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Abstrat

I desribe the history of my attempts to arrive at a disrete sub-

stratum underlying the spaetime manifold, ulminating in the hy-

pothesis that the basi struture has the form of a partial-order

(i.e. that it is a ausal set).

Like the other speakers in this session, I too am here muh more as a working

sientist than as a philosopher. Of ourse it is good to remember Peter Bergmann's

desription of the physiist as \in many respets a philosopher in workingman's *

lothes", but today I'm not going to hange into a white shirt and attempt to draw

philosophial lessons from the ourse of past work on quantum gravity. Instead I

will merely try to reount a ertain part of my own experiene with this problem,

explaining how I arrived at the idea of what I will all a ausal set. This and

similar strutures have been proposed more than one as disrete replaements for

spaetime. My exuse for not telling you also how others arrived at essentially the

same idea [1℄ is naturally that my ase is the only one I an hope to reonstrut

with even minimal auray.

The bakground of the problem

Before desribing the development I have just referred to, I should probably

tell you what a ausal set is. Before doing that, however, let me begin by saying

a few words about the problem of quantum gravity itself. What people somewhat

y the text of an address delivered at the Thirteenth Annual Symposium in the

Philosophy of Siene, entitled How Theories are Construted: The Methodology of

Sienti� Creativity, held at Greensboro, North Carolina, Marh, 1989; published in

The Creation of Ideas in Physis, ed. Jarrett Leplin (Kluwer Aademi Publishers,

Dordreht, 1995), pp. 167-179, gr-q/9511063

* The quotation omes from an earlier time. Today Peter would no doubt use

`working person', or some other non-sexist loution.
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misleadingly all by this name is really the problem of restoring to physis the

uni�ed foundation it has laked sine the beginning of this entury. If we adopt a

slightly mythial view of how siene progresses, we an imagine that a new theory

begins to be onstruted when too many experimental results aumulate in onit

with the old theory. A better theoretial understanding will then emerge, but it may

take some time to put the piees of this new understanding together in a oherent

manner. It may even happen that these piees annot be mutually reoniled at all

without some fundamental extension of theory that would allow the ontradition-

among-the-parts to be dissolved within the ontext of a more omprehensive whole.

The present situation of \fundamental physis" is similar to that I have just

desribed. Both Quantum Theory and General Relativity are onsistent with the

fats they were reated to explain, but they are not onsistent with eah other.

That this ontradition is purely internal to theory has meant until very reently

that only people with a philosophial bent have taken the quantum gravity problem

very seriously. (It is thus a very appropriate topi to be disussed at a philosophy

of siene onferene.) Reently this neglet has given way to intense interest; but

it still annot be said that we have any diret onit between experiment and

aepted theory to guide us.

Why is it that quantum gravity su�ers from suh a lak of learly relevant

experimental data, and what kind of experiment or observation ould be expeted

to provide suh data? Historially you ould say that Quantum Theory deals with

the very small and General Relativity with the very large, but the essene of the

distintion is not really one of size. Rather, \the quantum of ation" is in general

important whenever no more than a few degrees of freedom are exited, * while

gravity � or in other words General Relativity � is important whenever a large

enough amount of energy is ompressed into a small enough spae. More spei�ally,

gravity is important when the ratio Gm=r

2

is of order unity, where m is the total

mass-energy, r is the radius of the region into whih it has been ompressed, and G

and  are respetively the gravitational onstant and the speed of light. Atually

we an sometimes notie gravity in less extreme onditions than this, but to do so

takes very preise measurements, or a very long time, suh as the time it takes a

satellite to irle the earth (whih is indeed huge ompared to the radius of the

earth in light units).

* This generally, but by no means always, means that only a few partiles are

involved.
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In any ase, a typial objet for whih gravity always will be important is a blak

hole. Now for this objet, we an ount the number of its states N using the known

value of its entropy S and the basi formula (or de�nition if you will) S = k logN .

The result is that N is giganti for an astrophysial blak hole, but of order 1 when

the blak hole's radius approahes the so-alled Plank length of about 10

�32

m.

If we ould diretly observe nature at this length-sale, we would expet to see

quantum blak holes, and more generally to see everything whih ours exhibiting

both quantum and gravitational features. However, sine the smallest lengths to

whih we have so far managed to penetrate by means of partile aelerators are

around 10

�16

m., there is little hope of doing laboratory experiments in quantum

gravity for a long time to ome.

The problem, then, is not that we make wrong preditions about proesses

whih we haven't seen yet anyway, but that we fail to make any preditions at

all. The dynamial priniples learned from quantum mehanis just seem to be

inompatible with the idea that gravity is desribed by a metri �eld on a ontinuous

manifold. When we try to ombine these elements in a way similar to how we have

\quantized" non-gravitational �eld theories, we run into apparently insurmountable

tehnial and oneptual problems, of whih I will mention only three.

First the quantum amplitudes resulting from suh a \quantization" turn out to

be \non-renormalizable", whih means in e�et that the theory they de�ne eases

to make sense at short distanes � very likely just at those distanes where we

expet to see quantum gravitational e�ets in the �rst plae! Moreover the standard

formulations of quantum �eld theories rely on the existene of a \bakground"

notion of time with respet to whih dynamial evolution an be de�ned, whereas

Relativity makes time itself part of the dynamis. This leads both to diÆulties in

interpreting the formalism, and to tehnial problems in setting up what is alled the

Hilbert spae metri. Finally the quantum Unertainty Priniple seems to ombine

with the General Relativisti onnetion between mass and spaetime-urvature in

suh a way that any Gedanken-experiment attempting to measure the metri at

short distanes gets trapped in a viious irle: the more auray you try for, the

greater the unontrollable disturbane you indue in the geometry you are trying

to measure.

The diÆulties just mentioned arise when you attempt to unite Quantum Field

Theory with General Relativity, but atually eah of these two theories already

has its own internal ontraditions. Unquantized gravity gives rise to singularities

where the Einstein equations must break down (inside blak holes for example),
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and quantum �eld theory in at spaetime produes in�nite amplitudes whih, in

the view of many workers, are only partly explained away by renormalization.

Taken together, all these diÆulties and inompatibilities have suggested to

many people that either Relativity theory or Quantum theory or both will have to

be fundamentally modi�ed before a suessful union of the two will be ahieved.

The ausal set idea

At present my main hopes for quantum gravity enter on an idea (the ausal set

idea) whih by now has been around for a while, even if most people haven't taken

it too seriously. I imagine that one reason for this neglet is that it is very hard

to ome up with plausible \laws of motion" for ausal sets. Conversely, one of the

things that enouraged me to begin to hampion ausal sets more enthusiastially

was that I did �nally get a glimpse of a possible dynamis for them. Equally

important however, was the inuene of M. Taketani's writings, whih onvined

me that there is nothing wrong with taking a long time to understand a struture

\kinematially" before you have a real handle on its dynamis. In fat I think that

Taketani's reognition of the importane of what he alls the \substantial" stage in

the development of sienti� understanding, allows him to put forward an analysis

[2℄ of theory onstrution whih is \non-trivial" in a way that other analyses I have

seen are not. I might even have devoted my talk to an exposition of his ideas,

had I not been asked to speak on something relating diretly to quantum gravity.

Anyhow, let me return to the topi that I am disussing, and tell you in the �rst

plae what the ausal set onept atually is.

The idea [3℄ is that in the \deep quantum regime" of very small distanes,

gravity is no longer desribed by a tensor �eld living on a ontinuous spaetime

manifold (the metri �eld). Rather, the notions of length and time disappear as

fundamental onepts, and the manifold itself dissolves into a disrete olletion of

elements related to eah other only by a mirosopi ordering that orresponds to

the marosopi notion of before and after. Beause of this orrespondene the order

may be alled `ausal', and the struture it desribes a `ausal set'. It is a \disrete

manifold" (to use Riemann's term), and its de�ning order arries in partiular all

the information showing up at larger sales as the geometry of ontinuous spaetime:

the topology, the di�erentiable struture, * and the metri.

* A di�erentiable struture on a manifold is a tehnial notion of \smoothness";

without one, a manifold an not support a metri �eld (or any other tensor �eld).
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Mathematially a ausal set may be de�ned as a loally �nite partially ordered

set, or in other words a set C provided with a \preedene" relation, �, subjet to

the following axioms:

(1) if x � y and y � z then x � z (transitivity);

(2) if x � y and y � x then x = y (non-irularity);

(3) for any pair of �xed elements x and z of C, the set fyjx � y � zg of

elements lying between x and z is �nite;

(4) x � x for any element x of C (reexivity).

Of these axioms the �rst and seond say that � is a partial ordering, the third

expresses loal �niteness, and the fourth is a standard onvention made for onve-

niene. Instead of saying that � is a partial ordering, one also says that C is a

\partially ordered set", or \poset", for short.

In the �gure I have shown three examples of rudimentary ausal sets, repre-

sented graphially in a way suggested by the spaetime diagrams of Relativity the-

ory. In these \Hasse diagrams" eah \vertex" represents an element of the ausal

set, and eah rising \edge" represents a relation. For larity, not all of the relations

are shown expliitly, but only those not implied via transitivity (axiom 1) by other

relations. Thus, for example, the lowest element preedes the highest element in

the seond poset even though no diret line is shown joining them.

Of ourse, a ausal set underlying even a very small portion of spaetime would

be immeasurably larger than those shown, but the third piture is meant to give

some avor, at least, of how a realisti ausal set might look. In ontrast, the

�rst and seond posets (as well as being too small) are probably too regular to be

realisti, but they do give some idea of how dimensional information an be present

in a ausal order. The seond is learly laid out like a two-dimensional hekerboard,

and it an in fat be embedded as a subset of two-dimensional Minkowski spae.

The �rst has dimension three in a ertain sense, sine it an be embedded in a at

spaetime only if the latter has a dimension of three or higher.

One thing that the pitures do not show, is that marosopi spaetime volume

is supposed to be a measure of the number of elements in the orresponding region of

the ausal set. This is a ruial part of the physial interpretation, and a relationship

that makes sense only beause of the intrinsi disreteness of the ausal set.

There is muh more to be said on how a ausal set an manage to determine

an approximate spaetime metri, and also why a theory based on ausal sets an

be expeted to bypass some of the diÆulties of quantum gravity that I referred to

earlier. [4℄ Sine this is a meeting on theory onstrution, however, I will not further
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desribe or argue for the ausal set idea as suh. Instead I will try to reonstrut for

you the hain of thought whih, in my ase, led from ertain general expetations

and desires to the partiular proposal for quantum gravity that I have just skethed.

Unfortunately some of this aount will be rather tehnial, but I hope the general

development will be lear, even if the meaning of ertain onepts and issues remains

partly obsure.

Initial expetations

The ideas from whih I started were, I think, disreteness (or \�nitarity"),

operationality, and a desire to negate the manifold as the substratum of spaetime

physis.

That spaetime might ultimately be disrete rather than ontinuous is an idea

that goes bak at least to the time of Zeno. In the last entury it was learly

enuniated by Riemann and Boltzmann [5℄, and it has plainly been \in the air"

for the last several years. One big reason for its reent urreny is ertainly the

problem of in�nite amplitudes in Quantum Field Theory that I referred to earlier,

and to a lesser extent the problem in General Relativity of singularities at whih

the spaetime urvature beomes in�nite. (And here I would add an in�nity whih,

I think, is unduly overlooked: the in�nite entropy that a blak hole horizon would

possess if arbitrarily �ne variations in its shape, or arbitrarily �ne utuations of

matter �elds in its neighborhood, were to ontribute.) These \ultraviolet" in�nities

arise at in�nitely short distanes, and onsequently would be immediately onverted

to �nite quantities if there were some lower limit to the physial distanes that

atually exist.

Suh a potential resolution of the problem has beome muh more real for

physiists with the advent of so-alled \lattie gauge theories"[6℄, whih allow a-

tual omputations to be made on the basis of disrete (albeit arti�ially onstruted)

spaetimes. In fat, these disrete spaetimes are just transpositions to four dimen-

sions of the atomi latties that ordinary solids form. And onversely, when people

adapted �eld-theoretial methods to the understanding of ordinary solid matter,

they obtained quantum �eld theories with divergenes whih are manifestly no more

than an artifat of the ontinuum approximation being employed. In this ase, the

\uto�" that removes the in�nities has a physial meaning whih is transparent and

unontroversial.

Thus, the atomi struture of matter has suggested to physiists a like harater

for spaetime. In a similar way, the historially unexpeted disreteness (of energy,

volume in phase spae, angular momentum, : : :) from whih quantummehanis gets
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its name also has intimated that an underlying granularity of apparently ontinuous

quantities is a universal feature of nature. And �nally there are digital omputers.

Without them, the lattie gauge omputations I just mentioned ould never have

been done. But beyond that, their broader inuene on sienti� ulture learly

reinfores a belief in the ultimately \�nitary" nature of the mirosopi world.

The prestige of \operationality" as a guiding priniple is another fat of si-

enti� ulture whose roots are probably too deep to be fully unearthed. Being a

sienti� form of positivism, its presuppositions might have been merely transferred

to physiists from bourgeois philosophy, where I think a positivisti approah has

tended to dominate in this entury. Within siene itself, the strongest arguments

have been based on the fat that� for whatever reasons � the unfolding of the quan-

tum and relativity revolutions of this entury has ommonly been (mis)represented

as a triumph of the operationalist method.

As applied to gravity, operationalism would require that the fundamental vari-

ables be things with \diret experimental meaning", like the omponents of the

metri tensor. And it would tend to onstrue this tensor as merely a summary of

the behavior of idealized loks and measuring rods, rather than as an independent

substane, whose interation with our instruments gives rise to lok-readings, et.

Finally, there is the desire to transend the manifold onept, whih has also

been felt by many people, partiularly those with a strong interest in gravity. Of

ourse this desire is onneted with the urge toward �nitarity, but it also has inde-

pendent roots, whih unfortunately seem to be more tehnial in nature than the

issues we have just been onsidering. For me, I think the strongest reason for dis-

satisfation with the manifold onept had to do with quantum utuations in the

mirosopi topology. The ourrene of suh tiny utuations is strongly suggested

by the form of the Einstein-Hilbert lagrangian, but the resulting piture of ever-

hanging topologial omplexity on in�nitely small sales (the so-alled `foam') is

not one that an be painted in manifold olors. Indeed I did not even see how, within

the manifold framework, you ould express onsistently the notion that topologial

utuations of �nite omplexity an \average out" to produe an unompliated

and smooth struture on larger sales. The replaing of a manifold by something

more fundamental, I felt, might allow suh a piture to make tehnial sense. It

might also provide a route to answering a related question that many people have

hoped quantum gravity would be able to address, namely the old question of why

there are preisely three spatial dimensions and one temporal dimension, rather

than some other number of eah. Suh a possibility looked partiularly attrative
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in light of the revived interest in Kaluza-Klein theories, whih posit that spaetime

at suÆiently small distanes atually does have a di�erent dimensionality than

that of our daily experiene. *

Simpliial gravity

Led by the expetations and prejudies I have just desribed, I looked for some

�nitary model of gravity with an operational avor. The only one I found � indeed

the only disrete model I found at all � was one in whih spaetime is represented

as a simpliial omplex.[7℄ In this so-alled \Regge Calulus", whih I enountered

while a graduate student, urved spaetime is replaed by an assemblage of at

simpliial bloks, a simplex being the higher-dimensional analog of a triangle or

tetrahedron. Suh an assemblage is �nitary in the sense that its geometry is fully

determined by giving only a disrete list of real numbers: one length per simplex

edge. Indeed Regge alulus is nothing but what engineers would all a \�nite ele-

ment" desription of spaetime. The at simplexes approximate a urving manifold

in just the same way that a geodesi dome approximates the surfae of a sphere.

(A �nitary purist would omplain that even a single real number already ontains

an in�nite amount of information, but in any ase the struture is disrete in the

sense that there are only a �nite number of simplexes in any bounded region of the

omplex.)

A desription in terms of simpliial omplexes also has an operational avor.

Imagine that what we all a spaetime point is merely an ideal limit of �ner and

�ner experimental \determinations of loation" (measurements). Sine the atual

measurements are imperfet, they will determine not individual points but \fuzzy"

ones orresponding roughly to the topologial onept of an open set. Now if you

over a manifold by a �nite number of open sets, and if you keep trak of whih of

these sets (or determinations) overlap with eah other, then you get what is alled

the `nerve' of the overing, and this nerve is a simpliial omplex! Thus one ould

* Sine the time I have been talking about, my study of so-alled topologial geons

has onvined me even more strongly that topology-hange is an unavoidable feature

of quantum gravity. Also further evidene has aumulated that this phenomenon

at least strethes, and probably bursts through, the manifold framework. However

what I have desribed here is meant only as a stati sketh of my thinking at the

time when the train of thought leading toward ausal sets got underway. For larity,

I have tried to exlude from my aount any supporting onsiderations that arose

later.
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view the use of simpliial omplexes in Regge alulus as a kind of formalization of

\what we atually do to produe spaetime by our measurements".

At that time, however, my adherene to the disrete amp was not omplete. I

still believed in a potential ontinuum existing as an ideal limit of the atual disrete,

or more spei�ally as a limit of �ner and �ner position determinations. There

would thus be no bound in priniple to how preisely we ould measure spaetime

loation, and therefore no unbreehable minimum length in nature. Aordingly, I

thought of spaetime not as a single simpliial omplex, but rather as a sequene

of them, eah re�ning the previous one, with the whole sequene onverging in the

limit to some topologial spae that need not be just a manifold. This framework

(desribed almost in these terms in an old Dover reprint [8℄ by Pavel Alexandrov)

promised, with its built-in possibility of di�erent simpliial omplexes on di�erent

sales, to give a preise meaning to the intuitive piture of topologial utuations

that I referred to before.

But this promise was one I was never able to redeem. The simpliial omplex of

Regge alulus seemed in the end to be a useful tool for approximating the ontin-

uum theory, but not, after all, a �nitary struture that ould serve as the physial

underpinning of the ontinuum. In Regge alulus the dynamis (or \equation of

motion") is given by varying the disrete analog of a lagrangian, but this analog

eased to be meaningful as soon as you took the omplex to be more-than-slightly

more general than a manifold. For this reason also, the dimension had to be hosen

in advane, and therefore seemed to be no more expliable in the simpliial frame-

work than in ordinary General Relativity. In addition there seemed to be no natural

way to inlude Fermi �elds in the framework, although gauge �elds did �nd their

natural plae.

However all these diÆulties were ones whih you ould imagine removing with

greater ingenuity. The failing that arried the greatest weight in my mind was atu-

ally a tehnial problem. It turned out that the suessive omplexes did not really

onverge to their putative limit as the determinations de�ning them beame �ner

and �ner! To say preisely what this means would be too muh of a mathematial

aside, but the basi problem was this. You ould start with a given ontinuous spae

(say a manifold) and over it by a �nite olletion of open sets, eah representing

a fuzzy point, perhaps. By adding �ner and �ner open sets, you got a sequene

of simpliial omplexes whih did indeed have a well-de�ned limit (the so-alled

\inverse limit"), but the simplexes of the omplex were not all getting small when

regarded as subsets of this limiting spae. Thus there was onvergene in a ertain
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mathematial sense, but not in the physial sense that suessive approximations

were orresponding to suessively smaller sales of physial size.

The �nitary topologial spae

The next step beyond the ontinuum was to disard the simpliial omplex as

the basi struture, and try instead the �nite topologial spae. In grappling with

the limit problem I just told you about, I had notied that the nerve of a �nite

open overing does not atually enode all the information about how the sets of

the overing overlap eah other; it only keeps trak of their mutual intersetions.

If you do keep all the overlap information, then you end up not with a simpliial

omplex, but with a di�erent mathematial struture: a �nite topologial spae. *

Like the simpliial omplex, this struture also arries information of a topologial

nature. (In fat it is literally a topology, as its name says.) But unlike before,

the sequene of �nite topologial spaes orresponding to a sequene of �nite open

overings does onverge properly to the ontinuous spae being approximated. This

seemed to open the way for a true negation of the spaetime manifold, something

whose disrete/ombinatorial harater was more thoroughgoing than that of the

Regge alulus had proved to be. It thus seemed possible that, of all the strutures

de�ning a smooth manifold, it would turn out to be the topology itself that bears

the greatest strutural similarity to the underlying disrete reality. [9℄

As the orrespondene between open overings and �nite topologies was beom-

ing lear to me, I also realized that a �nite topologial spae has a very di�erent,

yet entirely equivalent, desription as a partial ordering. This intriguing orrespon-

dene between topology and order struk me as deep in itself; but it also resonated

in my mind with a tradition in physis and philosophy of wanting to base the anal-

ysis of spaetime struture on the properties of a quite distint order-relation � the

so-alled ausal order of \past" and \future", whih in standard General Relativity

tells you whih events are able to signal to (or more generally to inuene) whih

other events. Still, the order inhering in the �nite topologial spae seemed to be

very di�erent from the order de�ning past and future. It had only a topologial

meaning but not (diretly anyway) a ausal one.

* Atually, a stritly �nite overing is appropriate only for a bounded region of

spaetime. In the more general ase of a loally �nite overing, as would be needed

for an in�nitely extended region of spaetime, the struture you get is what might

be alled a \�nitary" topologial spae, one ful�lling a ertain natural ondition of

loal �niteness.
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In fat the big problem with the �nite topologial spae was that it seemed to

lak the kind of information whih would allow it to give rise to the ontinuum in all

its aspets, not just in its topologial aspet, but with its metrial (and therefore

its ausal) properties as well. Could it be, then, that everything is ultimately

topologial � that even the notions of length and time emerge somehow from more

fundamental relations of adjaeny and onvergene? To address this question I

tried (maybe not very hard) to make a theory of dynamial topology alone (i.e. I

tried to �nd a quantum law of motion for the �nite topologial spae), but I got

nowhere. On the other hand, the only way I ould see to put metrial information

bak in expliitly, was to use a ertain orrespondene that exists between �nite

topologial spaes and simpliial omplexes, and then appeal to Regge alulus.

But this would put us bak where we started, not having gotten essentially beyond

the manifold onept.

The ausal set

The way out of the impasse involved a oneptual jump in whih the formal

mathematial struture remained onstant, but its physial interpretation hanged

from a topologial to a ausal one. Although, unfortunately, I an no longer reall

the inner development of this jump in any detail, it is easy to see it in retrospet as

a natural step.

I wrote above that the mathematial struture \�nite topologial spae" is

equivalent * to the struture \partially ordered set"; and in fat I normally thought

about �nite topologies in the latter language, sine it seemed to provide the more

onvenient representation in most ases. I was thus already thinking of the fun-

damental disrete struture as an order (poset), but an order with a topologial

meaning. The essential realization then was that, although order interpreted as

topology seemed to lak the metri information needed to desribe gravity, the very

same order reinterpreted as a ausal relationship, did possess metri information in

a quite straightforward sense.

Or rather, it possessed the neessary information if you abandoned operational-

ism and took the ausal set to be a real substratum, existing independently of any

experimental ativity on our part. This meant aepting an atual minimum length

in nature, and it made possible the key hypothesis that I referred to earlier of a

* Stritly speaking, this equivalene presupposes that distint elements of the topo-

logial spae possess distint neighborhood systems (that the topology is what is

alled T

0

).
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diret proportionality between number and volume. By itself, the hoie of a ausal

ordering as basi ould have been more than justi�ed in operational terms, but there

is nothing in what we do when we measure spaetime volume that phenomenolog-

ially has the harater of ounting. To believe suh a relationship, you have to

aept that the elements of the ausal set are real, and that volume measurements

\ount" them in muh the same way that weighing a opper ingot \ounts" the

number of atoms it omprises.

[Indeed, weighing is not preisely the same as ounting atoms; and I would not

view as exatly true either half of the ompound hypothesis that mirosopi number

shows up marosopially as spaetime volume, and mirosopi order shows up

marosopially as ausality. Rather I like to think of these basi assumptions as

analogous to the hypothesis in lassial General Relativity that bodies move along

spaetime geodesis. Viewed thusly, they would belong to what Taketani would all

the \substantialisti" stage of understanding of quantum gravity, being essentially

approximate relationships, whih will be orreted and more fully understood only

in the higher theoretial stage when an exat dynamis is available.℄

The result of these hanges was that now you no longer needed to add anything

to the ombinatorial data, in order to reover the metrial aspets of the ontin-

uum. Everything neessary for gravity was already present in the unadorned ausal

set, whose disreteness, moreover, was now intrinsi to the physial interpretation

(thereby realizing Riemann's laim, that for a disrete manifold, metrial properties

do not need to be added in by hand.) Potentially uni�ed now, in terms of a single

notion of mirosopi order, were all the basi strutures going into the General

Relativisti oneption of the ontinuum � its topology, its di�erentiable struture,

its metri and its ausal struture. In addition, the Lorentzian signature of the

metri tensor � in other words, the fat that preisely one of the dimensions is

timelike with all the other ones being spaelike � beame inevitable, whereas in

itself it appears mathematially unnatural and inonvenient.

As I just said, I am not sure exatly how these hanges in my thinking took

plae, but one stimulus for the transition from topologial order to ausal order may

have been my going to Chiago, where David Malament had just emphasized how

muh information the ausal ordering atually ontains in the ontinuum ase. [10℄

This also may have highlighted for me what the ontinuum order fails to ontain

� namely information on spaetime volume � and may thereby have prepared a

sudden realization that my disrete order ould make up for this lak if reinterpreted

in a ausal way. My retreat from operationalism, on the other hand, was de�nitely
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not sudden. It was part of a muh slower evolution with auses partly inside and

partly outside of physis proper.

The reasons for aepting the ausal set as the right struture sound onvining

to me now, but for a long time I remained in some doubt. In fat it took me several

years to de�nitively give up the idea of order-as-topology and adopt the ausal set

alternative as the one I had been searhing for. Whether the resulting hypothesis

is true, an of ourse be deided only after a lot of further work.

Other threads: fermions, geons, the sum-over-histories, : : :

In essene this is the end of the story, but there remains at least the question

that Dira was said to have always asked when he woke up at the end of a seminar:

\but what about the muon" � or in this ase, what about fermions in general?

Earlier I mentioned that one of the diÆulties of the Regge alulus was that it

did not appear to be able to aommodate fermi �elds in a natural way, whereas

fermions ertainly exist in the real world. As far as I know, the situation is no

better with ausal sets, but in the meantime I have found out that I was wrong in

thinking that fermions must our at the fundamental level of any theory in whih

they our at all. In priniple they an all emerge at a higher level, as omposite

partiles, or as objets derived in some less obvious manner from the fundamental

strutures. In fat you don't even need to go beyond pure gravity to get fermions

sine they an our as topologial exitations (\geons") in four dimensions [11℄, or

more exotially, on the basis of the higher dimensional manifolds of Kaluza-Klein

theory (Kaluza-Klein geons). This was a parallel development, and to some extent

a hidden thread in the story I have been reounting.

Other hidden threads in the story onern the so-alled sum-over-histories (or

\path integral") interpretation of quantum mehanis in general [12℄, the onit

in my thinking between a more \algebrai/logial" and a more \geometrial/set

theoreti" approah to the quantum gravity problem, and the question of whether

some oneptual desendant of the pre-Relativisti notion of time will ontinue to

play a role in the dynamial \law of motion" of quantum gravity. These threads

intertwine with eah other and with the fermion issue as well, but there is a limit

to how tangled a history you an tell, or even begin to reonstrut in your own

mind : : : : : :
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