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ABSTRACT
A nontechnical review is given of topological bootstrap

theory, with emphasis on the raison d' &tre for an electro-

. . -2
magnetism whose fine-structure constant is of order 10 .

* This work was supported by the Director, Office of Energy
Research, Office of High Energy and Nuclear Physics, Division
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I. INTRODUCTION

Physicists have achieved for electromagnétism a description
acclaimed for beauty and power as among the foremast human achievements.
Over several centuries there has evolved a chain of electromagnetic -
insights interwoven with space4time, causality and‘qué;tum
mechanics. Contribﬁting to the latter connectioﬁ was. Dirac's
equation relating relativistic electrons to electromagnetism. More
recently, building on Dirac's discovery, connectiéns have been found
between electromagnetism and short-range weak interparticle forces.
Paradoxically, throughout this remarkable history interweaving‘with
the fabrie of physics, electromaghetism in one sense reméined aloof;
physicists failed to achieve understanding of electromagnetism's strength.
Until recently no physical principles have precluded a zero value for
the corresponding dimensionless parameter. 'Turning off" electromag-

netism is allowed by the Newtonian-Cartesian view of a universe

governed by edﬁations of motion for "objects'" in a space—ﬁiﬁe continuum.
The 19th century Maxﬁelliam view of electromagnetic fields was.
"objective" -- a viewpoint left unchanged by the 20th century's
Lagfangian—based quantum electrodynamics (QED).. Photons, that is to
say, are regarded in QED as objects in the same Sensg as electrons.

A nonobjective aspect of electromagnefism does seem to preclude
exact vanishing for the elementary electric charge. This is the
circumstance that any "observation'" of one macroscopic object by
another such object involves electromagngtic interaction. Thevzero
photon mass and the associated long-rang coupling between electric

charges provides a "gentle" communication between large, almost



isolated and electrically almost—neu;ra; systems; such gentle intér-
action, which underlies the meaning of localized "reproducible"
experimenté, is uniquely achievable through electromagnetism.
@favitational interaction also is of long range but is not screenable
through the cancellatiop of opposite charges and not éuitable as an
agent of measurement.) One may therefore argue the nonvanishing of
electromagnetism as essential to an observable "real world" of
.distinguishable objects, but the numerical value of thevelementary
charge remains unexplained.

Slowly, over recent decades, there has been developing recognition
that physics need not, and perhaps. should nqt, be base& on an a priori
space-time continuum; Ne&tonian-Cartesian objectivity may be not an
underpinning - but rather oﬁeﬁapproximate aspect of a'larger ‘reality".
Since the beginning of this cehtury, observation of quantized physical
phenomena haé been sﬁggesting that abparent continua are but approxi-
mations to an underlying discrete structure, even though it has
turned out possible to understand an extraérdinary assortment of
atomic and nuclear observations through coptinuous equations of motion
supplemented by quantdzed rules of interpretation. (Dirac's electron-
electromagnetic equation is a famous example.) Starting in 1939, .on
the other hand, with recognition by Wheeler of the S-matrix concept —-
a notion generalizing Heisepberg's original matrix approach to
quantum mechanics and elaborated during the forties by Heisenberg
himself —- the possibility has been appreciated of achieving the success-
ful predictive content of‘quantum theory from a discrete basis with-

. 1
out equations of motion.

Recently there has become recognized an S-matrix framework based
on embellished Feynman graphs which contacts: observed discrete
phenomena and at the same time promises explanation of the apparently-
continuous Newtonian-Cartesian "classical world in which we recognize
our existence. The expécted link between quantum (discrete) and
élassical (continuous) worlds lies in the "soft".photon ("infrared")
aspects of Feynman graphs; the raison d' étre of quantized electfo—
magnetism thereby looms as the raison d' étre of Newtonian—-Cartesian
reality withbits épace—time continuum. From.such a viewpoint space~
time is expected to be "built" from soft photons.

This paper will describe considerations implying not only the
inevitability of electromagnetism in a consistent S-matrix but the
numerical value of the elementary electric charge. This latter
number emerges from combihatorial topology describing an entropy-
carrying S matrix. Introduction of entropy into S-matrix theory via
embellished Feynman graphs is the key addition to thé structure
recognizéd by Heisenberg and Wheeler.

The approach to be described is called "bootstrap"‘theory
because of its assumption that elementary particles are not arbitrarily
postuiable but uniquely determined by S-matrix consistency; each
particle is supposed to owe existence to interaction with other
particles.2 The term "bootstrap", introduced in 1959 in the fore-
géing sense before entropy became appreciated, is now developing
broader significance -- symonymous with the more general and much
older idea that no aspect of nature is arbitrary. Bootstrappers
expect eventually to understand our familiar space-time world of

"real" objecfs as one aspect of a self-sustaining universal
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"mosaic". This paper will nevertheless restrict itself to the
quantum world -- the S matrix. The posed question is, "why must a
consistent § matrix include photons coupled to an elementary éharge
whose squared value corresponds to the celebrated fine structure
constant'Q;leZ/hw =~ 1/137? Although a brief account of this work
has been written,3 the lengthier treatment here should be easier -

for most readers to follow.

Y

II. THE TOPOLOGICAL ENTROPY EXPANSION

Feynman graphs are usually seen as devices convenient for
perturbative calculations based on a Lagrangian; topological particle
theory on the other hand ascribes to Feynman's invention a more
pibfound significance associated with a notion of entropy. Any S-
matrix conneciéd part (scattering amplitude) Sfi;joining an ingoing
set i of elementary particles to an outgoing set f,is represented by

an infinite "topological expansion"4

8¢y = f s¥; ‘ (11.1)
in which each term, labeled by the index Y,Vbelongs to an embellished
(connected) Feynman graph. The embellishment, which is gradually
described in the course of this review, attaches to each graph a
well-defined discrete measure of complexity. When graphs are combined
("added" together) to form new graphs, aﬂ appropriately-defined
graphical cémplexity cannot decrease and ébrtespondingly may be
called "entropy". Terms within the topological expansion (II.I) afe
to be understood as arranged in order of increasing entropy.*

There is no underlying continuous Lagrangian in topological
particle theory. Théa set of elementary particles —- i.e., distinguish-
able Feynman lines -- is to be determined by S—matfix consistency

within the discrete entropy expansion (II.1). A prinéipal aspect of

* One entropy index easiiy appreciated is the total number of Feynman-

graph vertices.



such coﬁsistency is unitarity, whiéh determines through a."Feynman
rule” the complex number S;i belSnging to the embellished graph Y.
Because the expansion extends to infinite entropy, a continuum of
some kind is implicit; but it remains to be discovered what continuum
will emerge. At the start no meaning is assumed for physical space-
time or eqﬁations of motion.

Associating an elementary particle to each Feynman line means
attachment of energy-momentum to the line with a conservation law
at each graph vertex. Definition of an S matrix requires energy-
momentum even though physical space-time at the start has been
given no meaning. Later we shall also consider particle spin. It
is assumed that spin and momentum transform.in the usual way under
the Poinéaré group.1

No serious attempt has yet been made in topological particle
theory to explain the physical relevance of thg Poincaré group, al-
though a bootstrap approach is obligated evehtually todoso. Human limita-—
tions demand temporary compromises with the bootétrap assumption that consistency
is all determining. At some point in the future the physical relevance
of the Poincaré group should become understandable,* but currently-
proceeding consistency analysis accepts this group as part of the
algo—accepted S-matrix notion. There is nevertheless no assumption
of any "internal" group structure such as the celebrated SU(3) x
SU(2) x U(l) which dominates current Lagrangian theories. To the
extent that such structure is relevant, that fact is to be explained

from the cbnsistency of an S-matrix topological expansion based on

* Certain ideas of Penrose5 ook promising in this connection.

4

discrete graphs.

Readers unfamiliar with the S matrix concept may find puzzling
the assumption of meaning for momentum-energy without an a priori
significance for space-time. One needs to remember that, with no
limitation on the scale of measuring apparatus, it is possible to

measure particle velocity .as accurately as desired without need for

local space-time. We anticipate an association of "size' with topo-

logical complexity, so the inclusion of unbounded entropy within the

topological expansion (1) looms as essential to the "asymptotic"

measurements which the S matrix is supposed to describe. These

measurements are anticipated to be understandable as highly-complex
patterns of "gentle" discrete events involving soft'photons;

Although one may associate the term "elementary event' with any
vertex of a Feynman graph, the meaning of "physical event" is unclear
at the start and must await.elucidation of space-time through high
entropy. Similar remarks apply to the notion of '"physical particle"
as opposed to the "elementary particle'" which is synonymous with a
Feynman-graph line. There has deveidped nevertheless, a useful working
hypotﬁesis about the latter relationship; this hypothesis is based
on experience with the Feynman expansions that represent perfurbative
treatment of a Lag?angian.

fhe first aspect of the hypothesis is the correspondence between
particles and poles of the S matrix, a correspondence
supported by extensive study of generai S-matrix conditions such as

unitarity and causality.l It has been shown’ that S-matrix elements

are analytic functions of energy-momentum variables apart from isolated

singularities. Poles of the S matrix correspond to individual
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particles, and pole location in the complex energy-momentum Riemann
surface corresponds to particle mass. It turns out that if a connected
Feynman graph disconnects when one of its internal lines.is cut,

then this internal line corresponds to a pole of the associéted

topological-expansion component st

£1° The position of the pole is

given by the mass of the elementary particle associated with the
internal line. The pole residue is a product of the S-matrix
connected parts belonging Fé the two separated graphs. This rule
is a special case of Landau's general rulés for associating Riemann-
surface singularities with graphs.6

It is assumed that ghzsicél particles similarly correspond to

poles of the matrix S_.-- which is an infinite sum over topological

fi
components S?i. Experience with Lagrangian—bésed infinite Feynman
ekpansions suggests. that the topological expansion diverges- at

isolated points of the complex-momentum Riemann surface, creating new

not present in the individual components sy, and

poles for S £1

fi
extinguishing elementary-particle poles.7 The mass of a physical
pafticle generally, then; does not coincide with a;y elementary-
particle mass (the photon may be the unique exception to this rule,
as diséussed in Sec. XI). Physical protons, electrons, etc., have

masses corresponding to the location of poles in § that do not

) fi
coincide with any pole of anis¥i. »
For reasons developed below it is necessary to attach topological
embellishments td Feynman (momeqtum—energy ca;rying) graphs. One
cossequence is a collection of cgnserved "interpal" quantum numbers

which label a "Feynman space" of lines -- distinguishing one type of

elementary particle from another. There will be described in this

-10-

review embellishments that distinguish elementary particles as
carrying different quantities of topological quantum numbers called
"baryon number"”, "lepton number", and "isbspin". Tbe Feynman space
may be labeled by such topological attributes. Because conserﬁation
of these‘quantum numbers is preserved by all components of the

infinite topological expansion, the poles of S -- corresponding to

fi

~

" physical particles -- also carry topological quantum numbers. A

matching may then be made between certain physical particles and
elementary particles carrying the same interpal quantum numbers. We
speak, for example, of an "elementary proton", an "elementary neutron",
an_"eleyentary electron” and an "elementary neutrino”, since poles

of S%i appear with internal quantum numbers matching physical particles
with these names.

Certain topological embellishments needed for labeling of the

Feynman elementéry—particle space correspond to approximate quantum
numﬁéts;e4 conserved only for "orientable" components of the topological
expansion. The distinction between orientable and nonorientable
components will be discussed in Sec. VIII. Because non orientable
components appear only with small magnitude, one alsc may meaningfully
attach approximately-conserved quantum numbers to physical particlgs.

An example is the attribute that has.been called "strangeness';
attributes in this category have been generally described by a
"generation index"; as will be explained in Sec. VIII.

The bootstrap idea was spawned more than two decades ago by

_experimental measurements of strong interactions -- involving those

physical particles like neutrons and protons that have been called

“hadrons".z The observed order of magnitude of the interaction between
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hadrons was found to be understandable from S-matrix unitarity once
the assumption was made that all hadrons are "bound states of each
other". What is meant by such a "bound state" noﬁion?

The most satisfactory statement depends on "dualizing" Feynman
graphs so that contractions become possible. By '"dualizing" we mean
embellishing each graph so as to give it a well-defined complexity
or "entropy". One then postulates that certain adjacent lines and
adjacent vertices of a graph may be contracted into one another to
achieve an equivalent graph; a necessary condition for contraction
is that entropy is not thereby changed. it was discovered about 14

’years ago by Harari and Rosner8 ﬁhat duality (contractability)
constitutes a mathematically-precise graphical repfesentation of the
statement that each elementary hadron is a bound state of other
elementary hadrons. Subsequent works developed the needed embellish-
ments on the basis of S-matrix consistency and found a unique set of
elementary hadrons, labeled by topological quantum nﬁmbers that
explained the essential features of observed stfong—interaction
pheonomeﬂa.g’lo We shall describe this Feynman hadron space in some
detail below, since its understanding is prerequisite to understanding

the photon -~ which is not a hadron.
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ITII. THE CLASSICAL SURFACE; COMPLEXITY AND CONTRACTION

Attribution to a connected Feynman graph of a complexity which
consistently controls contraction requires embedding the graph in a
connected bounded 2-dimensional surface -- discussed already in 1974
by Veneziano4 and now called the "classical" surface.9 The vertices
of such an embedded graph are cyclically ordered and, because a.

l-dimensional object has been extended to 2 dimensions, the embedded

- Feynman graph is said to be "thickened".9

The boundary of the classical surface is important.* All Feynman-
graph ends lie along this boundary as do the ends of certain electri-
charge carrying lines. that nowhere touch the momentum-carrying Feynman
graph. The latter "isospin" lines, due to J. Finkelstein,l2 will be
described in Sec. VI; they ‘are vital to the photon bootstrap. We
fufther anticipate (following section) that spin flows along the ZC
boundary. It must be understood that the classical surface of topo-
logical bootstrap theory is an abstract surface, without metric and

*k
not embedded in space time.

8 lie along the

The Harari-Rosner graphs discovered in 1969
classical-surface boundary and, to the extent that string models11
relate to ZC’ the “string"bis the EC boundary.

** The 1969 discovery of ﬂarari—RoSner gtaph58 led to two distinct
theoretical branchings: Lagrangian‘string modeléll'and the
topological expansion. Both branches interpret Harari-Rosner

graphs as surface boundaries, but string models give the surface

a space-time underpinning.
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We shall find below that the complexity (or "eantropy") classifi-
cation of Feynman graphs attributes the lowest levels of complexity
to single-vertex graphS-* More complex graphs are achieved by joining
lines from originally—disconneéted vertices. This joining is accom-
plished by gluing together appropriate classical-surface boundary
segments -- segments containing the ends of 1iﬁes to be joined. 1In
this way "connected sums" of Feynman graphs are achieved through
classical-~surface "connected sums along the boundary". Any multivertex
graph thereby finds itself automatically embedded in an appropriate
connected bounded classical surface.

Allowable graph contractions respect the topology of the embedding
classical surface. In particular the surface genusf* the number of
boundary components and the cycliq order of Feynman-graph ends along
each boundary component must ﬁot change. ‘But certain internal
Feynman lines may be removed -- identifying the two vertices at the
line end points -~ withputchangingthetopologyof the classical surface.
Wﬁen this line erasure is possible, if is understood that the
topological index y in the expansion (II.l) refers to the contracted
graph. Equivalence of different thickened Feynman graphs that contract
to the same graph is called "duality".

Veneziano4 noted in 1974 that the genus of the classical surface

.may increase when connected sums are performed but ne&er decreases.

* The "elementary vertices" of topological theory play a role analogous
to the interaction terms of a Lagrangian. Lagrangian theory, however,
" does not permit graph contraction.

_** For an orientable surface, the genus is twice the number of handles.

< &
~14-
The genus ~- which counts the number of independent handles and
 Mobius bands contatned in the surface -- is in this sense an

"entropy" index. Components of the topological expansion (II.1) may
be ordered according to increasing value of genus, with the property
that, given.zero—genus topologies, others may be built therefore by
connected sums. Corresponding Feynman rules specify the value of
higher-genus amplitudes given éero—genus amplitu&es.
Classical-surface genus was not the only characteristic of
Feynman-graph complexity recognized by Veneziano; the number of dis-
connected components of ihe classical-surface boﬁndarz is also
significant; (Each boundary component contains at least one end of

the graph.) Of special interest are graphs embedded in zero-genus

classical surfaces with either one or two boundary components. Those

with one boundary component are called "planar'" and those with two
are called "cylindrical"; we are here speaking of spherical surfaces
witﬁ either one or two disks cut out. A sphere minus a single disk
is topologically equivalent to a bounded p;aﬁe; a sphere minds two
disks is equivalent to a cylinder. Figure (1) gives examples of
planar and.cylindrical thickened Feynman graphs. The classical
surfaces here are topologically inequivalentjacylindrical surface
may not be contracted to a planar surface even though both have zero
genus.

It is possible to show that planar and cylindricalclassical sur-
faces are the only "self-building" categories -~ i.e., the only
topologies achievable through connected sums where all ingredients areof
their owﬁ topological type.9 A toroidal bounded surface (sphere plus-

handle, genus = 2) cannot, for example, be built from the connected sum of
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two toruses.  But a planar surface can be built from the connected
sum of two planes and a cylindrical topology built from the connected
sum of two cylinders. This fact will emerge as of deep significance
for the topological boﬁtstrap. Only at planar and cylinder levels-
is a bootstrap méchanism operative. All higher topological amplitudes
are determined by Feynman rules once planar and cylinder levels are
established. The photon will turn out to be related to the cylinder.

Complexity of momentum flow has been seen in this section to Be
déscribéd through the genus and boundary structure of the classical
surface which thickens the Feynman graph. We turn attention next to
the flow of spin. .Consistency with the contraction idea will lead
"us locally to brient the classical surface and to associate such

orientation with “chirality" along the surface boundary.

-16-
" IV. CHIRAL FERMION LINES

The idea that spin "flows" along the classical-surface boundary
was suggested by the 1969 'quark-line" diagrams of Harari and Rosner8
and formally realized by subsequent work of Mandelstaml3 and Stapp,lo

who succeeded in attaching spin 1/2 to boundary lines by recognizing

a 2-fold "chiral" degree of freedom for boundary lines associated with

‘massive elementary particles. Subsequently this "chirality" was

associated with agreement or disagreement between boundary orientation
and local orientation.of the classical surface near the boundary.14

Chiral doubling is the same dpubling recognized by Dirac through
his 4—c6ﬁponent spinors that represent spin 1/2.* In the Weyl basis
the upper two components of the space in whiéh a Dirac_4 x 4 matrix
operates may be said to have "ortho' chirality while the lower two
cémponents have'"para“’éhirality.l5 The parity operation interchanges
ortho and para, but proper Lorentz transformations do not mix the two
“"chiralities".

In Dirac's theory of electron~electromagnetic interactions,

ortho and para chiralities are superposed but separate consideration
of ortho and para is require& for dealing with topological contraction.
Erasure of an intermediate line in a Feynman graph is possible only
if each of the parallel fermion lines is unambiguously ortho or para.

To understand this point consider the Dirac 4 x 4 matrix

* Dirac doubling corresponds to the fact that the complex conjugate
of a finite - dimensional representation of the Lorentz group is

an inequivalent representation.
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1+ XE _ ' (1v.1)
. m .
0
which appears in Feynman's spin - 1/2 propagator. Hefep‘is the
momentum flowing along the Feynman line and m is the elementary-

partiqle mass. In the Weyl basis the matricesyu = (Yo,;) relate

to 2 x 2 Pauli matrices Gu = (1,3) by

Yy = ‘ (1v.2)

Qi
o

where 5# = (1, —3), so the second term of (IV.1l) produces ortho-para
transitions and simulféneously coupies spin to momentum. By contrast
the first term of (IV.1l) — the part diagonal in chirality aé here
defined -- is the unit matrix in spin space. So long as "chirality"
does not changé, spin is.decoupled from momentum and there is no spin-
impediment to erasure of the intermediate Feynman line.

The secoqd term of (IV.;) cannot be discarded, so one associates
"chirality" with a topological orientation and permits this orientation
to reverse, acéepting'thét such reversalibrinés an entrqpy increase
irremovable by'contracﬁion.‘

Consider the example in Fig. (2). of a cubic thickened feynman
._gfaph. The boundary here is topdlogically_an oriented circle but has
- been drawn.to suggest that eachvboundary ségmeht runs “parallel" to
. 'énFeypman momentum line. Figure (2) empﬁasizes how.each Feynman
tline is.accompanied by a pair of oprSitely-directed “fermion" lines,
‘; fermion line ‘being defined as an oriented boundary segment located

between the ends of two momentum lines. Notice how the full boﬁndary

" is globally oriented. In this example there are 3 fermion lines,

-18-

each with a pair of spinor indices implicitly attached at the ends.’
These indices describe in the sense of Stappl6 the spin of the
elementary particle belonging to-fhe momentum—-line end where the
index locates.

The chiral orientation for each fermion line is that of the
classical-surface portion which touches the line. The surface of
Fig. 3 is divided by the Feynman graph into 3 portibns, eaéh touching
exactly one fermion line. If the orientation of a surface portion
agrees (disagrees) with its fermion-line 6rientation, we say that
the fermion is ortho (para). ConnectingFeynman lines between vertices
(to form a "propagator'") joins corresponding fermion lines, and along
each separate fermion line there may or may not occur anrortho—para
transitién. Transition means reversal of local classical surface
orientation, as‘in the upper portion of Fig. 3, and thebreby a patch
boﬁndary in the surface. The numbef of such patch boundary lines
(not momentum lines) counts the number éf férmion "ch:lralit:y'i
reversals” and constitutes an entropy index; .this index can only
increase in .connected sums. An intermediaté Feynman line along
which "éhirality reversal' occurs, such as in Fig. (3), may not
be érased; the intermediate momentum affects the spin dependence.

For massive elementary particles, ortho-para chirality is not
a physically-observable degree of freedom. The Feynman-Dirac matrix
:(1&.1) in the rest system of the propagating particle, where

p= (mO’ 0,0,0), becomes
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which projects an arbitrary 2-component vector onto the vector

The Feynman-Dirac formalism is here recognizing that, in summing over
the index y in the topological éxpaﬂsion (II.1), one automatically
makes the superposition, oftho + para, for each separate fermion

line attached to a massive elementary partiéle.

This is perhaps an appropriate point to pause and call the
reader's attention to a general feature of‘the topologi;al expansion
(I1.1): the sum over Y-fbr specified initial and finél S-matrix
channels (i, f) is a sum over physically inaccessible topological
features. Accessible features are orientations preserved whenever
elementary-particle lines are joined. Fermion—line direction,'for
example, is always maintained and one may correspondingly say that
+1 unit of fermion number flows along each fermion line. When we come
to consider oriented isospin lines it will be possible, because
isospin direction is continuous, to say ;hat electric charge flows
along these lines. It follows that fermion number and number of
electric-charge units are physical labels attached to any elementary
particle. Such "accessible" labels are included in (i, f) and not
summed over in (II.1l). But ortho-para chirality is not an accessible
label when the elementary particle is massive; here one makes the
0+ P sum.

For massless elementary particles fermion chirality associates with

helicity. Chirality in this case becomes physically accessible. In both

massive and massless instances the parity operation interchanges ortho with

~20-

para. Left-right physical symmetry results when ortho and para
fermion lines appear symmetrically in the topological expansion.

Self-building topologies, in the sense described by the preceding
section, must be completely free from fermion ortho-para reversals.
Planar topologies (zero genus, 1 boundary component) without

2,10 all con-

"chiral switches'" are often called "zero—entropyh;
stituents  nf a connected sum that leads to zero entropy must
individually be of zero entfopy. A cylindrical topology (zero
gehus, 2 boundary compéneﬁts) without ortho-para reversals has
been characterized as a '"naked" cylinder. ‘Any or all of the con-
stituents of a connected sum leading to a naked cylinder may be

either zero-entropy or naked cylinder; constituents with "ghiral

reversals" are inadmissable.
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V. JUNCTION LINES

Zero-entropy connected sums where the embedding. classical

surface is smooth, invariably lead to single closed fermion loops

accompanying each closed Feynman loop. The accompanying minus
sign, first recognized By Stapp,lo-then conflicts at thé base of .
the topological expansion with positivity aspects of S-matrix
unitarity.* The way found to circumvent this problem has been to
allow more than 2 fermion lines sometimes to accompany a Feynman
line. With a smooth classical surface, the 2—fermi§n pattern of

Fig. (2) is unavoidable, but with junction lines in the classical

surface it is possible to accommodate 0, 1, 2, 3 or 4 fermion 1ines.17

At zero entropy we shall see in Sec. VII, that the possibilities are
2, 3, 4 and one fiﬁds a unique and consisteﬁt structure in which
every Feynman loop is accompanied either by'l or 2 fermion loops.
Because the tra;e of the unit Dirae matrix is 4, corresponding to

_ each (massive) fermion line carrying 2 possible spin values and 2
possible chiralities,** the topology with two férmion loops not
not only brings a positive sign but exceeds in magnitude the negative
contribution from the single fermion loop (see Formula IV.i below).

What is a junctiop line? Half a decade ago, before recognition

of the fermion loop problem, the need for 3 quark lines to represent

* TFor example, the imaginary part of a forward elastic scattering
amplitude must be positive.
*% Isospin and generation orientations produce a further factor

of 8, as discussed in Sec. IX,

~22-

baryons led several workers18 to the idea of oriented lines along
which there meet 3 smooth pieces ("feather§5 of the classical surface.
The idea is illustrated by Fig. (4) which gives the 3-sheeted
(3-"feathered") classical surface corresponding to a zero-entropy
baryon propagator. The junction line constitutes part of each
sheet's boundary and is oriented acoordingly but does not itself

lie along the classical-surface boundary. Fermion lines, as before,
correspond to classical-surface boundary segments iocated between

the ends of "momentum"” lines.

Only one of the three solid lines in'Fig. 4 actually carries

momentum; introductién later of isospin will tell us which one.
The other two, called "momentum-copy" lines, delineate portions

of the classical surface that touch individual.fermion lines and
that through local orientations give ortho-para chirality to their
fermions -~ as in Fig. (2). .

There remain 3 portions of classical surface that touch the
junction line. For reasons to. be explained in Sec. VII, the local
orientations of these portions are "frozen" so. as to agree with
that of the junction line. The frozen junction-line chirality turns
out not to violate left-right fermion symmetry fof strong or electro-
magnetic interactions but does produce asymmetry in weak interactions.
In scanning the classical surface of Fig. 4, the reader's eye may
have caught the (dotted) Y-shaped boundary segments which do not
correspond to fermion lines; these segments will be discussed in
Sec. VII in connection with Fig.7b.

Why not introduce junction lines where more than 3 smooth

sheets meet? Reference (9) discusses consistency problems that
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then arise with respect to contraction rules. It has not been
proved that more complex classical surf#ces are inconsistent, but
the "3-feathered" junction line has many special topological
attributes not shared with other structures and apparently needed
for a consistent S matrix.

Reference (9) explains how each of the 3 sheets attached to a
junction line is topologically distinct, so that one may describe
each region of the classical surface as carrying one of 3 topological
"colors". Fermion lines within a given région may be said to inherit
the "color" of that region, but nothing is added to the theory by so
doing. Speaking'df "color" is sometimes convenient for computations
but is never necessary. Like quark "chirality', quark "color" is an
inaccessible degree of freedom that is summed over in the topological
expansion.

Because junction-line orientations are all frozen, the labels
attached to elementary particles can always be determined by their
fermion-line labels. To the extent that many computations can be
performed without explicit reference to junction lines, the importance
of junction lines to particle theory has nbt been as recognized as
that of fermion lines -- which at zero entropy have been called
"quark lines'". We nevertheless shall find that junction lines

are critical in determining electroweak properties.
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VI. TISOSPIN LINES

We come now to a mysterious but beautiful and established
aspect of topological bootstrap theory: oriented lines in the
classical surface that begin and end on the boundary while touching
neither the Feynman graph nor each other. These lines, located so

that each end uniqdely associates with the end ('"head" or "tail")

either of a fermion line or of a junction line,‘were proposed by

J. Finkelstein and have been called isospin lines.lz’19 An
esthetically-striking aspect, probably fundamental to the overall
consistency of the theory, is: the isospin line bundle tobe deséribed in
Sec. VII. In this present section we motivate isospin lines by two
considerations: (1) The need to distinguish in the baryon-propagator
3-sheeted classical surface (Fig. 4) a "principal sheet" which

carries the Feynman graph -- through which momentum flows. (2)

The need to correlate the orientations of fermion lines lying along

disconnected components of the classical-surface boundary. Certain

isospin lines will be found to have their Fwo ends on different
boundary components whiie, as always, connecting.the "head" of'a<
fermion or junction-line arrow to the "tail" of another arrow.

We give in Fig. 5 as first examples of isospin lines those
embedded in the zero-entropy classical surface of Fig. 2, althoﬁgh
neither of the.above two motivations is relevant to Fig. 5 -~ where
there is a single boundary component and no junction line. Here
each isospin line associates with a single fermion line and gives it
a "yes" or "mo" label according to whether the dsospin orientation

agrees or disagrees with the fermion direction.19 Because isospin
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oriéntation is preserved.in connections between ingoing and'outgoing

Feynman lines, it-will be found that any fermion line or any junction

liﬁe‘is either "yes" or '"no" along its entire length. It will
further eventually develop that a 'yes" line carries +1 unit of
electric charge while a '"no" line is uncharged.

Finkelstein was originally led to iéospin lines by the per-
ceived phenomenological need to represent electric charge. From the
bootstrap standboint'of this'paper, of course, the existence of
electric éharge is net postulated‘but rather is to be deduced as a
necessary componeht of a consistent § matrix. At this sﬁage we
mention electric charge so as to offer the physicist reader aﬁ
alternative terminology in "charged', "neutral” more recognizable

"noll .

than "'yes",
If instead of "yes'", "no" one were to speak of 'up", '"down"
there would be contact with familiar particle-physics language used
- for decades to describe "strong isospin'; the best-known quarks have
been characterized as '"up", "dovnﬁl In Sec.. VIII the "generation"

label for certain fermion lines will be described; one characteristic

of a quark line (Sec. VII) is that. it carries a generation label as

well as "yes", "no". For one special value of the generation label,

the quark '"yes", 'no" degreé of freedom is equivalent to the standard
"up", "down". But '"yes", "no" applies not only to all generations
bﬁt to‘fermion lines without generation index and also to junction
lines. Topological isospin, an extraordinarily unifying feature of
bootstrap theory is more similar to the "weak isospin" of w§inberg—

Salam (Lagrangian) theory20 than to "strong isospin', but it is not

identical with either.
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For topologies that can be built by éonpected.sums of zero-
entropf Feynman gréphg, each isospin line associates at both ends
with the §§gg:fermion or junction line. Figure 6 shows how this works
for>the zero-entropy baryon—propégator classical:isurface of Fig. 4,
where there are 4 isospin lines -- one for each of -3 fermion lines
and 1 for the jﬁnction line. The location of the latter distinguishes
the "principal" sheet --vmerevthe Feynman graph.lives - from
secondary sheets.

In accord with the general rule that all junction-line qrientations
are frozen, the isospin of the junction line in Fig. 6 has been fixed

at "yes" in contrast to that of each fermion line, which is either

7. 1"

yes" or "no". From the bootstrap standpoint one defines "yes" to
be the isospin orientation of any hadron-junction iine."The fact
developed in Sec. XI that only one member of an isospin quartet of
vector bosons couples to hadron junction lines, will distinguish the
photon member df this guartét and simultaneously identify electric
chafge with the number of "yes" lines.

So long as isospin lines all attach to individual fermion or

junction lines, there is "yes" - "no'" fermion symmetry: any fermion

‘line may be changed from "yes" to "mo" or vice versa without changing

the amplitude. By reasoning first invoked by Chan and Paton,21 it

is then possible to infer a continuous SU(2) isospin symmetry. This
symmetry is broken when isospin lines connect férmion lines with
hadron junction lines because only "yes" fermion lines can so coﬁple.
We shall eventually find photons genérating fermion-junction line

interaction; electromagnetism thereby breaks SU(2) isospin symmetry.
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VII. THE TRIANGULATED QUANTUM SURFACE

In some future review of topological particle theory the next

ingredient in the story -- the closed "quantum surface" -- might

well be placed at the beginning as -the base space for an isospin line

bundle. We have here tended to follow the historical'éequence of
developments which began with Feynman graphs and then expanded into

the bounded classical surface with junction lines. Historically it

was junction lines that first suggested a need for the quantum surface --

a structure subsequently recognized as profoundly significant for the

integrity of the theory as a whole.

How did junction lines suggest the need for yet anofher ingredient

in the topological soup? The problem was the connected sum associated

with joining '"in" and "out" baryon lines when all 3 baryon fermion
(quark) lines carry the same labels. Six ways (3!) of joining are

possible, but S-matrix unitarity at the zero-entropy level requires

that only one joining be topologically "smooth" —— without complexity.

To distinguish the 3 quark lines it was necessary to .give a cyclic order

to the three '"feathers" of classical surface meeting at the junction
line. Now the boundary of the classical surface is a cubic graph, °
graph vertices being located at the ends of junction lines; what was
needed was to cyclically order these vertices.. But we have seen that
- giving cyclic order to the vertices of a graph amounts to "thickening"
the graph into a 2-dimensional iject;
The 2-dimensional object here meets the classical surface

transversally along the boundary of the latter, so we now have two

surfaces that intersect along the boundary of one. The second -- the
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thickeniné of the classical-surface boundary -- has been cailed the
""quantum surfaée"; the reader will presently understand why. The
quantum surface need not have a boundary bécause tﬁe boundary graph
(in contrast to the Feynman graéh) is closed, and it was discovered
that at zero entropy there was no impediment to closing the quantum
surface into a sphere.

The fact that the. ends of the Feynman éraph divide the closed
classical-surface boundary graph into bounded subgraphs suggests
dividing the closed quantum surface into bounded areas each
associated with an e}ementary pafticle. Because the simplex for 2
dimensions is the triangle it is furthermore natural to triangulate
the quantum surface and to associate cﬁmbinations of triangles with
elementary pérticles. At zero entropy, where. the quantum surface
is spherical, these‘patticle areas are triangulated disks that fit
smoothly together to cover the sphere. In more general topologies,
elementary-particle areas need not be disks but they are always
triangulated and combine into a closed surface which thickens the
boundary of the classical surface.

The requirement that triangulated particle areas fit smoothly

'together to close a surface leads to conserved particle quantum

numbers -- hence the name "quantum surface'". We shall seeAin fact
that quantum numbers attach to individual triangles, éllowing these
to be rega?ded as "particle constituents" in the same sense that
fermion and junction lines aré consfitﬁents.l7 Eacﬁ end of any
fermion or‘junction line attaches to its "own" quantum—surféce
triangle; there are as many‘quantum triangles as ends of fermion

and junctibn lines. Orientations of fermion and junction lines



-29-

may be regarded as '"induced" by quantum;triangle orientations; at
the "head" of a fermion or junction line there occurs a (+) triangle
and at the "tail".a (-) triangle.

Exactly one end of an isospin line lies within the interior of
each quantum triangle.* Hence the closed quantum surface is the
base space for an isospin line bundle, and each triangle carries
a "yes", "no" label. The two triaﬁgles located at the ends of any
isospin line have oppoéite orientations but both are "yes" or both
are "no".

The interior of each quantum triangle houses a piece of classical-
surface boundary. Quantum triangles attached to fermionvlines are
cut by the boundary in the "I" pattern of Fig. 73** while those attached
to junction lines are cut in the"Y" pattern of Fig. 7b. We refer
.éccofdingly to "I" and to "Y" triangles, each of which has a (+, -)
orientation, a "yes", "no">orientation, and inherits a chiral ortho-
para orientation from thé adjaéént portioh of classical surface. At
zero entropy all Y triangles are "yes', ortho, in accord with the
requirement that all hadron junction lines be "yes", ortho. We now
are approachiﬁg the stage at which we shallbe able to understand such
va‘constraint.

The extensive redundancy between quantum triangles and lines on

. the classical surféce may cause the reader to wonder why the quantum

sﬁrface is needed. We have already emphasized the topological problem

* Note that fermion lines lie entireli within the quantum surface,

not just the line ends.

** The boundary segment inside an I triangle is "half" of a fermion line.
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of 3-fedathered baryon connections; this problem reqﬁires the
Quantum surface for a satisféctory reSolution22 although we
:do not here give details.* Another question requiring the
quantum surface is the distinction between elementary electroweak
bosons and elementary mesons. ‘Both will be seen below to correspond
to a pair of oppositely-directed fermion lines, th#t is, to an I+,
I triangle pair. The distinction will be that quantum I triangles
building electroweak bosons are not individually disks but Mdbias
bands; one consequence is absence of generation index. We shall
see immediately below how generation emerges from the quantum
surface.

The principle of Feynman—graﬁh contraction controls the triangle
patterns acceptable on zero-entropy spheres. Aftef 1engtﬂ§ study
of unitarity constraints, the permissable zero-entropy elementary-
particle areas have emerged as the disks of Fig. 8, where the cross
designates the Feynman-line end belénging to the elementary particle;g
Reversal of all (+, -) orientations is aliowed. Other disk areas are

not allowed. The disk of Fig. 8(a) corresponds to two oppositely-

* In the course of this resolution.one discoyers that elementary
particles may not contain more than 2 junction lines (more than
2 Y triangles) because oné eédge of each Y triangle must coﬁtain
the end of fhe elementary-particle Feynman line. This feature,
illustrated in figures immediately to follow, is equivalent’to
saying that every junction line is "close to" a parallel Feynman-

graph line. A neighboring momentum-copy line does not suffice.
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directed fermion lines (as in Fig. 2) and is describaBle as an
elementary meson. That of Fig. 8(b) corresponds to 3 fermion lines
plus an oppositely-oriented junction line (Fig. 6) and is an ele-
mentary baryon. The disk of Fig. 8(c)'cannot be.omitted from a
consistent Feynman space of elementary particles and corresponds

to 4 fermion lines plus 2 (oppositely-directed) junctibn lines; this
disk is called an "elementary baryonium".. The necessity for baryon-
iums.once baryons are added to mesons was anticipated already in

1969 by Harari and Rosner.8

A general feature of any quantum surface is that each + triangle is

uniquely "mated” to a - triangle in the sense of sharing all 3 vertices.9

I+ triangles mate with I and Y+ with Y . Two conserved quantum

numberé, NI and NY’ emerge, N being defined as the number of (+)N

I(Y)

triangles minus the number of (-)N triangles. One may similarly

I
define NY®° and Nno, with an identity for the total triangle number,

LA Ny, =N : (VII.1)
and there emerge finally 3 independent conserved quantities. It may
help readeré to develop physical feeling for the quantum surface if
they are told already at this point that the 3 quantum numbers can

be put into correspondence with electric charge béryon number

Q’ B
and lepton number L according to the rules
qQ = N8 (VI1.2)
B = - N v ' (VII.3)
L=-N° : (VII.4)

Y
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A collection of particle-~area conditions, such as

4B = N_ - N,

- 4L = Ny + 3N

2(B-L)

]
2

(VII1.5)

constrain the total of independenf quantum numbers. We are here
.. . : T
anticipating that a lepton quantum area is built from a(-)Y °

yes or no triangle.23

triangle together with é(—)I
The foregoing remdark may usefully be accompanied by the

observation that all elementary-particle areas share withEthe disks
of Fig. 8 the feature that the area disconnects into two "halves"
when cut along the edge which carries the Feynman-line end. No
elementéry—particle area can consist of a single triangle; the
Feynman line must end within the area interior and furthermore,
because of its role in delineating "chirality", must end on an edge

of the quantum-surface triangulation.

Disk I triangles are appropriately called "quark" triangles even

o *
though they have integral electric charge and do not individually

* The frozen orientations of Y triangles allow computation rules
entirely in terms of quark lines, with no explicit reference
to juﬁction 1in'es.15 When such rules are used, quark lines
carry the familiar fractional electric charges so as to include

12
the electric charge carries by junction lines.




-33- -34-

carry momentum. Quark triangles are doublets both in isospin and ' VIII. PARTICLE-AREA PERIMETERS: GENERATION
in spin and will be seen in the following section to carry a genmeration

index. The disk elementary-hadron areas of Fig. 8 have perimeters that

edgewise fit together when covering a quantum surface.9 Each tri-
angulation edge along a perimeter requires an orientation in order
to specify the sense in which pairs of perimeter edges are to be’
identified; these-special edges are seen in Fig. 8 to Se invariably
Belonging to I triangles, never to Y triangles. Every disk I-triangle
has 2 oriented edges that lie along.a~partic1e-area perimeter -- those
2 edées uncut by the classical-surface boundarf, as shown in Fig. 9.
Each disk I-triangle.then Earries a 4-valued perimeter index G =_l...4 -
associable with the particle label called "generation': éopological

" bootstrap theory predicts 4 "quark" generations.

) }Anbelementary.lepton area, described in detail in Ref. (23),
contains a 4-generation I triangle which is not qﬁite a simple disk.-
The two generatibn—carrying edges. of -a leptoh I triangle constitute
the entire perimeter of the leptoﬁ area, inasmuch as the two I-triangle
‘verticeé uncut by the classical—surféce boundary are identified with

" each othgr -~ as shown in Fig. 10 for G = 1.* Within an electroweak-
boson area the two I-triangle edges which carry generation in quarks
and leptons are identified with each other and thereby removed.from

the perimeter.. At the same time there is identification of all 3

vertices -- as:shown: in Fig. 11. This generationless I triangle is

* The lepton I-triangle edge cut by the classical-surface boundary

is identified with the single-edge perimeter of a MUYbius-band

Y-triangle. The complete lepton area is then itself a Mdbius band.23
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a Mtbius band and has been designated IM' The edges of an IM triangle
do not influence the rules by which an electroweak boson interacts.

In the bootstrap reasoning that follows in Sec. X there appears
for elementary electroweak bosons a raison d'étre which controls
the form of the quantum-surface areas. No such bootstrap basis has
yet been found for elementary leptons; the structure of the lepton
area proposed in Ref. (23) has been inferred from experimentally-
observed properties of phiysical leptons. The bootstrapping of leptons
is a chapter of the continuing hootstrap story that remains unwritten
as this review is being prepared.

Connected sums of Feynman graphs are éccompanied by connected
sums of attached quantum surfaces as weli as of claésical surfac‘es.9
All quantum surfaces generated by conﬁected sums of zero-entropy
quantum spheres are orientable and thereby maintain conservation of
each separate quark generation. '"Strong-interactions" fall into this
category, by definition. If we definé NG to be the. number of +)
disk I-triangles of ggneration G minus the number of matching (-)
triangles (Fig. 9), then each NG is separately.conservea in any stfong;
interaction topology.

Because eléctroweak interactions involve nonorientable quantum
surfaces, only the total number of quark triangles is guaraqteed to
be conserved. Reference (23) points out that, because the generation-
carrying edges of a lepton I-triangle (Fig. 9)'El§§§'into a circle,
it is mofe diffiéult to break conservation of separate lepton
generatioﬁ than to break NG conservation. The necessity for electro-
weak generation mixing, either of quarks or of leptons, at preseﬁt
accompanies the necessity for leptons among missing eleﬁents of the

bootstrap mosaic.
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Orientable quantum surfaces unavoidably maintain not only
conservation of separate quark generations but a symmetry under
exchange of one generation with another, similar to "yes'" < "no"
isospin symmetry. ' Nonorientable quantum surfaces can break generation
symmetry at the same time és breaking generation conservation.

The emphasis in the present section on particle-area perimeters
makes this the appropriate placé to explain why the orientations of

Y triangles and hence of junction lines are frozen. The reason is

" that Y triangles never appear on particle-area perimeters; originally

Y triangles were for this reason called "core"” trianglés.9 On zero-
entropy quénﬁum spheres, contraction rules are expressed through
matching conditions on quark triangles along perimeters of elementary-
hadron disks; all:elementary-hadron attributes emanate from these
matéhing rulés. Because.junction—line orientations are not "felt"
along the hadron-disk perimeters and canﬂot affect the rules by which
a hadron area is allowed to join with adjacent hadron areas, consistency
of zero-entropy contraction rules forbids any junction-line orientation
from being a hadronic degree of freeaom. Junction-line orientations
do contribute to the distinction between leptons and hadronsza—— for
reasons that presumably will emerge as the lepton raison d'é&tre becomes
clarified.

The full set of quantum numbers, including spin and parity, carried
by the quark triangles of.the elementary meson and baryon disks of
Fig. 8 match the observed quantum numbers of the least massive physical

3,10 To date there are no established physical

mesons and baryons.
baryoniums, but Ref. (24) has estimated such short baryonium lifetimes

that the experimental elusiveness of baryonium is understandable.
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IX. TOPOLOGIES BUILDABLE FROM ZERO-ENTROPY SUPERSYMMETRIC VERTICES

Zero-entropy_compénents of the topological expansion are self-
building. The zero-entropy bootstrap problem is nonlinear but self
contained and simplified by a "supersymmetry"’that ensures a single
mass m, for all eleméntary mesons, baryons and baryoniums even though

spin values 0, 1/2, 1, 3/2, 2 all occur.25’26

Belonging to any cubic
zero-entropy.vextex is‘a unique dimensionless coupling constant 8

whose order of magnitude is given by26

2

g .
(N2 -N) —02 ~1, : T (IX.1)

16w
where N is the:quark multiplicity controlling the number of zero-

entropy closed quark loops:
N = 2 spins x 2 chiralities x 2 isospins x 4 generations

= 32. (IX.2)

The factor Nz - N arises from the circumstance, described above in
Sec. V, that each zero-entropy Feynman loop is accompanied by either

one or two quark loops. It follows from (IX.1) and (IX.2) that

2.

8 - .
2 1072, (1X.3)
4

Physical hadron coupling constants are much larger than &g
because of summation over the inaccessible topological index y in

the expansion (II.l);‘ "chiral"” and "color" quark degrees of freedom
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lead to large factors in passing from é;i to sfi.Z& Because fermion
lines atFached to IM triangles turn out to possess no inaccessible
degrees of freedom the electroweak boson coupling constant is not
similafly amplified. The large magnitude of strong-interaction
amplitudes with respect to electromagnetic amplitudes stems frém the
inaccessible "color" and "chiral" quérk degrees of freedom.

Zero-entropy Feynman graphs are ''maked" single-vertex "trees".
(any connected graph without élosed. loops is a "tree".) The adjective
Ynaked" means absence of ortho-para of "color" mismatch along associated
quark lines, "color" mismatch referring to a twisted joining of tﬂe 3
"feathers" along junction 1ines.*

When zero-entropy vertices are conﬂected by intermediate Feynman
lines, there may arise complexity of two general types: 4
(1) Mismatch, "chiral” or "color", along.quark lines that accompany
internal Feyhman lines. We have noted already in Sec. IV Ehat any
such compiexity prevents contraction of the Feynman line. For economy
of language it is convenient to characterize either 'chiral" or "color"
mismatch as a "quark switch".15 Any naked Feynman line -- free from
quark switches -- that.joins two different vertices, can be erased
Qith the vertices becoming identified.
-(2)‘ Mismatch of Feynman—liné cyclic order at vertices along a closed

Feynman loop} Section III has explained how such mismatch generates

classical-surface handles or (and) extra boundary components; contractions

do not alter these topological characteristics.

* "Color'" mismatch is shown in Refs. (9) and (22) to generate M¥bius
bands across junction lines in the classical surface. Feynman-graph

loops nevertheless continue to be orientation preserving, because

momentum- lines do not touch junction lines.
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Contraction may lead to a naked tadpole Feynman line. (A "tadpole"
is a line both of whose ends touch the same vertex.) Can a naked
tadpole be erased? The answer is "yes" if the two ends of the ;adpole
line ére adjacent in the cyclic sequence of lines aroun& the vertex.
Otherwise the tadpole must remain. Figure (12) shows a naked vertex
with a nonerasable tadpole. The classical surface here, although of
zero genus, has 2 bdundafy components; tadpole erasure would lead‘to
a single boundary component. The topology of Fig. 12 -- a "naked
cylinder”" -- will play a leading role in the photon bootstrap.

The expectation of bootstrap theorists for more than two decades
was that a consistent (unitary) S matrix could be achieved in a hadron,
strong-interaction, basis.2 This idea, with tﬁe advent of the topological
expansion, translated into the expectation of consistency within
topologies reached by_connected sums of zero-entropy topologies. It
was anticipated, specifically, that a complete space of Feynman lines
could be labeled by the elementary-hadron disks of Fig. 8. The photon
would not be generated by such a bootstrap; only strongly~interacting
particles -- hadrons - would be explained.‘ We proceed in the following
section, however, ﬁo show that a self-consistent world of hadroms is
not possible. Unitarity in conjunction with a topological‘entropy
expansion requires elementary particles beyond the hadron disks of

Fig. 8, even though only hadrons appear at zero entropy.
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X. THE NAKED CYLINDER

Systematic accommodation.of_unitarity, order by order in the

topological expansion, requires correspondence between every real

Y
fi

some Feynman graph (which may contract to the graph y). It is shown

singularity of any connected part S_., and intermediate lines in

in Ref. (3) that, for any topology except zero entropy and the naked

cylinder, all singularities correspond to lines élready appearing in
topolbgies of_lower entropy. Thus a consistent bootstrap space.of
Feynman lines might possibly be limited to the réal zero-entropy
and naked;cylinder singularities. But if the naked cylin@er contains
a real pole not corresponding to a zero-entropy Feynman line, there
must be an elementéry—partiéle area on the quantum surface different
from the disks of Fig. 8 an& corresponding to this naked-cylinder pole.

The possibility of a naked-cylinder pole not belonging to a zero-
entropy quantum disk relates to the naked-cylinder's self-generating
character -- a feature emphasized already in Sec.. III. The naked
cylinder has the unique propety of being buildable from zero entropy
and at the same time being self-buildable. The no#linear unitarity
equations associated with the latter aspect allow the naked cylinder-
to possess poles not already present at zero entropy; the position
and residue of any such poie is nevertheless calculable from zero-
entropy amplifudes.

In ;973 an approximate relation between cylinder and planar
amplitudes.was discovered independently by H. Lee and G. Vénezi#n027 -
a relation based on unitarity at low momentum transfer and predicting

a mass for the cylinder ground state lower than for the planar ground

-,
-
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stafe. This work preceded-undersﬁanding of "color" and.'chiral"
quark degrees of freedom but applies to naked topologies -- where
tﬁefe:are no:qﬁarkiswitches.:fLeg.and Veﬂeziano,AfHat is to say, pre-
dict a naked-cylinder pole of’ﬁass lgygi than - the éié@eﬁtérQ;ﬂa&fsﬁ
mass m.

Although the Lee-Veneziano reasoning was only approximate,
dépending on the so-called "multiperipheral"” model, substantial success
in understanding the phenomenology of high-energy hadron reactiéns
at low momentum transfer ensued from this modelﬁ The core of their
argument lies in the positive definiteness of total cross sections
and the connection through unitarity with forward-direction elastic
amplitudes. I éfopose to take seriously the Lee-Veneziano prediction.

A sfatement'not requiring anyvapproximation is that thg nakgd—A‘
cylinder ground state has "vacuum" quantum.numbers (all zero) and »
céuples equall§'tb all ﬁémbers of the zero-entropy elementary-hadron
supermuitiplet- The order of magnitude of this'coupling was predicted
by.the hultiperipheral model to be the samé as that of the zero-entropy
' ¢0upling constant 8g* We thus need to augment the space of Feynman
,liées by a low mass néutral scalar boson_(Q =B =1L = 0) without

geﬁeration:indei and with a universal diménsionleés coupling constant
éf arder 10_2. ‘

vAssuming the quantum—surfacé area for the naked-cylinder ground

state is to be built from I and Y triangles according to the principles
'sketched ‘above in Secs. VII and VIII, one is led to an IM(+), IM(-)
:riéngle pair. The IM(+) and IM(-) Msbius bands (Fig. 11) fit together
~along their périmete;s to close a Klein-bottle quantum surface. It is

not possible to employ Y triangles because of the frozen Y-isospin
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orientation which precludes universal coupling.
Isospin-independent coupliﬁg is achieved through the linear
superposition

1 yes _yes
g Tl

x.1)

+ 170 1™ 1,
MOENS!

which transforms under SU(2) isospin "rotations" as a singlet.
Employing both "yes" and "no" L, triangles means -that the Feynﬁan .
space coqtaiﬁs not only an isosinglet but also an isotriplet of
bosqns -- which do ﬁot correspond to thé ﬁakéa cylinder; singlet and
triplet together constitute an isbqqﬁr&gt.- Although it remains forv

the future to develop,detailédiFéyﬁman“ruies which ensure unitarity,

. - . : . *
_'we proceed here on the assumption that rules can be found. The

Feynman rules must attend to boson spin as well as to isospin.
More subtle than isospin is the topological representation of
boson spin and chirality. The four chiral possibilities are inter—v

preted as two. scalar bosons:

ortho _orth
Sy = I, 01T ang sp = IP3TE rPaTa (X.2)
MT M MM

and two vector bosons

V. = Iortho‘Ipara

- pPara ortho
R

and V I (X.3)
L + - .
M M

*
Feynman rules for all strong-interaction topologies -- those

without naked tadpoles that can be built from zero entropy --

are given in Ref. (15).
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where R and L may be described as "right" and ""left~handed”. The form
of coupling to fermions justifies this terminology. Chirality is now

an accessible degree of freedom. The even-parity superposition

71—5 (S, + 5, ‘ | (X.4)

has ortho—para.independent couplings, and the scalar simultaneougly
symmetric in (0, P) and in (yes, no) provides a suitable représentatidn
for the naked-cylinder ground state. ‘At the same time tbe SO boson
couples to hadron junction lines while the SP boson does not -- thereby
breaking parity symmetry.

In order to say somgthing about the spectrum of physical electro-
weak bosons it‘is tempting to ¥ean on the Weinberg-Salam type of model20
by assuming that our elementary electroweak bosons have zero mass. The
Lee-Veneziano cylinder model‘27 admits zero mass without selecting
this value. One may rationalize ﬁhe deficiency by noting that the
model enforces unitarity in only one of the channelsvconnected by
energy analytic continuation§ models with greater attention to

unitarity tend to select zero mass. We have here an insecure element

of the photon bootstrap which must be strengthened.

L)
&

~4h—
XI. ELECTROWEAK BOSONS

Topological bootstrap theory contains a total of 16 elementary
massless electroweak bosons: 4 isospins X 4 chiralities; 8 spin-zero
plus 8 spin—one. _Guided by Lagrangian gauge theories20 we expect

closed—ioop higher-order graphs to give masses to all, apart from

+ - ' .
~one yes yes vector boson. The masslessness of one self-conjugate

phyéical vecétor boson relates to the'prgsence of exactly 6ne independent
coﬁserved quantum number. Ward identities7 are expected to produce
closed-loop cancellations which sustaiﬁ zero mass for a vector that

is coupled to the conserved qﬁantify Nyes while carrying zero amount-
thergof. In other words N o° is ele;tric charge an& the phdton is

a yes+ yes  vector boson.

What.distinguishes Nyes‘froﬁ N“o? We ﬁave remarked that lepton
quantum areas contain Y triangles, but it can be_showqithat if{elemenfary
leptons are massless it is impossible’toncouple a vector boson to a
leptbn Y triangle. It is also known that the leptqn Y triangle is-

"no" in isoépin oriengation, so N is not_identifiéble with electric
charge (the photon must couple.to electric charge whérever charge

yes

appears). The only possibility for electric charge is N - to

which the photon couples whether carried by an I or by a Y triangle

yres triangles appear only in massive elementary

(it is essential that
partiéles). The observed hadion electric charges confirm that Nyes
is indeed electric charge.12

In the notation of (X.3), suppleﬁented by isospin, the photon is

the neutral vector
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1 es+ es es+ es
Y = = (S YES 4 yres Yes,

s : XI.1)
/2 D

so one of the remaining neutral spin -1 bosons must have an axial-

vector character orthogonal to (XI.1):

1 yes+ye;— fes+yes_l
—.—SVR . - )

yes+yes_ = R (X1.2)
A .
2
joining two other neutral spin. -1 bosonsy
no+;o‘ : no+no-
VR R VL B . (X1.3)

The remaining four spin -1 bosons carry electric charge:

yes+no- no+yes_
VR > VR (X1.4)
and '
: estno™, _notyes”
'v{ R i yes | ’ ' . (XI.5)

Because parity is nét a goéd symmetfy, the pﬁysical left énd
right—héqqéd'vector bosoris are exbected-to have different masses --
- an asymmétty related to the ciréumsthnce that in écquiring mass each

_'vector:boson must "eat" a scalar of matching‘électric chargé so as

to achieve the requisite 3 heiicity states for a spin -1 massive
pérticle. (We have oﬁservea how scalar coupiing to junction lines
, violates parity.) The‘only physiéai (massivé) scalar-ﬁoson will
then be the photon's "unéatgn" neutrai partner.

Closéd—loop cbrrectioﬁs not only éhift'masses'bu; mix s&gtes

) : + -
of the same electric charge. The physical photon must remain yes yes ,

~b6—

but massive neutral vector bosons are expected to have a mixed
N + - .
Yes yes , no no character. Experimental facts suggest substantially

larger masses for right-handed vectors than for left handed, so the

- + - .
most significant mixing is expected to be between AYE% Y88 and
notno” )

VL . Preliminary comparison with the "standard" model, which

has only half as many vector bosons as boofstrap:theory, indicates
that some but not all of the same "1ow—energy“'prédiCtiéns will'éﬁefge.
It should be possible for experiment to distinguish bootsffép theory
from the standard model. ‘

Because the photon appears in the same multiplet as the naked-

cylinder ground state, the value of the elementary electric charge

is equal to the naked-cylinder coupling constant. We have séen iﬁ
Sec. IX that the latter has the order of magnitude approériate to
such an equality. It is possible to hope that, as dynamical models
of zero entropy and naked cylinder impfbve,'the naked~cylinder
coupling constant will convergeptoward‘the'observéd.value of e.

The standatdbmodel has. a seéond arbitfary.coupling constant,

usualiy designated as the '"Weinberg angle". The bootétrap value of

‘this angle so far as the photon is concerned is 45° —- inferrable

from Formula (X.1). Generally speaking, however, the pattern of-
neutral vector bosbns is qualitatively different, and reference to

such an anglé should be avoided.
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XII. OUTLOOK

The graphically-based bootstrap mosaic is presently far from
completély exposed; only a fragment confined to the discrete S matrix
has been uncovered. No serious effort has yet been launched to
recognize within the mosaic the continuum of "ordinary reality" --
Newtonian objects moving in space-time -- and even at the S-matrix
level important details remain obscure.

Although a complete grasp cannot presently be claimed of the
photon's attachment to neighboring mosaic segments, the connection
described in this review encouragés expectation of fﬁrther illumination.
A unitary S matrix based on an entropy expansion has been found to
require elementary particles beyond hadrons; the qualitative character-
istics of the immediately-needed additions strikingly resemble those
of the experimentally-observed photon and the partners implied by low-
energy weak-interaction data. .

Emphasis now is passing to leptons. Why should such ingredients
be required in a cbnsistent mosaic? The topology has been seen to
provide a place for leptons, but a raison d'étre is still lacking.

In developing detailed Feynman rules for‘electroweak topologies a
need for leptons is expected to become recognized.*

Beyond leptons will be "infrared" phenomena, étémming from the
zero photon mass, which promise significance for continuous space
time and simultaneously for the ﬁeasurement event-clusters that define
the S matrix. Large numbers of soft—photon‘Feynman-graph lines have
* Together with a need for weak quark generation mixing and CP

violation. ;
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potential for illuminating the meaning of '"ordinary reality".
Eventually the bootstrap mosaic must be seen as encompassing
gravitation élthough capacity to recognize this large-scale feature
awaits the combinatorial understanding of space-time. And why, after
all, do graphs constitute elements from whicha‘universally consistent
mosaic can be constructed? The questions to be faced by bootstrappers

have no end.



. =49- . -50-

ACKNOWLEDGEMENT REFERENCE

Extensive discussipns with F. Capra, J. Finkelstein, M. Levianson, 1. D. Iagolnitzer, The S Matrix, Amsterdam, North-Holland, (1978).

B. Nicolescu, V. Poénaru and H. P. Stapp have contributed to the 2. A nontechnical discussion of bootstrap theory before the intro-

ideas presented here. Support has been provided by the Miller ducﬁion of entropy through combinatorial topology, may be found

Institute of the University of California, Berkeley. This work in an article by the author in Physics Today 23, 23 (1970).

was sypported by the Director, Office of Energy Research, Office of 3. G. F. Chew, preprint LBL—i4028 (1982), submitted to Phys. Rev. D.

High Energy and Nuclear Physics, Division of High Energy Physics of 4. G. Veneziano, Nucl. Phys. B74, 365 (1974) and Physics Letters

the U.S. Department of Energy under Contract DE-AC03-76SF00098. ;gg; 220 (1974). A review of subsequent developments Ub to
1977 is given by G. F. Chew and C. Rosenzweig in Physics Reports
41c, #5, May (1978).

5. R. Penroée, Quantum Gravity, Ed. Isham, Penrose and Sciama,
Oxford Univ. Press (1975).

6. R. J. Eden, P. V. Landshoff, D. I. Olive and J. Polkingherne,

The Analytic S Matrix, Cambridge Univ. Press (1966).

7. See for example J. D. Bjorken and S. Drell, Relativistic
Quantum Fields, McGraw-Hill, New York (1965), especially the
discussion of renormalization.
8. H. Harari, Phys. Rev. Lett. 22, 562'(1969),
J. Rasner; Phys. Rev. Lett. 22, 689 (1969).
9. G. F. Chew and V. Pdéénaru, Z. Phys. C. 11, 59 (1981).
10. H. P. Stapp, preprint LBL—13310.(1981), submitted to Phys. Rev. D.
11. A review of étring models can be found in the‘Physics Reports

reprint book, Dual Theory, North Holland (1974) or in the book

by Frampton, Dual Resonance Models, Benjamin (New York) 1974.
12. Finkelstein's isospin lines were first described in print as
"charge arcs" in a collaborative paper with Chew, McMurray and

Poénaru, Physics Letters 100B, 58 (1981).



13.
14.

15.

16.

17.

18.

19.

20.
21,
22.
23.

24.

25.

26.

27.

28.

-51-

S. Mandelstam, Phys. Rev. D1, 1745 (1970).

G. F. Chew and J. Finkelstein, Zeit. f. Phys. C13, 161 (1982).
G. F. Chew and M. Le?inson, preprint LBL-14514 (1982),
submitted to Nuc. Phys. B. l

H. P. Stapp, Phys. Rev. 125, 2139 (1962).

G. F. Chew, J. Finkelstein, B. Nicolescu and V. Poénaru, preprint

LBL-13988 (1982), to be published ip Zeit. f. Phys. C.

G. C. Rossi and G. Veneziamo, Nuc. Phys. B123, 507 (1977).
K. Konishi, Nuc. Phys. B131, 143 (1977).

H. P. Stapp, ﬁuovo Cim. 46A, 37 (1978)

F. Capra, Phys. Lett. 68B, 93 (1977).

G. F. Chew and J. Finkelstein, preprint LBL-14225 (1982).

S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);

* A. Salam and J. C. Ward, Phys. Lett. 13, 168 (1964).

J. E. Paton and Chan H-M, Nuc. Phys. Bl0, 516 (1969).
J. Finkelstein, Zeit. f. Phys. C13, 157 (1982).
G. F. Chew and V. Poénaru, preprint LBL-13842 (1982), to be

published in Zeit. f. Phys. C.

‘G.rF. Chew, J. Finkeiétein_énd M. Levinson, Phys. Rev. Letters

47, 767 (1981).

P. Gauron, B. Nicolescu, and S. Ouvry, Phiys. Rev. D24, 2501
(1981). ' ’ |

G. F. Chew, Phys. Rev. Lett. 47, 754 (1981).

H. Lee, Phys. Rev. Lett. 30, 719 (1973),

G. Veneziano, Phys. Lett. 5;2, 413 (i973).

This possibility was pointed 6ut by V. Poénaru.

< F

10.

11.

12.

52—

FIGURE CAPTIONS
(a) A planar 2-vertex thickened Feynman graph; the embedding
classical surface is shown below the graph.
(b) A cylindrical 2-vertex thickened Feynman graph.

Cubic Feynﬁau graph (solid lines) embedded in a planar bounded

locally-oriented classical surface. The (dashed) boundary

consists of 3 fermion lines.
A 2-vertex thickened Feynman graph that is uncontractible because

of a "chiral" reversal along a fermion (boundary) line that

accompanies the intermediate Feynman line.

3—feéthered classical surface for an elementary-baryon hpropagator".

Isospin lines on the classical surface of Fig. 2.
Isospin lines on the classical surface of Fig. 4.
Quantum;surface triangles

(a) I triangle

(b) Y triangle

Elementary-hadron disks.

Disk I triangles ("quarks") with (generation) edge orientatioms. -

I triangle within lepton area.
M8bius-band I triangle within electroweak boson area.

Example of a naked noncontractible tadpole.
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