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Dialogue






1
The Cast

What time it is? So, you are one of these types who believe that
Time exists? (The Devil in The Dean by LG)

Time is the substance of which | am made. Time is a river which
sweepsme along, but | am the river; it is a tiger that mangles me,
but | am the tiger; it is a re that consumesme, but | am the re.
The world,unfortunately , is real; I, unfortunately , am Borges. (Jorge
Luis Borgesin A New Refutation of Time).

1.1 The Characters:Phil and Math

We give an intro duction to the themesof the book in the form of a Dialogue
betweenthe two authors in the following two roles:

Phil (ippe): philosopher, author of ction and poetry,
Math (ew): matematician, engineerand reform educator,

meeting regularly at Atomic Clo ck Cafe in Stockholm, seeFig. 1.1. Both
Phil and Math primarily usecommonlanguageand logic but occasionally
resort to a more specialized discourseusing tools from

Phil : ontologi, semartics, rethoric, epistemologi,

Math : Calculus, Newtonian and quantum medanics.

This is page 3
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4 1. The Cast

The word Dialogue is a combination of the Greek words dia (through) and
logos (word, speed) suggestingsomethinglike a owing-thr ough meaning.

The pre x diais often confusedwith the pre x di (two) and then leadsto
the erronousconclusionthat a dialogue only involvestwo parties. The Dia-
logue form was usedextensively by Plato and Galileo (with three parties),
and we will start following this great tradition, but then shift to instead a
dialogue with the readerwithout separatingthe two authors.

FIGURE 1.1. The place for the Dialogue: Atomic Clock Cafe.
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2
Getting Started

However deep the chasm that separatesthe intuitiv nature of space
from that of time in our experience, nothing of this qualitativ e dif-
ference enters into the objective world which physics endeavors to
crystalise out of di eren t experience. It is a four-dimensional contin-
uum, which is neither \time" nor \space". (Hermann Weyl, 1949)

2.1 Math's Declaration

Nice to meetyou Phil. | have read many of your books with great pleasure,
both ction and poetry, with their charming mix of philosophy and life.

You seemto have a special weaknessfor women, mathematics and science
ction?

2.2 Phil's Declaration

Nice to meet you Math. Yes,it is true that | have nurtured a secretdream
to be a mathematician. | like both its rigor with axioms, lemmas theorems
and corollaries, and its mind-boggling poetic terms like trans nite numbers,
non-enumemable set, continuum, Cauchy sequene, aleph algebaic topol-
ogy, Lipschitz continuity, Banach-Tarski paradox Ljusternik-Schnirelman
category, knot theory, homeomorphism, ber bundes di er ential geometry,
Minkowski space-time, partial di er ential equation.

And you Math, have you ever dreamedof becomingan author of ction?



6 2. Getting Started
2.3 Math: A New Idea: Principe Perfeito

Yes, of course,we all have our dreamsto be what we are not. A dream
of change, one could sa. | tried to write some ction, but only tedious
Calculus books cameout.

In any case,your dream of mathematics is preciselywhat made me invite
you to a co ee here at Atomic Clock Cafe and a discussionabout aspects
of time: You have direct cortact with the worlds of poetry, ction and
philosophy, but you also like mathematics. A rare combination, indeed!

You see,in my work asan applied mathematician | have stumbled upon
certain facts, or rather a certain principle, which | refer to as Principe
Perfeito, which seemgto o er an answer to the old problem of the Arrow of
Time, that is the problem if time hasa direction forward or is irr eversible
I would like to present this principle to you and seeif | can get you to
embrace it and seeits beauty. Of course, more generally | hope we can
have good time together discussingvarious things, while we enjoy a good
piece of cake and a cafe creme.

2.4 Phil: A Test?

OK, soyou seeour meetingshere at Atomic Clock Cafe as a kind bend-
mark test of the functionality of Princip e Perfeito. Well, that seemsa bit
limited and narrow to my taste, sincel am usedto think freely by myself
and | hesitate to act like somekind of test rabbit in a laboratory. Nev-

ertheless,following up on the idea of a laboratory, maybe we can use our
meetingshere at Atomic Clock Cafe asa casestudy of aspectsof time, like

periodicity,,
repetition,
duration,
time ow

irr eversibility,
memory,

time travel

This is a neat idea; to study aspects of time by discussingit, in real time!



2.5 Math: Open Discussion 7

2.5 Math: Open Discussion

| fully understand your resenations. | suggestthat we both try to have
open minds willing to go wherewer the discussionleads,and | promise to
not insist on Princip e Perfeito asthe answer to just about anything, which
would be tedious and single-minded. | just want to say that | believe |
have a new angle of attack, on a very old problem. To just circle well
known tracks without goal, would not be that interesting, | believe.

2.6 Phil: Independert Thinking

All right, | acceptyour declaration of intention, and take the liberty of not
accepting anything you say without understanding it properly, and also
to changethe topic of discussionwheneer you get lengthy and loosethe
track.

2.7 Math: Flow and Arrow of Time

Excellent. Pleasehave another cake. Can | then suggestto organize our
discussioninto two main themes:

Flow of Time.
The Arrow of Time.

The Dialogue could then serve asa generalintro duction to the themesof the
book allowing usto shareideaswithout goinginto details and technicalities.
The rest of the book could then contain more careful analysis of various
aspects, where we no longer separateour two roles.

2.8 Phil: Time Trans xed?

This seemdike a possibly fruitful pie to me. But beforetaking on the main
themes, let us seewhat the Masters have to say. By the way, | suggestwe
takealook at Magrittes Time Trans xed in Fig. 5.1to get someinspiration:
Is heretime (trans) xed? Or is time o wing?

Shall we agreeto meet again next week at 3 pm on Thursday? What do
we have to think of to make this happen?| think a believe | know how.
What about you? Do you have a calenderand a watch?



8

2. Getting Started

FIGURE 2.1. Time Trans xed by Magritte.



3

The Masters

If everything when it occupiesan equal spaceis at rest, and if
that which is in locomotion is always occupying sud a spaceat
any momern, the ying arrow is therefore motionless.(Aristotle,
Physics VI:9, 239b5)

3.1 Phil: Parmenidesand Herakleitos

The debate on time goesback to early Greek philosophy, where you nd
two radically dierent views: Heracleitos argued for perpetual change in-
cluding time change while Parmenides maintained there was no change
and thus neither time nor motion. You can connect Heracleitos perpetual
change with a demccratic attitude, where a poor man can get rich and
vice versa,and Parmenidesno-changewith a aristocratic attitude with the
noble family forever in control of their castle, land and senants without
change.

We shall seebelow that Aristotle essetially took the position of Herak-
leitos, and it is logical that Aristotle carefully studied aspectsof demaocracy.

This is page9
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10 3. The Masters
3.2 Math: Growth

Yes,you are right. Parmenidesno-changeidea was abandonedwith the sci-
ertic and industrial revolution starting with Leibniz' and Newton's Cal-
culus in the 17th certury, which is the mathematics of change

In the industrial society new machines deliver increasing output every
yearo ering ever increasingmaterial wealth to the people,thereby opening
to democracy. Democracy without changeis impossible,and without (hope
of) changeto the better, demacracy risks to collapse. If seemsthat the
capitalistic systemis basedon growth of the econony, just likea life without
growth is inconceiable.

On the other hand, and this is what we are facing today in the threat of
glokal warming, anything that hasthe capability to grow alsoruns the risk
of growing too much sothat it su o cates.We know that today everybody
sings the song of controled growth, not too much and not too little, but
very few sing about no-growth.

3.3 Phil: Growth

| agree.What is alsointeresting is ....

3.4 Math: Relativity and Quantum Medanics

What is contradictory is the developmert of the special and generaltheory
of relativity by Einstein in the beginning of the 20th certury, appearing
asdemaccratic Europe collapsedin the 1st World War. In relativit y theory
spaceand time are joined into space-time and in space-timethere is no real
changein time, only seeminglymotionless space-timecon gurations

So, Parmenideshas comebacdk in our time in relativit y theory viewed as
one of the corner stonesof modern physics. The other corner stoneis quan-
tum mechanics which rather connectsto Herakleitos perpetual change:
The wave functions of quantum medanics satisfying Schredinger's equa-
tion describe the perpetual motion of clouds of electrons around atomic
kernels.

The tragedy of modern physicsis that relativit y theory cannot be com-
bined with quantum medanics, and thus the basis of modern physics is
shaky. Parmenidesand Herakleitos seemincompatible without any possi-
bility of synthesis, by many witnessedas a crisis.



3.5 Phil: Shocking! 11
3.5 Phil: Shacking!

This is shocking. | do not know what to say, or what to believe: Parmenides
or Herakleitos?Artisto cracy or demacracy? Physicsin crisis? Global warm-
ing? It is simply over-whelming.

3.6 Math: Unbelievable!

Yes, this is shocking and in a senseunbelievable. But there is only one
possiblity: We have to go for demaocracy with perpetual change, and we
must believe that physics can be given a rational foundation. This is our
only chancein a hostile and cold Universe.

Anyway, let's take another cake and seewhat our discussioncan lead to.
Can | then suggestthat you Phil take on the role of Parmenidesto start
with.

| have a vaguefeeling that we will be able to reach a form of synthesis,
wherein a sensethe impossibility of motion of Parmenidescan be acknowl-
edged,without giving up the possibility of change.Changewithout motion,
what about that?

3.7 Phil;: OK | defendParmenides

OK, I will try to defendthe position of Parmenides,and we'll seehow far
that will carry. Sol claim that motion is impossible,and therefore change
is impossible.In the samespirit | volunteer to advocate that the ow of
time is an illusion. Nothing changes,both motion and ow of time is an
illusion.

To support my position | refer to McTaggart.....

3.8 Math: Zeno'sArrow

Fine, your position seemspretty clear, and you are not alone. | suggest
we start with Zeno's Arrow, which is not the Arrow of Time, which we
will comeback to shortly. Zeno's Arrow is simply an arrow ying through
space.The basic question is if motion is possible? Zeno asked:

How can an arrow move, when at each instant it stands still?

This is referredto asZeno's Paradox It is a good paradox and not so easy
to resolwe. It is completely basic to our discussion:If the arrow moves or
ies, then we may say that time ows or time ies, aswe will understand
more precisely below, and if the arrow stands still, sodoesmust time.



12 3. The Masters
3.9 Phil: Zeno'sParadox?

OK, sowhat is the resolution to the paradox: Doesthe arrow move or not?
As far as | can seeit stands still at ead instant, and thus does cannot
move. | think we needanother co ee here. Waiter, please!

FIGURE 3.1. Nude Desending a Staircase by Marcel Duchamp causeda scandal
when rst shown in the Armory show in 1912: At each moment the nude is at a
xed position, yet sheis descendingthe stairs.
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4
Resolutiomf Zeno'sParadx

But maybethat is our mistake: maybe there are no particle positions
and velocities, but only waves.lt is just that wetry to t the wavesto
our preconceived ideas of positions and velocities. The resulting mis-
match is the causeof the apparent unpredictabilit y (Stephen Hawk-
ing 1988)

4.1 Math: What Motion Is

To cometo grips with the paradox, we have to understand what motion is.
Sowhat is it? Well, we can say that motion is changein position or change
in con gur ation: Phil, when you lift your co ee cup from the table to your
mouth, the cup changesposition. You can only take a sip of co ee with the
cup at your lips. But yet you say: At ead instant the cup stands still, so
how on Earth can it move from the table to my lips?

That is a tricky question, but it can be answered. To do sowe haveto go
to quantum medanics of course, since ultimately the question is how on
Earth the atoms of the cup with co ee can move in spacefrom the table
to your lips?

Since quantum medanics concernswave functions, we have to under-
stand what the characteristics of a wave are. Right Phil?



14 4. Resolution of Zeno's Paradox

Direction of
wave travel

\
b -
Water particle Transverse

moves on component
circular path

~Longitudinal
component

FIGURE 4.1. A water wave is generated by circular motion of the water
molecules. The wave can propagate to right or left without loosing its form.

4.2 Phil: What is a Wave?

YesMath, sowhat is then a wave?| am really curious!

4.3 Math: What a Wave Is

Well, you have certainly watched wavesin the seaapproaching a shore or
you have felt waves approacing you when you are swimming or sailing.
What is really intriguing about water waves,is that you seea wave moving
horisontally, while the particles of water making the wave do not move
with the wave. You may even know that ead water particle movesin a
small vertical circular motion, more or less on the spot, and thus does
not move horisontally with the wave, seeFig. 47.1. The wave seemsto
be moving acrossthe surface of the water, but the uid particles are not
moving with the wave. You seemotion, essetially without any material
particles moving.
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4.4 Phil: Shale a Rope

Yes,| am familialr with this phenomen:If you fasten one end of a rope to
awall, stretch the rop and shakeit quickly, you will seea wave progressing
along the rope from your hand towards the wall, and of courseno part of
the ropeitself movesalong with that wave: The material of the rope moves
up and down a little, more or lesslike the water particles in a water wave,
but the wave moves horisontally. Physicsis really quite fascinating, when
you get that good feeling that you understand something!

4.5 Math: Wave Motion without Material Motion

If we now go back to the quantum mechanics of the atoms of a co ee cup,
we can understandthat if atomswith their electron cloudsare described by
a form of wave medanics, and thus behave like waves, it is conceiable that
the motion of an atom would be like the motion of a seawave and thus not
really require any motion of any material, whatever material is. With this
perspective atoms would thus move like waveswithout any corresponding
material motion. We thus get by without explaining what material motion
is, and that is the beauty of a wave theory like quantum medanics.

We could thus agreewith Parmenidesand say that material motion is
maybe not possible,or rather that we do not needit and thus do not have
to explain it, becausea wave can move anyway and thus wave motion is
possible.

4.6 Phil: Zeno'sArrow and Mushrooms

OK, | understand what you say, more or less,and of coursethis suggestsa
resolution of Zeno's Paradox: The arrow viewed as a wave is moving while
the material of the arrow is not moving. It suggeststhat the arrow rather
\app ears" at di erent positions, just as the wave \app ears" at di erent
spots, without corresponding motion of material, whatever the meaning of
that can be. In a sensethe arrow thus \is born" anew at ead spot, then
dies away, and getsreborn at another spot. The impressionwe get is that
the arrow moves.

As a metaphor onecould think of an expandingring of mushroomsabove
ground carried by an invisible mycel below ground. It could then appear
as if the mushrooms were moving, but in reality they would not, because
the apparent motion would comefrom new mushrooms appearing at some
spots and dissapperaing at other spots.

| think this is a beautiful resolution of Zeno's paradox. Really neat!
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4.7 Math: Badk to Aristotle

Very good Phil, you seemto have a good intuition for quantum medanics.

If we now sum up, we agreethat change of position is possiblein the sense
that the arrow can appear at di erent positions. To connectto the concept
of time, we now recall that Aristotle claimedthat time is changeof position

or con guration or rather

Time is an aspect of changewhich can be measured by numkbers.

Thusyou can measuretime by the changeof position of the arms of a clock.

A growing child can measuretime by his/her length in certimeters, an old

male philospher by the length of his beard, a farmer by the height of the

cornin the elds. The time of the day by the height of the Sun et cet.
We are thus led to the following operational de nition:

Time (ow) is what you measure with a clock.

4.8 Phil:

OK, let's agreeon that for the momert, but | am not nished yet. | think
it is now time for a refreshingwalk.



5

Questionand Answers

Your memory is a monster; you forget - it doesn't. It simply les
things away. It keepsthings for you, or hides things from you - and
summons them to your recall with a will of its own. You think you
have a memory; but it hasyou! (John Irving)

5.1 Phil: Questions

There seemsto be a fundamertal dicult y to reconcile the intuitiv e ex-
perienceof time o w with the physicalistic view of time as a topologically
ordered set of points-in-time.This incompatibilit y givesraise to a number
of profoundly connected puzzles.We nd it already in early Greek phi-
losophy as an incompatibilit y betweenthe Eleatic school { time is unreal
{ and the Miletic { ewerything, even what seemsstable , is in a state of
continuous ow. In Kants Critiqgue of Pure ReasonTime is simply the way
Human mind has to represert or arrange the external world in order to
make it possibleto deal with it in a rational way. Asked whether he really
believed that the fact that our birth precedesour death is an arrangemert
of our reasonand hasno internal necessiy in the nature of things, he would
probably answer that time order is of a much more universal nature , as
opposedto the taste of a vine or the pain from a needle,both sensations
which o bviously presupposean interaction betweena stimulus and a sen-
sory medium We cannot get out of it. For Mc Taggart the incompatibilit y
betweenthe objective, physical approac { time is a topological ,transitiv e
and non-symmetric order of events { and the intuitiv e { there is a past a
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presert which we are cortinuously loosing and there is a future, can only
be solved by denying the objective existenceof Time. In Henri Bergsons
philosophy the o w of time or duration unlike its spatial represenation in
harmonic oscillators can only be grasped intuitiv ely. It is a primitiv e fact
not open to conceptual analysis. The fundamertal ambiguity.

Time is normally treated asa dimension, e.g.in physics. What doesthat
mean?How far can the analogy to the spatial dimensionsbe taken ? Does
Time have a beginning, and if so,what would it meanfor it to begin? What
is a point in time? Could it bein nitely small or doestime have a granular
character?

5.2 Math: Answers

Following Aristotle, time is an aspect of changewhich you can measureby
numbers. This meansthat time is one-dimensionaland can be represened
asa line of numbers. We can order the numbersin magnitude like the nat-
ural numbers 0; 1; 2;:::; starting with 0 without end, or like the integers
2 2, 1;0;1; 2 without beginning and end. We can Il in with the ra-
tional numbers as quotients of integers,or the real numkbers asall (possibly
in nite) decimal expansions.We canthen measuretime by anything which
changes,like the height of the Sun for the time of the day, or the maximal
height of the Sun over a day for the time of the year, length of your nger
nails or hair if you let them grow without cutting, or the color of your hair
asthe yearsgo by. Or you can simply watch the arms of your analogwatch
changeposition, or the changeof the digits on your digital clock. You then
understand that a digital clock shows granular time , where the smallest
time unit may be a second,1/10 or 1/100 of a second.For an analog clock
there is theoretically no absolutely smallesttime unit, but in practice there
is, becauseyou will not be able to distinguish two times if they are su -
ciently close.This is a well-known di cult y of deciding who is the winner
in a 100 meter sprint race.

With a clock at hand you would then say that an instant in time, or a
point in time, is identi ed with a certain position of the arms of an analog
clock and a certain number on a digital clock. You would also understand
that the questionif there is a rst time hasto berelated to a speci c event:
For example your life has a certain rst time, at the conception or at the
birth, and it alsohasa certain nal time. Likewise,it is believed that the
Universehas a certain rst time at the Big Bang, and the question what
happened before Big Bang, or before the conception, in a sensehas no
meaning.

| recall that we agreedto give (the ow of) time an operational def-
inition as what you measurewith a clock. With this de nition time is
one-dimensionaland ordered, becausethe readings of a clock are. What
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remainsis then the questiontime hasa direction or if there is an Arrow of
Time. This is the most interesting and intriguing question about time, and
accordingly | suggestwe devote our main time to this question.

Let us meet again next week at the sametime, if you understand what |
mean?

5.3 Pnil

| am sorry but | am not corvinced: If Time is what we measurewith clocks,
why should its ow be one-directional ? Time has a property which sorts
it out from the other three dimensionsmet with in everyday experience;
it is one-directional. This elemenary fact together with the questions of
measuremem and simultaneous everts, which have givenraiseto statistical
thermodynamics and the special theory of relativit y,respectively, lead us
to another, quite as interesting set of enigmasand seemingparadoxes. A
few might be listed here, we shall return to them: Why should statistics
in uence physics?

We will start this introduction with the intuitiv e apprehensionof time
asa ea conceptwhich hasfrequertly beenquestionedby the philosophers
as contradictory and generally problematic.

5.4 Math

You refer to special relativit y with its mix of spaceand time, and denial of
simultaneity. | suggestthat we keeprelativit y theory out of the discussion,
sincenobody really understandsit, and it causessomuch confusion.In fact,
I have written a whole book on this topic, showing that relativit y theory is
not a physical theory describing any physicsof spaceand time. The special
theory of relativit y is basedon an axiom stating that dierent obseners
moving with constart velosity with respect to ead other, will measurethe
same speed of light. Today this is simply a de nition of how to measure
speed as distance per time unit, since by the commonly accepted1983SI
standard the length unit is lightsecond, whohc is the distance traveled by
light in onesecond.With this standard the speedof light is by de nition one
lightsecondper second.Thus Einstein's basic axiom for special relativit y is
simply a de nition, and from a de nition you cannot draw any conclusion
about reality. It would be like believing that from the de nition that there
are 100 certimeters on a meter, you could draw any conclusionabout e.g.
your length or the distance to the Moon.
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5.5 Pnhil

| agreeto stay away from relativit y. In any caseit is supposedto concern
obsenations by peopletraveling at a speedcloseto speedof light, which will
never be possible. Simultaneity, is then not a problem: We have identical
clocks syndhronized with the atomic clock at Atomic Clock Cafe, and we
can be surethat if we agreeto meet next Thursday a 3 pm, we will both
be here at that time. No problem. Let's now start our real work.

By the way the Shakers seemto reac a state of mind of timelessnessn
their ecstatic dance,described in an old Shaker hymn as

Comelife, Shaker life
Comelife eternal;
Shake, shake out of me
All that is carnal.

FIGURE 5.1. Ecstatic dancing giving shakers a feeling of timelessness.
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6

The Arrow of Time

D. Joao Il (Lisboa, 1452-1495),cognominadoO Princip e Per-
feito pela forma como exerceuo Poder, dcimo-terceiro Rei de
Portugal, nasceuno Paco das Alcacovas, no Castelo de Sao
Jorge. Era lho do rei Afonso V de portugal e de Isabel de
Coimbra, princesade portugal. Joao |l sucedeuao seupai apos
a suaabdicacao,em 1477;no ertanto, AfonsoV retornou e logo
D. Joaolhe dewolveu o poder, e so setornou de novo rei apos a
suamorte em 1481.

6.1 Math: Principe Perfeito

Now we cometo my baby Principe Perfeito, which I claim can solve the
enigma of the Arrow of Time. Let me start with the following example,
which you often meetin discussionsabout irreversibility: Take a new cup
of co e, pour in somemilk, stir and watch the black co ee and the white
milk mix into brownish cafe creme. This goes quick and you do not need
very speci ¢ skills to succeed,right? Now, try to reversethe process,by
reversing the stiring so that you separatethe co ee and milk out of the
mix. In principle, this should be possible,by simply reversing the stirring
motion of the spoon and the pouring, right?
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6.2 Phil: Impossible

But this is impossible.| know it without even trying: It is impossibleto
un-stir cafe creme and separate out black co ee and white milk! Simply
impossible!

6.3 Math: Precisionand Stability

| agree,this is impossible,but the question is, why it is impossible.Here
Princip e Perfeito comesin: It states that this is impossible becauseof a
certain combination of the two basic aspects of

stability,

precision.

Both stirring and the reverse processof un-stirring are unstable in the
sensethat nearby particles of co ee or milk get separatedaway from ead
other, and thus would comeout di erently by the slightest changein both
stirring and unstirring. In practice, you have to acceptthat both stirring
and unstirring cannot be realized with in nite precision: Your hand with
the spoon will always shake a little bit, or a car will passand the table
will shake a bit, and sincethe processis unstable, the result will be that
nearby particles get separatedone way one day and another way another
day? You cannot stir your co ee exactly the sameway twice, Right?

The key is now what makesstirring possiblebut unstirring impossible?
Both stirring and unstirring are pointwise unstable processesso what is
the di erence?

6.4 Phil: The Objective or ProcessOutput

| think | seewhat you are suggesting.We have to look at the objective of
the process,or the result of the process.When stirring the result or process
output is a brownish mix, while the output of unstirring would be black
co ee and white milk. Clearly the output of stirring is stable under small
perturbations as your hand is shaking: You always succeedin making a
cafe cremeeven if your hands are shaking (it even improvesthe mixing).

But when the output is black co ee and white milk in the processof
unstirring or unmixing, the slightest little error, will leave somemilk in the
co ee and visa versa.
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6.5 Math: Turbulence

That's amazing Phil, that you get on track so easily. Clearly, you have
captured a basic aspect of Princip e Perfeito here in the setting of taking
a cafe cremeat Atomic Clock Cafe. So, we understand why a processof
mixing may be irr eversible

But there is still a gap to irreversibility of time. Doesthe ow of time
necessarilyinvolve a processof mixing, which would maketime irreversible?
Is there somemixing going with the ow of time?

Yes, it turns out that there is, but this is a deeper aspect. Here, | can
only say that it connectsto a basic aspect of turbulence, which of course
should not make you really happy, becauseit is common opinion that no-
body knows what turbulence is. So referring to turbulence is like saying
somethingwhich meansnothing. The wonderful thing is now that Principe
Perfeito in a way explains what turbulence is asa combination of a certain
form of stability (which we refer to as edge stability below), and precision
resulting in a form of mixing.

Princip e Perfeito thus shows that turbulence necessarilyappearsin com-
plex edgestable processeslike chemical reactions and life asa complex set
of chemical reactions. Only simple processeswithout life can be without
turbulence and thus be time reversible. The motion of a simple pendulum
is an example of a simple stable processwhich is time reversible. Complex
processegypically are edge stable as an expressionof their complexity,
and thus involve turbulent mixing and therefore are irreversible. Details
are given below.

Let me herejust say, that without turbulence, birds and airplaneswould
not be ying, you would not be able to speak and the blood in your veins
would not carry enoughof oxygeneto support the life of the cellsin your
body. Without turbulence the World would be like a dull simple reversible
pendulum, but the World is complex with e ects of turbulence and thus
time irreversible.

6.6 Phil: SumUp

OK, | believe | get the main idea of Princip e Perfeito as expressingthat
complexprocessesre turbulent, and turbulence causesmixing, and mixing
is irreversible. Thus complex processestypically life processeshased on
chemical reactionsin water, are partly turbulent and thus are irreversible.
The reasonwhy you cannot reverseyour life by pushing a rewind button, is
thusthat your life is complexand you are living on the edge.This is because
your life is only edgestable and not more stable; a stable life would be a
dull no-life. Thus you have to get your cafe cremeto calm down, and then
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you have to stir milk into black co ee which is an irreversible process,and
henceyour life is irreversible.

The moral is that the interesting things in your life are irreversible, like
falling in love, which you can nish but not undo or reverse.
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Z
More Debate

7.1 Pnhil: Intuitiv e Time, Neutral Time

There is an obvious di erence betweentime suc as we immediately per-
ceive it { time ow; a unique presert cortinuously escapingour hold and
turning into a an unreachable past - and time as a non-subjective physical
reality The rs question we shall deal with is: Can we describe time in a
neutral way, i.e. abstracting from the essetial feature of Time such aswe
experienceit; the vaining momernt? Is what remains after such a reduction
still Time? Or, in that casemight it be that we are handling an abstract
model,basedon spatial metaphors?

The confusion of the thing and its represenation is a frequert source
of confusion in philosophy. So why should it not be in what is probably
its most di cult branch? A momen in Julius Caesar'stime and the very
momert when the last letter of this sertenceis written can hardly be in-
trinsically di erent qua momerts.It seemsguite reasonableto seethem all
asexistent elemerts in a serieslike books in a bookshelfand all having the
samerights and privileges. Their existenceas topologically ordered parts
of the totalit y of time is then itself a timeless existence.There is no ow
or movemert here.

It is absurd to imagine that the totalit y of reality could change{ writes
the Swedish-Belgian philosopher Andries Mc Leod in Sur divers questions
se presertant dans l'attitude du concept de realite, Leyden 1929. Why
absurd? Becauseif it would change,it would thereby reveal that it is not
the total reality.
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So,re ecting on the nature of time we are confronted with two perspec-
tiveswhich seemto be unreconcilable. There is the immediate and as sud,
non rejectable experienceof a o w of time and there is realization that the
consecutive momerts of history cannot be di erent in an internal respect.
They are all parts of the time ow and they are not presen.

Only the presen is presen. It seemsthat something must have gone
wrong here. It is not quite clear that everybody imagines the reality of
Time and Time Flow in the same way. However there seemsto be two
standard models. Either Time itself is seenas o wing through the presert
or the presert is seenasa sort of front line contin uously gain territory from
a future which is not really existert until it hasreachedthe presen. In both
caseghereisthe ideaof a ow or amotion. This seemsabsurd. If weassume
that Time asa totalit y is o wing the obvious question is: moving through
what? Through a supertime? Obviously an unacceptableregressis reached.
If we assumeon the other hand that the presert is o wing forward through
time we arriv e at the samein nite regresswhen we ask for the speedof the
ow. How many secondspro secondare we doing?

Confronted with the paradoxesof Time o w, an ertire tradition in philos-
ophy, from Zenoto Kant and McTaggart, has denied time an independert
real existence.The idea of a ow of time, obviously leading to contradic-
tions, is illusory or basedon a fundamertal misunderstanding. If sois the
casethere must be a way to restlesslytranslate the expression\now it is
time to return the ball" to a tensenessxpression\at t" it is time to return
the ball", wheret" is supposedto refer to an understandable coordinate
systemand a su cien t degreeof precision

There is arather radical division betweenthosephilosophers,e.g.Bertrand
Russeland G.E Moore, who take the position that such a translation is pos-
sible and that it can be made complete, and those who, like Henri Bergson,
claim that the ow of time, represenied by the presert is a primitiv e e
xperience which can only be conceived by intuition. The intuitiv e repre-
sertation of Time that has been described above could - accepting some
minor variations - be called the Standard Model.

7.2 Math: Operational De nition

It seemsto me that with an operational de nition of time, as what you
measurewith an (atomic) clock, most of the di culties you bring up, simply
disappear, right?
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Aenigmae

Quid est ergo tempus? Si nemo ex me quaerat, scio; si quaererti
explicare velim, nescio. (St. Augustine)

Love is yesterday, it will be born today, and it was tomorrow. (Jan
Skacel)

Something is blowing through the dark space
around the galaxies. It takesit's time.
(L.G. Sonett XXXI | 1977)

8.1 The Arrow

Spaceand time are fundamertal conceptsof human experience.The mea-
suremert of time has developed from the Sun dials of early civilizations
over the medhanical clocks of the industrial society to the atomic clocks
of our presert information society. The accuracy hasimproved from hours
over minutes to the nano-secondsf today.

Evenif we all have an intuitiv e direct experienceof time, and someintu-
itiv e idea of what time is and its qualities, there are many questionscon-
cerning this concept from philosophical, sciertic and psycdological point
of view, which still are waiting for satisfactory answers.

The most fundamertal question concernsif time hasa direction from the
past over the presenttowardsthe future? In other words, the basicquestion
can be formulated as follows:

Is there an Arrow of Time ?

This is page29
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We can rephrazethis question as
Is it possibleto reversetime?
Or more dramatically as
Is death a necessaryconsequencef life ?

Our direct experience tells us that for sure there is an Arrow of Time
pointing forward, inevitably making us a bit older every secondthat passes,
and that our life time is limited. We also know very well that time can be
reversedin a movie by playing it backwards pushing the rewind button,
but this is not possiblein reality. But why? Why is there no rewind button
in reality? Or is there?

Scientists have long struggled to answer this question without too much
of success.The dicult y was well understood alread by St. Augustine in
the 4th certury AC asexpressedn Fig. (8.1) below. The famous physicist
Richard Feynman (1918-1988),Nobel Prize in Physicsin 1965, expresses
the samedesperation in Fig. (8.2). Why have sciertists not been able to
comeup with any corvincing answers over all these more than 1600years
from St. Augustine to our time?

Of course,the educatedreader now says that we have forgotten, appar-
ently like Feynman,that the 2nd Law of Thermodynamics preseried in any
book on statistical mechanics de nes forward time by increasing entropy
or disorder. No, we have not forgotten that, but we do not, apparertly just
like Feynman, believe that statistics givesa good answer to the question
about the Arrow. We believe that there is a better answer, and this what
this book is about: An alternativ eto statistical medanicsasan explanation
of why there is an Arrow of Time.

8.2 Variations

We shall seethat the riddle of the Arrow of Time can be formulated in
many dierent ways. Each of the following questions touches on a basic
aspect of the riddle, asthe book will show:

How can there be irr eversibility in a formally reversiblesystent?
How can there be imperfection in a formally perfect world?
Why do not all peoplefollow all laws?

Why do you have to pay a ne for breaking the law?

How can there be friction in a systemformally without friction ?

How can there be visoosity in a systemformally without visoosity?
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FIGURE 8.1. S.t Augustine: What is then time? If | am not askel, then | know;
when askal to explain, then | dont know. (Confessions, Chapter XIV, Book XI)

FIGURE 8.2. Richard Feynman: Where does irr eversibility come from? It does
not come form Newtons laws. Obviously there must be some law, some obscue
but fundamental equation. perhaps in electricty, mayke in neutrino physics, in
which it does matter which way time gces. (The Feynman Lectures on Physics
1963).
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Why is a perpetuum mobile impossible?

Why is a black-lody black?

How can there be a free will in a formally deterministic world?
Why do we have to pay interest on a loan?

Why did the Soviet Union collapsein 1989?

Why did the New York stock market collapsein 1929?
Why doesit take solong time to grow up?

Why doeswriting take much longer time than reading?
What makesa funny story funny?

Is it necessaryto forget to remenber?

What can and cannot be exact?

What is precision?

What makesthe causethe causeand not the e ect?

8.3 Principe Perfeito

In this book we explore a line of thought explaining why there is an Arrow
of Time, which we refer to as,

Principe Perfeito,

seeFig. 8.3. This principle canbe given many namesand can be formulated
or described in seweral di erent ways. One way is illustrated in Fig. 8.4.

What do we see?Well, we seetwo deviceswhere motion to the right is
\easy", while motion to the left is \dicult". = The top devisecan be used
to securethe motion of a lift in upward motion preverting it from falling
down. The bottom deviceis a sh trap basedon the principle that it is easy
for a sh to getinto the trap, but dicult to get out. We could say that
it is a matter of precision. To get in does not require much of precision,
becauethe sh is guided into the net. But to get out requiresa very high
precision, and sh aren't smart enoughto sneakout by pure intelligence
and cannot nd the way by trial and error before they die. So the trap
works.

Evidently, both devicesare directed and Princip e Perfeito says that time
is similarly directed for a similar reason: It is \easy" for time to move
forward, but \di cult" to move backwards, becausethe requiremerts on
precision are vastly di erent.
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FIGURE 8.3. Princip e Perfeito ready to go.
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FIGURE 8.4. Visualizations of Princip e Perfeito: Motion to the right is easy but
motion to the left is di cult.
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Another formulation of Princip e Perfeito is expressedin the seemingly
innocert statemerts:

mixing is easy (fast) and can be done with low precision,
unmixing is di cult (slow) and requires high precision.

To mix milk into your co e is easy to unmix is virtually impossible.Simple
asit seemsthis idea contains a deeptruth. Yet another formulation is:

imprecise sem@ration may be easy and fast,

precise semration may be di cult and slow.

To rip a piece of paper apart is easyand goes quick, to separatea tumor
from healthy tissue may require extreme precision and may take long time.
The essenceof Princip e Perfeito can also be expressedas:

a mechanical clock showstime but has no direction,
life is a clock with direction.

There is thus a close connection between life and the Arrow of Time. A
life processfrom birth to death hasan Arrow, and the Arrow is de ned by
what could be referred to aslife processes.

What is then alife process? Well, the life of a living cell can be described
as an interplay of the two processeof

creation of di er ence or analolism,

destruction of di er encee or catalolism,

whereanabolism represerts growth and division of cellsand catabolism rep-
reserts production of energy and building material for the anabolism. An-
abolism is slow/precise, while catabolism is fast/imprecise and this makes
life processesrreversible.

Life could in principle have been reversible using the same precision
in both anabolism and catabolism, but sudh forms of life would not be
competitiv e in the battle of survival of the ttest.

Other basicsaspects of life connecting to Princip e Perfeito are

desire to live,
failure to live.

Without a desireto live, there will be no life, but the desireto live even-
tually hasto give in to the greatest failure of all of death, which is the
ultimate imperfection of life. But every momert of life contains smallerim-
perfections, since a perfect life is not competitiv e. Life can thus be viewed
asa continued unsuccessfule ort to live a perfect life.

There is thus a closeconnection between Princip e Perfeito and life pro-
cessesnd the Arrow. In this book we explore theseconnectionsin di erent
elds including
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philosophy { poetry { epic literature,
music,

mathematics { physics{ chemistry,
biology,

econony { politics,

with the Arrow of Time as common denominator. Of coursewith so many
themes, the presenation can only be very sketchy in ead one of them.

Princip e Perfeito represerts a new key to unlock the secretof the Arrow
of Time, a key caught in the new net of computation in our new ageof the
computer. But the key alsomay reveal somesecretsof both the real World,
sincethe real World is realized in someform of an analog computation or
processingof information, and the imaginary World basedon the mental
computation of our thought processe®r the digital computation of virtual
reality and computer games.

To keepthe discussionastransparent aspossible,we stay away from Ein-
stein's theory of relativit y and its mixture of time with spaceinto \curv ed
space-time". This is becausethere is no Arrow of Time in Einstein's rela-
tivit y, since\curv ed space-time"is not directed. The interested reader can
nd the views on relativit y of the secondauthor preserted in the recert
book [8].

8.4 Sciencevs Humanities and the 2nd Law

There is a deepgap separatingsciene and humanities (which is harmful to
progressin both disciplines accordingto the in uential pragmatic philoso-
pher Richard Rorty (1931{), and the dividing principle is mathematics
Scienceusesthe language of mathematics, and humanities usescommon
languages.In both casesthe languageis usedto create models of real or
imagined phenomena.

The mathematics of scienceis (primarily) Calculus which is the mathe-
matics of derivatives and integrals founded by Leibniz and Newton in the
secondhalf of the 17th certury and perfected during the 18th and 19th
certury by many great mathematicians.

The use of mathematics excludes people from understanding science,
but it alsoexcludesmost sciertists; only an expert sciertist can master the
mathematical languageof speci ¢ discipline and claim understanding.

The blame for the separation thus can be put on dicult mathematics,
but is all mathematics di cult? No. Everybody understandsthat 1+ 1= 2
and so there is mathematics which can be understood by many. The great
mathematician David Hilbert (1862-1943)stated:
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A mathematicl theory is not to be considered completeuntil you have
made it so clear that you can explain it to the rst man whom you
meet on the street.

Most scientists read novels, gothe theatre and listen to music, while most
people (including also the majority of sciertists) are denied accessto the
secretsof statistical medhanics, relativit y theory and quantum medanics,
the pillars of modern physics.

This book is an attempt to bridge the gap, by giving open accessto
the scientic question of the Arrow of Time and by shaowing that Principe
Perfeito o ers an answer, which can be understood by non-sciertists, and
also sciertists.

We do this by using both the language of mathematics and common
languagein parallel. Mathematical languageis formalized, usesvery special
symbols, is sometimesvery powerful, but like a Formula One racing car is
dicult to handle. And mathematics without the computational power of
a computer may be as useful as a car without engine.

A poem in one languagecan (more or lesssuccessfully)be translated to
another language.Lik ewise,a mathematical model of a physical phenomen
can (more or less)be translated to commonlanguageand thereby be better
understood. In this book we seekto accomplishthis task concerningthe
Arrow of Time.

We shall seethat the sciertic discipline we needto enter is thermody-
namics, which is the basic area of physics essetially concernedwith the
transformation betweenkinetic energy and heat enemgy. Thermodynamics
is viewed with fear by all sciertists, which do not belongto the very small
group of experts in the eld. The main reasonis the 2nd Law of Thermody-
namics, which only experts claim to understand. You can make your own
experiment on this issueby asking your favorite physicsteacher (who may
be a Nobel Laureate) to explain the 2nd Law and carefully noticing the
reaction!

In any case,to understand thermodynamics, it is necessaryto develop
an understanding of the 2nd Law, but this is a pretty hopelesstask, unless
you already belongto the group of believers. This is the sameMoment 22
asin religion with only believers being able to believe. Hilb ert expressed
the syndrome as

Physicsis becoming too di cult for the physicists.

8.5 To the First Man You Meet in the Street

This book preserts the 2nd Law in a new form, which ful lls Hilbert's re-
quirement and avoids the mystery surrounding the 2nd Law in traditional

books on thermodynamics. We formulate the 2nd Law both in precisemath-
ematical form, and in understandablecommonlanguage,making it possible
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for anybody to becomean expert of thermodynamics. What you could say
to the man in the street is:

Listen, thermodynamics is the study of transformations between heat
energy and kinetic energy The 1st Law states that the total energy the
sum of heat energy and kinetic energy remains constart (in a closedsys-
tem). Thus you can change from one kind of energy to another, but the
sum remains constart, OK? The 2nd law statesthat in any real processa
signi cant amourt of large scalekinetic energyis irreversibly transformed
into small scale heat energy by turbulence. Further, heat energy can be
transformed into kinetic energy by expansion, e.g by letting steamin a
steam engine expand and move a piston, while work by compressionadds
heat energy To form a cycle, an enginehasto be cooled and thereby loose
heat to the exterior. You know this too well: A car enginewithout cooling
over-heats,and cooling meansthat you looseheat energyto the surround-
ing, which you cannot get back and which is not useful for the operation
of the engine. OK?

This is pretty much the whole story, without any mathematics, and any
merntioning of entropy: Whatever you do, someof your e ort goesinto heat
which hasto be lost in cooling.

8.6 Oneliners

The following statemerts will be understood after reading the book:

Time is the price you pay to live.

Walking is the processof avoiding falling on your nose.
Only the dead have no ambitions.

Fall comesbefore Spring. Spring comes before Fall.
Perfection Kills.

Di er ence is life, indi er ene is death.

If you intuively feel that someof these statemerts ought to be true, then
you have a good starting point.

In particular we feelthat mathematics can be viewed asa form of poetry
and vice versa, with both mathematics and poetry o ering models of the
samereality using di erent languages.The book waswritten in short time
by mixing ideasand avoiding preciseseparation.
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FIGURE 8.5. Equipment for Exploration.

8.7 Mathematics of Postmodernity

The industrial scciety emanating from the scierti ¢ revolution and the En-
lightment of the 17th and 18th certury, developed in the late 19th certury
into the modern scciety, which transformed into the postmadern informa-
tion scciety at the turn to the new millenium. The ewolution of society
from (i) industrial over (i) modern to (iii) postmodern, is paralleled in
physics by a dewelopmert from (i) Newtonian mechanics over (i) quan-
tum medanicsto (iii) universalcomputation, and in mathematics from (i)
nding analytical solutions using Calculus, over (ii) proving that unique
exact solutions exist again using Calculus, to (iii) computing approximate
solutions using Computational Calculus, which is the postmodern form of
Calculus of the new millemium.

One may summarizethese parallel developmerts in society, physics and
mathematics as follows:

(i) industrial { Newtonian medanics{ Calculus,
(i) modern { quantum medanics{ Calculus-Statistics,
(iif) postmodern { simulation { Computational Calculus.

The step from (i) to (ii) is in physics and mathematics represered by
the developmert of statistical medanicsand quantum medanicsreplacing
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classicaldeterminism by microscopic non-determinism: Elemertary parti-
cles of modern physics are believed to play gamesof roulette in the Giant
Casino of Modernity, which also may represert modern (democratic capi-
talistic) society.

The stepfrom (ii) modern to (iii) postmodern is described by the leading
postmodern French philosophersJean Baudrillard (1929-2007)and Gilles
Deleuze(1925-1995)asa step from reality to hyperreality, with hyperreality
consisting of simulations of a reality which does not exist. In this process
the objectively existing real world of the modern scciety, in the postmodern
world is \deconstructed" and is replacedby a \simulacra" of hyperreality,
which according to Baudrillard masks the non-existenceof a real reality
and accordingto Deleuzeis the only reality there is.

The step from (ii) to (iii) in mathematics, is re ected by the insight that
the basicconsenation laws of physicsof mass,momertum and energy have
no exact mathematical solutions (becauseof the appearanceof turbulence
aswewill seebelow), and that the only existing solutions are computational
approximate turbulent solutions. This is is a remarkable recert discovery,
which shaows that the mathematics of the new millenium is Computational
Calculus, rather than classicalCalculus and modern Statistics.

Thus, Baudrillards and Deleuze'smain thesis of hyperreality as a simu-
lation of a non-existing reality, has a concrete mathematical interpretation
as computational turbulent solutions of equationswithout exact solutions.
What a wonderful example of Grand Unied Theory in the form of math-
ematics of postmodernity. One may ask if Baudrillard and Deleuzewould
have beensurprisedto seethis connection, or if this is preciselywhat they
anticipated.

We shall seethat the non-existenceof exact solutions is closely con-
nectedto the Arrow: If exact solutions had existed, they would have been
reversible, but exact solutions do not exist, and existing computational ap-
proximate solutions are irreversible, becausethey involve an irrecoverable
cost for being non-exact, a cost which does not decreaseto zero with in-
creasing precision in the computation. We can thus summarize the main
messageof the book as follows:

Hyperreality is irr eversiblesimulation of a non-existing reality .
The famous computer sciertist Dijkstra expressesa similiar idea:

Originallly | viewed it as the function of the abstract machine to
provide a truthful picture of the physial reality. Later, however, |
learned to consider the abstract machine asthe true one, becausethat
is the only one we can think; it is the physial machine's purposeto
supply a working model, a (hopefully) su ciently accurate physial
simulation of the true, abstract machine.



40 8. Aenigmae

8.8 Hyperreality: Nonsenseor a Reality?

What can we say to the large group of sciertists who are scepticalto both
French postmodern philosophy, computer scienceand Computational Cal-
culus, whosescierti ¢ basisis Calculusand a rm beliefin the existenceof
exact solutionsto the equationsof classical/quantum medanics?It is likely
that the readerbelongsto this group, sinceis it encompasseso many.

Well, we would askthe readerfor a proof of existenceof exact solutionsto
the basicequationsof uid medanics(or quantum medanics). The reader
would then have to admit that no such proofs are known, as evidencedby
the fact that a proof would represens a solution to one of the seven one
million dollar Mil lenium Prize Problemsof the Clay Mathematics Institute ,
and nobody has been awarded the one million dollar Prize. And nobody
will, most likely, becausethere is evidencethat exact solutions cannot exist.

But isn't this really strange: Equations without solutions? Can we see
this phenomenonin a context whereit is easierto understand? Yes: We
know that we are supposedto follow the parking regulations in the city
we happen to be in, and other laws as well, but we also know that we are
not always able to do that, and if discovered breaking the law, we have
to pay a ne. In most cities the number of cars seekingparking is bigger
than the number of available parking places, and thus there is no exact
solution, only approximate solutions with someparking laws violated. We
will return to this situation below.

It seemsthat we have to admit that just becausewe can write down a
set of laws, a solution satifying all the laws doesnot comefor free. Maybe
there is no solution, becausethe laws we wrote down may be asking for too
much! To write down a recipeefor a cake is one thing, to actually bake a
cake following the recipeeis another thing, right? A new recipeehasto be
tested in practice beforeit can be launched in a cook-book.

This is exactly the situation in mecanics: We can write down the basic
consenation laws using Calculus, but there is no guarantee a priori that
they can be solved exactly, while there are many indications that they
cannot. But computational approximate solutions do exist, becausethey
can be computed, which can can be viewed as simulations of a non-existing
exact solutions. Thus hyperreality of Calculus seemsto be a reality rather
than nonsence.

8.9 An Outline of the Book

The book is divided into the following Parts I-1V:
Inventio: Introduction and overview.

Solutio: Princip e Perfeito in basic form.
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FIGURE 8.6. Hyp erreality (masking non-existing reality?) according to Magritte.

Theme and Variations: Applications of Princip e Perfeito.
Mathematics of Principe Perfeito: Thermodynamics and turbulence.

In Part | we presert the problem of the Arrow of Time, in Part |1 we presen
a solution in the form of Princip e Perfeitio, and in Part |l we explore the
functionality of the principle in dierent elds. Part IV is mathematically
oriented, but the intereset reader can digest most of with a just a bit of
high-school mathematics and someimagination. And mathematics is like
poetry: Evidently, it tells us something but it is not immeditely clear what
it is, and thus both time and patience may be required to separate the
meaningful from the meaningless.

8.10 The Authors

The two authors have their main experiencefrom the di erent worlds of
poetry-literature and mathematics-physicswith a bridge of commoninter-
estsin philosophy, music, arts and life in general. We wish to explore the
possibility of reaching understanding through a combination of theories,
reasoning,and modes of expressionfrom these worlds.

As we are both approaching mature age, we seeksynthesis rather than
dialectical debate. However, we do not (necessarily) seekconsensusin the
form of a one-mind synthesis but rather in a many-minds multi-faceted
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form, basedon the sharedinsight that no singleview can capture the whole
truth of such a complex phenomenonas time.



9
ModernSaiety

Henceforth space by itself and time by itself, are doomed to fade
away into mere experience shadows, and the only kind of union of
the two will preserve an independent reality. (Hermann Mink owski,
1908)

Let us draw an arrow arbitrarily . If as we follow the arrow we nd

more and more of the random elemert in the state of the world,
then the arrow is pointing towards the future; if the random elemert
decreasesthe arrow points towards the past. That is the only dis-
tinction known to physics. This follows at once if our fundamental
contention is admitted that the introduction of randomnessis the
only thing which cannot be undone. | shall usethe phrase\times ar-
row" to expressthis one-way property of time which hasno analogue
in space. (Arth ur Eddington in The Nature of the Physical World,
1928)

9.1 Automation

Our modern (and postmodern) scciety is based on automated mass pro-
duction of material goods by machines and automated processing of infor-
mation by computers In an automated process,material in the form of
physial matter or information is being modi ed following a given step-by-
step sequetial scheme, ow chart, algorithm or computer program, which
is repeated over and over with new material ead time the program is exe-
cuted.

This is page43
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The conceptsauential re ects the Arrow of Time, in the sensethat the
stepsof a sequettial schemeare performed one after the other following the
Arrow of Time, like the sequenceof stepswe go through when we bake a
cake. The order in time of the stepsexpresseshe aspect of being sequettial
(in time), and of coursecan be essetial: If we forget mixing the ingredients
before putting them into the oven, then there will be no cake to eat.

9.2 Sequetial and Parallel Processing

We can number the stepsin a seguential process by the natural numbers
1;2;3;::;, and then follow the ordering of the natural numbers during ex-
ecution of the process.We can then view the processas a form of clock
measuringthe ow of time: If ead step takesabout one second,then we
can sa that the total time for executinga processconsisting of 10 stepsis
about 10 seconds.This represerts taylorism asdeveloped by Fredrick Tay-
lor in the late 19th certury for the automation of e.g. car manufacturing,
with the time duration of eat step carefully measuredby a time study
specialist equipped with a clock, following the mantra of the industrial so-
ciety of savingtime (but not energy). The time study is also necessaryfor
coordination (in time) of processeso that queing is avoided (and time is
saved).

Not everything hasto be performed sequettially in time. There are tasks
that can be done in parallel processing by executing many copies of the
sameprogram with dierent data. For example, you can hire 10 bakersto
bake 10 cakesin 10 ovens simultaneously, all working independertly, and
deliver 100 cakesby the end of the day. Instead of hiring one baker to bake
100 cakesin 1 oven requiring 10 days. Parallel processingis essetial for
massproduction.

9.3 Time in Nature and Scciety

It isimportant to make a distinction betweenthe role of time in Nature and
in Scciety. The water molculesin a water wave are not equipped with clocks
(as far as we know), yet they do just the right thing at the right momert
(as far as we know). The o wers and the birds do not have any watches
either, but follow the variations of the seasongust as homo sapienswere
doing during all the hundreds of thousands of years before the industrial
scciety developed starting in the 17th certury and the information society
of our time.

In our developed human sacieties clocks are necessaryto coordinate the
actions of many people,and for navigation. The GPS systemis basedon
measuring the time it takesfor a light signal to passfrom a satellite to a
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receiver on the Earth, and requires synchronization of all satellite clocks
and and receie\er clocks on the ground. The GPS systemworks remarkably
well, which shows that it is possibleto set up a system of synchronized
clocks around the Earth, and probably in our Solar systemwhen the need
from spacetravel arises.

9.4 Deteterministic Cause-E ect Processes

Algorithms for automation are deterministic in the sensethat the stepsfol-
low accordingto speci ed rules with e ects of randomnessor chane made
assmall aspossible.A deterministic algorithm encadesa sequenceof cause-
e ect ewverts, expressingthe essencef a rational materialistic mechanistic
world view, as opposedto an irr ational idealistic magical view allowing
things to happen\out of the blue", by chanceor by the in uence of ghosts
of someform.

9.5 Cause-E ect and Arrow of Time

The order in a sequettial cause-e ect processde nes an Arrow of Time,

with the causeoccuring before the e ect. The challengeis to explain what

makes certain processesdrreversible in the sensethat they cannot be run

badkwardsin an e ect-cause manner. The challengeis thusto explain what

makesthe causeto be the causein a cause-e ectprocess,and not the cause
the e ect and the e ect the cause.This is the objective of this book.

9.6 Operational De nition of Time

The operational de nitions of space and time is madein terms of the units
for measuring length and time. Length is then what you measureaslength
and time what you measureastime. Simple and clear!

According to the preserily generally adopted 1983 Sl standard of Con-
ference Generale desPoids et Measure the time unit is seconds s with one
secondequalto 919263177&yclesof a cesiumclock (more preciselythe du-
ration of that number of periods of the radiation corresponding to the tran-
sition betweenthe two hyper ne levelsof the ground state of the cesium-133
atom at rest at temperature 0 Kelvin). The length unit is meters m with
one meter being the distance traveled by light in 0:00000000333560952
secondsor 9192631776299702458 cycles of a cesium clock. Equivalently,
the length standard can be chosenas lightsecond or 299792458neters.

Do we have to say more?Time is what you measurewith a cesiumclock,
and length what you measurein lightseconds.
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Yes, we have to say more, becauseit doesnot show us what the Arrow
of Time is. We do not have any operational de nition of entropy, because
we do not know what entropy is, and thus we do not how to measureit,
and even lesswhy it can only increase.

9.7 Marx on Time

Karl Marx predicted an irreversibleinevitable developmert of human civi-
lization through the following successiely higher stages:

feudalism of the middle age,
capitalim of the sciertic revolution leading into our days,
scienti ¢ scacialism in a world state with a certralized econony.

Karl Marx'basic vision is to give the control of the means of production
to the people, not to feudal land-lords or caplitalists with capital. Maybe
this is reasonable,but is it therefore necessaryto also embrace scierti ¢
socialism?

Yesterday the anwer could have beenyes,but today it may be di erent.
Why? Because,today the basic mean of production is a computer, and
everybody cana ord to have a PersonalComputer, a PC. This meansthat
the meansof production today largely is in the handsof the people,and thus
Marx' vision is about to be realized in the era of the information scciety
of the Third Millennium. And what is Linux and Google but sciertic
socialism?

FIGURE 9.1. A classical analog devise for measuring time. When the upper
container is empty, turn the glassand reset for a now period of time.
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FIGURE 9.2. Principle of a mechanical clock.
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FIGURE 9.3. The cesium fountain atomic clock at the NIST laboratories in
Boulder, Colorado, USA, de ning Cordinated Universal Time, the o cial world
time. The precision is lessthan a secondover 60 million years.
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A World of Computation

All physical systemscan be thought of asregistering and processing
information, and how one wishesto de ne computation will deter-
mine your view of what computation consists of. (Seth Lloyd)

Every physical system registers information, and just by evolving in
time, by doing its thing, it changesthat information, transforms that
information, or, if you like, processeghat information. (Seth Lloyd)

10.1 The Arrow of Information Flow

Sincewelivein the beginning of the Information Age we areledto view any
processn the the real or the virtual World asa sequenceof transformations
of data or processingof information by some form of analog or digital

computation. In ead step input is transformed into output, which senes
asinput in the next step. The complete processmay be describedin a ow
chart specifying input and output in eat step. A o w chart de nes a (local)
Arrow of Time for ead step in the sensethat the input information hasto

be available before output data can be produced. In natural processeghe
scheduling of events in time is automatic: The lion awaits the appearance
of the prey at the water-hole, and the tennis player waits for the right

momert to hit the ball. In industrial processingof material goods or digital

computation timing and scheduling servesan important function to reduce
waiting time.
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10.2 SethLloyd

The principle of the World as a computer performing a massive computa-
tion has beenadvocated by the physicist Seth Lloyd (1960{), with partic-
ular focus on quantum computing. Seth Lloyd summarizeshis approac as
follows:

I have not provel that the universe is, in fact, a digital computer
and that it's capable of performing universal computation, but it's
plausiblethat it is.

In orderto gur e out howto make atoms compute, you haveto learn
how to speak their languageand to understand how they processin-
formation under normal circumstanes.

It's been known for more than a hundred years, ever since Maxwell,
that all physial systemsregister and processinformation.

Merely by existing and evolving in time - by existing - any physial
system registers information, and by evolving in time it transforms
or processesthat information.

Nothing in life is certain exaept death, taxes and the second law of
thermodynamics.

Of course, one way of thinking atout all of life and civilization is as
being alout how the world registers and processesinformation. Cer-
tainly that's what sexis alout; that's what history is about.

One of the things that I've been doing recently in my scienti ¢ resarch
is to askthis question: Is the universe actually capable of performing
things like digital computations?

Sciene consists exactly of those forms of knowledge that can be ver-
i e d and duplicated by anybody.

Similarly, another famous little quantum uctuation that programs
you is the exact con gur ation of your DNA.

So sciene is basially, at it most fundamental level, a public form
of knowledge, a form of knowledge that is in principle accessibleto
everylody.

That is not to say that thesethree processesdont havefringe bene ts:
taxes pay for roads and schamls; the second law of thermodynamics
drives cars, computers and metalolism; and death, at the very least,
opens up tenured faculty positions.

Thinking of the universe as a computer is controversial.
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10.3 Clock Cycles

The clock rate is the fundamental rate in cyclesper second(Hertz or Hz) at
which a computer CPU performs its most basic operations such as adding
two numbers or transferring a value from one processorregisterto another.
The original IBM PC from 1981 had a clock rate of about 5 MHz (5 10°
cycles/second),Intel's Pertium from 1995ran at 100MHz, and the Pentium
4 from 2002at 3 GHz (3 10° cyclesper second),thus with almost a factor
10000over 20 years,roughly corresponding to Moore's Law of doubling eac
18 months.

The rate of a cesiumclock is about 10'° Hz which may be the clock rate
of the CPU of the World, and thus microprocessorclock rates cannot con-
tinue to increaseaccordingto Moore's Law. Nevertheless,the computing
power seemsto cortinue to double eadh 18 months, but now by increas-
ing the number of processorscombined with more e cien t computational
algorithms.

10.4 The Wealth of Nations

Knowledgeappearsasa particular form of information in Lloyd's paradigm,
and has an important role in Paul Romer's extension to the Information

Scciety of Adam Smith's classicalanalysisof the econony of the Industrial

Scciety in The Wealth of Nations, asoutlined by David Warshin Knowledge
and the Wealth of Nations [52].

10.5 Computer Gamesand Global Warming

The computer game industry is today boomimg o ering new possibilities
to human experienceand interaction. SecondLife is one of the many new
virtual worlds with a rapidily increasingpopulation of virtual citizens. Vir-
tual reality instead of real reality, e.gin the form of video-conferencesor
virtual tourism, savesenergy and may be the feasibleway of handling the
threat of global warming.



52 10. A World of Computation

FIGURE 10.1.Hyperreal party in SecondLife

FIGURE 10.2. Hyperreality of World of WarCraft
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A World of News

Literature is newsthat stays news. (Ezra Pound)

Listening to a newsbroadcast is like smoking a cigarette and crushing
the butt in the ashtray. (Milan Kundera)

A novel that does not uncover a hitherto unknown segmern of ex-
istence is immoral. Knowledge is the novel's only morality. (Milan
Kundera)

Businesshas only two functions - marketing and innovation. (Milan
Kundera)

11.1 The NewsArrow

We noted above that a ow of information de nes a local Arrow. We may
say that The News (televised all over the Earth by a BBC or CNN or
in personal blogs), represerts the constartly changing preset common to
everybody, separating the past in the form of stored old news from the
future in the form of speculations.The o w of The Newsde nes an common
Arrow: What everybody knows represerts old news, what nobody knows
represerts the future and The News reported in news reports and blogs,
represerts the presert.

The Internet de nes a common notion of presen, past and future, over
the Earth. In former times Paris fashion could reach Swedenwith a delay
of a year, and there would be no common presen.
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The News then represerts the current position of a spotlight sweeping
over a time-sequenceof news evers.

FIGURE 11.1. Typical surreal News blog.

IN THE FOXLIGHT
HOLLYWOOD'S BIG NIGHT:
THE ACADEMY AWARDS

FIGURE 11.2. Typical News de ning The Arrow.
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12
Ghostsand Clocks

Hominids turned to the sacredrealm becausethey evolved to relate
in deeply emotional ways with their social partners....and because
the human brain evolved to allow an extension of this belongingness
beyond the here and now. (Barbara J. King in Evolving God)

Then | went back into the house. It is midnight. The rain is beating
on the window. It was not midnight. It was not raining. (Beckett in
Molloy)

The dogs are sleeping. The doors open.
Clocks are gently drifting down times of still black water.
(L.G. Euforic Imaginations, 1968)

12.1 ReligiousDNA

Someexperts of human geneticsclaim that homo sapiensprobably has a
\religious gene" giving us a particular capability of \b elieving in ghosts",
which has turned out to give an advantage in Darwin's struggle for ex-
istence. The \ghost" may have religious, political or sciertic character
or a combination thereof, and di erent \ghosts" have dominated during
di erent periods of the ewolution of human scociety.



56 12. Ghosts and Clocks

12.2 The Ghost of Scienceand Global Warming

Today, the \ghost of science" has taken the initiativ e from religion and
politics: The generalbelief seemgo bethat the threat of glotal warming can
only be met by clever sciertists in cooperation with educated responsible
citizens, and not by prayers, healing or simply relying on \fate".

12.3 The World asa Clock

Our modern saciety is thus basedon a deterministic mechanistic view of the
world asa Clock (in principle like the onein Fig. (16.2) but of coursewith
a much more complicated machinery), which becamethe leading principle
of scienceand technology in the 17th certury in Europe basedon the math-
ematical Calculus of Leibniz and Newton. This dewelopmert was boosted
by the tremendous succesf Newtonian mechanics o ering man a key to
control the world accordingto his will, and not only accordingto the will of
Gods or fate asbefore. From onebasiclaw of gravitation (the inversesquare
law), Newton could explain, using only Calculus, the motion of all celestial
bodies, an unsurpassedtriumph of mathematics and rational medanics!
Now the World lay open to exploration by Newtonian mechanics!

Laplace (1749-1827)perfected Newton's medhanics in his monumertal
MecanigueCelestein v e volumesappearing during 1798-1825 describing
the Universeasa Clock following immutable laws of medanics. A beautiful
reversible Universewhich could as well go backwards in time...

TRAITE

DE

MECANIQUE CELESTE,

PAR P. . LAPLACE,

Membre de I'Institut national de France , et du Bureau
des Longitudes.

TOME PREMIER.

FIGURE 12.1. Laplace mathematical analysis of the Clock.
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13
Mathematicof Change

Change is the law of life. And those who look only to the past or
presert are certain to miss the future. (John F. Kennedy)

An invisible hand is oating over eac straw of grass,

silently insisting: Grow!
(L.G. Sonetter V)

13.1 Aristotle; What Time Is

Aristotle states in Section 11 ertitted What Time Is in Book IV of his
Physics lecture notes (compiled by his studerts):

What is worth considering is the prevalentidea that time is variation
and change.

For without change (or any noticable change) in our minds, time
does not seem to pass, as in the story about those who sleep in the
sanctuary of the heroes in Sardinia, who wake up and do not think
that time has passel. Clearly time does not exist without change.

Time is thus change,or rather an aspect of change.
Because changeis continuous, time is too.

Time is that feature of changethat makesnumber applicable to it.
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In a sense,the now is somethingsingle and identical, but in a sense
it is not. In sofar asit is to be found at suaessivelydi er ent points,

its is di er ent{this is what it is to be \now"{but the actual thing that

is now is the same.

By the sametoken, a moving object, by which we know change,and
what is before and after in change,follows a point. The actual thing,
that is the moving object is the same, but in de nittion it is di er ent,
just as the sophists take Coriscus in the Lyceum to be something
di er ebt from Coriscus in the city squae. A moving object, then, is
di er ent by being suaessivelyin di er ent locations, and now follows
a moving object just astime follows change,for it is the moving object
that enablesus to know before and after in change,but the now exists
in so far the before and after are numerable.

Soin a sensethe now is alwaysthe same, and in a senseit is not,
becausethe samegcoes for a moving object.

In short, Aristotle explains that time is a feature of changewhich can be
measuredby a pointer moving along a line of numbers, suc as an analog
clock with moving arms. We believe this is still convincing and we will
considertime and changeto be closelyrelated.

Concerning the Arrow, Aristotle hesitatesand getsinto lengthy discus-
sionsabout conceptslike\rst change"and cause-e ect,without clear con-
clusions.

13.2 Calculus

Time is change(and changeis life) and the mathematics of changeis Calcu-
lus. Changeis measuredmathematically by derivatives The time derivative
of some quantity measureshow much the quantity changesper unit time
step. The derivative of the distance you travel on a highway is your velac-
ity , and the derivativ e of your velocity is your acceleration. Newton denoted
time derivative by a dot. If u(t) is your distance traveled at time t, then
u(t) is your velocity and u(t) is your acceleration,at time t. Newton's time
is often referred to asthe dot-age

Newton's dots should not be confusedwith dots usedin e.g. German and
Swedish spelling making & and © sound di erent from plain a and o, but
in English spelling you don't have this problem.

Leibniz did not use dots to denote derivative, and wrote %—‘f instead of
u, which is much better sinceit precisely expresseschange per unit time
step with du the change in u over the time step dt. It is believed that
this wasthe reasonthat mathematics in Germany ourished after Leibniz
but mushroomedin England after Newton. We usehere anyway the dot to

denote time derivative, which is ok if we remenber that it means%—‘;.
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FIGURE 13.1. Time sequenceof motion.

13.3 Newton's Medhanics

Newtors law for the motion of a body B of massm subject to a forcef,
reads
ma = f;

where a is the accelerationof B, and can thus also be formulated
mel(t) = f (t) (13.1)

where u(t) is the position of B, a(t) = u(t) and f (t) is the force acting on
B, at time t. If you know the initial position u(0) and initial velocity u(0)
at the initial time t = 0 together with forcef (t), then the position u(t) for
t > 0 is determined as a solution to the di er ential equation (13.1).

If f (t) = 0, then the solution is u(t) = u(0) + tu(0) stating that B moves
with constart velocity along a straight line, which is nothing but Newton's
1st Law(?).

If B is the Earth and f (t) is the gravitational force of the Sun, then u(t)
traces an elliptical orbit around the Sun. Thus Kepler's laws follow from
(13.2).

Newtons equation (13.1) is a model of the World as a giant clock of
amazing simplicity and generality: If you know the initial data of the clock
at t = 0 and the forcef (t), then you can by solving the equation for t > 0
predict the future state of the clock.

In general, the state u(t) is a vector-function and the force f depends
on the presert state u(t) sothat f (t) = f (u(t)). Newtonian medhanics can
thus be summarizedin a vector equation of the form (setting m = 1)

b(t) = f (u(t)); (13.2)
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Wonderful! Man in control of the Universe!You just needto know the inital
condition and to solve the di erential equation. How do you do that?

13.4 Time-Stepping

Well, simply by time-stepping: First you rewrite the equations as a rst
order system:
mv="Ff; u=yv; (13.3)

or formally,
mdv = fdt; du= vdt (13.4)

Now, given u(t) and v(t) at a time t, you can compute the changesdu and
dv over a short time interval dt, and compute u(t + dt)  u(t) + du and
v(t+dt) v(t)+ dv. This way you cantime-step the solution fromt = 0to
dt to 2dt and soon to any time you like, just asthe real systemwill \tic k"
forward in time. Simple, if you have a compter, becauseyou needto take
small time-steps and thus to take many time-stepsto get anywhere.

MNEPTUNE

SATURN

*»
URANUS .

&

JUPITER

- = Dist. By www.LearningByGrace.org|

FIGURE 13.2. A reversible Solar system, computed from me = f.

13.5 Rewersibility of Newtonian Medhanics

It seemshat you canalsopredict its past by solving the Newton's equation
(13.1) backwamds in time for t > 0. Even more amazing. This re ects the
formal reversibility of Newtonian medanics. If we change the direction
of time, then the rst time-derivative changessign, but the secondtime-
derivative does not sinceit correspondsto changing the sign twice. Thus
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the equation me = f (u) takesthe sameform with time reversed.Just by
looking at the equation me = f , we cannot tell the direction of time.

Thus Newtonian medianics is formally reversible while the World ap-
parertly is not, and so there is something essetial missingin Newtonian
medhanics. But what could that be? A ghost?

The riddle of irreversibility of reversible Newtonian medanics thus pre-
serted itself from the very start, but it took another 200 years before it
really becamea pain in the ned to sciertists. There were so many ques-
tions that could be answered by Newtonian medanics, which lled the day,
and the irreversibilty riddle could be buried for the momert. But it did not
disappear for good but just bided its time...

We shall below return to Newton's equation (13.2), admire its beauty and
seeits usefulnessand most importantly, we shall explain why the formally
reversible equation (13.2), in reality is irreversible and thus de nes an
Arrow of Time. This is the essenceof the mathematics of this book. To
understand this, you don't needto be a Calculus specialist, but you only
needan intuitiv e understanding of the conceptof time derivative, or change
per unit time step. And of courseyou have that understanding, right?

FIGURE 13.3. The Crab Nebulosa resulting from a super-nova explosion: Is it a
result of solving & = f (u)?. Yes,what else?The picture was taken by the Hubble
telescope in 2000. The nebulosawas rst observed by naked in 1054 by Chinese
astronomers.
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14
Memory

Memory is deceptive becauseit is colored by today's everts. (Ein-
stein)

Memory... is the diary that we all carry about with us. (Oscar Wilde)
Every man's memory is his private literature. (Aldous Huxley)

It's a poor sort of memory that only works backwards. (Lewis Car-
roll)

Time and memory are true artists; they remould reality nearer to
the heart's desire. (John Dewey)

Life is all memory, except for the one presert moment that goes by
you so quickly you hardly catch it going. (T ennesseéWilliams)

Yesterday's just a memory, tomorrow is never what it's supposedto
be. (Bob Dylan)

The heart's memory eliminates the bad and magni es the good.
(Gabriel Garcia Marquez)

Although computer memory is no longer expensive, there's always
a nite size buer somewhere. When a big piece of news arriv es,
everybody sendsa messageto everybody else, and the buer lls.
(Benoit Mandelbrot)

Memory believes before knowing remembers. Believes longer than
recollects, longer than knowing even wonders. (William Faulkner)

| do have a blurred memory of sitting on the stairs and trying over
and over again to tie one of my shoelaces,but that is all that comes
back to me of school itself. (Roald Dahl)
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Their memory's like a train: you can seeit getting smaller asit pulls
away And the things you can't remember Tell the things you can't
forget that History puts a saint in every dream. (Tom Waits)

The life of the deadis placed in the memory of the living. For what is
man's lifetime unlessthe memory of past events is woven with those
of earlier ... (Marcus Tullius Cicero)

I, entelechy, form of forms, am | by memory becauseunder ever-
changing forms.(Stephen Dedalus)

Memory is the real name of the relation to oneself, or the a ect of
self on self. (Deleuze, Foucault)

Memory

All alone in the moonlight

| can dream of the old days

Life was beautiful then

| remember the time | knew what happinesswas
Let the memory live again

Daylight

I must wait for the sunrise

I must think of a new life

And | mustn't givein

When the dawn comes

Tonight will be a memory too

And a new day will begin

Touch me

It's soeasyto leave me

All alone with the memory

Of my days in the sun

If you touch me

You'll understand what happinessis
Look, a new day has begun...

14.1 FrozenMomerns

What is a memory? We could view it as a frozen moment kept to a later
time. Like a photo of an anniversary, kept in a photo album. Or a video Im
asa sequencef still imageskept in the memory of a computer. Or a funny
story about a family evert kept in the collective memory of the family. Or
the memory of scert from your childhood somehav stored in your brain.

14.2 Storing Information

To record and store memories,or more generallyinformation, requiresboth
work and physical space. To maintain stored information requires more
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FIGURE 14.1. Memory allocation of character attributes

work, becausestored information has a tendency to degrade. To secure
that your hard disk will be kept into the future requires attention.

14.3 Natural Memory
14.4 Individual Memory

Individual memory can be brokeninto three classes:

personal memory of everts in the past, which gure signi cantly in
our self-descriptions,also called episadic memaory,

cognitive memory of things we learnedin the past, also called seman-
tic, or categorical memory,

habit-memory of capacitiesto reproduce performances,like riding a
bicycle, also called procedural memory.
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14.5 Collective Memory
14.6 Would You Like to Relive Your Life?

Most peopledo not seemto embrace a o er to relive life very enthousias-
tically. Why?

FIGURE 14.2. Persistenceof Memory according to Dali

14.7 The Time Traveller

H.G Wells' (1846-1946)Time Traveller deliversthe following breath-taking
report in The Time Machine, seeFig. 14.3:

| am afraid | cannot conveythe peculiar sensationsof time traveling.
They are exessivelyunpleasant. There is a feeling exactly like that
one has upon a switchlack{of a helplessheadlong motion! | felt the
same horrible anticipation, too, of an imminent smash.As | put on
pace, night followel day like the apping of a black wing. The dim
suggestionof the laboratory seemed presently to fall away from me,
and | saw the sun hopping swiftly across the sky, leaping it every
minute, and every minute marking a day. | supmsel the laboratory
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had been destroyad and | had comeinto the open air. | had a dim im-
pressionof s@ olding, butl| wasalready goingtoo fast to be conscious
of any moving things. The slowestsnail that ever crawled dashe by
too fast for me. The twinkling suaession of darknessand light was
exa@ssivelypainful to the eye. Then, in the intermittent darknesses)
sawthe moon spinning swiftly through her quarters from new to full,
and had a faint glimpse of the circling stars. Presently, as | went on,
still gaining velccity, the palpitation of night and day merged into one
continuous greyness;the sky took on a wonderful deepnessof blue, a
splendid luminous color like that of early twilight; the jerking sun be-
came a streak of r e, a brilliant arch, in space; the moon a fainter
uctuating band; and | could see nothing of the stars, save now and
then a brighter circle ickering in the blue.

FIGURE 14.3. Entrance to The Time Travel Machine
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The Unsatis edPendulum

| can't get no satisfaction

| can't get no satisfaction
'‘Cause |l try and | try and | try and | try
| can't get no, | can't get no
When I'm drivin' in my car
And a man comeson the radio
He's telling me more and more
About some uselessinformation
Supposedto re my imagination
| can't get no, oh no no no

Hey hey hey, that's what | say
(The Rolling Stones)

15.1 A Fundamertal Dynamical System

The basic dynamical system of Newtonian mechanics is the harmonic os-
cillator

o= u; (15.2)

with f (u) = u, which in rst order systemform reads

(15.2)
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The equation ® = u modelsthe motion of a unit massconnectedto two
linear springs, with u(t) the position of the massat time t and u(t) the
spring force, seeFig. (15.1).

%mwg—wm%

1

FIGURE 15.1. Harmonic Ocillator

We can get an intuitiv e feeling for the dynamics, by noting that the
springs pull the massto the left if the massis to the right of O (with
u > 0), and pull the massto the right when the massis to the left of O.
This makesthe massoscillate back and forth (with period 2 ).

The equation ® = u also models the motion of a pendulum of unit
length and masswith u the angle of the pendulum from the vertical po-
sition, if we assumethat u stays small, seeFig. (15.2). We know that a
pendulum swingsbadk and forth, like a harmonic oscillator.

FIGURE 15.2. Pendulum.

15.2 Atomic Clock as Harmonic Oscillator

The mathematical model for a harmonic oscillator of angular frequency !
reads: Find the function u(t) such that

W= (2 !)%u; fort>0;

u(0) = 1;u(0) = ©; (15.3)
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where we made a speci ¢ choice of initial data. In this casethe solution is
given by the formula
u(t) = cos(2 !t); (15.4)

If you do not know the cosine-function cog2 ! t), then you can simply
de ne it asthe unique solution to the initial value problem (15.3.

An cesium clock is a harmonic oscillator with | = 9192631770.Thus
you can view the variable t in the function cos( 2! t) asrepreserting time
measuresin seconds.The clock makesonetick or complete revolution for
every 1 seconds.

A clock represented by coq 2!t) doesnot have a direction, since the
cosinefunction is invariant under reversal of the time variable from t to

t: cos( 2!'t) = co 2't). A clock doesnot know of any direction of
time; it only ticks forward or badkward time asyou like.

The clock solution cos(2 ! t) is peridodic with period ,i

cos(t)=cos(t+2 )= coq (t+ 2!—)): (15.5)

A periodic solution repeats itself after every period, and thus represerts
cyclic time. Our heart beats mark cyclic time aswell asthe seasonsvaria-
tions over the year.

15.3 The Life of a Pendulum

What would a life asa pendulum or harmonic oscillator be like? Repetitiv e
of course, like go to work { come home from work { go to work { come
home from work, in and endlessrepetition.

We can expressthis repetitiv e motion asan oscillation betweentwo basic
forms of energy namely potential enemgy E and kinetic energy K with the
sum E + K being constart. If u= 0, then E = 0 and K is maximal (the
speedis maximal), and if juj = umax then K = 0 (the speedis zero) and
E is maximal (the spring is maximally stretched or the pendulum is at
maximal height), and if juj < umax then K and E share the energy in
someproportion.

15.4 The Addicted Pendulum

We can view the oscillation between potential and kinetic energy as an
inabilit y of the pendulum to be satis ed: When the pendulum has a lot of
potential energy (in the top position), it seeksto get rid of it (by moving
down), and in doing soit picks up kinetic energy which it then seeksto get
rid of by moving up on the other side picking up potential energy which
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it seeksto getrid of.... and soon, in an endlesscycle driven by a constart
dissatifaction.

It is likea drug addict, seekingto give up smoking by by eating chocolate,
and trying to stop eating chocholate by smoking, in a endlesscycle, with
all the tine the sum of the addictions being constart and the addict never
satis ed.

What drivesthe motion of the pendulum is the constant dissatisfaction
with its presert state. This seemdo bethe essenc®f Newtonian medanics.
Satisfaction meansequilibrium in a stationary immobile state. Dissatisfac-
tion meansendlessmotion in an unsuccessfulseard for equilibrium. The
Sun always seeksto swallow the planets by attracting them by the gravita-
tional forcedirected towardsthe Sun, but the planets always (miracolously)
manageto escape by always moving at an angle to the line of attraction
(perpendicular if the orbit is a circle).

FIGURE 15.3. Focault's pendulum experiment in Pantheon in Paris, 1851

15.5 Foucault's Pendulum

The Foucault pendulum, named after the French physicist Lon Foucault,
was conceived as an experiment to demonstrate the rotation of the Earth.
It is a tall pendulum free to oscillate in any vertical plane. The direction
alongwhich the pendulum swingsrotates with time becauseof Earth's daily
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rotation. The direction of a pendulum at the North Pole will rotate once
in 24 hours, at the equator it will not change. Foucault motivated more
preciselythat at a latitude of the period will be 24=sin( ) hours, which
at the latitude of Paris of 50 degressgive a period of about 32 hours.
Thusyou may needto wait for an hour to seea distinct changein direction.
The rst public exhibition of a Foucault pendulum took placein February
1851in the Meridian Room of the Paris Obsenatory. A few weekslater,
Foucault made his most famouspendulum experiment, when he suspended
a 28-kg bob with a 67-metre wire from the dome of the Panthon in Paris:
And yes,the Earth did indeed rotate!

But wasn't it known long before 1851, by all the followers to Galileo
including Newton, that the Earth was rotating around its axis? Yes, of
course,but the motion of a pendulum on a rotating Earth had not received
a correct mathematical analysis. On the contrary, the famous mathemati-
cian Laplace had erronously predicted a neglible in uence on the direction
of a pendulum from the rotation of the Earth. Foucault was not a math-
ematician and thus his discovery was rst met with scepticism, and then
with envy when it showved that his formula indeed was correct.

15.6 Thermodynamicsin a Nut-Shell

We have said that thermodynamics is the study of transformations be-
tween kinetic and heat energy in a gas/ uid. If we view heat energy as
kind of potential energy then we can say that thermodynamics concerns
transformations betweenkinetic and potential energy As a simple model of
thermodynamics, we can thus choosea pendulum or a harmonic oscillator.
We now rewrite the equation for a pendulum or harmonic oscillator so
that it connectsto both the 1st and 2nd Laws of thermodynamics, as we
will meetthem below. Multiplying the rst equationin (15.2) by u and the
secondby v, and noting that E.= uu and K- = vv, we get the system

(15.6)

whereK = % is the kinetic energy E = % is the potential energy and

W = uv represers the transfer of energyfrom potential to kinetic energy
in the form of work performed by the system.If W < 0 with the velocity
v and the position u having di erent signs, then the pendulum is moving
down from its top position and performs work by increasingits speedand
thus its kinetic energy If W < 0, then the pendulum is moving up from
the bottom position and storesenergyin the form of potential energy
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We can seethe dynamics of a pendulum in (15.6): First we note that
adding the two equations givesfor the total enemgy K + E,

%(K +E)= K+E=0 (15.7)

that is, the total energy stays constart. In the top position on either side
the kinetic energyis zeroand in the bottom position the potential energy
is zero, and thus the motion of the pendulum is nothing but a repeated
transformation from only potential energyin the top position to only kinetic
energyin the bottom position.

The system(??) expresseghe 1st Law. This equation is time reversible:
Changing the direction of time and the direction of the velocity v, leaves
the system invariant. In other words, the transfer of energy from kinetic
energyto heat enargy is reversible. Whatever you investin potential energy
by supplying kinetic energy you can get back, and vice versa.And there is
no transaction cost.

Below we will seethat the 2nd Law is the following variant of (15.2)

E= W+D;

(15.8)
K=W D;

where D > 0. The novelty of the 2nd Law is evidertly the positive D-
term. The sign of the D term meansthat kinetic energy is transformed
into heat/p otential energy but not the other way around. This givestime
a direction in (15.8): The 2nd Law de nes the forward direction of time to
be the direction in which kinetic energyis transformed into heat/p otential
energy as de ned by the D-term. As before, the work W can freely be
transformed back and forth from kinetic to potential energy but the D-
term only allows transfer from kinetic to heat energy

We will seethat if W > 0in the thermodynamics of a gas, then the gas
performs work under expansion increasing its speed and thus its kinetic
energy If W < 0, then the gas stores energy under compressionin the
form of heat energy

The 2nd Law (15.8) is not reversible: Changing the direction of time and
the sign of the velocity v, givesthe system

E= W D;

(15.9)
K.= W+ D;

with dierent signsof the D terms, corresponding to transfer from heat
energyto kinetic energy which is unphysical.

We shall seebelow that the 2nd Law (15.8), which is a true physical
law, is a consequenceof the 1st Law combined with Prinicple Perfeito of
edgestablity and nite precision. The formally reversedlaw (15.9) is thus
incorrect and doesnot correspond to a physical law.
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Again: Princip e Perfeito combined with the 1st Law imply the 2nd Law.
This is thermodynamics in a nut shell: Principe Perfeito + 1st Law is
enough. The 2nd Law is just a corollary and not an independent basic
law. The net result is that we do not have to worry about satifying the 2nd
Law: It is automatic, which makeslife (in particular for a thermodnamicist)
much easier.

This is like automatic payment of your bills from your Internet bank.
You don't have to worry any more about paying your bills in time (and
about the currencies), as long as you have money on your bank accourt.

15.7 The 2nd Law for a Pendulum

What do we haveto do to geta 2nd Law with a positive D -term for a pen-
dulum? Well, of course,you say: Just add a little bit of friction or viscosity,
and the pendulum will evertually cometo rest with all of its kinetic energy
transformed into heat energy That is correct! In a sensebut the scierti ¢
guestion is from where doesthe friction or viscosity come?This question
is answered by Prinicip e Perfeito and the answer is: Turbulence.

If the pendulum is swingingin air, then it will generateturbulence in the
air which will transform kinetic energyinto heat energythrough a process
of turbulent dissipation, and eventually bring the pendulum to rest in the
bottom position (with a bit higher temperature). But why is turbulent
dissipation consumingkinetic energyinevitable? Let's look at analogy.

15.8 Parking in Stockholm City

The authors live in the City of Stockholm and thus face the problem of
parking the car over night. On the level of the City this is a problem
without a solution, since there are many more cars than parking places.
The result is that every evening there is a erce ght for nding a legal
over-night parking place, which is free but dicult to nd. Sincethere is
no solution, an approximate solution is somehav reached every might at
around midnight, when the last drivers simply give up and choose any
illegal place and prepare for paying a ne.

The non-existenceof an exact legal solution is thus handeledby approx-
imate solution combined with a penalty, and the penalty corresponds to
turbulent dissipation. A life processsharesthe sameimpossibility of nd-
ing an exact solution and therefore pays a penalty which makesthe process
irreversible. As a summary of the book we may say that

irr eversibility is the price we haveto pay to live.
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FIGURE 15.4. Huyghens pendulum clock.
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16

Modelsof Time

The ow of time is like the ow of water in ariver, into which you
never step twice. (Herakleitos)

The touch of the presert is like a kiss from eternity. (unknown)

Another thing that freaks me out is time. Time is like a book with
a beginning, middle and end. (Mik e Tyson)

Time is like money. The lesswe have of it to spare the further we
make it go. (Josh Billings)

16.1 Modelsand Languages

Even if we cannot say what time really is, we can construct models of
time, which may capure some more or lessessetial aspect of time. The
model may be a material model consisting of somemedanical or electro-
mecdhanical device, or the model may be an immaterial model. A material
model is constructed out of physical matter by hand or machine.

An immaterial model is constructed using a, language which may be
Swedishor Chineseor the languageof mathematics and theoretical physics,
to formulate the elements of the model and the rules for combining the
elemerts, like Commedia dell'Arte theatre with a xed set of charachters
in improvised dynamic interaction.
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16.2 A Material Model of Time

A medanical clock can be seenasa medanical material model of time...as
well as the endlessbreaking of the waveson a shore of the coast of Brit-
tany...But we know that a medanical clock shovs no Arrow, soit is only
a partial model.

FIGURE 16.1. A model of a rabbit with a clock.

16.3 An Immaterial Model of Time

The sequenceof natural numbers 1;2; 3;4;:::::; can be seenas a simple
mathematical model of time, including an Arrow in the direction of in-
creasingnumbers.

Most novels describesa o w of events over time, e.g.a 24 hour stream-
of-consciousnessf StephenDedalusin Ulyssesby JamesJoyce. Of course,
in a novel, time travel is possibleand is often usedas a writing trick.
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16.4 Poetic Models

The ow of ariver, the breezeover the island, the parade of jumping sheep
to make you go to sleep....

16.5 The Useof Modelsof Time

A model of time may allow time travel, looking bad to the past, looking
forward to the future. Your calenderis such a time travel macine.

FIGURE 16.2. Models of models.

16.6 100mHurdling

As another model of time illustrating Princip e Perfeito, we consider hur-
dling, more precisely100meter hurdling for women,focussingon the Swedish
runner SusannaKallur, Fig. [?], with personalrecord of 12.49just 0:02 away
from the Swedishrecord of 12.47 secondsset by Ludmilla Engquist at OS
1996. Instead of using a clock to record the time of the race, we can use
Susannaas a clock, where time is given by the position of Susanna:We
can thus agreeto say that the clock is e.g. 4 when Susannapasseshurdle
number 4, and interpolate betweenthe hurdlesto get a continuostime. We
canthen changetime scalesothat the total time is 12.49secondsaccording
to Susannatime.

As we follow Susannathrough the race from start to goal, time is thus
changing from 0 to 12.49, and in this model there is an Arrow because
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FIGURE 16.3. SusannaKallur in action at hurdle 4.

Susannais running forward, not badkwards. Reversing time would corre-
spond to asking Susannato run badkwards from goalto start taking all the
hurdles backwards. Would that be possible?Of coursenot: Evenwith a lot
of practice, Susannawould not be able to jump the hurdles backwards, be-
causethe dynamicsis soawkward that the required precision can never be
met; the legswill necessarilytangle with the hurdle and Susannawill fall.
Thus Susannatime has an Arrow pointing forward, accordingto Principe
Perfeito.
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17
ShortcutThroughTime

It is generally belived that there is color, something which is sweet
and something bitter; in fact there are only atoms and emptiness.
(Democrite (460-370BC)

It is also clear that if there were no such thing astime, there would
be no sud thing asthe now, and that if there was no such thing as
the now, there would be no such thing astime. (Aristotle, Physics,
Book 1V)

Life preserts itself to us as evolution in time and complexity in
space. Regarded in time, it is the cortinuous evolution of a being
ever growing older; it never goes backwards and never repeats any-
thing. Considered in space, it exhibits certain coexisting elemerts
so closely interdependert, so exclusively made for one another, that
not one of them could, at the same time, belong to two dierent
organisms: each living being is a closed system of phenomena, inca-
pable of interfering with other systems.A contin ual change of aspect,
the irreversibility of the order of phenomena, the perfect individu-
ality of a perfectly self-cortained series:sudh, then, are the outward
characteristics{whether real or apparent is of littte moment{whic h
distinguish the living from the merely mechanical. (Henri Bergsonin
Laughter: An Essay on the Meaning of Comic, 1901)

17.1 From Ancient Greeceto Modern Scciety

The rational materialistic medanistic world view can be traced badk two
millenia to the school of the atomists in ancient Greeceformed by Dem-
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ocrite around 400 BC and widely spreadby Epikuros during the later half
of the 3rd certury BC. According to the atomists, matter is formed by
(very small) indivisible atoms (from Greek atomos meaning uncuttable)
and all physical phenomenaultimately result from interactions of atoms
in an empty space over time. The atomists were remarkably visionary, but
since the atomistic nature of matter was experimentally detected rst in
the beginning of the 20th certury, they lost the initiativ e to the idealis-
tic philosophy of Sccrate, Plato and Aristotle, the geometry of Euclide and
likewiseidealistic religious scholastics, together dominating scienceinto the
16th certury. We will return below to Aristotle's (successful)attack on the
atomists and ask if without Aristotle the industrial revolution could have
started in Greecebefore Christ was born, instead of in England almost
2000yearslater.

FIGURE 17.1. Local interaction.

17.2 Action at Distance

There wasoneimportant novelty in Newton's theory of gravitation: instan-
taneous action at distance. The atomists and also Aristotle believed that
only local interaction as in direct collisions of atoms, was possible, while
Newton's law of gravitation states that the Sun attracts the Earth with
a force inversely proportional to the square of the instantaneous distance
betweenthe Sun and the Earth. Both the atomists and Newton neededan
absolutespace (lik e a big empty container), whereatoms or celestial objects
could move around. Action at distance alsorequired an absolutetime o w-
ing at the samerate everywhere (lik e water o wing out of an standardized
faucet), sothat a notion of simultaneity could be established.
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FIGURE 17.2. Action at distance.

It isimportant to note that Newton's law still today controls the motion
of the Earth around the Sun: The Earth acceleratestowards the instanta-
neousposition of the Sun, and not towards the position you seein the sky,
which is the position of the Sun 8 minutes ago, becauseit takes8 minutes
for the light to passfrom the Sunto the Earth. Thus instantaneous action
at distance seemsto be a reality, but how is the action transmitted? And
at what speed?ls it really instantaneous?Can it be transmitted in nitely
fast? We will comebadk to these (interesting) questionsbelow.

17.3 A New Brave World of Relativity

In the beginning of the 20th certury the conceptof simultaneity wasscruti-
nized and dismissedby Einstein claiming that \that there is no such thing
as simultaneity”. This wasthe rst and very crucial step in Einstein's cru-
sadeagainst Newtonian mecanicsand absolute spaceand time, which gave
room to the new brave world of relativity and curved space-time. To make
room for a new building you rst have to tear down the old one occupying
the space.However, there is no Arrow of Time in Einsteins space-timeand
therefore we seard for the Arrow elsewhere.Einsteins's theory of relativ-
ity rather concernsa static space-timewhere the history of an object is a
world-line without direction.
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17.4 Parmenidesand Herakleitos

Going bac to anciert Greece,we recall that Zeno of Elea (490-430BC),
member of the pre-Sccratic Eliatic School founded by Parmenides, ques-
tioned the concept of changeand motion in his arrow paradox: \How can
it be that an arrow is moving whenit at ead time instant is still?"

Parmenides and Zenon were followed Plato seeking a timeless reality
without a ow of time towards death. Parmenides argued that if there
was Becoming, a thing must grow from nothing into something, which he
regardedto be logically impossible.

Parmenideswas opposedby his contemporary Herakleitos, who claimed
that

All things are in ux.
Becoming is the very essene of life.

You cannot step twice into the sameriver, for fresh waters are ever
owing in upon you

The sun is new every day.

If you do not expect the unexpected, you will not nd it; for it is hard
to be soughtout and di cult.

For it is death to soulsto become water, and death to water to become
earth. But water comesfrom earth ; and, from water, soul.

Wisdom is one thing. It is to know the thought by which all things
are steered throughall things.

The bow is called life, but its work is death.
Time is a child playing draughts, the kingly power is a child's.

Mortals are immortals and immortals are mortals, the one living the
other's death and dying the other's life.

Gad is day and night, winter and summer, war and peace, satiety and
hunger; but he takes various shapes, just as r e, whenit is mingled
with di er ent incenses,is namead according to the savour of each.

Fir e lives the death of earth, and air lives the death of r e; water lives
the death of air, earth that of water.

All things are exchange for Fire, and Fir e for all things as waresare
exchangd for gold, and gold for wares.

Dogs bark at every one they do not know.
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The beginning and the end are common (to both paths).

The Ephesianswould do wel to hang themselves,every grown man
of them, and leave the city to beardlessyouths; for they have cast out
Hermodoros, the best man among them, saying: We will have none
who is best among us; if there be any such, let him be so elsewhee
,and among others.

Nature lovesto hide.

It is cold things that become warm, and what is warm that cools; what
is wet dries, and the parcheal is moistened.

We believe Herakleitos wassurprisingly visionary, and we give more support
to his views below.

17.5 St. Augustine

We cite from Chapter XIV of Book XI of St. Augsutine's autobiographical
Confessions

There was no time, therefore, when thou hadst not made anything,
becausethou hadst made time itself. And there are no times that are
coeternal with thee, becausethou dostabideforever; but if times should
abide, they would not be times.

For what is time? Who can easily and briey explain it? Who can
even comprehendit in thought or put the answerinto words? Yet is
it not true that in conversation we refer to nothing more familiarly
or knowingly than time? And surely we understandit whenwe speak
of it; we understandit also whenwe hear another speak of it.

What, then, is time? If no one asksme, | know what it is. If 1 wish
to explain it to him who asks me, | do not know. Yet | say with
con dence that | know that if nothing passel away, there would be no
past time; and if nothing were still coming, there would be no future
time; and if there were nothing at all, there would be no presenttime.

But, then, howis it that there are the two times, past and future, when
eventhe past is now no longer and the future is now not yet? But if
the present were always present, and did not passinto past time, it
obviouslywould not be time but eternity. If, then, time present{ if it
be time{comes into existen@ only becauseit passesinto time past,
how can we say that eventhis is, since the cause of its being is that
it will ceaseto be? Thus, can we not truly say that time is only asiit
tends toward nonkeing?
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This is all quite confusing,but represenativ e of classicalideasabout time.
Many books could be written on this theme, but we have to that leave
aside, becausetime is short, and we want to get to the Arrow. We just
commert on someessetials:

17.6 Newton

We saw that Newton's theory of gravitation involvesaction at distancein
space,which reugires a notion of simultaneity and a uniform o w of time
at di erent locations in space,as if there was an absolutetime o wing at
the samerate forward everywhere. Newton thus views time as part of the
fundamental structure of the universe,a dimensionin which events occur
in sequenceand time itself is somethingthat can be measured.

17.7 Leibniz

Leibniz de nes the conceptsof space and time as follows:
spaceis the order of coexistene,
time is the order of suwession

This is quite clever, asalways with Leibniz, exhibiting the sequetial char-
acter of time as\order of succession".Leibniz doesnot seemto needany
absolute spaceor time in which \ob jects" can\swim", but emphasizeghat
it is the \order" (of objects) which de nes the spaceand time separating
them. In short \order createsspaceand time". However, there is no Arrow
in Leibniz order of successionand soit missesthe most essetial.

Leibniz emphasizeghat spaceand time are di erent: time is sequettial
while spaceis not, and that makesa big di erence. In particular, it restricts
time to be one-dimensional,since you can direct a line but not (except
trivially) a plane, while spacewithout directionality can have any number
of dimensions (in principle). Thus Leibniz believes that spaceis three-
dimensional and is separatedfrom one-dimensionaltime. This was a good
idea in Leibniz' time, and we advocate below that it is still quite good,
despite what relativists say about \curv ed space-time" with spacemixed
into time.

17.8 Kant

Kant proposedthat the construction of our brain somehav re ects the
physical world, and therefore we may by pure re ection (without a poste-
riori obsenation) just usingour brains, discover a truth about the physical
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world. This is referred a synthetic a priori truth, while an analytic truth
results from logic only and doesnot concernthe physical world. Clearly our
perception of time and the way we may think of time, must be in uenced
by the designof our brain usedfor perception and thinking. Kant says that
there may be synthetic a priori judgemerts about time which turn out to
be true. Kant is led to considerthe o w of time asa subjective perception,
which may be di cult to rationalize by objective science.

The design of our brain with only one consciousnesger brain, repre-
serting someform of tip of an ice-berg of all sorts of unconsciousbrain
activities, of courserestricts our conceptionof time to be (essetially) one-
dimensionl. It is true that we can listen to the radio, watch the television
and talk in our mobile telephoneall at the sametime, possibly following
di erent time zones,but our conceptionof this productive activit y is (prob-
ably) that we\swap" from onemedium to the other, and do not really have
three independert minds working in parallel. Or?

If we believe that we are just one person, and thus do not have a split
personality, then we would naturally perceivetime asbeingsequetial. This
insight could represen a true a priori synthetic judgemert.

17.9 Henri Bergson

The French philosopher Henri Bergson(1859-1941),Nobel Prize in Litera-
ture, createda philosphy for which the essencef of life of Becomingis the
essenceof time, in the spirit of Herakleitos.

In Laughter: An Essay on the Meaning of the Comic from 1901, that
comaly arisesfrom the counterparts of the essetial elemeris of life of ir-
reversibility and individualit y, that is, comedy results from repetition and
inversion, which represen mechanizel life. A dancing doll is comical be-
causeit mecanically mimics a real dancer. By mechanically putting on a
new hat, a personchangescharacter, and this is funny.

If youmeetafriend in the street whom you have not seenfor an age;there
is nothing comic in the situation. However, if you meet the person again
the sameday, you will nd it funny and a third time will be absolutely
hilarious. You laugh, becauserepeated life is surprising and the way to
cope with surprise is to laugh. Repeated life is funny becauseit is a form
of medhanized life.

A situation is invariably comic when it belongs simultaneously to two
altogether independert seriesof events and is capable of being interpreted
in two entirely di erent meaningsat the sametime. An everyday situation
interpreted equivocally becomesirresistibly funny. All forms of disguiseis
comical, becausendividualit y is lost, and disguiseis possiblein medanized
life.
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Bergsonargued that the intuition is deeper than the intellect. His Cre-
ative Evolution (1907) and Matter and Memory (1896) attempted to in-
tegrate the ndings of biological sciencewith a theory of consciousness.
Bergson'swork was consideredthe main challengeto the medanistic view
of nature. He is sometimesclaimedto have anticipated featuresof relativit y
theory and modern scierti ¢ theories of the mind:

In reality, the pastis preservel by itself automatically. In its entirety,

prokably, it follows us at every instant; all that we have felt, thought
and willed from our earliest infancy is there, leaning over the present
which is about to join it, pressingagainstthe portals of consciousness
that would fain leaveit outside. (from Creative Evolution)

From his rst publications, Bergson's philosophy attracted strong crit-
icism. accusedof intuitionism, indeterminism, psycologism and confused
interpretation of the sciertic impulse. Among those who explicitly criti-
cized Bergsonwere Bertrand Russell, G. E. Moore, Ludwig Wittgenstein,
T. S.Eliot, Andre Gide, Theodor W. Adorno, Lucio Colletti and Jean-Paul
Sartre, Irving Babbitt, Arth ur Lovejoy, Josiah Royce, Daniel-Henry Kah-
nweiler, Roger Fry, Virginia Woolf and C. S. Peirce who wrote: \A man
who seeksto further sciencecan hardly commit a greater sin than to use
the terms of his sciencewithout anxious care to use them with strict ac-
curacy; it is not very gratifying to my feelingsto be classedalong with a
Bergsonwho seemsto be doing his prettiest to muddle all distinctions."
According to Russell, Bergson usesan outmoded spatial metaphor (\ex-
tended images") to describe the nature of mathematics as well as logic in
general:\Bergson only succeedsn making his theory of number possible
by confusing a particular collection with the number of its terms, and this
again with number in general”.

Nevertheless,we believe Bergsonwas largely misunderstood and in fact
was very much on the right track...

17.10 Baudrillard

Jean Baudrillard (1929-2007)was a French cultural theorist, philosopher,
political commertator, and photographer. His work is frequertly assciated
with postmodernism and post-structuralism.

In Symholic Exchangeand Death he arguedthat in the modern informa-
tion society, simulated virtual reality is replacing reality in a new form of
hyperreality. This connectsto the fable On Exactitude in Science by Borges
wherethe map by the perfectionist Cartographersof the Empire evertually
becomessodetailed that it coversthe whole Empire, which is the beginning
of the end:
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In that Empire, the Art of Cartography attained such Perfection that
the map of a single Province occupied the entirety of a City, and the
map of the Empire, the entirety of a Province. In time, those Un-
conscionableMaps no longer satis ed, and the Cartographers Guilds
struck a Map of the Empire whosesize was that of the Empire, and
which coincided point for point with it. The following Generations,
who were not so fond of the Study of Cartography as their Forelears
had been, sawthat that vast Map was Useless,and not without some
Pitilessnesswas it, that they delivered it up to the Inclemencies of
Sun and Winters. In the Deserts of the West, still today, there are
Tattered Ruins of that Map, inhabited by Animals and Beggars;in all
the Land there is no other Relic of the Disciplines of Geography.

Baudrillard followed up on Bergson's idea of the meaning and role of
images.Rather than arguing, asdid SusanSortag in her book On Photog-
raphy, that the notion of reality has beencomplicated by the profusion of
imagesof it, Baudrillard asserted:\the real no longer exists". In so saying,
he characterised his philosophical challenge as no longer being the Leib-
nizian question of:

Why is there something, rather than nothing?
but, instead:
Why is there nothing, rather than something?

Of courseour questionin this context is if the Arrow of Time is the same
in hyperreality asin reality? Of course,you may answer yes, if hyperreality
is morereal than reality. On the other hand, hyperreality allowstime travel
in the sensethat you canrestart a simulation and relive a hyperreal expe-
rience as many times you wish. But doing soit will be di cult to deny that
ead repetion will make the cells of your body a bit older, and evertully
they will ceaseto function. The question is if this meansthe end also of
your hyperreal self, or if it can cortinue to exist, like a hyperreal web page
of a deceasedperson?

17.11 Deleuze

The French philosopher Gilles Deleuze(1925-1995)statesin his lecture La
Taverne on Leibniz, connectingto Herakleitos:

What you call to die is completing the act of living, and what you call
to be born is to start dying, just as what you call to live is to die while
living. You dont wait for death to come; rather you are its perpetual
companion.
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Deleuze's Ph D thesis Dier ene and Repetition from 1968, led Michel
Foucault to declare that \one day, perhaps, this certury will be called
Deleuzian". Deleuze, for his part, said Foucault's commert was \a joke
meart to make people who like us laugh, and make everyone else livid."
Deleuzeconsidersthe concept of repetition in three models of time repre-
serting the presert, the past and the future:

The rst istime asa circle. The subject then experiencesthe passingof
momerts cyclically (the sun will come up every morning), and contracts
habits which make senseof time as a cortinually living presen. Habit is
thus the passiwe synthesis of momerts that createsa subject.

The secondis time as a straight line of successie events. In this model
habit hasnorole, sincenothing ever returns, and instead Deleuzeintro duces
memoery asan active processof synthesis giving past instancesa meaning.
Unlike habit, memory does not relate to a presert, but to a past which
has never beenpresern, sinceit synthesisesfrom passingmomerts a form
in-itself of things which never existed before the operation. The novels of
Marcel Proust are for Deleuzethe most profound development of memory
asthe pure past, or in Proust's terminology, astime regained.In this second
model of time, repetition thushasan active sensen line with the synthesis,
sinceit repeats something,in the memory, that did not exist before.

The active constitution of a pure past of the secondmodel, and the
disparate experienceof a presen yet to be synthesisedof the rst model,
producesfor Deleuzea radical splitting of the subject into two elemerts, the
I of memory, which is only a processof synthesis, and a self of experience,
an egowhich undergoes experience.

In the third and nal model, Deleuze proposesto make repetition it-
self the form of time. In order to do this, Deleuzerelates the conceptsof
di erence and repetition to ead other. If di erence is the essenceof that
which exists, constituting beingsasdisparates,then neither of the rst two
models of time doesjustice to them, insisting as they do on the possibil-
ity and even necessiy of synthesising di erences into identities. It is only
when beings are repeated as something other, that their disparatenessis
revealed.Consequetly, repetition cannot be understood as a repetition of
the same,and becomeslib erated from subjugation under the demands of
traditional philosophy.

To give body to the conception of repetition asthe pure form of time,
Deleuzeturns to the Nietzschean concept of the eternal return, which is
not is not the circle of habit allowing only the return of something already
existing.

While thus habit returned the samein ead instance, and memory dealt
with the creation of identit y in order to allow experienceto be remenbered,
the eternal return is the repetition of becomingbeing and thus represerts
the time of the future.
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FIGURE 17.3. Re ections of Deleuze

FIGURE 17.4.Image of Consumer Society by Baudrillard
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18
A BestWorld of Thermalynamics

We live in a Best of Worlds, which is a world with maximal com-
plexity governed by simplest possible laws. (Leibniz)

Everyone knows that heat can produce motion. That it possesses
vast motiv e power no one can doubt, in these days when the steem
engine is everywhere sowell known. The study of these enginesis of
great interest, their importance is enormous, their useis contin ually
increasing, and they seemdesinedto produce a great revolution in
the civilized world. (Carnot [17] 1824).

Emergence means complex organizational structure growing out of
simple rules. Emergencemeansstable inevitabilit y in the way certain
things are. Emergence means unpredictabilit y, in the senseof small
everts (possibly) causinggreat and qualitativ e changesin larger ones.
(Robert Laughlin in A Dierent Universe,2005)

Boltzmann has proved that the entropy of a given state is connected
by a simple relationship to the probabilit y of the state....only those
spontaneous transformations occur which take the system to states
of higher probabilit y. (Enrico Fermi, Nobel Prize in Physics, in Ther-
modynamics 1936)

18.1 The Laws of Thermodynamics

Newton's medanicsthus seemedto require both absolute spaceand abso-
lute time, and evenif theseconceptswere questioned(on good grounds) by
e.g. Leibniz, they did not seemto poseany real sewere problemsto science
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until the mid 19th certury, when energy demandsfrom the quickly grow-
ing industrial society pushed the developmert of thermodynamics as the
scienti ¢ study of transformations betweenheat energy and kinetic energy

FIGURE 18.1. Converting heat to mechanical energy in 1712.

Kinetic energycan betransformed to heat energyby compressionor fric-
tion, and heat energy can be transformed to kinetic energy by expansion
but not through a reverseprocessof friction. The industrial society of the
19th certury was built on the use of steam engines,and the initial moti-
vation to understand thermodynamics came from a needto increasethe
e ciency of steam enginesfor conversion of heat energyto kinetic energy
seeFig. (18.1). Thermodynamics is closely connectedto the dynamics of
compressiblegases since substartial expansioncan occur in a gasbut not
in a solid. More generally, thermodynamicsis fundamertal in a wide range
of phenomenaon macroscopicscalesin the Universeall the way down to
microscopicscalesof life and chemical reactions.

Thermodynamics is basedon two postulates: the 1st and the 2nd Law
of thermodynamics. The 1st Law states that the total enemgy (in a closed
system) is consened: Energy can be transformed form one form to the
other, e.g. heat energy can be transformed into kinetic or potential energy
asin a steamengine,but the total energyremains constart. Energy cannot
simply disappear, nor can it suddenly appear from nothing. This is not so
dicult to understand and accept.
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The 2nd Law hasa di erent form and statesthat the total entropy can
never decreaseover time in a (closed) thermodynamic process,but may
strictly increaseand when so shaws that the processis irr eversible The
2nd Law states that an irreversible processcannot be reversedin time,
sincein the reversedprocessthe entropy would decreasestrictly and that
is prevernted by the 2nd Law.

The role of the 2nd Law wasin particular to explain why transformation
of kinetic energy into heat energy cannot be fully reversed,which sets a
limit to the e ciency of e.g.a steamengine.

The 2nd Law canbe usedto explain why a stoneheatedby being dropped
to the ground, cannot lift itself by simply cooling o . Or why you canwarm
your hands by rubbing them against something, but not rub your hands
simply by warming them. Or why it is impoosibleto construct a perpetuum
mobile transforming kinetic energyto heat energyand back againin a cyclic
process.

FIGURE 18.2. The irrv ersible processof an asteroid colliding with the Earth
transforming kinetic energy into heat energy:.

18.2 The Mystery of the 2nd Law

The 1st Law states consenation of energy while the 2nd Law states that
entropy can only increase,asif there wasan endlesssupply of indestructible
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something called entropy. But what could that be? The questions were
lining up after Clausius had formulated a form of the 2nd Law in 1857?:

If entropy is a state variable describingan aspect of a physical system
over time, what physical law preverts it from decreasing?

If entropy is not a state variable, what is it then?
If entropy can only increase,how can there be cyclical processes?

If entropy measureddisorder and disorder canonly increasewith time,
how comethat the initial state wasordered?

How to explain irreversibility without entropy?

But like the riddles of PrincessTurandot, seeFig. (36.2), they seemedvery
dicult to answer.

FIGURE 18.3. Princess Turandot's three riddles: Why is time always moving
forward? What do you have but cannot get back? What do you get every day, but
can never keep?

The seemingly unsurmountable dicult y was that while the 2nd Law
showed irrv ersibility and an Arrow of Time, Newtonian medanics seemed
to be fully reversible: If at a given moment all velocities were reversed,
then the entire history of the world up to that point would be replayed in
reverse.In Newtonian medhanics a stone can lift itself by cooling o, and
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you canrelive your life in reverse.The riddle wasto explain from wherethe
2nd Law and irreversibility comesfrom, if not from reversible Newtonian
medanics?

The sciertists wrestled in agory over the riddle without any corvincing
results, and the Princessof Sciencestarted to get impatient. If no answers
came, maybe headswould start to roll.

18.3 Boltzmann Enters the Stageand Leaves

It was the young German physicist Ludwig Boltzmann (18??-1906)who
rst claimed to have found a solution to the riddle. Of course any solu-
tion would have to involve a step away from Newtonian medanics, since
Newtonian medanics is reversible, and what Boltzmann proposedwas to
introduce an elemert of chanceor statistics: When atoms interact in some
form of collision, they do that not simply by following the laws of New-
tonian medhanics, but they alsoto a certain degreeplay dice or roulette.
The atom velocities before collision thus were assumedto be statistically
independert or random, while just after collision they would be correlated
becauseof their interaction. But still the atomistic nature of matter was
only a hypothesis, just asit was for the atomists in the 4th certury BC,
and thus Boltzmann's assumption seemedhighly hypothetical.

Nevertheless,basedon his assumptionof statistical independenceof atom
velocities before collision, the very ambitious Boltzmann formulated an
equation for the thermodynamics of a dilute gas,referredto asBoltzmanns
equation, and proved that solutions of this equation do satisfy a 2nd Law
with a certain erntropy state variable, and the solutions thus are irreversible
in casesof increasingentropy. So far so good.

18.4 The Physical Meaning of Entropy

The remaining challenge was now to give the entropy as meaning as a
physical state variable, and after a long struggle Boltzmann cameup with
the idea of interpreting the entropy not really as a physical quantity, but
rather as a prokability or measureof disorder of a macros®pic thermo-
dynamic state quantied by the number of microstates corresponding to
the macrostate. The 2nd Law would then expressa statistical tendency
of thermodynamic processesto move from less probable macrostates to
more prokable macrostatesor from lessdisordered towards to more disor-
dered macrostates.According to Boltzmann, ertropy thusis a state variable
measuringthe disorder of a (macro)state.

This looked like a quite clever solution, but other sciertists also seeking
an answer to the riddle, viewedit to be a bit too clever, more like someform
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FIGURE 18.4. Ludwig Boltzmann updating his web page on statistical mechan-
ics.

of pseudo-sciene impossibleto either prove or disprove. SoBoltzmann had
to struggle hard to corvince the sciertic world about the relevance of his
concept of erntropy as a state variable measuring disorder, with disorder
more probable than order. The semartics was tricky (is it more probable
or lessprobable to move from a less probable state to a more probable
state?), and Boltzmann was not easyto debate with.

Slowly Boltzmann's ideas gained someacceptance,since no other scien-
tist dared to proposea solution, but shortly beforethe Princesswas about
to give Boltzmann her hand, his own disbelief in his own ideastook over
and he tragically ended his life himself in 1906. The game of roulette was
played with high stakes.

Ironically, quickly after Boltzmann's death the existenceof atoms was
veri ed experimentally and the resistanceto statistics in mecdanics faded
and the new theory of statistical mechanics started its transformation of
classicalphysicsbasedon Newtonian medanicsinto modern physics based
on quantum mechanics This transformation follows a strange logic leading
into our time, which wenow brie y recallin the following couple of sections.
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18.5 Are Atoms Game Addicted?

The rst stepin the chain of strange logic wasto take the atomistic char-
acter of matter asa con rmation of Boltzmann's statistics. But it is not at
all clearthat the mere existenceof atoms and molecules,forbids them from
following deterministic laws. And if atomsreally do play roulette, how can
you verify that?

To seethe dicult y you may compare with the problem of cheking if
a roulette table is fair, that is, is not favoring certain numbers. You may
do that either by making a very large number of tests to seethat the
frequenciesof the di erent numbers are equal, or you can ched the design
of the table itself to seethat everything looks fully symmetric. None of
thesepossibilities is available in the caseof atomistic gamesof roulette. So
how can you ched Boltzmann's assuntion? Or maybe you do not have to
ched it? It is only an assumption, and we can chooseto takeit or leave it.
We chooseto leave it, which we motivate below.

We conclude that experimental veri cation of both Boltzmann's basic
assumption of statistical independenceand his 2nd Law seemsto be very
dicult (or simply impossible), and therefore the physical signi cance of
Boltzmann's entropy is unclear. This was expressedby the famous mathe-
matician von Neumann (1903-1957)suggestingShannon(seebelow) to use
this term, because\it will give you a great edgein debatesnobody really
knows what ertropy is anyway". Sothere may a role for entropy in debate,
but not in physicsaswe will seebelow.

Nevertheless physicistsincluding Nobel Laurates, act asif they all belong
to the group of true experts understanding that Boltzmann's statistical
medhanics basedon the principle that a more probable state is more likely
to appear than a lessprobable state, revealsa deep secretof Nature. But
what do you as hon-expert say?

Is it surprising that a more probable evert is more likely to appear than
a lessprobable event? Isn't this just a nonsensicalplay with words, with
a very small probability of having any meaning?It is more probable than
lessprobable that you have a good answer.

18.6 Planck's Black-Body Desperation

Evenif the threat to sciencefrom the 2nd Law of thermodynamicshad been
evaded (at least for the momert), the riddle of irreversibility in reversible
mechanics instead shoved up as the problem of black-tody radiation in
Maxwell's new mathematical theory for electromagnetic wavesformulated
in 1864, neatly condensedinto Maxwel's equations.

A black-lmdy absorbsincoming light of all frequenciesbut only emits low
frequencylight in the form of heat radiation, thuswith a high-frequencycut-



100 18. A Best World of Thermodynamics

FIGURE 18.5. The roulette table of statistical mechanics in action.

0 . The irreversible nature and high-frequency cut-o  of this phenomenon
could not be explained by Maxwell's deterministic wave mecdanics, which
like Newtonian medanics looked fully reversible and undeniably stated
that what comesin must go out!

The Princessagain started getting impatient waiting for an answer. Max
Planck was educatedin Boltzmann's statistical medanicsand asa leading
physicist of his generation, he took on the responsibility of solving the
riddle of black-body radiation: Why are all frequenciesabsorbed but only
low frequenciesemitted? Why is there a high-frequencycut-o ?

In an\act of desperation" [9], Planck resorted to statistics in 1900 by
intro ducing the concept of quantum of light enemy, like a small indivisible
packet of energy of sizeh , where is the frequency of the light and h is
Planck's constant, an incredibly small quartity of size10 34 joule-seconds.
The frequency of visible light is around 10'4, so a quantum would be of
size 10 ?° joule, a very small quantum of energy indeed. Anyway, using
the concept of quantum Planck motivated the high-frequency cut-o by
statistics: sincea high-frequencyquantum hasmore energyit would be less
likely that this amount of energy could be collected and emitted. Planck
wasnot very happy with the statistical aspect of his solution and viewed it
rather asa formality than a reality. But the Princessseemedo reasonably
satis ed, for the momert...

18.7 Microscopicsof Microscopics

There is an obvious di cult y, mostly forgotten, with moleculeswhich play
gamesof roulette, in the sensethat a game of roulette necessarily has
its own microscopics.Thus statistical medanics is basedon microscopics
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of microscopicsin an endlessregressionand therefore doesnot appear to
explain anything. Of courseit can serwe as an ad hoc model, with some
predictive capacaity, but not for understanding as far as we can seeat
least.

18.8 ClassicalThermodynamicsin a Nutshell

Classical Thermodynamics is ambigous concerning the nature od the 2nd
Law: Is it \only" a summary of experiencewithout theoretical support, or
is it basedon theory? Is statistical mecdanics such a satisfactory theory?
There are no clear answers in the literature. Go look, if you don't belive
what we are saying, which you should not do without cheding.

FIGURE 18.6. Classical 1st and 2nd Laws.

FIGURE 18.7. Classical view on the 2nd law.

In any casewe cite Wikip edia:
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18. A Best World of Thermodynamics

Statistical mechanics is the application of statistics, which includes
mathematical tools for dealing with large populations, to the eld of
mechanics, which is concerned with the motion of particles or objects
when subjected to a force.

provides a framework for relating the micros®pic properties of indi-
vidual atoms and molecules to the macros®pic or bulk properties of
materials that can be observe in everydaylife, therefore explaining
thermodynamics as a natural result of statistics and mechanics (clas-
sical and quantum) at the microsmpic level. In particular, it can be
usal to calculate the thermodynamic properties of bulk materials from
the spectrosm@pic data of individual molecules.

This ability to make macrosmpic predictions basal on microsmpic
properties is the main assetof statistical mechanics over thermody-
namics. Both theories are governal by the second law of thermody-
namics through the medium of entropy. However, Entropy in ther-
modynamics can only be known empirically, wheras in Statistical
mechanics, it is a function of the distribution of the systemon its
micro-states.

We seethat the standard opinion is that the 2nd Law is either empirical
or statistical, and thus the determinsitic formulation we presert is new.

To boost the interest of the reader in thermodynamics, we now quickly
browsethrough someof the many elds, wherethermodynamicsis essetial
and they all follow the Arrow. The scope is really amazing, when you start
to think of it.... which we hope you will do...
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19

Dynamicsof Thermalynamics

Those who have talk ed of \chance" are the inheritors of antique su-
perstition and ignorance...whoseminds have never beenilluminated
by a ray of sciertic thought. (T. H. Huxley)

There are great physicists who have not understood it. (Einstein
about Boltzmann's statistical mechanics)

There is apparently a contradiction between the law of increasing
entropy and the principles of Newtonian mechanics, since the latter
do not recognizeany di erence between past and future times. This
is the so-called reversibility paradox (Umkehreinwand) which was
advanced as an objection to Boltzmann's theory by Loschmidt 1876-
77. (Translators foreword to Lectures on Gas Theory by Boltzmann).

19.1 Cosmologyand Big Bang

Cosmologyis the scierti ¢ study of the large scaleproperties of the universe
asa whole, including its origin, ewolution and ultimate fate. The Big Bang
model postulatesthat 12to 14 billion yearsago,the universewasin a very
hot very densestate, which expandedalong with galaxiesand stars being
formed by gravitation from variations in density. It is believed that we can
seeremnarts of the hot densematter asthe now very cold cosmicmicrowave
badkground radiation, which still pervadesthe universeasa slightly varying
glow acrossthe erntire sky, a discovery made by the Cosmic Background
Explorer COBE-telescope, which gave the Nobel Prize in 2006 to John
Mather and GeorgeSmoot. Cosmologyis basically a very (very) large scale
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application of thermodynamics as an interplay of mass, momertum and
energy governed by gravitational and inertial forcesand driven by nuclear
reactions.

19.2 Astronomy and Nuclear Energy

The starswereformedin the early Universeby accretion of massby gravita-
tional collapsincreasingthe temperature of a certral coreand thusigniting
the star in a nuclear fusion processwith rst deuterium and then hydro-
genbeing transformed to helium under intensereleaseof energy (according
to Einsteins famous E = mc? formula) increasingthe pressureand coun-
terbalancing the collaps. Planets may be formed around stars and under
favorable conditions give rise to life. Stars of 0.4-10times the massof our
own Sun expand into red giant very bright stars, when the supply of hy-
drogenin the core is empty and fusion starts in an outer core. Our own
Sun thus eventually will swallow the Earth into a fusion process,but this
is estimated to be a couple of billion yearsaway. The thermodynamics of
the Sun thus is the basisof both life and death of the Earth.

19.3 Geologyand Global Warming

Geology or earth sciencecontains the sub elds of geoptysics, glaciology,
volcanology climatology and meteorology connecting to the the certral
issueof the thermodynamics of global warming. Computational modeling
of global climate changehasa very important role to play to nd out what
actionsare bene cial for sustainabledevelopmert and long-time survival. In
particular, thermodynamic modeling of (shrinking) glaciersand (melting)
arctic seaice, today is a very \hot" topic.

19.4 Black Body Radiation and the Sun

A black body absorbsincoming white light of all frequencies,from high
frequency ultraviolet to low frequency infrared, but only radiates low fre-
quencylight (with color depending on the temperature of the body). This is
the basisof the grossenergybalanceof the Earth absorbingwhite light from
the hot Sun and radiating low frequency light into empty space.One can
view black body absorption/emission as an (irrev ersible) thermodynamic
processtransforming high frequencylight to low frequencylight energy
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FIGURE 19.1. The Earth

FIGURE 19.2. Global heat balance.
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FIGURE 19.3. Life in action.

19.5 Biology and Life

Most forms of biological processeduild on conversion of chemical energy
into heat and kinetic energy and thus ultimately on Solar energycorverted
to chemical energyin the photo-synthesis. The emergenceof biological life
may naively appear to contradict the 2nd Law in its classical form, by
creating ordered structures out of disordered, while the death of a living
organismwith order dissolvinginto disorder, re ects the classical2nd Law
very well. We shall seethat in the new formulation not relying on notions
of ordered/unordered, there is nothing (in principle) that prevents ordered
structures to dewvelop from unordered (for examplein Irak), assumingthere
is someinput of energy (oil).

19.6 Molecular Biology and Protein Folding

Biology builds on cell microbiology basedon the thermodynamics of chem-
ical reactions governed by the chemistry of the protein chains of DNA put
togetherin a processof protein folding from amino acid molecules.Compu-
tational thermodynamics of the cell is becomingan increasingly important
tool in medicine and drug design.

19.7 Quantum Physicsand Chemistry
The thermodynamicsof chemical reactionsand radiation build on the quan-

tum medanics of electrons, and the thermodynamics of nuclear reactions
build on quantum electrodynamics of elemerary particles. Computational
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FIGURE 19.4.Inside a plant cell.

FIGURE 19.5. Protein folding
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FIGURE 19.6. The double helix of DNA

solution of the equationsof quantum dynamics presens a tough challenge,
becauseof the richnessof the the wave function solution with in principle
three independert spacecoordinates for eat particle (electron) involved.
Methods reducing the dimensionality are today routinely usedin massiwe
computations in quantum chemistry, and could opento new insights of the
nature of the quarks of elemenary particle physics.

19.8 Energy Generationand Consumption

Our industrial scciety is basedon production and consumption of energy
in thermodynamic conversion processe®f the form:

nuclear/fossile/biological/c hemical! heat/kinetic/electric,
wind/w ave kinetic ! electric,
solar radiation ! heat/electric.

electric! heat/kinetic.

In all conversion of energy minimization of lossesinto uselessheat is of
prime concern, for which computational thermodynamics opens new pos-
sibilities.
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19.9 Heat Enginesand Industrialization

The early developmert of thermodynamics was motivated by the need of
understanding the steam engine, underlying the industrialization of the
Westernworld in the 19th certury. A steam engineis a particular form of
a heat engine corverting heat to medanical work in a thermodynamical
process.The modern combustion enginein a car is another form of heat
engine. The e ciency of a heat engineis of prime importance, and can
be studied by computational thermodynamics. The necessarycooling of a
car enginerepreserts a lossof energy which is not transformed into useful
medanical work.

19.10 Heat Pumps and Qil Crisis

The heat pump is replacing the increasingly expensiwe oil for heating of
houses.The heat pump cornverts low temperature heat (from the earth,
seallake or air) to higher temperature useful heat, by supplying the neces-
sary corversion energy from electricity. The e ciency is typically around
2=3, that is, for 1=3 unit of electric energy you get out 1 unit of useful
heat energy You can thus reduce your electrical bill by a factor of 3 by
changing from full electrical heating of your houseto heating by a (good)
heat pump. Of course,it is of interest to seekto increasethe e cien y even
more. Can we reach 99% e ciency , and if not why?

19.11 Refrigeratorsand Urban Civilization

A refrigerator is a form of heat pump taking heat form inside of the refrig-
erator and delivering it to the surrounding. The refrigerator is an absolute
necessiy of modern urban civilization.

The standard design builds on cycling a uid alternating between ex-
pansion/evaporation to gas phase with temperature drop, and compres-
sion/condensationto liquid phasewith temperature increase,with the cold
gasin corntact with the interior of the refrigerator and the warm liquid
phasein contact with the exterior. For the compressionan electric motor
is used, which consumesthe energyrequired to maintain the cooling.

The rst design of an absorption refrigerator, without compressorand
moving parts and thus silent, was invernted by the two young Swedish en-
gineering students Carl Munters and Baltzar von Platen during their class
in thermodynamics at the Royal Institute of Technology in 1922 (although
they slept through the lectures working all night on their invention). This
invention together with a vacuum cleanergave the impetus of the quick ex-
pansion of the Electrolux compary. The production of the Munters-Platen
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FIGURE 19.7. The principle of presenation of food in a refrigerator.

refrigerator has continued at Motala in Sweden uninterrupted since 1925
with today a total of 10 million units being produced. We hope this book
may be useful for young minds of today in seard of new invertions.

19.12 Information and Communication

Information theory was created by Shannon [22] in the 1940sborrowing
the concept of entropy from thermodynamics with the idea of measuring
communication channel capacity requiremerts for di erent types of infor-
mation. Random information would then represen information with max-
imal entropy, in principle requiring maximal capacity (although random
information would seemlik e uselessnformation).

Alternativ ely, one can view communication of information as a thermo-
dynamic ow with the heat energyrepreserting lossof information during
the communication. This is the approach we will take below.

19.13 Econony and Welfare

One can also view an ewlving econony as a thermodynamic o w process
transforming resourcesinto utilities. In (a free) econony the entropy could

be viewed as a measureof necessarjlossesduring the process,in the form

of interest rates, taxes, brib es, thefts, which cannot (fully) be avoided. The

ow of the World econony represents a complex processof prime impor-

tanceto all of us. An economistwith (some)understanding the processcan
be raisedto fame and fortune.
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FIGURE 19.8. Flow of information in a o wer.

FIGURE 19.9. Flow of information in a modern o ce.
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19.14 EmergenceA New Approach to Physics

Emergene is the processof complex pattern formation from more basic
constituent parts or \particles". Turbulence represerts emergencein uid
dynamics, which cannot be understood by considering only a single uid
particle, only by considering the interaction of many. The 2nd Law ex-
pressesthe basic emergencephenomenonof thermodynamics as a collec-
tive behavior of many uid particles to irreversibly transfer kinetic energy
to heat energy Thus thermodynamics naturally connectsto the new ap-
proach to physicsbasedon emergencewhich is now developing (emerging)
with input from e.g. 1988 Nobel Laurate Robert Laughlin [50], and which
is radically dierent from the reductionist approac of elemenary parti-
cle physics completely dominating the scenesince the birth of quantum
medhanicsin the beginning of the last certury.

Since emergenceconcernsthe interaction of many particles, analytical
methods fall short (which lies behind the reductionist obsessiorwith a sin-
gle particle hopefully allowing analytical mathematical description), while
computational methods open new possiblities of simulating emergen phe-
nomena. This book givesevidencethat this possibility can be turned into
reality. Computational simulation of emergenceseemsto open many pos-
sibilities to new insights.

19.15 llya Prigogine

Ily a Prigogine (1917-2003),Nobel Prize in Chemistry 1977,seeFig. (19.10)
and Fig. (19.11), has questioned the rationale of Boltzmann's statistical
thermodynamics, becauseit fails to explain emergenceof ordered struc-
tures, and has stressedthe necessiy of microscopic irreversibility, which
connectsto Princip e Perfeito. Prigogine writes in LesLois du Chaos (Flam-
marion, 1994):

Boltzmanris attempt to explain irr eversibility on the basis of reversible
laws, failed.

However, Prigogine also resorted to statistics in his own explanation, and
therefore probably also failed.

19.16 Physics:Flow of Information: Computation

We understand that the ewolution of a physical systemcan be viewed as a
form of analogcomputation, which possibly can be modeledby digital com-
putation. We can connectanalog physicswith digital computation through
a concept of ow of information, which re ect the time-line of action of
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FIGURE 19.10. The World according to Ily a Prigogine.

FIGURE 19.11. llya Prigogine receiving the Nobel Prize in Chemistry in 1977
from the hands of King Karl XVI Gustav.
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forcesfrom one part of the physical systemto another and the reaction
thereof, and the o w of digits from input to output in the execution of a
subroutine of the computational code.

The information ow is reprserted in the ow chart of a computer code
and thus obviously is of main concern, for the programmer. Also in un-
derstanding physicsit may be useful to study the ow of information, in
particular, to study the minimal amount of information neededto allow
the physical systemto work.

For example, in the ewolution in time of a galaxy of stars interacting by
gravitation. ead pair of stars will have to agreeon their mutual instanta-
neousdistance, but not necessarilyon the distance to a third star, since
this information is not needed.In [8] we that this opensto a new approach
to relativit y, avoiding the many di cluties of Einstein's theory of relativit y.
But this is another story...

19.17 Thermodynamicsasa \Best of Worlds"

The above survey indicates that thermodynamics is a fundamertal part
of scienceand technology and thus serves a very important role in our
saciety. Thermodynamics is maybe the sciertic eld closestto Leibniz'
de nition of a Best of Worlds as a world, which is richest in variation of
orderedcomplex structures or emergencesuch asdi erent forms of life and
consciencewhile being governed by simplest possibleprinciples or laws.

FIGURE 19.12. The Best of All Possible Worlds: Picture of the background
radiation of the Universeby the COBE satellite.
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Quartum Medanics

I don't likeit (quantum medhanics), and | am sorry | ever had any-
thing to do with it. (Erwin Schredinger)

...the whole procedure was an act of despair becausea theoretical
interpretation (of black-body radiation) had to befound at any price,
no matter how high that might be... (Planck intro ducing quantum
of energy)

20.1 Rutherford's Model of the Atom

After atoms and electrons had beendiscovered experimentally in the early
20th certury, a mathemattical theory for the atom had to be found, and
for this purposeclassicalNewtonian medanics was not suitable: The rst
idea was to view the atom like a tiny planetary system with a swarm
of negative electrons orbiting a positively charged atom kernel subject to
attractiv e electromagnetic forcesinstead of gravitational forces.But that
did not work out, becauseorbiting electronswould have to radiate energy
and evertually collapseinto the kernel. In short, classicalwave mecanics
could not explain why atoms could exist and thus was a complete failure.
What to do? A new crisis of physics was emergingalong with the political
crisis leading into the devastating 1st World War, and the Princessasked
for heads.

In 1911 Rutherford preserted a new model which wasimproved by Bohr
connectingto Planck's quanta with the electronsrestricted to certain orbits
or shels and emitting light quanta when jumping from one orbit to the
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FIGURE 20.1. A positively charged kernel surrounded by a swarm of pointlik e
electrons according to Rutherford.

other. But it wasan ad hoc model without corvincing mathematical basis,
and still like a little planetary system, seeFig. (20.1).

20.2 Sdiredinger'sEquation

In 1925 the young physicist Erwin Scredinger preserted a new form of
a wave equation, referred to as Schredinger's equation, which (magically)
seemedto o er a useful mathematical model on atomistic scales.A solu-
tion of the Schredinger equation is called a wave function and represerts
the distribution of electronsaround a kernel, and more generally the dis-
tribution of electronsand kernelsin any aggregateof atoms and molecules.
Sdcredinger'selectronsthuswererepresened by a wavedistributed in space
and not particles localizedin spaceasin Rutherford's and Bohr's models.

20.3 What is Sdredinger'sWave Function?

Sdcredinger'swave equation shovedto be a stroke of geniuswith very good
predictiv e capabilities: By solving the Schredinger equation you can explain
and predict properties of atoms and combinations of atoms in chemical
reactions, including the periodic table, more or less.

But there was one seriousproblem with Scredinger's wave function: It
seemedto formally depend on the distributions of all the electrons as if
ead electron had its own private full three dimensionsof spaceto roam
in without any accessfor the others. For N electrons that gave a wave
function depending on 3N variables, plus time, thus a veritable monster
for more than a few electrons.What could the physical signi cance of such
a monster be? The next crisis of physics presened itself! What to do now?

Again statistics shoved up as somekind of resolution or relief of pain:
The very cleveridea wasto view the wave-function asrepreserting the prob-
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FIGURE 20.2. The (modulus squared of the) wave function for a Hydrogen elec-
tron with dierent energy The higher the energy, the more spread out is the
electron. It is not necessaryto interprete the wave function asa probabilit y den-
sity of a particle-lik e electron playing roulette around the kernel; isn't it more
natural to interprete it simply as a distributed electron density?

FIGURE 20.3. Werner Heiserberg with older brother and father ready to ght
in the 1st World War.
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FIGURE 20.4. A model of a Hydrogen atom with one electron ying around a
proton.

ability of certain electron con guration, and now the monster had a name,
even if its monstrousity of many-dimensionality remained. This view was
forcefully preached by Heiserberg and Born, while Schredinger objected
in dismay to this maltreatment of his baby, but to no e ect and Born-
Heiserberg wiped the table, completely.

The result is that still today the wave function is supposedto represen a
probability of an electron distribution, asif particle-lik e electronsare play-
ing roulette, just asgameaddicted gasmoleculesin Boltzmann's statistical
medanics, or Swedish tax payers at Casino Cosmopl, the Swedish State
monopoly of roulette.

20.4 Formally Rewersiblebut Irreversible

Sdcredinger'sequationis, just like Newtonian medanics,formally reversible.
Thus there seemsto be a rewind button in quantum mecanics, which
brings modern physicsbadk to pre-Boltzmann time: If ultimately the World
is basedon quantum medanics (or classicalNewtonian mecanics), then
it is alsoformally reversible.

Sothe old question pops up again, even with a statistical interpretation
of the wave function: How can irreversibilty arise in a formally reversible
system? And now there was no Boltzmann around that could that solve
that riddle by statistics.

And there modern physicsstands still today: Quantum medanics seems
to be formally reversible, but yet hasto describe an irreversible world to
serne as a model. The Princesswants an answer...now. But no answer is
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coming. And the books claiming \the end of physics" are piling up in the
book stores.

It seemsthat physcists have pretty much given up on giving the wave
function an interpretation, and seemcontent to say that whatever it means
it givesgood predictions, sowhy bother? But the irreversibility riddle can-
not be circumvented this way: It is a real problem and not just a matter
of one interpretation or the other, although there have been attempts to
claim that the Arrow is just ction and interpretation. But it cannot be.

20.5 The Crisis of Modern Physics

The crisis of modern physics may be a result of a clash or incompatibilit y
of an idealistic world view based on exact mathematics and physics of
in nite precision, with a materialistic world view based on mathematics
and physics of nite precision.

An ideal(istic) mathematician rmly believesthat mathematics is exact
and an ideal(istic) physicists rmly believes that physics is exact. Both
jump to statistics if the exactnessis questioned: If you cannot express
exactly what you want to say, then just choosea random quote.

We know that if idealism and materialism is not clearly separated, it
fostershypocrisy, that is pretending what is not. The way out of hypocrisy
is to understand that idealism and materialism have di erent rolesand that
confusion of one with other leadsto contradictions and irrationalit y.

If you cannot expressexactly what you mean,then try to nd asgood an
approximation as possible.Or if you cannot live up to your ideals, admit
that, but try your bestto do it andway, and do not give up completely. Sim-
ple everyday psydology, but seeminglyforgotten in idealistic mathematics
and physics.

20.6 Leibniz and the Nobel Prize

Is it necessaryto interprete (the square of the modulus of) Schredinger's
wave function as a probability density? A physicist of today would have to
say YES, sincenothing better seemsto be available. The reasonis that the
wave function formally dependson so many variables, 3N variables for N
electronsand kernels,a monstrosity.

If Leibniz was active today, he would probably take another approad,
basedon his monadolay, which is a world view or philosophy basedon the
ideathat everything is madeup by monads which are like little immaterial
atoms. Leibniz says that eat monad is like a little \soul" taking in (more
or lessblurry) impressionsfrom the other monadsand acting accordingly.
If we replacemonad by electron, then this can serve as an interpretation of
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the wave function: ead electron solvesits own version of the Schredinger
equation (in 3 spacedimensionsplus time) to get information about the
others, and that determinesthe action of the electron. But this is not a
problemin 3N variables,but N (coupled) equationsin 3 dimensions,which
is not monstrous at all.

In this perspective ead electron is like a human being and the atom
with many electronsis like a group of peopleinteracting with ead other.
The wave function then correspondsto the ctional quartity of the total
interaction betweenall the people, which is ctional becausenobody ever
perciewes this quantity: Each member of the group has a (more or less
blurry) impressionof all the othersin the group, but there is no Big Brother
that knows everything about everybody and all relations. Except possibly
in the form of an (ideal) writer of ction, who hasfull control of the totalit y
of the interactions of all the characters. Or maybe not even a (real) writer
understands completely what he haswritten and all the interactions?

In the sameway the full wave function of all electron interactions satis-
fying Sdredinger's equation, doesnot exist. It is a ctional quantity. Nev-
ertheless,an approximate solution can be constructed from the (blurry)
interaction of ead electron with the others, which is not ctional because
it is constructed. This double insight of impossibility of exact solution and
possibility of approximate solution, gave Robert Kohn the Nobel Prize in
Chemistry 1998. This idea is followed up in [7].
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A Challenge

I know that most men, including those at easewith problems of the
highest complexity, can seldom accept even the simplest and most
obvious truth if it be such aswould oblige them to admit the falsity
of conclusionswhich they have delighted in explaining to colleagues,
which they have proudly taught to others, and which they have wo-
ven, thread by thread, into the fabric of their lives. (T olstoy)

The simulacrum is never that which concealsthe truth{it is the truth
which concealsthat there is none. (Baudrillard)

21.1 The Joule-ThompsonExperimert

Before passingto Part Il Solutio and Princip e Perfeito, we challenge the
reader by asking for an explanation of the following basic experiment of
thermodynamics rst performedby Joule in 1845and repeated with higher
precision together with J.J Thompson, later Lord Kelvin. This could be
one of the Princessriddles. By answering this riddle the readerwill be well
preparedto cortinue to the real thing.

The experimert is very simple to describe: Joule lled a cortainer or
chamber with a gasto high pressure Jet the gascometo rest at temperature
T = 1. Then he immersed the chamber into a bucket of water also of
temperature T = 1, together with an empty container, opened a valve
betweento two containers and allowed the gasto expand (all by itself)
into the double volume and then cometo rest, seeFig. (21.7) displaying
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the set-up of the original experiment. Joule measuredthe temperature in
the water during and after the expansion.

FIGURE 21.1. The Joule-Thomson experiment

What was Joule expecting to see?0Of course,he was expectingto nd a
temperature drop during the expansion.Why? Because,as we all know, a
gascoolso whenit expands.This is why a spray can cools o when you
let the spray out. Try it!

This is the samephenomenon,in reverse,what makesthe bicycle pump
warm up asyou compressair into the inner tube of the tire. Try it!

A refrigerator usesthis principle in the followiung cycle: The refrigerant
(freon) in liquid form passesan expansionvalve and evaporatesto a gas
while cooling o, absorbsheat from the interior of the fridg, is compressed
to aliquid delivering heatto the exterior and then repeatsthe cycle. The net
e ect isthat heatis movedfrom the interior of the fridg at low temperature
to the exterior at higher temparature, thus making heat ow from cold to
warm, by spending the energyto run the compressor.

Back to the experiment: To his surprise, Joule could not detect any
temperature drop during the whole process.How come?That is the riddle,
which we will answer below.

21.2 A Hyperreal Experiment

How are we going to nd the answer? Right, by a computational simula-
tion of the experiment on a computer. We can then follow what happens
and cometo understand the process.Computational simulation gives us
a very precise and exible laboratory for sciertic experiments. This is
hyperreality in the senseof Baudrillard. Let's useit.
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What the computer doesis to solve the mathematical equationsexpress-
ing conservation of mass momentum and energy, which is the 1st Law, by
the sametime-stepping procedurewe usedaboveto nd the distance from
knowing the velocity. What about the 2nd Law? Don't we have to satisfy
that as well? Don't worry, it will come for free, and you will understand
why if you continue reading.

To avoid the vacuum, which is a bit extreme, we changed the data so
that initially the pressureand density in the right chamber is half of that
in the left, not zero asin the original experiment, while the temperature
T = 1 alsoin the right comtainer. The essenceof the experiments remains
the same.

We display somesnap-shotsof computed density and temperature. What
do you seelooking at the gures? Well, you seeas expectedthe gasexpand
into the right chamber with the lower pressureand density, and you see
that there a complexturbulent o w dewelops.If you cortin ue the simulation
you will nd that evertually the gascomesto rest in the full volume of
the two containers with the temperature T = 1 everywhere. Surprise? No
temperature drop, at the end? Despite the expansion?

Of courseyou say that the temperature evertually will have to be uni-
formly T = 1 at the end with the gasat rest, just becauseof consenation
of energy You don't get more money on the table just by spreadingit out!!

Sowhat about temperature drop? Is there no drop? But the gasexpands
into the double volume, sothere must be a drop somewhereon the line from
initil rest state to nal rest state. On the following page you the results.
Take a look and analyze what you see.Remenber that the total energy
which is consened, is the sum of the kinetic enemgy (from the (larger scale)
motion of the gas) and the heat enemy or iternal energy, which you may
think of asvery small scalevibrational motion.

FIGURE 21.2. Density at two time instants
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FIGURE 21.3. Temperature at two time instants

FIGURE 21.4. Averagetemperature in left and right chamber
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FIGURE 21.5. Averagekinetic energy and temperature: short time
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FIGURE 21.6. Averagekinetic energy: long time

21.3 Analysis

Sowhat do you see?Well you seethat initially the temperature drops in
the left chamber asyou expect. So someinternal energyis lost, and where
doesit go? Of course,you sa that it is converted to kinetic energy when
the gasis put into motion. You also seethat the temperaure increasesin
right chamber, and from doesthat internal energycome?0Of course,you say
that it comesfrom the turbulent dissipation in the right chamber heating
the gas.

So you understand both the temperature drop in the left chamber and
the temparature increasein the right chamber, as an interplay between
heat energy and kinetic energy which is the essenceof thermodynamics.
Soyou understand basic thermodynamics without knowing anythig about
ertropy. You alsounderstand that at nal equilibrium with the gasat rest
in both chambers, all the kinetic energywill have beentransformed back to
heat energy and the temperature is back to T = 1 everwhereas obsened.

21.4 lrreversibility

What about irreversibility? Can the processbe reversed?If you sit and
wait, will the gashby itself quitely return to the left chamber after its visit
in the right chamber, or not? Of course,not. The gaswill show no tendency
to go back again. Why? This is where Princip e Perfeito as a new form of
the 2nd Law is needed.But not the classicalbasedon entropy, which is
dicult to understand and rationalize, but a new form, given in detail in
the mathematics section below.

Princip e Perfeito in this form states that heat energy can be converted
to kinetic energy under expansion, but only under expansion, not com-
pression. This makesit possiblefor a gasat rest under high pressureto
expand, gaining kinetic energy from the internal energy and lowering its
temperature. But you cannot convert heat energyto kinetic energy under
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compression.Thusthe gaswill not be ableto get back into the left chamber
by itself. It can get out by itself, but will not go in by itself. Only if you
force it back by compression,and that takesenergy

Of course this is a familiar phenomenon: A herd of sheepwill easily
escape through a hole in the fence, but will not go badk by itelf unless
forced by a sheepdog, seeFig. (?7?).

We have now met a basic irreversible thermodynamic processof rele-
vancein all forms of heat enginescornverting heat energyto kinetic energy
Thermodynamics originated from studies of the e ciency of heat engines,
like steam engines.

More generally, life is a form of heat engine:You eat and burn caloriesto
getyour body and mental processesnoving. That is anirreversiblethermo-
dynamic process.If you have understood the Joule-Thompsonexperimert,
you have understood a good deal of thermodynamics, without thinking of
entropy, and a good deal about all the processesaround us and inside us
which are basedon thermodynamics. And you have then also understood
someof the mystery of the Arrow of Time. You will understand more as
you go along.

FIGURE 21.7. A sheepdog compressinga sheepherd.

21.5 What Would Boltzmann Say?

What doesclassicalthermodynamics say about a gasexpandingto its dou-
ble volume? Well, it says that a gasin a bigger volume has more entropy
and is lessordered, becauset is more spreadout. Maybe this catchessome-
thing essetial, but it alsoraisesa lot of questionsconcerningthe physical
meaningof entropy and order/disorder which have no good anwers.You can
stay away from this without missing anything if you instead use Principe
Perfeito.
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21.6 Principe Perfeito in Mathematical Form

We have already announcedthat the 2nd Law accordingto Princip e Per-
feito takesthe following form for a closedsystem:

K. W= D;

(21.1)
E+W=D;

whereK represerts kinetic energy E represerts heat energy W represerts
work performed and D > O represerts the ne or cost payed for not being
ableto exactly satisfy the 1st Law. The work W is positive under expansion
and negative under compresssion.

The 2nd Law (21.1) statesthat there is always a transfer of kinetic energy
to heat energy becausethe cost D is positive. This acts is like a tax on
(high quality) kinetic energy, which is transferred to (low quality) heat
energy like a Robin Hood transfer from rich to poor. This transfer only
goesone way.

The work W, on the other hand, can have both signs, but is positive
under expansionand negative under compression,and the 2nd Law thus
shows that the kinetic energy can only increaseunder expansion,and that
heat energy will always increase under compression.The transfer of W
betweenkinetic and heat energy is reversible, so that if you heat a gasby
compressingit, you can retrieve the kinetic energy spent on compression,
by letting the gasexpand.In other words, the gasacts like spring in which
you can store kinetic energy as heat energy and then releaseit.

The meaning of the 2nd Law in the form (21.1) is easyto understand,
we just understood it, and by using it we can analyze and understand the
Joule-Thompsonexperimert. In particular, we understand why the process
of letting the gasexpand and then cometo rest, is irreversible. To get the
gasback again, you have to force it by compression.

What is truely remarkable with the 2nd Law in the form (21.1) is that
the entropy doesnot appear!! We canthusforget about this quantit y, which
makesthe scienceof thermodynamics much better accordingto Ockham's
principle that a simple sciertic explanation is better than a complicated
explanation!! Why? Becausewhat is simple can be understood better than
what is complicated, and thus can be more useful to more people.

21.7 An llluminating Comparison

Let us compare the Joule-Thompson experiment with an experiment you
can do yourself if you just have a U-glass or something similar, seeFig.
(21.8). If not, you can make a thought-experiment: Start with a volume of
uid at restin the left half of the glass,and open a valve at the nbottom to
let the uid free. It will then swing to the right just like a pendulum and
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then back again. But not quite, becauseinevitable turbulence will develop
and in ead swing somekinetic energywill irreversibly be transformed into
heat energy sothat eventually the uid comesto restin a symmetric equi-
librium con guration with all kinetic energy transformed to heat energy
We understand that the dynamicsis similar to that in the Joule-Thompson
gas experiment, with the di erence that the initial energy appearsin the
form of compressionin the gasand as potential energyin the uid.

FIGURE 21.8. Water in a U-glass oscillating back and forth until it eventually
comesto rest in equilibrium.
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Principe Perfeito

Equilibrium is the very opposite of disorder. (Rudolph Arnheim)

A life is like a wave forming and breaking on the shore. (Unknown
Neanderthaler)

22.1 Finite Precisionand Edge Stability

Luckily (or maybe unfortunately) none of the authors is a physicist, and
sowe do not have to believe in statistical mecanicsand entropy as disor-
der, nor in any statistical interpretation of quantum medanics including
particle-wave duality. We are thus free to seeknew solutions to the riddle
of the Arrow of Time without resorting to the roulette table or semartic
equilibristics.

What is even better, we have a clue to solution of the riddle, and we
are not just searding in empty spaceafter something which may not exist
at all. The clue is of course Principe Perfeito, which we give yet another
formulation:

nite precision and edge stability,

We have already met the fundamertal aspects of Princip e Perfeito in the
sh trap model: A basicaspect of edgestability is re ected by the fact that
it is easyto getin but dicult to getout of the trap. And of coursea real
sh has nite precision(while anideal sh with in nite precisionwould be
ableto escape). We met the aspect of precisionalsoin connectionwith the
processof separation, which may require both care and time.

This is page 131
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We now dewelop Princip e Perfeito using di erent languages,and in the
rest of the book we add more body to this skeleton.

22.2 The Breaking Wave

Take a look at Fig. (22.1). You seethe dynamics of a wave breaking on
a shore. The dynamics follows Newtonian medanics and thus is formally
reversible. We seea slow build-up of the wave followed by a quick break-
down We understand that this processcannot be reversed.There is no way
you can make the reverseprocesshappen by changing the sign of velocity
and time. sothat there would be a quick build-up and a slow break-down It
is impossible,yet it should be possibleby reversible Newtonian medanics.

So what does Princip e Perfeito say? It says that it is becauseof the
nite precision that the reverse processcannot be realized. To build up
takestime, to break down can go quick.

The breaking wave also illustrates the concept of edgestability, at the
border betweenstability and instabilit y. We seethat the slope of the shore
determineshow fast waveswill break. With a small slope, it cantake a very
long time to build up awave and it can keeprolling for a long time without
breaking. To build up a wave is not possibleit the ow is too stable; then
all tendenciesto create waveswill be dampened. This would be the caseif
the uid was not water but thick viscoussyrup. On the other hand, with
a steeper slope the wave forms quickly and also quickly break. The most
interesting caseis just in between these two cases,with a wave forming
and almost breaking for long time until it evertually breaks. That is edge
stability, which you seein life process:creation-life-destruction. Your life
like a wave forming and breaking on the shore.

22.3 Why is the Wave Breaking?

Is it necessaryfor the wave to break? What makes it break? Well, we
understand that the tendencyto break comefrom the fact that the bottom
of the wave is slowed down by the shorewhile the upper part is not, which
meansthat the steepnes®f the waveincreasesuntil the wavetips over and
breaks.We are familiar with this scenario:someparts move faster than the
others and the tension builds up, until something breaks.

We can seethat the wave before breaking down completely, breaks just
a little bit on the top, seeminglyin an attempt to slow down the top and
keep going for a while. But it doesnot really help in the long run, it has
to break completely anyway, and we seelittle possibility to avoid this. Of
course,we can slow down the processby decreasingthe slope of the shore,
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FIGURE 22.1. The Clue: Breaking Wave.

but there are practical limits to that kind of solution, and so we have to
allow wavesto break on the shore, sincethere is no way we can prevert it.

22.4 More Body to Principe Perfeito

Let us give a coupleof more examplesof processesvhich show slow creation
and quick destruction:

To write a book may take years, but it can be erasedin secondsor
killed by critics in hours.

To grow up takesmany years, but life can be endedin seconds.

To tell a funny story (correctly) may take time, but the resulting
laughter is over in seconds.

The foreplay may take hours while the climax is over in seconds.

To dewelop human civilization took millions of years, but it can be
endedin seconds.

To build up your body cell by cell took years, but after death you
disintegrate in hours.
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To reach a new all-time high on Dow Jonesmay take years, but the
index can collapsein hours.

To build a sand castle can take days, but can be erasedin seconds.

To paint an oil painting may take months, but can be destroyed with
one stroke of the brush.

To build con dencein arelation cantakeyears,but canbe eliminated
by one blow of your hand.

We seethe pattern of Princip e Perfeito: Creation requires precision and
therefore takestime, while destruction does not require precision and can
be quick. A processof slow build-up and quick break-down, can not be
reversed,becauseit would require a quick build-up (reverseof breakdown)
which is impossible.Build-up cannot be quick. Do you get the idea?If not
take a look at Fig. (22.2) and you will understand.

22.5 Create Di erence-Destroy Di erence

We can expressthe dynamics described by Princip e Perfeito as
create di erence-destroy di erence,
create tension-releasetension,
build up-break down,
form-deform,
paint-erase,

The irreversible nature of such processesomesfrom the di erent require-
ments of precision and tine: Creation requires precision and takes time,
destruction doesnot. Creation always takestime, destruction not always.
Princip e Perfeito also explainswhy destruction is necessarywhy death can-
not be avoided, why cortin ued creation inevitable leadsto nal destruction
in an edgestable system.

22.6 It TakesTime to Sharpena Pencil

Why does it take so long time to create (but so little time to destroy)?
JacquesBrel answers in Chanson Sans Paroles why it took so long to
write a love letter, too long:
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J'aurais aime ma belle
T' ecrire une chanson
Sur cette melodie
Rencortr ee une nuit
J'aurais aime ma belle
Rien qu'au point d'Alencon
T' ecrire un long poeme
T' ecrire un long \je t'aime"

Je t'aurais dit \amour"
Je t'aurais dit \toujours"
Mais de mille facons
Mais par mille detours
Je t'aurais dit \partons”
Je t'aurais dit \brulons"
Brulons de jour en jour
De saisonsen saisons

Mais le temps que s'allume
L'id ee sur le papier
Le temps de prendre une plume

Le temps de la tailler

Mais le temps de me dire

Comment vais-je I'ecrire
Et le temps est venu

Ou tu ne m'aimais plus

Yes, it takestime to build a house, becauseyou have to put brick to
brick in the correct order, and there are many bricks. Yet you can blow up
a housein a secondand rip the bricks apart. Glueing together takestime,
ripping apart doesnot.

When you rub your handsto warm them by friction, you rip molecules
apart, which createsheat, but you cannot reversethe processand rub your
hands by heating them, becauseyou cannot reversethe ripping. You can
rip a pieceof paper apart in a second,but you cannot unrip it exactly even
if you have a life time, letting ead pair of atoms ripp ed apart meet again.
Ripping families apart to di erent camps, can never be fully reversed.

22.7 Scaleand Finite Precision

We shall below in the mathematics part of the book study the notion of
nite precision with higher precision than in this preliminary study. We
shall then seethat precision is connectedto the spacescale of a certain
process.The macrosmpic scaleof a volume of many atoms, which could be
a meter, is di erent from the microsmpic scaleof individual atoms, which
could be a nano-meter = 10 ° meters. This meansthat a precisionof 10 °
meters may seemlike low precision for an atom, that is microscopically a
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FIGURE 22.2. Irreversible life-death dynamics: slow build up followed by quick
decay.

low precsion, but of courseon a macroscopicscaleof meters, it may seem
like a very high precision.

22.8 Finite Precisioninstead of Statistics

The e ect of this that natural laws may be of very high precisisonmacro-
scopically, but of low precision microscopically. This of course makes a
connection to the microscopic gamesof roulette of statistical medanics,
but it does not throw determinism over-board, only takes the precision
relative to the scaleinto accourt. This way it is possibleto achieve, what
statistical medanics seeksto achieve, and more so, without paying the
very high price of indroducing microscopic gamesof roulette, thus follow-
ing Ockham'srazor of sciertic econony.

22.9 Microscopiclrreversibility

The key point, which we will develop in more detail in the matheantics
part, is that a formally reversible system like Newtonian medanics or
quantum medanics, can be practically irr eversible becauseon microscopic
scalesthe natural laws can only be satis ed to a very low precision, barely
at all aswe will see,and the ne for violation acts like a dissipative e ect.
Moreover, the dissipative e ect is not small and cannot be diminish by in-
troducing ner scales.The impossibility of time reversal will remain even
if you improve the precision of the Clock. When you make the Clock more
delicate and precisein order to reverseit, you will nd the increasedpre-
cision is cancelledby the delicacy of the machinery with more little things
can get tangled under reversal.

Now, of courseyou ask, how can the individual molecules\know" that
they cannot satisfy e.g. Newton's law? They will try their best but will
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FIGURE 22.3. Lenin creating increasedtension in 1920. (Trotsky to the right of
the podium was later removed from the photo by reversing his presence.)

not succeed,but why can't they succeed”Becauseof tension, becauseof
di erence: The uid particle of a whirling turbulent ow liveswith very
strong velocity gradients with nearby particles moving with vastly di erent
velocities. That is the nature of turbulence. And becausea uid particle
hasto interact with nearby particles to satisfy Newton's law, it will nd it
impossibleto nd the equilibrium of exact satisfaction; all uid partiucles
try their best to satisfy the law, but they can't make it becausetheir
ernvironment is changing so fast.

This is like an individual in a scciety undergoing a revolution: the in-
divididual may not understand anything of what's going on, but surely
will note an increasedtension everywhere and a resulting di cult y of get-
ting things right. And a child in a marrige breaking down will note the
increasedtension without understanding the issues,and will not perform
well at school...There are many examplesof this phenomenon.

The net result that irreversibilty may arise in a formally reversible sys-
tem, becauseby the complexity of the ow, the natural laws cannot be
satis ed exactly (i.e. there is no exact solution), and the ne is irreversible
dissipation. The price for not being able to satisfy the laws s that you have
to go forward in time and leave your shortcomingsbehind. In other words,
you have to \lo osetime", becauseyou are not perfect.

Or put it the other way: You have to pay the dinner you are enjoying in
terms of not only money but also time, and in a way you want it to last
long, but not too long... becauseyou also want the pleasure of digesting
the dinner...which also takestime...
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22.10 Edge Stability

A capitalistic econony can be viewed to be edgestable. In generalterms,
a processis said to stableif it doesnot change much under perturbations,
while it is unstableif it changesa lot under very small perturbations. Sta-
bilit y thus concernsthe growth of perturbations: if perturbations don't grow
or even shrink, then the processis stable, and if small perturbations can
grow large, then the processis unstable. An edgestable processis on the
border betweenstable and unstable, neither very stable nor very unstable,
somewherebetweenorder and chaos

Since edge stable processesare almost unstable, they needto be con-
troled, and the control amournts to a price to pay or a cost to take like
paying interest or tax. We shall below meet more examplesof edgestable
processesncluding life and turbulent ow.
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Equilibrium

Jag sager ofta till mig sjalv
Jag ar i jamvikt, allt balanserar

Vi sager ofta till osssjalva:
Det ar i jamvikt, allt balanserar
de eversta stenblocken balanserar
pa de lagre stenblocken, de lagre
pa nagra som &r eannu legre, och de i sin tur,
tja! Vilk en merklig byggnad,
vilk en mektig linje, vilk en utmaning,
och tank att den star, det skulle man inte tro,
om man inte visste att allt ar i jamvikt,
allt balanserar, och hur skulle det annars ga?

(L.G. Varma rum och kalla, 1972)

23.1 What makesthe World Go Around?

We said that changeis time, but why do things change?What makesthe
World go round? Well, you may say that it comesfrom a seard or drive to
equilibrium: Everything, everybody, ultimately is searding for equilibrium.
Is it a deepthought? Not really, it just says that if a body B is not in
equilibrium, then there must be some forces acting on B which do not
balance, and then B is moving so asto decreasethe imbalance, and that
is towards equilibrium with full balance.The ideais to decreaseension to
reach equilibrium with no tension. Simple.
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But why is then not everything stand-still in equlibrium sincelong? A
static World without change and thus without time. Well, that happens
sometimes,that a systemcomesto stop, and nd an equilibrium, but not
always evidertly, sincein fact the World goesaround.

We have already met the basic example of an unsuccessfulserath for
equilibrium: A pendulum or a clock. Why does not the clock stop? Why
doesnot the pendulum cometo a halt? Well, it tries, but doesnot succeed.
Just as in our lifes we all strive for happiness(to be in equlibrium), but
rarely really succeed.

23.2 The Wealth of Nations

Adam Smith's The Wealth of Nations marks the birth of the economical
theory of the industrial revolution. The certral idea is that an Invisible
Hand will lead a free economy of economical men to equilibrium with sup-
ply and demand in balance. We know that economiesfollow cycles like
a (slowly swinging) pendulum, which shows that equilibrium is never at-
tained, but the drive to equilibrium is there.

We return to econony below with particular focus on the Arrow in
economiesin fruitless seard for equilibrium and in need of stabilization
to minimize oscillations, by Keynesian cortrol of governmenrt spending or
Friedman's monetary control. We will seethat an econony has an Arrow
and thus a study of the dynamics of an econony is helpful in understanding
the nature of The Arrow (which is our objective).

23.3 The Flag

The waving ag is an example of a system seekingequilibrium but never
succeedingThe static equilibrium isa at ag in the direction of the wind,
but that is unstable and instead the ag wavesfrom onesideto the other,
always searding equilibrium but never succeeding.In a Perfect Swelen,
ags would not wave but stay at and still, but that country doesnot exist
(fortunately).

The ag is alsoa model for turbulent ow: a ow searding equilibrium
but never succeedingand therefore oscillating. In fact the wavy motion of
a ag is causedby turbulent motion of the air around the ag. Without
turbulence the ag would be at.
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FIGURE 23.1. Dynamics of the Swedish society. In a perfect society the ag
would be at.
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OrderandDisorder

We abandon the past, but the past does not abandon us. (Erwin
Strittmatter in Dore's Bible by Torgy Lindgren)

24.1 The Classical2nd Law

The classical2nd Law asinterpreted by Boltzmann statesthat Nature has
a tendency to move from order towards disorder. This is supported by the
obsenaton that if you leave your car in the street for a longer time, it will
fall apart, by itself.

True, but what about the other things that do not fall apart just because
you do not attend to them. What about your children who can take care of
themselwes, without much of your good advice, or the o wersin the elds
and the birds in the sky? They do not disintegrate just becauseyou are not
looking after them. And the crystals forming on your window in the winter,
and the wavesforming on the sea?Is that disorder? Does everything fall
apart?

Of coursenot: There are two forcesin Nature, Brahma for creating order
and Shiva for destroying order. There is not only Shiva asin Boltzmann's
utterly pessimisticworld steadily approaching \heat death"”, but alsothe
possibility of order from chaos. Princip e Perfeito expresseghe balance (or
battle) betweenBrahma and Shiva, betweencreation and dstruction, what
givesthe World such an interesting dynamics.
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24.2 Unfortunate Terminology

The terminlogy chosenby Boltzmann is very unfortunate, becauseorder
and disorder are so ill-de ned concepts,with the negative connotation of
disorder making you believe that ewverything that can go wrong will go
wrong. The advantage of ill-de ned conceptsis that they can be usedto
fool people, but doing soyou may also fool yourself.

You could say that creating di erence is like creating order, and de-
stroying di erence is like destroying order. Thus creating di erence would
correspond to t decreasingentropy and destroying di erence would corre-
spond to increasing entropy. The classical 2nd Law states that only the
former can occur (in a closedsystem), and thus would prevert creation of
di erence or creation of order.

But you seecreation of di erence or order in many processesand thus
Boltzmann has a problem with his entropy as disorder: How about oder?
How can order be created?

If you look into the literature on this subject, you nd no answer, or an
answer suggestingthe state of the Universecreated at Big Bang was very
ordered and after that there has only beenerosionto more disorder. This
is no more than \b elieving in ghosts". Or what do you say? Why wasthere
somuch order initially? By chance?What wasthe probability for somuch
order initially?

24.3 Principe Perfeito instead of 2nd Law

We thus suggestto not usethe terms order and disorder, which meansthat

you can stay away from Boltzmann's entropy, and you are relieved from

the very dicult taks giving this concept an interpretation, which drove
Bolzmannto the end of the line. And you can safelyforget entropy, because
you can explain irreversibility instead by Princip e Perfeito, which is much

more understandable,and therefore possibly better from scierti ¢ point of

view. Why make things so complicated if you can avoid it?
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Time vs Space

The distinction between past, future and presert is only an illusion;
even if a stubborn one. (Einstein)

25.1 Space-Timeof Relativity

We must say something about the relation betweentime and space,since
the idea of space-timeof relativit y theory is so utterly confusing.

25.2 A Time-Line

We candraw atime-line on a pieceif paper with for examplethe yearsfrom
the birth of Christ at time t = 0, over the Battle of Hastingsat t = 1066,
Einstein's Nobel Prize at t = 1922to our time t = 2007,with all the years
neatly lined up in increasingoder like numbered beadson a string. Or we
can make cuts in a sequenceon a log like Robinson Crusoe on his lonely
island, seeFig. (??).

We can also pick our calendaran get a spacial represertation of the year
to come.We are very familiar with this represenation of time asa line in
space.

Sincespacetravel is possible,and time is a line in space,maybe alsotime
travel is possible?Just move along the line and you can go anywhere you
like, backwards or forwards in time, right?
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Yes, spaceis not directed; you move to the right or left on your walk
through the desert.But that doesnot say that you move badkwardsin time,
that time is not directed, unlessyou believe that time is like space.But
physicists believing in the \ghost of relativit y* do that: They believe that
spaceand time are hopelesslyintertwined into space-time. They believe
that maybe time travel is possible, like traveling with your pen in your
calendar. What do you say?

10

FIGURE 25.1. Robinson Crusoe's spatial represertation of time.

FIGURE 25.2. Spatial represertation of time in a Roman calendar.
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26
The Arrow and Cause-E ect

He who never made a mistake never made a discovery. (Samuel
Smiles)

What makesthe the causethe causeand not the e ect in a cause-e ect
relation? You may that the causecomeshefore the e ect, soif we know the
Arrow, then we know if the causecan be a cause.What comeslater cannot
be the causeof something occuring earlier.

So we have to consider an irreversible processof cause-e ect, because
in a reversible process,we can changethe order and let the e ect preceed
the cause.An example, where we cannot say what is causeand what is
e ect, without changing view all the time, is the reversible motion of a
pendulum, where potential energy is transformed to kinetic energy and
badk again. We cannot say that the potential energy always is the cause
of the kinetic energy as little as saying that the kinetic energy always is
the causeof the ponetial energy In a reversible processthe directionality
in cause-e ectceasedo be meaningful, sinceit can be reversed.

We recall someexamplesof irreversible cause-e ect processes:

bake a cake - eat and digest that cake,

write a poem - erasethat poem,

rub your hands - feel the heat,

put milk in your co e and stir - get cafe creme,

say something nice to somelndy - seethe the warmth in the eyes,
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decideto lift your arm - do it,
stretch a pieceof paper - rip it into pieces.

In all these casesthe irreversibilty comesfrom the fact that the reverse
processwould require a precision that you cannot reach. For example to
undigest and uneat a cake requiresa new unseenreversemetabolism of in-
credible precision, aswell as unbaking and unmixing the ingredients would
require a reversebakery of extremely high precision.

How about decidingand then lifting your arm? The reverseprocesswvould
beto seeyour arm lowering itself (seeminglywithout cause),whereuponyou
would say that you have no intention to lift it. Weird? Is precsioninvolved
here?Probably so, becauseto decideto lift your arm takesprecision;there
are so many things you could do, soto comeup with the ideato lift your
arm requires high precision. To actually do it is not sodicult unlessyou
are a dancer and want to do it in a specic way (which takeseven more
precisionto initiate...).

o

>

FIGURE 26.1. The motion of a normal pendulum is reversible, but that of a
balanced inverted pendulum is not.
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27
Past, Preseh and Future

The most insigni can t presencehas over the most signicant past
the advantage of reality. (Shopenhauer)

There is something essetial about the now, but whatever it is, it
lays outside the realm of science.(Einstein)

Events in the past and future have to be every bit asreal as events
in the presert. (Paul Davies)

Time travels in divers places with divers persons. 'l tell you who
Time ambles withal, who Time trots withal, who Time gallops with,
and who he stands still withal.

27.1 Time is One-Dimensional

If we agreethat Princip e Perfeito makestime directed, let us draw some
logical conclusionsfrom this directedness First, anything directed is essen-
tially one-dimensional.This is becausea direction is given by a vector, and
a vector is one-dimensional,like an arrow.

Sotime beingdirected, cannot be two-dimensionallik e a plane. Of course,
you can direct also a plane by putting in arrows everywhere, but time
would have to ow in the direction of the local arrow and thus trace a
directed curve, a one-dimensionalcurve, or time-line, seeFig. (27.1). It is
conceiwable that peoplein other galaxiesmay follow a di erent time-line,
but we may not have to worry about that. With the GPS UTC universal
time all around the Earth, we all follow the sametime-line.
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We concludethat time (on and around the Earth) can be represered by
a directed line: a time-line.

27.2 The Now

Givenany point on atime line, say t = 0, you cansay that t = O represerts
now, t < O represers the past and t > 0 the future. This is becausethe
time line is directed.

Now, what is the now? You would like to say that it is the point on the
time line whereyou happento be. How do you know at what point in time
you are? Well, you look at your watch. If it sayst = 23h, it meansthat it
is time to goto bed. You get that information from the physical sensation
you get from watching the reading of the watch. So the now is related to
the physical sensationyou have from being present in physical spacejust
at the right time to get the sensationthat you are there. Simple, my dear
Watson. And it all comesfrom time being one-dimensionaland directed,
and that comesfrom Princip e Perfeito.

When you came one hour late to the departure of your ight, then you
missedto be present at the right time at the right place, and you know
that becauseyou missedthe physical sensation of taking o feeling the
acceleration.Right? The now comesfrom the directednessof the time-line.

y d — A3
-~
??“’

|- S £

FIGURE 27.1. The Earth time-line imbedded in possibly two-dimensional time.
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28

CapitalisticEconony

28.1 Why Do You Have to Pay Interest?

We start with the area of economics becauseit is so familiar to all of us,
yet illustrates essetial points. We all know that you have to pay interest
on a loan, but why is this necessary?

Well, to seekan answer let us make a reversibility test: Supposewe change
the direction of time in your morgageplan for your house.Then you would
receievethe interest instead of paying it! Wonderful, but you probably say
that would be a bit too good to be realistic. It would be like having a
negative interest rate. The Japaneseeconony has been approacding zero
interest rate, but the rate has remained positive. With a negative interest
rate, you would earnmore the more debts you would have, which would lead
into an exploding spiral of debts and revenues.An econony with negative
interest rate would be unstable, and thus can not exist over long time.

We have now understood that the interest rate de nes an Arrow of Time
in an econony: The econony ewlvesforward in time with positive interest
rate. But why doesthe interest rate have to be positive?

To seekan answer, we rst specify what we mean by an economy. We
decide to consider a capitalistic economy, rather than a sccialistic plan
economy. In a capitalistic econony indidividuals or groups of individuals
can make money from a (more or less) unique product or service,that is,
by di er entiation, cf. Fig. (28.2). This is Adam Smith's free-market system
with its \in visible hand" through which the pursuit of private interest pro-
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FIGURE 28.1. Capitalistic vs socialistic econony.

motesthe public good. In a sccialistic econony nothing of this is possible,
becauseeverybody is equal and di eren tiation is not allowed.

FIGURE 28.2. World distribution of wealth.

We thus consider a capitalistic econony which is growing by di eren-
tiation through division of labor and specialization, making some people
very rich. Now, why is it necessarywith a positive interest rate in such an
econony? One answer is that if you can borrow money at no cost, then you
canimplement your unique idea on any scaleand thereby becomein nitely
rich in nite time. But that would be an unstable economy, which could

not exist over long time.
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28.2 Interest as Entropy Production

Taking a closerlook on what role the interest rate may have, it appears
that it is rather a costfor borrowing more moneythan your neighbor, than
a cost proportional to the absolute amount you borrow. This is becauseif
everybody borrows the sameamourt, it is like rescaling the value of the
moneyor simply changing currency. In capitalism everything is relative and
you have to put a cost on relative di erence, by tax or interest rate.

In any case the Federal Resene Bank of New York monitors the interest
rate with the aim of generating a steady stable growth. A lower rate will
acceleratethe economq and a higher rate will slow down the econony, and
a zero or negative rate is not allowed.

A capitalistic econony hasthe feature of edge stability, that is, it is not
too stable nor too unstable, and also the feature of nite precision related
to the degreeof di erentiation which is allowed, which could be measured
e.g. by comparing the salary of a CEO with that of an ordinary employee.
A capitlistic econony thus is an example of a processcombining nite
precision and edgestabilit y.

We now suggestto view interest as entropy, cf Fig. (28.3). As you run
your businessyou pay interest on your loans, which you can view as a
form \loss" which you can name \entropy". Paying positive interest or
\pro ducing entropy”, then de nes the Arrow of Time. And you have to
pay entropy in order to avoid going out of business.

FIGURE 28.3. Economy as a subsystem of a global ecosystem.
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If you agreeto de ne entropy as (accumulated) interest, then entropy is
not a state variable: The amount of interest you have payed to run your
businessover a period of time can vary depending on what credit policy
you were following, evenif the end state is the same.Entropy is not a state
variable but measuresthe necessarypaymernts (interest, tax, bribes...)you
haveto maketo run your businessin this senseyou always produceentropy,
but the amount can vary depending on what route you are following from
one point to another.

To sum up, we can sa that a capitalistic econony grows by di eren tia-
tion, and the degreeof di erentation represerts a form of nite precision.
In nite precisionwould allow an econony with in nite di eren tiation, but
such an econony would be unstable and cannot exist. There are idealists
who believe taking interest on a loan is a sin, but their society has not
becomea reality.

There is onemore point to understand: Di eren tiation resultsfrom sharp-
ening of di erences, and to get started you need some initial di erences
which you can sharpen to increasedi eren tation. This is becausethe dif-
fereniation is done by processe®f migration or mixing, which is di erent
from simply dierent rates of growth. To illustrate we consider a basic
example:

FIGURE 28.4. Capitalism: Runner 1 to 8 lined up for a 100m dash ordered
according to speed, with the fastest runner on track 1 and the slowest on track
8, and with a dierence of 0.1 secondsin total time between two consecutive
runners and 0.7 secondsdi erence betweenrunner 1 and 8.
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28.3 The 100 meter Dash

Let usline up 8 runnerstransversally on a track for a 100mdash, according
to their repspective speeds,with the fastest runner on track 1 and the
slowest on track 8, with a linear distribution in betweenwith 0.1 seconds
dierence in nal time betweennearby runners, seeFig. (28.4). Start the
dashstart and assumethe runners stay on their tracks. They will then line
up at the end with the samelinear distribution of speedtransversally.

If the runners are no longer required to stay on their tracks, a slight
displacemen during the race can change the transversal ordering at the
end, sothat the fastestrunner endsup next to the slowest. If this happens,
then the dierentiation has been sharpened from 0.1 to 0.7 secondshy
migration only, and not by changing the speedsof the runners. We thus
understand that di erences may get sharpened by migration. Sharpening
of di erence can arise by migration from one population into another of
people,goods or ideas.

W

FIGURE 28.5. Principle of migration: track on top slowly approaches track at
the bottom and the relativ e di erence is increased.

28.4 The Invisible Hand of Adam Smith

We can formulate Adam Smith's principle of the Invisible Hand of the
free market as follows: Di erence allows making prot by redistribution.
This processtends to decreasedi erence, which is countered by increasing
di erence by migration with interest rate control. There is always some
initial di erence from which growth may arise, except in a fully uniform
sceiety.

You can view erntropy as the accurrulated \losses" in the form of e.g.
interest you have to make to run your businessor econony. By paying the
price of producing entropy you maintain stability. An econony refusing
to pay entropy is unstable and goes out of cortrol becauseof the nite



158 28. Capitalistic Economy

precision. With in nite precision an unstable econony could be run, but
not with nite precision.

We suggestto formulate the principle of the Invisible Hand as: nite
precision and edgestability.
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Time-Reriadic and Cyclic Processes

A time-periodic is a processwhich returns to a previous state after some
time and then repeatsitself. The seasonsvariations is a time-periodic pro-
cess.

In a cyclic process a substanceis moving in a closedloop and returns
to a previous location after sometime. There are many cyclic processes
including

the ow of moneyin an econony, seeFig. (29.1),
the carbon-oxygen cycle, seeFig. (29.2),
the nitrogen cycle, seeFig. (??).

The lossesin a cyclic or time-periodic processde ne the Arrow of Time of
the process.A lossy periodic or cyclic processis thus irreversible, although
it repeatsitself. Of coursethis requiresinteraction with the ervironment to
compensatefor the loss. A closedsystem, without any interaction with any
ernvironment, cannot be both irreversible and period/cyclic, but an open
systemwith interaction can.

29.1 Circular and Linear Time

A time-periodic processmay be viewed to represert circular time, like a
classicalclock with a period of 12 or 24 hours, while a digital clock can be
viewed to represert linear time always increasingand never returning.
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FIGURE 29.1. Cyclic ow of money.

FIGURE 29.2. The carbon-oxygene cycle
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29.2 Male and FemaleConceptionsof Time

You may (convertionally) connect linear time with the psychology of a
result-oriented male always seekingto cometo a nal conclusion at the
end of a line, and periodic time with female psychology understanding the
dynamics of birth, life, death and new life in a circular process.

FIGURE 29.3. Female conception of time.

FIGURE 29.4. Male conception of time.
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29.3 FinnegansWake

The last line of JamesJoyce's Finnegarls Wake reconnectsto the rst line
and the drama restarts:

riverrun, past Eve and Adam's, from swerveof shore to bend of bay,
brings us by commadius vicus recirculation back to Howth Castle and
Environs. Sir Tristram, violer d'amores, fr'over the short sea, had
passenore rearrived from North Amorica on this side of the scraggy
isthmus of Europe Minor to wielder ght his penisolate war; nor had
topsawyer'srocks by the stream Ocone exaggeated themelseto Lauren
County's gorgios while they went doublin their mumper all the time:

nor avoice from a r e bellowsel mishe misheto tauftauf thuartpeatrick:

not yet, though venisson after, had a kidshad buttendel a bland old
isaac: not yet, thoughall's fair in vanessy,were sosie sestherswroth
with twone nathanjoe. Rot a peck a pa's malt had Jhemor Shenbrewed
by arclight and rory end to the regginbrow was to be sesn ringsome
on the augafae. ....... There's wher. First. We pass through grass
behushthe bushto. Whish! A gull. Gulls. Far calls. Coming, far! End
here. Us then. Finn, again! Take. Bussoftlhee, memmemorme! Til |

thousendsthe. Lps. The keysto. Given! A way a lone a last a loved
a long the (riverrun)...

In circular time the order from past to future is lost: \Sir Tristram had
not yet rearrived...". Does1 o'clock comeonehour before2 o'clock or eleven
hours after?

FIGURE 29.5. Creation and destruction of information in Finnegans Wake.
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30

Poetry Time Dynamics

30.1 Medhanical Time vs Time of Life

Urets gang ar ett konstgjort
hjartas gang, men hjartat
ar verkligt, en vandring
genomden edemark,

vi kallar tid.

(Gosta Agren 2007)

30.2 Actual vs Possible

Vad livet och stunden gav

kan ingen ta ifran oss.

Sa levde och tankte de gamle.

Sart. Och osskan ingen befria fran

vad livet och stunden kunde ha gett. (Ekelef)

30.3 Passageof Time

Tidens framfart var det isen stormarna
Jag kom till Dig med det jag har och saknat
med allt somuppher och ar kvar



164

30. Poetry Time Dynamics

Sa ar livet byggt

Isen sudkar och kvider snen ar en psalm

i vintermerkret

Jag sag dig komma mot mig en vinterkvall
i staden

Det var vad jag sag

Du mette mig du tog emot mig vi fortsatte
genomtunneln

Under gatan ar det tyst och stilla som efter
ett attentat

Aldrandets avstaendetstillgiv enhetens
logistik

Jag sag dig komma mot mig en vinterkvell
i staden

Det var vad jag sag

Tydligare an sa blev det inte

Tidens framfart var det isen stormarna
karleken

(Claes Andersson)
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Writing a Novel or a Poem

The art of doing mathematics consistsin nding that special case
which contains all the germs of generality. (Hilb ert)

31.1 Is There an Ideal Writer?

Writing a novel or a poem is a creative process,where you di eren tiate
or selecta sequenceof words from a set of possible sequencesuntil you
are satis ed or exhausted. Along the way you produce waste in the form
of discarded possibilities accurrulating in your waste basket represering
erntropy. A writer must have a will or driveto write, adriveto di eren tiate,
but alsoneedsto destroy what has beenwritten, which is no good or takes
to much space.The ideal writer would never throw anything he haswritten,

becauseeveruthing he writes is perfect. But that writer doesnot exist: if
the writer never throws anything, then his books cannot be perfect. Again
writing de nes an Arrow of Time by the processof creation-destruction.

31.2 Creation and Destruction of Information

Di eren tiation enhancedli erence and thus createsinformation . An painter
starts with a sketch and adds details upon details until satisfaction. The
smallest details have a nite size and the painting is of nite precision.
A painter seekingin nite precision cannot nish any painting and thus
succonbs.
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The painter hasto destroy information in the sensethat there are details
in the motif which he decidesto leave out. Information can be destroyed by
a processof dissipation where sharp constrastsare smoothed out decreasing
the amount of detail. This processcan be viewed as a form of entropy
production, which as always de nes an Arrow of Time: A detail which has
beensmoothed out cannot fully be recovered.
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32
Rythm

32.1 The Beat

The sequetial character of music is shown by a conductor marking the
beat or rythm, while following the bars of the soore, eat bar being divided
into a number of beats: 2 in two-step 3 in waltz, 4 in foxtrot, and 5 and 7
in e.g. Greek folk music.

A steady 4/4 beat does not have an Arrow, and soundsthe same if
played in reverse.More complex pattern have an Arrow and sound strange
in reverse.

32.2 Metronome

A metronomeis a pendulum for which the e ective length can be regulated
by shifting aweight to make the pendulum swing badk and forth at di erent
rates from largo at 40-60 periods to prestissimo at 200-208 periods per
second.Below we will seethat the length of a pendulum scaleslike the
inverseof the frequencysquaredsothat a shorter pendulum swingsquicker,
as can be seenin Fig. (32.1).



168  32. Rythm
32.3 Timing and Polyrythm

In jazz music the beat is supposedto be very steady, but on top of the
steady beat there is a lot of 0 -b eat synmpes The precisetiming of these
syncopesis what givesthe swing

Jazzis a combination of African and European music, with the rythmic
complexity coming from Arica and the harmonic complexity from European
classicalmusic. The rythmic complexity is expressedn polyrythm with both
2 beatsand 3 beatsin a bar at the sametime. This is called \triol-feeling".

I classical music, the beat is either steady or more o wing, with less
of syncopation. A classicalcomposerwanting to add a a vor of jazz adds
syncopes.

FIGURE 32.1. A metronome. Notice the scaling: the e ectiv e length of the pen-
dulum scaleslik e the inversesquareof the frequency making the scalelook sparser
for higher frequencies.
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33

Music

33.1 Cadenza

A steady 4/4 beat will sound the samein reverse,but if you add melody
and harmony, it will in general soound strange in reverse.A melody may
up and then down, and such a movemern will be the samein reverse,but of
coursemany musical phraseswill soundvery di erent in reverse.Hpw about
harmony? Is there an Arrow in a the most common harmonic progression?
Let's see:

The most common sequenceformed by three chords in the key of C
that every guitar player knows is: C, F, G7 and then back to C. This is
a cadenzaor sequenceof chords which starts \at home" with a C major
chord consisting of CEG, then builds a tension by going away from home
from the C major chord to a F major chord consisting of FAC with the the
new note F a half tone above E asthe most important alteration, and then
increasesthe tension further to a G7 chord consisting of GHDF with the
new important note H a half step below C.

The G7 chord has the two notes F and H, which are a half step away
from the C and E in the C major chord. Therefore G7 has maximal tension
and seeksto be resolved into a C major chord by F moving down to E
and H moving up to C in halfsteps. The diminished fth HF is resolved
into the third CE. HF is felt more dissonarn and wants to be resolved into
the harmoniousthird CE. In fregencies,the two notes of the third CE has
(close to) the ratio 5=4, while the diminished fth is (in the temperate
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scale)nothing lessthan the weird P 2 1:41.Thusthe third is much more
\at home" than FH which is \out".

It is now important to notice the chord changeC to F to G7 to C, which
is like an gradually increasedtension (C to F to G7) followed by a more
abrupt resolution of tension G7 to C. We are familiar with this pattern.

Music is to createtension and to releasetension, in melody, harmony and
alsorythm. To createtension is to increasedi erence, to releasetension is
to decreasetension. You may say that to relasetension is to create order
and reach equilibrium, and to createtensionis to create disorder and leave
equilibrium. Completely opposite to Boltzmann!!

FIGURE 33.1. Irreversible Cadenza by Haydn in C major with C, F and G7
chords.
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Life

De mjuka delarna ska multna bort

de harda delarana skall atersta

men tiden gar sin gang och inom kort
de harad delarna till mull ferga.

Och snart ar deras sangker latt ferlost

till treadenskronor och vartenda blad

berattar for envind som gar ferbi

hur deden glemd i sommaren susar glad.
Glomsk av sig sjalv den vackra sommaren gar

sa livets ande, lika ogripbar

som vackra somrar som har dragit bort
och komma farande pa nytt vart ar.
(Harry Martinson, Aniara)

34.1 The WIll to Live

Life processesnvolve growth, division and di eren tation of cells formed
by photosynthesisand/or chemical reactionsfrom organic and non-organic
substances,cf. Fig. (35.1). Life consists of both the processof creation-
growth increasing di erence and destruction-decay decreasingdi erence.
Creation consumesenergy and destruction produceswaste.

Without adriveto live there will be no life and the driveto liveisadrive
to di erentiation, to sharpen di erence, and this drive hasto be controled
by paying someform of interest operating on relative di erence.
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Life thus needsa processof cell destruction, becausenot all cells brought
to life are healthy cells, and all cells cannot be kept inde nitely . So, cell
destruction is as important as cell creation. Cell destruction represerts a
loss or payment which is necessaryfor cortinued survival. If you do not
pay this form interest, then your body will get unstable and disintegrate.

34.2 Cells

All organisms consist of small cells, typically too small to be seenby a
naked eye, but big enoughfor an optical microscope . Each cell is a complex
system consisting of many di erent building blocks enclosedin membrane
bag. There are unicellular (consisting only of one cell) and multicellular
organisms.Bacteria and baker's yeastare examplesof unicellular organisms
- any onecell is able to survive and multiply independertly in appropriate
ervironment.

There are estimated about 10'* cells in a human body, of about 320
dierent types. For instance there are seweral types of skin cells, muscle
cells, brain cells (neurons), among many others. The number of cell types
is not well-de ned, it depends on the similarity threshold (what level of
detail we would like to useto distinguish betweenthe cell types,e.g.,it is
unlikely that we would be ableto nd two identical cellsin an organismiif
we court the number of their molecules).The cell sizesmay vary depending
on the cell type and circumstances.For instance, a human red blood cell
is about 5 microns (0.005mm) in diameter, while someneuronsare about
1 m long (from spinal cord to leg). Typically the diameter of animal and
plant cells are between 10 and 100 microns.

There are two types of organisms - eukaryotes (see Fig. (34.1)) and
prokaryotes, and two types of cells respectively. Bacteria belong to the
prokaryotes. However, most organisms which we can see,suc as trees,
grass, o wers, weeds,worms, ies, mice, cats, dogs, humans, mushrooms
and yeastare eukaryotes. The distinction betweeneukaryotesand prokary-
otesis rather important, becausemany of the cellular building blocks and
life processesare quite di erent in thesetwo organism types. This is be-
lieved to be the result of di erent ewolutionary paths. Evolution is an im-
portant conceptin biology, there is a proverb saying that things only make
sensein biology in the context of evolution. Most sciertists believe that life
rst emergedon Earth around 3.8 billion years ago. The oldest fossilised
bonesthat have beenfound resenbling bonesfrom anatomically modern
humansare about 100.000-200.00§earsold. Nobody really knows how life
emergedon Earth, but there is lots of sciertic evidenceregarding how it
may have ewolved.
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FIGURE 34.1. Eukaryotic cell.

34.3 Metabolism of the Cell

The metalolism of a living cell is the set of chemical reactions of the life
process,and can divided into to categoriesof processes:analolism and
catabolism. Anabolic reactions construct cell componerts such as proteins
and nucleic acids allowing the cell to grow and divide. Catabolic reactions
break down large polymeric moleculessuch as proteins and polysacha-
rides into their constituent monomeric units such as monosactarides, nu-
cleotides and amino acids, o ering energy and building material for the
anabolism.

The metabolism of a cell thus consistsof a combined processof creation-
destruction. If the destruction does not work properly on the cell level,
cancerdevelops.

We understand that it is the destruction in the catabolism which makes
life into an irreversible processwith an Arrow. To live and create you have
to destruct, and that makeslife irreversible.

34.4 The World

You nd the samephenomenomon a bigger scalein the metabolism of the
World.
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FIGURE 34.2. Cell metabolism.

FIGURE 34.3. The cycle of cell division
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FIGURE 34.4. Global metabolism
34.5 The Universe:Brahma and Shiva

In hinduism Brahma is the God of Creation and Shiva the God od Destruc-
tion thus playing the roles of anabolism and catabolism in the metabolism
of the Universe.

34.6 Gardening

To create a garden you have to put seedsto grow, but you also have to
destroy weeds,and destroying weedsrequireswork, which you can view as
a necessanjossto maketo give room for the new plants. Nobody has seen
a gardenwhich doesnot require elimination of weedsoneway or the other.

34.7 Rudolf Arnheim

The fundamertal processof creating-releasingtension has beenstudied by
Rudolph Arnheim (1904-) in art, Im and perceptual psychology.

This is in direct opposition to Boltzmann's conception of entropy asdis-
order with increasingertropy characterizing a processtowards equilibrium.
When confronted with Arnheim's view of equilibrium as order, not disor-
der, Boltzmann would say that, yesthe macrostate of equilibrium could
be viewed to be ordered, but de nitely not the microstate which he would
argueis fully disordered,in order to defendhis claim that Nature seeksdis-
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ordered microstates. Arnheim would then say that it is more constructive

and illuminating to view an approad to equilibrium asa processtowards
order, than a processtowards disorder. We agreewith Arnheim.

FIGURE 34.5. Order astension release.
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35

ChemicaReactions

35.1 Mixing-Unmixing

Both the catabolism and anabolism of the metabolism of life are based
on chemical reactions. Catabolism typically involvesa processof mixing,
which meansdestruction of macroscopicdi erence/order and correspond-
ingly anabolism involvesa processof unmixing, or creation of macroscopic
di erence/order. Mixing does not require high precision, just stir, while
unmixing requires care and precision.

In the chemical reaction of a catabolic process,the reactants are mixed
sothat they can meetand react, seeFig. (??). Mixing increasesmicroscopic
di erence, but decreasegnacroscopicdi erence. In the chemical reaction
of an anabolic processresulting in macroscopicorder, the reactarts are not
mixed and the reaction typically takes place at a reaction front, seeFig.
(?7?).

The area of the active reaction front can be much larger if the reactants
are mixed, and thus catabolic reactionscan be quicker than anabolic, which
explainswhy creation is slow, while destruction may be fast, seeFig. (35.3).

Becauseof the di erent requiremerts of precision,numixing cannot quickly
be achieved simply by reversing the quick processof mixing. Therefore a
catabolic processof mixing de nes an Arrow, and unmixing cannot only
be realizedin a slow anabolic process.
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FIGURE 35.1. Mixing of ingredients to make a cake.

FIGURE 35.2. Slow growth of a crystal by sedimertation.

FIGURE 35.3. Unmixed - small area of reaction zone - slow. Mixed - large area
of reaction zone - fast.
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35.2 Mixing-Unmixing and Precision

We summarize by noting that a processof mixing
(ml1) decreasesnacroscopicdi erence,

(m2) increasesmicroscopicdi erence,
while a processof unmixing

(ul) increasesmacroscopicdi erence,

(u2) decreasesnicroscopicdi erence.

We understand that both (m1) and (m2) and also (ul) may be performed
with low precision, while (u2) requireshigh precision on microscopicscales
for identi c ation and sepration, which is a slow process.

35.3 Certrifugation

In industrial processeseparationcanbe performedby centrifugation, which
in principle is a sedimenation processasin Fig. (35.2), with an e ective
gravitational force causedby the rotation of the certrifuge. With a fast
certrifuge the separation can be made quickly, but biological processeslo
not usethis principle, exceptpossiblewhena dog getsrid of the water after
a swim by shaking.

35.4 Selectionand Separation

Why is separation sometimesa slow processWell, it needsto be discrim-
inating and somehav selectwhat is to be separated,and then do it. There
are many selectionprocessesn scociety, like choosing a new presidert, and
we know that theseprocessesre very slow and complicated and they need
to be precise. So selection may take time and care becausehigh precision
seard is needed,but alsothe very separation processmay take long time,
aswhen a child separatesitself from the parents, or a sedimen settles.

There are other forms of separation,which cangofast likeripping a paper
into pieces.Suc processesredi cult to reverse,becausea a careful serath
and selectionwill have to be doneto nd the pieceswhich match.

35.5 Darwin and Selection

Darwin's principle of natural selection hasbeena very slow processrequir-
ing 100 millions of year for life to dewelop, becauseno certrifuge has been
available for quick selectionof the ttest.
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36

InformationTheory

36.1 Shannon

It is natural to view any processas someform of information processing
In particular, it is natural to expect a connectionbetweenthermodynamics
and information theory. This idea was pursued by Claude Shannon (1916-
2001) when forming a theortical basisfor information theory in his Math-
ematical Theory of Communication from 1948. Shannongave the concept
of entropy in thermodynamics an interpretation as a measureof disorder
of a string of information to be communicated. Information with a lot of
entropy would then require more e ort to communicate in terms of signal
band-width and/or time.

Of course, Shannonsinformation theory usedthe notion of nite preci-
sion of digital information directly measuredby the number of digits in
digital represeration (lik e the number of pixels in an image), with a direct
connectionto the cost of communication.

36.2 Landauer

The physicist Rolf Landauer (1927-1999)stressedthe necessiy of erasing
nite precision digital information, in order not to get drowned by digits,
and made an interpretation of the erasureof information asan irreversible
increaseof entropy. We all know that without erasure,our hard disk will
get full, sowe understand that Landauer said somethingimportant. If you
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ereaseinformation it is will not be possibleto recover, so be careful with
this operation. But is it really necessaryto eraseinformation. Can't you
just get a bigger hard disk?

FIGURE 36.1. The irreversible processof a wave breaking on the shore.

36.3 Beyond Landauer

We shall below connectto Landauer's approacd below, but modify by bring-
ing in the aspect of stability. We shall seethat an aspect of an interesting
process,which we said is processon the border between stability and in-
stablity, is that

(i) small-scale information is necessarilyproduced,
(i) small-scaleinformation hasto get erased.

The novelty is the inevitable production of small-scaleinformation, which
re ects the weak stability of an interesting system. This re ects our mantra
of \ nite precisioncomputation and stability". And small scaleinformation
is costly to store becausdt requiresmany digits becauseof the small scales.
Get the idea?

We know that there are many interesting processesn Nature, and ac-
cording to our mantra such processewill have to involve erasureof small-
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scaleinformation in order not to get boggeddown and simply stop func-
tioning: The show must go on and cannot be stopped by petty details.

36.4 The Braking Wave

The braking of a wave on a shoreillustrates both (i) and (ii): When a big
beautifully shaped wave approaches a shore, it gets steeper and steeper
until it nally tips over, and breaksinto turbulent messof small vorticies
which \disapp ear" asthe wave recedes.

36.5 Life and Waste

Every living creature createswaste, a householdproduceswaste, a society
producesa lot of waste, and all this seemsimpossibleto avoid. Life pro-
duceswaste, and waste consistsof small-scalepiecesof junk. You have to
throw old newspapers not to get drowned in paper, or use them to heat
your house, and when you do that you destroy information, irreversibly.
Life is an irreversible processbecauseit createsinformation by destroying
information. That is the 2nd Law.

In Plato's perfect society, no wasteis produced, but this society doesnot
exist. Only the existing society exists, and cannot exist without producing
waste. This is an existertial question.

FIGURE 36.2. Recycling of waste
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Turbulence

Turbulence is one of the principal unsolved problems of physics to-
day. ....The real challenge, it seemsto us, is that no adequate model
for turbulence exists today.... The equations of motion have been
analyzed in great detail, but it is still next to impossibleto make ac-
curate quantitativ e predictions without relying heavily on empirical
data. (Tennekesand Lumley in A First Coursein Turbulence, 1994).

37.1 An Irreversible Process

Turbulent o w is a fundamental irreversible process,which we will study in more
detail below.

The ow of a slightly viscous ow always becomesturbulent, except in the
trivial fully uniform casewith all uid particles moving with the same velocity.
Large vorticies generate smaller vortices by mixing uid particles of dierent
velocities in a cascadefrom large scale kinetic energy to smallest scale kinetic
energy percieved as heat energy, with the smallest scale being proportional to
the square-root of the viscosity.

In Fig. (49.2) we plot a snap-shot of the ow pattern (and isosurface os the
vorticit y) of a slightly viscous gas like air around a sphere. We notice the un-
symmetric pattern with a turbulent wake to the right the sphere (or behind the
spherein the direction of the ow). The ow is irreversible: Changing the ow
direction changesthe o w pattern completely putting the wake now to the left.

The irreversibility is expressedby the transformation of large scale kinetic
energy to small scale heat energy, in a uid dynamics analogy to the heating a
stone by dropping it to the ground.
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37.2 Turbulent Mixing

For a chemical reaction to take place, reactants must meet in spaceand we noted
above that this processis enhancedby mixing the reactants with the objective of
increasing the area of active reaction zones.The many vortices of various size in
turbulent o w causesstrong mixing, and thus reactions can go faster in turbulent
ow than in laminar o w with little mixing.

FIGURE 37.1. Turbulent air ow around a sphere. Notice the unsymmetric ow
pattern with the wake behind the sphere. (isosurface of vorticit y).

FIGURE 37.2. Mixing and emergenceof organized structures in turbulent ow
according to Leonardo da Vinci.
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38
Clocks and Navigation

38.1 John Harrison

John Harrison (1693-1776) was an English clockmaker who revolutionised and
extended the possibility of safelong distance seatravel in the Age of Sail by in-
venting along-sough and critically-needed key piecein the problem of accurately
establishing the East-West position, or longitude, of a ship at sea.The problem
was sointractable that the English Parliament o ered a huge fortune for the day
roughly $12 million in current terms for a solution.

After steadfastly pursuing various methods during thirt y yearsof experimenta-
tion, Harrison nally designedand built the world's rst successfulchronometers,
a highly accurate maritime time-keeping instrument which for the rst time al-
lowed a navigator to accurately assesshis ship's position in longitude. This is so
becausethe earth is constantly rotating, and therefore knowing the time whilst
making an altitude measuremen to a known heavenly body such as the sun,
provided critical data for a ship's position east-west, a necessarycapability for
re-approaching land after voyagesover medium and long distances. On such voy-
ages, cumulativ e errors in dead reckoning frequently led to shipwrecks and lost
lives.

38.2 GPS

Today navigation is done using the Global Positioning System GPS basedon the
1983 S| standard. GPS de nes a system of absolute time and spacearound the
Globe. At the pressof a button on your GPS-receiver (now often in your mobile
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FIGURE 38.1. John Harrison with his clock.

telephone), you get the GPS-coordinates of your presert position aswell as your
velocity and standard GPS-time.

A GPS receiver receivesradio wave signals from at least 4 out of 24 satellites
orbiting the Earth with 12 hour periodicity. Each satellite signal has encaded
the time of transmission from the satellite, which allows the GPS-receiver to
compute the time lag (time for alight signal to passfrom satellite to receiver) and
thus the distance to the satellite (in lightseconds), and from 4 signals determine
its position including synchronization of its own clock to standard GPS-time
neededto determine the time lag. The satellites have all identical cesium clocks
synchronized to a GPS-time at launch.
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39

Politics

The invention of sciencehave overcomethe great di culties of time
and space which were thought to make separation almost a neces-
sity, and we now feel that we can look forward, not to the isolated
independence of England's childreen, but to their being united to
one another with the mother country, in a permanent family union.
(W. E. Forster)
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40
Walt Whitman

To Think of Time
To think of time { of all that retrospection,

To think of to-day, and the agescontin ued henceforward.
Have you guess'dyou yourself would not contin ue?

Have you dreaded these earth-b eetles?

Have you fear'd the future would be nothing to you?

Is to-day nothing? is the beginninglesspast nothing?

If the future is nothing, they are just as surely nothing.

... It is not to diuse you that you were born of your mother

and father, it is to identify you,

It is not that you should be undecided, but that you should
be decided,

Something long preparing and fromlessis arrived and

form'd in you

You are henceforth secure,whatever comesand goes.

The threads that were spun are gather'd, the weft crossesthe
warp, the pattern is systematic.
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41
Disneylandand Sinulation

Baudrillard writes:

Disneyland is a perfect model of all the entanglel orders of simula-
tion. To begin with it is a play of illusions and phantasms: pirates,
the frontier, future world, etc. This imaginary world is supmsel to be
what makesthe operation suaessful. But, what draws the crowdsis
undoubtelly much more the sccial microcosm, the miniaturized and
religiousreveling in real America, in its delightsand drawkacks. You
park outside, queueup inside, and are totally atandonel at the exit.

In this imaginary world the only phantasmagoriais in the inherent
warmth and a e ction of the crowd, and in that au ciently exessive
number of gadgetsusel there to speci ¢ ally maintain the multitudi-

nous a ect. The contrast with the absolute solitude of the parking
lot - a veritable concentration camp - is total. Or rather: inside, a
wholerange of gadgetsmagnetizethe crowd into direct ows; outside,
solitude is directed onto a single gadget:the automobile. By an ex-
traordinary coincidence (one that undoubtelly belongsto the peculiar

enchantment of this universe), this deep-frozen infantile world hap-
pensto havebeen conceived and realized by a man who is himself now
cryogenizeal; Walt Disney, who awaits his resurrection at minus 180
degrees centigrade.

The objective pro le of the United States,then, may be traced through-
out Disneyland, evendown to the morpholayy of individuals and the
crowd. All its values are exalted here, in miniatur e and comic-strip
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form. Embalmed and pact ed. Whence the possibility of an ideolog-
ical analysis of Disneyland (L. Marin doesit well in Utopies, jeux
d'espces): digest of the American way of life, panegyric to Amer-
ican values, idealized transposition of a contradictory reality. To be
sure. But this conceals somethingelse, and that "ideological" blanket
exactly servesto cover over a third-order simulation: Disneyland is
there to conceal the fact that it is the "real" country, all of "real"
America, which is Disneyland (just as prisons are there to conceal
the fact that it is the sccial in its entirety, in its banal omnipresene,
which is carceral). Disneyland is present& as imaginary in order to
make us believe that the restis real, whenin fact all of Los Angeles
and the America surrounding it are no longer real, but of the order of
the hyperreal and of simulation. It is no longer a question of a false
representation of reality (ideology), but of concealing the fact that the
real is no longer real, and thus of saving the reality principle.

The Disneyland imaginary is neither true nor false: it is a deterrence
machine setup in order to rejuvenatein reversethe ction of the real.
Whence the debility, the infantile degenemation of this imaginary. It
s meant to be an infantile world, in order to make us helieve that
the adults are elsewhee, in the "real" world, and to conceal the fact
that real childishnessis everywhee, particularly among those adults
who go there to act the child in order to foster illusions of their real
childishness.

Moreover, Disneyland is not the only one. Enchanted Vil lage, Magic
Mountain, Marine World: Los Angelesis encircled by these "imag-
inary stations" which feed reality, reality-energy, to a town whose
mystery is precisely that it is nothing more than a network of endless,
unreal circulation: a town of fabulous proportions, but without space
or dimensions. As much as electrical and nuclear power stations, as
much as Im studios, this town, which is nothing more than an im-
mensescript and a perpetual motion picture, needs this old imaginary
made up of childhood signalsand faked phantasmsfor its sympathetic
nervous system.
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Reidherbad

He was convinced that he had achieved a solution of the problem
of the direction of time. (Maria Reichenbach in the Prefaceto The
Dir ection of Time by her husband.)

42.1 A Leading Philosopher

Hans Reicherbach (1891-1953)was a leading philosopher of science educa-
tor, proponert of logical empiricism and founder of the Berlin Circle: Saci-
ety of Empirical Philosophy. He gained notice for his methods of teaching.
Speci cally, he was easily approached and his courseswere open to discus-
sion and debate, highly unusualin his time. In 1930he and Rudolf Carnap
beganediting the journal Erkenntnis ("Kno wledge").

In 1933,when Adolf Hitler becameChancellor of Germany, Reicherbach
emigratedto Turkey, where he headedthe Department of Philosophy at the
University of Istanbul. Heintro ducedinterdisciplinary seminarsand courses
on scierti ¢ subjects, and in 1935 he published The Theory of Prohability.

In 1938, with the help of Charles Morris, he moved to the United States
to take up a professorshipat the University of California, Los Angeles.His
work on the philosophical foundations of quantum medanicswas published
in 1944 followed by Elements of Symtwlic Logic and The Rise of Scienti c
Philosophy.

He died on April 9, 1953 in Los Angeles while working on problems
in the philosophy of time and on the nature of sciertic laws published
posthumously as The Dir ection of Time. We cite from this book:
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The problem of time has alwaysba e d the human mind.
The study of time is a problem of physics.

Einstein's and Minkowski's timeless universe is a four-dimensional
Parmenidian Being, in which nothing happens, \c omplete, immov-
able, without end...; is is all at once, a continuous one". Time ow
is an illusion, Becoming is an illusion; it is the way we human beings
experience time, but there is nothing in nature which correspnds to
this experience.

It is a hopelessenterprise to serch for the nature of time without
studying physics. If there is a solution to the philosophi@l problem of
time, it is written in the equations of mathematical physics.

The direction of time is thus explainal as a statistical trend; the act
of Becoming is the transition from the improbable to prokable con g-
urations of molecules

Transitions to lower entropy are as frequent as those to higher en-
tropy; and this is the statement of the reversibility objection.

Reicherbach correctly identi es the weaknessof the position of the Eliatic
school of Parmenidesand Zenothat changeis impossible,aswell as Kant's
subjectivetime, and he alsoraisesthe reversibility objection to Boltzmann's
statistics.

42.2 The Rewersibility Objection

The gist of The Direction of Time is to cometo grips with the reversibil-
ity objection, and thus rationalize onceand for all Boltzmann's statistical
mechanics. Howewer, the manuscript was left un nished on his deskat the
time of his suddendeath in 1953, indicating that a life time wasnot enough
to nd a solution... by statistics.
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43
Destruction

Every act of creation is rst of all an act of destruction. (Pablo
Picasso)

Freenations are peacefulnations. Freenations don't develop weapons
of massdestruction. (George W. Bush)

Religions that teach brotherly love have been used as an excusefor
persecution, and our profoundest sciertic insight is made into a
means of massdestruction. (Bertrand Russell)

Nobel was a geruine friend of peace.He even went so far as to be-
lieve that he had invented a tool of destruction, dynamite, which
would make war so senselesghat it would becomeimpossible. He
was wrong. (Alv a Myrdal)
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Tragedyvs Comedy

Death is always and under all circumtances a tragedy, for if it is not,
then it meansthat life itself has becomeone. (Theodore Rooseelt
(1858 - 1919)).

44.1 Tragedy

The word tragealy is a cortraction of the Greek words tragos (goat) and
agdein (to sing) and refersto the tragic songproverbially sung by a goat
before being led to the altar for sacrice in ancient Greek religious cere-
mony. In tragedy the herois similarly led to catastrophy by inevitable logic,
just aswe all are led to inevitable death by the logic of life. Tragedy thus
can be seenas an aspect of Princip e Perfeito. The dynamics of a tragedy
is the inevitable march towards death of the individual, without possibility
of repetion: When the hero is dead, he is dead.

The individualit y of the the hero is essetial, which re ects the individ-
uality of eadh human life: Everybody is ultimately alone on the road to
precipice.

44.2 Comedy

We recall that accordingto Bergson[1], comedy arisesfrom breaking the
spell of tragedy leading the individual towardsinevitable death, by allowing
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(i) changeof identit y and (ii) repetion. In acomedy personschangeidentit y
(by changing clothes) and things get repeted (words or scences)and both
(i) and (i) seemfunny and bring laughter. One way of coping with the
tragedy of life, thus seesmto be to pretend for a while that the laws of
tragedy can be broken, and and handle the contradiction of knowing that
this impossible,by laughing.

FIGURE 44.1. Masks of comedy and tragedy.
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45
The Euler Equations

However sublime are the researtieson uids which we owe to Messrs
Bernoulli, Clairaut and d'Alembert, they o w so naturally from my
two general formulae that one cannot su cien tly admire this accord
of their profound meditations with the simplicity of the principles
from which | have drawn my equations ...(Euler 1752)

The 2nd Law cannot be derived from purely mechanical laws. It car-
ries the stamp of the essemially statitical nature of heat. (Bergman
in Basic Theories of Physics 1951)

The total energy of the universeis constant; the total entropy is
contin ually increasing. (Rudolf Clausius)

45.1 Thermodynamicsand the Arrow

We know that thermodynamics has an Arrow of Time, so if we can un-
derstand thermodynamics, then we can understand the Arrow. Recalling
Newton's enormous successwith his theory of gravitation, of course we
would like to study thermodynamics using mathematics.

This looks really promising, becausethere are mathematical equations
describing thermodynamics consisting of Newton's equation ma = f ex-
pressing conservation of momentum, plus equations expressingconserva-
tion of massand enemy, plus a state equation describing how the pressure
dependson density and temperature.

That is all, and these equations are called the Euler equations As soon
as Calculus wasdeweloped, they could be formulated and alsowere, rst by
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Euler in 17??.They can be combined into the 1st Law of Thermodynamics
expressingconsenation of mass,momertum and total energy Let's take a
look and seewhat they look likein mathematical notation. In principle they
form a systemof partial di er ential equations of the form u = f (u), that
we met in Chapter 4, with a speci ¢ choice of f (u) involving derivativesin
space.

45.2 Consenation of Mass,Momertum and Energy

We formulate the Euler equations for an ideal gas (or uid) enclosedin
a xed volume in three-dimensional spaceR® with boundary over a
time interval [0; T] with intial time zeroand nal time T. An ideal gasis
a model of a gas(or uid) with very small viscosity and heat conductivity,
like air (or water).

We seekthe density , momentum m = u with u = (uz;uz;us) the
velccity, and the total energy asfunctionsofx 2 [ andt 2 I, where
X = (X1;X2;X3) denotesthe coordinates in R® and u; is the velocity in the
xj-direction. The Euler equations for the unknown functions , m and
read with Q = l,

+r (u) 0 in Q;
mi+r (mu)+p; = 0 inQ; i=123;
41 (u+py) = 0 ingQ; (45.1)
un = 0 on l;

together with an initial condition, where p = p(x; t) is the pressue of the
gas,vi = % is the partial derivative with respect to x;, v = % is the
partial derivative with respectto time t, n denotesthe outward unit normal
to , Further, the total energy = k + e, where

is the kinetic enemy, and
e=

is the internal enemgy with  the temperature, assumingthe heat capac-
ity is equal to one. The boundary condition is a slip boundary condition
requiring the normal velocity u n to vanish corresponding to an inpene-
trable boundary with zero friction. One may also considerother boundary
conditions includingFJn o w and out o w conditions and non-zero friction.
Of course,r v = ;v; denotesthe divergenceof v = (vi;Vz;Vvs) and
rw= (w.q;w:2;w-3) the gradiert.

There are v e equationsin the Euler system (??), while the number of
unknowns including the pressureis six, and sowe needone more equation,
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which is the state equation and which for a perfect gas takesthe form of
Boyle's law:

p=( 1T (45.2)

with > 1 the gasconstart or adiakatic index equal to the ratio c,=¢, of
the speci ¢ heat under constart pressurec, and constart volume ¢, .

The Euler equations (45.1) with zero right hand sides, model a closed
systemwith no interaction with the ervironment. You canextend the model
to interaction or include the environment obtaining again a closedsystem.

45.3 The Euler Equationsin Compact Form
The Euler equationstake the following generalform: Find u(t) susd that
u(t) = f(u(t)) fort>0; u(0)= u’ (45.3)

whereu = (; m; ) isthe vector of conservel quantities and f (u) is a vector
represerting the ux rate of these quartities. The system (45.1) or (45.3)
models thermodynamics in very compact form. The system (45.3) can be
solved by time-stepping, just like the pendulum equation:

u(t+ dt) u(t) + f (u(t))dt;

and thus allows computational modeling of a wealth of problems in ther-
modynamics all involving turbulent o w. The Joule-Thompson simulation
in Chapter 14 is represenativ e.

45.4 The Beauty of the Euler Equations

The Euler equations look like an very useful model for thermodynamics,
becauseit has just one parameter, which is the constart in the state
equation, which can easily be determined experimentally measuring the
pressureat somedensity and temperature.

Why doesit seemto be useful? Becauseif you know and the initial
state, then you can predict the state of the systemat any later time, simply
by solving Euler's equations. This is what we did above when repeating
the Joule-Thompsonexperiment in our litte PC lab, and thereby cameto
understand what was going on. Very useful, indeed!!

But before cashingin, we will have to come over a (minor) disappoint-
ment and put it behind us.
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455 Non-Existenceof Stable Exact Solutions

The Euler equations have no physically meaningful solutions exact solu-
tions. This is becauseexact solutions are unstable and thus cannot be
materialized and obsened.

45.6 Approximate Solution Is Enough: EG2

Does this mean that we simply have to throw away the beautiful Euler
equations and look for something better? But what? The only thing we
know about thermodynamicsis the 1st Law and the Euler equationsexpress
the 1st Law, and we cannot throw away the only thing we know. What to
do? Is there a way out of the dilemma? Can we usethe Euler equations
without being able to solve them exactly?

You understandthat we arein the samesituation asJamesMadisonwhen
writing down the American Constitution, and realizing that no society will
be able to follow it exactly. Should he trow away the Constitution?

No, you should not throw away the Constitution, becausethen you have
nothing, and you should keep the Euler equations and just solve theem
approximately using time stepping. After all the Euler equations have the
form u = f(u) and we know how to time-step such an equation using
u(t + dt) u(t) + f (u(t))dt. If you have a computer you can do that,and
you have seenresults of such computational simulations above.

We take somecare when we can solve the Euler equations, knowing that
we cannot satisfy them exactly, and that is to by paying a certain price or
ne for violating the laws. We call this method to solve the Euler equations
EG2, which is a General Galerkin nite element method for the Euler
equations.You canfreely download the computer code from www.fenics.org
and try on your PC.

We do not needto gointo the details of EG2 here, it su ces to know that
EG2 solves the Euler equations approximately on a computational mesh
with nite meshsize h. Typical mesheshave a meshsize of 10 2 on the
unit cube with altogether 10° meshpoints. The meshsizewould represen
the microscopicscaleof the computation and and coarserresohable scales
would represer macroscales.A gas has about 10?4 moleculesper mole,
and thus the values of density, momertum and energy at eadh mesh point
represert mean values of about 10*® molecules,and thus the microscopic
computational scalesrepresen macroscopicphysical scales.

A computational particle model of a gasaccourting for the position and
velocity of ead of the 10°* particles in eac mole, with full resolution dwon
to physical scales,is impossibleon any today conceivable computer.
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EG2 puts a cost for not being able to ful ll the Euler equationsat every
point in spaceand time, and the total cost per unit of time at time t is
z

D(t)= hR?%dx (45.4)

where R(x; t) is the residual or the discrepancyof satisfaction of the Euler
equationsat the point x at the time t. For a a turbulent solution D (t) is not
small, which requiresR(x; t) to be large pointwise. Thusturbulent solutions
heavily violate the consenation laws pointwise in space-time, which you
would expectto prevent them to be meaningful. But by the Galerkin feature
of EG2, mean-waluesin space-timeof R(x;t) turns out to ber small, and
thus EG2 solutions satsify the Euler equationsin a mean-\alue sense,or
weak sense.EG2 solutions are weak solutions of the Euler equations with
a certain control of the pointwise residual enforcedby the cost D (t), which
is neither small nor large, thus not neglible but a ordable.

45.7 EG2 asa Finite PrecisionClock

With EG2 we stay within a deterministic framework and only add a re-
striction of nite precision computation coming from the nite meshsize
of the computational mesh. We are thus led to a model of thermodynam-
ics as a giant Finite Precision Clock, replacing the classicalLaplace Clock
with in nite precision, which cannot be constructed and thus cannot be
used. The Finite Precision Clock is deterministic and doesnot involve any
microscopic gamesof roulette.

45.8 The 2nd Law for EG2

A remarkable property of EG2 solutionsis to automatically satisfy aform of
the 2nd Law, which is not the classicalconcerningentropy, but a simpler
and more useful form without any entropy. The new 2nd Law takes the
following glotal form:

K-=W D;
(45.5)

E= W+D;

where

R
K(t) = kdx isthe total (integrated) kinetic energy at time t,
= edx isthe total heat energyat time t,
W(t) = pr udxisthe total work rate by expansion/compression,

and D > O for turbulent solutions.
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45.9 What Doesthe 2nd Law Say?

Now we come to the great moment of interpreting the 2nd Law (45.5).
What do we see?Well, sinceD > 0, we seetwo basic facts:

(i) transfer of energyfrom kinetic energyK to heat energyE,
(i) K grows by expansiononly,
(i) E grows by compression.

Herewe havethe basicfacts of thermodynamics neatly condensed(i) states
that we always have to pay a ne of corverting kinetic energy into heat
energy which we cannot get badk. (ii) statesthat a gascan be put into
motion under expansion,and (iii) statesthat compressionof a gas heats
the gas.

By (iii) we understand that in the Joule-Thompson experimert, the gas
will have no incentiv e to compressitself bad to the initial state from the
nal spreadout state, soit will not do that. To understand this basic fact
we do not needto invoke any notion of entropy, with all its di culties. It
is enoughto take a look at (45.5). Which explanation would you prefer?

45.10 Irreversibility from Principe Perfeito

Irreversibility comesfrom (i): the kinetic energycorverted to heat energyin
turbulent dissipation, it is\lost" into \in ternal energy" for ever and cannot
be recovered. This is like the parking ne you have paid for breaking the
law, which you cannot get back.

We sum up by saying that the 2nd Law (45.5) expressesas a Principe
Perfeito in precisemathematical form, the irreversibility in thermodynam-
ics, using only the classical concepts of kinetic energy heat energy and
work, without any mertioning of entropy.

This amournts to a considerablerationalization of thermodynamics, re-
lieving sciertists from the hopelesstask of de ning what entropy is and how
to measureit and guarantee that it cannot decrease Of what you cannot
speak, you have to be quite.

You can view Princip e Perfeito as a deterministic form of the 2nd Law,
which can replace statistical formulations of the 2nd Law. The nite pre-
cision of Princip e Perfeito replacesthe microscopical gamesof roulette of
statistical medanics, and thus simipli es thermodynamics.
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Mathematicsof EdgeStability

The forcesin capitalist society, if left unchedked, tend to make the
rich richer and the poor poorer. (Jawaharlal Nehru (1889-1964), In-
dian Premier Minister)

The inherent vice of capitalism is the unequal sharing of blessings;
the inherent virtue of socialism is the equal sharing of miseries. (Win-
ston Churchill (1874-1965))

The importance of money o ws from it being a link from the presert
to the future. (John Maynard Keynes)

Entrepreneurs and their small enterprises are responsible for almost
all the economic growth in the United States. (Ronald Reagan)

46.1 Exponertial Growth or Decay

We now study the mathematical concept of edgestability in a couple of elemen-
tary models. We start with the following model: Find the function u(t) satisfying

u= u fort> 0

u(0) = uo: (46.1)

where is a constant and we assumethat up > 0. This is the basic model for
an econony or a population with u(t) represert its size at time t. The equation
u = u expressesthat the rate of change of u(t) is proportional to u(t) itself,
with the constant of proportionality . For example, with = 1 the equation

This is page 209
Printer: Opaquethis



210 46. Mathematics of Edge Stability

u = u(t) expressesthat the bigger u(t) is the faster will it grow. You understand
that this could lead to instabilit y; the bigger you get the faster you will grow...
The solution is the exmnential function

u(t) = exp(t )uo: (46.2)

This is an exponetially increasing function ast increases,if > 0, and exmpnen-
tial ly decreasing if < 0. If we perturb the initial data ug to instead up + Up
with  up the perturbation, then the solution changesby exp(t ) uo with the
same feature of exponertial growth/decay depending on the sign of

We thus may naturally de ne the model (46.1) to be expnentially unstable
if > 0 and exmpnentially stableif < 0.If > 0 then perturbations grow
exponertially and if < 0 then perturbations decay exponertially .

Now, we are interested in systesmwhich are neither very stable nor very un-
stable. Exponertially stable systemsdo not have interesting dynamics and expo-
nentially unstable systemscollapse.This leadsusto choose = 0. The solution is
then simply u(t) = uo, that is nothing changes,and that is not interesting either.
The model (46.1) is to simple to showv any aspect of edgestabilit y of interest.

46.2 An Edge Stable System

To get an interesting edge stable system we have to go to a system of equations.
The simplest system expressinga basic feature of edge stabilit y is the following:
Find the pair of functions u(t) and v(t) such that

u 0;
0;

< <
I

(46.3)

u(0) = uo; Vv(0) = vo;

where is a positive constant, and we assumethat also up and vo are positive.
This system corresponds to the case = 0in (46.1) since there is no u-term in
the rrst equation and no v-term in the secondequation. It is thus system which
is neither exponertially stable nor unstable. It is on the border between stabilit y
and instabilit y, but it is not the trivial systemu = 0and v = 0.

We can easily solve (46.3) to nd that

u(t) = vot; v(t) = vo: (46.4)

Very simple, but not without interest as we will see.Apparently, the component
u(t) grows linearly in time, while v(t) stays constant. The quotient q(t) = %
also grows linearly of course

q(t) =t (46.5)

46.3 An Economicallnterpretation

We now interprete the model (46.3) in economical terms as follows: Consider an
inventiv e person P with a small one-person consulting business,in say web page
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design. P operates from a di erence in knowledge of web page design: P knows
sometric ks that the customer doesnot know, and the bigger the di erence is the
more needthere is for consulting. The di erence in knowledge betweenconsultant
and customer is expressedby the (positive) coe cien t

Let us now view u(t) to be the total income of the consulting businessat time
t and let v(t) = vo measurethe e ort P spendson his businessin hours per week.
We can then view ¢(t) as a measureof the total payo (asincome/e ort), and we
know that

q(t) = vot;
which expressesthat the total pay-o is proportional to the dierence in knowl-
edgemeasuredby and the eort of P, and to time of course. The pay-o per
unit time step is @ = Vvo. This is what we expect. The bigger the di erence in
knowledge is and the more e ort P puts in the bigger is the pay-o .

Since u(t) is growing with time, P will get richer and richer, and will be able
to expand his businessinto a (big) consulting company increasing the di erence
between the top knowledge of the company and the customer. But this opens
the possibility for some people at the company to split o and set up one-person
companies operating on some aspect of the total dierence like a special feature
of the design of a web page, like color or special buttons. The processcan now
start over again.

46.4 Essenceof Capitalism and Turbulence

What we seeis that di erence feedsdi erence, or more precisely, large scale dif-
ferenceopensthe possibility of smaller scaledi erence which opensthe possibility
to smaller scaledi erence... Therefore a big company is surrounded by a range
of of smaller companies all the way down to one-person companies, with each
company feeding on the next bigger company on the scale. This is the way a cap-
italitic econory functions, and we shall seethat this is how vortices in turbulent
uid feedon ead other.

An essetial aspect is the appearanceof smaller scales,which with nite pre-
cision has to come to an end, which in the economic model is the one-person
company. There must be a cost, like an interest rate or tax, penalizing further dif-
ferentiation. Without this cost the one personin the one-person company would
have an incentive to become scizofrenic and would go out of business.In the
caseof turbulent ow the costis production of heat energy from kinetic energy;
which cannot be retriv ed and thus acts like a viscous brake on the uid motion.
Without the brake the ow could not exist. Without a stabilizing transaction
cost, the ow of money in a stock market will becomeunstable and the market
will collapse, cf. Fig. (46.1).
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FIGURE 46.1. Turbulence on the stock market on October 24 1929
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47
Two BasicModels

47.1 Spreadinglinformation

As two basic mathematical models of very similar mathematical form but very
di erent nature, we shall consider a wave eguation describing the phenomenon
of wave propagation or convection, together with a heat equation describing the
processof diusion of heat. We thus will consider the simplest mathematical
models for the basic physical phenomena of convection and di usion.

As a concrete model we may think of a line of people where each person may
communicate with the two nearest neighbors, in a successionof time steps, once
every minute say. Convection corresponds to a rumour being transmitted in one
direction along the line from one personto the next starting at one end of the
line. In this casethere is a good chancethat the messageat the end is reasonably
closeto the initial one.

Di usion corresponds to spreading the rumour instead from the middle of the
line with ead persontaking the mean value of the rumour from the two neighbors
in eadh time setp. In this casethe details of the messagewill be lost during the
transmission by the repeated mean value operations. We can seethis e ect in
Fig. (47.2) where we show the initial image with details and the same image
after a sequenceof di usion stepstaking mean values over grey shadesresulting
in an image with \soft" shadeswithout details. We seethat diusion destroys
information.

We shall now discover these e ects in mathmatical form in the wave and the
heat equation.
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47.2 The Wave Equation

As a basic mathematical model we shall consider the following initial value prob-
lem for the wave equation: Find the function u(x;t) of two real variables x and
t satisfying:

u+u’=0 forallx andt> O
u(x; 0) = ug(x) for all x;

where the prime indicates di eren tiation with respect to the variable x, the dot
as above indicates di eren tiation with respect to the variable t and the function
uo(x) is a given initial value.

We considert to represen time, and we consider x to represert a spaceconsist-
ing of a horisontal line (directed to the right). The variable t isidentied asatime
variable, becauseof the nature of the initial condition: The variable specied to
be zeroin the initial condition is the time variable! Note that without the initial
condition, the t and x variable in the wave equation cannot be distinguished, but
with the initial condition they can!

FIGURE 47.1. A water wave is generated by circular motion of the water
molecules. The wave can propagate to right or left without loosing its form.

We notice that the initial wave form uO(x) represens coexistence in Leibniz
sense.A wave form is necessarilya smooth di eren tiable function of x represert-
ing coexistence. A wave is not just a delta-function of x represening a "particle"
but an ertit y with extension in spacewith the valuesu(x;t) for dierent x but
the samet in coexistence.
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The wave equation models the propagation of a wave along the x-axis in the
positive direction with speed 1. The solution is given by the simple formula

u(x;t) = ug(x t);

showing that the initial wave form ug is translated to the right with speed 1.

The wave equation is reversible: Changing the direction of both t and x leaves
the equation invariant into the same wave equation modeling wave propagation
to the left with speed 1 (both the term u; and uyx changeswith a minus sign
leaving the equation u; + ux = O intact or invariant).

The wave equation models a reversible world where a wave being propagated
to the right (without distortion of form) can be reversed by propagation to the
left running time backwards, making the wave return to its initial condition. The
net result is that time in the wave equation does not have a direction. In other
words, there is no Arrow of Time in wave equation. Any wave propagation can
be reversed.

In particular the wave equation allows cyclic phenomenasuc asa wave bounc-
ing back and forth for ever under repeated reversals of time as a form of per-
petuum mobile. In such periodic phenomenatime would be periodic, and not
linear always moving forward to new event

It is common to connect perception of time as being periodic with female
psychology re ecting cyclic processof seasonsand life and death in Nature, while
the time perception of a male is supposedto be linear goal-orientated towards
some nal (remarkable) result. Of course,these are stereotypes.

If your life was governed by the wave equation, then you would be able to
reversetime and go back to your birth and start over again (in an endlesscyclic
process).But you know that this is not possible soyour individual life cannot be
modeled by the reversible wave equation with periodic solutions, while societies
of many individuals of coursemay show periodicity.

47.3 The Heat Equation

A basic mathematical model with fundamentally dierent properties from the
wave equation is the heat equation: Find the function u(x;t) satisfying

u u®=0 forallx andallt> 0
u(x; 0) = uo(x) for all x;

with now the second derivative in space u® instead of the rst derivative u®
occuring in the wave equation. A subtle di erence which changeseveryting!

If we change the direction of time in the heat equation we get the equation

u+ u®= 0o

with a plus sign in front of u®instead of a minus sign appearing in the heat equa-
tion. What kind of an equation is this? Is it another heat equation? No, it is an
equation, which we refer to asthe inverse heat equation, with completely di eren t
properties than the heat equation as concernsthe e ect of little perturbations:



216 47. Two Basic Models

FIGURE 47.2. Picture of Leibniz teaching philosophy of time to Queen Sophie
Charlotte von Brandenburg before and after smoothing by the heat equation.
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In the heat equation perturbations quickly get damped astime movesforward,
while they in the equation u+ u®= 0 quickly getamplied and drown the solution.
The heat equation acts like blurring a sharp picture into an almost uniformly grey
image. The equation u+ u®= 0 would represert the reverseprocessof unblurring
a blurred image, or unmixing the cream in your co e after mixing by stirring.
It would be practically impossible becausethe slightest little unavoidable error
would ruin the reversal. It is clear that you cannot recover the initial image from
the blurred in Fig. (47.2). We show an attempt in Fig. (47.3).

You can make the experiment in Photoshop yourself: Try to unblur an image
which you have blurred and seethat you cannot do that, even if you are an expert
on Photoshop. The blurring has removed some details which are impossible to
recover.

FIGURE 47.3. Picture of Leibniz teaching philosophy of time to Queen Sophie
Charlotte von Brandenburg after an attempt to recovery by solving the inverse
heat equation.

47.4 Summing Up

To smooth or mix (or smash a piece of expensive china) doesnot require much
of precision, while the reverse processof sharpening or unmixing (or assenbling
the smashedvase) would require an incredibly high precision which cannot be
achieved.
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Mixing is easy Unmixing is impossible. In other words: Time reversal in the
heat equation is impossible.In a processgoverned by the heat equation, time can
only moved forward. The heat equation has an Arrow of Time.

If your life is described by the heat equation, then time can only go forward
and you can only get older (and smoother) with time until you are so smooth
that you ceaseto exist.

Fair enough, but from where doesthe smoothing or di usion come, which in
the heat equation is modeled by the term  u® (with the minus sign!). We can
also view this term to model a processof friction in which mechanical or kinetic
work is transformed into heat energy: By rubbing your hands, they get warm.

So, if there is somefriction in your life, then necessarilythere will be an Arrow
of Time, but from where doesfriction come?Is it possibleto getrid of the friction,
and allow time reversal?

475 Turbulent Flow

The answer is NO! It is not possibleto get rid of the friction, no matter how
smart you are. And this insight is a new (and highly non-trivial) main result of
the book. The reasonis that if you consider a uid with small viscosity, then
the o w always becomesturbulent, and turbulence acts like friction transforming
kinetic energy into heat energy in an irreversible process.

Why doesthe ow becometurbulent? The reasonis that the laminar o w that
would have beenreversible if it had existed, is unstable and thus doesnot exist.
Turbulence can be seenas reaction to an impossibility of maintaining a laminar
reversible ow: Facing an impossible situtation the o w goesturbulent. This is
like smashing china in a living marriage confronting a necessarily arising imp os-
sibility. The slightly viscous ow cannot stay laminar and thus turns turbulent.
And turbulent dissipation is irreversible. Information is destroyed and cannot be
recovered.

Facing in your life the necessiy to go on and the impossibility to satisfy all
requirements exactly, the only way out is to decide to destroy someinformation
(lik e old hang-ups) and that makesyour life irreversible with an Arrow of Time.

In mathematical terms the The Arrow of Time arises becausethe inviscid
Euler equations do not admit stable exact solutions, but turbulent approximate
solutions with meanvalue outputs which are stable. Thus stable physical processes
can be realized by paying the price of turbulent dissipation and irreversibilit y.

Life must be irreversible! Reversible life is unstable and cannot exist. Irre-
versibility is the price you will haveto pay in order to exist. There is no alternativ e
but no existenceat all. What do you choose?
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483
A DynamicalSystemwith Memory

Music is the art which is most nigh to tears and memory. (Oscar
Wilde)

I have always been amazed at the way an ordinary observer lends
so much more credenceand attaches so much more imp ortance to
waking events than to those occurring in dreams... Man... is above
all the plaything of his memory. (Andre Breton)

The light that radiates from the great novels time can never dim,
for human existenceis perpetually being forgotten by man and thus
the novelists discoveries, however old they may be, will never cease
to astonish. (Milan Kundera)

Happinessis the longing for repetition. (Milan Kundera)

The struggle of man against power is the struggle of memory against
forgetting. (Milan Kundera)

Without the meditativ e background that is criticism, works become
isolated gestures, historical accidernts, soon forgotten. (Milan Kun-
dera)

48.1 Time DependenceWithout Memory

Let us considerthe conceptof memory in the context of a dynamical system
of the generalform: Find u(t) sud that

u(t) = f(u(t)) fort>0; u(0)= u’; (48.1)
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where u(t) describes the state of the system at time t, f (u) is a given
function of u and u® is a giveninitial value. Such a systemformally hasno
memory: The values of the state function u(s) for s < 0 do not erter into
the formulation (48.2), only the initial value u(0) = u®.

More generally, the presert state u(t) at sometime t > 0 determines
u(s) for any later time s > t. The in uence of the previous statesu(s) with
s < t is channeledto later statesu(s) with s> t through the \windo w of
the now": u(t).

48.2 Modeling Memory

A dynamical systemwith memory may take the form
Z t
u(t) = f(u(t) + g(t;s;u(s))ds fort> 0; u(0) = u? (48.2)
0

where g(t; s;u) is a given function, and the integral
z t
o(t; s;u(s)) ds (48.3)
0

represents the accumuluated in uence on the current rate u(t) of all the
previous states u(s) with s < t. In this caseu(t) doesnot sene asthe only
channel to later states, but also previous states u(s) with s < t in uence
the future as memoriesremenbered at the current time t. Depending on
the function g(t; s;u) the memory can be short, long, fading or have some
other quality. What is important is that in order to take a time step from
t to t + dt, it is necessaryto have accessto all the values of the state
u(s) for s < t which enter into the integral (48.3), which thus needto be
stored or memorized. Each value u(s) then represerts a \frozen momert"
from time s which is stored in memory until \evaluation" at time t > s.
stored memory u(s) is then \reused" for all t > s for which the integral

g g(t; s;u(s)) ds cortains the value u(s).
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49
Sustainablé&aiely

49.1 The Vision of the Cave Man

The early cave man probably understood very well that creation and life
cannot exist without destruction and death. Most of the cells of a human
body get replacedover a month, and the membersof a scciety getborn, live
their livesand die away, while the society continuesto exist, for a while.

49.2 The Vision of the Modern Man

Somewherealong the line, sometndy cameup with the idea of eternal life,
which becamea dream to many. The dream of eternal life for individuals
has remained a dream, but today there is a growing hope of a sustainable
sciety, a society that will never die. The ideaiis that if we recycle enough,
then human civilization can nicely continue for ever: It will be sustainable.
All politicians speak about sustainability, and they have to do that to
remain credible.

But is it credible? Can a sustainable scciety be realized, or is it just a
dream?What doesthe 2nd Law say? We will return to this below.
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FIGURE 49.1. Model of a sustainable zero emission scciety.

FIGURE 49.2. Recycling of shoes



