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Introduction 

F̂ r «he past two years, a large part of the theoretical physks community has 
been locked in single-minded concentration one highly speculative approach to the 
fundamental stTwetuie of matter—the theory of relalivistic strings. Proponents 
of thin theory have claimed that it provides llic basic laws unifyinK all known 
interactions and that it promises the solution to some of the deepest remaining 
questions about Nature, including the origin of the quark and lepton gerieraiions. 

Such a fundamental description of Nature seems even more wonderful because 
il is built up of elementary entities of a simple and concrete structure These 
basic entities, the elementary strings, can in Tact be readily visualized by any 
physicist who has developed a proper quantum-mechanical intuition. The theory 
of superslrings has acquired a reputation as being mathematically abstruse and 
formidable in the extreme, hut, while it is certainly true thai some unfamiliar 
mathematical technology is needed lo perform cult illation* i'l this theory, the 
basic elements of the theory are remarkably accessible. The purpose of this 
lecture is to set out these basic elements in terms whirh are as pictorial as possible. 
(Students who wish to study this subject in a serious way should consult one of 
the excellent technical reviews now avaiiahli' ' ) 

Before beginning this explication, however, it is worth reviewing the main 
properties of string theories and, especially, of the supersymnjeirir version of the 
string theory which shows the most promise of making contact with uir phe
nomena of elementary particle physics. This version of the theory was originally 
formulated in 1970 by Neveu an"4 nrat,to' Kamond,' • and Thorn.' It 

underwent a second st~ f il<'> >pment in the early 1980 *s. when Creen and 
SchwaTT clarified many of its properties and pressed its interpretation as a 

.•lying theory for all interactions. 

The main properties of this superslr'wg theory which bolster its interpretation 
as a fundamental theory of Nature arc the following: 

£ E R *fe 
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I T!ir (III'IHV requires thai nil particles—quarks, Icptons, gauge bosons, gravi-

imii. am! their siipiTsyinini'lric partners • are built of the same fundamen

ts ! entities. \ht< elementary strings. In this sense, string theories arc the 

titiwt elegant of aU models of elementary particle substructure. One of 

tn> niiiin t^sks in this lecture will be to explain the origin of the various 

(|iMniurr> numbers that these particles carry, 

'1. The theory requires that space-time be Fundamentally supersymmetric. It 

ntsn requires the existence of 10 spare-time dimensions Thin would be an 

excessive number if ft!! of these dimensions were extended to the size of the 

•J dimensions that are part of our everyday experience. However, the extra 

fi dimensions may play a tnore subtle role, which the hist two sections of 

this lertuie should make clear, The most probable size for the compactified 

dimensions is the characteristic length of an elementary string; this is of 

order (he t'limek l e n t i l . 10 " cm or (10 1 0 GeV) ' ' . 

.'!, The theory naturally contains as a part of ita structure the gauge invari

ant es of Yang-Mills theory and gravity. In fact, these invariances are real

ized .is a small part of an enormous group of generalized gauge symmetries. 

This enormous gauge structure was first made clear in the work of Siege!.' ' 

4, Although the theory contains within it a quantum theory of gravity, it 

is apparently free of ultraviolet divergences. The finiteness of the theory 

hits been shown explicitly to J-loop order ' 1 ' 2* and a plausible intuitive 
firs! argument has been given which extends this result to all orders. ' : 

5. The throry restricts the possible choices for its Yang-Mills symmetry group 

to «mly two candidates; G{3,2) &isd E% * K%, the latter involving the largest 

of the exceptional groups. In fact, these two symmetry groups arise 

Qetitntlrienlly as solutions for the space-time structures allowed by the 

throry. | will explain this point in some detail at an appropriate stage 

of my development. 

This list of properties, some of which arise rather magically from the proper-
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ties of the under ly ing str ings, should be enough to at t ract anyone w i th a specu

lative bent. S t i l l , it is wor th not ing tha t str ing theories also occupy a privileged 

posit ion w i th in theoretical physics, as the unif icat ion point for many strands of 

theoret ical invest igat ion which have been actively pursued in the past d?eade. 

First of a l l . strings are a natural generalization of po int particles, since they arc 

objects extended in a spat ial direct ion as well as along a world- l ine. From this 

point of v iew, they have long been of interest to workers in the foundations or 

re lat iv is t " 1 field theories. From the l ist given above ol the properties tsf str ing 

theories, it should be clear that these theories provide a natural meeting ground 

for workers interested in Yang-Mi l ls fields and grand uuinYai ioi i . superM mmet r \ . 

models of quark and lepton substructure, and grav i ta t ion. In add i t ion, str ing 

theories have provided quite nont r iv ta l applications for more m<ilheina>'< a! as

pects of theoretical physics the study of 2-diri icnsioua! model field thcosU-., and 

the appl icat ion of higher gpomctry and topology to fUdd-ilieoreti< problems In a 

certain sense, it now seem:; that most of the developments in theoretical physics 

over the past ten years were really directed toward the ^oSnU-m n*" stnuf, theory 

Small wonder, then, that this theory exciter so much interest in so mai.> sj i . irtec. 

I would l ike to conclude this brief survey of the prospects fur ' . tunj ' , iheorv 

by c i t ing the major problems which most st i l l be solvrd in order ••> lu ing th i -

theory f rom the level of speculation to a point where it ran make com rele predic

t ions for exper iment. The most pressing problems are those which concern the 

conversion of the lO-dimensional space-lime of s t r ing theory into a form closer 

to exper imental reality in wh i rh fi of these ]IJ dimensions are l ( , led up i<> a 

very small size. The geometry of this roinpa< t i t r a t i o n of dimensions determine* 

ail of the detailed propert ies of the system of elementary particles winch would 

be visible at energies accessible to experiment: the number of quark and leptnn 

generations, the gauge group which results f rom breaking 1 the gran J unif ication 

symmetry , the values of the strong- and weak-interaction coupl ing constants, and 

the existence and number of supersyrnmetric partners. The most basic aspects 

of how the geometry of the r o m p a c 6 dimensions determines these parameters 
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have Keen clarified by Oandrlas, Horowitz, Strominger, and Wilten, 1 among 
other*. [An elementary discussion of the physics of cornpactification may be 

fl7l 

found in my lectures at the 19R.T SLAC Summer Institute.1 ) However, many 
issues, especially llir mechanism of stipersymmctry hreekir.g and the relation of 
the weak-interaction scale, to the fundamental string lengtli scale, remain obscure. 
In addition, we still have no idea how Nature chooses a particular geometry for 
the compact fi dimensions from among a wealth of possibilities. 

!n addition lo these question* of quite direct physical importance, there are a 
number of absolutely fundamental formal questions about Ibe superslring theory 
which have not yet beer) settled. We still do not know the complete equations of 
moiion for the theory (though considerable progress has been made in the past 

[16 19l 

year in unders'.audmg the more elementary, nonsupersymmetric case ' ). Wc 
still do not Have a complete set of rules for computing the perturbation thc-
01 y in siring interactions (though, again, there has recently been some dramatic 

lift ^*il 

progress in this direction1 ). Finally, we have almost no idea af how to 
discuss string dynamics beyond perturbation theory. This last formal problem 
is a particularly important one, because it is known that many of the aspects of 
compariiftcation thai seem to us the most mysterious—which compact space Is 
chosen, for example- are simply not determined at the level of the first pertur-
baiive loop corrections; quite plausibly, these questions can nly be settled by 
looking beyond perturbation theory. " ' It ia not an uncommon occurrence in 
physics that the most crucial phenornenological properties of a theory arise non-
pcite.rbaiivcly, the appearance of solids in QED and the appearance of hadrons 
in Q<^n provide two examples. In both of those cases, the connection of the 
phenomena to the theory was forged by quite remarkable guesses about the cor
rect i reat men! of the theory in the regime or strong coupling, guesses which were 
motivated crucially by the findings of experiment. If string theory is to be made 
a predictive theory which brings new and relevant information to the study of 
quarks and loptons and their interactions, this will only be done through a simi
larly remarkable conjecture about how strings determine the form of space-time-
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Let us hope that our imaginations are worthy of this challenge. 

The remainder of this lecture will concern the aspects of string theory which 
are well-understood, and which are most easy to visualize. I will develop the 
theory, to the level where it produces an observable spectrum of quarks and 
leptons, in eight easy lessons. 

Lesson 1: The Basic Quantized Str ing 

A relativists string is an idealized 1-dimensional extended object, an object 
whose sole properly is that it lies along, some curve in space. It is, then, tht> 
natural generalization of an idealized point particle. .lust as the point particle 
can be vicwd as sweeping out a world-line as it progresses through lime, the 
string sweeps out a 2-diTncnsional space-time surface, a world-sheet. A string 
may or may not have endpoints; one refers to a string with or without erulpoints 
as being open or closed (see Fig. 1). 

663<JA1 l-BC 

Figure 1- Typical configurations of open and closed strings. 

Such an idealized object must have an extremely simple equation of motion. 
This equation must be relativistically invariant; it must also be local along the 
string, or, in a space-time view, across the world-sheet. There are two natural 
candidates for such an equation; these are illustrated in Fig. 2. 

o 
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Fifiurt' 2. lies L-frame and space-time viewpoints on the equation or motion Tor 
a rclatjv'istir strinR. 

The first candidate is best formulated in the rest frame of an infinitesimal 
hit of string. This string-bit has a rest energy per unit length To. Stretching 
the string by dx would create more Hiring, also at rest; this would cost energy 
Tridx. Thus, 7b is also the (rest) tension in.the string- We tan then compute the 
net force exerted on earb bit of string and, from this, deduce its motion. The 
second candidate is best formulated in a space-time approach. We know that 
th<> motion of a point paiticte in sp&r.e-time is given by the geodesic principle 
th<*il it should follow the shortest path between two points. The generalization 
of this statement to a string is that the string should sweep out a world-sheet 
of minimum area. Remarkably, these two formulations of the string equations 
or motion are equivalent.' ' ' Together, they give quite a clear picture of the 
classical mechanics of string. 

To discuss a quantum-mechanical relalivistic string, we should quantize the 

T 
t 

. 1 . 
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string's vibrational modes. Lei us discuss this procedure first for the open string, 
moving in d space-time dimensions. Let a be h coordinate along the string, 
running from o = O a i one end loo - 1 at the other, and let X'(a) be transverse 
displacement of the string as a function of a (i = I,... ,d±; d\ ~ [d - 2)). This 
function obeys the boundary condition {d{Ba)Xl{o) ~ 0 at tf — 0 ,1 , that in, that 
there should be no unbalanced transverse tension acting on the endpoint. Then 
we may expand X'{a) in a Fourier series as follows: 

00 

X'(a) -= i 1 + Yi x \ «™nir(7 . (!) 
n = l 

In this expression, x' is the position of the center of mass of the string. It 
should be no surprise that each A'̂  turns out to be the coordinate nf a harmnnr 
oscillator. Quantizing these oscillators, one finds an expression for the energy 
eigenvalues of the string in terms r>f the harmonir oscillator laflrlnr operators raj,. 
These correspond to the energies of relativistic particles with masses 

m l 

The last term :«i (2) represents the zero-point energy of the oscillators. This 
very simple equation summarizes all of the basic properties of the string. It is 
re la t iv is t , since it is an equation which gives the rest mass of the siring in terms 
of its internal structure. It is harmonic, since the internal states which appear 
are those of a set of simple oscillators. And, finally, it is geometrical in assigning 
energy only to transverse fluctuations of the string. Displacements of the string 
along the string itself are not physically observable and therefore should not ailed 
the string energy levels. 

The quantization of a closed string proceeds in a similar fashion. In this case, 
the only boundary condition to be satisfied is that of periodicity. It ia convenient 
to Fourier-analyze the string displacement in terms of running w»v« which move 
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to the loft and to the right around the loop. Introducing a time coordinate r on 
the worl<I sheet, 

X'(o) - x' I ^ ( X ; « 2 * " * f f + r » + Xl

neUin^ r l + {c.c.)) , {3) 
n.-l 

The left- and right-moving excitations form independent sets of harmonic oscil
lators. Denoting the ladder operators for the left- and right-moving oscillations 
by a'n. (?n, respectively, we may write the mass formula for this case as: 

DO 

m 2 - (4*7o) • \ £ « « V „ + a ^ , ) + (2 • <<i ' * ) ] • (4) 
n - l 

Again, this formula reflects the relativistic, quantum, harmonic, and geometrical 
aspects of the string. 

Lesson 2: Zero-Point Energy 

The last term in each of the formulae for the mass of a quantized string is the 
total zero-point energy of the harmonic oscillators. Normally in field theory we 
ran simply throw away the zero-point energy, since it is not physically observable. 
In the analysis of the string, however, we have taken what is effectively a 2-
ditr^i.sional field theory of transverse motion"! of the world-Blieet and interpreted 
the eigenvalues of the iiamiHonian of this theory as the masses of particles. The 
zero-point energy of the field theory rertainly contributes to these eigenvalues. 
Unfortunately, the zero-point energy of a field theory is usually infinite. We must 
regulate this infinity and try to make some sense of it. 

Assigning a zero-point energy of |w to each harmonic oscillator, we can write 
the total zero-point energy of the open string as 

i °° 
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To define this infinite sum, add to the definition of Z a cutoff t: 

* "if«""' 

l (6) 

1 , 3 . ( 1 1 I 1 , , 

2 l £ J 12 + "" ' ' 

The first term in this series is highly divergent as ( --» 0. I propose lhat wc ignore 

it. The next term gives a finite, cutoff-independent residua! contribution: 

oo 

z = l r n s . . 1 . ( 7 ) 

Brink and Nielsen1 have argued that the term we have omitted may be inter
preted as a renormaliiation of the speed of light in this noncovariant calcucation. 
In any event, there are many cross-checks which insist that the theory of strings 
which we are constructing can be Lorentz-invariant and self-consistent only if we 
define the zero-point energy by the regulated expression (7). 

For our future reference, it will be useful to perform another divergent sum: 

00 

Zi«) = 5 £ ( » + ")- (8) 

This quantity will arise as the zero-point energy of a string which runs around 

a region containing space-time curvature or magnetic field, as shown in Fig. 3-

In that case, the boundary condition of periodicity may become slightly more 
complicated: Write X{a) = Xl[o)+iX2{.-\. Then the magnetic field OTcurvature 
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Figure 3. A eloard string running around a region containing magnetic flux, 

may he rcfWted in a phase fee tor: 

X(« t l ) . e """ X(o « 0) . (9) 

When we Fourier expand X(a], we muat use functions which obey this new 
boundary condition; for example, we must replace in (3) 

e*wtn(»+r> ^ e»»jjEM>ftH<"**) , (10) 

Then nil of the oscillator frequencies will be shifted by a, and the zero-point 
energy will be given by (8). 

To evaluate 2(a),. we note that it obeys the functional equation 

2{a) = i f t + Z (* -H) . (11) 

Substituting for 7(o) an arbitrary polynomial of «, we find that (11) can only 
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be satisfied for 

2(a) * i«( l «) 4 C . (|2) 

We can determine the constant by noting that 2(0) s= 2(1) -• 2, Thus 

Z{«) - - 1 + ?.«(!-«). ( i 3 ) 

The physical importance of the zero-point energy will be mude clear by the central 
role that 2(a) plays In mir later discussion. 

LPBSQn »: The Bonnnlc Siting 

Now that we havs clarified all of the term* in (2) tnti (4), we should display 
the spectrum of possible Hiring mates Unit these equation* pniciiet, Let US begin 
with the <*asr of the open string; 

The ground state of the string is the state (0) annihilated by all of the a\. Most 
regrettably, this state has m* < 0. The first excited state is almost as problem
atic: 

a? |0) , mi = (2*7»)-(l - | j> , (15) 

The di vector components are ohviousjy trying to form » vector particle, How
ever, thk vector has only d A polarisation state*; the longitudinal polarization 
state is missing. This contradicts Lorentx invariance unless the vector partich* is 
massless. Thus, we find that the open string theory we have constructed can he 
LorenU-invarianlonly if d± « 24, that is, if d » 26. As an Integral part or this 
construction, we find a massttss vector field, it can he seen that, once we hav* 
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set d 26, the I-oreniz group automatically acts properly on all higher mass 
lewis.. For example, the next level contains states 

a ' /a ' ' |0> , 4 |0) ; m s = (2*T 0) (16) 

of exactly the right number to form a 25 x 25 traceless symmetric tensor; this 
accounts for all of the components of a massive tensor field in 26 dimensions. 

This construction works in a similar way for the closed string. In 26 dimen
sions, the mas* formula is 

m 2 = (4*ro). [ ]T " ( o ' X + *%M ~ 2] . (17) 
n = l 

The ground state |0), and also the states aV JO), 5*,* |0), are tachyons, with m 2 < 0. 
But now the slates 

al'of [0) (18) 

appear just at m 2 = 0. These states form a transverse symmetric tensor; this 
state would also be inconsistent with Lorent2 invariance if it were not precisely 
massless. 

It is templing to speculate that the massless vector and tensor states that 
we have uncovered can be identified with the corresponding states that we see 
in Nature —gauge bosons and gravitons. This interpretation "is surprisingly ro
bust: when one introduces interactions into the stTing theory in the natural way, 
one finds that the low-energy scattering amplitudes for these particles agree with 
the predictions of Yang-Mills theory and general relativity. ' ' One often hears 
theorists mutter that these gauge-invariant equations are the only possible equa
tions for masslnss vector and tensor fields; still, it is amazing that this observation 
constrains a system that, at first sight, has nothing to do with local field theory. 
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I should note that the multiplet (IS) actually contains other particles in addi
tion to gravitons, since the states shown form a transverse tensor of arbitrary 
symmetry. Symmetrizing and anlisymmetrizing, we find: 

symmetric, transverse, traceless —» hXJ (the graviton) 

antisymmetric, transverse —• fc,J (19) 

trace —> $ (a scalar, the ditaton) . 

The antisymmetric tensor particle bl} also appears in the string theory with 
appropriate gauge-invariant interactions. 

Before we leave the subject of the closed string spectrum, 1 should correct 
one statement that ! made above. In enumerating the low-mass states of the 
closed string, I listed the states a'f JO) and a1,' |D) as tachyons. But, in fact, these 
stales do ;.ot exist in the interacting string theory, 1 would like to explain this 
statement, which reveals some subtle properties of string interactions. 

Generalizations of this statement will pUy a crucial role in later stages of our 
analysis. The argument for this statement proceeds in three stages, indicated 
diagrammatically in Fig. 4. In this first stage, we note that the states such as 
a\* |0) with a preponderance of left-moving excitations have net momentum P 
running around the closed string. The ground state, and the s tat as (18), have 
P = 0, so the state o'j' |0) is distinguished from these by a conserved quantum 
number. We must next aak whether interactions can couple states with P = 0 
to states with P ^ 0. To answer this question, note that P = 0 is exactly the 
criterion for the string state to be invariant under rotations of o around the 
loop. Now study the picture of the 3-string interaction shown in Fig. 4(b). The 
three ntrings sweep out tubes in space-time- We can make them interact by 
connecting the tubes in a join; in an geometrically invariant theory, wc should 
allow the join to form in all possible ways. In particular, we must integrate over 
the angle 6 indicated in the figure. But if the string state coming in from the 
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templing to conjecture that these are the gauge bosons of SV{2) x SU{2), and 
that the complete siring theory has an SV{2) x SO (2) symmetry group- A 
detailed analysis shows that this is indeed the ewe. (For value* of R other than 
this special choice, one finds only one zero-mass state on each side of (ZS) and 
thus a lower symmetry, U(l) x tf(l).) 

We can describe this phenomenon more generally as follows: Consider com-
pnrtifylng some number n of the extra dimensions into rings. The result is a 
generalized torus, A set of motion* £ carry as around the compact manifold and 
bnck to the tame point. These motions form a lattice in n-dimensional space. We 
ciui, in fact, view the'lorus as being the full n-dimenaicmal space, but with points 
related by lattice translations identified. This correspondence is illustrated in 
Fig, 7, 

Certain lattice* are closely connected to Lie groups, since the quantum nam-
IHTN associated with the finite-dimensional representations of Lie groups fall at 
points of a lattice, called the root taUtce* . A trivial example is given by SU{2): 
the values of / 3 for alt (tensor) representations are integers; thus, the root lat
tice of SU{2) is the l-dtmensi&imi lattice shown in Fig. 7(a). Physicists wih 
recognize the lattice of Fig. 7(b) as the root lattice of the group 547(3). Using 
this language, we can state the generalization of our result above to any "simply 
laced" group (a class which Includes SV[N) and 0{2N) for all N and also the 
exceptional groups £s, £? t £»): if $ne eompaetifies the closed string on a torus 
whose associated lattice is the root lattice of G, there is a special value of the 
radius of the compact space at which the compactified theory has a G x G gauge 
symmetry! The dimension of the compact space gives the rank of the symmetry 
group, the ittnttbcr of generators which can be simultaneously diagonalked. This 
number equals (N - 1) for SV{N) (as in the two examples given), N for 0(2N), 
and k for the exceptional groups £*. 

* Proptrly, tlw root Mtk* include* <nuy the quantum numbcra of repi*if nUtieira which cut 
be bulk Up as products tA the adjoint repraentation. For SU[2\. th« lattice include! the 
4̂iMtU(n nunifar* of (foe tensor, but not (lie •pinor, teprea«ntali<ina. 
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1-87 (b) 5639A7 

Figure 7. Examples of the correspondence between lallices in M-dimensional 
apace and n-dimensiona! tori. 

Apparently, closed-string theories compactified on tori ran give rise to gauge 
symmetries in a way that, is completely geometrical; this muclnuiiam genoraU'H 
the gauge bosons and the gravkons in exactly the same fashion, aa zero-mass, 
P = o closed-suing etgcnsl&tes, so that these closed-string theories represent a 
true unification of Yang-Mills theory with gravity. It seems appropriate, then, to 
discard the open-string theory and pursue the theory of closed strings alone. 
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Figuro 5. A space-time with one compactificd dimension. 

Figure 6, A closed string which winds around a compactified dimension. 

the cfiiter^of-mass coordinate i ( to 0 < i e < R, and, second, we must allow 
closed string to wind around the t direction (Fig. 6). 

Then 

Xf(o) = J C + f-Ra 

™ (20) 

n = l 

the integer £ is the number of times that the string winds around the cylinder. 

To express the spectrum of string states, we should write the energy of a 



- lfl -

string as 

E2 - p 7 4 m7 - p 7 + p7 + m7 , (21) 

when; p ia the momentum in uncompactifjed directions. Since the compacti-
fied dimension will be extremely small, the momentum in this direction will he 
physically relevant onlv as a part of the string energy. If we do not ohserve the 
extra dimension directly, we would say that the string slates appear in (d - l) 
dimensions with mass m given by 

m 3 = p7 t m ! . (22) 

Taking into account the now contribution to energy cost of windi^fi, ami the fact 
that pc is quantized, we find for this effective mass: 

m1 = { ^ J 1 4 T0(tR)* + ( ^ ) - E ( n f R ) - 2 ] . (23) 

Here k is an integer, and the last term is an abbreviation for eq. (17). 

Let us examine this formula for the particular choice R = (2n/7'o)i. In that 
case, the mass formula becomes 

m 1 = (27rT0) • (k7 + t7) + (4*To) • [ £ ( n + 5) - 2] . (24) 

The ground state is still a tachyon: |0), with fc = £ = 0 still has m7 = (-2)(47rJo). 
However, we now have a more interesting spectrum of zero-mass states. Let us 
denote the state composed of the oscillator ground state plus winding quanta 
k, I by \k,l) This state has P = k • I. We can then enumerate the states with 
m 2 = 0 and P = 0. These include, of course, the states of (IS) with both indices 
in uncompactified dimensions, plus 

aiXt|o,o) oitaj,|o.o) (25) 

ajM-i.-i) «? l-i.i) 
These new states form two triplets of massless vector bosons. It ia extremely 
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templing to conjecture that these are the gauge bosons of SU(2) x SU{2), and 
that the complete tiring theory ha* an SV{2) x 51/(2) symmetry group. A 
detailed analysis shows that this h indeed the case. (For values of R other than 
this special choice, one finds only one acero-mass state on each aide of (ZS) and 
thus a lower symmetry, V(l) x V(l).) 

We can describe this phenomenon more generally as follows: Consider com-
purtifylng some number n of the extra dimensions into rings. The result is a 
generalised torus. A set of motions £ carry us around the compact manifold and 
back to the same point. These motions form a lattice in n-dimension&l space. We 
cnii, in fact, view Ihc'torus as being the full n-dimensional epace, but with points 
rel.lied by lattice translations identified. This correspondence is illustrated in 
Fl«. ?• 

Certain lattkt>» are closely connected to Lie groups, since the quantum ntim-
IHTH associated with the finite-dimensional representations or Lie groups fall at 
points of a lattice, called the root lattice' . A trivial example 1B given by £1/(2): 
the values of / 3 for all (tensor) representations are integers; thus, the root lat
tice of 517(3) is the l-dimonsbnal lattice shown in Fig. 7(a). Physicists will 
recognize the lattice of Fig. 7(b) as the root lattice of the group .57/(3). Using 
this language, w« can state the generalization of our result above to any "simply 
laced" group (a class which includes SV[N) and 0{2N) for all N and also the 
exceptional grou|ss E&, £T, £?g)i If t»ne eompactifies the closed string on a torus 
whose associated lattice is the root lattice of G, there is a special value of the 
radius of the compact space at which the compaetlfied theory has a G x C gauge 
symmetry! The dimension of the compact space gives the rank of the symmetry 
groups the number of generators which can be simultaneously diagonalized. This 
number equals (iV - 1) for SU{N) (as in the two examples giv«n), N for <?(2i¥), 
and k for the exceptional groups £*. 

+ Pfoptriy, MM tout fotti«« ineMw <mly the quantum twmberaof r«p«itntatioi™ which euro 
be built up M products of the adjoint representation. For SV{2\, thie lattice include! the 
quantum o«mtt*fi of tfi# tensor, but not tl« ifrinor, t«pruentati<u». 
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Figure 7. Examples of the correspondence between lattices in K-dimensional 
space and n-dimensiona! tori. 

Apparently, closed-string theories compactiCied on tori fan give rise to gauge 
symmetries in a way that is completely geometrical; this mcclnuiiam generaU'B 
the gauge bosons and the firavitons in exactly the same fashion, as zero-mass, 
P = 0 closed-string etgertstaies, so that thew closed-string theories represent a 
true unification of Yang-Mills theory with gravity. It seems appropriate, then, to 
discard the open-string theory and pursue the theory of clo««d strings alone. 
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Lesson Si Tin* S«per*t?5»g 

Now let US begin a search for solutions to the difficulties of the hosmiit string 
theory Ustert «t the boglHtiing of the previous section, Let us take up fust the 
qucKllon of how to introduce fermiouic »ta.tes of string. !n the theoretic al climate 
of the ltiaOV, a natural suggestion is to replace the geometrical theory of world-
s1i<'ots (2-dimpnsional gravity) by 2-dimcnsional supergravity (Fig. 8).* The 
practical tMToct of this change is U -rotate the transverse displacement field X*(«) 
tiy B suprrmultlplel (,V'(f;),^' {e}}, The new field ili'{a) is afermion. on the world-
shrpl ami Ciiimo! lie directly interpreted as a space-time fermion. Us influence 
on ilie ihpoiv K »fc we will 5i»e, considerably more subtle. 

ihwt. 

Let us, ihefi, compute th* infl\i<mc* of 0*( si <*n the closed-string spectrum. 
In performing this analysis, I will treat the left-moviag modes af the string in 
isolation from the ri&hUinoving modus, Al the very end of the analysis, we can 
add thr rifiht-movitigexcitations and. Incase th* .:.rt2:$-&. r - S. 

* Itintwirally, ttiwgh, this «MMlrtK«iw »-»* »»v*m*d fir*l.,B_,, and juipttsyiunwtfy arose 
front ftltumpln to vtmdcrptanrt it* jt«i*f twe. ' 



- 22 -

Begin by choosing periodic boundary conditions fjlainoiKr ' boundary COT.di-
Uons) for $>\ Then $' has * Fourier expansion analogous tft (&}* Wo cat! ft.««?itii<< 
the n j t O modps or V1 with (aniicommut'ing) ladder operators b^ to flnrl the mass 
formula 

- ! - V'Tn) • [E "WW + W " |} + ft! • ( 2 6 ) 

The last term denotes the corresponding righVmoviiiK contributions, Note that 
the fermionic contribution to the zero-point tmergy has just the oppoMtv m'sn 
from the bosonic contributions, so that these two terms cancel. (Tills is & fa
miliar consequence of siipcrsymmctry.) The constant terms of X*{tr) and iu* 
conjugate momentum form the cc ,t,er-of-mass position and momentum! which 
satisfy [x',pf\ - ii,r Similarly, the constant term of i/>' plays a special rein. The 
constant pieces of the 0* naturally satisfy the anticomrnutation relations: 

{ ^ , ^ > « 2 ^ . (27) 

This is exactly the defining algebra for Dirac matrices, Thus, we may represent 
the t&J as Dirac matrices; the string ground state must then be a aero-mass spinor. 
By the connection between spin and statistics, this state and all states built 
by applying to it th« (space-time vector) operators a]} t b\{ should be fcrmioiiii 
particles. 

It Is, however, equally valid to begin with aiitiperiotlic boundary conditions 
(NoveU'Schwarz' ' boundary conditions); 

V[a= 1) = - * * ( « • «) • ( 2 P> 

This condition also : wires that basonic quantities built out of the (fr* arc periodic 
around the loop. We can analyze the effect oi ikfo b«t>»<Ury *fr»diU*>J» !>>' »»tin& 
that it is just the condition [9) far a = *. The quantization of the ^ ' oscillators 
is then skirted by | . Th« constant mode tf$ no longer satisfies the boundary 
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conditions and so disappears. The zero-point energy of the 0 ' oscillators is given 

Note that we have reversed the sign, as is appropriate for fermiona. Then the 
mass for nulla reads 

n = l 

The spec I mm of this theory is as follows: The ground state |0) is a tachyon of 
niBKH m ! •• (4ff7b) • (-1) . Since there are no ^ operators, this state is a spinless 
boson. Thr first excited state is 

6'JlO), m' - (4«r 0 ) . ( i - ^ ) . (31) 

Thin slate is a transverse vecl.T; as we saw for the state (15), the present c r this 
state Is inconsistent with Lorentz invariancc unless the state has precisely zero 
mass. This implies that the supcrsiring with Neveu-Schwarz boundary conditions 
cannot be Lorcntjs-invanantunless rfj. = 8, or d s= 10. As with the bosonie string, 
imposition of the condition d = 10 makes (31) a massless gauge boson (or, after 
adding the right-moving excitations, a masslcss graviton) with gauge-invariant 
couplings, 

We have sow stwdted the sujjersymmetric string with two different boundary 
rond'ttions for the fields r[>\ Each has its advantages: Ramond boundary con
ditions produce mass less fermions; Neveu-Bchwarz boundary conditions produce 
the masslcss vector bosons. Clearly, we want to include both sets of bound
ary conditions in our theory- In geometrical terms, we would like to sum over 
world-sheets with the two sets of boundary conditions shown in Fig. 9(a) and 
(b). 
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Figure 9, Possible boundary conditions whirlt one mi$;ht imposr on snprrstriiift 
world-sheets. Rach dotted line represents an nntiperiodic boundary condition: 
Identify ^* on one side of the line with - # l on the other. 

This unification of the Neveu-gchwarz am! Ramond theories IIM a serendip
itous effect, first noted by GHozzi, Scherk, an(i Olive.' 3 1 ' The prescription of 
summing over the first two sets of boundary conditions in Fig. 9 violates gflo« 
metrical invariance unless we also sum over the remaining two sets of boundary 
conditions shown in thai figure. These latter two conditions introduce an an-

a* 

aperiodic boundary condition in the r direction, Adding Fig. 9{a) and (c) or (b) 
and (d) is equivalent to inserting the operator 

Paso * (l - ( -») ' ) . (to) 

where F is the fermion number. This operator, called the GSO projector, removes 
from the spectrum states of even fermion numlier. Thus, the spectrum of the 
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Nevcni-Schwarz sector 

(0) . fcV |0) , a? |0) , b'.V,* |0) . 6? |0) , a^ ,* |0) , . . . (33) 

is reduced to 

tf|0), 4? |0> , aj'M'|0) , ... (34) 

All states at half-integer mass levels disappear, including the tachyon. The effect 
of (32) on the states of the Rarnond sector is to pick out one chirality for the 
spmors. (Recali that V, which flips the chiraltty of a spinor, ia identified with the 
fcrmtrtn operator C'a-) If w « denote the left- and right-handed massk>ss spirtors 
l>y \La), \tia), the ftrtion or (32) leaves the slates 

|to) , a^\La) b^\Ra) , ... (35) 

The states eliminated by this OSO projection disappear from the theory, in just 
the way that the P / 0 states disappeared in our argument of Lesson 3, Summing 
over all possible boundary conditions in the join between three strings prevents 
these states from being produced in scattering processes. Summing over al! 
possible boundary conditions on the figures associated with closed-loop diagrams 
(as indicated in Fig. 10) keeps these states from appearing in loops. For all 
practical purposes, then, the states removed by the GSO projection simply do 
not exist in the theory. 

Let us now add back the right-moving string excitations. It can be Been that 
it is consistent to impose Neveu-Schwarzor Ramond boundary conditions, Bn<J to 
perform the GSO projection, independently for the left- and right-moving parts 
of V''(<?). Summing over boundary conditions in this way, we Bnd the following 
zero-mass states: 

6',1 |0> ® V} |0) , | La) ® R r |0) , *\' |0> » }La) , \La) ® |La) . (36J 

The first multiplct of states contains kl}, b,}, and <f> in just the manner indicated 
in eq. (1ft). The next two multipletst provide two vector-spinors; these act as 
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Figure 10. Some typical contributions to the sum over alt possibi* boundary 
conditions for a closed-loop diagram. 

gravitini, the supersymmetric partners of the gravitpn. The last multiplei is 
bosonic, and contains an array of tensor fields. All of these fields together form 
the content of N — 1 sup«rgravity in 10 dimensions. Apparently, the theory we 
have constructed has not only 10-dimensional fermions but also ID-dimensional 
Bupersymmetry. 

Lesson 6: The Heterotk String 

The only element missing from the theory constructed in the previous sec
tion is a grand unification gauge symmetry group. In this section, we wili see 
how to modify that theory so that a gauge group is naturally generated dy
namically. The required modification is a bit bizarre: One must consider a string 
whose left-moving components are those of th«i supersymmetric string, but whose 
right-moving components are those of the bosank string? This hybrid forms the 
heterotic string of Rohm, Martinet, Harvey, and Gioss.1 ! 

To say that this heterotic construction is problematical is something of an 
understatement. The supersymmetric string can be consistent only if i» nas 10 
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spare-time coordinate*. The hasonic airing requires 26 space-time coordinates. 
How can MICSM" he mad*1 consistent? Tho solution is Ui find a physical interpreta
tion for the ex Ira 16 purely right-moving coordinate fields. To licftin, write the 
Fourier expansion of a pwrety right-moving field: 

A:(o ' ) p-(n rj i ^ ( . \ ' : f , , , " t ' * T» t (r,e.)) ( " ) 

The n-dependenee of the first term has the. form of a winding; this term tan 
nc present only if we rompncllfy Uwaw* extra dimensions. For corwpactifkaUon 
t« a torus, v will tie a vector of the associated lattice. The r-d«pend<mce of 
this lerm iiulirnles that *•* IF also proportional to the center-of-masis momentum 
p; if wc rompnrtify to a tonifi, this momentum will be quantized. The precise 
quiitiiizatinu t'ulr i« the following; Let {tt\ denote the basic periodicities of thr 
iMtnpiicli xpnee. Unit is, the elementary vectors of the associated lattice. Then 
v fA, The momentum p must then satisfy jT*» kaBa, where e'a • J?t - Kb- Tp 
is nl»o to he identified with t»\ then the r'a and the Ea must coincide, that is, the 
buia" must he seir-dual. In that case, for aji appropriate choke of the radius. 

Following the steps m the derivation of e.q. {.?•!), but inserting a factor | because 
I lie winding contributions come only from the left-moving components, we find 

A factor | also appears in the equation for J': 

We can (tee from these formulae that the (40) will give integers and the first term 
of {m) will give integer nralltplnt of {4nTv) only if (e"»)5 * 2. A standard tabic 
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laitice is self-dual, but it doret not satisfy this additional condition, so «,« <«u*i 
seek a m<m> exotic lattice to uw in our coniparUfic.ation. 1'he simplest self-dual 
lattice in which the lattice vectors have length \/2 fwrurs in 8 dimensions; Kij>. 
11 gives SOJIM- id«a of its structure. 

1 • 
1 

o © 

V 
1 

if 
o 

t-8f, 5f»S"iAM 

Figure 11. A representation of tin* 8-dimrrisbiial su)f ttmil hiltirc usi'.l lo r»m-
pactify the hetriotic string. The arrows point to the renters of Siypcrcubwi the 
bold arrows point out of the pajwr, th*1 dotted arrows into the paper. 

The elementary vectors of this lattice roiwist of thp point* 

t4 =• (0,0,11,0 0,-fcl,0j H») 

at the opposite turners of squares from the origin, phis the points 

at the centers of hypercub*s (such that tht» ptodtttt «f the signs. » ( * ! ) ) . The 
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first set of vectors generate the root lattice of 0(16). The second set of vectors 
correspond to the quantum numbers of tin; left-handed spinor representation of 
O(IG). Together, these multlplets comprise exactly the adjoint representation 
of £R. Compact ifying the 16 right-moving dimensions using two copies of this 
lattice yields a gauge theory with gauge group Eg x Eg. Repeating the above 
construction directly in 1G dimensions yields a second self-dual lattirc with (ei) s 

even; compact ifying with this lattice gives an 0(32) gauge group. 

The zcro-msiHs, P = 0 states of the compactified heterotic string theory are 
obtained <LK products 

«! |£« = 0) (43) 

T^e product of the left-moving Neveu-Schwarz vector with the top state on the 
left gives the graviton multiplet (19). (This is also the bosonic content of jV = 1 
supergravity in 10 dimensions.) The product of the Neveu-Schwarz vector with 
the states of the other two forms yields a multiptet of vector bosons in the e<ljoint 
representation of Es * Eg or 0(32). The products involving the Itamond spinor 
give the supersyminetric partners of these states. We now have a theory with 
&augc bosons and forr.Vions interacting through a large grand unification gauge 
group, unified in a most beautiful way with a supersyrnmetric theory of gravity. 
The theory even has a natural handedness, which will eventually he translated 
into the cbirality of the electroweak interactions. What more can we ask of a 
unifying theory of Nature? 
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Lesson 7: Field Oomjmctificatian on an Orblfold 

What more, indeed! We can hardly consider this grand theory more than 
a philosophy unless it can give some insight into the outstanding problems of 
elementary particle physics. We should certainly hope that this theory will have 
something to say about the origin of the quark and lepton generations and the 
calculation of quark and lepton masses. Though it is premature to give precise 
predictions, I believe that the superstring theory has the power to give insight 
into these questions. In these last two sections, I will try to demonstrate this by 
discussing some physical consequences of compactificatton from 10 to '1 dimen
sions. In this section, we will warm up by eompactifying ordinary field theories. 
In the next section, we will discuss some additional issues which arise when we 
compactify strings. 

Onto what kind of space should we compactify the extra 6 spatial dimensions 
of the superstring theory? We should properly make this decision by solving the 
theory, but at the present level of our understanding there seem to be many 
possibilities. In particular, the possibility that the string prefers 10 extended 
dimensions has not been mled out. Assuming, however, that the true solution 
to the string theory will involve compactification, several approaches have been 
proposed for choosing a particular form for the compact space. The first of these, 
due to CandeJas, Horowitz, Strominger, and Witten,' ' involves simplifying the 
problem by assuming that the compact space is larger than the natural length 
scale set by X- deriving the string Einstein equations in this limit (where they 
reduce es to the equations of Eupergravity), and then looking for solu
tions. r ,«;dure led to the Calabi-Yau spaces, 6-dimensional spaces with 
Rftf — 0 aining SU(Z) gauge fields which trace the curvature. These spaces 
gave tome appealing qualitative features, including ' ~al Fermion generations, 
but they are unfortunately quite complicated to deal with, since thc;y have no 
symmetries and only topological properties of these spaces are known explicitly. 
The second method is to choose the compact space to be a torus. This approach 
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suffers from just the opposite difficulty-it has too much symmetry In particular, 
neither the supcrsyrnmetry nor the £ | x Eg gauge symmetry can be broken. 

Fortunately, an elegant compromise between these two approaches was dis-
covered by Dixon, Harvey, Vafa, and Witton,1 ' Theae authori recommend com-
pactifying on an orbifotd, a torus with a further identification of points related 
by the action of a discrete symmetry. 

Identify 

i-fi(. 5639A1? 

Figure 12. An example of an orbifolcl, obtained from the torus associated with 
the Sl'(3) lattice by identifying points related by 120° rotations. 

Figure 13. Fixrd points of the orbifold shown in Fig. 12. 

A simple example of an orbiTold is shown in Fig. 12. A good way to visualize 
the geometry of this orhifold is to identify the points which are fixed under the 
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combined action of the discrete symmetry and the lattice translation. In the 
orbifold of Fig. 12 there are 3 such points, shown in Fig. 13. Triples of points, 
related by 120° relations about the fixed point, are being identified; this process 
causes the neighborhood of the fixed point to be folded up into a cone, with the 
fixed point at its apex. 

Now imagine that 2 dimensions of space are curled up into the form of the 
orbifold in Fig. 12. Let us study the components of fields in such a space which 
would he visible at low eneTgies. We saw in our earlier study thai particles 
which arc not massless in the first approximation receive very large masse*: of 
order (To)5 — 10 1 9 GeV. We will, then look for particles which arc left massless 
after compactifkation; these particles will then receive GeV-scalr masses from 
SU(2) * f7(l) breaking and supersymmetry breaking effects at the weak scale 

To begin, define the "fFccUve mass after compactifiralion in the same way 
that we did in the discussion of Lesson i: 

m7 - p * 2 ) + m2 , (-M) 

where pi 2) ' s the- momentum in the compactified dimensions, and look for modes 
of the field for which the effective mass th vanishes. If we start with fields which 
are massless in the original 10-dimensional space, ivc can satisfy this condition 
only for modes for which p ^ vanishes, that is, modes which are constant over 
the orbifold. 

For a scalar field (£(r). this criterion is easily satisfied: Field configurations 
which are tonsltnt over the compactified dimensions will be viewed as massless 
scalar fields after compactifk.ation, For fields with spin, howrver, some subtleties 
arise. To explain them, I will introduce the following notation: Let indices in 
capital letters [\f, N) run over the full 10 dimensions, indices in lower-case (m, 
n) run over compactified dimensions, and indices in greek letters (n, v) run over 
extended, visible dimensions. In this notation, the massless scalar field modes 
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we have just described have the form: 

tf(*M) = <*(x") . (45) 

Now let us try to generalize this condition for masslcss modes to a vector 
field Altt{xN). For the components of AM which point into the uncompactifierl 
directions, the mode which is constant over the ofbifold gives a masstess vector 
field after campattifiration, 

y*"(i) « A"(rv) . (4fi) 

However, this observation fails tor the components of Ah1 which point into the 
compactined dimensions. 

1-flf, 5 6 3 0 A I 4 

Figure 14. If one identifies the boundaries of this figure to form an orbifuld, 
one must also identify the dotted tangent vectors. 

The reason is shown in Fig. 14. When one identifies points related by a 
1201- rotation, one must also identify the directions of the vectors between these 
points. An Am configuration constant on the orbifold tG represented in the figure 
by the solid arrows, These arrows are tangent to the lower boundary but iie at 
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an Angle to the boundary on the !ut. Thus, this mode of Am does not satisfy 
the boundary Condition which is imposed when we identify these two boundary 
lines. 

It is useful to formulate the boundary condition required by the orbifold a bit 
more abstractly, A field on the left boundary of Fig. 14 must be rotated by 240* 
to bring it into coincidence with a field on the lower boundary. If this rotation 
is implemented by an operator £(240°), the field will be smooth across the join 
if it obeys 

<p = j e ( Z 4 0 6 ) - p . (17) 

To find rr^des with m 2 = 0, we must find constant fields which satisfy this 
criterion. The explicit form of £(240°) depends on the spin and spin direction: 

for a vector field A11: 
£(240°) ~ 1 

for a vector field Am. 
£(240°) - t±iT>/* on the combinations A1 ± A2 

for a spinor field * : 
£(240=) = e±""73 depending on the chirality 

Apparently, in this simple example, eq. (47) can be solved only by scalars and 
vectors oriented normal to the compact dimensions, 

It is possible to obtain a much more interesting result, however, by studying 
a slightly more complex generalization of this structure. Consider, then, the 6-
dimenslonal torus shown in Fig. 15, consisting of three copies of the SV (3) torus 
in three orthogonal planes. 

We can turn this space into an orbifold (the Z- orbifold ofref. 32) by identify
ing points related by simultaneous 120" rotations in the three planes. In addition, 
let us introduce 51/(3) gauge fields into the model, and allow a quantum of mag
netic flux to point upward through one of the corners. The boundary condition 
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d=5,6 7,8 9,10 

1-86 5639A15 

Figure 15. The 6-dimcnsional torus used to form the £-orbifoId. 

for a field compactificd on thie spaca reads: 

V - ^ ( 2 ^ 8 ) ) 5 i 0 . | ^ ( 2 4 0 0 ) | 7 , B - | J e ( 2 4 0 o ) j S l l 0 ^ • V, (48) 

where the thr<?e rotation operators implement the rotations in the three orthog
onal planns and $ is the Bohm-Aharonov phase associated with the magnetic 
flux 

Q =* J*$ixA . (49) 

Let us assume, further, that § is quantized so that, for the fundamental repre
sentations of SU{3)> 

£ - e 1 " 1 ^ on the ? $ = e ' * " ' 3 on the 3 . (50) 

On representations in the product of 3 and 3, or generally on representations of 
zero trialily, <? - 1. This association c( a threefold gauge group element with a 
threefold rotation axis realizes the proposal of Candelas, Horowitz, Strominger, 
and Witten that gauge fields should trace the curvature or the compactificatton 
space. 
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Combining all the factors in eq. (48), we can find a myriad of nontrivial 
solutions to this boundary condition, depending on the spin and S{/(3) repre
sentation of the field. Some examples are: 

A" in the I or 8 : I • 1 1 1 1 

Am in the 3 : e4*i/3 1 1 * J " / a = 1 

* in tht 1 or a : «»"/» . <s"/a . ^«/> i - i 

9 in (he 3 : e 1 "/ 3 • e - 1 "'/ ' • e" 5 "' 3 • * ^ ' " / : , - 1 
(SI) 

The second and fourth lines show one of three possible solutions; the others nr<-
obtained by permuting the first three elements of the product. The solution fur 
Am appears as a scalar in the uiicoinpactified dimensions. In compartificatioti 
of a 10-dimensional chiral fermion, the observed 4-dimcns'wnal rhiralhy equals 
the product or the chiralities evident in (51), Both of the solutions shown, then, 
would be observed as positive-chirality spinors in 4 din.ensioiis. Note that, for 
a ^ in the 3, there is no solution which gives a negativr-chirality spinor in 1-
dimensions. Thus, this orbifold is capable of producing a spectrum of light rliiral 

fermions resulting from compactification. 

Let us now apply this construction specifically to th" rriassloss sector of the 
EB x Eg heterotic string theory. The content of this secto: is a multiple! of gauge 
bosons AM and gaiiginos $ in the 248-dimensional adjoint representation of each 
Eg group. £ B has a maxima) subgroup £a * SU(3), and under this subgroup the 
248 transforms as 

248 - . (78,1) + (2T.3) + (57,3) + (1,8) . (52) 

I should remind you that Ea has often been proposed as a grand unification 
group, since it contains 51/(5) and O(10) as natural subgroups, and that, with 
this identification, one 27 of E& contains 1 generation of quarks and leptons. 



- 1 7 

From (51), we can see thai this set of fields - 4 M + ^ transforming accord
ing to (52) yields the following set of masaless particles: a 4-dimen8ional vector 
and chiral fermion in the (78,1), which form the gauge bosons r,nd gauginos 
of EG", a 4-dimensional vector and chiral feirnion in the (1.&), which form the 
gauge bosons and gauginos of an extra ,91/(3); three 4-dimentsionttl scalars and 
three 4-diinensional chiral fermions in the (27,3); and their antipartkles in the 
(27,3). This exercise has been a bit complex, but the r*dult is worth it: From 
a simply visualized compact!Reason geometry, we have seen quark and lepton 
generations- »©f definite chsraHty—emerge in a natural way as part of an effec
tive simcrsymmetric grand unified theory. We have, of course, found too many 
generai'mns (and more will appear in the next section), but this problem is less 
spverr lor other choices of the 6-dimensional geometry.' ' 

Lesson 8: Str ing CompacUflcatkm on a Orbifold 

The generalization of the argument just given to string compactification in
troduces some further complications, which I would like to discuss only briefly. 
Closed string;! can actually wrap around the compactitled geometry, giving rise 
to new configurations which appear as light particles in 4 uncompactified dimen
sions. 

Fig. IS illustrates the various possibilities. Fig. 18(a) shows a string in a 
trivia! configuration; all of the solutions described in the previous section corre
spond to this situation. Fig. 16{b) shows a string whkh winds around the torus. 
These states arc analogous to the winding states discussed In Lesson 4, though 
for the Z-orbifo'.d one finds no new massless particles in this way. Finally, Fig. 
16(c) shows a new configuration: a string runs around a fixed point from one 
point of the torus to a second point identified with the first under the discrete 
symmetry. This configuration is actually a closed loop on the orbifold. Strings 
in such a configuration are said to form a twisted sector. 

The twisted sectors of the string theory can contain additional masslesa states. 
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b) 

Figure 16. Three possible dispositions for a closed string on an orbifold: (a) 
trivial; (b) winding; (c) twisted. 

To understand how this can occur, let me sketch the computation of the zero-
point energy for the right-moving fields of the hoterolic string in such a geometry. 
The nontrivial boundary conditions lead to a shift in the quantization of the oscil
lators in compactified directions by a ~ J. The flux quantum (50) is implemented 
by insisting that the two identified ends of the string be shifted from one another 
on the .Eg lattice, BO that a fixed point of the orbifold has associated with it a 
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dislocation in the lattice of the 16 purely right-moving dimensions. For a string 
in (he (27,1) of EV * .W(3), the total zero-point energy is: 

6 - 2 ( i ) + 18-2(0} + ? ; (53) 

the last term is the energy cost of the shift on the E* lattice. The three terms in 
(S3) sum to 0, so we find one 27 of fermions and one 27 of scalars in the twisted 
sector about each fixed point. This gives a second mechanism for producing 
rhiral fermion generations, and their supersymmctric partners. 

Some of the scalars we have uncovered will become the Higgs bosons of the 
electroxveak theory whirh is derived (rom Ihe siring theory. The couplings of 
these scalers to pairs of fermions thus provide the Yukawa couplings which are 
responsible for the quark and lepton masses. Since both the fermions and the 
HifiRs bosuns may be visualized as string configurations on the orbifold, the cou
plings of these particles may be evaluated by considering transitions from one 
siring configuration to another. In some simple models, these tabulations have 
been rarrird out explicitly.1 " ' ' One remarkable feature of which has been un
covered in that analysis is shown in Fig. 17. It is simplest to think of the Yukawa 
coupling as the amplitvde for two fennion strings and one Higgs boson string to 
combine and disappear into the vacuum, as illustrated in Fig. 17{a). Figs. 17(b) 
and (c) look inside the vertex for two different cases: If the three strings being 
coupled belong to the same twisted sector, the strings can combine and anni
hilate by the relatively simple process shown in Fig. 17(b), This produces a 
sizable Yukawa coupling: A - 1, However, if the three strings belong to three 
different twisted srriors, their annihilation requires a nontrivja) physical process 
on the world-surface, shown in Fig. 17(c). Essentially, one string must tunnel 
quanturn-niechanically across the compact torus. For this case, the annihilation 
amplitude rontains a barrier penetration factor and so is suppressed by 

x ~ raT"^ . (54) 
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(a) 

[c) 

) 

S639EI? 
.0 • 

Figure 17, Illustration of the physical processes which dcleimiae the fcimion 
Yukawa couplings. 
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where R is thcr physical siic of the compactified dimensions. Thus, the hierar
chical pattern of Yukawa couplings observed in Nature way have an intuitive 
physical origin, even if this physical picture must be visualised at distances very 
close to the Planck scale, 

Conclusion 

In this course of lessons, ! have tried to explain how string theory builds 
up all of the types of particles which appear in physics—quarks, leptons, gauge 
tins^ns, RrRvitonsi, and others—from the same basic elements. Yhesc elements, 
the fundamental strings, have a dynamics which one can grasp and visL- l̂ize, 
even if some of its mathematical features appear magical, The thcacv gives a 
Rcomr-trical unification of a]] known interactions. But it also gives a concrete * 
piclure of what is happening behind the unification, a picture of the internal-, 
structure of quarks and leptons and their interactions. 

Critics of string theory often complain that the theory is predictive only for 
quantities observable at the Planck scale. I have tried to argue here that this 
te an overly pessimistic view, Because string theories treat quarkB and leptons 
as dynainical entities, they allow explicit calculations of the quark and lepton 
Yukawa couplings. In ordinary field theory, Yukawa couplings normally cannot 
be computed as a matter of principle, and those models with sufficient structure 
to allow such computations often require a complex array <?f new interactions and 
undefined parameters. But string theory gives the promise of making definite 
predictions about the structure of the fcrmion mass spectrum, inviting a direct 
and nontrivial confrontation with experiment. This is, of course, an extravagant 
promise, but it seems to me not an unrealistic one. We will soon sec whether it 
can be fulfilled. 
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