposite: “It’s often much more fun 
to obtain measurement results that are 
surprising and not in agreement with 
your own predictions, because this is 

precisely what paves the way for some-
thing new.” But for him, the details of 
everything his colleagues do is “black 
magic.” The theorist laughs. “I under-
stand the words that describe the exper-
iments, but that’s about it.”

LONG DETOURS FOR A GOOD 
CUP OF COFFEE 

So was it worth moving from Berkeley 
to the banks of the Elbe River? “Yes, ab-
solutely, even though, as a matter of 
principle, I refuse to compare cities,” 
says the 35-year-old, “because it’s very 
easy to pick out the best things about 
one city and compare them with the 
worst parts of another. This can only 
end unfairly.”

With incidents like the anti-Islam 
demonstrations, Dresden hasn’t made 
it easy for foreign researchers to move 
to the city – or to the federal state of 
Saxony. As a young, politically aware 
student, he was unable to imagine him-
self ever going to work in the US – a ges-
ture of protest against American foreign 
policy, and the reason he did his doc-
toral work in the Netherlands.

But then he actually did find him-
self crossing the Atlantic – and he liked 

it there. “It’s generally not a good idea 
to judge things from a distance, be-
cause everything turns out to be very 
different when you are actually there,” 
says the young scientist. “I now try to 
do that as seldom as possible, but I 
know I’m not perfect.”

So Bárðarson is quite happy in Dres-
den. And the issue with coffee has also 
been sorted out. It took at least a month 
before the researcher, a self-confessed 
caffeine fan, finally found a coffee 
house he considered to be acceptable. 
“I’m prepared to go out of my way for 
a good cup of coffee. And what’s more, 
I enjoy walking,” he reveals. “Lots of 
people think I’m nuts simply because 
I’m prepared to take a 30-minute de-
tour for a cup of coffee.”

His passion has twice rewarded him 
with a special scientific job: In both 
Leiden and Berlin, Bárðarson was 
tasked with finding a coffee machine 
for his institute. He did some research, 
compared, tested, did more research, 
and finally came up with a solution 
that convinced everybody. As Bárðar-
son describes what he did, it’s as if he 
were describing his doctoral thesis.

It’s the same ambition the 35-year-
old applies to every task he tackles – P
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from research to soccer to learning Ger-
man. “I think it’s important to speak 
the local language in a foreign country 
– not least so that I can order my coffee 
in German,” he says. The institute is no 
help at all in this respect; most of his 
colleagues speak English. And the cou-
ple of words of German that Bárðarson 
learned out of curiosity in high school 
were replaced by similar-sounding 
Dutch while he was doing his doctor-
ate. “In the beginning, I often unwit-
tingly spoke to people in Dresden in 
Dutch, because I thought I was using 
the correct expressions. They looked at 
me like I was crazy,” he says.

Bárðarson decided to take a crash 
course. Four weeks, five days a week, 
four hours and fifteen minutes per day, 
he estimates. Every day begins at eight 
o’clock, a further challenge for the late 
riser. He struggles out of bed, takes a 
half-hour walk to his coffee house, or-
ders a croissant and a cappuccino, goes 
to his German course, then drags him-
self to the institute. “Before those four 
weeks, I used to ask people whether 
they spoke English. Now I tell them 
that my German is bad,” he says. That’s 
a massive understatement.

His only problem now is with the di-
alect in Saxony, which the players from 
Sportfreunde 01 Dresden Nord also ban-
dy about. “I simply deal with it as a 
completely different language,” he says 
with a grin. His command of the dialect 
now is at least enough for him to under-
stand the coach – and to shoot goals.

mentality,” he says. “The land is usual-
ly dark, our sagas are dark, Icelandic hu-
mor is jet black. Maybe this rubs off on 
the soul. I like that.”

Bárðarson also listens to music 
when he’s cooking, which is another 
major hobby. He has just taught him-
self how to braise – from a book, of 
course. Next on the agenda is roasting. 
The theorist already scoured the whole 
of Dresden for a roasting pan that 
meets with his approval. He finally 
found what he was looking for in Ber-
lin. Now nothing can stand in the way 
of his roasting adventure.

At the same time, Bárðarson is trying 
out yoga and meditation. He has yet to 
find the right place in Dresden, but he 
has already bought the right books.

Anyone who constantly tries out 
new things and constantly looks for 
new inspiration also has to be able to 
let go of the old. Soccer, of all things – 
his passion since his earliest youth – 
could soon fall victim to this. “At 35, 
it’s time to start thinking about retiring 
from soccer,” says Bárðarson. And he’s 
not joking, for a change. All too often, 
he’s on the go for his job on match days. 
Also the age difference in the team is 
too great, and he has scored too few 
goals recently.

Nevertheless, he’s still got the small 
balls from his equations and his calcu-
lations, even if they aren’t really balls at 
all. But – like Jens Hjörleifur Bárðarson 
– they’re always good for something 
new, always good for a surprise.   

“I don’t usually do things half-way,” 
says Bárðarson. “When I take up some-
thing new, I learn it as well as I can, 
then I dig deeper and deeper – just as 
I do in my research.” This also applies 
to his latest hobby: Bárðarson has 
started to learn to play the ukulele, the 
Hawaiian mini-guitar played by pluck-
ing its strings.

ICELANDIC HERITAGE: 
A PENCHANT FOR DARK TUNES  

“I somehow always wanted to make 
music, although I spent most of my 
time as a child playing soccer,” he says. 
Hence the ukulele, which – he was as-
sured – was particularly easy to learn. 
True? “For one thing, the chords are 
easier than for the guitar, and since the 
instrument is much smaller, you don’t 
have to tie your fingers in knots as you 
play, either. At least it’s not difficult to 
coax some sort of sounds out of it,” 
says the self-taught musician, grin-
ning. Besides, the ukulele is a happy 
instrument – it sounds cheerful and 
lightens the mood.

The other music that Bárðarson lis-
tens to, however, doesn’t always have 
this effect. Leonard Cohen, Tom Waits 
and Nick Cave, for example – great mel-
ancholic singer-songwriters and poets, 
none of whom can be accused of sing-
ing cheerful ukulele songs. Cave, in 
particular, whose music is often dark, 
impresses Bárðarson. “Perhaps because 
it harmonizes well with the Icelandic 
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Left: Jens Hjörleifur Bárðarson does a lot of thinking in the 
library. He loves immersing himself in his books. 

Right: Bárðarson and his colleagues proposed an experiment 
to detect and characterize Majorana fermions, a type of 
elementary particle that has as yet been described only 
theoretically. These could occur when the nanowire of a 
topological insulator – a material that is electrically 
conducting on its surface and insulating in its interior – is 
combined with a superconductor (SC) – that is, a zero-resis-
tance conductor – and penetrated by a magnetic field (B) of 
a certain strength.

 

G
ra

p
h

ic
: J

en
s 

H
. B

á
rð

a
rs

o
n

 –
 M

P
I f

o
r 

th
e 

P
h

ys
ic

s 
o

f C
o

m
p

le
x 

S
ys

te
m

s

  2 | 15  MaxPlanckResearch    51



“I think, therefore I am” – René Descartes’ thinking gave him the certainty that he did, in fact, 

exist. At the same time, he was aware that he was thinking, and he was able to contemplate 

his own thoughts. Scientists call this reflection on one’s own thinking “metacognition” – 

a skill that so-called lucid dreamers have, as well. Elisa Filevich and Simone Kühn at the 

Max Planck Institute for Human Development in Berlin are studying which brain regions 

are particularly pronounced in lucid dreamers, and whether it is the same ones that are also 

related to metacognition.

TEXT INGA RICHTER
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Dreams Bring 
Lucidity to Our Thinking
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Consciousness works differently during sleep. When we dream, we perceive events 
consciously, but we can’t reflect on them. Lucid dreamers, in contrast, are capable of 
self-reflection during dreams.

 O 
ur brains can’t stop think-
ing. They constantly pro-
duce thoughts. Sometimes 
they wander involuntarily 
and focus on trivialities 

like the weather, and sometimes we di-
rect our thoughts deliberately. Often, 
our minds consciously categorize im-
pressions, feelings and decisions. They 
judge what we see, hear and feel, or the 
things we remember.  

“Metacognition – it sounds philo-
sophical, doesn’t it?” asks Simone 
Kühn, a Group Leader at the Max 
Planck Institute for Human Develop-
ment, and explains the term with an 
example from everyday experience: “A 
car passes you on your way to work – 
an event you barely noticed. Later, 
when you’re asked to describe the car, 
you have to call up your memory of it. 
But how certain are you that your 
memory is accurate?” This is where 
metacognition comes into play; in oth-

er words, in this case, questioning your 
own memories. Normally, the more in-
tensely a situation is perceived, the 
more convinced we are about it.  

MAGNETIC RESONANCE MAKES 
ACTIVE BRAIN REGIONS VISIBLE   

Our thinking about our own visual per-
ception can be measured in the lab us-
ing functional magnetic resonance im-
aging (fMRI). This method can’t make 
the activity of neurons directly visible, 
but it shows the oxygen consumption 
in a region. Neurons that are actively in-
volved in thought processes are partic-
ularly hard at work and therefore with-
draw a lot of oxygen from the blood. 
Consequently, in active brain regions, 
there is a higher share of oxygen-poor 
blood. From the different magnetic 
properties of oxygen-rich and oxygen-
poor blood, the scanner can generate an 
image that shows the brain’s activity. 

BIOLOGY & MEDICINE_Metacognition 
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 » Lucid dreamers know they are dreaming and are self-aware.
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Researchers worldwide are attempting 
to fathom metacognition in various 
ways. In an earlier study, scientists 
from London, for example, presented 
the participants with two dim gray cir-
cles in succession for just a couple 
thousandths of a second. Afterwards, 
the subjects had to make two deci-
sions: Which of the two circles was 
brighter? And: How certain am I? Sub-
sequent measurements in the MRI 
scanner have shown that people with 
strong visual metacognitive skills have 
a slightly larger Brodmann area 10, a 
region in the anterior prefrontal por-
tion of the cerebral cortex. “Right 
here,” says Kühn, tapping herself on 
the forehead. 

For Elisa Filevich and Simone 
Kühn, lucid dreamers are one of the 
keys to understanding metacognition. 

cephalogram (EEG), we know that the 
basic activity of the brain is sharply re-
duced during sleep. The prefrontal cor-
tex, for instance, and particularly the 
frontopolar regions of the cerebral cor-
tex, located behind the forehead, are 
only weakly active. Although people 
dream intensely in the REM phases of 
sleep, and the eyes move behind the 
lids and the EEG patterns resemble 
those in the waking state, we don’t 
have the capability of self-reflection in 
these phases. 

Precisely what takes place in the 
brain during lucid dreaming was long 
unknown. In 2012, scientists at the 
Max Planck Institutes for Psychiatry in 
Munich and for Human Cognitive and 
Brain Sciences in Leipzig, as well as at 
Berlin’s Charité hospital, discovered 
that various brain regions become ac-
tive within seconds of a lucid dream be-
ing signaled. Among these regions are 
the prefrontal cortex, including the 
frontopolar region. In contrast, during 
REM sleep and the usual dreams that 
occur then, these regions aren’t very ac-
tive. EEG analyses have also shown 
that, although the prefrontal cortex is 
more active during lucid dreams than 
during REM sleep, it doesn’t approach 
the activity levels during wakefulness. 
In other words, it’s an intermediate 
state. “But this could still be called 
metacognition,” says Kühn. 

Building on this, Filevich and Kühn 
wanted to examine this phenomenon 
further in a study. The problem with lu-
cid dreamers, however, is that there 
aren’t very many of them. Only a few lu-
cid dreamers experience this phenome-

“Lucid dreamers know they are dream-
ing,” explains Filevich. “They reflect 
on their own dreams and are self-
aware.” Some lucid dreamers can even 
control the course of their dreams. In 
a joint project with colleagues from 
the Max Planck Institute for Psychia-
try in Munich, Kühn and Filevich 
want to use this ability to learn more 
about metacognition.

MESSAGES FROM THE REALM 
OF SLEEP  

One of the first scientists to move lu-
cid dreams out of the corner of fringe-
scientific phenomena and into the 
light of serious science 35 years ago 
was American psychologist Stephen 
LaBerge. LaBerge himself was a lucid 
dreamer and, for his doctoral disserta-
tion, went into a sleep lab. He demon-
strated that he could move his eyes 
back and forth in a previously agreed 
manner in his sleep as soon as he 
slipped into a lucid dream. 

Consciously controllable communi-
cation while asleep, which has since 
been scientifically validated through 
multiple studies, offers a great opportu-
nity for research. It’s the only way re-
searchers can see, under controlled con-
ditions in an fMRI experiment, which 
brain regions become active during the 
transition from an unconscious to a 
conscious state. After all, even modern 
imaging methods can’t visualize when 
and where exactly consciousness sets in 
upon waking.

From measurements of the electri-
cal brain activity using an electroen-

Special feature in the frontal lobe: Individuals 
who often have lucid dreams have a larger 
Brodmann area 10 (orange) than those who 
seldom or never have lucid dreams.
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Left: In order to participate in a study 
on metacognition, participants 
provide information about what kind 
of dreams they have.

Below: Participants in Elisa Filevich’s 
study shouldn’t be claustrophobic: 
they have to spend some time lying 
motionless in the narrow tube of the 
MRI machine.

BIOLOGY & MEDICINE_Metacognition 



non almost daily, while most don’t ex-
perience it more than once a year. 

But there are quite a few people who 
have lucid dreams once in a while – 
and these were precisely the individu-
als the Max Planck researchers were in-
terested in. It didn’t take them long to 
find their test subjects: “Many stu-
dents volunteer for psychological stud-
ies, and provide personal details as 
part of the process. I myself often par-
ticipated in experiments as a subject 
when I was a student, and I learned a 
lot from it,” says Filevich. 

The two researchers were able to 
identify around 70 candidates who 
were suitable as subjects for their lucid 
dream study. In order to be able to cat-
egorize the dreams, the participants 
were asked to describe their dreams by 
answering questions on a scale from 
one to six: Did I have control over oth-
er characters or the environment? Did 
I observe myself in the dream from 
outside? Was it clear to me that the 
events in the dream would have no in-
fluence on my waking life? In addi-
tion, for one week, the participants 

documented how often they dreamt 
like this or in a similar way. Using 
these details, Filevich split them into 
two groups: people who have lucid 
dreams relatively often, and those who 
rarely or never have these dreams.  

LARGER AREA IN THE 
FRONTAL LOBE  

First, the researchers surveyed the 
brain structure of the study partici-
pants. The MRI can distinguish two 
different elements of the brain: the so-
called gray matter – the regions in 
which the cell bodies of the neurons 
lie – and the white matter – the nerve 
fibers. If the neurons of a region are 
challenged for a sustained period of 
time, or are insufficiently challenged, 
the volume of the gray matter can po-
tentially change there.

The MRI findings show that the 
frontopolar region of the cerebral cor-
tex is larger in lucid dreamers than in 
non-lucid dreamers. This is one of the 
regions that in the earlier study had 
proven to be active when a metacog- P
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Above: Looking through the tube of 
the MRI machine at a test subject and 
Elisa Filevich (right). MRI images show 
that the brain structures of lucid 
dreamers and people with high 
metacognitive abilities are similar.

Below: Elisa Filevich is from Argentina 
and studied biology in Buenos Aires. 
Her research focuses on questions 
relating to human consciousness.
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nitive thought occurs. “Accordingly, 
the frontopolar cortex is larger both in 
lucid dreamers and in people with 

strong visual metacognitive skills. We 
thus found, for the first time, a con-
nection between metacognition and 
lucid dreams,” explains Filevich.

Not all people are equally capable 
of metacognitive thought. Some can 
judge their mental state better than 
others. Is it possible to train metacog-
nition? Unfortunately, metacognitive 
training has so far proven to be diffi-
cult. An initial attempt to train the 
metacognitive abilities of test subjects 
for one week showed no measurable 
success. “People find the usual tasks to 
be simply too boring. Who wants to 
spend weeks assessing their own per-
ception of dim gray circles?” says 
Kühn. The researcher was able to show, 

in the context of a study on video 
games, that the enjoyment factor af-
fects the measurement results. “The 
more fun the subjects had, the more 
pronounced the changes in the brain 
were,” says Kühn.  

INTERNET GUIDES FOR 
LUCID DREAMING 

Lucid dreaming is in fashion these 
days. A Google search returns countless 
tutorials, courses and videos. In princi-
ple, it’s quite easy to train lucid dream-
ing: throughout the day, just regularly 
ask yourself whether you are dreaming 
at that moment. By repeatedly direct-
ing your awareness to dreams and real-

BIOLOGY & MEDICINE_Metacognition 

 

SLEEPING AND DREAMING

Dreams are defined as conscious experiences that occur in our 
sleep. People probably dream during all phases of sleep, but 
dreams during so-called REM sleep are particularly “dream-
like.” In this phase, dreams have a visuo-spatial structure sim-
ilar to that in our waking consciousness, although often with 
surreal storylines. In these dreams, thinking is limited in a typ-
ical manner, and feelings are particularly pronounced. 

In REM sleep, both the visual cortex and the brain areas 
that are involved in processing emotions are activated. In con-
trast, prefrontal regions of the cerebral cortex, including the 
frontopolar cortex, which governs particularly higher thought 
processes, are deactivated. Only in lucid dreams are these re-
gions active. 

There is still some disagreement among sleep researchers 
regarding the function of dreaming. While some consider 
dreams to be simply random and functionless side effects of 
neural information processing, a lot goes on during dreams. 

Newly acquired memory contents are presumably stored per-
manently and integrated into existing neural circuits during 
sleep and, as associated experiences, during dreams. Also, 
REM sleep could help to process emotions. In addition, numer-
ous historical anecdotes, as well as studies and theoretical de-
liberations, lead us to suspect a role in creative processes. The 
subjective side of REM sleep can also prepare us for real situa-
tions in the waking state: dreams offer a virtual reality in 
which situations that are normally dangerous or significant 
for our social life can be played through with no danger, and 
in which new behaviors can be tested. 

Ultimately, these different functions are not mutually ex-
clusive: sleeping and dreaming presumably have different 
functions that support our waking lives in a variety of ways.

Author: Martin Dresler, Max Planck Institute for Psychiatry, Munich/
Donders Institute for Brain, Cognition and Behaviour, Nijmegen
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GLOSSARY

Brodmann areas: In the early 20th century, German psychiatrist Korbinian Brodmann 
divided the cerebral cortex into 52 areas. As the basis for this, he used differences in the 
cellular structure that were visible under the microscope. The original organization has 
since been further refined.

Prefrontal cortex: Part of the frontal lobe of the cerebral cortex. It is connected to a wide 
variety of brain regions and integrates their signals. These regions include areas that 
are involved in the emergence of feelings, that control movements and that process input 
from the sensory organs. Among other things, the prefrontal cortex is involved in plan-
ning and executing complex actions, and influences some aspects of an individual’s per-
sonality, such as self-control and impulsiveness. 

TO THE POINT
●   Lucid dreamers may also be better able to think about their own thoughts in 

everyday life. 

●   Different brain regions, like the prefrontal cortex including the frontopolar region, 
are more active during a lucid dream than in a normal dream.

●   The size of the frontopolar cortex differs between lucid dreamers and non-lucid 
dreamers. Since this region is also involved in metacognitive thinking, this sug-
gests that lucid dreams and metacognition are connected.
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ity, the question will eventually also 
turn up in your sleep. This is the first 
step to having a lucid dream. Filevich 
and Kühn want to test, in a further 
study, whether this really works, and 
whether one’s metacognition will ben-
efit from training in lucid dreams.

OVERCOMING LIMITS IN 
LUCID DREAMS  

The particular appeal of lucid dream-
ing consists in doing something that 
isn’t possible in real life. Motor skills 
could be practiced in a dream and then 
used in the waking state. Thus, ath-
letes, for example, could essentially 
train in their sleep. For others, this 
kind of dream is a way to avoid night-
mares. Furthermore, logical thinking 
works differently in dreams. “We be-
lieve that problems could also be 
solved by new logical approaches avail-
able in dreams,” says Elisa Filevich.

And learning how to lucid dream 
could shed light on yet another aspect: 
it is known that, in visual tasks, meta-
cognitive processes take place in the 
frontopolar cortex. But metacognition 
relates not only to sight, but also to 
hearing, feeling emotions and remem-
bering. Are these processes controlled 

by other brain areas? In other words, is 
the frontopolar region responsible for 
us knowing what we see, and another 
area for us knowing what we hear? Are 
people who know exactly what they see 
also good at knowing how much they 

can recall? Is there a higher-level mod-
ule that controls all the other regions? 

To find answers to these questions, it 
is likely that many more volunteers will 
have to look at gray circles and reflect on 
their thoughts in an MRI machine.   

BIOLOGY & MEDICINE_Metacognition 

Interpreting MRI images requires great care 
and experience. Elisa Filevich and Simone 
Kühn (right) must therefore plan their 
studies carefully and select a sufficient 
number of participants in order to obtain 
meaningful results.
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MATERIAL & TECHNOLOGY_Quantum Cryptography

Soon, the NSA and other secret services may no longer be able to secretly eavesdrop on our 

communications without being detected – at least if quantum cryptography becomes popular. 

A team headed by Christoph Marquardt and Gerd Leuchs at the Max Planck Institute for 

the Science of Light in Erlangen is laying the foundations for the tap-proof distribution 

of cryptographic keys even via satellite. For the time being, the researchers have brought 

quantum communication into the light of day.

 Secret Code  
in a Laser Pulse

 S  
ecret services probably 
wouldn’t like what they’d 
find on the top floor of the 
Max Planck Institute for the 
Science of Light. The exper-

iment set up in front of us represents 
the only guaranteed way of communi-
cating without being intercepted. To 
this end, quantum cryptography – the 
enigmatic name given to this technol-
ogy – uses quantum physics in a very 
targeted way. There are even commer-
cial systems already on the market, but 
the technology is still in its infancy. It 
is still far removed from making global 
communication possible.

The Erlangen-based physicists have 
now succeeded in making a quantum 
leap, so to speak, in this field. They are 
the first research team in the world to 
be able to send particularly sensitive 
quantum information in broad day-
light through shimmering, streaky, 
hazy air. This means they have no 
need for fiber optic cables, which 
aren’t yet suitable for global quantum 
communication.

We’re standing next to the sender 
station, traditionally called Alice, be-
cause A as in Alice communicates with 
B as in Bob. Bettina Heim points through 
the opening in front of us to the com-

puter science building of Friedrich-
Alexander University Erlangen-Nurem-
berg (FAU), which hovers on the hori-
zon in the haze of this sunny February 
afternoon. There, 1.6 kilometers away, 
is the receiving station known as Bob. 
It can’t be seen with the naked eye. Bob 
collects the laser light arriving from 
Alice with its 15-centimeter-diameter 
telescopic lens and focuses it into a re-
ceiver. The transmission works even 
under conditions as hazy as those at the 
moment, explains Christian Peuntinger 
with pride. The successful experimen-
tal setup, which the physicist helped 
develop, is currently being retrofitted 
for further experiments.  

THE TOUGHEST TEST FOR SIGNAL 
TRANSMISSION  

We’re in the department of Gerd Leuchs, 
one of the Founding Directors of the 
Max Planck Institute for the Science of 
Light, which is a mere five years old. 
“The various groups in my department 
investigate different aspects of light,” 
explains Leuchs: “And Christoph Mar-
quardt’s group focuses on quantum in-
formation processing, which includes 
quantum cryptography.” Bettina Heim 
and Christian Peuntinger are doing their 

doctorates in the team. Marquardt ex-
plains how surprisingly well the experi-
ment in Erlangen works – after all, the 
quantum information it sends out is hy-
persensitive. “This transmission path is 
almost the toughest test for signal trans-
mission there is, because the path is very 
close to ground,” explains the physicist: 
“Trees, heated streets and buildings cre-
ate extremely disruptive air turbulences.” 

This has consequences: The laser 
beam expands to a diameter of more 
than 15 centimeters en route. “With-
out these perturbations, it would be 
just 4 centimeters,” says the physicist. 
The special quality of the laser light 
suffers, as well. It is characterized by 
the fact that the light waves of the in-
dividual light quanta, the photons, 
propagate to the same beat. Undis-
turbed laser light thus has clean wave 
fronts – like the crests of ocean waves 
travelling nicely in parallel. “But the 
air turbulences distort these wave 
fronts,” explains Marquardt: “And this 
is also bad for the quantum informa-
tion being carried along.”

But the team in Gerd Leuchs’ de-
partment has found a smart way to em-
bed the quantum information in the 
laser light so that it is so well protect-
ed that it survives these distortions. 
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Alice in eye contact with Bob: The researchers use bright laser pulses from a sender station called Alice, 
in the Max Planck Institute for the Science of Light, to transmit quantum information to a receiver named Bob, 
which is installed 1.6 kilometers away in a building at Friedrich-Alexander University Erlangen-Nuremberg.



This explains why such open-air exper-
iments in bright daylight are a chal-
lenge. In the experiment in Erlangen, 
on the other hand, it isn’t only the 
light pulses that are robustly bright 
compared to the background: the in-
formation is also embedded in them so 
intelligently that the bright background 
light causes no problems when it is 
read out. But why do researchers want 
to send information through the open 
air at all? Quantum information can 
also be sent via optical fibers, which 
provide a well-protected transport path 
for light. 

“Transmitting through the air makes 
us less dependent on the infrastruc-
ture,” emphasizes Bettina Heim. And 
there is an additional, as yet unsolved 
problem for fiber optic transmission: 
After around a hundred kilometers, the 
laser pulses in the fibers are attenuated 
to such an extent that they must be re-
freshed for longer distances. In today’s 
optical fiber networks, the light is thus 
regenerated at regular intervals for the 
transmission of conventional digital 
information.

However, the sensitive quantum in-
formation is destroyed by today’s am-
plifier technology. While so-called quan-
tum repeaters should one day be able to 
pass on quantum information over 
greater distances, such repeaters don’t 
yet exist. Open-air transmission, in 
comparison, can overcome great dis-
tances even without a repeater. With 
the sensitive individual photons, Euro-
pean researchers have already achieved 
144 kilometers – albeit in the clear night 
air on the Canary Islands. 

“But we can also communicate over 
much larger distances – with satellites,” 
says Christoph Marquardt, explaining a 
further advantage. And this is precisely 
what is involved in the exciting race 
in which research groups from China, 
Japan, Canada, the US and Europe are 
currently competing. The objective: 
Who is most successful at transmitting 

the highly sensitive quantum informa-
tion between a satellite and Earth? With 
their new technique based on bright la-
ser pulses, the researchers in Erlangen 
have attained a good position for them-
selves in this race and are now prepar-
ing experiments with satellites. 

SECURE CONNECTIONS AROUND 
THE GLOBE

Functioning quantum communication 
with a satellite is a huge technical chal-
lenge. For this project, the Max Planck 
researchers are conducting basic re-
search. But everybody knows, of course, 
that a technical breakthrough would 
allow connections around the globe 
that can’t be intercepted. Chinese 
physicists recently received the equiv-
alent of around one hundred million 
dollars for such a project. “China has 
classified this as one of five strategical-
ly particularly important space mis-
sions,” emphasizes satellite expert 
Dominique Elser. “This news subse-
quently set something in motion po-
litically in other countries as well,” 
adds Marquardt. 

A few floors below, Imran Khan 
demonstrates the Erlangen receiver 
that is currently being built for satel-
lite communication. Sat-Bob is as com-
pact as the experiment on the roof and 
would fit into a shoebox. “We are cur-
rently testing several different ver-
sions,” says the doctoral student. Lens-
es and many other components are 
mounted on breadboards, solid metal 
plates with holes. The instrument 
looks surprisingly unspectacular, con-
sidering the fact that it is to commu-
nicate over a distance of more than 
36,000 kilometers. This is the orbital 
altitude of the geostationary satellite 
that will be involved. Geostationary 
satellites have the advantage that they 
orbit Earth’s surface synchronously: 
from the ground, they appear to be 
nailed to the sky.

How exactly this works will occupy us 
throughout the afternoon. Here, look-
ing out of the small window into the 
February sun, Bettina Heim points out 
a further advantage of their approach. 
The researchers in Erlangen were the 
first to succeed in imprinting the quan-
tum information onto relatively bright 
laser pulses. 

Previous open-air experiments, in 
contrast, used individual photons as 
information carriers. The price for this 
is extremely weak light, which makes 
it necessary to have particularly sensi-
tive receivers. Owing to their special 
design, these receivers also have a very 
difficult time filtering out the tiny light 
quanta with the information sought 
from the photons beating down in the 
glaring sunlight. P
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Christoph Marquardt aligns the setup of 
a new sender station.

MATERIAL & TECHNOLOGY_Quantum Cryptography
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Right: In a porch of a technical services 
room on the institute’s roof, the research-
ers in Erlangen have installed the sender 
they use to transmit quantum information 
through the air in bright daylight.

Below: The researchers use the two black 
and gold boxes as a kind of typewriter 
for quantum information. These are modu-
lators in the sender station with which the 
researchers generate the signals for their 
experiments.  
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Suitable satellite technology does actu-
ally already exist – and comes from 
Backnang, near Stuttgart. This is where 
the company Tesat-Spacecom has its 
headquarters. The company developed 
a laser communication system for the 
Sentinel Earth observation satellites of 
the European Space Agency (ESA) and 
for other satellites. 

The Sentinel satellites fly low, which 
is why they are visible to the ground sta-
tion for only a brief period. “Their data 
is therefore not transmitted directly to 
the ground, but to satellites in the geo-
stationary orbit that also have Tesat la-
ser communication systems on board,” 
says Dominique Elser: “These laser com-
munication terminals (LCTs) serve as 
communication relays because they are 
always at the same point in the sky as 
seen from the ground station.” Elser, 
who works on the satellite project, ex-
plains that the LCTs already contain a 
large portion of the technology that is 
necessary for quantum communication 
via laser beam. They therefore already 
satisfy the technical requirements for 
quantum cryptography.

Fundamentally, quantum cryptography 
requires two channels. Alice and Bob 
exchange quantum signals via one 
channel. This channel must be secure, 
and quantum physics can guarantee 
just that. Through a second channel, 
which may even be public, the two can 
then exchange some of their measured 
quantum signals as a check.  

ONLY QUANTUM PHYSICS 
KNOWS REAL RANDOMNESS

The key based on the exchanged quan-
tum signals must also be secure, of 
course. Quantum physics can provide 
crucial help here as well: only it knows 
real randomness, the perfect roll of the 
dice. From a technical point of view it 
is surprisingly difficult to generate ran-
domness. A roll of the dice or the draw-
ing of lottery numbers could be com-
puted if the original condition of the 
dice or the lottery balls were known 
precisely enough, and if there were suf-
ficient computational power to rigor-
ously calculate the effect of the physi-
cal laws on them. 

Even today’s computers can generate 
only pseudo-random numbers that al-
ways contain a systematic, predictable 
part. Marquardt’s team is thus working 
also with Austrian colleagues on a quan-
tum mechanical random number gener-
ator that is to fit onto a USB stick. Alice 
can use such a device to generate a chain 
of guaranteed true random numbers. 

The word cryptography comes from 
Ancient Greek and means “secret writ-
ing.” Quantum cryptography, however, 
actually deals with the secure exchange 
of a key. The term quantum key distribu-
tion is therefore closer to what happens. 
But how does quantum physics provide 
security in the quantum channel? 

This is where Eve comes into play. 
“Eve” is derived from the word eaves-
dropper. And this spy does exactly that. 
With messages that aren’t quantum en-
crypted, it is technically no problem 
for her to split off a little of the light 
and thus eavesdrop completely unno-
ticed. But this changes as soon as Alice 
and Bob exchange true quantum infor-
mation. Now any eavesdropping at-
tempt by Eve unavoidably leaves trac-

Ready to receive: Bettina Heim and Christian Peuntinger prepare the receiver Bob, which is set up for the experiment in the computer 
science building at Friedrich-Alexander University Erlangen-Nuremberg.
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es. Alice and Bob can detect this by 
using the public channel to compare a 
portion of the signal sent by Alice with 
the one received by Bob.

The reason for Eve’s problem is that 
quantum information can’t be perfect-
ly copied – it can only be transmitted. 
In science, this is called the no-cloning 
theorem. Reading quantum informa-
tion corresponds to a measurement on 
the information carrier, such as a pho-
ton. According to quantum mechanics, 
any measurement inevitably changes 
the object measured. Reading quantum 
information can be imagined to be a bit 
like a letter that is written in light-sen-
sitive secret ink that quickly fades when 
the letter is opened. 

Conventional information, such as 
digital zeroes and ones, can be copied 
only because quantum effects are of no 
consequence here. Usually such infor-
mation is carried by very large numbers 
of photons or electrons that behave 
like objects of classical physics in these 
quantities. Quantum information can 
actually be transferred from one carri-
er to another by means of what is 
known as quantum teleportation – for 
example from a photon, as the so-called 
flying quantum bit (qubit), to an atom, 

as a qubit resting in a memory. Howev-
er, this process doesn’t amount to 
copying, because the quantum infor-
mation is deleted in the original infor-
mation carrier. Eve can therefore nev-
er copy quantum information unde-
tected in order to read it. 

A METHOD FROM CONVENTIONAL 
RADAR TECHNOLOGY

By transferring sensitive quantum in-
formation to bright laser pulses, the Er-
langen-based researchers have pulled 
off a remarkable technical feat. What 
they needed here was special light and 
a method from conventional radar 
technology. This homodyne method 
uses the wave properties of the signal 
carrier in a clever way. In simple terms: 
it mixes a very weak signal that con-
tains the actual information with a very 
strong carrier signal. 

If we imagine this signal as water 
waves, it corresponds to a fine, regular 
ripple on a heavy swell. With the aid of 
this method, the receiver can detect the 
weak signal wave – figuratively speak-
ing the ripple on the swell – with great 
sensitivity. Even after an arduous jour-
ney through a disturbing environment, 

it still reliably finds the signal. The 
physicists in Erlangen use precisely this 
by imprinting the sensitive quantum 
state onto a bright laser transport beam.

Quantum communication can be 
carried out particularly well with 
“squeezed light.” This is a form of light 
that is not known in nature. It can be 
produced artificially from laser light. 
A further characteristic of the quan-
tum world comes into play here: 
Heisenberg’s uncertainty principle. 
This states that, in the quantum world, 
pairs of physical quantities that have 
a special mutual relationship can’t be 
determined at the same time with ar-
bitrary precision. In physics, this spe-
cial pair relationship is called comple-
mentary. One example is the velocity 
and the position of a quantum object. 
It is a fundamental principle that the 
two quantities can’t be exactly deter-
mined simultaneously.

Bob’s eye: This lens enables the receiver 
to collect the light signals that Alice 
sends. The receiving station is located in 
the center of the lens, upside down.

MATERIAL & TECHNOLOGY_Quantum Cryptography

Distorted by turbulences: The intensity profile 
of the transmitted beam (blue – low intensity; 
red – high intensity) shows that, after being 
transmitted through air, the beam is no longer 
symmetric with respect to the axis of the 
direction of propagation. The Erlangen-based 
researchers therefore write the quantum 
information into the polarization of the light, 
which the turbulences don’t affect.
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So in the quantum world, the quantum 
traffic police would have a problem. 
They could either measure the speed of 
a potential traffic offender with their 
radar precisely enough for a ticket – but 
then the license plate on the photo 
would be out of focus; or they could 
take a photo that is in focus, but then 
they wouldn’t obtain enough informa-
tion about the speed. 

Nevertheless, quantum physicists 
can make a trade-off with the precision 
of the two complementary quantities: 
They can render one quantity, which 
characterizes one quantum state, more 
precisely at the expense of the comple-
mentary quantity. The state is then re-
ferred to as “squeezed”. In their laser 
light, the researchers in Erlangen 
squeeze a different pair of characteris-
tics than position and velocity. They 
use the polarization of the light. This 

quantity describes the direction in 
which the light wave oscillates up and 
down, so to speak. A light wave travel-
ling through space fundamentally has 
complementary directions of oscilla-
tion that can’t simultaneously be de-
termined with arbitrary precision. 
Marquardt’s group squeezes these po-
larization pairs. 

MORE INFORMATION IN 
A LASER PULSE

The method has the advantage that 
the polarization robustly survives per-
turbations in the air. “Even if the tur-
bulences completely distort the wave 
fronts of a laser pulse, the polarization 
in the pulse is maintained,” says Mar-
quardt. The quantum information 
therefore has a smooth journey from 
Alice to Bob. And the Erlangen tech-

nology provides even more advantag-
es. The methods used so far are based 
on a kind of Morse code of light with 
individual photons from which Bob’s 
receiver generates individual clicks. In 
the method used in Erlangen, the 
quantum information can be packaged 
not just in clicks, but also continuous-
ly. Significantly more information 
thus fits into a laser pulse, paving the 
way for faster and more efficient trans-
mission of information.

The satellite experiment, with the 
participation of the Erlangen-based re-
searchers, also has a “nice secondary as-
pect,” explains Marquardt in conclu-
sion. This is an understatement, as it 
involves one of the greatest unan-
swered questions in physics: “It would 
be the first time that such a quantum 
state is transmitted over such a large 
distance through Earth’s gravitational 
field,” explains the physicist. According 
to Einstein’s general theory of relativi-
ty, which celebrates its 100th birthday 
in 2015, a clock on the Earth’s surface 
ticks more slowly than one on a satel-
lite at an altitude of 36,000 kilometers. 

If a highly sensitive quantum state 
travels between space and Earth, it 
should experience the effects of the 
general theory of relativity. At present, 
no one can precisely predict what will 
happen to the state, because no one has 
yet succeeded in unifying the general 
theory of relativity with quantum the-
ory to produce a unified theory of phys-
ics. Although theoretical physicists 
have put forward competing proposals 
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Profile of the squeezed light: In quantum mechanics, two 
quantities of a pair of characteristics can’t be measured 
with arbitrary precision. Although physicists can 
increase the precision of one quantity (Sθsq), they lose 
precision in the other quantity (Sθsq+90°) in the process. 
Researchers in Erlangen have successfully transmitted 
such a squeezed state through the atmosphere, as this 
reconstruction shows.

Quantum information about to leap into space: 
Birgit Stiller tests a receiver for laser pulses 
from satellites. 
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GLOSSARY

Quantum communication: A subdomain of quantum information processing involving 
the transmission of quantum information, which differs fundamentally from conventional 
information: it can’t be copied perfectly.

Quantum cryptography: An encryption technique in which information can be transmit-
ted with absolute security. Various effects found in quantum physics are suitable for this, 
such as the fact that quantum information can’t be copied without error.

Quantum repeater: A component that is currently the subject of intense research. 
The aim is to use it to teleport quantum information with the aid of quantum mechanical 
entanglement. Quantum repeaters can therefore avoid losses that occur in fiber optic 
cables when information is transmitted over great distances.

TO THE POINT
●   Quantum cryptography allows information to be transmitted with absolute securi-

ty. To this end, researchers at the Max Planck Institute for the Science of Light use 
the fact that quantum information can’t be copied without errors, and that the 
quantum world knows true randomness.

●   Over large distances, quantum information can be transmitted better through free 
space than through a fiber optic cable, as it can’t yet be refreshed, unlike conven-
tional information. Moreover, transmission through air is a necessary condition for 
quantum-encrypted satellite communication.

●   Quantum communication has thus far used mainly individual photons as the infor-
mation carriers, which are transmitted less efficiently during daylight. Now, for 
the first time, Max Planck physicists in Erlangen have sent quantum information 
through a turbulent atmosphere using bright pulses of light in daylight, and have 
thus helped expand the possible applications of quantum information to data 
exchange with satellites.

that describe how such quantum grav-
itation could work, none have been 
confirmed as yet.

The satellite experiment could per-
haps shed some light on this. “The 
measurable effects would certainly be 
minuscule, but it might be possible to 
explore limits,” says Marquardt cau-
tiously. This could lead to some of the 
current models of quantum gravita-
tion being dropped, and theoretical 
physics would have new clues to con-
tinue its research. 

It’s surprising how closely basic re-
search is linked to its technical applica-
tion in quantum information technol-
ogy. “As we are a Max Planck Institute, 
application doesn’t have top priority,” 
explains Gerd Leuchs. “But sometimes 
direct connections to new technologies 
just come about, which makes it all 
very nice.” It is important to the Direc-
tor that young people in Erlangen also 
have a chance to learn about fascinat-
ing new technologies that have their 
roots in basic research. “After all, the 
general public funds our basic research 
through taxes, and this is the best ser-
vice we can offer them.”  P
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Team work for secure communication: Gerd Leuchs (in the foreground), Bettina Heim, Dominique Elser, Christian Peuntinger 
and Christoph Marquardt (behind, from left) want to enable new applications for quantum communication, such as secure data 
exchange via satellites.
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Since the start of the 21st century, global warming has progressed at a noticeably 
slower pace than predicted by climate models. Nevertheless, the volume of ice in Antarctica 
continued to dwindle between 2003 and 2013 (red – decrease in ice; blue – increase).
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What will the Earth’s climate be like 10 or 15 years from now? 

Researchers have yet to find a satisfactory answer to this question 

– especially as random changes that occur in such medium-term 

periods play a significant role. Natural fluctuations are probably 

also the reason why global temperatures have hardly risen at 

all in the past 15 years. Jochem Marotzke from the Max Planck 

Institute for Meteorology in Hamburg and his colleagues all 

across Germany are working intensively on a system designed to 

generate reliable forecasts for the coming years.

… and now for  
tomorrow’s climate

TEXT UTE KEHSE

 I 
n the autumn of 2005, Jochem 
Marotzke discovered a research 
topic that has been his primary 
focus to this day. Just a few weeks 
prior, Hurricane Katrina had razed 

New Orleans. The inspiring idea came 
to Marotzke at an event in Hamburg, 
where he presented the results of cli-
mate simulations that the Max Planck 
Institute for Meteorology had comput-
ed for the Fourth Assessment Report of 
the International Panel on Climate 
Change (IPCC).

This topic doesn’t normally draw 
large crowds, yet this time, the auditori-
um was bursting at the seams. “All of a 
sudden there was this mind-blowing 
level of interest in any and all topics re-
lated to climate change,” Marotzke re-
calls. After Marotzke had finished his 
presentation on what simulations pre-
dicted the world’s climate would be like 
by the end of the 21st century, a man in 

the audience stood up and said: “You’re 
telling us a lot of things about climate 
change in the year 2100, but nothing 
about the year 2015. Why not? That 
would be much more useful for us!”

Jochem Marotzke, who at that time 
had already been appointed Director 
at the Max Planck Institute in Ham-
burg, was caught off guard by this 
question: “I thought to myself: this 
guy is absolutely right. Why aren’t we 
doing that?” The answer he ultimate-
ly provided was somewhat unsatisfac-
tory in his eyes, and his listeners prob-
ably felt the same way: “Because it’s 
more difficult to create forecasts for 
ten years than it is for 100 years.” 
What he actually meant was: Because 
we aren’t able to do that yet.

This experience gave Marotzke the 
first impetus to focus on predictions for 
medium-term climate change. Another 
driving force was a phenomenon that 



emerged toward the end of the last de-
cade and that has perplexed climate re-
searchers ever since: the temperature 
plateau. It appears that global warming, 
which was in full swing during the 
1980s and 1990s, has gone into hiatus 
since the beginning of the new millen-
nium. Global temperatures have been 
stagnating (albeit at an elevated level) 
since around 1998.

MEDIUM-TERM FORECASTS FOR 
POLITICS AND INDUSTRY  

“Inevitably, climate researchers were 
faced with the question: Why aren’t the 
temperatures continuing to rise as rap-
idly as they did in the 1980s and 
1990s?” says Marotzke. He and his col-
leagues weren’t able to provide a satis-
factory answer – because virtually all 
climate models predicted a further in-
crease in temperatures for the period 
from 2000 to 2015.

Today, approximately ten years later, 
promising scientific advances have been 
made with regard to decadal climate pre-
dictions. From 2011 to mid-2015, the 
German Federal Ministry of Education 
and Research funded the national 
MiKlip project (from the German Mittel-
fristige Klimaprognose, or mid-term cli-
mate forecast), which was initiated and 

is now headed by coordinator Jochem 
Marotzke. The application for the sec-
ond phase has already been filed. This 
program is a joint effort of 22 German 
research institutions collaborating close-
ly to generate more reliable information 
about the evolution of climate change 
over the next few years.

Ultimately, the researchers are seek-
ing to develop a global prediction mod-
el that can be used by such agencies as 
the German Meteorological Service 
(DWD), and that functions in a manner 
similar to regular weather forecasts. This 
model currently exists as a prototype.

“Policy makers and stakeholders in 
the industry need medium-term fore-
casts in order to better prepare for 
changes,” explains Marotzke. Predic-
tions that focus on a single decade are 
sometimes more important than those 
that span an entire century, he believes. 
“If you know that something is going to 
happen ten years from now, you’re more 
likely to do something about it than if 
it were to happen in 20 or 30 years.”

However, such forecasts are still in 
their infancy. “We have our work cut 
out for us,” says the Max Planck re-
searcher in Hamburg. Medium-term cli-
mate predictions have one fundamen-
tal drawback: the climate system’s 
inherent chaos. Because – just like the 

weather – the Earth’s climate (as a mean 
value of the weather) is subject to nat-
ural fluctuations that occur more or less 
randomly. That is why no two summers 
are alike, for example – one can be cool 
and rainy, the next tropically humid, 
and the one after that hot and arid.

These more or less random fluctua-
tions are what climate researchers call 
spontaneous or internal variability. 
They can, in fact, cause average global 
temperatures to vary by 0.2 or 0.3 de-
grees Celsius from one year to the next. 
In the eyes of the researchers, these fluc-
tuations are “noise” – a sort of superim-
posed signal that interferes with the ac-
tual signal produced by global warming.

When it comes to long-term climate 
predictions, meaning forecasts spanning 
a period of 100 years, the noise has no 
significant impact. “We expect temper-
atures will have risen by two or three de-
grees Celsius by the year 2100,” explains 
Marotzke. “This change is much greater 
than the internal variability, meaning 
that the latter is negligible.”

When focusing on a period of just 
ten years, however, the temperatures 
increase by the same magnitude as the 
natural fluctuation – around 0.2 de-
grees Celsius. “In this case, I can’t ig-
nore the noise,” says the climate re-
searcher. In order to be able to make 
predictions for a single decade, he and 
his colleagues must therefore model 
not only global warming, but also the 
random changes. As Marotzke puts it: 
“The noise becomes my signal.”

The operating principle of medium-
term climate predictions is essentially 
very similar to that of common weath-
er forecasts. The prerequisite for both is 
that the initial state be determined as 

Climate change is only taking a break: 
Scientists expect that by the year 2090 the 
Earth will have heated up particularly at the 
poles, as depicted in this simulation created by 
researchers from the Max Planck Institute for 
Meteorology. And this prognosis is unlikely to 
change to any significant extent merely 
because climate models failed to predict the 
current temperature plateau.
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precisely as possible. “You input today’s 
climate, let the model perform the cal-
culations, and then you can use the re-
sulting data to look several years into 
the future,” says Marotzke. That is how 
the researchers hope to at least tempo-
rarily control the chaos – it is “deter-
ministic,” after all, meaning that it 
obeys the laws of physics, which in 
turn can be described using equations.

Weather forecasts are proof that 
this method works. The quality of these 
predictions has improved continually 
over the past few decades, thanks to 
more advanced observation techniques 
and faster computers. Today, meteorol-
ogists are able to make five-day predic-
tions that are as reliable as three-day 
predictions were back in the 1990s. Yet 
the randomness can’t be fully tamed. 
“What we also know is that weather 
forecasts can’t look beyond two weeks 
into the future. That’s when the atmo-
sphere loses its memory,” explains Jo-
chem Marotzke.

MODELS ARE TESTED USING 
OLD DATA 

That’s why the atmosphere isn’t the 
only part of the climate system that re-
searchers need to rely on when making 
medium-term predictions. They also 
need information about the oceans, as 
it is the state of the world’s seas that 
will determine the climate in the com-
ing years. In other words: decadal cli-
mate forecasts are basically ocean weath-
er forecasts.

The MiKlip team is composed of re-
searchers from all across Germany 
working on different tasks. One mod-
ule, for example, focuses on develop-
ing methods for determining a fore-
cast’s initial state as precisely as possible, 
while another studies the climate pro-
cesses that play a role in medium-term 
predictions. Jochem Marotzke is head 
of the “Synthesis” module, in which 
scientists generate and further develop 
global forecasts.G
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Coincidences affect the climate: The top graphic depicts the development 
of the average global temperature for every year and ensuing 15-year 
period since 1900. The red line represents the mean of 75 simulations, 
while the black line and error bars stand for the observed temperatures. 
In the middle graphic, the narrow bandwidth of values reveals that 
deterministic processes such as atmospheric feedback loops cause only 
slight changes in the trends. The bottom graphic shows the wide 
scattering of trends attributed to random fluctuations in the climate 
system, which also explains the hiatus in global warming observed in 
recent years.
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Medium-term climate forecasts are based 
on the MPI-ESM, the current Earth sys-
tem model developed by the Max Planck 
Institute for Meteorology – the same 
climate model used by the Max Planck 
researchers to compute the long-term 
predictions for the reports published by 
the IPCC.

“It is important and useful for us to 
use one model for everything. This al-
lows us to compare our results with 
those produced by other groups, and 
we all benefit from each other’s im-
provements,” Marotzke emphasizes. 
The MiKlip team has since developed 
three generations of this model, and 
the powers of prediction have im-
proved with each new version. The re-
searchers test the quality of their fore-
casts using data that reflects past states. 
They enter the initial state of 1980 into 
their model, for example, to see wheth-
er the simulated climate fluctuations 
that occurred up until 1990 match their 
observations.

In the first model generation, the 
quality of these hindcasts was rather 
poor for tropical regions, for instance, 
but it has since improved. The progno-
ses relating to the North Atlantic were 

more accurate from the start. Among 
other things, the current model version 
allows the scientists to predict such re-
sults as the average temperature of the 
next five summers in Europe or the oc-
currence of cyclones in mid-latitude re-
gions with a certain degree of accuracy. 
“Although that’s still not much of a 
concrete forecast,” says Marotzke, “it’s 
the first proof we have of our ability to 
make predictions about certain climate 
values in these time spans with relative 
accuracy at all.”

NO SYSTEMATIC ERROR IN THE 
CLIMATE MODELS 

The main problem with decadal fore-
casts, the oceanographer believes, is the 
fact that the models aren’t yet sophis-
ticated enough: The net of data points 
that the researchers lay over the ocean 
in their climate simulation is still too 
wide-meshed. As a result, some process-
es run a different course in the simulat-
ed oceans than they would in reality. 
Sometimes the Labrador Sea complete-
ly freezes over in the model (which it 
never does in the real world!), and at 
other times the Gulf Stream turns in 

the wrong direction off the North 
American coast. The scientists hope 
that these shortcomings will be reme-
died by the mainframe computer that 
is due to go into operation at the Ger-
man Climate Research Center (DKRZ) 
in June.

One question that Jochem Marotz-
ke and his colleagues still haven’t been 
able to answer using the MiKlip model 
is what triggered the mysterious tem-
perature plateau that appeared at the 
start of the millennium. “I would like 
to be able to say that it was already 
present in the 1997 state – just like you 
can link rain to a low-pressure system 
over the North Atlantic two days prior,” 
he says. “But so far, this hope hasn’t 
been fulfilled.”

The researcher therefore opted for a 
different approach to tackle this tricky 
problem. Together with his colleague 
Piers Forster, a professor at the Universi-
ty of Leeds, he examined whether the 
climate models contain a systematic er-
ror that causes all models to compute a 
rise in temperature that exceeds the val-
ues observed in the real world. In late 
January 2015, the two scientists present-
ed the result of their study in NATURE 

ENVIRONMENT & CLIMATE_Climate Change
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Left: Lake Powell, which lies near Las Vegas and resembles a river with its many twists 
and branches, has experienced very low water levels on several occasions since the year 
2000. Medium-term climate forecasts could help with preparing for such global-warm-
ing-related events.

Top: Jochem Marotzke wants to fine-tune the climate models even further to be able to 
make reliable predictions for trends as short as 10 or 20 years.

magazine, concluding that the temper-
ature plateau was most likely caused by 
the internal variability of the climate 
system. In other words, the Earth’s at-
mosphere hasn’t heated up further due 
to a random natural fluctuation.

In their study, Marotzke and Forster 
not only compared observations and 
model data pertaining to the period of 
the temperature plateau from 1998 to 
2012, but to all 15-year trends with a 
start date between 1900 and 1998. This 
allowed them to determine whether 
the average temperatures predicted by 
the models for these time periods were 
higher than those observed in reality. It 
turned out, however, that the majority 
of the simulations were either above or 
below the observed values. The re-
searchers therefore ruled out any sys-
tematic error.

The second step was to separate the 
influence of three factors that could po-
tentially cause the discrepancy between 
the modelled and the observed temper-
atures. One possibility is that the driv-
ing force of climate change is falsely re-
flected in the models – that is, the 
amount of additional radiation energy 
that either is trapped in the climate sys-

tem due to the rise in atmospheric car-
bon dioxide concentration or is reflect-
ed back into outer space due to air 
pollution. The values that the different 
models compute for this factor fluctu-
ate significantly.

Another possibility is that the mod-
els overestimate how sensitively the 
climate reacts to the rise in CO2 levels. 
Some models assume that the average 
global temperature will increase by 
two degrees Celsius only if the CO2 
value doubles. Others believe that the 
Earth’s temperature will rise by more 
than 4.5 degrees.

RANDOM FLUCTUATIONS CURB 
GLOBAL WARMING  

The third possibility entertained by Ma-
rotzke and Forster is that the gap be-
tween simulation and reality isn’t 
caused by errors inherent in the mod-
els, but by a random fluctuation in the 
climate system.

According to their analysis, virtual-
ly all the signs now point toward this 
third hypothesis. Marotzke also has a 
hunch about which coincidences must 
have occurred simultaneously over the 

past few years to seemingly bring glob-
al warming to a standstill. “I now be-
lieve that it was an extreme event that 
naturally is difficult to model,” he says.

First, since the 1990s, the trade winds 
over the Pacific Ocean have grown 
stronger than ever since records began, 
according to a 2014 study conducted by 
Matthew England from the University 
of New South Wales and his colleagues. 
As a result, the cold water from the 
depths of the Pacific rose to the ocean’s 
surface, while warm water descended 
into the deep – in other words, the Pa-
cific probably absorbed a significant 
amount of heat.

A second unusual development was 
a series of extremely cold winters in Eur-
asia. And there were two additional, ex-
ternal factors: Between 2006 and 2010, 
the Sun receded into a phase of excep-
tionally minimal activity, and some vol-
canic eruptions spewed aerosols into the 
air, thus reducing solar radiation. “Ev-
erything you could possibly imagine co-
incided,” says Jochem Marotzke.

Therefore, the temperature plateau 
can’t by any means be used to support 
claims that man-made climate change 
doesn’t exist. After all, even though the P
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temperatures on the Earth’s surface 
have hardly risen since the beginning 
of the new millennium, climate change 
is by no means taking a break. Other 
changes in the world’s climate persist-
ed regardless. The sea level continued 
to rise, for example, and the glacial and 
polar ice caps actually melted faster 
than ever before. The excess energy 
that continued to be pumped into the 
climate system due to the sustained in-
crease in CO2 concentration levels end-
ed up in the oceans.

FEEDBACK DETERMINES 
LONG-TERM WARMING  

The study also reached another conclu-
sion that even Marotzke himself found 
highly surprising. He and Piers Forster 
conducted a second round of calcula-
tions, comparing the observed and the 
modeled trends for the average global 
temperature across different time peri-
ods between 1900 and 2012, each span-
ning 62 years. Once again, they tried to 
identify the main cause for the diverg-
ing results produced by their models.

Their research showed that, unlike in 
the 15-year trends, the internal variabil-
ity is no longer the dominant factor in 
these longer time periods. Instead, it was 

especially the differently computed val-
ues for the radiative forcing that affect-
ed the simulated results. The climate 
sensitivity (that is, the variable showing 
the extent to which a doubling in CO2 
concentration levels heats up the Earth’s 
surface), however, remained irrelevant 
even for these longer-term trends – even 
though this value differs between the 
various models, in some cases by a fac-
tor greater than two.

“Initially even I couldn’t believe my 
eyes,” Marotzke admits. Because in the 
long run, the climate sensitivity will be 
the decisive factor in determining the 
extent to which global temperatures 
will rise. According to this study, how-
ever, it appears that, over the past 100 
years, the degree of sensitivity with 
which the climate reacted to rising CO2 
levels didn’t yet have such a profound 
impact on global warming. “If we were 
to ask how important the climate sen-
sitivity is for modeling temperatures in 
the 20th century, the answer would be: 
not very,” says Marotzke.

Climate sensitivity is determined by 
various feedback loops that exist be-
tween global warming and the climate 
system. When temperatures rise, they 
trigger a number of different processes 
that in turn amplify global warming: 

more water vapor – a greenhouse gas – 
is trapped in the atmosphere; the 
Earth’s surface becomes darker and ab-
sorbs more heat; and there will presum-
ably be fewer clouds to reflect sunlight 
back into space. These feedback loops 
are crucial for long-term global warm-
ing, yet it appears that this wasn’t the 
case in the past.

THE TEMPERATURE PLATEAU 
WILL END SOON 

The authors’ analysis rebuts accusa-
tions claiming that climate models re-
act too sensitively to an increase in 
carbon dioxide concentration levels 
and have therefore been overestimat-
ing the rise in temperatures over the 
past 15 years. Because if this were in 
fact true, the models that show higher 
degrees of sensitivity would be expect-
ed to compute a greater increase in 
temperatures than the others. Yet that 
isn’t the case.

After the scientists published their 
study, this surprising result was mas-
sively contested in a blog. Jochem Ma-
rotzke and Piers Forster were accused of 
having committed grievous method-
ological errors: critics claimed the re-
searchers used circular reasoning to ar-

Snapshot in time: The Earth’s climate is 
significantly affected not only by the 
atmosphere, but also by the oceans. Major 
currents such as the Gulf Stream, depicted 
here in light blue and yellow off the 
American coast, play a particularly 
important role. In order to generate reliable 
forecasts, climate researchers lay a 
fine-meshed net of data points over the 
ocean to make even the more subtle 
turbulences of maritime currents visible.
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GLOSSARY

Earth system model MPI-ESM: The workhorse of the Max Planck Institute for Meteorology 
in Hamburg was developed and improved over a five-year period. It is the successor of 
the ECHAM5/MPIOM climate model, the main innovation being that it is now coupled to 
the carbon cycle, allowing the scientists to also study the feedback loops that link climate 
change with the Earth’s carbon concentration levels.

Gulf Stream: The Gulf Stream is a swift current in the Atlantic Ocean. It’s part of a world-
wide system of maritime currents known as the global ocean conveyor belt. As it heads 
toward Europe, the Gulf Stream becomes the North Atlantic Current, which is part of the 
western boundary current and influences the climate of Northern Europe.

TO THE POINT
●   Scientists only recently began focusing on medium-term climate forecasts. One such 

research endeavor is the MiKlip project, funded by the German Federal Ministry of 
Education and Research, that has been running since 2011.

●   The climate system’s inherent chaos complicates the process of making predictions. 
Yet it obeys the laws of physics, which in turn can be described using equations – 
similar to weather forecasts.

●   Scientists have developed a model with which they can predict such values as 
the average temperature of the next five summers in Europe or the occurrence of 
cyclones in mid-latitude regions with a certain degree of precision.

●   It appears that global warming has gone into hiatus since the start of the new 
millennium. Climate models aren’t yet able to account for this development. Jochem 
Marotzke and Piers Forster suspect that the Earth’s atmosphere stopped heating up 
for now due to a random natural fluctuation.

ENVIRONMENT & CLIMATE_Climate Change
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rive at their result, therefore rendering 
the latter null and void. Due to the 
complex scientific arguments surround-
ing this topic, the publication also 
caused confusion among the scientific 
community for a while. “Within just a 
few days, NATURE magazine and the 
IPCC approached us and inquired 
whether there was any truth to these al-
legations,” Marotzke reports.

He and Piers Forster therefore 
couldn’t simply return to business-as-
usual and ignore the criticism. They re-
plied in another blog and explained in 
great detail why their research work is 
conclusive and their methodological 
approach justified. “That convinced 
our colleagues in the scientific commu-
nity. After a few days, the storm died 
down again,” says Jochem Marotzke.

The temperature plateau, however – 
and most climate researchers agree on 
this – will end sometime in the next 
few years. The Earth’s surface will thus 
probably soon start heating up at a fast-
er pace once again. At the latest when 
the trade winds grow weaker over the 
Pacific, the breather will be over.    
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arly in March 2015, when Ger-
many’s Federal Constitutional 
Court reviewed its “headscarf 
ruling” of 2003 and decided 
that a blanket ban on head-

scarves at public schools was unconsti-
tutional as it represented an infringe-
ment of faith, conscience and creed, 
the debate surrounding the country’s 
relationship with Islam entered a new 
phase. For sociologist Matthias Koenig, 
controversies relating to the public vis-
ibility of religious differences are an in-
teresting phenomenon.

Not only do they offer insight into 
the explosive political issues of the day, 
they are also an expression of more fun-
damental dynamics of macro-sociolog-
ical change in European societies that 
are exposed to immigration. In addi-
tion to his role as Professor of the Soci-
ology of Religion at the Georg-August 
University of Göttingen, Matthias Koe-

nig, as a Max Planck Fellow, also leads 
a research group that studies, from a 
comparative perspective, how modern 
societies deal with cultural diversity.

RELIGION AS A FACTOR IN 
INTEGRATION  

In principle, the crucial question of reli-
gion was long considered to have been 
resolved in European nation states. The 
violent religious conflicts of the early 
modern era were taken to have been laid 
to rest in the secular state. In the 19th 
century, a model emerged of national 
statehood that foresaw the maximum 
congruence between sovereign state-
hood and cultural or indeed ethnic com-
munity. Thereafter, in the 20th century, 
a dramatic process of secularization oc-
curred in many places, resulting in the 
mainline churches losing members and 
public influence.

In the meantime, however, migration 
and globalization have changed the 
relationship between state, nation and 
religion. “The post-war migration of la-
bor led to the formation of Muslim 
minorities whose religious identities, 
convictions and practices have in no 
way lessened in importance,” says Mat-
thias Koenig. As a result, religion has 
become a significant dimension in the 
process of integration. In many ways, 
religious differences in Europe repre-
sent a barrier that is meanwhile public-
ly recognized.

When, some time ago, scientists at 
the University of Konstanz published a 
report describing an extensive experi-
ment in which they explored discrimi-
nation against Muslims in the labor 
market, the media response was loud. 
As the results of the study showed, even 
Turkish job applicants with excellent 
references are clearly discriminated 

While Islam is still perceived by many as the greatest impediment to integration in European 

immigration societies, a team of scientists headed by Matthias Koenig has come up with 

a more differentiated approach. As a sociologist and Max Planck Fellow at the Max Planck 

Institute for the Study of Religious and Ethnic Diversity, he has led the “Governance of 

Cultural Diversity – Socio-Legal Dynamics” Research Group since December 2011.

  A Crucial Question  
for the Nation State

TEXT BIRGIT FENZEL

CULTURE & SOCIETY_Sociology of Religion

A disputed symbol of faith, especially in schools: The headscarf worn by Muslim women and girls. Is it perceived as an expression 
of individual religious freedom, or as a mark of segregation and traditional gender roles?
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in the market,” concludes the research-
er – a finding that is also confirmed by 
various national surveys. 

SYMBOLIC BARRIERS AND THE 
FIGHT FOR RECOGNITION

It is impossible, on the basis of this 
data, to definitively establish whether 
and to what extent Muslims are dis-
criminated against as a result of subjec-
tive prejudice or calculated intent. For 
Matthias Koenig, however, the results 
indicate that the erection of symbolic 
barriers against Islam could be the 
starting point for the consolidation of 
social inequalities.

If, as in the case of the labor mar-
ket, people are denied access to re-
sources and social status on the basis 
of their religion, this doesn’t fit well 
with an integration policy aimed at re-
ducing social inequality and realizing 
social justice. In this context, the con-

troversies being aired in the public are-
na on the issue of whether a teacher 
may wear a headscarf at school and the 
demonstrations by Patriotic Europeans 
against the Islamization of the West 
(Pegida) supporters are simply fresh in-
dicators of symbolic barriers.

As Koenig’s colleague Marian Bur-
chardt – who together with Ines Mich-
alowski of the Berlin Social Science Re-
search Center (WZB) recently published 
an anthology entitled “After Integra-
tion” – points out, this is by no means 
a purely German phenomenon. The 
empirical analyses from ten countries 
included in this publication provided a 
detailed overview of Muslim life in Eu-
rope. It becomes very clear how closely 
integration is linked with the recogni-
tion of their religion.

On the other hand, what it means 
to be a Muslim in Europe is also depen-
dent on how individual institutions, or-
ganizations and social networks stand 

against in Germany. “It really is strik-
ing that the most strongly disadvan-
taged groups in Europe’s labor markets 
– North Africans in France, Turks in 
Germany, Pakistanis in Great Britain – 
all originate from Islamic homelands,” 
continues Matthias Koenig, who has 
studied the causes of this phenomenon 
with his colleague Phillip Connor of 
the Pew Research Center using data 
from the European Social Survey (ESS).

Since 2001, on a two-yearly cycle, 
this study has provided insights into 
the attitudes and behavioral patterns of 
people in over 30 nations. In essence, 
the sociologist sees here confirmation 
of previous analyses that indicated that 
individual socio-demographic features, 
human capital and an immigrant back-
ground only partially explain the dis-
advantages Muslims suffered in the la-
bor market. “Even if one considers all 
the relevant individual-level variables, 
Muslims remain clearly disadvantaged P
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on Islam, or indeed on religion in gen-
eral. “These relationships differ funda-
mentally, so the impression one receives 
depends not just on which country one 
is looking at, but also which area of 
life,” says Burchardt.

According to his observations, con-
troversies about burqas or niqabs are al-
ways more intense where there is al-
ready a history of local conflicts – for 
instance over the building of mosques 
or the activities of radicals. “The burqa 
debate evidently mobilizes locality- or 
city-specific collective memories of con-
flict situations with a religious and po-
litical slant.”

Another effect of these controver-
sies is to advance the simple concept of 
showing one’s face to the status of a ba-
sic cultural belief that then acquires 
normative substance. “An openly dis-
played face now appears as a cultural 
manifestation with a strongly civiliz-
ing import, in the sense that ‘in our 
civilization, we show our face,’” Bur-
chardt continues.

For him, one of the basic features of 
this debate is that two versions of Islam 
are revealed and contrasted in public ar-
gument: Describing the two poles of 
public perception of this religion, he ex-
plains that “on the one hand there is an 
Islam, symbolized perhaps by the head-
scarf, that is compatible with modern 
life and democracy, while on the other 
hand there is an Islam that tends to-
ward segregation, intolerance of dis-
agreement, and anti-democratic values, 
which may be symbolized by the full-
face veil.”

From the perspective of the re-
searchers in Göttingen, however, the 
recurrent controversies surrounding 
Islam are indicators of a more funda-

mental change in the institutional ar-
rangements of state, nation and 
religion. The fact that this process var-
ies from one European country to an-
other is, in their view, the result of the 
specific legal parameters that have 
emerged from the separation between 
secular and spiritual powers in the 
course of the history of each nation 
state. For example, the biconfessional 
German-speaking territories are char-
acterized by a corporatist model in 
which religion is perceived to be inher-
ent to the public sphere, where reli-
gious organizations may even be en-
dowed with certain state functions. 
The demands made by religious minor-
ities for recognition are aimed particu-
larly at inclusion in the system of co-
operative church-state relations. 

In contrast, the French republic has 
embraced the model of laicism, in 
which, following the principle of strict 
separation between church and state, 
religion is considered to be a purely 

private matter, and any form of reli-
gious expression in public – be it a 
cross, a headscarf or a skull cap – is for-
bidden by law.

“Public insistence on religion is 
easily perceived as contaminating the 
sacred core of the nation, namely its 
republican laicity,” remarked Koenig 
in previous works. However, confining 
religion to the private sphere doesn’t 
mean that the state excludes itself en-
tirely from this area. In 2003, for ex-
ample, with the support of France’s 
then Minister of the Interior Nicolas 
Sarkozy, the Conceil français du culte 
musulman was established as the cen-
tral national body representing Mus-
lims in France. 

In Great Britain, Muslim inclusion 
generally follows the negotiation of 
rights in civil society. Due to the high 
degree of autonomy enjoyed by local 
authorities, for example in education 
policy, conflicts are largely settled at 
the local level.

CULTURE & SOCIETY_Sociology of Religion

Left
 

This page 

In other countries too, there is a dispute over whether civil servants should be allowed to wear religious symbols. There were 
demonstrations in Quebec in 2013 after the provincial government attempted to ban headscarves, skull caps and crosses. 

People in the province of Quebec not only consider churches, synagogues and mosques to be sacred, they hold religious 
neutrality and the equality of men and women in similar regard. The provincial government used this leaflet and the slogan 
“One Quebec for All” when seeking support for a charter of values.
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The fact that the present controversies 
surrounding Islam are colored by mem-
ories of past religious and political con-
flicts is evident from a comparison with 
what may be termed stateless nations, 
such as Catalonia or Quebec, which are 
also under cultural pressure to assert 
themselves. In an ongoing project, Koe-
nig’s colleague Burchardt is investigating 
the influence exerted by collective mem-
ories of the complex relations between 
nation and religion on the regulation of 
religious diversity, including the various 
forms of expressing and practicing Islam.

Whereas Catalan nationalism is in-
different to the issue of religion, Que-
bec’s national identity is, paradoxically, 
able to simultaneously invoke both a re-
publican model of laicity and a legacy 
of Catholicism. “As a result, Catalan 
policy is to actively include minorities 
in its national independence project, 
whereas the ways in which religious di-
versity is dealt with in Quebec are far 
more likely to provoke conflict,” says 
Marian Burchardt.

In the opinion of Matthias Koenig’s 
Fellow Group, the institutionalization 
of the right to equal religious freedom 

is of central importance in the present 
dynamic process of change affecting 
these dispositions. “Courts,” says Koe-
nig, “have become arenas for the battle 
for religious recognition.” According to 
this point of view, the new ruling hand-
ed down by the judges in Karlsruhe in 
the headscarf dispute, in which they 
not only recognized the teacher’s reli-
gious freedom as worthy of protection, 
but also debarred the unequal treat-
ment of religions in schools, may be 
seen as another step toward the legal in-
clusion of religious minorities, of which 
there are numerous instances to be ob-
served in Europe.

“We are basically witnessing new poli-
tics of religious recognition that are 
characterized by the inclusion of reli-
gion as a legally protected form of 
identity and the concomitant symbol-
ic boundary shifts,” says Koenig. To 
that extent, court rulings such as this 
also belie a far-reaching transformation 
of liberal democracies that no longer 
see themselves as committed to the 
collectivist project of a nation that is 
as homogeneous as possible, and are 
instead concerned with protecting in-
dividual rights.

“The fact that country-specific regu-
lations are increasingly frequently com-
ing under the eye of the European Court 
of Human Rights and its jurisdiction in 
matters of religious freedom, as well as 
falling foul of EU antidiscrimination 
policy, underscores the transnational 
character of present-day religious con-
troversies,” Matthias Koenig believes. 
Although the courts are able to act as 
important forces in driving the inclu-
sion of religious minorities, at the same 
time, their effectiveness is always de-
pendent on public reaction and the po-
litical balance of power.

Just as religion has become a legiti-
mate vehicle for policies centered on 
identity and recognition, it can also be 
used to exactly the same extent in rein-
venting national or European identities. 
The integration of Islam is thus accom-
panied by constant tensions between 
the dynamics of law and politics. The 
Karlsruhe judgment won’t be the final 
answer to the crucial question of where 
nation states stand on religion.  

CULTURE & SOCIETY_Sociology of Religion

 

TO THE POINT 
●   In European immigration societies, religion has become an important aspect of 

the integration process. Religious differences are frequently perceived as barriers.

●  Current controversies surrounding religious diversity are defined by the historic 
paths followed by individual countries in the formation of a nation state, as well 
as by memories of religious and political conflict situations.

●  Legal proceedings at the national and transnational level are a driving factor in 
the integration of Muslim minorities. However, the effects of court judgments are 
always dependent on public reaction and the political balance of power. 

Not every headscarf worn by a teacher constitutes a threat to school peace: 
The German Federal Constitutional Court has revised its original opinion.
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Inspired by Gregor Mendel’s cross-breeding experiments with peas, researchers around the world 

endeavored to track down the mechanisms of inheritance. Elisabeth Schiemann, plant geneticist 

and Director of the Max Planck Research Unit for the History of Cultivated Plants in Berlin, 

chose to study an especially tricky subject.

TEXT ELKE MAIER

Strawberry Fields Forever

Mara des Bois has an enticing fruity flavor with hints of wild ber-
ries and a good sugar-acid balance. Salsa can’t hold a candle to it 
in terms of taste, but trumps it with larger fruits whose uniform 
conical shape makes them suitable for cakes. There are now thou-
sands of strawberry varieties available − and that despite the fact 
that plant breeders have long been bewildered by the infuriating-
ly complex inheritance patterns of the strawberry plant. Elisa-
beth Schiemann dedicated several decades of her scientific ca-
reer to the beloved garden plant of the Fragaria genus. But she 
wasn’t concerned with perfecting new varieties. She was main-
ly interested in answering fundamental biological questions 
about the inheritance of characteristics and the origin of species.
In 1908, Elisabeth Schiemann, born on August 15, 1881 in Viljandi, 
Estonia, was one of the first women to be admitted to a univer-
sity to study science. One of her tutors in Berlin was Erwin Baur, 
who inspired her to explore the still fledgling subject of genetics. 
She was driven above all by the question of how new species arise 
and what processes occur in cells.

Schiemann initially investigated the role of mutations. As one 
of Baur’s doctoral students, she studied the widespread black 

mold fungus Aspergillus niger, which often colonizes food, such as 
fruit and old bread crusts, and also grows on room walls.

For the young scientist, the generally unloved microscopic 
fungus proved to be a useful study object: in the lab, she exposed 
mold cultures to high temperatures and toxins, such as potassi-
um dichromate. In this way, she was able to induce genomic mu-
tations that were expressed as different colorations or shapes of 
the mold colonies.

However, this undemanding mold wasn’t suitable for cross-
breeding experiments due to its predominantly asexual mode of 
reproduction. After receiving her doctorate, Elisabeth Schiemann 
therefore switched to higher plants. In addition to barley, wheat 
and snapdragons, she also studied the strawberry plant at the In-
stitute for Genetic Research at the Berlin Agricultural University, 
which was headed by Baur.

Baur had already encouraged Schiemann to cross-breed 
strawberry plants in 1919. His aim was to marry the flavor of the 
native strawberry (Fragaria vesca) with the size and perennial life 
cycle of the American cultivated strawberry. However, it soon 
turned out that the project was more difficult than originally 
thought: the hybrid plants were either not viable or infertile.

The reason for this string of failures was identified by Amer-
ican and Japanese botanists in the mid-1920s: The different lin-
eages couldn’t be cross-bred, as they differ in the number of chro-
mosomes their cells contain. Whereas the native wild strawber-
ry is diploid, meaning it has a double set of chromosomes, the 
cultivated varieties and their American parent plants are octo-
ploid, so there are eight sets of chromosomes in each cell.

Such differences not only prevent successful fertilization, but 
also affect the formation of the sexes. Thus, diploid strawberries 
have hermaphroditic flowers, while those with multiple chromo-
some sets bear unisexual flowers.

Botanist Flora A. Lilienfeld achieved a surprising break-
through in 1933 when she succeeded in cross-breeding two spe-
cies with different chromosome numbers. Her paper entitled “The 
genesis of fertile plant hybrids [...] from crosses of species with 

FLASHBACK_Plant Genetics

Birds banished: Elisabeth Schiemann covered her experimental grain 
fields with wire mesh to protect them from hungry beaks. P
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RÜCKBLENDE_Lockstoffe

hid them in her own apartment, she would have been threat-
ened with far worse.

In 1943, Elisabeth Schiemann was offered a job as department 
head at the Kaiser Wilhelm Institute for Cultivated Plant Research 
in Vienna-Tuttenhof. “I’ll be there immediately, if I don’t have to 
say ‘Heil Hitler,’” she responded. She accepted the offer, but con-
tinued to work out of Berlin.

Throughout the war years, she tended her strawberry assort-
ment, which had grown enormously over the decades, with ded-
ication and patience. “I’ve since planted a second assortment of 
Fragaria species – and I’m finally out of the botanical garden, 
where the weeds have taken over my plot among the rubble,” she 
wrote to a friend, nuclear physicist Lise Meitner.

It wasn’t until after the war, at the age of 65, that Elisabeth 
Schiemann, who never married, was granted a full professorship 
at what would later become Humboldt University in Berlin. For 
many years she had made do with teaching contracts, grants 
and even unpaid jobs. In 1953, her department was taken over 
as the Research Unit for the History of Cultivated Plants of the 
Max Planck Society, and Schiemann was nominated as a Scien-
tific Member.

After she retired in 1956, the Research Unit was disbanded, 
closing an era of experimental strawberry genetics, for which 
there were, until 1950, only three world centers: two in the US 
and one in the person of Schiemann in Berlin-Dahlem. After 
Schiemann left the world of science, her valuable strawberry as-
sortment went mainly to the Max Planck Institute for Plant 
Breeding Research in Cologne-Vogelsang, where it was cared for 
by Günter Staudt. Staudt was a student of Schiemann and rose in 
the 1960s to become the “Dean of Strawberries.” In addition to re-
searching the Fragaria genetic tree, he also dedicated himself to 
plant breeding.

Elisabeth Schiemann died on January 3, 1972 at the age of 90. 
She was buried in the cemetery of St. Anne Church. On her grave, 
the pastor planted a strawberry from the old breeding garden. 
The name of Schiemann then faded into oblivion for many years. 
In 2012, the Max Planck Society set up the Elisabeth Schiemann 
Kolleg. Its aim is to help young female scientists along their path 
to becoming tenured professors or Directors.

A primarily German-language research volume on Elisabeth Schiemann has 
been published:
Reiner Nürnberg, Ekkehard Höxtermann, Martina Voigt (ed.): Elisabeth 
Schiemann 1881–1972. Vom Aufbruch der Genetik und der Frauen in den Um-
brüchen des 20. Jahrhunderts, 575 pages, Basilisken-Presse im Verlag Natur 
+ Text, Rangsdorf 2014, 39.00 euros

different chromosome numbers” caused a sensation among 
Fragaria researchers.

From that point on, Elisabeth Schiemann made progress with 
her study of strawberries. She began experimenting with the 
hexaploid musk strawberry (F. moschata) used by Lilienfeld. Cross-
es of this species with the diploid green strawberry (F. viridis, syn. 
F. collina) also resulted in fertile offspring with four chromosome 
sets. Schiemann even classified it as a new species.

With the help of cross-breeding experiments and chromo-
some analyses, Elisabeth Schiemann delved deeper and deeper 
into the world of Fragaria plants. She concluded, for example, that 
the diploid species were derived from a common ancestor. The 
various species branched off as a result of autopolyploidy – mul-
tiplication of the same chromosome set.

Despite her enthusiasm for this subject, Elisabeth Schie-
mann’s research interests went well beyond pure genetics. In the 
early 1930s, she turned her attention to the origin and history of 
cultivated plants. To do so, she accepted an unpaid and uncertain 
position at the Botanical Museum in Berlin-Dahlem.

In the following years, she developed methods for analyzing 
archeological findings of cultivated plants, analyzed grain finds 
from Troy and plant residues from the tomb of Tutankhamen, and 
evaluated the imprints of grape seeds in Neolithic clay vessels. 

Her book on the origin of cultivated plants, which was published 
in 1932, became a standard reference work. Today, Schiemann is re-
garded as one of the founders of the field of paleoethnobotany.

Among other things, she concluded that central European cul-
tivated plants like barley and wheat didn’t come from the north, 
but from Mesopotamia and Ethiopia. She was therefore at odds 
with the claim of the National Socialists, according to whom 
“Nordic races” had produced European agriculture.

From the point of view of a geneticist, she also dismissed the 
Nazi’s race ideology, arguing that keeping human “races” pure 
was scientific “nonsense.” She embellished her lectures with 
quotes from Jewish and Russian authors, boycotted the meet-
ings of the National Socialist Association of Lecturers, and pub-
licly condemned the illegitimate National Socialist state at ev-
ery opportunity.

And there were consequences: in 1940, her teaching license 
was revoked during a purge of the universities. Had it been 
known at the time that she helped Jews escape abroad and even 

 » Professor Elisabeth Schiemann, director of the Research Unit for 
the History of Cultivated Plants of the Max Planck Society from 
1949 to 1956, turned 90 today in Berlin. Many of the disciplines that 
have contributed to our understanding of the origin and history of 
cultivated plants were strongly influenced by her research.«

Tagesspiegel of August 15, 1971

Daughter from a good house: 
Elisabeth Schiemann came from 
a German Baltic family. 
Her father was the well-known 
historian Theodor Schiemann.
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The International Max Planck Research Schools (IMPRS) provide first-class supervision and excellent 
research conditions / Werner Becker, Coordinator of an IMPRS, explains which qualifications applicants 
must possess and how the selection process works

“A Win-Win Situation”

You were there at the outset when the 
International Max Planck Research School on 
Astrophysics was founded over 15 years ago. 
What attracted you to the job?   
Werner Becker: I received my doctorate 
from the MPI for Extraterrestrial Physics 
(MPE) and Ludwig-Maximilian University 
of Munich (LMU). At that time, doctoral 
students generally worked alone. We rare-
ly entered into dialogue. I noticed that 
there were a lot of excellent scientists 
working at the institute, but hardly any 
passed on their knowledge to young junior 
scientists during lectures.

Establishing close links between graduate 
schools, such as the IMPRS, the universi-
ties, the Max Planck institutes and other re-
search institutions, constitutes a win-win 
situation for all parties concerned – the stu-
dents, the faculties, and particularly the 
Max Planck institutes. At the IMPRS, stu-
dents are part of a group and can use the 
infrastructure at all participating institu-
tions. The researchers invest more in the 
teaching and supervision of doctoral stu-
dents. In addition to the European South-
ern Observatory and the University Obser-
vatory Munich, we’ve had two Max Planck 
institutes on board from the outset here in 
Garching, the MPI for Astrophysics and the 
MPI for Extraterrestrial Physics. This has re-
sulted in us developing into one of the larg-
est graduate schools in the field of astro-
physics in Europe, if not the world.

An ambitious approach …
What’s commonplace in many European 
countries today was unusual 15 years ago – 
a graduate school at an institute focused 
purely on research in cooperation with a lo-
cal university, with both as equal partners. 
The IMPRS program and its international 
orientation has significantly increased the 
profile of the participating institutes. Over 
350 young people have now obtained a doc-

torate from our IMPRS, and some are already 
university professors. They’ve established 
contacts and made friendships that help 
them further their research careers, and that 
often last a lifetime. They also play a key role 
as disseminators for us. We remain in close 
contact with many former doctoral students 
worldwide through our alumni work.  

Where do the international junior scientists 
come from? 
Last year, for example, we received applica-
tions from 241 young scientists from 46 
countries. We were able to offer a doctor-
ate position to 22 applicants. Most of our 
candidates come from China and India. In 
Europe, German, Italian and Spanish stu-
dents top the list. Of those accepted, there 
is a roughly equal split between men and 
women. Outside of Germany, astrophysics 
isn’t a purely male domain, which means 
that our gender balance has always been 
very even right from the start.  

How does the application procedure work? 
The closing date for applications is Novem-
ber 15 each year. Applicants must complete 
an online form by that date, outline their 
motivation and research topics and enclose 
important references and letters of recom-
mendation. In a team, we examine the ap-

Werner Becker

Doctoral student training with an edge

Since 2000, the International Max Planck Research Schools (IM-
PRS) have been an integral part of the Max Planck Society’s sup-
port for doctoral students. Talented junior scientists have the 
chance to study for a doctorate under excellent conditions. 
Among the features shared by these graduate programs at Max 
Planck institutes are set curricula including research seminars 
and close cooperation with universities.

There are currently 60 IMPRS, 26 in the fields of chemistry, 
physics and technology, 23 in biology and medicine and 11 in the 
humanities. Research Schools are initiated by single or multiple 
Max Planck institutes. They work closely with universities and 
other research institutions in Germany and abroad. As a result, 

the doctoral students enjoy first-class working conditions – a 
major advantage for doctoral projects that require special equip-
ment and facilities. There are now 80 Max Planck institutes with 
IMPRS participation.

Of the junior scientists training at the Research Schools, 
around half originate from Germany and half from abroad. The 
main focus during their three-year doctoral period is on indepen-
dent research into primarily interdisciplinary topics, which flow 
into the dissertation. The right to award doctorates lies exclu-
sively with the universities. However, the students are support-
ed in equal measure and are also jointly examined by supervisors 
at both the universities and the Max Planck institutes.

  Overview of all International Max Planck Research Schools: www.mpg.de/imprs
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New Content Leads to New Horizons 
The new PhDnet Steering Group has set itself a series of goals

“With support contracts now setting the new standard for 
doctoral training, you might think there would be nothing 
left for us to do. In fact, it’s quite the opposite, because now 
we can devote ourselves more closely to the content – and 
that especially means improving support for career devel-
opment in and outside the science world,” says the new 
PhDnet Spokesperson, Prateek Mahalwar, summing up the 
agenda for the MPG’s doctoral student platform. 

A doctoral student at the MPI for Developmental Biolo-
gy in Tübingen, he and his fellow Steering Group members 
met for talks with President Martin Stratmann and represen-
tatives of the Max Planck Society’s Administrative Headquar-
ters in Munich this past April. One of the topics was how lo-
cal doctoral student representatives could make themselves 
more visible to the heads of the institutes. “The new support 
for junior scientists must be replicated at the institutes – in-
cluding all of the goals and tasks that entails,” commented 
Humanities Section Representative Martin Grund of the 
Leipzig-based MPI for Evolutionary Anthropology. To 
achieve this, PhDnet has a number of ideas they are eager 
to contribute to a new workgroup established jointly with 
Headquarters with a view to enhancing the professionalism 
of the work done by PhDnet. They will present these ideas 
at the General Meeting.

Several highly practical activities will also be aimed at 
shedding light on the career questions posed by young sci-
entists, including a career fair that will, for the first time, be 
accompanying the Visions in Science conference taking place 
from September 24 to 26 at caesar in Bonn. Biology & Med-

icine Section Representative Xixi Feng of the MPI of Psychi-
atry in Munich predicts that “the subject of careers will con-
tinue to be a main priority for us and for our successors – and 
the MPG should be offering its doctoral students the best 
possible support.” 

As part of the discussion, doctoral students will be surveyed 
jointly with Headquarters to ascertain the current status of ca-
reer support. “Most doctoral students from abroad want to re-
main in Germany after earning their doctorates – but to do so, 
they must speak German,” says Chemistry, Physics and Tech-
nology Section Representative Adrin Jalali. “We are now con-
sidering how German courses can be better integrated into 
day-to-day institute life, which is primarily lived in English.”P
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The PhDnet Steering Group: Treasurer Roman Prinz, Section Represen-
tatives Martin Grund, Xixi Feng and Adrin Jalali, Spokesperson Prateek 
Mahalwar, and Secretary Sven Weyer (left to right)

plications and pass them on to the supervi-
sors at the university and at the institutes. 
Around 40 candidates are then selected by 
early January, and are invited to a four-day 
applicant workshop in mid-February. They 
are all given the opportunity to introduce 
themselves in a 15-minute presentation, 
and to ask the future supervisors questions. 
Individual and group discussions are also 
held where all participants have enough 
time to get to know one another better. 
The student representatives also provide 
information about campus life. We then de-
cide who will receive an offer from us a 
week after the workshop.  

What questions do applicants ask you? 
Frequent questions include: How safe is 
Munich? How can I find affordable accom-
modation? How can I get a visa? We’ve also 
published a student handbook for this pur-

pose. In addition, the students also receive 
individual advice. We provide them with 
targeted support in, for example, searching 
for accommodation.   

Which requirements do the ideal candidates 
meet? 
How good someone is is often difficult to 
determine from their academic results, as 
evaluations vary significantly in the differ-
ent countries. The academic letters of rec-
ommendation and the university where the 
master’s is undertaken therefore play a 
much more important role. Applicants of-
ten stand a better chance if the professor 
who recommends them is an eminent au-
thority in the specialist discipline. Their 
own personal commitment is equally im-
portant. The names of interested candi-
dates stand out more during the applica-
tion process if they’ve informed themselves 

beforehand on our website, which provides 
information about the doctorate topics and 
supervisors, or if, for instance, they have 
contacted the supervisors at an early stage 
via e-mail or Skype. Such applicants tend to 
be more successful in the competitive en-
vironment. As English is our lingua franca, 
a good TOEFL score and strong communi-
cation skills are absolutely essential.   

What makes the training so special? 
The supervisors or members of the thesis 
committees look after the doctoral stu-
dents and support them in their projects. 
The young researchers also benefit from 
regular exchange in connection with work-
shops, summer schools and conferences. 
We attach great importance to our lecture 
program, which helps provide insight into 
students’ own research topics from differ-
ent perspectives.   Interview: Barbara Abrell
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50 Million Euros for Junior Scientists
Improvements for doctoral students and postdocs 

The Max Planck Society (MPG) is re-
structuring its support for junior scien-
tists. The overall package not only in-
cludes new support structures along 
with detailed guidelines for supervision, 
it also intends to provide greater trans-
parency when it comes to career paths.

The MPG will be increasing its fund-
ing for the support of junior scientists 
by almost 40 percent. This will ulti-
mately equal annual costs of just under 
50 million euros. “We’ve decided to in-
vest these funds, not in growing our or-
ganization, but in supporting junior 
scientists,” explains President Martin 
Stratmann. The decision was made fol-

lowing extensive discussions 
and consultations with the 
MPG’s governing bodies. 

There are over 3,400 doc-
toral students at the MPG. At 
54 percent, the number of 
those who come from abroad 
is already above average. 
However, the international 
competition for young, cre-
ative talent continues to 
grow: “It is essential for us to 
continuously develop our ca-
reer structures to remain in-
ternationally competitive,” 
says Stratmann.

In the future, the MPG 
will provide every student 
studying for a doctorate at 
an MPI with a support con-
tract. In the past, the major-
ity, and foreign doctoral 
students in particular, re-
ceived a grant. “At an inter-
national level, that is quite 
usual,” explains Stratmann. 
“But the dual system of con-
tracts and grants has met 
with an increasing lack of 
acceptance, due to the inad-
equate distinctions between 
them.” The Max Planck sup-
port contract allows us to 
combine the scientific free-
dom of a grant with the so-
cial security of an employ-
ment contract. The support 
contract is concluded before 

doctoral studies begin, for three years, 
and can be extended for twelve months. 
“This way, students have a clear outlook 
on completing their doctorate.”

Among other things, the revised 
guidelines mean that, in addition to 
their principal supervisor, all doctoral 
students will soon have a second, in-
dependent scientist to advise them. An 
overall number of students per super-
visor will be determined in order to en-
sure high-quality supervision. “With 
these guidelines, we are aiming to set 
the standard for the German scientific 
system,” says Stratmann. “What’s more, 
we must also provide more support for P
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career orientation, given that over 90 
percent of doctoral students choose 
not to remain in academic research.” 
The President will also be discussing 
suitable options with the Max Planck 
doctoral student representative body, 
PhDnet.

For the first time, there are also spe-
cific guidelines for the International 
Max Planck Research Schools (IMPRS), 
which are operated by MPIs in coopera-
tion with universities and which offer 
structured graduate training with a set 
curriculum. The first IMPRS was launched 
in 2000, and there are now 60 of these 
Schools, which account for over half of 
the MPG’s doctoral students.

PhDnet Spokesperson Prateek Ma-
halwar agrees that “these changes will 
further improve the situation for 
young researchers at the MPG. Young 
researchers are essential to every re-
search organization. Listening and re-
sponding to their concerns will further 
strengthen the MPG. I am delighted to 
be working with the governing bodies 
of the MPG to continue to develop the 
conditions for young researchers.” 
Cornelia Quennet-Thielen, State Sec-
retary at the German Federal Ministry 
of Education and Research, described 
the decision as a great step forward: 
“The new guidelines for doctoral stu-
dent training set an example for an im-
provement in the support for junior 
scientists, offering greater planning se-
curity and dependability.”

In the future, postdocs, too, will be 
awarded exclusively employment con-
tracts that comply with the Collective 
Pay Agreement for the Civil Service 
(TVöD). Grants will be awarded only to 
guest scientists at an MPI on a tempo-
rary, project-oriented basis. The Max 
Planck Fellowships will be combined 
with a new guest program, which will 
be developed at institute level. The new 
support structure takes effect from July 
1, 2015. Grants already awarded will re-
main unaffected.

 The new guidelines and other information 

 are available on the Internet at:

 www.mpg.de/career

Positive changes for the young MPG scientists.
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into English. At present, the English version has a circulation of 
10,000 copies (MaxPlanckForschung: 85,000 copies). It is free 
of charge. None of the views and opinions expressed in Max-
PlanckResearch may be interpreted as representing the offi-
cial views of the Max Planck Society and its associated bodies. 
Reprint of texts is permitted only with the prior approval of the 
publisher. Photographic rights may be granted by agreement.

The Max-Planck-Gesellschaft zur Förderung der Wissen-
schaften e.V. (Max Planck Society) comprises 83 institutes and 
research facilities where around 22,600 employees, including 
some 5,600 permanently employed scientists, work and conduct 
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search activities of the Max Planck Society focus on basic re-
search in natural sciences and the humanities. The Max Planck 
Society is a non-profit organization registered under private 
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body is the Senate, with members from the world of politics, 
the scientific community, and the professional public, provid-
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Pictures of the Future
The Magazine for Research and Innovation

Scenario 2040 — in Antarctica:

Smart grids are applying digital intel-

ligence to energy supply systems.

Even in places far from civilization,

the grids ensure network stability 

and balance out power generation

and consumption. 

You can find more information about smart grids at: www.siemens.com/pof/smart-grids
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