
CHAPTER 8
TOWARD A UNIFIED TIIEORY

At a number of  po ints  in  our  d iscuss ion we've g l inpsed
an underlying unity in physics. We f ind disparate concepts
are actually brancbes off the saloe tree.

His tor ica l ly  there have been severa l  € f reat  un i r ' icat ions
in our understanding of the natural forces. Newton
demonstrated that gravity on earth, as evidenced, for
instnnce,  i .n  the fa l l  o f  apples,  behaves the sanne as grav i ty
at  the scale of  the so lar  sysf -em, as ev idenced by the moon'  s
orb i t  and the orb i ts  of  the p lanets.  fn  the n j .d-1800's ,
Ampere, Faraday, and Ma:cvrel l  sbowed that eleetricity and
roagneti.sm are inter-related: a movin€! eleetric charge
creates a nagnetic f ield, and a ehanging nagnetic f ield
accelerates ^n electr ic charge. Einstein proved mass and
energy are related. He also developed a aew paradign
describing the forees in terms of geonetry, and he
demonstrated the connection betneen space and time. More
recent ly ,  !n  the 1950's  nnd 1960's ,  Steven Weinberg,  Abdus
Sa1am, and Sheldon Glashow showed tbat the eleetromagnetic
force is related to the weak force.

Many physieists believe al l  four forces of nature are
related, mnnifestations of a sing:le underlying Force.
fhey seek a "grand unified theory" Iiaking tbe strong foree
to the eleetroweak foree aad, ult imately, a ' ' theory of
everltbing, " I inki.ng aII the forces of nature, including
gravity. They are encouraged because al l  the forces can be
descr ibed by local  gauge theor ies.

In this chapter we outl iae recent endeavors lo explain
the in ter - re la t ions between fermions and forees.  Our  purpose
here is  not  to  present  the theory ot '  everyth ing i t ,  s t , i l l
eludes us but to describe methods physicists are usi.ngl to
develop such a theory. We wil l  review evidence that the
fermions and bosons are ia ter - re la ted.  Then we wi I l  d iscuss
the eoneepts of syametry, nult iple dimensions, and glroutr
theory that  phys ic is ts  use to  e:<f r la in  those i .n ter - re la t ions.
F inal ly ,  we wi l l  consider  gaugfe theory,  the most  proro is ing
avenue for  connect inEl  a l l  the fermions and forees.

EVIDE}iCErce IJNIFICATION AT THE SCALE QE PARTICLES

I f  t he re  i s ,  i ndeed ,  a  un i f i ed  desc r ip t i on  o f  na tu re ,  i t
mus t  man i fes t  i t se l f  a t  t he  sca le  o f  pa r t i c l es .  I n  Ch .6 ,  w€
ci ted ev idence that  fhe fermions are re la ted to  each other :
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The products of processes
pion deeay inc lude leptons,  where
only quarks.

such as neutron decay and
before decay there vrere

+e.-+v
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The e leet r ic  eharge of  the e lect ron (a lepton)
exactly equals, but is opposite in sign, to the chargle af +-he
proton ( conposed or' quarks ) .

In  Ch.7 we c i ted ev idence l ink ing the forees:

At  h igh energ ies (c lose in teraet ion d is tances)  a l l
four forces approach each other in streng?lr.
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Theory and exper iment  f ind the e lect romagnet ic  force
indis t inguishable f rom the weak force at  in teract ion energ ies
abowe about 90 Gev.

F ina l l y ,  t he re  i s  ev idence  ( c i t ed  i n  Ch-7 )  re la t i ng
fermions ( the bui ld ine i  b locks of  mat ter )  to  bosons ( the i 'orce
ea r r i e r s ) :

par t ic le ,z 'anf  ipar t ic le  pai rs  (  f  er rn ions )  annih i  la te
producing ga"urna rays (bosons).
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W vector
quarks.

bosons decay ro leptons, and gluons decqy
to
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Sueh ewidence does
are re la ted,  but  i t  is

not  prove a l l  the fermions and forees
compel  I ing.

AUESTIONS

A theory
quest ions:

9{hat are
and bosoas?
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answer the foIIowi.nE;

the underlying quali t ies cotnruon to the fermions

What dj.st inguishes one part icle (fermion or boson) fronr
a.'Otbef?

lihat is tbe mechanism by which fermi.ons and bosons
interact?

gle already described, in C:h. 6, one model l inlcing
fermions and bosons,  heterot ic  s t r in6.  In  that  nodel ,  a l i
par+-icles sbare a loop strtrcture, and they are dist inguished
by the modes of  v ibrat ion on the loop.  fn  th is  chapter ,  we
shal l  explore soue matbemat ica l  approaches to  a theory of
ever:rthing. The roathematics complement the heterotic str ing
nodel and in fact are incorporated into formal str iag theory.
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GEOMETRY

Much of physics, and uuch of the argument that fol lows,
is  based on geonetry .  Perhaps there 's  a psychologica l
predi l ic t ion,  wi red in to the human mind,  that  seeks geometr ic
pat tern2-  perhaps we've evolved to  analyze our  (pr imar i ly
visual) world in terms of l ines and edges, squares and
t r i ang les .

Certainly geometry is a powerful tool: witness the
t r iumph of  E inste in 's  gfeometr ie  in terpretat ion of  grav i ty .
But is geometry the "correct" way to artaLyze Nature? We
don' t  knovt .

The conceptuaL tools of nodern physics -- srcmetry,
nul t ip le  d imensions,  and gfoup theory - -  are geometr ic .
Geometric arguments arel,ci j iqi€II ing, beeause they make
predic t ions that  have bben ver i f ied erper imeata l ly ,  but  keep
in nind that tbey are tentative probes into |Iature's whys and
wherefores.
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The concept of Sfmmg;* is a cornerstone of modern
physics. I t  explains the conservation laws, and it  helps
model. the fermions and their interactions.

Everyone is famil iar witb s:rzmetric geonetric f igures
such as equilateral tr iangles, sguares, And. snowflakes.
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Physic is ts  use another ,  re la ted
a physical system is symmetric under
remains unchanged by that operation.
equ i l a te ra l  t r i ang le  i s  unchangeC i f
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degrees.  Henee the
the operation of a

equi la tera l  t r iangle
120 degree rotat ion.

is syrnmetric under
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As an example of slmmetry in a physica] system, consider l1- '
e las t i c  reco i l  o f  two  b i l l i a rd  ba I l s .  The  ba1 ls  reco i l  f r om
each other just the srme if  we transport then into outer
space as they do on a b i l l iard tab le here on Ear th:  the laws
gover t in6 the co l l is ion of  b i l l iard bal ls  are s :nometr ie  under
the operat ion of  t rnns lat ion (change in  locat ion) .
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The conserwation laws are, in fact, consequences of
s tmmetry . 'Demonstrat in€!  symmetry  und.er  t rans lat ion,  for
g:<nmpl€r proves the law of conservati.on of momentum.
Synmetry  under  t rans lat ion in  t ine ( i .e .  an exper iment
produces the satDe results even if  performed at different
t iraes) proves conservation of e(terg,y, and symmetry under
rotation in sFace proves conservation of angular momentum.
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slmroetry. Besides obeyin€ the famil iar conservation lawsr Fo{e-f^

-- Part icle interacti .ons are slni luetr ie in electr ie
chargle. That is, the f inal charge of a part icle systera is
the sAme as the in i t i -a l  eharge.
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Particle interacti .ons are s)mmetric with regard to
sp in .
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The num\""{ of baryons #nconserved. in pi.rt icle ,"
interactt,oa/. So is the lepton number
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As far as is known, only the rreak force violates
synmetry  (see Cb.  7) .  Beta dec4y,  for  exn 'np1e,
preferent ia l ly  produces neutr inos wi th  le f t -handed spin.
fn faez all weak interactions ewince spin aslmmetry. As v/e
shall see in the ne:ct chapter, this asWqetny -- ?be
exception to the rule -;ruay explain the^ p'ar+icle/ 'dnt, i- 1-
part icle; r&,io and tbe fact tbat tbe Universe is 

.not, 
after

a l l ,  per fect ly  honogeneous.

'  
PRACTICAL APPLICATIONS ;i i-  .  

' '? '-

Nature's syzrmetry provides a powerful tool for learning
how she operates. For exAmple, the neutrino was discovered
on the basi.s o: '  sinnmetrr principles:

When i t  becrme possib le  to  probe the par t icu lars  of  beta
deeay,  phys ic is ts  d iscowered the to ta l  momentum of  the
products -- proton and electron -- was less than the
neutron 's  momentum.
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Enrico Ferni hypothesized an unobserved Part icle which

carrj .ed, the rnissing nonentum, and he was able to prediet i ts
propert j .es charge and sPin -- on the basis of sirnometry'
Lat i r ,  in  more sophis t icated Par t |c le  detectors,  neutr inos
were measured directly and their ProPerties cont' irmed 

i

'  
Sor" theoreticians have e:<trapolated knovrn Principles of

s:rnmetry into a theoretical construct cal led "sfPersyawetrl" '

supersymmetcy relates the fermions to the bosons: i t
poit,r lates "suFerslnnnetri .c Partners" for 1-,he kno'*n Part i-cies'
Fo" exa.mp1e, aCcording to supersymmegry the photon (a boson)
has a fermion partner cal led the photino, and qr:arks
(ferraions) have SuPersynmetric boson Partners cal led
"squarks. " $vrcilrc-ti"?A

t^/},.qh'r'e Po''*.'zt>

jc,le<'*rrana,

5 1uarl-S
J nc-rrha'vr o

/holi 'r 
o

wir^o
-*'\ no -

j,*.1:.
otow\ 

tl^o

t€'e&Io

l(asrrtr pvliclel

c,\ac.)Yu'r

1-rcv)<9
taar^)vitro

ptlc'tota

w
z
eY
6llvrto\

\ .i. b*

No Supersytrqetqic pq.rtners have been found e>c5:erimentally,
bud '?nbr 'e  pbwerfu l  'ac6elerators may reveal  them-

A

SPONTANEOUS S'N'{METRY-BREAKI}IG

If the part icles and forees are slrmmetric and
j-nterehangieable, why does the Universe look the wry i t  does?
A per fect ly  syametr ic  l jn iverse r+ould be dul l ,  indeed a
per fect ly  un i form soup-  But  the real  Universe obvious ly
in i ludes a 'var ie ty  of  s t ructures:  ga lax ies dr i f t  across vast
voids, and bri.ght stars sparkle a€lainst black sky.

Physic is ts  be l ieve the very ear ly  Uaiverse ggg
completely stmnetric (every-vrhere the s' 'ne, al l  part i .cles and
forces interchangeable) but that the original symmetry was
"broken' '  as the Universe evolved

Cl.ouds raedel the early Universe and denonstrate . ib+
proeess of  "spontaneous symrnetry  breaking.  "  The; '  3 '^s
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syrnmetric accumulations of water droplets: ^f l t i  inside ef--a-
c loud looks the sane in  a l l  d i rect ions - -  gray rn is t
everywhere. Cool the cloud, thougb, and the s:nnnetry breaks:
ra indrops coalesce and fa l l  ear tbward,  def in ing d i reet ion.

M.AElnets also demonstrate spontaneous slmmetry breaking
and model the appearance of forces in the Universe. Around a
hot nagnet, the nagneti.c f ield is stnnmetric: there iS qq
f ie ld  because h igh temperature j igg les the naEnet 's  e leet rons
out of al i .gnment. Let the magnet eool (the electrons re-
al ign themselves) and the syumetry is broken: the rna€netic
f ie ld  re-establ ishes a nor th and a south.
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Physic is ts  be l ieve the ear ly  Uaiverse (wi th in  10^ -43

seconds af i ts origi.n early indeedl) was perfectly
syumetric, comprising pure energy at incomprehensibly high
teaperature a.nd density. As it acfranded and cooled, the
symmetry broke. I ' l :e fermions precipitated out, and so did
the bosons govern ing tbe i . r  in teract ions just  as ra indrops
precipitate out of a cloud and the f ield out of a rnagnet.
(We wi l l  develop th is  idea fur ther  in  the nexb chapter .  )

MULTIPLE DI}.G}ISIONS

By now, the reader is fa.roi l iar with the idea ot '  4
dimensions -- tbree ot '  space and one of f ime. To roodel
the in ter rb la t ions of  par t ic les and forces,  phys ic is ts
postu late even h igher-order  geometr ies a Universe of  ten
di.mensions, maifbe more. 

,,r. ! . '
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' "

Physicists, re.qr*ire roult iple diroensionsoto e:cplain how
qual i t ies such 'as charge,  eo lor ,  and sp ln cdn af fect  the
observ'able universe even thoug(h they cannot be observed
di rect ly .  We eannot  "see"  charge,  for  g ;4emple:  we observe
i ts  ef fects  on the spaeet ine t ra jector ies of  o ther  charges.
The  unobse rvab le  qua l i t i es  ch ,e rge ,  co lo r ,  sp ia ,  e f , c
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presumably exist
observati.on.

in dinensions that are hidden from direct
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As an n-alo€ly, we e><perience effects of "hidden
dimensions" when we develop a conmon cold. The runqy nose,
sore throat ,  n ' "d  congest ion represent  the v is ib le
mnnifestati .ons of hidden invaders -- viruses which are ruAny
orders of nagnitude smaller than ourselwes, far too sma1l to
see c i i recr iy .

Descr ib ing the phys ica l  Rniverse,  phys ic is ts  say h i .ddea
dimensioas are "compactif ied, " i .  e. enbedded in the
obserrrable four dimensions of sl lacetime but too small to
observe d i rect ly .  Events in  fhose b idden d imensions twis t
and shake tbe four dimensions of spaceti.me, and we observe
the resul t ing d is tor t ions.  For  example,  the events of  beta
decay exchange of W part icles -- are hidden from our
direct view, but l{e ean observe the resurts of the vreak
interaction by traeking the spacetime trajectory of the beta
pa r t i c l e  (e lee t ron )  and  p ro ton  as  they  i n te rac t  w i tn  the
eleetr ic  and mn€net ic  f ie lds in  a par t ie le  deteccor .
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MATHE}.'ATICS qE MULTIPLE DIMENSIONS

t' lathenaticians label the hidden dimensions in their
equations with extra "variab1es. " We normally loeate events
in  the v is i .b le  Universe us ing four  var j .ab les - -  the three
space coord inates,  x ,  y ,  and z,  and one of  t ime,  t .  I f  the
Universe harbors other  "h idden' '  d imensions,  w€ need more
var iab les to  descr ibe tbem. Heterot ic  s t r ing theory,  for
g:<nrnpIe, postulates ten dj.nensions described by ten
va r iab les .

I t  is  d i f f ieu l t  to  imagiae the geometry  or '  5  or  more
dimensions,  beeause our  senses ,e . re conf ined to  three spat ia l
dimensions and one of t ime, but the e>stra di.mensions behawe
mathematical ly just l ike the four we know. For example, we
can define length in two dimensions oB Cartesian coordinates
according to the PSrthagoreaa theorem:
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I n  f ou r  spa t i a l  d imens ions :
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And so on in  h igher  d imensions. ,

The fol lowins h:zpotherical r; jrr. ; ; : ' ; :  i l r*;; :" Ee
the physical effects of one dimensior{ 'on another." -suppose we
descr ibe phys ics in  terms of  "spheres enbedded in  =ph"r r r , , .
i -e .  i roadt ine at  each point  in  spacet iue there is  a  iphere,
too smalr to be observed. [. Ie can rocate an -event on the
surface ot '  any sphere with two variables, lat i tud.e and
longi-tude. (The surface is two d.imensional. )
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Now suppose at every point on th.g
another  compact i f ied sphere,  too snal l
eompr is ing tvro more d imensions.
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And suppose, further, at each point on that second sphere is
another, smaller sphere eornprising two gglg, dinensions
and  so  on .  F leas  on  f l eas . r ' I f  t he .Jsu r iaces  a re  connec ted ,
d is tor t ions of  one d imensiof i  a f fect" the Eleometry  of  a l l
h igher  d imensions

f'
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So,  perhaps and th is  is  sheer  speculat ion for
purposes of  i l lus t rat ion - -  the weak foree,  in  d imensions 7
and 8, affects fermion f lavor and. electr ic char{e enbedded in
dimensions 5 and 6, which in turn affect the observable
strtrcture of 4 dinensional spacetime.

Tbat 's  tbe essence of  rsu l t ip le  d inensions:  tbe
quali t ies we associate wi.th fennions chargle, spi.n, color,
e tc .  ex is t  in  h idden d imensions,  And.  tbose h idden
di.mensions are enbedded in nnd conneetd. to the gleometry of
observable spacetime. l i idden dimensions -- the dimensions or-
the fermions and their interactions -- wiggle ar:d warp the
st ructure of  spacet ime,  which is  what  we see.  We g l impse the
traeks of fermions and forees aeross spacetime, not the
beas t i es  themse lves .

GROUP THEORY

Given evidence that the various i 'ermions are related to
eaeh other and that fermions are related to besons, we assume
they share certain und.erlying quali t , iesi ' '  di l .€ri  

'evid,ence 
that

they inter-eonvert, one particle beconitg .a+o.tb.9F^,.-. ye assulDe
the part icl 'es can exchan€le ?hose quali t ieq: '-,  A i iathbdatical
systeu ca l led "group tbeory"  of fers  a nethod to  account  for
such in ter- re la t ions.  Group theory c lass i t ' ies  th inEls
accord ing to  the i r  components,  and i t  def ines how d i f ferent
entit i .es ( such as part iclep ) can interconvert i f  ther 4re
bui l t  f rom s in i . lar  par ts . ( , r  ' :7r ) l -  . , '  , . " '  i ) \ / t - . "  -u- - r " ' ' r .  ' ' y  )

Mathernat ica]1y,  a  group is  any system consis t ing of  a
set ,  G,  and .9 .n operat ion,  +,  on ihe e lements of  G such thaf  :



1.  I f  x  and y are both e lements of  G,  x  r  y  is  a lso
e lemen t  o f  G .

x+

x+

2.
( y  +

a

e=

If x, V, and z are al l  elements
z )= (x+y )+2 .

There is  an ident i ty  e lement ,  e ,
x .

o f  G ,

such that

4.  Each e lement ,  x ,  bas an inverse e lement ,  -X,  such
tha t  x  +  ( - x )  =  ( - x )  +  x  =  e .

Group theory is  ar r  a lgebra of  operat ions.  I t  enables us
1:o predict the f inal state of a systen after an operation or
ser i .es of  operat ions.

For  exnmple,  suppose Gr ize lda,  a  nus ic  af ic ianado,  is
t ry ing to  set  up her  speaker  system for  best  l is ten lng.  She
has a tweeter, T, and a woofer, W, and she always l istens
from her favorite chai.r,  C. She can place the speakers and
chair in any of three locations in her room, and she is
tryingl to f ind the optimum arrangement.

&AJ<-} toovttl w:\1"

i.iha\ artaSe-.cn! .+

@r6rY, f-rrcler) ^*l'

V,JoolP-c

Determined to test  every poss ib le  eonf igurat ion of
speakers and ehair, Grizelda expects a long day of moving
furr: i ture, but she can exploit Sroup theory to roinirnize her
e f fo r t .  (To  fo l l ow  the  d i sc r : ss ion ,  eu t  ou t  a  paEre r  t r i ang le
and label the corners T, e, and W, as sho'rrn below. )
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Grize lda can per form two k inds of  operat ion on her
system rotat ions,  R,  and iavers ions,  f .  Le| -  us def ine the
possib le  rotat ions c loekwise as seen f rom above:

€ofa&i".'.. by ,zo aloge*,5

Rrzo

Inversions are defined about the axes drawn in the 
'i't' ' '

i l lus t rat ions.  4bus
fnvc'giovt Lt -\..ar.s$ona5

'rnih'a\ cor$gnrelbn 'b t+riS
t t
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Of  cou rse ,  Gr i ze lda  nay  pe r fo rn  a  se r ies  o f  ope ra t i ons .
We w i l l  ca l l  t he  s ta r t i ng  con f i gu ra t i on  the  " i n i t i a l  s ta te ,  "
and the f ina l  conf igurat ion the " f ina l  s tate.  "  For  g:<ample

1tktzo->

L ;i.-. \
D' ! ;/l



Notiee that the states are defined in the fr^^e of
reference of the room. In general, there must be some
outs ide f re-e of  re ference in  which to  def ine a s tate.  This
becomes rn important consideration when, Iater, we define
par t ic le  s tates such as phase and isospin.

After heft ing furniture around the roour i .n a number of
t r ia ls ,  Gr ize lda f inds a pat tern to  her  work:  a  s ing le
operation can produee the same final state as a series of
operations. For example,

Atzo +I . t  = Lz

Irdli".l
tlel.a. R tzo

+ LI

?
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Jtr.ts

f ina l

Io ts

9.ztro +It -- f3

+ L-3 = AZct,c

€*c.
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rLe Atzo Rru Asu t2 t3 L I
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r -e -4.1 ! J s l 4 , t 2 0 A?rc Azrc
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The operat ioa R(120)  fo l lowed bv I (1)  produees the srme
state as operat ioa I (2)  a lone.

Wi th th is  d iseovery,  Gr ize lda real izes sbe c" '  save
af effort. Instead of trying ever:r possible series of
operat ions,  she devises tbe fo l lowing tab le:

Jea,od

R'rh
OTcahor',

l . € ,

frr*.r^I.-| Jin6lc. ?aatia.,r

Gr ize lda  has  d i scove red  an  a lgeb ra  o f  ope ra t i . ons .
l , lhereas the a lgebra of  our  h i .gh school  da: rs  involves
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nuner ica l  quant i t ies,  such as 4x + 3y = 10,  the a lgebra of
group theory analyzes operat ions.

GROUP T!{EORY ANp THE FORCES

So how does Gr ize lda 's  s tereo system re late to  fermicns
and forces?

It turns out the eleetromagnetie force, the rveak force,
and the strong force al l  can be described roathematical ly by
group theory. Mode}led according to group theory, the i 'orees
themselves are operat ions,  and the fermion states are
elements of a group. For exanple, in neutron decay, the
ini.t ial state includes two down quarks and one up quark. The
weak force (operati.on) converts one down quark ( init ial
s tate)  in to nn up quark ( f ina l  s tate) .

firna\
Jt*)e-

More speci f ica l ly ,  phys i .c is ts  model  the e lect roma€laet ic
fo rce  as  the  g roup  o f  ope ra t i ons  ca l l ed  U(1 ) ,  wh ieh  s tands
t 'or  Uni tar : r  Group 1.  U(1)  is  ihe Sroup or-  operat ions that
produce any of  the cont inuous phase t rans i t ions f rom 0 to  360
degrees  (O  to  2  p i  rad ians ) .

We can see the re la t ion of  the mathemat iea l  group,  U
to the e lect ronagnet ic  force on an e lect ron,  for  ex^mple,
we model  an e lect ron as a probabi l i ty  v tave.  The e lect ron
wave roay change phase, just as eny other w8v8, and remain the

L/€ots $a"<

+
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We know the electromggnetic force changes the Phase or'  an

eJectron, beeause i. t  shifts the interference Pattern in
e lect ron d i r f ract ion exper imenfs,  and the rmount  of  sh i f t  is
proport ional to the strength ot '  the f ield.
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This relation of the elggromagnetic foree to {ean.etrr
X (phase shift) translates nicely to the mathematical terms of

U(f). The electrotoagnetic foree can be represented bv the
geouetric phase sbift .  By convention, we wil l  represent
pnase As a pointer  on a d ia1,  I ike 'a  s iag le band ota a c lock
d ia l .

2-U+r-+-. &+./ i. ith*hqlra"r afuz
* e/ogro.',. a* afla*)va '

'rr^Ftlor ->
a* dr<*nncr
a,ri*5 .| d:Jrg1gt

t9.

pointer  in  re la t ion to  some f ro-e of  re ference in  th is
case  the  face  o f  t he  d ia l .

I f  we  comPare  U(1 )  w i th  Gr i ze lda ' s  s te reo  sys tem,  the
elect romagnet ic  foree behaves as a grouP of  operat ions which
eal rotate the sPeakers and ehair around the roon by anrr
an€ie betvreen 0 anci  360 degraes.  The agent ,  in  the reaL

1 0 i



wor ld,  that  actual ly
is  the photon.

@+ l.
L
I
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Physicists nodel the weak foree mathematical ly by tbe€rroup su(2)  (spec iar  un i tary  group 2) .  su(z)  deser ibes ageometry with three phase an6res,-" i""r=ponding to the threevector bosons, W-, W*, and Zl- o*; ; i ; ; ;  inaei;; ,  
- in-a'atogy

with Grizelda's stereo =yrt-r, the rrnal srace is d.etermined.by some rotati .on around.-Li." roon, as in U(1), ned,iated. by theZ part icle, which is i [e-*ealc anafGv-to the photon, plus arotation about the axis Lhrough tne-Last a,,d. west walls ofthe rooru' orus so.e rotation ihrough i[" aorth-south axis.

fn  the  1gEO,s  and.  1g60,s ,  S teven l {e inberg ,  She1d.onGlashow, and Abdus salam showed tir"i'-trre weak foree isrelated t,o the eleetromagnetic foree: 
---the 

weak foree, wiihthree phase axesr . is _a irlsh,e" di;;;; ional representation ofthe eleerromagneti.c foreel whieh h;;-i l ; one phase a-xis."Eleetro-*.rk*: : : . f i=eat ion, ,  
t f ra i  is ,  I f , " , . r r rc,"r ly in8relationship between the iwo eorees, u."on"s ev'dent at higr,energies, about go Gev, with tr.e prbJ""i io' of the vectorbosons. E..cper iments 

" , r"h-ao 
thosl  by Car lo Rubbia and hisgroutr at CERl.i have ccmf irned electrow""k i l.ror], drarnarir__n1.,t,,,
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performs the elect romagnet  ic  operat i  on
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Phvs ie i s t s  desc r ibe  the  s t rong  fo ree  by  the  g roup  su (3 ) ,
which includes eiEht independent phase angles cori.spond.in€l
to  lhe e ight  poss ibre g luons.  The geomet i ic  representat ion
of  su(3)  requi res 5 e:c t ra spat ia l  d inensions:  -T-^woa,v e) te ld- -
attempt t_^9. i lrustrate the possible rotationsn *Fiece the paper
rrmrts 6.;to but tvro dimensions in the threei,,dimensional
world of our e>rperienee. you night, 

--ho*erer, 
try to inagine

the poss ib le  rotat ions of  Gr izerda 's  systeu in  h igher
dinens i.  ons.

Taken  toge the r ,  t he  co ra l i ned  g roups  U(1 )  X  SU(z )  X  SU(3 )
represent  the "Standard Model"  o f  par t ic le  phys ics.
E:cperimental tests in part icle accererators support the
standard nodel, but i t  makes predict ions such as the
exis tence of  the l l iggs boson ( to  be d. iscussed.  be low) which
have aott. yet been verif ied.

Most seriously, the Standard Model is incomplete in that
it  does not incorporate the force af gravity. A; we shall
discuss, lerorr, f inding lhe reration oi gravity to the other
forces is  a  major  f ie ld  of  inqui ry .

Two final obserrrations ..pc--eortgtlete our d.iscussion ofgroup theory: notice that Eroup theory incorporates eoncepts
of s:metry and of uult j .ple dinensions. The iroup"-"""sJruuetric in that each phase bas €rn opposite, and the
operations are slnnmetric in that seriis of operations earn
result in the s^nre f inal state 

"" 
o qingle oleration (e.g. inu(1) a rotation bv 120 degrees plus aToaation bv mi.aus 60

degrees results in the same phaie as a singre rotation by 60
degrees ) .

Rtp R.- a
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Rea

q.
.f>

SU(a)  requ i re
e .g .  the  e igh t

rz'O*

As we have seen,  the groups SU(z)  and
rnul t ip le  d imensi .ons for  the i r  deser i .p t ion,
independent  phase .an€les of  SU( 3 )  .

\



Al l  these consi .derat ions of  group theory are
incorporated into the larger fra.oewort callei ; i",.,gu theorir,,,
the current best mathematical system for und.e."t*rdirrg the
fermions and forees.

GAUGE THT'ORY

The standard Model i.s one of tbe triumphs of mod.ernphysics. rt  accomodates known part icres and their
interaction-s,, ,qgd it  Jr,as predieled the existence of newparticleS"' vrhi 'ch- v/ere bubseq,.rently found..

4

Mathemat ica l ly ,  the Stand.ard Mod.e l  is  a  , ,1ocal ,  
non_

Abeli.an gauge theory. " In fact, we,ve alread.y learned the
foundations of gauge theory in our consid.eration of groups.
crudely  def iaed,  gauge theory d.escr ibes the par t ic le l  and
forces as loea1 measurements of state local gauges. Agauge, roughly, is a measurin€l device, l ike the d.i l l  on acIock,, tHS., the posit ion of thi hand. represents a state. A
l l l lk" ' l :* 

exa.npla, is a gauge: i t  Deasures the state of ; \t1ne. As we discussed' in the prewious section, we can
imagrne other, similar gauges measuring the 1ocal
electromagnetic state, the weak state, and. the strong state.

o
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Elec}arrag.,re.}fe t}zr}e,
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Wcan t+rla at *hr. 5eac- fia'l-
il tfroli'-r.c- (sttl"L a*rour) .
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LOCAL GAUGE INVARIANCE I

The 
"orr""pti^"^ii"=t r"""*"t =r"i o" Eiastein, _the€-aI]

p]ays ics is ' loca l^ is  centra l  to  gauge theory-  Relat iv i . ty
theorv savd our measuring tools <g;,rg";) charrge according to
loeal  spacet ime curvature,  i .  e .  the lengths o i  neter  s t icks
and the rates of clocks depend on loeatlon. To cite ^n
s;1n ' rpIe f rom re lat iv i ty ,  consider  lwo observers,  one on the
banks of the Thanes in London and the oth"" atop the l{orld
Trade center in New york cLty. The two observeis e:cperience
di f ferent  { rav i ta t ional  f ie lds (d. j . f ferent  spacet ime
curwa tu re ) :  t he  f i e ld  d i rec t i on  d i f f e rs  a t  t he  two
loca t i ons ,  and  the  g rav i . t a t i ona r  po ten t , i a r  , l i f f e rs ,  s i nee  the

i  r t . :



observer atop the World Trade Center
the Ear th 's  center  o f  mass.

is farther removad from

g'ail.&b..d Fislo\ i't lOet Yot)<

<lin lia.. oF

A.ne\crr..
g'ed)<lb'.o.\ Sicl.L in

The {auges
cloeks.  In  our
loca t i ons :  t be
a meter st ick on
ef fects .

in spacetime
exanple, the
c lock t ieks

tbe Thames

physics are meter stieks and
g'auges differ at the two

faster atop the Trade center, arrd
is  s l ight ly  longer ,  due to  ' , i .da l

l-a.J,*.. cf-dr t-r.ko Sl*, a-oL

r..rr.ls,r t),i<ls it lHS\\ t+ts+q\et

THE GAUGE PRINCIPLE

The crux of the gauge theory of part iele interactions is
the gauge pr inc ip le ,  whicb says that  a  force is
indist i .nguishable from a 1ocal gauge transformation. We
return to  the double s l i t ,  exper iment  to  i l lus t rate th is
eoncept .

When e lect rons t raverse a double s1 iL,  the in ter ference
pattern at the deteetor depends on the relative phase or'  the
electron vraves. rf \{e can somehow change the geometric phase
of  the vraves,  the in ter ference pat tern changes.

1 0 D
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But changing the geometric phase of tbe waves is
indisi inguishable from applying r ' :  electromagnetic f ield at
one  o f  t he  s l i t s  ( see  p .161 ) .  Tha t  i s ,  t he  abs t rac r
mathemat ica l  nanipulat ion 'o f  e lect ron phase is
ind is t inguisbable f rom the appl icat ion of  a  " rea l "  foree.

the sn-e principle applies to the weak and strong
forees: the weak foree is indist inguisbable from the
mathematical alteratioa of isospia (SU(2) ) phase, and the
strong force is indist ingluishable from a rotation of color
(SU131  I  phase .

Gauge theory is "non-Abelian, " tbat is non-eoEutrutative,
in that a series of rotations in uult i .dimensional space may
produce a dir ' ferent f inal state i f  the rotations oceur in a
different order. operations on a te>ctbook i lrustrate this
idea:  ho ld the te :<t  wi th  i ts  cover  up,  As i r 'you v /ere about
to open i t  (  in i t ia l  s ta te) .  Rotate i t  90 degrees c lockwise
around the axis through the front and back covers, then
rotate it around the a-xis rtrnniag along the lines of te:<t.
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Now perform
order .

?he sa'ne two rotations, but in reverse

flry1i e:
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Inih'd 5+{^te.

fh is  f ina l  s tate d i f fers  f rom the prev ious f ina l  s tate.

I ' l :e non-Abe1ian nature of gauge theory is especial lr
ewident in the wenk and strong interaetions, where series of
rotations in phase space may produce completely different
par? ic le  s tates.

In the mathematieal fonnalisro of gauge theory, "forees"
behave in such as \ray as to preserrre tbe wavefunetion of the
Sehrodinger equatioa (whieh deseribes the d:rnanics of a
fernion -- see Appendix), except the force changes the phase
of the wavefunction. Vice versa, changing the phase of tbe
wavefunction demrnds tbe applicatioa of some "foree, "

Frhal :}alc.

'tni{i4l r}r*c- , w\c't I
il frc r.rave.-f.rerrc]ioq oF q,

{q7niora.

+vv
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Note that  th is  mathemat ica l  fornal isn i rap l j .es a loca1
syumetry: the change in phase leaves the atrtpl i tude of the
wavefunction unehanged. The total i ty of a wave packet l ike
an eleetron is unehanged even if  i t 's phase changes, just as
an ocean wave is st i l l  a vrave whether we hapFen to be bobbing
on i ts  erest  or  in  f ,he t rough.
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". Experimental evidence for s:raetry--in gauge interactions
is=-f€und in the Bohn-Aharoilov-effecti anong others. In
1963, Alraranov and Bohm showed that ehel6'leetron wave
responds to the veetor potential,  a geofretr ic measure of the
electromagetic force in a region of spacetin.e.. '  roughly

.5^rtorterwtcc' Pofrer1 \^A.n
ho arervrslt ^+la.E'ltr.t 6\ coi\

^' 'alagous to the gravitat ional potential in descript ions of
the force of gravity. In the erperiment, they sent electrons
through -.a double sl i t  aparatus past a coi l  encased in a metal.
tubel.I aI  conf  ines the naginet ic  f  ie ld :  i .  e .  there is , r -

no measurable f ield outside the tube. However, the vector
potential remains, Fnd. i ts value depends on the eurren!
through the eoil .  I f  . tbe e>qr-e^ri.nenter imposes a change in
the local gauge --,,wtricE is- thb vector potential -- by -v
changing the current, the eleetron phase gauge compensates,
as evidenced by tshe.'shift  in the interference pattern. fhe
phase sh i f t  is  exact ly  the same as i f  a  nnagnet ic  f ie ld  rcas
appl ied at  one of  the s l i ts .

I
I
I

The  gauge  theo ry  o f  pa r t i c l e  i n te rac t i ons ,  U (1 )  X  SU(2 )
X SU( 3 ) , has FgS". 1gng6kahlf :qsg."_?ifyl.:, , ,i! is supported
spectacularLy^ in adceleiaior erperlnents. tsut where does
grav i ty  f i t  in to  the p ic ture? To phrase the quest ion in
terms that are more ^menable Eo gaug,e theory, what is the
or ig in  of  mass,  which is  tbe "charge"  by which grav i iy  is
measured?

That  i t  has proved d i f f icu l t  to  reconci le  grav i ta t ional
theory wi th  the gauge theory of  par t ic les is ,  in  fact ,  ra ther
ironic, since gravi.tat ional theory, as ernbodied in general
re la t iv i ty ,  \ {as the f  i rs t  o f  the gauge theor ies:  as
described above, gravity ean be understood in terms of local
spacetime curwature measured by meter st icks and elocks
the gauges of spaeeti.me.

jlainytev,tncc- FatFn  r"l'rcq

c;^.,Yr,^+ i5, *renact aa . *ue Shtf+

ctrr. 5 g{ftsb oS 'ccJ'grr ,tu+a^+.i4 '



The problem is  to  reconci le  the scale of  s tars  anc i
planets -- the realm of general relati .vity -- with the seaie
of part icles. To incorporate gravity into a theory of
eventhing requires a quantum theory of €lravity: how does
gravity behave at the scale of the part icles?

Presumably,  a t  the par t ic le  scale spacet ime i tse l f  is
quastized: space and t ime are discontinuous, and there are

Y' quantum sPacFime iuups from one Point to the ne><t -- as j.f

you stepped'but of your bathroom Tuesday mornin4 and landed
in the park lhe Previous l{ednesdqv at ' ternoon' In the
parlance of quantum gravitf  af!cianados, sPacetime is
" foamy.  "

./<ale-'.

- -JJ

A,rc,^+t$-t €+ fife. a,.ad, *iu.c qtq d,irco^li",rlo\ t

flaecr-*irrq al bore.rctaT hh"rq''l t*.\

TTTE HTGGS FIELD

I'he aost promising, but as yet unproved, qunntum theory
of gravity adduces a "Higgs f ield, " a kind ot- baclcground
gauge against which al l  loca1 gauges can be comPared. It  is
a "se l f -coherent  systen:  "  that  is ,  every lcca l  Higgs gauge
is set identical. to ever:r other. The Higgs f ield is
analoglous to a superconduetor, in which a1l the electrons
exist in the sFme energy state.
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By th is  nodel ,  u tass is  the measure of  the d i f ference
between a local gauge and the Higgs background. But .against
whieh gauges is  the Higgs gauge to be compared? The U(1)
g,aug,e of e/a? Or the StJ(2) gauge of the weak force? Or is
there another underlying gauge wkrich must be evoked? The
question remains open, but i t  is known that eleetric charge
contr ibutes to  the mass of  the e lect ron.  Whether  the U(1)
phase contr ibutes a l l  the e lect ron 's  mass is  not  known.

I f  there is  a  Higgs gauge,  there should be Hj .ggs
par t i .c les.  None have been ident i f  ied,  as yet ,  in  accelerator
erqreriments, but part- i .cle physicists press the searci: in
earnest .  One of  the goals  of  the supereonduct ing
supereo l l i de r  i s  i o  seek  H iggs  pa r t i c l es .

TYING .L[ ALL TOGETHER: HETEROTIC STRI}IGS

At the beginning of tbis chapter we posed tbree
questions tbat any unif ied theory lrLlst address. Let 's review
tbose questions Erow, given our ne\{ tools.

EIow are the fermions and bosons related? We can
describe tbe varlous fernions using group theory. Each
fermion has a part icular electromagnetic phase, weak phase,
and st rong phase deser ibed by the groups U(1) ,  SU(z) ,  and
SU(3) ,  respect ive ly .  T ' lee groups SU(2)  and SU(3)  requi re
rsult iple diroensions for tbeir evaluation.

Wha t  d i s t i ngu i sbes  one  fe rz ion  f rom r "o the r?  'T l - ,  '  , ' .  - ' ' :
D i f f e rences  i n  U (1 ) ,  SU(2 ) ,  and  SU(3 )  pbase .

l low do the fermi.ons interaet? Aecording to the gauge
principle, interacti .ons cn' '  be described in geometric terms,
aS . gf irn(e in phase.

l leterotic str ing theory incorporates ai l  of che above
concepts of rult iple dimensions, s]rtrrtretry, group, and gauge:
I t  bu i lds a Universe out  o f  heterot ic  s t r ings in  which
indiv idual  loops are the quanta of  spacet ime.  F lat
space t ime ,  t he  H iggs  f l e ld ,  i s  t he  l oop  i t se l f  t he  bas i c ,
underlying gauge-
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The loops exis i  in nul t id imensional  spacet ime ( fen
dimensy' ions) arrd can osci l . late in those dimensions.

I

Superimposed on the lowest dimension of each loop nay be
a standing wave. The tdave frequency is the 3au6e measure of
I l lASS.
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Superimposed in a higher dimension is another wave.
fhe phase differenee between vibrations on adjacent loops
in this dimension measures electromagnetic potential.
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Pbase d i f ferences between osc i l la t ions in  h igher
dimensions Eeasure weak potential and strond potential.

Interactions occur because adjacent loops can unite and
exchang:e modes of vibration before separating once again.
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In teract ions .1re locaL,  between neighbor ing l  1oops,  and
local  gauge is  conserved.

Heterot ie  s t r i .ng theory (or  ra ther  th is  in terpretat ion
thereof ) thus provides a s'rannetrie ( fermions and forces made
of  the sArqe loops) ,  mul t id inensional  (waves on loops of
s t r ings embedded in  nul t ip le  d iaensions) ,  ( rouned ( fermions
def ined by groups of  v ibrat ion modes) ,  iau{e theor . r
(geometr ic  phase nodel  for  par t ic le  in teract ions) .

SUMMARY

Physic is ts  hypothesize that  a l l  fermions and fcrces are
inter-related, and they seek a mathematical "theory of
everyth ing"  descr ib ing the fermions and bosons.  In  th is
chapter we have outl ined sone of the key components of
current theoretical endeavor.

The concept of sFmetry provides a foundation for
theory. The conserwation laws and loeal gauge invariance
fo l low f rom snolaetry  pr inc ip les.

Mu1ti.-dimensi.onal €leometry provides a fr.-ework for
l inking tbe quantum eharacterist ics of part icles and forees.
Qua l i t i es  we  ca l l  " sp in ,  "  " cba rge ,  "  " co lo r ,  "  e t c . ,  r oay  be
geometri.c structures "f leas oa f leas compactif ied i .n
tbe four-dimensional grid af spacetime.

Group tbeory describes the fermions as members of the
€ f roups  U(1 ) ,  SU(z ) ,  and  SU(3 ) .  Tbe  theo r - : r  rep resen ts  each
fe rm ion  as  a  pa r t i cu l a r  U (1 )  X  SU(z )  X  SU(3 )  phase .

Gau€ie theory exFiains force as a cbange in local
geoaeEry, that is a force !s equivalent, mathematicai ly, to a
change in gauge phase

lleterotic str ing is one of seweral superstruuuetric
theories that incorporate tbese concepts and that nay unify
our  understanding of  the known par t ie les and forees.
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