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{I prefer a clear statement subsequertly disproved,
to a misty dictum ::: which can be
. welcomed as a \great thought".

1. The Name of the Claim Bertrand Russell
Physics may be de ned asthe discipline of understanding Nature. This de nition is prob-
ably as good as any other of which | am aware, although (and perhaps precisely because)
quite someof what will follow is neededmerely to specify more precisely what exactly is
meart by \ Nature", \ understandindg' and \ discipline”, i.e., what is the nature of disciplin-

ing our understanding.

To wit, true to the meaning of the Greek original word, physics does pertain to all
aspects of Nature. Molecular phenomenaare subject to chemistry, separatebut well inte-
grated with physics. When studying events of cortinental proportions, the study is called
geology(but areologyon Mars), while evernts which are orders of magnitude bigger (plan-
etary, stellar, galactic, cosmic) becomelabeled astronomy. Things alive are subject to
biology, but life itself may well be rooted in quantum physics [17]. Stretching this fur-
ther, even thinking and feeling phenomena(a.k.a. psydiology) may turn out to be caused
and determined by physical processeswhereupon sccial everts may be viewed as "marny-
individual psydology', much asthermodynamics is “‘mary-body mecanics'.?)

Of course,merely slappinga commonnameon all of it achieveslittle beyond annoying
those who would prefer otherwise. So, hoping to have provoked the Readerto speculate
along (or against) sud all-encompassinguni ed avenues of human understanding of Na-
ture, we turn towards more consenative but much better establishedtopics.

A telegraphic review of someof the key issuesin contemporary “fundamertal physics'
will be attempted herein. To read this fundamertal' level, a journey through dimin-
ishing sizes and increasing energieswill be undertaken. The splendid tourist guides
(see[6,7,10,12,13,15,18,19to name a few) are certainly a well known and excellent re-
source,the literary, educational and entertaining value of which this modest review cannot
hope to approadh. Instead, our utilit y should lie in marking recent additions to this frame-
work, pointing out someof the lesswell-traveled paths, shortcuts and pitfalls and providing
a generalintroductory tour for the newcomer and the casual surfer.

Speci cally, this review aims to presen the caseof (fundamental) strings: what are
strings, where does stringiness take place, why strings and not points or something else,
and how strings thread into our ewlving picture of Nature. First, however, we wish to
review the (methodo)logical framework underlying thesee orts.

{Insigh t, untested and unsupported,
. is an insu cien t guarantee of truth.
1.1. Things may be not as they seem Bertrand Russell
Although an adept historian will promptly quote an earlier sourceof this thought, | should
like to introducethis Leitmotif asthe Copernician legacy The willingnessto abandonthe
“obvious', the "‘commonwisdom’, the “plain reason'for an unorthodox thought is certainly
the essetial elemen of this.

D This paragraph is obviously aiming to be provocative. Note, however, that it is not stated that any
one eld of research reducesto physics, but “only' to “derive' from it and that it is ‘causedand determined'
by it. Similarly , the behavior of water in a brook “derives' from hydro dynamics, but the additional ideas
of nonlinear dynamics, turbulence and chaos are necessaryfor its fuller understanding.
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Howewer, not just any unorthodox thought: a lunicentral or iovicentral systemo ers

hardly an improvemert. Rather crucially, heliocertricit y simpli es the concept of the plan-
etary system, by making it more uniform. Although Copernicus's system still assumed
circular orbits and so neededcorrections® (epicycles), the model is conceptually simpler;
perhaps this can even be regarded as a variant of Occam's razor. While this is not yet
Newton's universal law of gravity, it does have this unifying avor. Also, the ultimate

test for the model is recognized:the positions and movemerns of the planets as calculated
(now more easily) from the heliocertric system agreewith the astronomical obsenations.

Underlying this is the sequenceobserve-mdel-predict, which may be thought of as the

Contrapunkt to the above Leitmotif. Indeed, eyeslook but the mind sees.

Examples to the above start at such elemertary levelsthat the one hardly notices this:

. The shadow of an object can easily be many times larger than the object itself and will
more often than not have distorted proportions as compared to the original object. Yet, only
very young children are frightened by the shadow of a wolf or a monster, however masterly
produced by the shadow-puppet artist.

. Standing in a large plain (without mountains in the horizon) the Earth doeslook at. Yet,
already the ancient Greek geographerEratosthenes (c. 276{195 BC) has not only known that
the Earth was round, but has also calculated its size (to within 10{15%!). The calculation
was based on the shadow lengths at summer solstice noon in Syene and in Alexandria,
the distance between them and elementary (by today's standards!) geometry. However,
both Eratosthenes's results and reasoning have become “politically incorrect’, repressedand
forgotten for some sixteen certuries to come, and have been rediscovered in the West only
in the Renaissance.Although most of late 20th certury humans have no di cult y accepting
that the Earth is round, when (if ?) humankind becomestruly space-faring,the once obvious
atness of the Earth may even becomeincomprehensible much as onceits roundnesswas.

. Everyday experiencemakesit plain: the Sun and the Moon revolve around the Earth. And so
had the mainstream ancient Greek school of astronomy maintained, as compiled by Ptolemy
(c. 100{c. 165), and having repressedthe unortho dox ideas of Aristarc hus (c. 310{230 BC),
who not only proposedthe heliocertric system but also estimated that the Sun is 20 times
further from the Earth and also 20 times bigger than is the Moon®. Again, it took a good
sixteen certuries for the West to rediscover these.

. To the "naked eye', our blood looks pretty smooth and homogeneous.And soit was believed
to be until 1683, when the Royal Society published the rst detailed pictures of red blood
cells, seenthrough a microscope and drawn by Antoni van Leeuwenhoek (1632{1723). In
1932, Ernst August Friedrich Ruska (1906{1988) designed the rst electronic microscope,
the modern versions of which make it possible to seelas directly as ever|the individual
moleculesand even atoms comprising the matter which surrounds us.

The Readerwill undoubtedly have no di cult y in extending this list by many other

and possibly quite more interesting and amusing examples,wherein our underlying Leit-
motif becomesobvious. The standard human sensesso well adapted to daily routine do

2) Only upon Kepler's ad hoc postulate of elliptic orbits (a posteriori explained by Newton) will helio-
centricit y acquire truly convincing technical simplicit y and accuracy.

3 The error in Avristarc hus's result is entirely owing to poor measuremernts of the time, the reasoning
and geometry being imp eccable.
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Thisis not how it is (flat Earth). Thisis how itis(round Earth).

Figure 1. Eratosthenes's analysis which, with measuremers of the angles and dis-
tances (not su cien tly accurate 200 BC), producesthe size of our Planet.

Atoms, electrons, protonsg
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Figure 2: What on size-scalescharacteristic of human bodies may appear
smooth and homogeneousmay look very di erently under magni cation.

not sene reliably when regarding proportions and perspectiveswhich are not of daily rou-
tine. From the typical daily vantage point and human (characteristic) size, planetary and
moreover stellar situations appear distorted and we must employ our (patiently trained)
mind to correct the image. Indeed, having oncelearned, the Sunin the sky never looksthe
sameagain: we can always envision the Earth, on which we stand, to rotate about that
star called the Sun. Similarly, having learned about the blood cells, our mind's eye hasno
di cult y \seeing" the erithro cites streaming with the blood plasmathrough our veins.

{3{



Yesterda's incredible and arrant nonsensemay (and we tend to remenber very well
when it does)turn into today's plain and simple truth :::

Surely, however, not indiscriminately so;for, the obvious questionsare: which “truths'
to question and how to determine “truthfulness'? Following Descartes'sline of reasoning,
everything that possibly (and self-consistetly) can be questioned|m ust be questioned.
However?), physicists tend to be more pragmatical. Somewhatakin to \if it ain't broke,
don't x it", physicsmodelsand theoriesare being re-examinedand questionedwhen they
start predicting things which do not happen, or fail to predict things that do happen.

{W ovon Man nicht deutlic h sprechen kann,
. . Dareber muss Man schweigen.
1.2. The black box paradigm of learning Ludwig Wittgenstein

To formalize this a little bit, let us represen the system under scrutiny as a black box
and start out with not knowing anything about its contents. What follows may then be
regardedasthe three pillars of (exact, natural) science:

| To learn about the box's corntents, some (controlled or otherwise known) input is
sent onto the box and the output being obsened. The “input' may be something as
simple asknocking, or shaking, or perhapsmore sophisticated sud as X-rays or ultra-
sound. The “output' is whatever : ::well, output there is; for example, as the box was
shaken, its weight might have moved about in a way that indicates that the weight
is concertrated in seeral separately mobile subsystemswithin the box. Or, the box
might have rang hollow to knocking. Or, the X-rays might have shavn skeletons of
three mice: ::

Yes? Who isthat?j

Input Output

Figure 3: The Black Box paradigm of an experimert.

Il Given the information about the box in the form of “response-to-the-input', both of
which suitably quanti ed, we dewelop a mathematical model which faithfully repro-
ducesall of the registeredoutputs in responseto the corresponding inputs. Note that
both inputs and outputs must be measuredand sowill be known only to within some

4 .. and even without nitpic kingly concluding that Descartes's cogito, ergo sum leads to solipsism, or
recalling Hume's demonstration of just how detrimen tal such questioning tends to be:::
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error, de ning the resolution. Clearly, the mathematical model can never be guaran-
teed to be more precisethan this resolution, and we refer to it asthe resolution of the
model as a whole.

1l The mathematical model is now usedto make predictions: to calculate the response
to new, never beforetried inputs, which are then tested, if and howewer possible.

Herein then lies the rationale for "what and when to question' and “how to determine
truthfulness'. A physical (and more generally, sciertic) model needsto be re-examined,
with oneor more of its \ingredients" questionedand perhapsreplacedif it fails to reproduce
and correctly correspnd to Nature|to within the resolution of the model. Amusingly
perhaps, this revealsthat what is commonly called “exact science'is always in error, but
exact about how much so.

Clearly, this three-step processof "obsene-model-predict’ will be repeated on and on,
asguaranteed by Gedel'sincompletenessheorem® , sincethe subject matter is su cien tly
complicated and is not straightforwardly exhaustible (as, for example,tic-tac-to eis, viewed
as a game of strategy) [9]; seealso appendix A. Once a model is devised, predictions are
being extracted, and as human ingeruity improves the technology and the techniques,
these predictions are extracted and tested at ever increasing precisions. Sooner or later,
these new tests highlight a shortcoming of the model, whereupon further data is gathered
and the model is modi ed and extended so as to incorporate also this new data. Once
the improved model satisfactorily reproducesthis, yet further predictions are extracted
and tested, which eventually indicate yet further directions in which the model needsto
be modi ed and extended, whereupon yet newer and newer predictions can be extracted,
and: ::

A little thought about this framework reveals something truly extraordinary! A sci-
ertic model®, as described here, becomesmodi ed and extended|nev er annihilated!
The proverbial \back to the drawing board" often occursin sciertic researd, but never
meanstrashing establishedtheories. Agreeably, the preceding sertence may be declared
a tautology, for “established'may be taken to mean "those which never becometrashed'.
Yet, over the past three certuries of experimental physics, the fundamental theories were
never trashed, only extended and frequertly|merged.

The reasonsfor this may be found by comparing sciertic modelswith earlier (main-
stream) approadesand doctrines: scienceuni es the inspiration of (experimental) induc-
tion with the rigor and extensivenessof (mathematical) deduction.

Amusingly, both Eratosthenes's and Aristarchus's cosmological achievemerts men-
tioned above rely on quartitativ e measuremets and analytical mathematics; rather be-
fore their time. Dormant for almost two millennia, this combination was tried again, and
methodically and persistertly by Galileo::: and physics (the discipline of understanding
Nature) engagedin warp drive. Roughly, the measuremets are usedto translate between

5 :::and barring the bleak possibility of the scientic spirit becoming extinct or exterminated :::

6) By scientic model, we understand the mathematical model together with its concrete interpretation;
that is, the formulae, o wcharts, program, together with the physical meaning of the symbols, i.e., a
dictionary between the symbols of the mathematical model and quantities in Nature.
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guantities describing the natural phenomenaunder consideration and the corresponding
guartities in the mathematical model. The mathematical model is then used as an im-
peccableand relerntlessly rigorous tool for deduction which incorporates all the data and
produces predictions. So, Newtonian medanics is not invalidated but extended by Ein-
stein's relativit y: in the regimewhen all the speedsoccurring in a systemare much smaller
than the speedof light in vacuum, the relativistic correctionsto the Newtonian mecanics
are negligible. As at least someof the speedsincreasesthe correctionsbecomerelevant and
Newtonian medanicsis no longer a good approximation (the limits of error, about which
physics must be exact, becomeintolerably big), and we might aswell use\the relativistic
formulae”.

This insisting on the “obsene-model-predict' cycle immediately discards \theories"
such asthat of phlogiston, which was supposedto be the thereal substanceof heat; this
being a \theory" which neither explained nor predicted any quartitativ e data, and sowas
a theory only in a::: well, literary sense. Similar fate was met by the \plum pudding"
model of the atom, which explained and predicted very little (most of it wrong), but which
was even by its originator called humbly a ‘'model’la hypothesis perhaps worth looking
into and to be mercilesslydiscardedif wrong; which it was, both wrong and discarded.

The absolutely crucial point hereis that what aspiresto be calleda (scierti c) theory|
not to speak of a fundamental theory|m ust be testable, at least in principle. This of
necessiy meansthat the theory must be quantitative, i.e., that the theory explains and
predicts experimental data, which then can be tested. Note also that the quartitativ e
prediction may be something as simple as a yes/no outcome, a single bit of information;
whether a single bit or a googolplex” of them|but:  new information.

A word of caution, however: \can be tested" does not mean that you can go to
your local experimental shop and have the results while-you-wait. Neither doesit mean
that our Planet's Budget will be allotted to perform the experiment (not that there will
be a Planetary Budget any time soon). Nor doesit mean that anyone has the faintest
idea how to designand perform the actual experiment, even with a Pan-Galactic Budget
and a post-Star Trek technology. Howewer, the theory must be \testable, in principle".
Needlessto say, theories which can be readily tested can also be either readily promoted
into \established"|as far asit is known (a pieceof " ne-print' rarely stated explicitly, but
understood implicitly), or readily discardedshould they fail to conform to Nature.

It de nitely cannot be overemphasized:

Theories which can, in principle, be disproved are scienti c.

Amusingly, [in Chinese,]a word that can be negatedis a verb. (Diane Wol [20])

Note also, that it is logically impossiblefor scienceto be exact without being quartita-
tive. That is, "exactnessmust be takento meanthat at leasta framework of questionscan
be deweloped ead of which requires a yes/no answer, whereupon the pattern of answers
(easily written asa binary number) may be regardedasthe quartitativ e characterization of
events which are to be modeledand predicted (i.e., the predicted data). That theseyes/no

0 oA googol equals 10 {one followed by one hundred zeros; a googolplex equals 101°*” {one followed
by one googol zeros. For a comparison, there are only about 108 particles in the Univ erse.
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answers may obey a statistical (probabilistic) distribution is merely a technical complica-
tion and doesnot at all diminish “exactness'in this sensé). This is certainly always true
of all branches of physics; if statistical physics and quantum medanics are probabilistic,
that merely complicatesthe techniques and dictates the style of questioning. In fact, it is
in part the sophisticated (mathematical) techniques of statistics that specify which ques-
tions make senseand which of them do not, and among those that do make sense ,which
guestionshave a de nite answer and which “merely' a probabilistic one. Temperature, as
an averageof energy can be predicted exactly, but the energy of a single moleculewill be
subject to (predictable) uctuations and so probabilistic (assumingthat a specic single
molecule could somehav be tagged and followed unobtrusively).

Viewed from sud a vantage point, physicsin particular and sciencein general may
be accusedof being pragmatic; and, to quite somedegreethey are. But, it is this science
which can bring Moon-rocks and pictures of lo's and Ganymede's surfaceto the Earth;
it can produce arti cial heart-valves which are not rejected by the human body; it can
detect early signatures of hurricanes, cyclonesand tsunamis and warn the endangered
population. Unfortunately, it can also make our Planet glow in the dark of the Universe,
for certuries to come® . However, sciencenot only works, but in doing so, it shapes our
ways of thinking (and soin uences just about anything else),and sois considerably more
than “just pragmatic'.

The foregoingalso manifeststhe price we must pay: although physicsis about Nature,
it never describesNature itself, it merely producesmodelswhich are su cien tly (and ever
more) accurate. So, for example, the statemert \Rutherford's planetary model of atom
consists of a nucleus at the origin and the electrons orbiting about the nucleus” does
not state that an actual atom actually consistsof an actual nucleus :: Rather, it states,
that a mathematical model basedon sud a cortraption accurately reproducesthe actual
obsenations. As it turns out, the fact that atoms are stable requires that Rutherford's
planetary model be modi ed with additional "quartization' rules, which lead to the Bohr
model and the "Old quantum medanics'. Later obsenations causedfurther developmerts,
leading through what is now called "quantum medanics', then "quarntum eld theory' and
most recenly, quantum (super)string theory. Most importantly, ead of these contains
the previous ones, but in all fairness,it ought to be said that the current candidate for
the fundamental theory|the (super)string theorylhas (by far) not beenfully veried as
a theory of Nature; it may be so, but (super)strings have not yet beenshawn in all detail
to reproduce the \real world".

. . Lo . . {Gravity couldn't care lessfor your foot
1.3. Scienti ¢ predictions: powerful and inevitable under the falling stone.

A few more remarks about sciertic theory and then we'll be o to (super)strings. We
have already met the \three-step cycle" of deweloping, testing and re ning theories, and
the logical possibility that this cycle may cortinue forever. Indeed, this may be viewed as
a curseor ablessing|that there will not be an ultimate and completetheory of everything.

8) Remember: exact scienceis always in error, but exact about how much so.

9) Ironically , a Zen practitioner's responseto a solipsist's question about the reality of the world might
be a kick with a stick.
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What is of recert called \theory of ewverything" refersto all fundamertal (elemertary) in-
teractions of the Nature. But, supplying all the bricks and mortar doesnot yet a cathedral
make. Even when the \ultimate" theory of all fundamertal (elemerary) interactions is
known, there is a looooong way to go from there to atoms, to molecules,to: :: us and our
ambitious thoughts, and beyond.

thevisible Universe

Planck Length
(gravity becomes
confiningly strong)

our Solar system
Earth F
e reryy

7 13 ' 16 “zf““zs
10 10" 10 10 10 (m)

Figure 4: A logarithmic scale of sizes,from the Planck length where every-
thing looks like a black hole (and from within which information cannot be
extracted), to the largest distances,from which the light only now reachesus
(and from beyond which information has not yet reached us).

Not only is there much room for "lling in the details' whilst following this 1-
dimensionalarrangemern by size,but very often tiny portions in this all-encompassingsize
scaleproduce pockets of knowledge'not infrequertly of fantastic and ba ing complexity|
a characteristic perhapsnot unlike fractals. Su ce it herejust to mertion that the complex-
ity of collective phenomena(behavior beyond the "thermodynamic' average,suc aseddies,
tornadoes, the shapes and the dynamics of clouds, market crashes::) has only recerily
been subject to serious sciertic thought. Also, life as we know itjland so biology|
occupies merely a few orders of magnitude, roughly between (10 8{102)m; chemistry
occupiesan even smaller niche around 10 °m.

Following this::: ahent :: glory road of sciertic discovery, it is important to realize
that whatever can be deduced from the assume axioms/postulatesis a prediction of the
model. In other words, if a model reproducesperfectly the original input data, and produces
a bunch of testable predictions, but if even only one of these predictions turns out to
disagreewith Nature|the model is wrong. It may happen that a minor modi cation of
the model will both cure the glitch and retain its delit y otherwise;if so,this modi cation
must be incorporated as an integral elemen of the (revised) model, subject of courseto
any further test that can be conjured. If such a revision or extensioncannot be found|o
with its head!®.

The world, unfortunately, is real; I, unfortunately, am Borhes.
Jorge Louis Borhes[2]

10) Fortunately , theories unlik e their human inventors can be resurrected, and this happens on occasion.
The glitc h which was formerly considered lethal may turn out to be ‘repairable' at a later time, when a
better understanding of the model and requisite techniques and methods of analysis is attained. Of course,
it can (and does) also happen that the experiments are a wed in a way which is revealed only much later,
and the corrected analysis of which turns out to agree with what was formerly thought of as a glitc h.
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All predictions are forced upon us as an inevitable consequencef the given assump-
tions and ensuredby the rigor of mathematical deduction|sometimes foreseensometimes
not, and sometimesspectacularly unexpected!

The Heitler-London bondageis a unique, singular feature of the [quantum] theory,
not invented for the purposeof explaining the chemical bond. It comesin quite
by itself, in a highly interesting and puzzling manner, being forced upon us by
ertirely di erent considerations. Erwin Sdcredinger [17]

The Heitler-London bond is one of the basic "ingredierts' in modern Chemistry. Similarly
spectacular was P.A.M. Dirac's prediction of the anti-electron (and with it, as a logical
consequenceanti-everything), and W. Pauli's prediction of the particle called neutrino.
(The latter was con rmed experimentally only two decadedater!)

Further remarks and details about this mathematical framework and its relevanceto
sciertic models may be found in the appendix A; we now turn to our journey through
decreasingsizes.

{I think we may yet be able to understand atoms.

But in the processwe may have to learn

what “understanding’ really means.

2. Towards Basics Niels Bohr, to W. Heisenberg [10]
Following the adage 'when eating an elephart, take one bite at the time’, physics analy-
sesnatural phenomena(systems), identifying their subprocesseqsubsystems). These are
typically easierto understand, whereupon it remainsto integrate the so understood sub-
processeqsubsystems)into the whole. In doing so, certain characteristics of the whole
are identi ed as merely a conglomeration of those of the parts, whereasother properties
are essetially “collective'|unexplained by the characteristics of the parts themselwesand
inextricably rooted in the complexity of the whole. While analyzing the "parts' says little
about collective phenomena,it certainly allows specifying and discussingproperties which

are not collective, leaving thereby a cleanerapproad to this next frontier.

{\What a curious feeling!" said Alice.

\I must be shutting up lik e a telescope!"

2.1. Smaller and smaller and ::: Lewis Carroll
In good measure, subdivision of phenomena, processesand systems does proceed akin
to the most obvious example of the black box paradigm: that of microscopy. Light is
shined onto the object under scrutiny (the black box, gurativ ely) and the re ected light
is then guided through a system of lensesand/or mirrors to form an enlarged image for
the obsener to see. The di erence betweenthe so re ected light and what would have
reached the obsener's eye if the object wereremoved is the image of the object in cortrast
to the badkground. As an enhancemeh and extension of our natural sensesof vision, a
microscoe is usedto (rather literally) look into the structure of various material objects.
In doing so, an important limitation is realized. Standard optical microscopes cannot
possibly resolve structures ner than 10 ®m, regardlessof the precision and perfection
of the optical elemens: the lenses,mirrors, etc. The reasonfor this is the wave nature
of visible light, the wavelengths of which range between 380{760nm (1nm = 10 °m).
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When the object under scrutiny becomesof such or smaller size,the light bends(di racts)
around it, and the image blurs beyond recognition.

This is exactly analogousto the fact that sounds (commonly audible by humans)
easily bend around human-size objects. Indeed, it is impossibleto hear the presenceof,
e.g.,atotally silent personwho stands betweenus and another persontalking to us. The
wavelength of humanly audible soundsrange within about 17mm{17 m (I1mm = 10 3m)
and all but the shortest wavelengths (which few humans can hear very well and which are
even then typically masked by soundsof longer wavelengths) easily bend around human-
size objects. One says that the resolution of a wave is of the order of its wavelength,
meaning that only larger objects can be imaged well| resolvel.

The reader will however recall that ultrasound can be usedfor imaging human-sized
targets|it is routinely usedto ‘sonograph’fetusesin utero. As higher frequency cor-
responds to shorter wavelength, the resolution of ultrasound is better, i.e., ner details
can be imagedwith ultrasound than with humanly audible sound. Now we recall that hu-
manly visible light is but a narrow portion of the spectrum of electromagneticradiation. In
perfect analogy, then, electromagneticradiation of frequencieshigher than those of visible
light (and soshorter wavelengths) should provide ner resolution in appropriately designed
microscoes. Indeed, there are many typesof electromagneticradiation with wavelengths
shorter than those of visible light (ultra-violet light, X -rays, :::) and these may be used
to designmore powerful microscopes. In practice, however, the designof such microscopes
is hampered by the fact that there are few if any materials that could act aslenses:once
the wavelengthsare much smaller than those of visible light, usual optical lensesno longer
bend the radiation.

To the rescuecomesthe quantum nature of Nature: matter particles, suc aselectrons,
also exhibit wave-like characteristics, and the basic relation is that the wavelength of the
probing beam is inversely proportional to its energy (Even a single electron can exhibit
wave-like behavior, so\b eam" here refers indiscriminately to single and many patrticles,
as the casemay be.) Table 1 provides seweral objects and everts in Nature, together
with their characteristic sizesand the corresponding energies;that is, the listed energyis
the minimum required of a probe to have so asto be able to resolwe the details of the
characteristic size.

Thus, for example,to any probe (beam, ray, test-particle, radiation, :::) with energy
lessthan about 10keV, typical atoms appear as indivisible, structure-less objects. Of
course,a probe with much lessenergywould not even “see'an atom, but instead only the
(much) larger structure of which the atom is a part. One needsa probe with more than
about 10keV energy to which the structure of the atom will begin to shav. Of course,
with the increasedenergy the probe is more and more likely to disrupt the obsened target,
or at least modify its characteristics, sothat what is obsened is not ertirely the property
of the target, but the target-probe interactive system.

This non-negligibility of the probe and its interaction with the target is essetal is
is a built-in feature of the quantum theory. In this sense,the probing and observing of
the system alters the system irrevocably, which is sometimesexpressedby stating that
guantum obsenationsjand so all knowledge|are participatory. This causesan inherent
uncertainty in all possibleforms of probing, and so alsoin knowledge;this is expressedn
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Ob jects, Events Size (in m) Energy (in eV)
Crystalline lattice spacings 10 0 10° ( 1keV)
Size of atoms (2 Bohr's radius) 10 10 10 ( 10eV)
Size of nuclei (roughly) 10 1° 108 ( 100M eV)
(strong nuclear force range) (1 fermi)

Size of protons, i.e., hydrogen nuclei 10 16 10° ( 1GeV)
(energy equiv. of the proton mass) (= :936GeV)
Electro-weak force range 10 8 101 (107 GeV)
so-called\Grand Uni cation" 10 3t 1074 (10 GeV)
Quantum gravity, (super)strings 10 1078 (10 GeV)

Bohr's diameteris — 10 3 times smaller than the de Broiglie wavelength.

Table 1: Some’landmark’ objects and everts, and their characteristic sizesand
the corresponding characteristic energies. Compare also with Fig. 5. One elec-
tronvolt (1eV) is the energy neededto transport an electron against the electro-
static eld acrossthe potential di erence of one volt.

Heiserberg's \uncertainty principle”, which indeed may be regarded as the fundamertal
postulate of quantum theory.

The uncertainty principle is howewver extremely precisely stated, and moreover|in
terms of quartities de ned in classical(pre-quantum) theory; thus again, quantum theory
doesnot obliterate but generalizethe classicaltheory. To ead variable usedin the descrip-
tion of a physical system, classicaltheory assignsa preciselyde ned conjugate momentuny
let g and p be one suc pair. The uncertainty relation then states that

4q94p h;

where h = 1:0507 10 3*J s, and where 4 g and 4 q is the uncertainty in observ-
ing and measuring g and p, respectively. Thus, if the position of a particle is mea-
sured to within, say, 10 *®m, its momertum cannot possibly be determined better than
0:5254 10 °kgm=s. Typically, errors induced by the imperfection of the apparatus will
be bigger than this, but there do exist measuremets wherethis essetial uncertainty does
show. Again, exact scienceis in error, but exact about how much so. Furthermore, mea-
suremeris of another variable, g°, which is independert Y of q and p, doesnot a ect the
measuremets of g and p. That is, having measuredq® with whatever accuracy provided
by the detecting apparatus, the simultaneous measuremeh?? of either q or p is similarly

11) The technical requirement is that q° should commute with both g and p.

12) | the context of guantum mechanics, ‘simultaneous measurement' doesnot mean “at the sametime’|
in fact, that is most often imp ossible. Instead, it implies a successive measurements of two quantities, which
is independent of the order in which the measurements are done.
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restricted only by the resolution of the measuring apparatus.

. . {The whole may be other than
2.2. Breaking up is hard to do the sum of parts.
The alert Reader will have perhaps puzzled over the persistert use of “structure' and
“sub-structure’, but not “divisibilit y'. Indeed, the latter is often taken as synonymous with
“composite’, implicitly assumingthat a composite system,onewhich exhibits sub-structure,
can be somehav divided into its constituents. Alas! this is merely a prejudice born from
daily experience. An egg,oncebrokeninto an omelette, cannot be put together into whole;
a broken porcelain plate may perhapsbe reconstructed with the aid of super-glue, but it
will never be quite the sameagain.

Howewver, something curious happenswhen something as small asan atom is divided.
Consider ionizing an atom of hydrogen: separating its nucleus (a proton, with positive
electric charge) from its negatively chargedelectron. This canbe adieved, e.g.,by applying
a su cien tly strong electrostatic eld (with 13:6eV potential energy). The respective
proton and the electron can be removed from ead other light-yearsand light-years (and
at leastin a gedankenexperiment sud asthis, the rest of the Universemay be neglected).
Leave them by themselesfor a while and: : : the electrostatic force reunites them! Owing
to the unbounded action-range of the electrostatic force, the electron and the proton which
usedto constitute an atom were never really separatedin the rst place;they remainedin
interacting with ead other (through the electrostatic eld) throughout the experiment. It
should be clear that no amournt of complication will overturn this conclusion.

This point of view however immediately raisesa new question. The forceswhich held
the piecesof a broken porcelain plate together beforeit broke also have unlimited action-
range! So, how comethesedo not reunite the pieces(regardlessof how long the Readeris
willing to wait)? The clue is not just in the action-range, but alsoin the dependenceof
the force strength on the distance. The magnitude of the electrostatic force decreasesvith
distance as 1=r?, whereasthe strength of molecular forces decreasemuch faster, perhaps
as 1=r® or faster. Now, considertesting the e ects of somesud force at a distancer and
assume,for simplicity, that the force- eld is spherically symmetric. Then, the samee ect
would be detectedat any point on the sphereof radius r and with the certer at the source.
Since the surface-areaof this spheregrows as r?, the ux of the force- eld through the
surfaceis constart. By cortrast, molecular forceswhich decay as 1=r® (or faster) would
produce a ux through sud a spherewhich decays as 1=r* (or faster) and so vanishes
at larger and larger distancesfrom the source. Molecular forcesare said to be localized,
whereas(Coulomb) forcesobeying the \in verse-square-l&" are said to have in nite range.

Notice that the magnitude of both molecular and Coulomb forcesdecrease with dis-
tance. Far-away test-particles are hardly interacting, while the closeonesare strongly in-
teracting; that is, low-energyprobesare perturb ed hardly at all, while high-energy probes
(small wave-length, closeresolution) are strongly de ected. This is indeedthe hallmark of
Rutherford's experiments which establishedthe existenceof a positively charged nucleus.

This is not so with the force of an elastic spring, which increaseswith distance.
Essenially the sametype of experimert, this time with highly energeticelectronsor protons
asthe probe and stationary targets of bulk matter or beamsof electrons,positrons, protons,
antiprotons: : : on a collision coursewith the rst beam. At energieswell above 10% eV, new
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phenomenaare noticed, ascribed to what becamecalled the strong and the weak nuclear
forces. Over the distanceswherethe e ects of theseforcescanbe measured,the magnitudes
of theseforcesincreasewith distance,i.e., decreasewith the energyof the probe. Giventhe
paradigm of the elastic spring force, this in itself is perhapsnot courter-intuitiv e, however
someof the consequencesire.

To pull a spring, one must invest energy which increasesthe potential energy of
the stretched spring. Beyond a point determined by elasticity, the spring simply breaks.
Howewer, the spring-like strong nuclear forces do not have that advantage of imperfect
elasticity, instead, two particles (called quarks) bound by the strong nuclear force may
be separatedto increasing distances|at the price of increasing the potential (binding)
energy This could go on inde nitely and one could separatetwo quarks to an arbitrarily
large distance and to the satisfaction of doubting Thomases,were it not for the fact that
the binding energy soon becomessu cien tly big that it can convert into a particle{anti-
particle pair. One of these freshly created particles then binds with one of the “old’' ones
and the other with the other, and the attempt to separatetwo quarks to distancesbigger
than about 10 *®m fails.

Thus, quarks (to the best of experimertal evidenceand theoretical prediction) cannot
be separatedto arbitrarily large distancesfrom ead other, but stay con ned asseparateen-
tities only within distanceslessthan 10 ®> m|wherein they roam relatively unperturb ed.
Hence, "divisibilit y' (at least, as usually understood) is de nitely not synonymous with
‘composite’; a proton exhibits its structure (being composedof three quarks) through the
scattering patterns in su cien tly energeticcollision experimerts.

One remark here is in order. The strong forces between the quarks comprising a
proton are related but dierent from the forces betweentwo nucleons, suc as a proton
and a neutron (in, e.g.,the deuterium nucleus). The latter forcesare so-called residual’
forces, just as (some) molecular forces are residual forces stemming from electric (and
magnetic) forces. Howewer, even the residual strong nuclear force is much stronger than
the electrostatic one, since positively charged protons cohabit in the nucleus. The weak
force also exhibits this elastic-spring like force law, but is crucially dierent from the
strong force in that the force- eld quarta, the W ;Z9 particles are massiwe; by cortrast,
the force- eld quanta of the strong interaction, called gluons, are massless.

2.3. ::: and smallest {A oo .

It should appear that the (spatial) resolution of a measuringapparatus and may, at least
in principle, be improved to an arbitrarily ne resolution, but this is not so. A glance
at Fig. 4 shavs that something unprecedetted happenswhen spatial resolution should be
re ned to ‘look into' details smaller than about 10°° m, the Planck length. It is not di cult
to seewhy this should happen. Recall that, in order to ‘look into' smaller and smaller
details, the probe must have more and more energy In the processof interaction with
the target, the probe-target temporarily form a combined system, the total massof which
is the sum of massesof the target and the probe, and the mass-guivalent of the energy
of the proke. Thus, asthe energy of the probe is increased,so doesthe total massof the
probe-target systemduring interaction.

Now, all would be well were it not for gravity and the fact that the gravitational eld
of a systemis (linearly) proportional to the total massof the system. As the gravitational
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eld increasessodoesthe escape-\velocity; moreover, the gravitational eld is not constart
but is proportional to 1=r?, sothat the escag-velocity is much bigger near a gravitating
certer then farther away from it. Sothen, at a certain energy of the probe, its resolution
becomessu cien tly small and it approadiesthe target so closethat the escape-velocity
becomestoo big for the probe to esca. The probe therefore is swallowed by the target
and brings out no information: the target ‘looks' like a black hole.

Admittedly , this argumert extrapolates many orders of magnitude in size, basing
on the current understanding of gravity and quantum medanics. Howewver, note that
the qualitative part of the argumert only rests on the fact that the resohable distances
decreasewith growing energy while the distance at which the escaje-welocity becomestoo
big increaseswith the total mass,and on the equivalenceof massend energy If moreover
the quantitative aspects of this argumert are also reliable, the minimal resoluble size of

10 3>m emergesrather straightforwardly.

If Nature is built from elemerary particles (with no sub-structure by de nition), these
should appear asminiature black holes. Their eventhorizon*® shouldform a closedsurface
of which no detail smallerthan 10 3°>m should be discernible. So, masslesslemenary
particles would “look' like minimum size, 10 3°m, spherical black holes. Massive ones
would have a bigger “event horizon' and may have more complicated shapes, the smallest
details of which however must be larger than about 10 3*m.

The inaccessibility of the “inside' of the eventhorizon of an elementary
particle indicates that it does not really make senseto treat these as
point-like objects | willy-nilly, they acquire an extensionin space.

This conict between the point-lik e model of elemerary particles and the extrapolation
of the results of generalrelativit y (describing gravity) and quantum medanics is indeed
a prediction of such a combined model, forced upon us by the model itself. To avoid the
cortradiction, we must abandon some aspect(s) of the model, but in such a way to keep
experimentally veri ed features(up to 10°GeV, i.e.,, downto 10 ¥m).

Another (admittedly, also heuristic and not at all rigorous) argumert manifesting the
incompatibilit y between general relativit y and quantum theory of point-lik e elemerary
particles is as follows. Note that Heiserberg's uncertainty principle requires that both
position and momertum in the samedirection cannot be determined in nitely precisely
On the other hand, in general relativit y, matter curves spacetimeand so determinesiit.
So, a single (massiwe) point-lik e particle curvesand so determines spacetimein which the
location of the patrticle is a precisely determined special point. Moreover, the patrticle is
there at rest, whenceboth location and momertum are known in nitely precisely; hence
a contradiction with quantum theory.

] {Whatev er is not forbidden, may happen;
2.4. Quantum eld theories and the rest, if no one watches.

Tednically, the incompatibilit y betweengeneralrelativit y and quantum theory for point-
like elemenary particles brings about notorious divergences:when calculating physically

13) The term ‘event horizon' denotes the boundary in space enclosing a black hole, from within which
nothing can escape on account of con ningly strong gravity.
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obsenable quartities, the results are hopelesslydivergent (in nite). By corntrast, in the
special relativit y{quantum theory amalgam, \relativistic eld theory", the formally di-
vergen results can be eliminated through a processcalled renormalization'. Indeed, the
guantum theories of electromagnetic, weak nuclear and strong nuclear forces(with all the
known matter included) do incorporate special relativit y, and form a logically consisten
framework 4 .

Forcestrength nonsense
(rough sketch)
CUJ»
The Electro-Weak and the Strong Nuclear <
& forces become inseparable #
079/\/ o
Udleqy For S
@%F % Strengyy
Electro-Weak Force Strength Gravity
becomes
A\ strong
¥ i $
The Weak Nuclear and the Electromagnetic S
forces become inseparable (24 ? Energy
10=1 10" 10 10° 10* 120° 10° 10" 10° 10° 10" 10" 1202 10" 10" 10" 10" 10" 10" 10 10% (Gev)

Figure 5: A logarithmic scaleof energies,from 1GeV|the energyequivalert
of the massof a proton (100 000 times more than the ionization energy
of Hydrogen), to 10'° GeV, where gravity becomescon ningly strong and
point- eld theories become nonsense,while string theories seem merely to
undergo a phasetransition, albeit not yet well understood.

Modeled on Quantum Electrodynamics (the predictions of which are veried to as-
tounding ten decimal places), the quantum eld theory of electro-weak interactions de-
scribesthe obsened electromagnetic, weak nuclear forcesand their uni cation accurately
(both theoretical and experimental precisionhereis rather more modest, but in agreemen).
Sewral quantum eld theory modelshave beenadvancedwhich describe the predicted uni-
cation of the electro-weak force with the strong nuclearforce (seeFig. 5), and only further
experiments can decidewhich of those describesthe ‘real world'.

In all of these,the transitory regime (indicated by the blurred regionsin Fig. 5) where

the uni cation takes place is akin to (and is indeed called) a phase transition. Below
10? GeV, for example, there is a clear distinction betweenelectromagneticprocessesnd
weak nuclear processesind either of the two canoccur without the other. Above  10° GeV
howewver, these processesnergeinextricably. This is quite similar to the fact that electric
and magnetic phenomenaare well distinguished in static systemsand frequertly occur one
without the other, but becomeinseparablyunited and giveriseto electromagneticradiation

14) Fact is, the existence of the so-called top quark (for which very convincing experimental evidence has
been recently produced) is predicted by so-called anomaly cancellation. That is, without the top quark,
the standard model of elementary particles and interactions would not have been consistent!
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when charges are set into (relative) motion. The di erence between these two kinds of
uni cation|electro-magnetic  vs. electro(magnetic)-weaklis the ordering parameter.

In the caseof electro-magnetic, whether the electric and the magnetic eld are sep-
arable or not depends on the velocities involved, as compared to the speed of light in
vacuum (300 000km=s). For example, it is well known that a current (a stream of elec-
tric charges)createsa surrounding magnetic eld, which is constart if the current is. Now,
the speedof individual charged particles is typically rather small ascomparedto the speed
of light in vacuum. Howewer, the speedof the current as a wholein fact (typically) equals
the speed of light in vacuum, as seenfrom the speedwith which a pulse or other type of
modulation travels. With no moving charges,the ratio of this speed of the current with
the speedof light in vacuum is an ordering parameter is zero and the electric eld of static
chargesproducesnot magnetic eld. When chargesare moving, this ratio is (closeor equal
to) one, and the electric eld of the moving chargesproducesa magnetic eld. Moreover,
if the current is not constart neither is the magnetic eld, and its variation producesaddi-
tional electric eld, which in turn::: This mutual feedba& e ect betweenthe electric and
magnetic eld of a non-stationary current producesthe new phenomenon:electromagnetic
radiation, whereby part of the energy of the current is carried away.

With the electro-weak ("electro-magneto-veak’ would have beenmore accurate, but is
too much of a mouthful) uni cation, the corresponding ordering parameter is the energy
involved, ascomparedto the massofthe W and Z° particles. (By now, a decadeafter the
rst detection at CERN, these are routinely obsened and studied; the energy-equialent
of their massesare closeto 100GeV.) By cortrast, the mass®® of (particles of) light is
zero, meaningthat the total massof light is ertirely owing to its (kinetic) energy Clearly,
if the experiment involvesenergieswhich are much smallerthan  100GeV, the W and
Z9 particles cannot be produced and do not cortribute to the processesstudied. Weak
nuclear processegmediated by the W and Z°) then are ertirely enacted by virtual 1
W 's and Z%s. This is owing to Heiserberg's uncertainty principle and the fact that
energy and time are conjugate variables, whence

4E 4t sh:

Roughly, for times shorter than about (10 8{10 ) s, the intrinsic uncertainty in energy
becomeslarger than about 100GeV, and W and Z° particles may be created freely.
Howewer, sincethey must decay within sud a short time, the probability that they a ect the
processesds diminished. This provides for an unambiguous identi cation of any process
as either electromagnetic or weak-ruclear. Howewer, once the energiesinvolved in the
experiment becomewell bigger than 100GeV, real W 's and Z%s are produced as
readily aselectromagneticradiation (photons). Owing to chargeconsenation, the W * - and
W -radiation doesnot mix with the rest, but the Z°-radiation and the (electromagnetic)
photon-radiation mix inseparably and form a new type of phenomenon,just as (variable)
electric and magnetic elds combine into electromagneticradiation.

15) For the meticulous Reader: ‘mass', by itself, refers to what is sometimes called the ‘rest-mass'|that
which is independent of other forms of energy that the particle might possess,or more accurately the mass
as measured in a coordinate system where the particle is at rest. "Total mass', however, refers to what
is sometimes called the ‘relativistic mass', which includes the rest-mass and also the mass-equivalent of
whatev er energy the particle might possesseotherwise.

16) Unlik e real particles, virtual ones{by de nition{ cannot be independently observed.
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In both cases,the qualitativ e features are drastically di erent on one and the other
“side’of the transition regionand we referto this asa phasetransition, akin to the transition
betweenice and water. In Fig. 5, theseare represened by the blurred regions.

A similar phenomenonis expectedto happen around 10'° GeV, where the electro-
weak interactions becomeinseparablefrom strong nuclear interactions. It should however
be emphasizedthat all the graph in Fig. 5 is based on experimenal data at currently
accessibleenergies, 100GeV, and so are necessarilyextrapolations. The assumption
that there are no new phenomenaor particles to be detected between 100GeV and

10'° GeV is often called the “great deserthypothesis'; in a way, this follows the principle
of Occam'srazorlno novelty is introduced unlessabsolutely necessary The subsequenh
ideasand argumerts rely on this at leastin part, and may needto be reexaminedonce rm
evidenceis gathered that the "great desert' is populated. In fact, a number of models are
beingdewvelopedin the attempt to sort out the possiblephenomenaand particles that might
populate this region, yet in sud away that the "belov  100GeV physics'is undisturb edly
conforming with experiments. Hopefully, such (and any other) models should produce a
prediction “just around the corner’, that is, predictions which are experimentally veri able
(or disprovable) in somenear future.

Instead of reviewing these models (which would have to be done, more or less,on a
caseby casebasis),weturn to the “other side' of Grand Uni cation, to energiesapproacing
the Planck energy at  10'° GeV, and sosizesapproading the minimal, Planck length at

10 m.

Before that, howewer, a few brief remarks are long overdue: just what do these weak
and strong nuclear interactions do? Besides soteric phenomenaof particle physics, these
are in fact responsible for our own existence,as we know it. Electromagnetic radiation|
and in particular lightlis what brings the energyfrom the Sun to the Earth and makes
life aswe know it possible. The fundamental processwhich producesthe immenseenergy
of our Sun is nuclear fusion, in which the nuclei of deuterium and tritium (two heavier
isotopesof hydrogen) fuseinto helium and releasea neutron and energy The reasonthat
there is surplus energy owesto the details of|strong nuclear interactions. Finally, note
that nuclei of pure hydrogen would not fuse; instead, deuterium and tritium are needed.
The nucleusof a hydrogenatom is a single proton; the nucleusof a deuterium atom consists
of a proton and a neutron (held together by strong nuclear forces);the nucleusof a tritium
atom consistsof a proton and two neutrons. So, wheredid theseneutrons come? Notably,
the processof -decay, n®! p* + e + is mediated by weak nuclear forces and its
reversedversionp® + e ! n%+ canand doesoccur within stars and has also occurred
long before the stars were formed. In addition to providing the required fuel for (strong
nuclear) fusion, weak nuclear forces also moderate this process,whereby preventing our
Sunto burn out in one brilliant explosion.

Thus, by making the Sun burn in the rst place, making it burn at a steady pacethat
we are familiar with, and by bringing its energyto the Earth, the strong nuclear, the weak
nuclear and the electromagneticinteractions bring about the conditions on the Earth which
sustains our life and our asking about it. Finally, the fourth fundamertal interaction|
gravity|k eepsthe Earth from ying asunderand also keepsit in a comfortable orbit near
the Sun. Wereit not for thesefour, you would not be reading this.
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{How often have | said to you that

when you have eliminated the imp ossible,

. whatev er remains, however improbable, must be the truth.

3. Strings Unra veled Sir Arth ur C. Doyle
Thus, after all theselengthy intro ductions, we turn to (super)string theory as a model of

the fundamertal interactions and processesn Nature.

3.1. Strings 101 {Fiat lum.

The basicidea s rather simple: what has hitherto beenregardedas elemenary particles,
will hereafter be replacedby objects of spatial extendednessand concretely, by loops. So,
while particles sweep out world-lines as time passes,strings sweep out cylindrical world-
sheets. If a particle should decay into some other two, its world-line has to bifurcate
into the world-lines of the resulting two particles (see Fig. 6). Note that this produces
an exceptional point on the 1-dimensional manifold (the bifurcating line) represering
the particle decay; whatever coordinate (proper time) one chooseson this 1-dimensional
manifold, the bifurcating point remains special.

On the other hand, if a string should decgy into someother two, its world-sheet splits
into two, akin to the legsin pants, or a Y -joint in plumbing (seeFig. 6). Note that there
is no special point on this 2-dimensional manifold; in fact, there is not even a special 1-
dimensional subspacewhich would represen the special location of bifurcation. We may
choose the time coordinate and the spacecoordinate in some particular fashion, which
will then identify somewhereon the world sheeta gure-8, where the single string “crosses
over' to form two separatestrings. Howewer, almost any other choice of coordinates (time
and space) along the world-sheet will move this gure-8 elsewhere. Since coordinates
themseles have no intrinsic physical meaning (they are not measurable,only distances
are), relativit y guaranteesthat there is nothing physical to this gure-8 where the string
appearsto bifurcate.

A The end products of the decay
Time
The The particle (string) d
bifurcation epartide (string) decays No bifurcation
Theworld-line The world-sheet
i The String
The p.artlcle Theinitial particle (string) O

Figure 6: The simple processof one patrticle (string) decaing into two other
particles (strings).

Another way to seethis is to note that the bifurcating Y -shaped 1-dimensionalman-
ifold is not smaooth, while the stringy 2-dimensional pants-shaped world sheetis.

Precisely becauseof this smoothness,the e ect of virtual states (particle, strings) in
the two theoriesis crucially di erent. Recallthat virtual statesare thosewhich are allowed

{18{



to be createdwithin the time allotted by Heiserberg's uncertainty principle. That is, if the
characteristic time of a processsud asthe deca in Fig. 6 is 4 t, the uncertainty relation
limits the precision of the measuremen of energyto 4 E %h:4 t: faster processesllow
enoughleeway in energyto create and swiftly destroy heavier and heavier particles. These
temporarily createdand swiftly destroyed particles are called virtual. Sud virtual particles
interact with the income and the outcome particles, just as regular particles do, except
their interaction is limited to the short time of their existence.

Fig. 7 (on the right hand side) represens two sud possibilities for a virtual particle
to interact. On the far left, with just the income particle \long" before it will decs,
and towards the middle of Fig. 7, interacting with all three, \real" particles. It is quite
clear that thesetwo possibilities are fundamertally dierent. As it turns out, the former
diagram produces a harmless rede nition of the mathematical function describing the
income particle. Howewer, the latter one causesa rede nition of the decay constart (for
the graph on the left hand side of Fig. 6). All would be well if this rede nition were a
corvergert quantity; trouble is, it isn't. The reasonis seenfrom the fact that the size
of the loop along which the virtual particle runs may be arbitrarily small. Sincethere is
nothing to x the size,continuously many sizesare possibleand sincethe virtual particle
is not obsened, we must sum up the cortributions from ead possiblesize;this integration
typically producesa divergen result. In the quantum eld theories of electro-weak and
strong interactions (with matter), there are numerous suc divergert cortributions and
they fortuitously cancelagainst ead other! This however doesnot happen with point-lik e

theories of quantum gravity.
either of\/

these two

A virtual particle
(string) propagates

Thesetwo in asmall circle as can be
are by no allowed by Heisenberg's deformed

means uncertainty principle, into the
equivalent and interacts with the

. other
incomeand outcome states.

Figure 7: Virtual particles cannot be preverted from modifying the \tree-level”
diagramssud asin Fig. 6, and herewe include two simple 1-loop corrections.

Owing to the smoothnessof the “parts' diagram (to the right in Fig. 6), its 1-loop
stringy correction is sketched on the right hand side of Fig. 7. It should be clear that the
world sheetof one diagram can be smoothly distorted so asto becomethe other. Since
such distortions merely re ect a dierent choice of local coordinates on the world sheet
(and these coordinates are unphysical, in that they are unobsenable), the two diagrams
are in fact one and the same. The diagram to the far right of Fig. 7 represens a 1-loop
rede nition of the mathematical function which describesthe income state and this occurs
well before the interaction (decay), so the stringy 1-loop diagram does not rede ne the
deca coupling constart of the diagram in the right hand side of Fig. 6.
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This rather heuristic argumert can indeed be made both more formal and more rig-
orous, sincethere is a well-de ned dictionary of translating ead of the diagramsin these
gures into concrete calculations and the heuristic argumerts are borne out by concrete
mathematics.

Recall also the conict between the ideas of general relativit y and the uncertainty
principle: that is no longer a conict with strings, since strings are by de nition not
localized to a point. In fact, what becomesidentied with \particles" in string theory
are vibrational modes of the string. Vibrations of a loop in a plane are easily depicted as
undulations (seeFig. 8). The energy of an individual mode grows with the mode number
(counted asthe half of the number of nodes, the points on the loop which are xed during
the particular vibrations).

CLOOL

Figure 8: Vibrations of a planar loop; they may be counted by the number of
nodes (black dots).

Now, all string theoriesautomatically produce a type of interaction that can be identi-
ed with gravity, whencethe characteristic sizemust be identi ed with the Planck length,
10 3> m. This parameter is in fact the only truly free parameter of string theory! Thus,
once this identi cation has been made, everything else in principle, is a prediction of
string theory 7). In particular, having identi ed the one free parameter of string theory,
the characteristic masscomesout to be the Planck mass, 10'° GeV|a whopping sev-
enteen orders of magnitude (100,000,000,000,000,000mes) bigger than the massof W
and Z°,

Depending on the complexity of the underlying theory (additional structure, the sim-
plest of which is to have the string vibrate not in a plane but in a multi-dimensional
spacetime), there will be one or seweral lowest-lying modes, which in a well-constructed
string theory correspond to masslesgatrticles. All other modescorrespond to particles the
massesof which are multiples of the Planck mass. This immediately meansthat only the
‘masslessnodes’ of strings are identi able as particles which may be obsened at energies
belov 10 GeV (all others are heavier and will never be detected directly).

1) That is, if only our understanding of this theory were sucien t to calculate all the predictions.
However, the present state of string theory is rather like Cavalieri's calculation of volumes before the
invention of calculus; a patchwork at best, and without a fundamental, axiomatic framework.
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The careful Readerwill have noticed the emphasison the freedomto re-coordinatize
the world sheet. In fact, the so-calledreparametrization invariance is the generalrequire-
mert that physical laws and obsenables shall be independert of any particular choice of
coordinates that may have beenusedto set up the framework in which to describe a given
system. Under this name, it is applied to the coordinates of our (usual) 3+1-dimensional
spacetime; the reparametrization invariance principle is in fact the principle of general
relativit y and producesthe classical eld theory of gravity. When applied to certain other
physically unmeasurabledegreesof freedom, it is known as gaugeinvariance and produces
the classical eld theoriesof electromagnetism,weak nuclear force and strong nuclear force.

Similarly, no particular choice of coordinates on the world sheetcan possibly be mea-
sured, whencewe must require reparametrization invariance on the world sheet. In addition
to smooth changesof coordinates, there also exist discortin uous changes,which form what
is called the modular group. These changesare generatedby so-called Dehn twists, one
of which is easily pictured as follows. Consider a portion of the world sheetwhich looks
like a torus (surface of a donut). Cut this surface along one “small circle', twist the two
boundaries with respect to ead other a full turn and glue them badk on. Any smooth
path that wasdrawn on this torus is again smooth, but will wind once(more than before)
about the torus.

The requiremerts of world sheetreparametrization invariance and modular invariance
(invariance with respect to modular transformations, sud asthe Dehn twists) restrict the
possible string theories in a very important manner. In addition, there are other, more
subtle and more technical restrictions. In particular, one suc restriction is that string
theories must be constructed to have a special type of symmetry called supersymmetry.
More precisely string theories without supersymmetry exhibit a rather subtle but delete-
rious type of divergence;string with supersymmetry may avoid this fate, andjas far as
known to date|they do.

This all boils down to:

The only known theories void of any known inconsistency are sugerstrings.

The adverturous Readermight have long sinceremarked: why strings, why not mem-
branes, or jelly-blobs, or::: Suce it hereto oer again an oversimplied and heuristic
answer: they wouldn't propagate. This may seempuzzling, since we are surrounded by
objects with 3-dimensionalspatial extendednessand theseindeeddo propagate. The point
is that we are looking for elementary extended objects. The surrounding objects are all
conglomerationsof many Avogadronumbers ( 10?®) of particles (which may actually be
comprisedof tiny, 10 3°m, strings), and so the following argumert would not apply.

Consider kicking an elemenary particle: all the transferred energy goesinto trans-
lating the whole particle. Now consider kicking an elemerary string: not all the trans-
ferred energy goes into translating the whole string! Recall that strings have in nitely
many modes, whence the transferred energy becomesdistributed among the in nitely
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many modesand in suc a way that (1) higher modes acquire lessof the transferred en-
ergy (2) the sum of these partial energiescorvergesand equalsthe originally transferred
amount. The portion transferred to the 0-mode is then nonzeroand translates the string
asawhole. Voila! the string propagates. Consider now kicking a membrane: all the trans-
ferred energyis usedup in exciting the vibrational modes of the menmbrane. The reason
for this is that while a string possessemodeslabeledby a single ‘mode number', two suc
indices are required for the vibrational modesof a membrane. Thus, where the sum of all
partial mode energiesin a string was a simple sum. it is a doublesum for a membrane!®;
this producesan incurably divergert result and so whatever the distribution of the total
transferred energy none of it remainsto translate the membrane.

{Principle XVI. That it is contrary to reasonto say that

there is a vacuum or spacein which

. there is absolutely nothing.

3.2. Vacuum? Which vacuum? Rene Descartes

The complete string theory is far from being solved (or even understood as a complete

theory), sothat the best one can do is parametrize the possiblevacua and study them in

a systematic fashion. That there might be more than one state to be called a vacuum,

should not really be surprising. Recall that vacuum s not really empty in quantum theory,

but is full of perpetually created and swiftly vanishing virtual particles, and is also full

of antiparticles for eat fermion!® there is; these form the badkground against which
measuremets are performed.

The simplest superstring theory is the onewhich is setto propagatein at spacetime.
Alas! various consistency requiremerts then imply that this spacetime must have 9+1
dimensions!

Even if ~at spacetime'is replaced by ‘locally at' spacetime, that is, a spacetime
which is smooth although possibly curved, this critical dimensionremainsvalid. Owing to
a 75-yearold ideaby Theodore Kaluza, the extra six spatial dimensionsmay beimagined as
curled up su cien tly tightly that no experiment candetectit. To an obsener much bigger
than the characteristic size of those six additional dimensions, spacetimewill appear to
have four dimensions(seeFig. 9). WhereasKaluza, in 1919, contemplated one additional
dimension and so was forced to conclude that this fth dimension has the topology of
a circle (is periodic) of a very small size, we face six extra dimensions which ought to
be curled up somehav. Tednically, by \curled up" one means\compact” and of small
characteristic size. It should be obvious that there are many more 6-dimensionalcompact
spaceswhencemost of the variety in choosing the superstring vacuum.

Unlike in Kaluza's original idea, howewer, superstrings already have the complete
bundled software of gravitation and other fundamenal interactions. So, these will not

18) Tothe mathematically well-versedreader: yes,of courseit is possibleto convert the double summation
into a single one using Cantor's diagonal tric k. However, the summands still depend on the mode numbers
in such a way that the summation diverges.

19) Named after the physicist Enrico Fermi, fermions are particles whose spin is a half-in tegral multiple of
the reduced Planck constant, n. The “spin' of a particle or a system is the angular momentum observed by
an observer with respect to whom the particle or the system as a whole doesnot move. The half-in tegralit y
of spin has for a consequencethat fermions may be created from (enough) energy or be annihilated into
energy only in pairs.
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What a comfy
2-dimensional
surface!

See me ballance on
this 1-dimensional

2-dimensional
Esurface!

Figure 9: While the notion of dimensionis mathematically an exact concept,
in the ‘real world' practice it dependson relative sizesand resolution.

be coming out of symmetries related to translations and rotations within those curled-
up dimensions. Howewer, the geometry of that curled-up compact 6-dimensional space
turns out to aect the fundamertal interactions to a certain extend, but rather more
importantly, determines various parameters sud as the mass of the electron, and other
\matter particles”, the strength of their direct, so-called Yukawa-type interactions, etc.
In principle, this predicts the 26-odd undetermined parameters of the so-called Standard
Model which has hitherto proven experimertally correctjall from geometrical properties
of the curled-up 6-dimensional space.

Suce it hereto note that in a certain sense,the 6-dimensional curled-up factor of
the 9+1-dimensional spacetime may be replaced with world sheet models the geometric
interpretation of which eludesus. Nevertheless,the relevant calculations can sometimesbe
performedevento greater accuracyand much more easethan in the geometricalapproad;
such models of course have the samea priori right to be studied. Hopefully, somesuc
\compacti cation model" (be it geometrical or geometry-less)will end up predicting all
the fundamenal featuresof the low energy( 100GeV!) physics. The seard is on.

{Mac h did not believe in the existence of atoms,
on the grounds that they cannot be observed.

3.3. String experiments? Wolfgang Pauli, to W. Heisenberg [10]
How can we perform stringy experiments? How can we seestrings?

The nasve attempt of smashingprobeswith more and more energyuntil the resolution
reaches Planck size inevitably fails. Not only becauseof the above argumen, wherely
details of Planck-length size are hidden by evert horizons, but also becausesud colossal
energieswere available per particle only during the Big Bang. Surely, we are not looking
forward to a mad scienist re-creating the Universefrom scratch. Fortunately, the Reader
neednot be alarmed: even a project at a 10,000,000,000,000,000mes smaller scale has
beenrecertly axedby the U.S. Governmert; the extra 16 zerosdo not seemto be available
in any budget, any time soon.

Another averue should be sough. Perhaps,a \w aiting experiment" can be designed.
For example, somegrand-uni ed theories predict that the proton should deca, and into
a pi-mesonand a positron. Now, the proton massbeing almost 6{7 times bigger than the
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mass of the pi-meson and the electron together, about 85% of its massis transferred to
surrounding matter, predominartly in the form of radiation. That is some 800M eV of
radiation per deca/ed proton. In living tissue, su cien t amounts of radiation are lethal,
so that by looking into the mirror | can testify with con dence that the protons that
might have decayed in my body (or immediate vicinity, and neglecting cosmicand round
radiation) have certainly not yet readed this lethal dose (and are rather far from it, as
far as my health seemsto indicate). This placesa lower limit on the probability of the
proton decag. To improve on sudh an experiment, one obsenes a much bigger bulk of
potentially reactive matter than my own body, and lacesit with detectors of much ner
resolution (and ethically more appropriate) than the radiation vulnerability of human
body. Voila! an abandonedgold mine in India seres precisely suc a rdle. While sud
experiments by designproduce only upper or lower limits, their results may be combined
with other experimernts, bracketing the desired quarntity and evertually either observing
and measuringit or proving that the consideredprocessdoesnot happen. Notice that this
type of experimerts is designedto monitor processesnvolving virtual particles!

It is much more likely that stringiness will be detected (if at all) through sudc an
indirect, virtual, i.e., waiting experiment. Howewer, no one has so far come up with
a concrete experiment, foremost becauseno one has so far come up with a hallmark
phenomenonfor strings (as is proton deca for grand-uni cation).

Finally, let me mention an amusing prediction of a very general classof superstring
models. Sofar, we have not dwelled much upon the choice of the curled-up 6-dimensional
space;whatever is chosen,is taken to be the sameat ewvery point of the 3+1-dimensional
spacetime. This choiceis called a “direct product' and one says that the 9+1-dimensional
spacetimeis a direct product of the 3+1-dimensional Mink owski spacetimeand the curled-
up 6-dimensionalspace(whatever that happensto be).

A

———————————

0

Direct product Fibration

Figure 10: The torus as a direct product of two circles, and a more variable
construction, called bration.

The left hand side of Fig. 10 preserts such a direct product space:take a circle and
sweepit unchangingly along another one. Indeed, T2 = S! S!. Note that the torus may
alsobethought of as xing se\eral copiesof the small circle, asthey occur distributed along
the torus, and then sweepingthe big circle along the small ones,changing mearwhile the
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radius of the big circle soasto t the surfaceof the torus. On the right hand side of Fig. 10,
there is another, rather more variable construction called a bration. As the initial circle
is sweeped along the straight line, it is allowed to grow and deform, until it crossesover
into a gure-8, then splits into two circles, then reattachesinto a gure-8, smoothesinto
a single circle and nally returns to its original sizeand shape. (The imaginative Reader
may wish to glue the two endstogether into the boundary-lessobject, called the pretzel.)
Note that the gure-8 1-dimensional manifolds are not smooth, but that the total space,
depicted on the top, is. The \horizontal* spacein a bration is called the base space
and the \v ertical" spaceis called the bre. As should be clear from this example, the an
isolated sub-collection of the bres is allowed to becomesingular in a bration; whether
or not the total spacealso singularizesis not restricted.

Returning to the shape of the 9+1-dimensional spacetime in superstring models,
an obvious possibility is to let the curled-up 6-dimensional spacevary along the 3+1-
dimensional spacetime. Amusingly, even if one requires that this happen in an analytic
fashion, the curled-up 6-dimensional bre is forced to singularize over certain points in
the 3+1-dimensional spacetime,somewhatlik e the circle becomingthe gure-8 in Fig. 10.
The points in 3+1-dimensional spacetimewherethis happensform a 1+1-dimensional sur-
face and so look as strings at any given point in time. These strings stretch throughout
the Universe and curve the local spacetime;they accrete matter and so may causethe
galaxiesand meta-galaxiesorder into lamentary fashion. Evertually, through interaction
with matter and radiativ e deca, thesecosmicstrings decay and leave just the lamentary
structure on the galactic and meta-galactic scales. Combined with seweral other e ects
(quite a few of them again deriving from the physics of ultra-small), this indeed paints a
rather correct picture of stellar distribution.

{Mathematics may be de ned asthe subject in which

we never know what we are talking about,

. o . nor whether what we are saying is true.

App endix A. Nitpic king Bertrand Russell

Mathematical conceptslack ‘reality’, in the sensethat one cannot whadck one's opponert

with a Klein bottle, or with a derivative. Howewver, a physical model basedon these math-

ematical models can be very real: a well disguised(3-dimensional and so self-intersecting

immersion of the) Klein bottle provides for a magician's jug into which liquid can be

poured, but won't comeout (and then, with a twist of the wrist, pours e ortlessly); the
derivative, with respect to time, of distance traveled|is speed.

Now, broadly, mathematics may be thought of asa language,and involves

1. a (growing) set of words, of which a relatively small number are inde nable (elemen-
tary) concepts;

2. syntactic rules, by which to form sentenes i.e., statemerts;

3. rules of logical deduction, by which to relate statemerts as one being the logical
consequencef another??)

20) The use of singular here is not a mistake! For, if a statement was a logical consequenceof seweral
other statements, these can just as easily be concatenated into a single one.
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Since this structure is being usedin sciertic models, mathematics may be regarded as
the language of science. Howewer, this view is incomplete, at least becauseit omits the
very important impact of mathematics on the sciertic model: the rigor of mathematical
deduction and framework is usedto determine not only which statemerts make sensebut
also which follow from the experimentally known statemerts. That is, the role of mathe-
matics in a sciertic model may also be likenedto that of a "sausaganachine' into which
experimental obsenations are translated, and out of which experimertal predictions are
being deducedwith con dence and certainty. So, simultaneously a languageand a "sausage
machine’, mathematics must be more than either of these|esp ecially in view of the obvi-
ousfact that humansare quite capableof doing “pure’, or perhapsbetter named unapplied
mathematics. For our presen purposes,however, (scierti cally applied) mathematics may
be thought of as a languageand a "sausagemachine’, simultaneously.

It is straightforward that the conceptof ‘consequenceénablesan “ordering' of math-
ematical statemerts. Those that are not consequencesre called axioms or postulates
while all others are theorems Howeer, this ordering is not unique: sometimes,the re-
lation of “logical consequenceWworks both ways. Sometimes,not only is statemert A a
logical consequenceof statemert B, but also the other way around; A and B are said
to be equivalert. We are then free to choosewhether A shall be called a postulate and
B a theorem or the other way around. Usually, one strivesto reorganizethis hierarchy
until the number of (independen) postulates is minimized. Notice that the notion of
“logical consequencels in principle di erent from the “cause-and-e ect'relation (which is
unambiguously unidirectional), although they may coincide at times.

Given a handful of postulates and the powers of logical deduction, there are in nitely
many theorems which can be derived from them. Clearly either a statemert or its neg-
ative is taken to be the derived theorem. If somehav both a statemert and its negative
would be logically deducible from a given set of postulates, then this set of postulates
is self-aontradicting and one or more of these postulates must be dropped. When this is
applied in a sciertic model, experimenal obsenations are translated into mathematical
statemerts| which must be retained as true. Keeping these statemerts all the time, other
statemerts are being derived as predictions (and then tested), but alsoa small set of pos-
tulates is sough sud that all the known (true) theoremswould follow therefrom. These
postulates will then becomethe foundation of the model, the theory, or the whole science.

Clearly, sincenew experimerts are being performed, there is always the possibility that
a true statement will be discovered which cannot be derived from the hitherto accepted
postulates; the new statemert will be neither provable nor disprovable from the hitherto
establishedmodel or theory. As an exampleof this, recall that electromagneticpohenomena
cannot be derived from (reducedto) medanics;they involve geruinely new concepts,ideas
and: :: well, postulates. As a courter-example, heat and heat transfer phenomenacan be
derived from medanics, using the mathematical methods known as statistics.

So,one naturally wondersif there is a ‘completeset of postulates' to describe Nature.
That is, if all the (in nitely many!) true statemerts about Nature (theorems) can be
derived from a nite set of postulates. It may be that humans will never uncover all of
them, but it may newerthelessbe good to know if this smallest possiblelist of absolutely
necessaryassumptionsis nite. Fortunately for the natural inquisitivenessof the human
kind, the answer is negative: Kurt Gedel's \Incompleteness Theorem" states that ewvery
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mathematical system of a su cien t sophistication is alsoincomplete [9]. That is, in suc
systems,there is always a statemernt which can be made, and neither this statemert nor
its negative can be derived from the given postulates. This incompletenesss not a aw of
human abilities or lack of time; it is an essetial and inherert characteristic of mathematics.

Besidesde ning “su cient sophistication' precisely (which is way beyond the scope
and level of this articlet), Gedel alsonotesthat already arithmetic is “su cien tly sophisti-
cated' and soincomplete. Sincethe mathematics which is neededin sciencecertainly uses
arithmetics (and considerably more), it follows that sciencecannot escap this essetal
incompleteness.One will always be able to write down a statemert which cannot possibly
follow from the assumedpostulates, and the negative of which is likewise undecidable.
Mathematicians at that point have a choice, to include the statemert or its negative as a
new axiom. Physicists at that point translate the statemert and its negative into a pre-
diction and its negative and ched which oneis true in Nature (assumingthat the relevant
experimert can be done).

To provide an example, considerthe early history of the theory of -deca (wherein
a neutron was obsened to decag into a proton and an electron), which stood baed at
the experimental fact that the total energy of the neutron (before decay) was more than
the total energy of the proton-electron system (after decay). Some physicists, together
with Niels Bohr, wereready to abandonthe law of consenation of energyas a completely
universal law (deferring a speci cation of the circumstancesin which it could be violated),
while Wolfgang Pauli noted another the (implicit) assumption: that all particles in the
decay were obsened. Flipping this assumption, Pauli postulated the existenceof a new
particle, the neutrino. So, the neutron was decging into a proton, an electron and a
neutrino (today renamedinto anti-neutrino, but that is merely a more corveniert corven-
tion): n°! p" + e + , andthe (anti)neutrino was carrying the missing energy From
the fact that it was not obsened and assumingelectric charge consenation, the had to
be electrically neutral and a limit on its masscould be derived. Postulating the , Pauli
had restored (and enriched) physics and madeits models once more conform with Nature.
Except that the neutrino was experimentally detected only 20 year later.

Lest the alert Reader accuseme of falsifying history, | hastento point out that the
actual turn of events is not an example of stumbling upon a statemert not decidable
within the given set of axioms and then chedking whether it is true or false in Nature.
Rather, the statemert was made by Nature and obsened by the physicists. Howewer, the
statement could have easily been made and, given previous experience with consenation
of energy would have probably run somethinglike\T otal energyis consened in the decay
n®! p*+ e " In the early 1930's, everybody who understood these words would have
agreedthat this makessensebut doesnot follow from any physicsknown up to that point,
although is consistert with all of it. Its negative would have had equal chance of being
true in the real world, sincestrictly speaking, consenation of energywas not proved to be
upheld by thesethan new and unknown processes.This then would be an example of a
Gedelian undecidable statemert. Experiments show that the statemert in the quotation
marks is false (as stated) in Nature, and its negation would have to be acceptedas a true
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statemert and a new postulate. Pauli \merely" identied the implicit assumption which
to ip instead of a consenation law 2V,

To acertain extent, Einstein's uni cation of mecdanic and electromagneticphenomena
is also an exampleto this: Newton's laws are invariant under Galilean transformations of
space-timecoordinates, while Maxwell's equationsrespect Lorentz transformations. Now,
either the two types of phenomenaexhibit the samesort of invariance, or they don't; it
matters little that the former choice seemsaesthetically more pleasing: beauty is in the
eyesof the beholder. Choosing the former postulate|that mecanic and electromagnetic
phenomenaare invariant with respect to the same transformations of space-time|led
Einstein to modify Newtonian medanics. This led to new and exciting (well, downright
hilarious) predictions. Had it turned out that atomic clocks are not slowed down when
set into motion and then returned, the deductions would have to be badtracked and the
postulate not otherwise tested would have to be dropped or changed. This badtracking is
not at all a simple processasthe Readermight concludefrom this admittedly simplifying
description; there can easily be implicit and untested assumptions,and also at times the
reasoningcan be subtly (or lessso) awed. While mathematical rigor is perfect, humans
who practice (applied or unapplied) mathematics are not.

Finally, two remarks are in order. First, let me note that Gedelian undecided state-
merts are expectedto be rather more complicated than the two examplesgiven above??
and can easily be fantastically unpractical. In addition, Gedelian undecidable statemerts
are somewhat like prime numbers: in nite in number and with no algorithm for listing
them. So, given the fact that persistert experimentation already producesan abundart
wealth of experimental data, few if any new postulatesare likely to be discovered by hunt-
ing for Gedelian undecidablestatemerts and then devising experimental teststo seewhich
way the Nature votes. This method would be both unwieldy and rather akin to random
jumpinglev enif there existed a systematic algorithm of listing Gedelian statemerts, that
algorithm would probably have nothing to do with the subject matter, the study of Nature.

Thus we are badk to the friendly coexistenceand communication betweenexperimen-
talists and theorists and the many shadesof physicistsin between,a modus operandi which
has so far proven quite a prolic and fertile arrangemen. It is however well worth it to
understand both the powers and the limitations of the framework and the milieu wherein
sciertic models are dewveloped and studied.

To the problem of imperfect knowledge [Science]suggestsa new and unprece-
derted solution|honest work. David Brin [3]

Ac kno wledgmen ts: | am indebted to the BK for inviting me to speak at the Nicolaus Coper-
nicus workshop, May 1994 at Howard Univ ersity, Washington DC; mine was the secondpart of a
joint lecture \What is the UniverseMade Of?" with Prof. C. Kumar, who covered the astronomy
aspects. This work was supported by the DOE grant DE-FG02-94ER-40854.

21) Besides conservation of energy, the processn® ! p* + e would also violate the conservation of
angular momentum, as well as seweral other lesswell known conservation laws.

22) The Reader should note that the simplicit y of the two examples is deceiving: both of them include
the unwritten physics background on which they are based!
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