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It is difficult to attach a precise
meaning to the term scientific
“truth.” Thus the me aning

of the word “truth " varies
ace c:rd_iﬂg to whether we deal

with a fact of eXperience, a

mathematical proposition, or

o]

a scientific rhec:rf,t’

While I use the word “science” in my title, in fect my =ssay is reslly only about innovation in
the part of theoretical phoysics about which I have some intimate knowladge and well founded
opimons. Facts sre the necessary basis of opinions, snd by concentrating on this small part of
science that I know best, I hope to ilhestrate some points spplicable to science in general.

In the following =ssay; I will sttempt to do three things by way of commenting on what T have
seen of the process of scientific innovation at work. The first task s to provide 2 working
dehnition of sciznce. In the second part of this essay; I try to explain my understanding of
the boundary of theoretical science, the place where resegrch innovetion takes place. While
established sci=nce iz governed by the ngorous wse of mathematics and logic, I believe the
boundary of science is quite a different place. It s 2 bit unteamed Logic and rigor still count for
a lot. However, surprisingly 2 type of “Irrstionality™ seems pressnt as the fundamentsl snabling
element that permits scientific knowledge to expand. In the final part of this essay, I tan my
commentary on the =forts, as I heve viewed them, to establish 3 mathemstically complete
paredigm for superstringtd-theory



Presently science, through its spplication to technology has been remaking the rules by
which the wealth of nations will be determined in the future. The proncipsl agencies of
thiz are the Internst and World Wide Web. Besulting from new developments in science
such a5 "nanc-scence™ and “genomic-based science,” we appear to be living st the dewning
of an age whers the technological spplication of scisnce will potentially have the ability to
remake the mesning of the word “homsn.” There s both great promise and pedl in this.

+ SCIENCE-AN ERROR-CORRECTING MEME_

The evolutionary biologist Richard Diawkins defined the term “*meme” to represent a unit of
cultural knowledge that in meny ways demonstrates behavior that is remarkably similsr to 2
g=ne." By this definition, sci=nce qualifes 25 2 meme. However, it is a very special sart of meme
that I wish to spend some time to defme. I argue that science s an errorcorrecting meme. That
is, science acts to corract errars in the collective homen understanding of the phoysical reality of
which it is a part and to sxpand the breadth of this understanding.

W hile the use of logical rationality is 2 hellmaerk of science, there iswhat T think of a5 an "irrstionsl”
basis for science. The mathematician Kurt Godel (rgod1g978) essentially showed the impossibility
to formulate 2 completely sdomatic system. Simply put, making working sssumptions as 2 basis
for deriving subsequent statements is unavoidable, and these sssumptions precede and ultimately
li= outside the system of rational scientific anebysiz. In order to begin the work of science, T balieve
we must accept two propositions. First, that there are attobutes of the universs whose properties
and dynamical evolution are governed by mational lows that are independent of the conscicusness
of the observer Secondly we must essume that human consciousness is capable of discerning these
and able to represant them in some form of buman langeage.

All T have to say assames these fundamental articles of feith fundamental propositions, that
allerwr for sci=nce, as we know it, to exist. Sci=ntific cultare promote=s 2 rationalist reglity-based
view of the objective universe. This view of our umiverss, our working bypothesis, has been the
chiaf ensbler of scientific and technological progress over the last few centaries.

The feld of physics has been deeply influsnced by many grest intellectusls. Galileo Galilei
{1584 18437} “pushed” 2 particular way to view the world by use of o very specialized langnag=—
mathematics. Mathematics had been used well pricr to Galileo in descriptions of the physical
world (2 discovery we can ascribe to Pythagoras [;82—~50z2 BCER, but Galil=o’s studies of motion,
trajectonies, and rates of changs l=d to 2 fundementsl incresse in the mathematical basis of
the physical sciences. Galileo described Matorsl Philosophy, the intellectual and immediate
predecessar to physics, in the following way
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Following after Galileo, Izszac Mewton (164317270 salved the problem of motion with the
imvention of “the Calcualos ™ This proved a fundamental breskthrough in the development of
physics and all of the physical sciences. It is also interssting to mote that the mathematician
Gottfried Leibniz (rf g6—1718) at about the same time mads this some l=ap. Even mores interssting
is recent evidence calculus may have been created by Archimedes (287212 BCES but lost to
homamity until the work of Leibniz and Mewton

Humanists may be surprised to think of mathematics a5 2 lnguags but this is o part of lite for
physicists. Mathematics is, in fact, 2 very interesting and stranges langusge with many properties
in common with other languages. I tell nonsciantists to think sbout mathematics as 2 languags
becsuse this is the way scientists make use of it. I also have described mathematics as an orgsn
of perception. By this I mesn theorstical physicists are working to gein insight into structures
that maks up levels of existence to which we have no direct access. We achieve this first by the
means of mathematics. W “sea” these levels first with mathematics.

An illustration of this process can be seen in the ability to detect atoms. Uking present day
technology in the form of “stomic force microscopess,” individual stoms can be directly imaged.
This has only become possible within the last decade. Vet in g very resl way, phosicists have
besn “seeing” atoms for sbout one bundred years. We can trace this especislly back to one= of
the grest works of Einstein in mgog. That year he wrote “On the MMovement of Small Particles
Suspended in Stationary Liguids Required by the Jiol=cular Kinetic Theory of Heat, " published
on July 18, rgos.

This work of Einstein firmly ssteblished the existence of stoms snd their size. Thus, we
physicists have “seen” stoms by way of their mathematical description in theomes that explam
observable behavior in oar world. For us, methematics really s another means for viewing the
universe. I often tell young people mathematics is an extrassnsory perception omgan. OF course,
I am not the first person to notice this very strangs property of mathematics. Charles Darwin
{180g1882) once said, “}lathematics se=ms to endow one with something like 2 new sense="* For
one who uses mathematics this way, it often sesms to function like o “third =ye of sciznce ™

Even for those of v who make nse of the tool of methemetics in physics, ar science in general it
has a ot of surprising properties. One of these properties I refer to as “telepathye™ All bnguages
have the powsr to comvey idsas from one mind to another To this extent, the telepathic
power of langusges is ubiguitous. Howerer, the predsion of the transmittal of concepts using
mathematics iz striking when comparsd to other forms of homen communication

A property of the mathematicsl langnage iz that if an object or idea has 2 mathematical
description, there is sutomatically s way to commumicate it in a precise and detziled way to the
minds of others. This is trae sven though the others have no previows sxperience with the new
discovery and even if there is no substantial experientiasl commonslity between the members
communicating. The methemstically precise understanding of the discovery is accessible to
anyone with 2 suficiency of mathematical “mumerscy” (the sanalog of literacy). This &s on= reason
why it is 50 often seen in science fction writing that humans first communicate with putative
aliens via the use of mathematics. Humanity's sxperience with mathematics supg=sts that it is
2 universal langnage for rational discourse sbout physical reality: Mathematics has this pecoliar
telepathic nature to it because of the precision it enforces in its users. In a very resl way we can
know with much more precision than with other forms of human commumication what another



person is thinking. This precision does nmot exist in the media of sural written, graphical, or
visual representations outside of mathematics. In mathematics, we share 2 common platform
for the exchangs of concepts.

Often nonscientists appear subject to an ilhsion that science uncovers truths for cur species.
This is not the work of science. It revesls theories shout the structure of the universe. Albert
Einstsin once said,
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While other helds of bumaen thought are said to pressnt troths sci=nce only reveals
theories. The wse of the word theory recognizes theat any parsdigmatic explanation of facts
{i.e., scientific observation) is 2 proposition that can be proven false. Any claim made to being
2 part of sciznce must surrender ab indtio to this property, and it must in prnciple allow (by the
action and ressoming of scisntists) for the claim to be proven false. I sometimes say “Science
is mot actually about finding the truth. It is about meking our beliefs about our home—the
unmverse—less false ®

Scieniists are aware that owrs s 2 clever species. Thee to our cleverness, science must take into
account we are also clever enocugh to fool ourssbres, Accordingly built into the structure of
science thers are mechanisms for emror correction This is the rols of what hes been called the
scientibc method snd the means by which we discern srguments, observations, and sxperiments
that provide a basis for cur system of beliefs. Liodern scence most directly geined this =5 2
lzgacy from Galileo. Einstein said of this cdroomstancs,
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A corollary to soch o system is that scientists mmst be willing, when presented with 2
prepondstance of evidence, to abandon beliefs previously held a5 comect. In science, thers can
be no ultimate certainty about one's scientific beli=fs. Part of the chargs to each new generstion
of scientists iz to chack and recheck the “canon® of this system of belief that i its inheritance

Among systems of beli=f scence is almost unigue in this embrace of fallibility and Bmdtations
on mman ability and perception. Inst=ad of 2 wegkness, this is the source of the strength of
science. It can be argued this unremitting dedication to the refimement of cur understanding of
the universe gives science, through its spplication in technalogy, more power to alter the goalicy
of buman life then perhaps aoy other system of beli=f. Certainly buman history over the course
of the last several centuries supports this.

Science les at the intersection of several ditferent and not completely overlapping regions. One
of these iz the reslm of human imagination, and mathematics s part of this. A second reslm
consists of physical r=slity, and the final realm iz 2 subset of this that corresponds to that part in
which the technical competence of our species permits it to observe and memipulate portions of



physical reality Sci=nce, 25 we know it, can only exist in the region whers thess thres completely
overlap. Mot all are static. It is clear that what we call technological progress means that the
technicsl competence of cur species 15 sxpanding. The part of the circle of physical reality that
lies outside of our technical competence snd mathematical imaginations constihstes the reslm
of profoundly unknown parts of physical reality

It is possible to observe phenomens without possessing the requisite mathematical ideas to
explain and give complete context to the observations. An example s the phenomenon of “high
oppoasite exsmple to this is the part of phy=ics known s superstring2d-theary Here we have
lots of mathematical imagination, but no observationsl basis of this s=t of ideas. It remzins 2
piece of "prephysics " “protophysics,” or “putative physics * Some of its detractors even say that
i s "rwetagilysics™ e, not physics.

SCIEINCE_ At the Irrational Boundary of Theoretical Physics

Enowledges (mathematical scientific, and technological) is finite. It possesses a boundary beyond
which we are blind. The only homan facility bywhich we go beyond this boundary is imagingtion.
A thearstical phoysicist is essentizlly 3 mathematician who has the ability to caloulate something
useful about our cosmos. We imagine new answers and solutions. We make them up! However,
25 scientists we are charged with teling this marveloes facility and seeking neture’s confirmation
that we are l=ss incorrect than with our previous theories. Einstein's comment was that it was
the sad fat= of most theares to be shown incorrect shortly after their conception. For those not
so roughly treated, at most neture says, “Blaybe " Again snd sgain we go to the lhbosatory to see
if tha new paradigm geins support. Bany times at the blackbosard, T have told students, "Physics
is not about what I write on the bosrd. It is sbout what happens in the laboratary™

Science is thus abways in 2 state of “tentativity™ (if I may introduce such a term), & state mostly
static but with punctusting dynemic pericds of changss in scientific theories shout the unirerse.
This culture must accept that its most chenshed theories at some point in the future will Bleely
be changed. Such shifts from one theory to another are dramatic and wividly ilhestrate Einstein’s
dictum: “Imagination is more important than knowledge " Geology has shown us that life on
our planet has repeatedly had to face the challengs of mass extinctions, often spparenthr cansad
by violent shifts in the earth's environment. During these sxtinctions, laggs mumbers of species
come to the end of their existence. Something similar occurs in thearetical phorsics.

The “Tewtonian BohrSchridingar Heisenberg Extinction” illustrates such a boundary Prior to
this “event” (lasting spprocimately from rgos—Tg2d), it was possible to srpue that many different
ideas might hold the explanation for why the puzzle of atomic spectrs occurred in nature. At the
conchsion of this period of transition, one such theory emerged in the commanity of theoretical
physicists as the consensus answer . . . gquantum theory Cuantum theory is considerably more
mathematically sophisticated then ity ancestor paradigm, classical Mewtomian physics. As in
evolutionary biology, the extinction yields a concept that is mor= complicated than what went
before. Chusntum theory is not derivable from classical Hewtondan theary; it is g daring leap of
the imagination beyond it. This history suggests that in theoretical physics, the creation of 2
gemunely new rationsl paredigm is itz=lf an inretionasd process.



Whils I argaee that here we can se= “irrationslity” once sgain emergs in o surprising way in
the scientific enterprise and that sppearance has larges implications for goverming the rate and
pace of innovation, there is in this history snother impaortant point to note. Scientifc belief
iz the product of consensus within a community bound together by 2 common set of shared
vahoes. This reliance on consensus is both a strength and a hindrance. Unliks in 2 democracy, not
all scientists are crested squal. Thiz means that the progress of the commmumity s particolarly
influenced by the rale of individoals thet sppear in its history This fact explains why it is aften
the case that the use of 2 few names seem at first capable of assignment as the resson scientific
progress oocurs. The reality is that scientific progress is often, far more than generafly realized,
the result of an enormeons amount of information sechanged between disparate thinkers sroumnd
the wodld.

The process of developing new scientihic knowledge is o dithoult task 2= is afl innovation Some
ideas ar= more fruithul to follow es working propositions than others. However, at any given time
in the marketplace of idess, it is not at all clesr which in fact are most fruittal for fatures progress.
This means that sy ressarcher in this spvironment faces making 2 decision about which ideas to
pursue. A diffculty li=s in the fact that whatever choice is made involves 2 commitment uswally
of enormous amounts of resources (tme, effort, etc) on the basis of 2 severes lack of relevant
of informetion. In this situstion one strategy is to trust the intuition of other sciantists with 2
record of past achisvement. This confers enormows power to any scientist chosen to play this
role. In an ar=s of research that is in & state of fhax it is often the case that 2 comventional wisdom
arises. On the other hend this strategy also lessans the mumber of approaches that are sither
attempted or sven proposed for how to make progress. Thus, this strategy also has the very great
Hobbesian choice . . . maxmize efficiency or maximize region of explorstion. Laintaining a
heslthy balance is the chall=nge that is constant. In this ciocumstance, decisions are mads basad
only on intuition, gussses, etc. In other words, T srpue thet once again “Irrationality™ becomes 2

This aspect of “irrationality™ also throws light onto other curions and often overlooked factors
that can emergs. Ome of these I believe can be characterized as “style * When I discuss this with
other theoretical physicists, the first reaction can be one of puzzlement: “What is the meaning
such thing exists in mathematics "

Arpyone, I believe, who resds primary source litersturs in mathematics over a sufhcisntly long
period of time can quickly conclude that there was 2 very different style to the writing and
thinking shout mathematics just over one hundred years ago. Some might argue thet we have
come to a sort of end of history and have adveanced to the point that style in mathematical
thinking will underge no additions] evolution. In my opindon this is unlikely One re=gson for this
is the rapidly increasing capsbilities of computers.

Thus far throughout the history of our species, thers has besn essentially 2 single oute to
the mestery of mathematics. One had to first master the symbolic language wsed o express
mathematical idegs. This is so ubiquitons that it is sasy to lose sight of the fact that the symbolic
representation of methematical ideas is separate from the ide=as. To understand this point, I
have a favorite analogy Thers is another area of uman sccomplishment that contsins both 2
powerful sven umiversally sccepted intellectual construct 2s well 25 o powerful symbolic way



experience of listening, but it also exsts in the form of woitten scorss. The latter mode of
transmitting musical ideas is lmited only to people who read music. The reason for the wide
access to music by Hstening is dus to the exstence of 2 myriad of instruments, from the human
larynx to woodwinds, strings, percussion devices, etc., for playing it.

To my thinking, computers are on their way to becoming to mathemstics what orchestral
instraments are to music. The oltimste application of computers in mathematics may not be
2 matter of simply computation. I believe it is possible that with soffcient time, computers
may become the engines for CEC, computerenabled-conceptuslization. Using my analogy, the
computer could perhaps permit a genius to explore realms of mathematics even though that person
has never mastered the standard symbolic representations of mathematics that have besn our
tradition for millennia. Should this development ocour, it would greathy increase the parcentage
of homamity that engages in the study of mathematics. fust a5 musical geniuses who do not resd
scores exist, thers may arise mathematical geninses who do not master traditional math=matical
symbalogy Without the dificulties of the ususl approach to expressing mathematical ideas it
seems most likely that at least 2 new patods for mathematics might develop.

I azgue= that if the mathematical languags upon which so much of the strocture of theoretical
physics rests and has played 2 substantial role in shaping its culture can be subject to changes in
style, then o too can the fe=ld ftz=lf This in tum will lkeely have an mmplication for the ultimate
success of investigations in theoretical physics. Style seems hkely linked to the sorts of rational
choices that are made. If this is the cas= then style has indeed an important implication
Diifferent styles of music exist and enrich the engagement and interaction humanity hes with it
W are certaindy not impoverished by the fact that musicians pursue different styles of the art
form. Az a2 working physicist, I believe I can perceive different national styles in the endegvors
of theoretical physicists. These are very subtle, but I believe they make 3 major contribution to
the vitality of the feld

The sllowsnce to belisve that such differences in style might exist explained for me what was
2 long-standing puzzling statement I heard many years ago mads by Mobel Laureate Abdus
Salam.® He suspected that when a sufficient mumber of people of the African dizspora started
to engage theoretical physics, something bke jazz would appesr It was fftesn or twenty years
before I had the intimste knowledge of theoretical physics necessary to interpret this statement
well encugh to understand hiz meaning. I believs be was talking sbout the idea of style towhich
I have been discussing. A concomitant notion is that this s why diversity matters. To maximize
the bresdth of investigations, the greatest intellactizal diversity would seem 2 prodent condstion
to suppoxt.

SUPERSTRING/M-THEORY_

In the codinary course of progress in theoreticsl physics, the process whersby “irrstionaticy™
plays 2 role iz kept in check by the sverpresent demand that whatever mathematical stracture
is under dizcussion should have a5 8 metric its success and capabiity to describe obssrvational
dats. In my own srea of research that touches on superstrngld-theory, thers is corrently 2
popular debate underway on this point »



While personally I do not agres with the sssential thrusts of the two separste works by Smolin
and Whit, T believe it is illustrative to sxumine 2 f=w examples of the acteal struggle underway
to complete the purely mathematical understanding of this stll emerging topic. Mote I have
emphasized the word “mathematicsl " Even if 2 conceptally complete version of superstring 2.4
theory axists, doss it provide an sccurste mathemsticsl description of the physics of our cosmas?

Dhae to the mathematically incomplste nature of the ourent development of superstrng24-
theory, there exist =normous possibilities for putative resalts as part of the correntional wisdom.
Omne of the most widely accepted parts of the conventional wizdom about superstringd-theory
iz that it predicts hidden dimensions. Uking this as a l=ns, I wish to spend some time discassing
how natore may not possess such hidden dimensions and yet might still be described by some
version of superstring/1d-theory.

As all other waves move in 2 medium_ it was thought there st exist 2 mediom in which Light
waves propagate. This medinom was called the “huominiferons aether” or “ether” for short. All
etfarts to detect the ether have failed even to this day Like the ether, the idea of goarks—fuor 2
period n the history of theoretical physics—was on= that had no cotical observational support.
To this day, no direct isolation of quarks has been made. Vet today, quarks are an sccepted part
of scientific lore. So why was one set of idess shout the unszen accepted and the other rejected?
The answer is, of course, that though direct isolation of goarks has never besn achieved, the
indirect evidence for their exdstence is overwhelming. 5o in the history of theors=tical physics
thess example show that sometimes idess must be given a provisional scceptance in order to
find evidence to sapport the idss. This example allows ws to wonder if the potative extra hiddsn
dimensions in superstring/ld-theory are stherfike {to eventoally dizappear’ or quark-like (to
eventually be supported by indirect evidence).

In ouruniverse, the mathematicsl description of photons, particles of Bght, is provided by 2 set of
fanctions called “the g-potential * Photons are related to megsarable electric and magnetic forces.
However and most remarkably, photons described by difer=nt 4 potentisls can nonetheless l=ad
to =xactly the same measurable slectric and megnetic forces! Two photons descobed by two
such 4potentials are called “gauge equivalent.” However, since the two 4potentials are really
distinct, thers mmest be some way to tell them apart. There iz Shorthy after the description of
such gpotentizls was discovered, physicists realized that thers was 2 mathematical guansity
given the name “the gsuge parametsr” In the ninetes=n thirties, 2 physicist nemed Micholas
Kemmer (rgrr1gg8) found the surprising result that gaoges parsmeters act ke angles that one
measures with a protractor, sven if there are no hidden dimension pres=mnt!

By the end of the nineteen =ighties, a remarkably complets mathematical description of the
physics requaired to describe the universe at the level of subatomic particles had been completed.
It is called the standard model ™ It not only constitutes a mathematically complete paradigm
It iz the most rigorously tested pisce of scientihec theory that has ever existed in the history
of our species. It literally agrees with thouwsands and =ven tens of thousands of experimental
experiments with which it agrees, but also in terms of the precision of some of thess tests. One
such test is called the “ges minns two” experiment.



The type of structurs contsining only the wsual three dimensions of space, one dimension
of time and multipls numbers of Kemmer angles is the fundamental mathematical backbone
of the highly successful standard model. Yathematicians call this structars 2 “Gber bundl="
In much of the cument discussion of superstring®d-th=ory, one finds the stetement that the
mathematical s=lf-consistency of the constructs requires hidden dimensions. If this were strictly
50, experiments ruling out extra dimensicos would also rule out the possibility that superstring'
M-theory can describe our universe. It torns out, however, that this point—due to the lack
of 3 mathematically complete formulation of superstring/li-theory—possesses 2 loophole.
This loophol=, as far as I can tell, is logicelly consistent and ye=t it has not become part of the
conventional wisdom.

In my own work during the late sightiss, completed in conjunction with W. Siegel, evidence
was presented that the spproach of Kemmer could be directly implemented in superstring'
}-theory™ The svidence support=d the ides that no hidden dimensions sre required for the
mathematical consistency of superstring3d-theory Readers not intimately familiar with the
topic might be tempted to regard this as a recent breakthrough. This is not so; our work was
completad in 1g8g.

iy work with Siegel suggested direct conpections to Kemmer angles and fber bundle=s are
the middls to late sighti=s seversl groups of physicists tacklsd the idea that perhaps string
thecry could describe 2 four-dimensional approach sach =25 the type known to occur as the
mathematical foundation of the standard model Using sn approach called “free fermions ™ one
group of theorists extensively investigated such possibiiti=s. In a different approech snother
collaboration used 2 technique called the “covariant lattice™ to reach the same result™ Thus
there were three different spprosches to the formulation of superstring 2 I-theary without the
inclusion of hidden dimensions snd my-work with Sisgel was not unigoe in this regard The unigoe
feghure of our work was the direct connection to Kemmer angles. I should perhaps mention that
the presence of Kemmer angles in thess models does not male out hidden dimensions. In fact,
the first work completed with Siegel provided 2 description of cooventionsl ten-dimensional
string theory

Someones outside the feld might be tempted to ask why if thess results were found dide’s more
physicists pay sttention to them? This is a guestion thet has many answers. First, all superstring'
}-theory constructions that only contzin the usual three dimensions of space, one dimension of
time, and multiple rumbers of Kemmer angles are significantly more complicated mathematically
than the ones that contain hidden dimensions. Although thers was no mathematical reason not
to explore these siternative fourdimensional versions of superstring/2d-theary, the mejority of
the community felt these were “inelegant” and lacked of a certzin sense of besuty I have long
held that Matare is the only arbitor on this matter or a5 Einstein said, “H you are out to describe
the truth, leave elegance to the tailor.™: This is an exsmple of one of the ixstional choices to
which I slluded in the previous chapter. In the absence of compelling svidence otherwize, the
consensas by which the community makes progress went against thess constructions.

}ore recently, with the motivation provided by the observational dats that our cosmos seems to

be presently in 2 phase of accelerated expansion s number of physicists inrestigating supsrstring'
M-theory have begun to look anew at these “inslegant” constractions under the guise of what



is called “the landscape™ In the gbsence of o complete mathematical paradigm such phase
transitions in the cooventionsl wisdom of superstring®d-theory are all but guarsnteed to

for Lt i

I = my belief that there are hints to suggest superstringdd-theory can become “crdinary”
theoretical physics. To s== some of this, 2 reconsideration of the standard mode] is 2 good
exampls. To build the standard mode]l thers ar= choices that mst be made in order for it
to be comsistent with observationsl results. In fact, the standard model is only one of an
infinite collection of mathematically consistent constructions called guantum relativistic feld
theories or fi=ld theones for short. In ooder to wse feld theory to describe our woddd, there are
spproximately twenty numbers that nmast be fixed to g=t the physics correct. In addition to these
numbers, choices have also to be made sbout the Kemmer angles a5 well as the number of basic
constituents of matter. These constituents ares called guarks and leptons. Among the twenty or
so mumbers to be fxed are their masses. Thus feld theory constinates what I have called 2 lathe
for physics. One d=finition of a lathe descobes it 25 “2 machine capable of remarkable precision
and versatility, but requining & skilled and experienced operstor for its success.” A lathe confers
upon its user the power to make choices. Whils it hes been the conventional wisdom for most
of the history of supersiring/1i-theory that the presence of such choices in this ar=a are not to
viewed favorably my work with Siegel showed svidence of precizsely such properties. In thes=
works, choices could be made sbout the nomber and properties of the Kemmer angles. Similarly
choices could be mede about stroctures that seemed to control the mumbers of constituents.

In 1g8p during a seri=s of lactures in Poland, T made the following remark.
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iy remark refers to the irrational choices my intuition lad me to belisve would be important
for progress in the field In particolar, the attribute of an inhnity of mathematically consistent
sohrtions was an expression of noy belief that the ultimate formulation of string theory would
probably be like ordinery field theory At the time of this statement, the pomber of veceas
sccording to the conventional wisdom was expected to be small Currently, there has been 2
incregsing number of voices espousing muach larger mumber of vacona ™ In same of the current
string literature ane can find discussions of ten raissd to the power of bundreds s the possible
number of vacua. Whils I cannot quite claim that an infimite nomber of vacoa has become 2
widely accepted idea, at least we can see motion in this direction.

I balieve thers is hope for superstring/L0-theary to become a normal theory The Kemmer angles
found in mywork with Sizgel come in two distinct types. One type determines the forces among
matter. The other type controls the types of matter given a mathematics]l description. More
recently, mathematicsl objects called “Huves” are found to exist in these equations and seem



avmilable to describe masses as seen in the hborstory  In my lactures in Poland, T stated on=
ather “rretional® idea-

It s=ems unbikely without a geometrical understanding of string held theory, that much
of this mostly unimaginable “new physics” can be studied. A geometrical spproach
would be helpful to study this question

The idea hers is that the truly fundamental issues surrounding superstring?d-theory are not
likelyto be resobved until 2 gerine paradigm shift of the type thatwas driven by the introduction
of special and general relativity or that of quantum thecry The saccesshul completion of the
program of covariant string and superstring field theory seemed and still seems to me the best
hope of completing the superstring/li-theory paradigm This is likely to create 2 new type of
eguation (like the Schrodingsr eqguation) capable of generating a truly new paradigm in the feld
of theoretical physics. To this day, there is 2 highly specialized little-researched ares called string
feld theory, whers, my belief in "rrationality” suggests, will be found the oltimate answers
to many of the puzzles in the feld It should be noted that instesd of “irraticnelity” perhaps
the word “intuition” might be appliceble. On the research boundary, the use of intuition by 2
scientist is extremely impoartant in performing a bensht/cost analysis of whether to parsus an
incomplete idea. To dlastrate how this might work, T will conchede this section with one final

Dhuring the period of rg8r1984, I had the pleasure of guiding a young graduate stodent named
Bartom Zwiebach as he undartook the task of writing 2 Ph D thesis at Caltech. Around 13, 2
new topic called “Drp-branes” began to appear in discussions of superstring/d-theory By this
time, Barton was 2 untenured professor of physics at M.I. T snd concerned because in all of his
string held thecry The source of his concern was obvious. Since these mathematical constrocts
had suddenly appeared, could they be important in efforts to constroct the long sought string
version of Schridingsrs egoation? Although, I had not carried out a detailed study of “Dp-
brenes” my brational intottion told me they might be (and they heve proved to be) useful
for studying certain truncations of stong theory However, they did not s=em likely to be of
fundamental importance to string beld theory itself. By 2004, following some brilliant d=ductions
by a physicist named Sen, it was shown that “Dp-branes” did not seem at afl Importsnt to
superstringtd-theory owing to a property they possess called “supersymmetry™® In the end
all evidence pointed to “Drp-branes” not being rel=vant to string feld theory nor required to
achieve the long sought complete understanding of superstring14-theory

With this, I conclude my highly personalized wiew of 2 frontier of theoretical science that is
still in an incomplste state. SuperstringMd-theory, in spit= of all the corrent coticism, is sall
in my opinion the best bet by far that our species has to make progress in understanding some
of the ultimate questions of physics and our creation. One point about which muoch crticism
has been written is that due to varous reasons, superstring/14-theory hes prevented promising
slternatives from being more fully developed. As someons who sttempts to keep an open mind
sbout possibly promising spprosches and 25 someones who hes no special commitment sol=ly to
the id=a of superstring1d-theory a5 the only possbility for providing progress, it hes long been
oy sincers wish to see 2 competing s=t of id=gs that seems a5 promising. As I hope my =ssay has
shown, I have long been st vanance with largs smounts of what has become the conventional
wisdom in the ares. I have written about this and more importantly offered ideas and suggestions
that are alternatives to those of the conventionsl wisdom. This I believe is the best that any



committed theoreticsl physicist can do. One must offer concrete proposals es simple criticism
slone= offers no path for exploration.

Superstringld-theory has an incredibly high “serendipity guotient,” guite unlike any putative
ahternatives. It has shown s remarkable history of producing fres only mathematical) coincidences
that have traditionally been of the type associmted with the fust rank of mathematical
constructions offering us the most profound views of crestion. Rather than bist many, ther= is
only one with which I wish to clos= this sssay

The prim= motive in the last thirty years of Einstein’s research career was his dove to find what
h= named “the unibed field theory” Einstein's theory of general relativicy (GR) is, indeed, 2
thecoy sbout space and time, but it is almost @ sterile theory in one wap It can be used in such 2
way as to be like the architectural plans of 2 magnificent but empty stage. In order for the play
we call “physicel reality” to unfold, it is necessary to fifl that stege with actors. For prectitioners
of GR,, this is done with the use of 2 device called “the stressenergy tensor.” This mathematical
construct is used to introduce electrons, photons, quarks and related “beasts” into Einsteins
eguation. These ar= the actors in physical reality snd the stuff of which we are meds. But in
GE, we are only an afterthought. i I mey paraphrase Einstein, in the GR theary, God would
have had a choice as to whether we should exist or not. Thess equations can describe g universe
composed only of space and time that is mathematically consistent withowt us. In the conbnes
of such a mathematical construct there arizes a guestion: “Why should sany matter, inchyding us,
exist ot all?

Superstringd-theory of the fourdimensional venety in this way is fandamentally different. If
the sgoations that describe our universe are not those given by GR but instead those given by,
micst especially, 2 four-dimensional superstring/Ld-theary, then the universe has no choice! It is
2 mathematical fact that no superstring capable of describing three spatial dimensions and one
tempoaral dimension is consiste=nt without alzo necessarily describing guantities skin to our basic
building blocks.

In superstring/1i-theory, we ar= not an afterthought. As GE welded together spac= and time= in
an unprecedented way, superstringi-theorywelds together space and time aswell a5 matter and
snergy in an unprecedented way. Superstringld-theory says if there is 2 four-dimensional space-
time stage for the performance called physical reality, then that stage mmast be flled with actors.
From general relativity snd guantom theory, we see that w= are kin and kindred to the stars
themselves. Superstongld-theory says that each of us can trace our familial tree even forther
to space-time itself the sssence of physical reality Thus, within the sttucture of superstring2.4-
thecry, we are mors intimately connected to the universs than it is possible to conceive osing
concepts from any other ides yet proposed.

Granted that at the =nd of the day to become 2 nommal theory, superstring/I-theory must
confront some observational data shout cur cosmos. Thisis the ultimate arbitration in theoretical
physics. For the theoretical physicists, unliks the musicel composer, it is the audience of nature
that counts, mot the nature of the audiencs, Einst=in, of course, was well sware of this. But he
also was not divorced from philosophical stpaments. T believe 2 philosophical point is slso the
most profound resson Einstein ardently pursued the quest for “the unifed feld theary™ Using
his language. Einstein wanted to know if God had a choice in how the universe was put together
Four-dimensional superstringli-theory ssrendipitously answers, “Iot as muoch a3 could have



been " and all other claimed slternatives are silent.

For the reader who wishes to more deeply probe many of the aspects discossed in the final part
of this essay, I have recently completed an accessible work aimed st the nonspecislist where
mnach detailed discussion can be found ™ I invite amy interested party to pursae this and hope
mry efforts in that direction are found to be efficacions.
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