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Die Menschen starken, die Sachen klaren.



PREFACE

Primum movere, deinde docere.*
Antiquity

his book series is for anybody who is curious about motion in nature. How do

hings, people, animals, images and empty space move? The answer leads

o many adventures, and this volume presents those about motion inside everyday
matter, inside people and animals, and inside stars and nuclei.

Motion inside bodies — dead or alive - is tiny: thus it is described by quantum theory.
Quantum theory describes all motion with the quantum of action %, the smallest change
observed in nature. Building on this basic idea, the text first shows how to describe life,
death and pleasure. Then, the text explains the observations of chemistry, materials sci-
ence, astrophysics and particle physics. In the structure of physics, these topics corres-
pond to the three ‘quantum’ points in Figure 1. The story of motion found inside living
cells, inside the coldest gases and throughout the hottest stars is told here in a way that
is simple, up to date and captivating.

In order to be simple, the text focuses on concepts, while keeping mathematics to the
necessary minimum. Understanding the concepts of physics is given precedence over
using formulae in calculations. The whole text is within the reach of an undergraduate.

In order to be up to date, the text is enriched by the many gems - both theoretical and
empirical - that are scattered throughout the scientific literature.

In order to be captivating, the text tries to startle the reader as much as possible. Read-
ing a book on general physics should be like going to a magic show. We watch, we are
astonished, we do not believe our eyes, we think, and finally we understand the trick.
When we look at nature, we often have the same experience. Indeed, every page presents
at least one surprise or provocation for the reader to think about. Numerous interesting
challenges are proposed.

The motto of the text, die Menschen stirken, die Sachen kliren, a famous statement
on pedagogy, translates as: “To fortify people, to clarify things.” Clarifying things - and
adhering only to the truth - requires courage, as changing the habits of thought produces
fear, often hidden by anger. But by overcoming our fears we grow in strength. And we
experience intense and beautiful emotions. All great adventures in life allow this, and
exploring motion is one of them. Enjoy it.

Christoph Schiller

* ‘First move, then teach.” In modern languages, the mentioned type of moving (the heart) is called motiv-
ating; both terms go back to the same Latin root.
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PHYSICS:

Complete, unified description of motion
Adventures: describing precisely all motion, understanding
the origin of colours, space -time and particles, enjoying
extreme thinking, calculating masses and couplings,

catching a further, tiny glimpse of bliss (vol. VI).

Describing motion with precision,
i.e., using the least action principle.

General relativity
Adventures: the
night sky, measu-
ring curved and
wobbling space,
exploring black
holes and the
universe, space
and time (vol. Il).

Classical gravity @

Adventures:
climbing, skiing,

Quantum theory
with classical gravity

PREFACE

An arrow indicates an
increase in precision by
adding a motion limit.

Quantum field theory

‘ Adventures: bouncing . (the ‘standard model’)

neutrons, under-
standing tree

growth (vol. V).

@ Special relativity

Adventures: light,
magnetism, length

Adventures: building
accelerators, under-
standing quarks, stars,
bombs and the basis of
life, matter & radiation
(vol. V).

@ Quantum theory

Adventures: biology,
birth, love, death,

space travel, C contraction, time chemistry, evolution,
the wonders of limits  dilation and enjoying colours, art,
astronomy and G fast  Ey=mc? h, e, k paradoxes, medicine
geology (vol. ). limits motion #* (vol. I1). limit and high-tech business
uniform tiny (vol. 1V and vol. V).
motion motion

Galilean physics, heat and electricity

The world of everyday motion: human scale, slow and weak.
Adventures: sport, music, sailing, cooking, describing
beauty and understanding its origin (vol. I);

using electricity, light and computers,

understanding the brain and people (vol. IlI).

FIGURE 1 A complete map of physics, the science of motion, as first proposed by Matvei Bronshtein
(b. 1907 Vinnytsia, d. 1938 Leningrad). The Bronshtein cube starts at the bottom with everyday motion,
and shows the connections to the fields of modern physics. Each connection increases the precision of
the description and is due to a limit to motion that is taken into account. The limits are given for
uniform motion by the gravitational constant G, for fast motion by the speed of light ¢, and for tiny
motion by the Planck constant h, the elementary charge e and the Boltzmann constant k.
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PREFACE 9

USING THIS BOOK

Marginal notes refer to bibliographic references, to other pages or to challenge solutions.
In the colour edition, marginal notes, pointers to footnotes and links to websites are
typeset in green. Over time, links on the internet tend to disappear. Most links can be
recovered via www.archive.org, which keeps a copy of old internet pages. In the free
pdf edition of this book, available at www.motionmountain.net, all green pointers and
links are clickable. The pdf edition also contains all films; they can be watched directly
in Adobe Reader.

Solutions and hints for challenges are given in the appendix. Challenges are classified
as easy (e), standard student level (s), difficult (d) and research level (r). Challenges for
which no solution has yet been included in the book are marked (ny).

ADVICE FOR LEARNERS

Learning allows us to discover what kind of person we can be. Learning widens know-
ledge, improves intelligence and provides a sense of achievement. Therefore, learning
from a book, especially one about nature, should be efficient and enjoyable. Avoid bad
learning methods like the plague! Do not use a marker, a pen or a pencil to highlight or
underline text on paper. It is a waste of time, provides false comfort and makes the text
unreadable. And do not learn from a screen. In particular, never, ever, learn from the in-
ternet, from videos, from games or from a smartphone. Most of the internet, almost all
videos and all games are poisons and drugs for the brain. Smartphones are dispensers of
drugs that make people addicted and prevent learning. Nobody putting marks on paper
or looking at a screen is learning efficiently or is enjoying doing so.

In my experience as a pupil and teacher, one learning method never failed to trans-
form unsuccessful pupils into successful ones: if you read a text for study, summarize
every section you read, in your own words and images, aloud. If you are unable to do
so, read the section again. Repeat this until you can clearly summarize what you read in
your own words and images, aloud. And enjoy the telling aloud! You can do this alone
or with friends, in a room or while walking. If you do this with everything you read, you
will reduce your learning and reading time significantly; you will enjoy learning from
good texts much more and hate bad texts much less. Masters of the method can use it
even while listening to a lecture, in a low voice, thus avoiding to ever take notes.

ADVICE FOR TEACHERS

A teacher likes pupils and likes to lead them into exploring the field he or she chose. His
or her enthusiasm is the key to job satisfaction. If you are a teacher, before the start of a
lesson, picture, feel and tell yourself how you enjoy the topic of the lesson; then picture,
feel and tell yourself how you will lead each of your pupils into enjoying that topic as
much as you do. Do this exercise consciously, every day. You will minimize trouble in
your class and maximize your teaching success.

This book is not written with exams in mind; it is written to make teachers and stu-
dents understand and enjoy physics, the science of motion.
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FEEDBACK

The latest pdf edition of this text is and will remain free to download from the internet.
I would be delighted to receive an email from you at fb@motionmountain.net, especially
on the following issues:

— What was unclear and should be improved?
— What story, topic, riddle, picture or film did you miss?

Also help on the specific points listed on the www.motionmountain.net/help.html web
page is welcome. All feedback will be used to improve the next edition. You are welcome
to send feedback by mail or by sending in a pdf with added yellow notes, to provide
illustrations or photographs, or to contribute to the errata wiki on the website. If you
would like to translate a chapter of the book in your language, please let me know.

On behalf of all readers, thank you in advance for your input. For a particularly useful
contribution you will be mentioned - if you want - in the acknowledgements, receive a
reward, or both.

SUPPORT

Your donation to the charitable, tax-exempt non-profit organisation that produces, trans-
lates and publishes this book series is welcome. For details, see the web page www.
motionmountain.net/donation.html. The German tax office checks the proper use of
your donation. If you want, your name will be included in the sponsor list. Thank you in
advance for your help, on behalf of all readers across the world.

The paper edition of this book is available, either in colour or in black and white,
from www.amazon.com, in English and in certain other languages. And now, enjoy the
reading.
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MOTION INSIDE MATTER —

PLEASURE, TECHNOLOGY AND STARS

In our quest to understand how things move

as a result of a smallest change value in nature, we discover
how pleasure appears,

why the floor does not fall but keeps on carrying us,
that interactions are exchanges of radiation particles,
that matter is not permanent,

how quantum effects increase human wealth and health,
why empty space pulls mirrors together,

why the stars shine,

where the atoms inside us come from,

how quantum particles make up the world,

and why swimming and flying is not so easy.



Vol. IV, page 15

CHAPTER 1

MOTION FOR ENJOYING LIFE

Homo sum, humani nil a me alienum puto.**
Terence

ince we have explored quantum effects in the previous volume, let us now have

ome serious fun with applied quantum physics. The quantum of action % has

ignificant consequences for medicine, biology, chemistry, materials science, engin-
eering and the light emitted by stars. Also art, the colours and materials it uses, and the
creative process in the artist, are based on the quantum of action. From a physics stand-
point, all these domains study motion inside matter.

Inside matter, we observe, above all, tiny motions of quantum particles.*** Therefore
the understanding and the precise description of matter requires quantum physics. In the
following, we will only explore a cross-section, but it will be worth it. We start our ex-
ploration of motion inside matter with three special forms that are of special importance
to us: life, reproduction and death. We mentioned at the start of quantum physics that
none of these forms of motion can be described by classical physics. Indeed, life, repro-
duction and death are quantum effects. In addition, every perception, every sense, and
thus every kind of pleasure is a quantum effect. The same is true for all our actions. Let
us find out why.

FROM QUANTUM PHYSICS TO BIOLOGICAL MACHINES AND
MINIATURIZATION

We know that all of quantum theory can be resumed in one sentence:
> In nature, action or change below /1 = 1.1 - 107%*Js is not observed.

In the following, we want to understand how this observation explains life, pleasure and
death. An important consequence of the quantum of action is well-known.

> If it moves, it is made of quantons, or quantum particles.

** ‘T'am a man and nothing human is alien to me.” Terence is Publius Terentius Afer (b. c. 190 Carthago,
d. 159 BCE Greece), the important roman poet. He writes this in his play Heauton Timorumenos, verse 77.
*** The photograph on page 15 shows a soap bubble, the motion of the fluid in it, and the interference
colours; it was taken and is copyright by Jason Tozer for Creative Review/Sony.
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Starting size: the dot on the letteri - final size:

sc.nmfs.noaa.gov/PRD/

FIGURE 2 Metabolic growth can lead from single cells, about 0.1 mm in diameter, to living beings of
25m in size, such as the baobab or the blue whale (© Ferdinand Reus, NOAA).
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Step by step we will discover how these statements are reflected in the behaviour of living
beings. But what are living beings?

Living beings are physical systems that show metabolism, information processing,
information exchange, reproduction and motion. All these properties can be condensed
in a single statement:

> A living being is a collection of machines that is able to self-reproduce.

By self -reproduction, we mean that a system uses its own metabolism to reproduce.
There are examples of objects which reproduce and which nobody would call living. Can
you find some examples? To avoid misunderstandings, whenever we say ‘reproduction’
in the following, we always mean ‘self-reproduction’.

Before we explore the definition of living beings in more detail, we stress that self-
reproduction is simplified if the system is miniaturized. Therefore, most living beings
are extremely small machines for the tasks they perform. This is especially clear when
living beings are compared to human-made machines. The smallness of living beings is
often astonishing, because the design and construction of human-made machines has
considerably fewer requirements.

1. Human-made machines do not need to be able to reproduce; as a result, they can be
made of many parts and can include rotating macroscopic parts. This is in contrast
to living beings, who are all made of a single piece of matter, and cannot use wheels,
propellers, gearwheels or even screws.

2. Human made machines can make use of metals, ceramics, poisonous compounds
and many other materials that living beings cannot use.

3. Human machines do not need to self-assemble and grow; in contrast, living beings
always need to carry a built-in chemical factory with them.

4. Human machines can be assembled and can operate at various temperatures, in
strong contrast to living beings.

Despite these extreme engineering restrictions, living beings hold many miniaturization
world records for machines:

— The brain has the highest processing power per volume of any calculating device so
far. Just look at the size of chess champion Gary Kasparov and the size of the computer
against which he played and lost. Or look at the size of any computer that attempts
to speak.

— The brain has the densest and fastest memory of any device so far. The set of com-
pact discs (CDs) or digital versatile discs (DVDs) that compare with the brain is many
thousand times larger in volume.

— Motors in living beings are several orders of magnitude smaller than human-built
ones. Just think about the muscles in the legs of an ant.

— The motion of living beings beats the acceleration of any human-built machine by
orders of magnitude. No machine achieves the movement changes of a grasshopper,
a fly or a tadpole.

— Living beings that fly, swim or crawl - such as fruit flies, plankton or amoebas - are
still thousands of times smaller than anything comparable that is built by humans.
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In particular, already the navigation systems built by nature are far smaller than any-
thing built by human technology.

— Living being’s sensor performance, such as that of the eye or the ear, has been sur-
passed by human machines only recently. For the nose, this feat is still far in the fu-
ture. Nevertheless, the sensor sizes developed by evolution - think also about the ears
or eyes of a common fly - are still unbeaten.

— Can you spot more examples?

The superior miniaturization of living beings - compared to human-built machines -
is due to their continuous strife for efficient construction. The efficiency has three main
aspects. First of all, in the structure of living beings, everything is connected to everything.
Each part influences many others. Indeed, the four basic processes in life, namely meta-
bolic, mechanical, hormonal and electric, are intertwined in space and time. For ex-
ample, in humans, breathing helps digestion; head movements pump liquid through the
spine; a single hormone influences many chemical processes. Secondly, all parts in living
systems have more than one function. For example, bones provide structure and produce
blood; fingernails are tools and shed chemical waste. Living systems use many such op-
timizations. Last but not least, living machines are well miniaturized because they make
efficient use of quantum effects. Indeed, every single function in living beings relies on
the quantum of action. And every such function is extremely well miniaturized. We ex-
plore a few important cases.

REPRODUCTION

Finding a mate is life’s biggest prize.
The view of biologists.

All the astonishing complexity of life is geared towards reproduction. Reproduction, more
precisely, self-reproduction, is the ability of an object to build other objects similar to itself.
Quantum theory told us that it is only possible to build a similar object, since an exact
copy would contradict the quantum of action. But this limitation is not a disadvantage:
an imperfect copy is required for life; indeed, a similar, thus imperfect copy is essential
for biological evolution, and thus for change and specialization.

Reproduction is characterized by random changes, called mutations, that distinguish
one generation from the next. The statistics of mutations, for example Mendel’s ‘laws’ of
heredity, and the lack of intermediate states, are direct consequences of quantum theory.
In other words, reproduction and heredity are quantum effects.

Reproduction requires growth, and growth needs metabolism. Metabolism is a chem-
ical process, and thus a quantum process, to harness energy, harness materials, realize
growth, heal injuries and realize reproduction.

Since reproduction requires an increase in mass, as shown in Figure 2, all reproducing
objects show both metabolism and growth. In order that growth can lead to an object
similar to the original, a construction plan is necessary. This plan must be similar to the
plan used by the previous generation. Organizing growth with a construction plan is only
possible if nature is made of smallest entities which can be assembled following that plan.

We thus deduce that reproduction and growth implies that matter is made of smallest
entities. If matter were not made of smallest entities, there would be no way to realize
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FIGURE 3 A quantum machine (© Elmar
Bartel).

reproduction. The observation of reproduction thus implies the existence of atoms and
the necessity of quantum theory! Indeed, without the quantum of action there would be
no DNA molecules and there would be no way to inherit our own properties — our own
construction plan - to children.

Passing on a plan from generation to generation requires that living beings have ways
to store information. Living beings must have some built-in memory storage. We know
already that a system with memory must be made of many particles: there is no other
way to store information and secure its stability over time. The large number of particles
is necessary to protect the information from the influences of the outside world.

Our own construction plan is stored in DNA molecules in the nucleus and the mi-
tochondria of each of the millions of cells inside our body. We will explore some details
below. The plan is thus indeed stored and secured with the help of many particles. There-
fore, reproduction is first of all a transfer of parent’s DNA to the next generation. The
transfer is an example of motion. It turns out that this and all other examples of motion
in our bodies occur in the same way, namely with the help of molecular machines.

QUANTUM MACHINES

Living beings move. In order to reproduce, living beings must be able to move in self-
directed ways.

> A system able to perform self-directed motion is called a machine.

All self-reproducing beings, such as the one of Figure 3, are thus machines. Even ma-
chines that do not grow still need fuel, and thus need a metabolism. All machines, living
or not, are based on quantum effects.

How do living machines work? From a fundamental physics point of view, we need
only a few sections of our walk so far to describe them: we need QED and sometimes
universal gravity. Simply stated, life is an electromagnetic process taking place in weak
gravity. But the details of this statement are tricky and interesting.

* In fact, also the nuclear interactions play some role for life: cosmic radiation is one source for random
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TABLE 1 Motion and molecular machines found in living beings.
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MOTION TYPE EXAMPLES

INVOLVED MOTORS

Growth

Construction

Functioning

Defence

Sensing

Reproduction

collective molecular processes in
cell growth, cell shape change, cell
motility

gene turn-on and turn-off

ageing

material transport
(polysaccharides, lipids, proteins,
nucleic acids, others)

forces and interactions between
biomolecules and cells

metabolism (respiration,
digestion)
muscle working

thermodynamics of whole living
system and of its parts

nerve signalling

brain working, thinking
memory: long-term potentiation
memory: synapse growth
hormone production

illnesses

viral infection of a cell

the immune system
blood clotting
bronchial cleaning
eye

ear

smell

touch

information storage and retrieval
cell division, organelle motion

sperm motion
courting, using brain and muscles

linear molecular motors, ion
pumps

linear molecular motors
linear molecular motors

muscles, linear molecular motors

pumps in cell membranes

muscles, ATP synthase, ion pumps

linear molecular motors, ion
pumps

muscles

ion motion, ion pumps

ion motion, ion pumps
chemical pumps

linear molecular motors
chemical pumps

cell motility, chemical pumps

rotational molecular motors for
RNA transport

cell motility, linear molecular
motors

chemical pumps
cilial motors

chemical pumps, ion pumps
hair motion sensors, ion pumps,
rotary molecular motors

ion pumps

ion pumps

linear and rotational molecular
motors inside nuclei

linear molecular motors,
polymerase

linear molecular motors

linear molecular motors, ion
pumps



http://www.motionmountain.net

Ref. 2

Ref. 3

Ref. 1

22 1 MOTION FOR ENJOYING LIFE

We can say that living beings are systems that move against their environment faster
than molecules do. Observation shows that living systems move faster the bigger they
are. Observation also shows that living beings achieve this speed by making use of a
huge number of tiny machines, often made of one or only a few molecules, that work
together. These machines realize the numerous processes that are part of life.

An overview of processes taking place in living beings is given in Table 1. Above all,
the table shows that the processes are due to molecular machines.

> Aliving being is a collection of a huge number of specialized molecular ma-
chines.

Molecular machines are among the most fascinating devices found in nature. Table 1 also
shows that nature only needs a few such devices to realize all the motion types used by
humans and by all other living beings: molecular pumps and molecular motors. Given
the long time that living systems have been around, these devices are extremely efficient.
They are found in every cell, including those of Figure 5. The specialized molecular ma-
chines in living beings are ion pumps, chemical pumps and rotational and linear mo-
lecular motors. Ion and chemical pumps are found in membranes and transport matter
across membranes. Rotational and linear motors move structures against membranes.
Even though there is still a lot to be learned about molecular machines, the little that is
known is already spectacular enough.

How Do WE MOVE? - MOLECULAR MOTORS

How do our muscles work? What is the underlying motor? One of the beautiful results
of modern biology is the elucidation of this issue.

> Muscles work because they contain molecules which change shape when
supplied with energy.

This shape change is repeatable. A clever combination and repetition of these molecular
shape changes is then used to generate macroscopic motion.

> Each shape-changing molecule is a molecular motor.

There are three basic classes of molecular motors in nature: linear motors, rotational
motors and pumps.

mutations, which are so important in evolution. Plant growers often use radioactive sources to increase
mutation rates. Radioactivity can also terminate life or be of use in medicine.

The nuclear interactions are also implicitly involved in life in several other ways. The nuclear interactions
were necessary to form the atoms - carbon, oxygen, etc. - required for life. Nuclear interactions are behind
the main mechanism for the burning of the Sun, which provides the energy for plants, for humans and for
all other living beings (except a few bacteria in inaccessible places).

Summing up, the nuclear interactions occasionally play a role in the appearance and in the destruction
of life; but they usually play no role for the actions or functioning of particular living beings.
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FIGURE 4 Left: myosin and actin are the two protein molecules that realize the most important linear
molecular motor in living beings, including the motion in muscles. Right: the resulting motion step is
5.5nm long; it has been slowed down by about a factor of ten (image and QuickTime film © San Diego
State University, Jeff Sale and Roger Sabbadini).

1. Linear molecular motors are at the basis of muscle motion; an example is given in
Figure 4. Other linear motors separate genes during cell division. Linear motors also
move organelles inside cells and displace cells through the body during embryo growth,
when wounds heal, and in all other cases of cell motility. Also assembler molecules, for
example those that replicate DNA, can be seen as linear motors.

A typical molecular motor consumes around 100 to 1000 ATP molecules per second,
thus about 10 to 100 aW. The numbers are small; there are more astonishing if we take
into account that the power due to the white noise of the surrounding water is 10 n\W. In
other words, in every molecular motor, the power of the environmental noise is eight to
nine orders of magnitude higher than the power consumed by the motor! The ratio shows
what a fantastic piece of machinery such a molecular motor is. At our scale, this would
correspond to a car that drives, all the time, through an ongoing storm and earthquake.

2. We encountered rotational motors already earlier on; nature uses them to rotate
the cilia of many bacteria as well as sperm tails. Researchers have also discovered that
evolution produced molecular motors which turn around DNA helices like a motorized
bolt would turn around a screw. Such motors are attached at the end of some viruses and
insert the DNA into virus bodies when they are being built by infected cells, or extract
the DNA from the virus after it has infected a cell. The most important rotational motor,
and the smallest known so far - 10 nm across and 8 nm high - is ATP synthase, a protein
that synthesizes most ATP in cells.

3. Molecular pumps are equally essential to life. They pump chemicals, such as ions
or specific molecules, into every cell or out of it, using energy. They do so even if the
concentration gradient tries to do the opposite. Molecular pumps are thus essential in
ensuring that life is a process far from equilibrium. Malfunctioning molecular pumps are
responsible for many health problems, for example for the water loss in cholera infection.

In the following, we explore a few specific molecular motors found in cells. How mo-
lecules produce movement in linear motors was uncovered during the 1980s. The results



actinmyosin.mov
Media File (video/quicktime)

motionmountain-volume1.pdf{}{}{}#csanswercount.166{}{}{}
http://www.motionmountain.net

Ref. 6

24 1 MOTION FOR ENJOYING LIFE

FIGURE 5 A sea urchin egg surrounded by sperm, or molecular motors in action: molecular motors
make sperm move, make fecundation happen, and make cell division occur (photo by Kristina Yu,
© Exploratorium www.exploratorium.edu).

started a wave of research on all other molecular motors found in nature. The research
showed that molecular motors differ from most everyday motors: molecular motors do
not involve temperature gradients, as car engines do, they do not involve electrical cur-
rents, as electrical motors do, and they do not rely on concentration gradients, as chem-
ically induced motion, such as the rising of a cake, does.

LINEAR MOLECULAR MOTORS

The central element of the most important linear molecular motor is a combination of
two protein molecules, namely myosin and actin. Myosin changes between two shapes
and literally walks along actin. It moves in regular small steps, as shown in Figure 4. The
motion step size has been measured, with the help of some beautiful experiments, to al-
ways be an integer multiple of 5.5 nm. A step, usually forward, but sometimes backwards,
results whenever an ATP (adenosine triphosphate) molecule, the standard biological fuel,
hydrolyses to ADP (adenosine diphosphate) and releases the energy contained in the
chemical bond. The force generated is about 3 to 4 pN; the steps can be repeated several
times a second. Muscle motion is the result of thousand of millions of such elementary
steps taking place in concert.

Why does this molecular motor work? The molecular motor is so small that the noise
due to the Brownian motion of the molecules of the liquid around it is extremely intense.
Indeed, the transformation of disordered molecular motion into ordered macroscopic
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FIGURE 6 Two types of Brownian motors: switching potential (left) and tilting potential (right).

motion is one of the great wonders of nature.

Evolution is smart: with three tricks it takes advantage of Brownian motion and trans-
forms it into macroscopic motion. (Molecular motors are therefore also called Brownian
motors.) The first trick of evolution is the use of an asymmetric, but periodic potential, a
so-called ratchet.* The second trick of evolution is a temporal variation of the potential
of the ratchet, together with an energy input to make it happen. The two most import-
ant realizations are shown in Figure 6. Molecular motors thus work away from thermal
equilibrium. The third trick is to take a large number of these molecular motors and to
add their effects.

The periodic potential variation in a molecular motor ensures that for a short, recur-
ring time interval the free Brownian motion of the moving molecule - typically 1 um/s
— affects its position. Subsequently, the molecule is fixed again. In most of the short time
intervals of free Brownian motion, the position will not change. But if the position does
change, the intrinsic asymmetry of the ratchet shape ensures that with high probability
the molecule advances in the preferred direction. (The animation of Figure 4 lacks this
irregularity.) Then the molecule is fixed again, waiting for the next potential change. On
average, the myosin molecule will thus move in one direction. Nowadays the motion
of single molecules can be followed in special experimental set-ups. These experiments
confirm that muscles use such a ratchet mechanism. The ATP molecule adds energy to
the system and triggers the potential variation through the shape change it induces in
the myosin molecule. Nature then takes millions of these ratchets together: that is how
our muscles work.

Engineering and evolution took different choices. A moped contains one motor. An
expensive car contains about 100 motors. A human contains at least 10' motors.

* It was named after Ratchet Gearloose, the famous inventor from Duckburg.
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FIGURE 7 A classical ratchet, here of the piezoelectric kind,
moves like a linear molecular motor (© PiezoMotor).

Another well-studied linear molecular motor is the kinesin-microtubule system that
carries organelles from one place to the other within a cell. Like in the previous example,
also in this case chemical energy is converted into unidirectional motion. Researchers
were able to attach small silica beads to single molecules and to follow their motion.
Using laser beams, they could even apply forces to these single molecules. Kinesin was
found to move with around 800 nm/s, in steps lengths which are multiples of 8 nm, using
one ATP molecule at a time, and exerting a force of about 6 pN.

Quantum ratchet motors do not exist only in living systems; they also exist as human-
built systems. Examples are electrical ratchets that move single electrons and optical
ratchets that drive small particles. These applications are pursued in various experi-
mental research programmes.

Also classical ratchets exist. One example is found in every mechanical clock; also
many ballpoint pens contain one. Another example of ratchet with asymmetric of mech-
anical steps uses the Leidenfrost effect to rapidly move liquid droplets, as shown in the
video www.thisiscolossal.com/2014/03/water-maze. A further example is shown in Fig-
ure 7; indeed, many piezoelectric actuators work as ratchets and the internet is full of
videos that show how they work. Piezoelectric ratchets, also called ultrasound motors,
are found in precision stages for probe motion and inside certain automatic zoom ob-
jectives in expensive photographic cameras. Also many atomic force microscopes and
scanning electron microscopes use ratchet actuators.

Molecular motors are essential for the growth and the working of nerves and the
brain. A nerve contains large numbers of dozens of molecular motors types from all three
main families: dynein, myosin and kinesin. These motors transport chemicals, called
‘cargos’, along axons and all have loading and unloading mechanisms at their ends. They
are necessary to realize the growth of nerves, for example from the spine to the tip of
the toes. Other motors control the growth of synapses, and thus ensure that we have
long-term memory. Malfunctioning molecular motors are responsible for Alzheimer dis-
ease, Huntington disease, multiple sclerosis, certain cancers and many other diseases due
either to genetic defects or to environmental poisons.

In short, without molecular motors, we could neither move nor think.

A ROTATIONAL MOLECULAR MOTOR: ATP SYNTHASE

In cells, the usual fuel for most chemical reactions is adenosine triphosphate, or ATP.
In plants, most ATP is produced on the membranes of cell organelles called chloroplasts,
and in animal cells, in the so-called mitochondria. These are the power plants in most
cells. ATP also powers most bacteria. It turns out that ATP is synthesized by a protein
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FIGURE 8 The structure of ATP synthase (© Joachim Weber).

located in membranes. The protein is itself powered by protons, H, which form the
basic fuel of the human body, whereas ATP is the high-level fuel. For example, most other
molecular motors are powered by ATP. ATP releases its energy by being changed into
to adenosine diphosphate, or ADP. The importance of ATP is simple to illustrate: every
human synthesizes, during a typical day, an amount of ATP that is roughly equal to his
or her body mass.

The protein that synthesizes ATP is simply called ATP synthase. In fact, ATP synthase
differs slightly from organism to organism; however, the differences are so small that
they can be neglected in most cases. (An important variation are those pumps where
Na" ions replace protons.) Even though ATP synthase is a highly complex protein, its
function it easy to describe: it works like a paddle wheel that is powered by a proton
gradient across the membrane. Figure 8 gives an illustration of the structure and the
process. The research that led to these discoveries was rewarded with the 1997 Nobel
Prize in Chemistry.

In fact, ATP synthase also works in the reverse: if there is a large ATP gradient, it pumps
protons out of the cell. In short, ATP synthase is a rotational motor and molecular pump at
the same time. It resembles the electric starter motor, powered by the battery, found in the
older cars; in those cars, during driving, the electric motor worked as a dynamo charging
the battery. (The internet also contains animations of the rotation of ATP synthase.) ATP
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FIGURE 9 A: The asymmetric arrangement of internal organs in the human body: Normal arrangement,
situs solitus, as common in most humans, and the mirrored arrangement, situs inversus. Images B to E
are scanning electron micrographs of mouse embryos. B: Healthy embryos at this stage already show a
right-sided tail. C: In contrast, mutant embryos with defective cilial motors remain unturned, and the
heart loop is inverted, as shown by the arrow. D: Higher-magnification images and schematic
representations of a normal heart loop. E: Similar image showing an inverted loop in a mutant embryo.
Images F to | are scanning electron micrographs of a mouse node. F: A low-magnification view of a 7.5
day-old mouse embryo observed from the ventral side, with the black rectangle indicating the node.
The orientation is indicated with the letters A for anterior, P for posterior, L for left and R for right; the
scale bar is 100 pym. G: A higher-magnification image of the mouse node; the scale bar is 20 ym. H: A
still higher-magnification view of healthy nodal cilia, indicated by arrows, and of the nodal pit cells; the
scale bar is 5 pm. I: The nodal pit cells of mutant embryos lacking cilia. J: lllustration of the molecular
transport inside a healthy flagellum (© Hirokawa Nobutaka).

synthase has been studied in great detail. For example, it is known that it produces three
ATP molecules per rotation, that it produces a torque of around 20kT/2m, where kT is
the kinetic energy of a molecule at temperature T. There are at least 10'® such motors in
an adult body. The ATP synthase paddle wheel is one of the central building blocks of life.

ROTATIONAL MOTORS AND PARITY BREAKING

Why is our heart on the left side and our liver on the right side? The answer of this old
question is known only since a few years. The left-right asymmetry, or chirality, of human
bodies must be connected to the chirality of the molecules that make up life. In all living
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FIGURE 10 A: Optical microscope images of flowing nodal vesicular parcels (NVPs). L and R indicate the
orientation. The NVPs, indicated by arrowheads, are transported to the left side by the nodal flow. The
scale bar is 10 um. B: A scanning electron micrograph of the ventral surface of nodal pit cells. The red
arrowheads indicate NVP precursors. The scale bar is 2 um. C and D: Transmission electron micrographs
of nodal pit cells. The scale bar is 1 pm. E: A schematic illustration of NVP flow induced by the cilia. The
NVPs are released from dynamic microvilli, are transported to the left side by the nodal flow due to the
cilia, and finally are fragmented with the aid of cilia at the left periphery of the node. The green halos
indicate high calcium concentration - a sign of cell activation that subsequently starts organ formation
(© Hirokawa Nobutaka).

beings, sugars, proteins and DNS/DNA are chiral molecules, and in all living beings, only
one of the two molecular mirror types is actually used. But how does nature translate the
chirality of molecules into the chirality of a body? The answer was deduced only recently
by Hirokawa Nobutaka and his team; and surprisingly, rotational molecular motors are
the key to the puzzle.

The position of the internal organs is fixed during the early development of the em-
bryo. At an early stage, a central part of the embryo, the so-called node, is covered with
rotational cilia, i.e., rotating little hairs. They are shown in Figure 9. In fact, all verteb-
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rates have a node at some stage of embryo development. The nodal cilia are powered by
a molecular motor; they all rotate in the same (clockwise) direction about ten times per
second. The rotation direction is a consequence of the chirality of the molecules that are
contained in the motors. However, since the cilia are inclined with respect to the surface
— towards the tail end of the embryo - the rotating cilia effectively move the fluid above
the node towards the left body side of the embryo. The fluid of this newly discovered
nodal flow contains substances — nodal vesicular parcels — that accumulate on the left
side of the node and subsequently trigger processes that determine the position of the
heart. If the cilia do not rotate due to a genetic defect, or if the flow is reversed by external
means, the heart and other organs get misplaced. This connection also explains all the
other consequences of such genetic defects or interventions.

In other words, through the rotation of the cilia and the mentioned mechanism, the
chirality of molecules is mapped to the chirality of the whole vertebrate organism. It
might even be that similar processes occur also elsewhere in nature, for example in the
development of the brain asymmetry. This is still a field of intense research. In summary,
molecular motors are truly central to our well-being and life.

CURIOSITIES AND FUN CHALLENGES ABOUT BIOLOGY

Una pelliccia € una pelle che ha cambiato
bestia.*
Girolamo Borgogelli Avveduti

With modern microscopic methods it is possible to film, in all three dimensions, the
evolution of the eye of a fruit fly until it walks away as a larva. Such a film allows to follow
every single cell that occurs during the 20 hours: the film shows how cells move around
during development and show every single cell division. Watch this amazing film, taken
at the EMBL in Heidelberg, at youtu.be/Mef TPoeVQ3w.

% %k
Biological evolution can be summarized in three principles:

1. All living beings are different - also in a species.
2. All living beings have a tough life — due to competition.
3. Living beings with an advantage will survive and reproduce.

The last principle is often called the ‘survival of the fittest’. As a result of these three
principles, with each generation, species and living beings can change. The result of ac-
cumulated generational change is called biological evolution. In particular, these three
principles explain the change from unicellular to multicellular life, from fish to land an-
imals, and from animals to people.

Quantum effects are fundamental in all three principles of evolution. Of course, life
and metabolism are quantum effects. The differences mentioned in the first principle
are due to quantum physics: perfect copies of macroscopic systems are impossible. The
second principle mentions competition; that is a kind of measurement, which, as we saw,
is only possible due to the existence of a quantum of action. The third principle mentions

* ‘A fur is a skin that has changed beast.’
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reproduction: that is again a quantum effect, based on the copying of genes, which are
quantum structures. In short, biological evolution is a process due to the quantum of
action.

* 3k
How would you determine which of two identical twins is the father of a baby?
* 3k

Can you give at least five arguments to show that a human clone, if there will ever be one,
is a completely different person than the original?

It is well known that the first ever cloned cat, copycat, born in 2002, looked completely
different from the ‘original’ (in fact, its mother). The fur colour and its patch pattern were
completely different from that of the mother. Analogously, identical human twins have
different finger prints, iris scans, blood vessel networks and intrauterine experiences,
among others.

Many properties of a mammal are not determined by genes, but by the environment
of the pregnancy, in particular by the womb and the birth experience. Womb influences
include fur patches, skin fold shapes, but also character traits. The influence of the birth
experience on the character is well-known and has been studied by many psychologists.

* 3k

Discuss the following argument: If nature were classical instead of quantum, there would
not be just two sexes — nor any other discrete number of them, as in some lower animals
— but there would be a continuous range of them. In a sense, there would be an infinite
number of sexes. True?

* 3k

Here is a well-known unanswered question on evolution: how did the first kefir grains
form? Kefir grains produce the kefir drink when covered with milk for about 8 to 12
hours. The grains consist of a balanced mixture of about 40 types of bacteria and yeasts.
All kefir grains in the world are related. But how did the first ones form, about 1000 years
ago?

* 3k

Molecular motors are quite capable. The molecular motors in the sooty shearwater
(Puffinus griseus), a 45 cm long bird, allow it to fly 74 000 km in a year, with a measured
record of 1094 km a day.

* %k

When the ciliary motors that clear the nose are overwhelmed and cannot work any more,
they send a distress signal. When enough such signals are sent, the human body triggers
the sneezing reaction. The sneeze is a reaction to blocked molecular motors.

* 3k

The growth of human embryos is one of the wonders of the world. The website embryo.
soad.umich.edu provides extensive data, photos, animations and magnetic resonance
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images on the growth process.

Do birds have a navel?
* %k

All animals with the possibility of regenerating themselves from a small piece, such as
Planaria, reproduce asexually, by dividing. All animals that reproduce sexually are un-
able to regenerating the whole animal from a small part.

* 3k
All animals that move with limbs are left-right symmetric. Why?
* 3k

Many molecules found in living beings, such as sugar, have mirror molecules. However,
in all living beings only one of the two sorts is found. Life is intrinsically asymmetric.
How can this be?

* 3k

How is it possible that the genetic difference between man and chimpanzee is regularly
given as about 1 %, whereas the difference between man and woman is one chromosome
in 46, in other words, about 2.2 %°?

* 3k

What is the longest time a single bacterium has survived? It is more than the 5000 years
of the bacteria found in Egyptian mummies. For many years, the survival time was es-
timated to lie at over 25 million years, a value claimed for the bacteria spores resurrected
from the intestines in insects enclosed in amber. Then it was claimed to lie at over 250
million years, the time estimated that certain bacteria discovered in the 1960s by Heinz
Dombrowski in (low-radioactivity) salt deposits in Fulda, in Germany, have hibernated
there before being brought back to life in the laboratory. A similar result has been re-
cently claimed by the discovery of another bacterium in a North-American salt deposit
in the Salado formation.

However, these values are now disputed, as DNA sequencing has shown that these
bacteria were probably due to sample contamination in the laboratory, and were not part
of the original sample. So the question of the longest survival time of bacteria is still open.

* 3k

In 1967, a TV camera was deposited on the Moon. Unknown to everybody, it contained
a small patch of Streptococcus mitis. Three years later, the camera was brought back to
Earth. The bacteria were still alive. They had survived for three years without food, water
or air. Life can be resilient indeed. This widely quoted story is so unbelievable that it was
checked again in 2011. The conclusion: the story is false; the bacteria were added by
mistake in the laboratory after the return of the camera.

* 3k
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TABLE 2 Approximate numbers of living species.

LIFE GROUP

DESCRIBED SPECIES

ESTIMATED SPECIES

MIN. MAX.
Viruses 4.10° 50-10° 1-10°
Prokaryotes (‘bacteria’) 4-10° 50 - 10° 3-10°
Fungi 72-10° 200 - 10° 2.7-10°
Protozoa 40-10° 60 - 10° 200 - 10°
Algae 40-10° 150 - 10° 1-10°
Plants 270-10° 300-10° 500 - 10°
Nematodes 25-10° 100 - 10° 1-10°
Crustaceans 40-10° 75-10° 200 - 10°
Arachnids 75-10° 300 10° 1-10°
Insects 950 - 10° 2-10° 100 - 10°
Molluscs 70 - 10° 100 - 10° 200 - 10°
Vertebrates 45.10° 50 - 10° 55 - 10°
Others 115 - 10° 200 - 10° 800 - 10°
Total 1.75 - 10° 3.6-10° 112-10°
Bacteria Archaea Eucarya

Green .

non-sulfur Animals  Cijiates

bacteria Methano- Green plants

Gram-positive Methano- Microbiales T Fungi
bacteria bacteriales Halophiles Flagellates
Purple bacteria Thermo-
Cyanobacteria proteus Microsporidia
Flavobacteria Z?’;::m Methanocge€ales
and relatives Thermoge€cales

Thermotogales

FIGURE 11 A modern version of the evolutionary tree.

In biology, classifications are extremely useful. (This is similar to the situation in astro-
physics, but in full contrast to the situation in physics.) Table 2 gives an overview of the
magnitude of the task. This wealth of material can be summarized in one graph, shown
in Figure 11. Newer research seems to suggest some slight changes to the picture. So far
however, there still is only a single root to the tree.

* %k
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Muscles produce motion through electrical stimulation. Can technical systems do the
same? Candidate are appearing: so-called electroactive polymers change shape when they
are activated with electrical current or with chemicals. They are lightweight, quiet and
simple to manufacture. However, the first arm wrestling contest between human and
artificial muscles, held in 2005, was won by a teenage girl. The race to do better is ongoing.

* 3k

Life is not a clearly defined concept. The definition used above, the ability to self-
reproduce, has its limits. Can it be applied to old animals, to a hand cut off by mistake, to
sperm, to ovules or to the first embryonal stages of a mammal? The definition of life also
gives problems when trying to apply it to single cells. Can you find a better definition? Is
the definition of living beings as ‘what is made of cells’ useful?

* 3k

Every example of growth is a type of motion. Some examples are extremely complex. Take
the growth of acne. It requires a lack of zinc, a weak immune system, several bacteria, as
well as the help of Demodex brevis, a mite (a small insect) that lives in skin pores. With
a size of 0.3 mm, somewhat smaller than the full stop at the end of this sentence, this
and other animals living on the human face can be observed with the help of a strong
magnifying glass.

* 3k

Humans have many living beings on board. For example, humans need bacteria to live.
It is estimated that 90 % of the bacteria in the human mouth alone are not known yet;
only about 1000 species have been isolated so far.

Bacteria are essential for our life: they help us to digest and they defend us against
illnesses due to dangerous bacteria. In fact, the number of bacteria in a human body is
estimated to be 3.8(2.0) * 10", more than 99 % of which are in the gut. The number of
cells in a adult, average human body is estimated to be 3.0(0.3) * 10" - of which 70 to
85 % are red blood cells. In short, a human body contains more bacteria than own cells!
Nevertheless, the combined mass of all bacteria in a human body is estimated to be only
around 0.2 kg, because gut bacteria are much smaller than human cells.

Of the around 100 groups of bacteria in nature, the human body mainly contains
species from four of them: actinobacteria, bacteroidetes, firmicutes and proteobacteria.
They play a role in obesity, malnutrition, heart disease, diabetes, multiple sclerosis, aut-
ism and many other conditions. These connections are an important domain of present
research.

* 3k

How do trees grow? When a tree — biologically speaking, a monopodal phanerophyte -
grows and produces leaves, between 40 % and 60 % of the mass it consists of, namely the
water and the minerals, has to be lifted upwards from the ground. (The rest of the mass
comes from the CO, in the air.) How does this happen? The materials are pulled upwards
by the water columns inside the tree; the pull is due to the negative pressure that is created
when the top of the column evaporates. This is called the transpiration-cohesion-tension
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model. (This summary is the result of many experiments.) In other words, no energy is
needed for the tree to pump its materials upwards.

Trees do not need energy to transport water. As a consequence, a tree grows purely
by adding material to its surface. This implies that when a tree grows, a branch that is
formed at a given height is also found at that same height during the rest of the life of
that tree. Just check this observation with the trees in your garden.

* 3k

Mammals have a narrow operating temperature. In contrast to machines, humans func-
tion only if the internal temperature is within a narrow range. Why? And does this re-
quirement also apply to extraterrestrials — provided they exist?

* 3k

How did the first cell arise? This important question is still open. As a possible step to-
wards the answer, researchers have found several substances that spontaneously form
closed membranes in water. Such substances also form foams. It might well be that life
formed in foam. Other options discussed are that life formed underwater, at the places
where magma rises into the ocean. Elucidating the origins of cells is one of the great open
riddles of biology - though the answer will not be of much use.

% %k
Could life have arrived to Earth from outer space?
% %k

Is there life elsewhere in the universe? The answer is clear. First of all, there might be
life elsewhere, though the probability is extremely small, due to the long times involved
and the requirements for a stable stellar system, a stable planetary system, and a stable
geological system. In addition, so far, all statements that claim to have detected an ex-
ample were lies. Not mistakes, but actual lies. The fantasy of extraterrestrial life poses an
interesting challenge to everybody: Why would an extraterrestrial being be of interest to
you? If you can answer, realize the motivation in some other way, now, without waiting.
If you cannot answer, do something else.

* 3k

What could holistic medicine mean to a scientist, i.e., avoiding nonsense and false beliefs?

Holistic medicine means treating illness with view on the whole person. That translates

to four domains:

— physical support, to aid mechanical or thermal healing processes in the body;

— chemical support, with nutrients or vitamins;

— signalling support, with electrical or chemical means, to support the signalling system
of the body;

— psychological support, to help all above processes.

When all theses aspects are taken care of, healing is as rapid and complete as possible.

However, one main rule remains: medicus curat, natura sanat.*

* “The physician helps, but nature heals.’
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* 3k

Life is, above all, beautiful. For example, the book by CLAIRE NouUVIAN, The Deep:
The Extraordinary Creatures of the Abyss, presented at www.press.uchicago.edu/books/
nouvian/index.html allows one to savour the beauty of life deep in the ocean.

* 3k

What are the effects of environmental pollution on life? Answering this question is an
intense field of modern research. Here are some famous stories.

— Herbicides and many genetically altered organisms kill bees. For this reason, bees are
dying (since 2007) in the United States; as a result, many crops - such as almonds
and oranges - are endangered there. In countries where the worst herbicides and
genetically modified crops have been banned, bees have no problems. An example is
France, where the lack of bees posed a threat to the wine industry.

— Chemical pollution leads to malformed babies. In mainland China, one out of 16
children is malformed for this reason (in 2007). In Japan, malformations have been
much reduced - though not completely - since strict anti-pollution laws have been
passed.

— Radioactive pollution kills. In Russia, the famous Lake Karachay had to be partly
filled with concrete because its high radioactivity killed anybody that walked along it
for an hour.

— Smoking kills - though slowly. Countries that have lower smoking rates or that have
curbed smoking have reduced rates for cancer and several other illnesses.

— Eating tuna is dangerous for your health, because of the heavy metals it contains.

— Cork trees are disappearing. The wine industry has started large research programs
to cope with this problem.

— Even arctic and antarctic animals have livers full of human-produced chemical pois-
ons.

— Burning fossil fuels raises the CO, level of the atmosphere. This leads to many effects
for the Earth’s climate, including a slow rise of average temperature and sea level.

Ecological research is uncovering many additional connections. Let us hope that the
awareness for these issues increases across the world.

* 3k

Some researchers prefer to define living beings as self-reproducing systems, others prefer
to define them as metabolic systems. Among the latter, Mike Russell and Eric Smith pro-
pose the following definition of life: “The purpose of life is to hydrogenate carbon dioxide.’
In other terms, the aim of life is to realize the reaction

CO, +4H, - CH, + 2H,0.. (1)

This beautifully dry description is worth pondering — and numerous researchers are in-
deed exploring the consequences of this view.

* 3k
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Not only is death a quantum process, also aging is one. Research in the details of this vast
field is ongoing. A beautiful example is the loss of leaves in autumn. The loss is triggered
by ethene, a simple gas. You can trigger leave loss yourself, for example by putting cut
apples — a strong source of ethene — together with a rose branch in a plastic bag: the roses
will lose their leaves.

* 3k

The reanimation of somebody whose heart and breathing stopped is an useful movement
sequence, called cardiopulmonary resuscitation. Do learn it.

* 3k

New research has shown that motion is important to staying healthy. In particular, it is
important to do sports, but it is even more important to reduce the time of being seated.
People who sit many hours per day have increased risk to get diabetes, breast cancer,
white mass reduction in the brain, dementia, and various other diseases. Research into
the dangerous effects of sitting is still in its infancy. For example, research has shown
that sitting in front of a tv, in front of a PC or in a car for many hours a day cannot be
compensated by doing sport.

* 3k
To stay fit and to ensure that you feel fit, enjoy life and enjoy the books by Mark Verstegen.
* 3k

Which species of living being is the most successful, if we measure success as the spe-
cies” biomass? This simple question has no known answer. Among animals, cattle (Bos
taurus), humans (Homo sapiens) and Antarctic krill (Euphasia superba) have similar bio-
mass values, but it is not clear whether these are the highest values. No good data seem to
exist for plants — except for crops. It is almost sure that several species of bacteria, such as
from the marine genus Prochlorococcus or some other bacteria species found in soil, and
several species of fungi achieve much higher biomass values. But no reliable overview is
available.

* 3k

Trees move in many interesting ways. For example, trees fight with their neighbours
over space and access to light and nutrients. This occurs with most vehemence if the
neighbour is of another species. Most trees do not like to be touched by other trees —
but there are exceptions, such as beeches. For example, when beeches fight with oaks,
after a few years, the oak is left with little space and light, and the beech has taken over
most of it. But trees also help neighbours, for example in case of sickness, by provid-
ing nutrients and water. Many more fascinating stories about trees — including the way
the communicate via aiborne chemical signals such as ethylene (ethene) - are told by
PETER WOHLLEBEN, Das geheime Leben der Biume: Was sie fiihlen, wie sie kommun-
izieren — die Entdeckung einer verborgenen Welt, Ludwig Verlag, 2015.

* 3k

Trees sleep at night and get up in the morning. The observation is known since centur-
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FIGURE 12 Branch and leaf position of a birch at the end of the day (black) and in the early morning
(red), with magnified sections shown on the right (© Eetu Puttonen et al.).

ies; a beautiful measurement of the effect, using a laser scanner, was performed by Eetu
Puttonen and his group. Their results, shown in Figure 12, show that the height of a typ-
ical birch branch and its leaves in the early morning is up to 10 cm lower than during the
day. The measurements also show that the trees move most in the early morning, when
they wake up. The origin of these effects seems to be the difference of water intake during
day and night.

THE PHYSICS OF PLEASURE

What is mind but motion in the intellectual
sphere?
Oscar Wilde, The Critic as Artist.

Pleasure is a quantum effect. The reason is simple. Pleasure comes from the senses. All
senses measure. And all measurements rely on quantum theory.
The human body, like an expensive car, is full of sensors. Evolution has built these


http://www.motionmountain.net

Vol. Il, page 199

Ref. 19

THE PHYSICS OF PLEASURE 39

sensors in such a way that they trigger pleasure sensations whenever we do with our
body what we are made for. Of course, no researcher will admit that he studies pleasure.
Therefore the researcher will say that he or she studies the senses, and that he or she is
doing perception research. But pleasure and all human sensors exist to let life continue.
Pleasure is highest when life is made to continue. In the distant past, the appearance of
new sensors in living systems has always had important effects of evolution, for example
during the Cambrian explosion.

Research into pleasure and biological sensors is a fascinating field that is still evolving;
here we can only have a quick tour of the present knowledge.

The ear is so sensitive and at the same time so robust against large signals that the
experts are still studying how it works. No known sound sensor can cover an energy
range of 10"°; indeed, the detected sound intensities range from 1 pW/m?* (some say
50 pW/m?) to 10 W/m?, the corresponding air pressures vary from 20 uPa to 60 Pa. The
lowest intensity that can be heard is that of a 20 W sound source heard at a distance of
10000 km, if no sound is lost in between. Audible sound wavelengths span from 17 m
(for 20 Hz) to 17 mm (for 20 kHz). In this range, the ear, with its 16 000 to 20 000 hair
cells and 30 000 cochlear neurons, is able to distinguish at least 1500 pitches. But the ear
is also able to distinguish nearby frequencies, such as 400 and 401 Hz, using a special
pitch sharpening mechanism.

The eye is a position dependent photon detector. Each eye contains around 126 million
separate detectors on the retina. Their spatial density is the highest possible that makes
sense, given the diameter of the lens of the eye. They give the eye a resolving power of
1', or 0.29 mrad, and the capacity to consciously detect down to 60 incident photons in
0.15s, or 4 absorbed photons in the same time interval.

Each eye contains 120 million highly sensitive general light intensity detectors, the
rods. They are responsible for the mentioned high sensitivity. Rods cannot distinguish
colours. Before the late twentieth century, human built light sensors with the same sens-
itivity as rods had to be helium cooled, because technology was not able to build sensors
at room temperature that were as sensitive as the human eye.

The human eye contains about 6 million not so sensitive colour detectors, the cones,
whose distribution we have seen earlier on. The different chemicals in the three cone
types (red, green, blue) lead to different sensor speeds; this can be checked with the
simple test shown in Figure 13. The sensitivity difference between the colour-detecting
cones and the colour-blind rods is the reason that at night all cats are grey.

The images of the eye are only sharp if the eye constantly moves in small random
motions. If this motion is stopped, for example with chemicals, the images produced by
the eye become unsharp.

The eye also contains about 1 million retinal ganglion cells. All signals from the eye
are transmitted through 1 million optical nerve fibres to a brain region, the virtual cortex,
that contains over 500 million cells.

Human touch sensors are distributed over the skin, with a surface density which varies
from one region to the other. The density is lowest on the back and highest in the face
and on the tongue. The hand has about 17 000 tactile receptors, most of them at the fin-
ger tips. There are separate sensors for light touch (Meissner’s corpuscles) and pressure
(Merkel cells), for deformation (Ruffini corpuscles), for vibration (Pacinian corpuscles),
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FIGURE 13 The
different speed of the
eye’s colour sensors, the
cones, lead to a strange
effect when this picture
(in colour version) is
shaken right to left in
weak light.
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FIGURE 14 The five sensors of touch in humans, from the most to the least common ones: Meissner’s
corpuscles, Merkel cells, Ruffini corpuscles, Pacinian corpuscles and hair receptors.

and for tickling (unmyelinated fibers); there are additional separate sensors for heat, for
coldness,” and for pain. Some of the sensors, whose general appearance is shown in Fig-
ure 14, react proportionally to the stimulus intensity, some differentially, giving signals

* There are four sensors for heat; one is triggered above 27°C, one above 31°C, one above 42°C, and one
above 52°C. The sensor for temperatures above 42°C, TRPV1, is also triggered by capsaicin, the sharp
chemical in chilli peppers.

There seems to be only one sensor for coldness, the ion channel TRPMS, triggered between 8 and 26°C.
It is also triggered by menthol, a chemical contained in mojito and mint. Coldness neurons, i.e., neurons
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only when the stimulus changes. Many of these sensors are also found inside the body
— for example on the tongue. The sensors are triggered when external pressure deforms
them; this leads to release of Na* and K" ions through their membranes, which then
leads to an electric signal that is sent via nerves to the brain.

The human body also contains orientation sensors in the ear, extension sensors in each
muscle, and pain sensors distributed with varying density over the skin and inside the
body.

The taste sensor mechanisms of tongue are only partially known. The tongue is known
to produce six taste signals* — sweet, salty, bitter, sour, proteic and fatty — and the mech-
anisms are just being unravelled. The sense for proteic, also called umami, has been dis-
covered in 1907, by Ikeda Kikunae; the sense for ‘fat’ has been discovered only in 2005.
The tongue, palate and cheeks have about 10 000 taste buds, 90 % of which are on the
tongue. Each taste bud has between 50 and 150 receptors; their diameter is around 10 pm.

In ancient Greece, Democritus imagined that taste depends on the shape of atoms.
Today it is known that sweet taste is connected with certain shape of molecules. Modern
research is still unravelling the various taste receptors in the tongue. At least three differ-
ent sweetness receptors, dozens of bitterness receptors, and one proteic and one fattiness
receptor are known. In contrast, the sour and salty taste sensation are known to be due
to ion channels. Despite all this knowledge, no sensor with a distinguishing ability of the
same degree as the tongue has yet been built by humans. A good taste sensor would have
great commercial value for the food industry. Research is also ongoing to find substances
to block taste receptors; one aim is to reduce the bitterness of medicines or of food.

The nose has about 350 different smell receptors and a total of about 40 million re-
ceptor cells. (Dogs have 25 times more.) Through the possible combinations it is estim-
ated that the nose can detect about 10 000 different smells.** Together with the six signals
that the sense of taste can produce, the nose also produces a vast range of taste sensations.
It protects against chemical poisons, such as smoke, and against biological poisons, such
as faecal matter. In contrast, artificial gas sensors exist only for a small range of gases.
Good artificial taste and smell sensors would allow checking wine or cheese during their
production, thus making their inventor extremely rich. At the moment, humans, with all
their technology at their disposal, are not even capable of producing sensors as good as
those of a bacterium,; it is known that Escherichia coli can sense at least 30 substances in
its environment.

Other animals feature additional types of sensors. Sharks can feel electrical fields. Many
snakes have sensors for infrared light, such as the pit viper or vampire bats. These sensors
are used to locate prey or food sources. Some beetles, such as Melanophila acuminata,
can also detect infrared; they use this sense to locate the wildfires they need to make

with TRPMS at their tips, can be seen with special techniques using fluorescence and are known to arrive
into the teeth; they provide the sensation you get at the dentist when he applies his compressed air test.

* Taste sensitivity is not separated on the tongue into distinct regions; this is an incorrect idea that has been
copied from book to book for over a hundred years. You can perform a falsification by yourself, using sugar
or salt grains.

** Linda Buck and Richard Axel received the 2004 Nobel Prize in Physiology or Medicine for their unrav-
elling of the working of the sense of smell.
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their eggs hatch. Also other insects have such organs. Pigeons, trout and sharks can feel
magnetic fields, and use this sense for navigation. Many birds and certain insects can see
UV light. Bats and dolphins are able to hear ultrasound up to 100 kHz and more. Whales
and elephants can detect and localize infrasound signals.

In summary, the sensors with which nature provides us are state of the art; their sens-
itivity and ease of use is the highest possible. Since all sensors trigger pleasure or help
to avoid pain, nature obviously wants us to enjoy life with the most intense pleasure
possible. Studying physics is one way to do this.

There are two things that make life worth living:
Mozart and quantum mechanics.
Victor Weisskopf*

THE NERVES AND THE BRAIN

There is no such thing as perpetual tranquillity
of mind while we live here; because life itself is
but motion, and can never be without desire,
nor without fear, no more than without sense.
Thomas Hobbes, Leviathan.

The main unit processing all the signals arriving from the sensors, the brain, is essential
for all feelings of pleasure. The human brain has the highest complexity of all brains
known.** In addition, the processing power and speed of the human brain is still larger
than any device build by man.

We saw already earlier on how electrical signals from the sensors are transported into
the brain. In the brain itself, the arriving signals are classified and stored, sometimes for a
short time, sometimes for a long time. Most storage mechanisms take place in the struc-
ture and the connection strength between brain cells, the synapses, as we have seen. The
process remaining to understand is the classification, a process we usually call thinking.
For certain low level classifications, such as geometrical shapes for the eye or sound har-
monies for the ear, the mechanisms are known. But for high-level classifications, such
as the ones used in conceptual thinking, the aim is not yet achieved. It is not yet known
how to describe the processes of reading or understanding in terms of signal motions.
Research is still in full swing and will probably remain so for a large part of the twenty-
first century.

In the following we look at a few abilities of our brain, of our body and of other bodies
that are important for the types of pleasure that we experience when we study motion.

* Victor Friedrich Weisskopf (b. 1908 Vienna, d. 2002 Cambridge), acclaimed theoretical physicist who
worked with Einstein, Born, Bohr, Schrédinger and Pauli. He catalysed the development of quantum elec-
trodynamics and nuclear physics. He worked on the Manhattan project but later in life intensely cam-
paigned against the use of nuclear weapons. During the cold war he accepted the membership in the Soviet
Academy of Sciences. He was professor at MIT and for many years director of CERN, in Geneva. He wrote
several successful physics textbooks. The author heard him making the above statement in 1982, during one
of his lectures.

** This is not in contrast with the fact that a few whale species have brains with a larger mass. The larger
mass is due to the protection these brains require against the high pressures which appear when whales
dive (some dive to depths of 1 km). The number of neurons in whale brains is considerably smaller than in
human brains.
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LIVING CLOCKS

L’horologe fait de la réclame pour le temps.*
Georges Perros

We have given an overview of living clocks already at the beginning of our adventure.
They are common in bacteria, plants and animals. And as Table 3 shows, without biolo-
gical clocks, neither life nor pleasure would exist.

When we sing a musical note that we just heard we are able to reproduce the original
frequency with high accuracy. We also know from everyday experience that humans are
able to keep the beat to within a few per cent for a long time. When doing sport or when
dancing, we are able to keep the timing to high accuracy. (For shorter or longer times,
the internal clocks are not so precise.) All these clocks are located in the brain.

Brains process information. Also computers do this, and like computers, all brains
need a clock to work well. Every clock is made up of the same components. It needs an
oscillator determining the rhythm and a mechanism to feed the oscillator with energy.
In addition, every clock needs an oscillation counter, i.e., a mechanism that reads out
the clock signal, and a means of signal distribution throughout the system is required,
synchronizing the processes attached to it. Finally, a clock needs a reset mechanism. If the
clock has to cover many time scales, it needs several oscillators with different oscillation
frequencies and a way to reset their relative phases.

Even though physicists know fairly well how to build good clocks, we still do not know
many aspects of biological clocks. Most biological oscillators are chemical systems; some,
like the heart muscle or the timers in the brain, are electrical systems. The general elu-
cidation of chemical oscillators is due to Ilya Prigogine; it has earned him a Nobel Prize
for chemistry in 1977. But not all the chemical oscillators in the human body are known
yet, not to speak of the counter mechanisms. For example, a 24-minute cycle inside each
human cell has been discovered only in 2003, and the oscillation mechanism is not yet
fully clear. (It is known that a cell fed with heavy water ticks with 27-minute instead of
24-minute rhythm.) It might be that the daily rhythm, the circadian clock, is made up
of or reset by 60 of these 24-minute cycles, triggered by some master cells in the human
body. The clock reset mechanism for the circadian clock is also known to be triggered by
daylight; the cells in the eye who perform this resetting action have been pinpointed only
in 2002. The light signal from these cells is processed by the superchiasmatic nuclei, two
dedicated structures in the brain’s hypothalamus. The various cells in the human body
act differently depending on the phase of this clock.

The clocks with the longest cycle in the human body control ageing. One of the more
famous ageing clock limits the number of divisions that a cell can undergo. Indeed, the
number of cell divisions is finite for most cell types of the human body and typically lies
between 50 and 200. (An exception are reproductory cells - we would not exist if they
would not be able to divide endlessly.) The cell division counter has been identified; it
is embodied in the telomeres, special structures of DNA and proteins found at both ends
of each chromosome. These structures are reduced by a small amount during each cell
division. When the structures are too short, cell division stops. The purely theoretical
prediction of this mechanism by Alexei Olovnikov in 1971 was later proven by a number

* ‘Clocks are ads for time.’
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TABLE 3 Examples of biological rhythms and clocks.

LIVING BEING

OSCILLATING SYSTEM

PERIOD

Sand hopper (Talitrus saltator)

Human (Homo sapiens)

Common fly (Musca domestica)

Fruit fly (Drosophila
melanogaster)

Most insects (e.g. wasps, fruit
flies)

Algae (Acetabularia)

Moulds (e.g. Neurospora crassa)
Many flowering plants
Tobacco plant

Arabidopsis

Telegraph plant (Desmodium
gyrans)

Forsythia europaea, E. suspensa,
E viridissima, F. spectabilis

knows in which direction to flee from
the position of the Sun or Moon

gamma waves in the brain

alpha waves in the brain

heart beat

delta waves in the brain

blood circulation

cellular circahoral rhythms
rapid-eye-movement sleep period
nasal cycle

growth hormone cycle

suprachiasmatic nucleus (SCN),
circadian hormone concentration,
temperature, etc.; leads to jet lag

skin clock

monthly period
built-in aging

wing beat

wing beat for courting

winter approach detection (diapause) by
length of day measurement; triggers
metabolism changes

Adenosinetriphosphate (ATP)
concentration

conidia formation
flower opening and closing

flower opening clock (photoperiodism);
triggered by length of days, discovered
in 1920 by Garner and Allard

circumnutation
growth
side leaf rotation

Flower petal oscillation, discovered by
Van Gooch in 2002

circadian

0.023 t0 0.03 s
0.08 t0 0.13 s
0.3to 1.5s
0.3to 10s
30s

1to2ks
5.4ks

4to 14ks
11ks

90 ks

circadian
2.4(4) Ms
3.2(3)Gs
30 ms
34 ms

yearly

circadian
circadian
annual

circadian
a few hours
200s

5.1ks

of researchers. (Only the latter received the Nobel Prize in medicine, in 2009, for this
confirmation.) Research into the mechanisms and the exceptions to this process, such as
cancer and sexual cells, is ongoing.

Not all clocks in human bodies have been identified, and not all mechanisms are
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known. For example, basis of the monthly period in women is interesting, complex, and
unclear.

Other fascinating clocks are those at the basis of conscious time. Of these, the brain’s
stopwatch or interval timer has been most intensely studied. Only recently was its mech-
anism uncovered by combining data on human illnesses, human lesions, magnetic res-
onance studies and effects of specific drugs. The basic interval timing mechanism takes
place in the striatum in the basal ganglia of the brain. The striatum contains thousands
of timer cells with different periods. They can be triggered by a ‘start’ signal. Due to their
large number, for small times of the order of one second, every time interval has a differ-
ent pattern across these cells. The brain can read these patterns and learn them. In this
way we can time music or specific tasks to be performed, for example, one second after
a signal.

Even though not all the clock mechanisms in humans are known, biological clocks
share a property with all human-built and all non-living clocks: they are limited by
quantum mechanics. Even the simple pendulum is limited by quantum theory. Let us
explore the topic.

WHEN DO CLOCKS EXIST?

Die Zukunft war frither auch besser.*
Karl Valentin.

When we explored general relativity we found out that purely gravitational clocks do not
exist, because there is no unit of time that can be formed using the constants ¢ and G.
Clocks, like any measurement standard, need matter and non-gravitational interactions
to work. This is the domain of quantum theory. Let us see what the situation is in this
case.

First of all, in quantum theory, the time is not an observable. Indeed, the time oper-
ator is not Hermitean. In other words, quantum theory states that there is no physical
observable whose value is proportional to time. On the other hand, clocks are quite com-
mon; for example, the Sun or Big Ben work to most people’s satisfaction. Observations
thus encourages us to look for an operator describing the position of the hands of a clock.
However, if we look for such an operator we find a strange result. Any quantum system
having a Hamiltonian bounded from below - having a lowest energy - lacks a Hermitean
operator whose expectation value increases monotonically with time. This result can be
proven rigorously, as a mathematical theorem.

Take a mechanical pendulum clock. In all such clocks the weight has to stop when
the chain end is reached. More generally, all clocks have to stop when the battery or the
energy source is empty. In other words, in all real clocks the Hamiltonian is bounded
from below. And the above theorem from quantum theory then states that such a clock
cannot really work.

In short, quantum theory shows that exact clocks do not exist in nature. Quantum
theory states that any clock can only be approximate. Time cannot be measured exactly;
time can only be measured approximately. Obviously, this result is of importance for high

* ‘Also the future used to be better in the past.” Karl Valentin (b. 1882 Munich, d. 1948 Planegg), playwright,
writer and comedian.
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precision clocks. What happens if we try to increase the precision of a clock as much as
possible?

High precision implies high sensitivity to fluctuations. Now, all clocks have an oscil-
lator inside, e.g., a motor, that makes them work. A high precision clock thus needs a high
precision oscillator. In all clocks, the position of this oscillator is read out and shown on
the dial. Now, the quantum of action implies that even the most precise clock oscillator
has a position indeterminacy. The precision of any clock is thus limited.

Worse, like any quantum system, any clock oscillator even has a small, but finite prob-
ability to stop or to run backwards for a while. You can check this conclusion yourself.
Just have a look at a clock when its battery is almost empty, or when the weight driving
the pendulum has almost reached the bottom position. The clock will start doing funny
things, like going backwards a bit or jumping back and forward. When the clock works
normally, this behaviour is strongly suppressed; however, it is still possible, though with
low probability. This is true even for a sundial.

In summary, clocks necessarily have to be macroscopic in order to work properly. A
clock must be as large as possible, in order to average out its fluctuations. Astronom-
ical systems are good examples. A good clock must also be well-isolated from the en-
vironment, such as a freely flying object whose coordinate is used as time variable. For
example, this is regularly done in atomic optical clocks.

THE PRECISION OF CLOCKS

Given the limitations due to quantum theory, what is the ultimate accuracy 7 of a clock?
To start with, the indeterminacy relation provides the limit on the mass of a clock. The

clock mass M must obey

h

which is obviously always fulfilled in everyday life. But we can do better. Like for a pen-
dulum, we can relate the accuracy 7 of the clock to its maximum reading time 7. The
idea was first published by Salecker and Wigner. They argued that

h'T
crtr
where T is the time to be measured. You might check that this condition directly requires
that any clock must be macroscopic.
Let us play with the formula by Salecker and Wigner. It can be rephrased in the fol-

lowing way. For a clock that can measure a time ¢, the size [ is connected to the mass m

by
l> \/E . (4)
m

How close can this limit be achieved? It turns out that the smallest clocks known, as well
as the clocks with most closely approach this limit, are bacteria. The smallest bacteria,
the mycoplasmas, have a mass of about 8 - 107" kg, and reproduce every 100 min, with a
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precision of about 1 min. The size predicted from expression (4) is between 0.09 um and
0.009 pm. The observed size of the smallest mycoplasmas is 0.3 um. The fact that bacteria
can come so close to the clock limit shows us again what a good engineer evolution has
been.

Note that the requirement by Salecker and Wigner is not in contrast with the possib-
ility to make the oscillator of the clock very small; researchers have built oscillators made
of a single atom. In fact, such oscillations promise to be the most precise human built
clocks. But the oscillator is only one part of any clock, as explained above.

In the real world, the clock limit can be tightened even more. The whole mass M
cannot be used in the above limit. For clocks made of atoms, only the binding energy
between atoms can be used. This leads to the so-called standard quantum limit for clocks;
it limits the accuracy of their frequency v by

o 5E )

v Eio

where AE = h/T is the energy indeterminacy stemming from the finite measuring time
T and E,;, = NE,; 4 is the total binding energy of the atoms in the metre bar. So far,
the quantum limit has not yet been achieved for any clock, even though experiments are
getting close to it.

In summary, clocks exist only in the limit of /1 being negligible. In practice, the errors
made by using clocks and metre bars can be made as small as required; it suffices to make
the clocks large enough. Clock built into human brains comply with this requirement.
We can thus continue our investigation into the details of matter without much worry,
at least for a while. Only in the last part of our mountain ascent, where the requirements
for precision will be even higher and where general relativity will limit the size of phys-
ical systems, trouble will appear again: the impossibility to build precise clocks will then
become a central issue.

WHY ARE PREDICTIONS SO DIFFICULT, ESPECIALLY OF THE FUTURE?

Future: that period of time in which our affairs
prosper, our friends are true, and our happiness
is assured.

Ambrose Bierce

Nature limits predictions in four ways:

1. We have seen that quantum theory, through the uncertainty relations, limits the pre-
cision of measurements, and of clocks and time measurements in particular. Thus,
the quantum of action makes it hard to determine initial states to full precision -
even for a single particle.

2. We have seen that high numbers of particles make it difficult to predict the future due
to the often statistical nature of their initial conditions.

3. We have found in our adventure that predictions of the future are made difficult by
non-linearities and by the divergence from nearby initial conditions.

4. We have seen that a non-trivial space-time topology can limit predictability. For ex-
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ample, we will discover that black hole and horizons can limit predictability due to
their one-way inclusion of energy, mass and signals.

5. We will find out in the last pat of our adventure that quantum gravity effects even
make a precise definition of time and space impossible.

Measurements and practical predictability are thus limited. The central reason for this
limitation is the quantum of action. But if the quantum of action makes perfect clocks
impossible, is determinism still the correct description of nature? And does time exist
after all? The answer is clear: yes and no. We learned that all the mentioned limitations
of clocks can be overcome for limited time intervals; in practice, these time intervals can
be made so large that the limitations do not play a role in everyday life. As a result,

> In practice, in all quantum systems both determinism and the concept of
time remain applicable.

This conclusion is valid even though theory says otherwise. Our ability to enjoy the pleas-
ures due to the flow of time remains intact.

However, when extremely large momentum flows or extremely large dimensions need
to be taken into account, quantum theory cannot be applied alone; in those cases, gen-
eral relativity needs to be taken into account. The fascinating effects that occur in those
situations will be explored in detail later on.

DECAY AND THE GOLDEN RULE

I prefer most of all to remember the future.
Salvador Dali

All pleasure only makes sense in the face of death. And death is a form of decay. Decay
is any spontaneous change. Like the wave aspect of matter, decay is a process with no
classical counterpart. Of course, any decay - including the emission of light by a lamp,
the triggering of a camera sensor, radioactivity or the ageing of humans - can be observed
classically; however, the origin of decay is a pure quantum effect.

In any decay of unstable systems or particles, the decoherence of superpositions of
macroscopically distinct states plays an important role. Indeed, experiments confirm that
the prediction of decay for a specific system, like a scattering of a particle, is only pos-
sible on average, for a large number of particles or systems, and never for a single one.
These observations confirm the quantum origin of decay. In every decay process, the su-
perposition of macroscopically distinct states — in this case those of a decayed and an
undecayed particle - is made to decohere rapidly by the interaction with the environ-
ment. Usually the ‘environment’ vacuum, with its fluctuations of the electromagnetic,
weak and strong fields, is sufficient to induce decoherence. As usual, the details of the
involved environment states are unknown for a single system and make any prediction
for a specific system impossible.

What is the origin of decay? Decay is always due to tunnelling. With the language of
quantum electrodynamics, we can say that decay is motion induced by the vacuum fluc-
tuations. Vacuum fluctuations are random. The experiment between the plates confirms
the importance of the environment fluctuations for the decay process.
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Quantum theory gives a simple description of decay. For a system consisting of a large
number N of decaying identical particles, any decay is described by

N 1 2n 2
N=-— where -=— |<1//initia1|Him|1/’ﬁnal>| : (6)
T T h

This result for N = dN/dt was named the golden rule by Fermi,” because it works so well
despite being an approximation whose domain of applicability is not easy to specify. The
golden rule leads to

N(t) = Nye ™. (7)

Decay is thus predicted to follow an exponential behaviour, independently of the details
of the physical process. In addition, the decay time 7 depends on the interaction and on
the square modulus of the transition matrix element. For almost a century, all experi-
ments confirmed that quantum decay is exponential.

On the other hand, when quantum theory is used to derive the golden rule, it is found
that decay is exponential only in certain special systems. A calculation that takes into ac-
count higher order terms predicts two deviations from exponential decay for completely
isolated systems: for short times, the decay rate should vanish; for long times, the de-
cay rate should follow an algebraic — not an exponential - dependence on time, in some
cases even with superimposed oscillations. After an intense experimental search, devi-
ations for short times have been observed. The observation of deviations at long times are
rendered impossible by the ubiquity of thermal noise. In summary, it turns out that decay
is exponential only when the environment is noisy, the system made of many weakly in-
teracting particles, or both. Since this is usually the case, the mathematically exceptional
exponential decrease becomes the (golden) rule in the description of decay.

Can you explain why human life, despite being a quantum effect, is not observed to
follow an exponential decay?

THE PRESENT IN QUANTUM THEORY

Utere temporibus.**
Ovidius

Many sages advise to enjoy the present. As shown by perception research, what humans
call ‘present’ has a duration of between 20 and 70 milliseconds. This result on the biolo-
gical present leads us to ask whether the physical present might have a duration as well.

In everyday life, we are used to imagine that shortening the time taken to measure the
position of a point object as much as possible will approach the ideal of a particle fixed
at a given point in space. When Zeno discussed the flight of an arrow, he assumed that
this is possible. However, quantum theory changes the situation.

Can we really say that a moving system is at a given spot at a given time? In order to

* Originally, the golden rule is a statement from the christian bible, (Matthew 7,12) namely the precept ‘Do
to others whatever you would like them to do to you.”
** “Use the occasions.” Tristia 4, 3, 83
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find an answer through experiment, we could use a photographic camera whose shutter
time can be reduced at will. What would we find? When the shutter time approaches the
oscillation period of light, the sharpness of the image would decrease; in addition, the
colour of the light would be influenced by the shutter motion. We can increase the energy
of the light used, but the smaller wavelengths only shift the problem, they do not solve it.
Worse, at extremely small wavelengths, matter becomes transparent, and shutters cannot
be realized any more. All such investigations confirm: Whenever we reduce shutter times
as much as possible, observations become unsharp. The lack of sharpness is due to the
quantum of action. Quantum theory thus does not confirm the naive expectation that
shorter shutter times lead to sharper images. In contrast, the quantum aspects of nature
show us that there is no way in principle to approach the limit that Zeno was discussing.

In summary, the indeterminacy relation and the smallest action value prevent that
moving objects are at a fixed position at a given time. Zeno’s discussion was based on
an extrapolation of classical concepts into domains where it is not valid any more. Every
observation, like every photograph, implies a time average:

Observations average interactions over a given time span.

For a photograph, the duration is given by the shutter time; for a measurement, the aver-
age is defined by the details of the set-up. Whatever this set-up might be, the averaging
time is never zero. * There is no ‘point-like’ instant of time that describes the present. The
observed, physical present is always an average over a non-vanishing interval of time. In
nature, the present has a finite duration. To give a rough value that guides our thought,
in most situations the length of the present will be less than a yoctosecond, so that it can
usually be neglected.

WHY CAN WE OBSERVE MOTION?

Zeno of Elea was thus wrong in assuming that motion is a sequence of specific positions
in space. Quantum theory implies that motion is only approximately the change of pos-
ition with time.

Why then can we observe and describe motion in quantum theory? Quantum the-
ory shows that motion is the low energy approximation of quantum evolution. Quantum
evolution assumes that space and time measurements of sufficient precision can be per-
formed. We know that for any given observation energy, we can build clocks and metre
bars with much higher accuracy than required, so that in practice, quantum evolution
is applicable in all cases. As long as energy and time have no limits, all problems are
avoided, and motion is a time sequence of quantum states.

In summary, we can observe motion because for any known observation energy we
can find a still higher energy and a still longer averaging time that can be used by the
measurement instruments to define space and time with higher precision than for the
system under observation. In the final part of our mountain ascent, we will discover that
there is a maximum energy in nature, so that we will need to change our description in
those situations. However, this energy value is so huge that it does not bother us at all at
the present point of our exploration.

* Also the discussion of the quantum Zeno effect, below, does not change the conclusions of this section.
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REST AND THE QUANTUM ZENO EFFECT

The quantum of action implies that there is no rest in nature. Rest is thus always either
an approximation or a time average. For example, if an electron is bound in an atom, not
freely moving, the probability cloud, or density distribution, is stationary in time. But
there is another apparent case of rest in quantum theory, the quantum Zeno effect. Usu-
ally, observation changes the state of a system. However, for certain systems, observation
can have the opposite effect, and fix a system.

Quantum mechanics predicts that an unstable particle can be prevented from decay-
ing if it is continuously observed. The reason is that an observation, i.e., the interaction
with the observing device, yields a non-zero probability that the system does not evolve.
If the frequency of observations is increased, the probability that the system does not
decay at all approaches 1. Three research groups — Alan Turing by himself in 1954, the
group of A. Degasperis, L. Fonda and G.C. Ghirardi in 1974, and George Sudarshan and
Baidyanath Misra in 1977 - have independently predicted this effect, today called the
quantum Zeno effect. In sloppy words, the quantum Zeno effect states: if you look at a
system all the time, nothing happens.

The quantum Zeno effect is a natural consequence of quantum theory; nevertheless,
its strange circumstances make it especially fascinating. After the prediction, the race for
the first observation began. The effect was partially observed by David Wineland and his
group in 1990, and definitively observed by Mark Raizen and his group in 2001. In the
meantime, other groups have confirmed the measurements. Thus, quantum theory has
been confirmed also in this surprising aspect.

The quantum Zeno effect is also connected to the deviations from exponential decay
— due to the golden rule - that are predicted by quantum theory. Indeed, quantum theory
predicts that every decay is exponential only for intermediate times, and quadratic for
short times and polynomial for extremely long times. These issues are research topics to
this day.

In a fascinating twist, in 2002, Saverio Pascazio and his team have predicted that the
quantum Zeno effect can be used to realize X-ray tomography of objects with the lowest
radiation levels imaginable.

In summary, the quantum Zeno effect does not contradict the statement that there
is no rest in nature; in situations showing the effect, there is an non-negligible interac-
tion between the system and its environment. The details of the interaction are import-
ant: in certain cases, frequent observation can actually accelerate the decay or evolution.
Quantum physics still remains a rich source of fascinating effects.

CONSCIOUSNESS — A RESULT OF THE QUANTUM OF ACTION

In the pleasures of life, consciousness plays an essential role.
> Consciousness is our ability to observe what is going on in our mind.

This activity, like any type of change, can itself be observed and studied. Though it is
hard and probably impossible to do so by introspection, we can study consciousness in
others. Obviously, consciousness takes place in the brain. If it were not, there would be
no way to keep it connected with a given person. Simply said, we know that each brain
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located on Earth moves with over one million kilometres per hour through the cosmic
background radiation; we also observe that consciousness moves along with it.

The brain is a quantum system: it is based on molecules and electrical currents. The
changes in consciousness that appear when matter is taken away from the brain - in
operations or accidents — or when currents are injected into the brain - in accidents, ex-
periments or misguided treatments — have been described in great detail by the medical
profession. Also the observed influence of chemicals on the brain - from alcohol to hard
drugs — makes the same point. The brain is a quantum system.

Modern imaging machines can detect which parts of the brain work when sensing,
remembering or thinking. Not only is sight, noise and thought processed in the brain; we
can follow these processes with measurement apparatus. The best imaging machines are
based on magnetic resonance, as described below. Another, more questionable imaging
technique, positron tomography, works by letting people swallow radioactive sugar. Both
techniques confirm the findings on the location of thought and on its dependence on
chemical fuel. In addition, we already know that memory depends on the particle nature
of matter. All these observations depend on the quantum of action.

Today, we are thus in the same situation as material scientists were a century ago: they
knew that matter is made of charged particles, but they could not say how matter is built
up. Similarly, we know today that consciousness is made from the signal propagation
and signal processing in the brain; we know that consciousness is an electrochemical
process. But we do not know yet the details of how the signals make up consciousness.
Unravelling the workings of this fascinating quantum system is the aim of neurology.
This is one of the great challenges of twenty-first century science.

Can you add a few arguments to the ones given here, showing that consciousness is a
physical process? Can you show in particular that not only the consciousness of others,
but also your own consciousness is a quantum process? Can you show, in addition, that
despite being a quantum process, coherence plays no essential role in consciousness?

In short, our consciousness is a consequence of the matter that makes us up. Con-
sciousness and pleasure depend on matter, its interactions and the quantum of action.

WHY CAN WE OBSERVE MOTION? — AGAIN

Studying nature can be one of the most intense pleasures of life. All pleasures are based
on our ability to observe or detect motion. And our human condition is central to this
ability. In particular, in our adventure so far we found the following connections: We

experience motion

— only because we are of finite size, and in particular, because we are large compared
to our quantum mechanical wavelength (so that we do not experience wave effects in
everyday life),

— only because we are large compared to a black hole of our same mass (so that we have
useful interactions with our environment),

— only because we are made of a large but finite number of atoms (to produce memory
and enable observations),

— only because we have a limited memory (so that we can clear it),

— only because we have a finite but moderate temperature (finite so that we have a life-
time, not zero so that we can be working machines),
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— only because we are a mixture of liquids and solids (enabling us to move and thus to
experiment),

— only because we are approximately electrically neutral (thus avoiding that our sensors
get swamped),

— only because our brain forces us to approximate space and time by continuous entities
(otherwise we would not form these concepts),

— onlybecause our brain cannot avoid describing nature as made of different parts (oth-
erwise we would not be able to talk or think),

— only because our ancestors reproduced,

— only because we are animals (and thus have a brain),

— only because life evolved here on Earth,

— only because we live in a relatively quiet region of our galaxy (which allowed evolu-
tion), and

— only because the human species evolved long after the big bang (when the conditions
were more friendly to life).

If any of these conditions — and many others — were not fulfilled, we would not observe
motion; we would have no fun studying physics. In fact, we can also say: if any of these
conditions were not fulfilled, motion would not exist. In many ways motion is thus an
illusion, as Zeno of Elea had claimed a long time ago. Of course, motion is a inevitable
illusion, one that is shared by many other animals and machines. To say the least, the
observation and the concept of motion is a result of the properties and limitations of the
human condition. A complete description of motion and nature must take this connec-
tion into account. Before we attempt that in the last volume of this adventure, we explore
a few additional details.

CURIOSITIES AND FUN CHALLENGES ABOUT QUANTUM EXPERIENCE

Most clocks used in everyday life, those built inside the human body and those made by
humans, are electromagnetic. Any clock on the wall, be it mechanical, quartz controlled,
radio or solar controlled, is based on electromagnetic effects. Do you know an exception?

* 3k

The sense of smell is quite complex. For example, the substance that smells most badly to
humans is skatole, also called, with his other name, 3-methylindole. This is the molecule
to which the human nose is most sensitive. Skatole makes faeces smell bad; it is a result of
haemoglobin entering the digestive tract through the bile. Skatole does not smell bad to
all animals; in contrast to humans, flies are attracted by its smell. Skatole is also produced
by some plants for this reason.

On the other hand, small levels of skatole do not smell bad to humans. Skatole is also
used by the food industry in small quantities to give smell and taste to vanilla ice cream
- though under the other name.

* %k

It is worth noting that human senses detect energies of quite different magnitudes. The
eyes can detect light energies of about 1 aJ, whereas the sense of touch can detect only
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energies as small as about 10 pJ. Is one of the two systems relativistic?
* 3k

The human construction plan is stored in the DNA. The DNA is structured into 20 000
genes, which make up about 2 % of the DNA, and 98 % non-coding DNA, once called
‘junk DNA’. Humans have as many genes as worms; plants have many more. Only
around 2010 it became definitely clear, through the international ‘Encode’ project, what
the additional 98 % of the DNA do: they switch genes on and oft. They form the admin-
istration of the genes and work mostly by binding to specific proteins.

Research suggests that most genetic defects, and thus of genetic diseases, are not due

to errors in genes, but in errors of the control switches. All this is an ongoing research
field.

* 3k

Even at perfect darkness, the eye does not yield a black impression, but a slightly brighter
one, called eigengrau. This is a result of noise created inside the eye, probably triggered
by spontaneous decay of rhodopsin, or alternatively, by spontaneous release of neuro-
transmitters.

* 3k

The high sensitivity of the ear can be used to hear light. To do this, take an empty 750 ml
jam glass. Keeping its axis horizontal, blacken the upper half of the inside with a candle.
The lower half should remain transparent. After doing this, close the jam glass with its
lid, and drill a 2 to 3 mm hole into it. If you now hold the closed jam glass with the hole
to your ear, keeping the black side up, and shining into it from below with a 50 W light
bulb, something strange happens: you hear a 100 Hz sound. Why?

* 3k

Most senses work already before birth. It is well-known since many centuries that playing
the violin to a pregnant mother every day during the pregnancy has an interesting effect.
Even if nothing is told about it to the child, it will become a violin player later on. In fact,
most musicians are ‘made’ in this way.

* %k

There is ample evidence that not using the senses is damaging. People have studied what
happens when in the first years of life the vestibular sense - the one used for motion
detection and balance restoration - is not used enough. Lack of rocking is extremely hard
to compensate later in life. Equally dangerous is the lack of use of the sense of touch.
Babies, like all small mammals, that are generally and systematically deprived of these
experiences tend to violent behaviour during the rest of their life.

* 3k

The importance of ion channels in the human body can not be overstressed. Ion chan-
nels malfunctions are responsible for many infections, for certain types of diabetes and
for many effects of poisons. But above all, ion channels, and electricity in general, are
essential for life.
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FIGURE 15 The ‘neurochemical mobile’ model of well-being, with one of the way it can get out of
balance.

* 3k

Our body contains many systems that avoid unpleasant outcomes. For example, it
was discovered in 2006 that saliva contains a strong pain killer, much stronger than
morphine; it is now called opiorphin. It prevents that small bruises inside the mouth
disturb us too much. Opiorphine also acts as an antidepressant. Future research has to
show whether food addiction is related to this chemical.

* %k

It is still unknown why people - and other mammals — yawn. This is still a topic of re-
search.

* 3k

Nature has invented the senses to increase pleasure and avoid pain. But neurologists have
found out that nature has gone even further; there is a dedicated pleasure system in the
brain, shown in Figure 16, whose function is to decide which experiences are pleasurable
and which not. The main parts of the pleasure system are the ventral tegmental area in
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FIGURE 16 The location of the ventral tegmental area (VTA) and of the nucleus accumbens (NAcc) in
the brain. The other regions involved in pleasure and addiction are Amy, the amygdala, Hip, the
hippocampus, Thal, the thalamus, rACC, the rostral anterior cingulate cortex, mPFC, the medial
prefrontal cortex, Ins, the insula, and LN, the lentiform nucleus (courtesy NIH).

the midbrain and the nucleus accumbens in the forebrain. The two parts regulate each
other mainly through dopamine and GABA, two important neurotransmitters. Research
has shown that dopamine is produced whenever pleasure exceeds expectations. Nature
has thus developed a special signal for this situation.

In fact, well-being and pleasure are controlled by a large number of neurotransmitters
and by many additional regulation circuits. Researchers are trying to model the pleasure
system with hundreds of coupled differential equations, with the distant aim being to
understand addiction and depression, for example. On the other side, also simple mod-
els of the pleasure system are possible. One, shown in Figure 15, is the ‘neurochemical
mobile’ model of the brain. In this model, well-being is achieved whenever the six most
important neurotransmitters* are in relative equilibrium. The different possible depar-
tures from equilibrium, at each joint of the mobile, can be used to describe depression,
schizophrenia, psychosis, the effect of nicotine or alcohol intake, alcohol dependency,
delirium, drug addiction, detoxication, epilepsy and more.

* Neurotransmitters come in many types. They can be grouped into mono- and diamines - such as dopam-
ine, serotonin, histamine, adrenaline - acetylcholine, amino acids - such as glycine, GABA and glutamate
— polypeptides — such as oxytocin, vasopressin, gastrin, the opiods, the neuropetides etc. — gases — such as
NO and CO - and a number of molecules that do not fit into the previous classes — such as anandamide or
NAAG.


http://www.motionmountain.net

Ref. 40

Challenge 35 s

THE PHYSICS OF PLEASURE 57

* 3k

The pleasure system in the brain is not only responsible for addiction. It is also respons-
ible, as Helen Fisher showed through MRI brain scans, for romantic love. Romantic love,
directed to one single other person, is a state that is created in the ventral tegmental area
and in the nucleus accumbens. Romantic love is thus a part of the reptilian brain; in-
deed, romantic love is found in many animal species. Romantic love is a kind of positive
addiction, and works like cocaine. In short, in life, we can all choose between addiction
and love.

* 3k

An important aspect of life is death. When we die, conserved quantities like our energy,
momentum, angular momentum and several other quantum numbers are redistributed.
They are redistributed because conservation means that nothing is lost. What does all
this imply for what happens after death?

* 3k

We all know the smell that appears in the open field at the start of a summer rainfall, or
the smell of fresh earth. It is due to a substance called geosmin, a bicyclic alcohol that is
produced by bacteria in the soil. The bacteria produce it when it rains. For reasons not
fully understood, the human nose is especially sensitive to the smell of geosmin: we are
able to smell it at concentrations below 107'°.

* 3k

Also plants have sensors. Plants can sense light, touch, gravity, chemicals, as well as elec-
tric fields and currents. Many plants grow differently when touched; roots sense and con-
duct electric signals and then grow accordingly; obviously, plants grow against gravity
and towards light. Above all, plants are known to be able to distinguish many different
chemicals in the air, above all, ethene (ethylene), which is also an important plant hor-
mone.

* 3k

Many plants have built-in sensors and clocks that measure the length of the day. For ex-
ample, spinach does not grow in the tropics, because in order to flower, spinach must
sense for at least fourteen days in a row that the day is at least 14 hours long - and this
never happens in the tropics. This property of plants, called photoperiodism, was dis-
covered in 1920 by Wightman Garner and Harry Allard while walking across tobacco
fields. They discovered - and proved experimentally - that tobacco plants and soya plants
only flower when the length of the day gets sufficiently short, thus around September.
Garner and Allard found that plants could be divided into species that flower when days
are short — such as chrysanthemum or coffee - others that flower when days are long
- such as carnation or clover - and still others that do not care about the length of the
day at all - such as roses or tomatoes. The measurement precision for the length of the
day is around 10 min. The day length sensor itself was discovered only much later; it is
located in the leaves of the plant, is called the phytochrome system and is based on spe-
cialised proteins. The proteins are able to measure the ratio between bright red and dark
red light and control the moment of flower opening in such plants.
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SUMMARY ON BIOLOGY AND PLEASURE

To ensure the successful reproduction of living beings, evolution has pursued miniatur-
ization as much as possible. Molecular motors, including molecular pumps, are the smal-
lest motors known so far; they work as quantum ratchets. Molecular motors are found
in huge numbers in every living cell. In short:

> Every human consists of trillions of machines.

To increase pleasure and avoid pain, evolution has also supplied the human body also
with numerous sensors, sensor mechanisms, and a pleasure system deep inside the brain.
In short, nature has invented pleasure as a guide for behaviour. Neurologists have thus
proven what Epicurus said 23 centuries ago and Sigmund Freud repeated one century
ago:

> Pleasure controls human life.*
All biological pleasure sensors and pleasure systems are based on quantum motion, in

particular on chemistry and materials science. We therefore explore both fields in the
following.

* But Epicurus also said: ‘It is impossible to live a pleasant life without living wisely and honourably and
justly, and it is impossible to live wisely and honourably and justly without living pleasantly.” This is one of
his Principal Doctrines.
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CHAPTER 2

CHANGING THE WORLD WITH
QUANTUM EFFECTS

he discovery of quantum effects has changed everyday life. It has allowed

he distribution of speech, music and films. The numerous possibilities of

elecommunications and of the internet, the progress in chemistry, materials
science, electronics and medicine would not have been possible without quantum ef-
fects. Many other improvements of our everyday life are due to quantum physics, and
many are still expected. In the following, we give a short overview of this vast field.

CHEMISTRY — FROM ATOMS TO DNA

Bier macht dumm.**
Albert Einstein

It is an old truth that Schrodinger’s equation contains all of chemistry. With quantum
theory, for the first time people were able to calculate the strengths of chemical bonds,
and what is more important, the angle between them. Quantum theory thus explains
the shape of molecules and thus indirectly, the shape of all matter. In fact, the correct
statement is: the Dirac equation contains all of chemistry. The relativistic effects that
distinguish the two equations are necessary, for example, to understand why gold is yel-
low and does not rust or why mercury is liquid.

To understand molecules and everyday matter, the first step is to understand atoms.
The early quantum theorists, lead by Niels Bohr, dedicated their life to understanding
their atoms and their detailed structure. The main result of their efforts is what you learn
in secondary school: in atoms with more than one electron, the various electron clouds
form spherical layers around the nucleus. The electron layers can be grouped into groups
of related clouds that are called shells. For electrons outside the last fully occupied shell,
the nucleus and the inner shells, the atomic core, can often be approximated as a single
charged entity.

Shells are numbered from the inside out. This principal quantum number, usually writ-
ten n, is deduced and related to the quantum number that identifies the states in the
hydrogen atom. The relation is shown in Figure 17.

Quantum theory shows that the first atomic shell has room for two electrons, the
second for 8, the third for 18, and the general n-th shell for 21” electrons. The (neutral)

** ‘Beer makes stupid.’
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FIGURE 17 The principal quantum numbers in hydrogen.

atom with one electron is hydrogen, the atom with two electrons is called helium. Every
chemical element has a specific number of electrons (and the same number of protons,
as we will see). A way to picture this connection is shown in Figure 18. It is called the
periodic table of the elements. The standard way to show the table is found on page 346
and, more vividly, in Figure 19. (For a periodic table with a video about each element,
see www.periodicvideos.com.)

Experiments show that different atoms that share the same number of electrons in
their outermost shell show similar chemical behaviour. Chemists know that the chemical
behaviour of an element is decided by the ability of its atoms to from bonds. For example,
the elements with one electron in their outer s shell are the alkali metals lithium, sodium,
potassium, rubidium, caesium and francium; hydrogen, the exception, is conjectured to
be metallic at high pressures. The elements with filled outermost shells are the noble gases
helium, neon, argon, krypton, xenon, radon and ununoctium.

ATOMIC BONDS

When two atoms approach each other, their electron clouds are deformed and mixed.
The reason for these changes is the combined influence of the two nuclei. These cloud
changes are highest for the outermost electrons: they form chemical bonds.

Bonds can be pictured, in the simplest approximation, as cloud overlaps that fill the
outermost shell of both atoms. These overlaps lead to a gain in energy. The energy gain is
the reason that fire is hot. In wood fire, chemical reactions between carbon and oxygen
atoms lead to a large release of energy. After the energy has been released, the atomic
bond produces a fixed distance between the atoms, as shown in Figure 20. This distance
is due to an energy minimum: a lower distance would lead to electrostatic repulsion
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FIGURE 18 An unusual form of the periodic table of the elements.

between the atomic cores, a higher distance would increase the electron cloud energy.

Many atoms can bind to more than one neighbours. In this case, energy minimization
also leads to specific bond angles, as shown in Figure 21. Maybe you remember those
funny pictures of school chemistry about orbitals and dangling bonds. Such dangling
bonds can now be measured and observed. Several groups were able to image them using
scanning force or scanning tunnelling microscopes, as shown in Figure 22.

The repulsion between the clouds of each bond explains why angle values near that of
tetrahedral skeletons (2 arctanv2’ = 109.47°) are so common in molecules. For example,
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FIGURE 19 A modern periodic table of the elements (© Theodore Gray, for sale at www.theodoregray.
com).
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FIGURE 20 The forming of a chemical bond between two atoms, and the related energy minimum
(left hand image © chemistry4gcms2011.wikispaces.com).

the H-O-H angle in water molecules is 107°.

Atoms can also be connected by multiple bonds. Double bonds appear in carbon di-
oxide, or CO,, which is therefore often written as O = C = O, triple bonds appear in
carbon monoxide, CO, which is often written as C = O. Both double and triple bonds are
common in organic compounds. (In addition, the well-known hexagonal benzene ring
molecule C4Hj, like many other compounds, has a one-and-a-half-fold bond.) Higher
bonds are rare but do exist; quadruple bonds occur among transition metal atoms such
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FIGURE 21 An artistic
illustration of chemical bond
angles when several atoms are
involved: in a water molecule,
with its charge distribution
due to its covalent bonds,
blue colour at the two ends
indicates positive charge, and
the red colour in upper vertex
indicates negative charge. The
central drawing shows a
typical structural rendering of
the water molecule

(© Benjah-bmm?27).

as rhenium or tungsten. Research also confirmed that the uranium U, molecule, among
others, has a quintuple bond, and that the tungsten W, molecule has a hextuple bond.

RIBONUCLEIC ACID AND DEOXYRIBONUCLEIC ACID

Probably the most fascinating molecule of all is human deoxyribonucleic acid, better
known with its abbreviation DNA. The nucleic acids where discovered in 1869 by the
physician Friedrich Miescher (b. 1844 Basel, d. 1895 Davos) in white blood cells. He also
found it in cell nuclei, and thus called the substance “Nuklein’. In 1874 he published an
important study showing that the molecule is contained in spermatozoa, and discussed
the question if this substance could be related to heredity. With his work, Miescher paved
the way to a research field that earned many colleagues Nobel Prizes (though not for
himself, as he died before they were established). They changed the name to ‘nucleic
acid’.

DNA is, as shown in Figure 23, a polymer. A polymer is a molecule built of many sim-
ilar units. In fact, DNA is among the longest molecules known. Human DNA molecules,
for example, can be up to 5 cm in length. Inside each human cell there are 46 chromo-
somes. In other words, inside each human cell there are molecules with a total length of
2 m. The way nature keeps them without tangling up and knotting is a fascinating topic
in itself. All DNA molecules consist of a double helix of sugar derivates, to which four
nuclei acids are attached in irregular order. Nowadays, it is possible to make images of
single DNA molecules; an example is shown in Figure 24.

At the start of the twentieth century it became clear that Desoxyribonukleinséure
(DNS) - translated as deoxyribonucleic acid (DNA) into English — was precisely what
Erwin Schrédinger had predicted to exist in his book What Is Life? As central part of
the chromosomes contained the cell nuclei, DNA is responsible for the storage and re-
production of the information on the construction and functioning of Eukaryotes. The
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FIGURE 22 Top two rows: measured chemical bonds in the pentacene molecule, using different
techniques; bottom row: textbook calculations and illustrations of the same experiment (© IBM).
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information is coded in the ordering of the four nucleic acids. DNA is the carrier of hered-
itary information. DNA determines in great part how the single cell we all once have been
grows into the complex human machine we are as adults. For example, DNA determines
the hair colour, predisposes for certain illnesses, determines the maximum size one can
grow to, and much more. Of all known molecules, human DNA is thus most intimately
related to human existence. The large size of the molecules is the reason that understand-
ing its full structure and its full contents is a task that will occupy scientists for several
generations to come.

To experience the wonders of DNA, have a look at the animations of DNA copying and
of other molecular processes at the unique website www.wehi.edu.au/education/wehitv.

CURIOSITIES AND FUN CHALLENGES ABOUT CHEMISTRY

Among the fascinating topics of chemistry are the studies of substances that influence
humans: toxicology explores poisons, pharmacology explores medicines (pharmaceutical
drugs) and endocrinology explores hormones.

Over 50000 poisons are known, starting with water (usually kills when drunk in
amounts larger than about 101) and table salt (can kill when 100 g are ingested) up to
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9, FIGURE 23 Several ways to
picture B-DNA, all in false
colours (© David Deerfield).

i
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polonium 210 (kills in doses as low as 5 ng, far less than a spec of dust). Most countries
have publicly accessible poison databases; see for example www.gsbl.de.

Can you imagine why ‘toxicology’, the science of poisons, actually means ‘bow sci-
ence’ in Greek? In fact, not all poisons are chemical. Paraffin and oil for lamps, for ex-
ample, regularly kill children who taste it because some oil enters the lung and forms
a thin film over the alveoles, preventing oxygen intake. This so-called lipoid pneumonia
can be deadly even when only a single drop of oil is in the mouth and then inhaled by a
child. Paraffin should never be present in homes with children.

In the 1990s, the biologist Binie Ver Lipps discovered a substance, a simple poly-
peptide, that helps against venoms of snakes and other poisonous animals. The medical
industry worldwide refuses to sell the substance - it could save many lives — because it
is too cheap.

* %k

Whether a substance is a poison depends on the animal ingesting it. Chocolate is poison
for dogs, but not for children. Poisonous mushrooms are edible for snails; bitten mush-
rooms are thus not a sign of edibility.

* 3k

Hormones are internal signalling substances produced by the human body. Chemically,
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FIGURE 24 Two ways to image single DNA molecules: by holography with electrons emitted from
atomically sharp tips (top) and by fluorescence microscopy, with a commercial optical microscope
(bottom) (© Hans-Werner Fink/Wiley VCH).

they can be peptides, lipids or monoamines. Hormones induce mood swings, organize
the fight, flight or freeze responses, stimulate growth, start puberty, control cell death
and ageing, activate or inhibit the immune system, regulate the reproductive cycle and
activate thirst, hunger and sexual arousal.

* %k

When one mixes 50 ml of distilled water and 50 ml of ethanol (alcohol), the volume of
Challenge 38 s the mixture has less than 100 ml. Why?

* 3k

Why do organic materials, i.e., materials that contain several carbon atoms, usually burn
at much lower temperature than inorganic materials, such as aluminium or magnesium?
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A cube of sugar does not burn. However, if you put some cigarette ash on top of it, it
burns. Why?

* 3k

Sugars are essential for life. One of the simplest sugars is glucose, also called dextrose or
grape sugar. Glucose is a so-called monosaccharide, in contrast to cane sugar, which is a
disaccharide, or starch, which is a polysaccharide.

The digestion of glucose and the burning, or combustion, of glucose follow the same
chemical reaction:

C¢H,,04 + 60, — 6CO, + 6 H,0 + 2808Kk] (8)

This is the simplest and main reaction that fuels the muscle and brain activities in our
body. The reaction is the reason we have to eat even if we do not grow in size any more.
The required oxygen, O,, is the reason that we breathe in, and the resulting carbon di-
oxide, CO,, is the reason that we breathe out. Life, in contrast to fire, is thus able to
‘burn’ sugar at 37°. That is one of the great wonders of nature. Inside cells, the energy
gained from the digestion of sugars is converted into adenosinetriphosphate (ATP) and
then converted into motion of molecules.

* 3k

Chemical reactions can be slow but still dangerous. Spilling mercury on aluminium will
lead to an amalgam that reduces the strength of the aluminium part after some time. That
is the reason that bringing mercury thermometers on aeroplanes is strictly forbidden.

* 3k

Two atoms can form bound states by a number of effects that are weaker than electron
bonds. A famous one is the bound state formed by two sodium atoms at a distance of
around 60 Bohr radii, thus much larger than usual bond distances. The bond appears
due to the continuous exchange of a photon between the two atoms.

* 3k

What happens if you take the white powder potassium iodide — KJ - and the white
powder lead nitrate - Pb(NOj;), — and mix them with a masher? (This needs to be done
with proper protection and supervision.)

* 3k

Writing on paper with a pen filled with lemon juice instead of ink produces invisible
writing. Later on, the secret writing can be made visible by carefully heating the paper
on top of a candle flame.

* 3k

How is the concentration of ozone, with the chemical composition O, maintained in
the high atmosphere? It took many years of research to show that the coolants used in
refrigerators, the so-called fluoro-chloro-hydrocarbons or FCHCs, slowly destroyed this
important layer. The reduction of ozone has increased the rate of skin cancer all across
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the world. By forbidding the most dangerous refrigerator coolants all over the world, it
is hoped that the ozone concentration can recover. The first results are encouraging. In
1995, Paul Crutzen, Mario Molina and Sherwood Rowland received the Nobel Price for
Chemistry for the research that led to these results and policy changes.

* %k

In 2008, it was shown that perispinal infusion of a single substance, etanercept, reduced
Alzheimer’s symptoms in a patient with late-onset Alzheimer’s disease, within a few
minutes. Curing Alzheimer’s disease is one of the great open challenges for modern
medicine. In 2013, Jens Pahnke found that an extract of Hypericum has positive effects
on the cognition and memory of Alzheimer patients. The extract is already available as
free medication, for other uses, with the name LAIF900.

* 3k

Cyanoacrylate is a fascinating substance. It is the main ingredient of instant glue, the glue
that starts to harden after a few seconds of exposure to moisture. The smell of evaporating
cyanoacrylate glue is strong and known to everybody who has used this kind of adhesive.
The vapour also has another use: they make finger prints visible. You can try this at home!

* 3k

Fireworks fascinate many. A great challenge of firework technology is to produce forest
green and greenish blue colours. Producers are still seeking to solve the problem. For
more information about fireworks, see the cc.oulu.fi/~kempmp website.

MATERIALS SCIENCE

Did you know that one cannot use a boiled egg
as a toothpick?
Karl Valentin

We mentioned several times that the quantum of action explains all properties of matter.
Many researchers in physics, chemistry, metallurgy, engineering, mathematics and bio-
logy have cooperated in the proof of this statement. In our mountain ascent we have only
a little time to explore this vast but fascinating topic. Let us walk through a selection.

WHY DOES THE FLOOR NOT FALL?

We do not fall through the mountain we are walking on. Some interaction keeps us from
falling through. In turn, the continents keep the mountains from falling through them.
Also the liquid magma in the Earth’s interior keeps the continents from sinking. All
these statements can be summarized in two ideas: First, atoms do not penetrate each
other: despite being mostly empty clouds, atoms keep a distance. Secondly, atoms cannot
be compressed in size. Both properties are due to Pauli’s exclusion principle between
electrons. The fermion character of electrons avoids that atoms shrink or interpenetrate
- on Earth.
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FIGURE 25 A comparison of star sizes (© Dave Jarvis).

In fact, not all floors keep up due to the fermion character of electrons. Atoms are
not impenetrable at all pressures. At sufficiently large pressures, atoms can collapse, and
form new types of floors. Such floors do not exist on Earth. Some people have spent their
whole life to understand why such other floors, namely surfaces of stars, do not fall, or
when they do, how it happens.

The floors and the sizes of all astronomic objects are due to quantum effects. Fig-
ure 25 illustrates the range of sizes that are found in astronomic objects. In each object,
a quantum effect leads to an internal pressure which fixes the floor, and thus the size of
the object.

In solid or liquid planets, the size is given by the incompressibility of condensed mat-
ter, which in turn is due to Pauli’s exclusion principle. The effective internal pressure of
condensed matter is often called the Pauli pressure. In gaseous planets, such a Jupiter, and
in usual stars, such as in the Sun, the gas pressure takes the role that the incompressibility
of solids and liquids has for smaller planets. The gas pressure is due to the heat stored in
them; the heat is usually released by internal nuclear reactions.

Light pressure does play a role in determining the size of red giants, such as Betelgeuse;
but for average stars, light pressure is negligible.

Other quantum effects appear in dense stars. Whenever light pressure, gas pressure
and the electronic Pauli pressure cannot keep atoms from interpenetrating, atoms are
compressed until all electrons are pushed into the protons. Protons then become neut-
rons, and the whole star has the same mass density of atomic nuclei, namely about
2.3-10" kg/m®. A drop weighs about 200 000 tons. In these so-called neutron stars, the
floor - or better, the size - is also determined by Pauli pressure; however, it is the Pauli
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pressure between neutrons, triggered by the nuclear interactions. These neutron stars are
all around 10 km in radius.

If the pressure increases still further, the star becomes a black hole, and never stops
collapsing. Black holes have no floor at all; they still have a constant size though, determ-
ined by the horizon curvature.

The question whether other star types exist in nature, with other floor forming mech-
anisms - such as the conjectured quark stars — is still a topic of research.

ROCKS AND STONES

If a geologist takes a stone in his hands, he is usually able to give the age of the stone,
within an error of a few per cent, simply by looking at it. The full story behind this as-
tonishing ability forms a large part of geology, but the general lines should also be known
to every physicist.

Generally speaking, the mass density of the Earth decreases from the centre towards
the surface. The upper mantle, below the solid crust of the Earth, is mostly composed
of peridotite, a dense, obviously igneous rock with a density of around 3.3 g/cm’. The
oceanic crust, with a thickness between 5 and 10 km, is mainly composed of igneous rocks
such as basalt, diabase and gabbro. These rocks are somewhat less dense, around 3 g/cm?,
and are typically 200 million years old. The continental crust has a depth of 30 to 50 km,
consists of lighter rocks, around 2.7 g/cm?, such as granite. The age of the continental
crust varies strongly; on average it is 2000 million years old, with a range from extremely
young rocks to some older than 4300 million years. The continental crust contains most
of the incompatible elements.

Every stone arrives in our hand through the rock cycle(s). The main rock cycle is a
process that transforms magma from the interior of the Earth into igneous (or magmatic)
rocks through cooling and crystallization. Igneous rocks, such as basalt, can transform
through erosion, transport and deposition into sedimentary rocks, such as sandstone.
(Sedimentary rocks can also form from biogenic base materials.) Either of these two
rock types can be transformed through high pressures or temperatures into metamorphic
rocks, such as marble. Finally, most rocks are generally - but not always - transformed
back into magma.

The main rock cycle takes around 110 to 170 million years. For this reason, rocks that
are older than this age are less common on Earth. Any stone that we collect during a
walk is the product of erosion of one of the rock types. A geologist can usually tell, just
by looking at the stone, the type of rock it belongs to; if he sees or knows the original
environment, he can also give the age and often tell the story of the formation, without
any laboratory.

In the course of millions of years, minerals float upwards from the mantle or are
pushed down the crust, they are transformed under heat and pressure, they dissolve or
precipitate, and they get enriched in certain locations. These captivating stories about
minerals are explored in detail by geologists. Geologists can tell where to find beaches
with green sand (made of olivine); they can tell how contact between sedimentary lime-
stone with molten igneous rocks leads to marble, ruby and other gemstones, and under
which precise conditions; they can also tell from small crystals of quartz that enclose
coesite that in earlier times the rock has been under extremely high pressure - either
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FIGURE 26 Igneous rocks (top three rows): gabbro, andesite, permatite, basalt, pumice, porphyry,
obsidian, granite, tuff; sedimentary rocks (centre): clay, limestone, sandstone; and (below) two specimen
of a metamorphic rock: marble (© Siim Sepp at www.sandatlas.org, Wikimedia).
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TABLE 4 The types of rocks and stones.

TYPE

PROPERTIES

SUBTYPE

EXAMPLE

Igneous rocks
(magmatites)

formed from
magma, 95 % of all
rocks

volcanic or extrusive

plutonic or intrusive

basalt (ocean floors,
Giant’s Causeway),
andesite, obsidian

granite, gabbro

Sedimentary rocks often with fossils, a clastic shale, siltstone,
(sedimentites) few % sandstone
biogenic limestone, chalk,
dolostone
precipitate halite, gypsum
Metamorphic rocks  transformed by foliated slate, schist, gneiss

(metamorphites) heat and pressure, a (Himalayas)
few %
non-foliated marble, skarn, quartzite
(grandoblastic or
hornfelsic)
Meteorites from the solar rock meteorites

system
iron meteorites

because it once was at a depth of the order of 70 km, or because of an asteroid impact, or
because of an atomic bomb explosion.

From the point of view of materials science, rocks are mixtures of minerals. Even
though more than 5000 minerals are known, only about 200 form rocks. These rock-
forming minerals can be grouped in a few general types. The main group are the silica-
based rocks. They contain SiO, tetrahedra and form around 92 % of all rocks. The re-
maining 8 % of rocks are of different composition, such as carbonates or oxides. Table 5
gives more details. The table covers the minerals found on the Earth’s crust. However, the
most common mineral in absolute is Bridgmanite, a form of MgSiO5. About one third of
the Earth is made of Bridgmanite, a silicate perovskite; it is formed in the lower mantle,
at temperatures of around 1800°C and pressures above 24 GPa. The mineral never ap-
pears on the Earth’s crust. Recent research suggests that some forms of Bridgmanite may
even have contributed, when it rose to the surface by convection, to the oxygen in the
atmosphere.

From the point of view of chemistry, rocks are even more uniform. 99 % of all rocks
are made of only nine elements. Table 6 shows the details.

Almost all minerals are crystals. Crystals are solids with a regular arrangement of
atoms and are a fascinating topic by themselves.
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TABLE 5 The mineralogic composition of rocks and stones in the Earth’s crust.

73

GRroOUP MINERAL VOLUME
FRACTION

Inosilicates single chain silicates: 11(2) %
pyroxenes, e.g., diopside
double chain silicates: 5(1) %
amphiboles/hornblende,
e.g., tremolite

Phyllosilicates sheet silicates: 10 (2) %
clays, e.g., kaolinite, talc 5(1) %
mica-based minerals, e.g., 5(1) %
biotite, muscovite

Tectosilicates volume silicates: 65(5) %
quartz, tridymite, 11(1) %
cristobalite, coesite
the plagioclase feldspar 43(4) %
series, e.g., albite
the alkali feldspars, e.g., 14(2) %
orthoclase

Other silicates with isolated, double or 3(1) %
cyclic silica groups, e.g.,
olivine, beryl and garnets,
or amorphous silicates,
e.g., opal

Oxide-based rocks e.g., magnetite, hematite, 5(1) %
bauxite

Carbonate-based e.g., calcite, dolomite

rocks

Sulfate-based rocks e.g., gypsum, anhydrite

Halide-based rocks e.g., rock salt or halite,
fluorite

Other rocks
phosphates, e.g., apatite 1(0.5) %

sulfides, e.g., pyrite
native metals, e.g., gold
borates, e.g.,

and many others.

CRYSTAL FORMATION

Have you ever admired a quartz crystal or some other crystalline material? The beautiful
shape and atomic arrangement has formed spontaneously, as a result of the motion of
atoms under high temperature and pressure, during the time that the material was deep
under the Earth’s surface. The details of crystal formation are complex and interesting.
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TABLE 6 The chemical composition of rocks and stones in the Earth’s crust.

ELEMENT VOLUME
FRACTION

Oxygen 46.7(1.0) %
Silicon 27.6(0.6) %
Aluminium 8.1(0.1) %
Iron 5(1) %
Calcium 4.3(0.7) %
Sodium 2.5(0.2) %
Potassium 2.0(0.5) %
Magnesium 2.5(0.4) %
Titanium 0.5(0.1) %
Other elements 0.8(0.8) %

Are regular crystal lattices energetically optimal? This simple question leads to a wealth
of problems. We might start with the much simpler question whether a regular dense
packing of spheres is the most dense packing possible. Its density is /V18, i.e., a bit
over 74 %. Even though this was conjectured to be the maximum possible value already
in 1609 by Johannes Kepler, the statement was proven only in 1998 by Tom Hales. The
proof is difficult because in small volumes it is possible to pack spheres up to almost
78 %. To show that over large volumes the lower value is correct is a tricky business.

Next, does a regular crystal of solid spheres, in which the spheres do not touch, really
have the highest possible entropy? This simple problem has been the subject of research
only from the 1990s onwards. Interestingly, for low temperatures, regular sphere arrange-
ments indeed show the largest possible entropy. At low temperatures, spheres in a crystal
can oscillate around their average position and be thus more disordered than if they were
in a liquid; in the liquid state the spheres would block each other’s motion and would
not allow reaching the entropy values of a solid.

Many similar results deduced from the research into these so-called entropic forces
show that the transition from solid to liquid is - at least in part — simply a geometrical
effect. For the same reason, one gets the surprising result that even slightly repulsing
spheres (or atoms) can form crystals and melt at higher temperatures. These are beautiful
examples of how classical thinking can explain certain material properties, using from
quantum theory only the particle model of matter.

But the energetic side of crystal formation provides other interesting questions.
Quantum theory shows that it is possible that two atoms repel each other, while three
attract each other. This beautiful effect w