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Abstract

The motivation and meaning for the long march towards a
unification of all fundamemtal laws of physics are discussed.
Progress made in the moderm era, including the rise to
prominence of string and superstring theories, is described.
Abstract concepts used by theoniists, such as these imvolving
extra dimemsiomal spaces and their topological properties,
to gain a deeper understanding of the physical laws are
explained. The presentation is nonmathemsitical and imtended
for monspecialists.

FUNDANMENTAL LAWS OF PHYSICS

The total body of physical phenomema is vast and imfinitely
complex, and no one could hope to understand all of it. But
we believe the set of fundamemtal laws governing these
phenomema is finite, perhaps even quite small, Newton's
simple law of gravity

E=c MiMg
R2

allows one to understand ballistics (ICBM nowadays), tidal
waves, planetary motioms, quite a bit of astro-physics and
numerouws other thimgs. Principles underlying dynames, radio,
TV, radar, micromanes and, with a little bit of quamtum
mechaniics throwm in, atomie physics, lasers, ete. are all based
on the set of four Maxwell's equations for ellectromagnetism,
Fundamental laws govern simiple as well as eomplex systems.
We use the simplest system to study the laws, and apply the
laws eh eomplex systems. Often the degree of complexity
ef a system is §6 Righ that the eenneetionh Between iis
BeRavieur and a fuRdamenial Iaw is extremely remete = thus
bBislegy will prebably always remain 3 largely empirieal
§€ienee.

The laymen’s and specialists’ views of the four force laws
that form the body of our knowledge of the fundamental
laws of phsyics are shown in Tables 1 and 2, respectively.

As we progress to a deeper and deeper understanding of
the fundamemtal laws of physics, we are forced to study
simpler and simpler systems. Galileo watched stars; Newton,
apples; and now we study isolated electroms, photoms, quarks
and gluoms, all invisible to the naked eye. Paradoxically the
instrumemts required for such studies have become even
bigger, and more powerful and expensive to build, while the
laws involve ideas that, at least to the uninitiated, have hbecome
more abstract and complex,

t Work supported in part by a grant from the Natural Sciences &
Emgineering Research Council of Canada.

TABLE 1. LAYMAN’S VIEW OF THE FOUR KNOWN FORCES
FORCE PHENOMIENA

ELECTROMAGNETIC ALL THINGS ELERCTRIC
RADIO, TV . ..
LIGHT, OPTICS, LASER
BIOLOGY
CHEMISTRY
ATOMIC PHYSICS
CONDIENSED MATTER PHYSICS

WIEAK B-DECAY (LONG LIVED
RADIOACTIVITY)
CONTROL OF NUCLEAR
REACTIONS
BURNING OF STARS

BURNING OF STARS
NUCILEEAR POWIER
STRUCTURE OF NUCILEUS OF
MATTTER

NEUTRON STARS

WEIGHT AND HTMESS

LARGE TERRESTRIAL STRUCTURE
PLANETARY MOTION

LARGE SCALE STRUCTURE OF
UNIKHRSE

BLACK HOWLES

STRONG

GRAVITATIONAL

TABLE 2. PARTICLE PHYSICISTS’ VIEW OF THE FOUR
KNOWN FORCES

CARREER AFFECTED ELEMENTARY
FORCE (BOSONS) PARTICLES*
ELECTRO-  PHOTON  ALL CHARGED LEPTONS
MAGNETIC (ELECTRON, POSITRON, +-+)9)
ALL QUIARKS, WF BOSONS
WEAK WF, 7° ALL LEPTIONS
BOSOMS  (ELECTRONS, NEUTRONS - -)
ALL QUARKS, W ¥ AND 29
STRONG GLUONS  ALL QUINRKS, GLUONS
GRAVITA-  GRAVITON (?) ALL PARTICLES WITH
TIONAL MASS
BOSONS FERMIIONS (LEPTONS &
QW?:WQS)
D
OBEY BOSE- OBEY FERMMHDIRAC
EINSTEIN STATISTICS
STATISTICS
|
GENERATE CONSTITUENTS
FORCE FIELDS OF MATTER

* Particles interact with each other by the emission and altsonption
of carriers.
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SPACETIME SYMMETRY AND INTERNAL STYMMETRY

The theoriies® that we use to express our understanding of
the laws of physics poessess many symmetiies, derived from
the fact that they are invariant (i.e., do not change) under
certain transformatioms. Gravity, or general relativity, is built
on the principle of invariance under general coordinate
transformatioms in spacetime. Often there is a direct relation
between a symmetry of a theory and a conserved quantity.
In spacetime the symmetry of rotatiomal invariance leads to
the conservation of angular momentum and translational
invariance to the conservation of linear momentum. There
are however symmetriies not apparently related to spacetime
transformations. These are called internal symmetries, the
implication being that they may reflect the symmetries of
transformatioms in some internal space. Invariance of the
electron wave function x under the phase tramsfiemmation

X(x) — efhx(x)

leads to conservation of the ncmiber of electroms. That under
the local gauge transfiormation

X(x) = ethdox(x)

leads to the conservation of electric charge. Note that A is
a constant while A(x) is an arbitrary function of spacetime
coordimate x (which is why we call the gauge tramsfiormation
local). Were there not such an arbitrariiness, there would not
be the guarantee that a person measuring the electric force
between two electroms in Igaluit will find exactly the same
result as another person making the measurement on Queen
Charlotte Island.

Gauge invariance (by which from now on we shall mean local
gauge invariance) also has a causal relation with the vamishing
of the photon mass, responsible for the unscreened coulomb
force having an infinite range. The modern view of electro-
magnetism is that it is a theory based on the principle of
invariance under gauge transformatioms characterized by a
single (but arbitrary) functiom, just as gravity Is the theory
based on the prineiple of invarianee under general coerdinate
transformations. The symmetry group fer the latier is GL(3;3),
whieh aets en the feur-dimemsional spacetime. The syptmetry
greup fer the fermer is the ene parameter U(3);, whieh aets
B8R a Spaee equivalent te a eirele whieh may Aet Rave any
BRysieal meaning but which we like te tRiRk of a3 an interAal
space. The three fundamenial forces ether than gravity ai
Rave an HHG%HﬁiRg BriREipIe 8f gauge iAvariance. IA the £ase
8t auaa{um ERFOMUIERIRS, the thesry for the si¥ong
[Rteraction, the patpe transiGrmation SR the Guark wave:
THRELBR X&) i§

X(x) = exp (;3 iXa(x)ta)x(X)

where t,, a = 1, -+ 83 anecthteceigiit tgeereratomss of {SEUB3)gooapy

A, are eight arbitrary functioms, and x(x) transforms as the
fundamental representation of SU(3). Quarks are to quantum
chromodiymeamiics what electroms are to electromagnetisemn: in
both cases these particles, collectively known as fermions,
interact with each other by exchanging bosoms, or the force
carriers; gluoms in the case of chromodiyramics and photons
in the case of electromagnetism. There is very strong indirect
evidence that protoms and neutroms, which constitute the
core (or nucleus) of all matter on earth, and most likely that
in the whole universe, are each made of three guarks. In
chromodymamics the conserved guantity associated with the
SU(3) gauge invarianee is the analegy of the eleetrie eharge,
the "color” of strong imteraction.

3 We call a theory the minimum set of propositions constructed
to precisely describe, following established mathematical rules and
logical conventiors, the cause and effect of a set of physical
phenomema. Thus for the electromagnetic force, the theory of
electromagnetiismn, and so on.
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UNIFICATION OF GAUGE THEORIKES

The theory for the weak force? is a little bit more complicated.
Actually, the weak force was without a real theory until the
early seventies, even though an effective theory existed amd
was sufficiently reliable to enable man to utilize it to build
reactors, treat cancer and, alas, also build bombs. There is
still not (and never will bel a theory for the weak force by
itself. Rather it is part of a theory that unites it with the
electromagnetic force under one principle of gauge invar-
iance, with the gauge group being SU(2) x U(1). Here mature
only reveals the symmetry in a badly broken form; the W¥
and Z° bosons — carriers of the weak force, instead of being
massless as the photon is, are about 100 times as heavy as
the proton. Broken symmetry is a familiar phenomenom. In
superconducting matter, translation invariance is broken
when temperature drops below a critical value, and paired
electroms develop an energy gap that induces superconduc-
tivity. Above the critical temperature translation symmetry
is restored, the energy gap disappears and superconductivity
is lost.

In the study of fundamental law of physics temperature is
commonly measured in terms of energy — the SU(2) x U(1)
symmetry uniting the electromagnetic and weak forces is
broken at about 100 GeV (about 1013 °C). Below that energy
the W and Z° boson become very massive and the stirength
of the weak force Is drastically reduced in comparison to
that of the electromagnetic force carried by the massless
photen. Above that energy the W¥ and Z° also become
fassless and the twe ferees are united.

The broken SU(2) x U(1) symmetry makes our universe a
superconductor for neutrinos. In a normal superconductor
an electron is prevented from interacting with its sumound-
ings unless it is sufficiently energetic to overcome the energy
gap; the result is that most electroms travel unimpeded. In
the same way, when the symmetry of the unified electroweak
force is brokem, the neutrino is effectively prevented from
interacting with anything unless its energy is close to the
masses of the W¥ and Z° bosoms; low energy meutrinos
therefore travel through the cosmes unimpetedd (see
Eigure 1). A lucky break, since it enables us to decode the
reaction taking place at the core of the sun by studying solar
neutrings that traverse the interior of the sun, the space
between the sun and the earth and the atmosphere, and reach
our laboratories practically untouched. No other particle
would have survived such a journey.

Like many successful thearies before it, the SU@)% U(1) theory
made testable predictioms: it predicted the existence of a mew
type of (neutral) weak force mediated by Z°, verified exper-
imentally? in 1973, and predicted the values of the masses
of the Z° and WF bosons, verified? in 1983. The success of
the SU(2) x U(1) ellectroweak theory suggests that all the ttivee
forces based on the principle of gauge invariance might be
united in a theory with an undetlying gauge group containing

SU(3) x SU(2) x U(1)
strong electroweak

The mast important prediction of this grand unification is
that proton is not stable, but must decay (or disintegrate)
in processes such as

proton = electron + pi-meson

with a lifetime calculated to be of the order of 103! years.
If our universe has lived for only 20 billion {2 x 109) or so
years, how would it be possible to measure a lifetime that
is 1031 years? One will not think the effort futile if one
undenrstandis lifetime is an expression of probability — the

b} Not completely. In potential theory, the neutrino can still interact
with others by a tunmelling effect. In field theory, it interacts by
exchanging virtual WF and Z° boson with other particles.




1031 year lifetime also means that one in 103 protoms sihould
dlsmtegrate in any given year. A water tank five times the
size of an olympic-size swimming pool filled with water (104
cubic meters) has about 1031 protoms, so in order to test the
prediction of proton decay, it is sufficient to be able to detect
the decay sighal generated in such a water tank, or in some
other detector built on the same principle. Intensive and
elaborate searches for proton decay carried out In the last
several years has §6 far been unsueeessful, yielding the
eonclusion that if the streng and electroweak forees are
uRited, it must be i §Uéh a way that the preten lifetime
i§ Ieng@i than abeut 1032 years. The water-tank proten-deeay
detectors ean alse sérve a3 Aeuirine deteetors (for some
BUTPRARS it would Be Beiter te replace the water with Reavy

(@) (b) (c)

(d) (e)

Fig. 1. The universe is a superconductor to neutrinos. In an
environment with a temperature of about 1013°C, as was
our universe an instant after the “big bang”, the SU(2)
x U(1) symmetry of the electroweak force is unbroken.
In this case both the electron (a) and the neutrino (d)
are free to interact with other particles, thereby losing
energy. When temperature cools to below 103°C, the
SU(2) x U(1) symmetry is broken, and an “energy gap”
of about 1011 electron volts is formed that prevents weak
interaction. This keeps the neutrino (e), which is oblivious
to the electromagnetic force, from any interaction, so that
the universe beeemes a superconductor to neutrines. This
is net the case foF the eleetron (b), whose electromagnetie
interaetion Is s6ill unimpeded. When the temperature Is
further eeeled dewn te belew the eritical temperature
for the material in whieh the eleetfen resides (abeut
=250°€ in conventional syperconduetors and perhRaps up
t6 14°€ in the Rewly diseovered superesRductdin) tr%n%
iatigR ?ijﬁsw is breken and an energy gap of 3 x i3
8 3 x 10-2 electran volis is formed () that prevents the
electron from interaction, making the material 3 super:
esRductor to electrons:

waten). Since the universe is virtually a superconductor to
neutrimaos, large neutrino detectors could be the astnemomical
observatories of the future, allowing us to probe further and
deeper into the cosmas than ever before. Indeed, tremendous
excitement* was recently generated by the detectiom, at
several protom-dieray detectors, of bursts of signals believed
to be triggered by neutrimes from the brightest supernova
seen this eentury and, at 170,000 light years away se ¢lese
it is almest within eur swh galaxy:

INTERNAL SYMMETRY AND EXTRA DIMENSIONS

The intermal symmetry of gauge transformatioms and the
spacetime symmetry of general coordimate tramsfiormations
are dynamiical symmetriies, meaning that they are synmmetries
out of which theories for forces emerge. There are also
symmetriies which are not dynamicall, and some of these, just
as gauge symmetniass, are intermall. A well known and extremely
useful example is the isospin In nuclear physics. In isospin
space the proton and the neutron are just the twe “magnetic”
substates, spin-up and spin-dewn, of a single isospin-1/2
Aueléen state. If we believe iR guais, then isospin is just
the manifestation of a larger intermal symmetry ameng quarks,
ealled flaver. Wihat are the spaces eh whieh interddl sym-
metriRs aet? It would Be mere safisfying te us if they aected
BR s6Me iRtermal But AeVeriRIRSS real spaees, rather tAan
}H%i B8R abstract epes. TRIS would IFHEJ'Ig §ﬁ§€8f|ﬁ\% i§ ABE ]H%f
BUr-dimfhsioA, But Father as exira dimersional 6mpacic
spaces — the IHE%'P'?\%\ Mmetry spaces. There would Be A8
EBRHICt With reality provided these IH{%F’EH%'I SBaces are curled
Up 16 steR 2 smalt si 8 R%E thetr gifect, sther than the interAal
SymmetiRs, Rave S8 far eseaped detettion (See Fighte 3).

The idea of higher (i.e. more than 4) dimemsiomal spacetime
is an old one. Many years ago Kaluza3 pointed out that if
spacetime were 5-dimemsiomal, with the extra compact di-
mensiomal space being a circle of radius R (see Figure 3), and
if the law of physics in the 5-dimensiomal spacetime were
just Einstein’s gravity in five dimemsions, then in the limit
of small R the low energy approximation of the theory would
be just Einstein's gravity and Maxwelll's electromagnetism in
4- dimmimll Minkouski spacetime. Bypanding on this idea,
Klein showed that the chatge of the Induced electro-
magnetism should be guantized by virtue of the finitemess

(a) (b) (c) (d)

Fig. 2. A point (a) is zero-dimemsional. The circle (b) is a one-
dimensional compact space known as a one-sphere, or
St. The surface of the sphere (c) is a two-dimensional
compact space known as a two-sphere, or $2. Impaossible-
to-draw generalizations are the n-spheres, S", n = 3,4,.,
When the size of the compact space (in the case of SA,
its radiuws) is much smaller than any instrument can
measure, the space becomes indistinguishable from a point
(d), except that objects built on such "points” may have
internal symmetries arising from the topological (roughly,
global geometric) properties of the compact space. In the
other extreme, when the size of the compact space is
large eompared to the measuring scale, then the neigh-
fblafhead of any pelnt en the space ean be viewed as being

at.

8 Very roughilly, a compact space is a bounded space that imcludes
its boumdtary, if there is one. Many interesting commpact spaces have
no boumitaties. An example is the surface of a sphere, see Figure
2(c).
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of R, in which case R must be of the order of 1037 ¢m, which
is certainly far, far smaller than anything that could be
measured directly. There is no good reason that the Kaluza
radius would not vibrate, thereby generating excitation modes
with frequendies of the order of 1/R, or 10% GeV. Since the
masses of known elementary particles are all either much
smaller or of the order of 100 GeV, it is concluded that they
must belong to the zero-energy modes of the particle spec-
trum of the Kaluza-Klein universe.

From 1921 up to the late 1970's, the status of the Kaluza-
Klein theory was essentially that of a mathematical curiosity.
Among other thimgs, the idea of an extra dimension was too
farfetched; the smallmess of its radius rendered any measure-
ment unimagimablle. There has been a very significant revival
of Kaluza-Klein theories in the last few years. Now-a-dhays the
implications of the extra dimensions are taken seriously. After
all the radius of Kaluza's eircle is not much smaller than the
length seale of grand unification, which is the ebjeet of many
intensive experimental tests (proten deeay, MORUPURS, ReU-
trine mass, ete.). Geing te Righer dimensions seems to be
the Best way we kRew ie begih te unite gravity, Aet anly
With eleetremagneltism, But with all ether ferees of nature,
and the extra-dimensiomal eompact spaees are il _eug best
%_@i t8 %ﬂ%ﬁiﬁﬁa the arigins of internal symmetrirs (see
igtire 4):

TROUBLES WITH QUANTUM GRAVITY

The Kaluza-Klein approach to unification was ultimately un-
successful for several reasons. One is related to how fermions,
or matter particles, are incorporated into the theory. The
fermioms (electroms, quarks, etc.) we know have definite
handedhess, and the left-handed ones are distinct from the
right-handed ones. A theory with distinct left and right-
handed fermions is said to have chiral®h symmetry and can
only be eonstrueted In spaces with certain propeities (for
example, the total Aumber of extra dimensions must be éven
and the Euler Aumber of the exira dimensional spaee must
Aet vanish) whieh are diffieult to safisty in a Kalwza-Klein
€ontext. The Randednrss of fermions €an Be éempirieally
verified By shewing that the mirrer image (iR the Refmal sénse
of the word) of a fermien is distinet frem iiself, and ehiral
Symmetry is what we Beligve te Be the symmetry that proteets
fermions frem ﬁéiﬂﬁ%ﬁé@ masses af the arder af the Kaluza:
Kigin seale (3bsut 1617 E&V):. ARBtReF FBaSER IS WheRAs forees
Based 8 the gauge principie €an Be quantized, gravity €anAst;
3hd rEMAIRS HRGYARYZABIe 8VER after 3 Katiza-KIein yniti-
£3ti8n. The quantum effects ot g_ﬁﬂ&é thegries are firmly
gstaBlished SSEBSHHH%%%'I faets; s8 it would Be HIEWI){/ UAs4E:

(a) (b)) (e)

Fig. 3. A point P in motion in Minkomski spacetime M traces

a world-line (&) 1inKahizadsfivesdinensionall sppaetirineg,

which is the product space M x St, each point in M is
replaced by a circle so that, locally, worldHlines such as
¢" lie on the surface of a tube (b). When the radius of
the Kaluza circle is far smaller than any instrument can
measure, the world-line again appears to move in normal
spacetime (c), except that its points have internal structire,

4 Erom the Greek word chiro, hand.
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tisfactory if we were forced to concede that gravity alone
must remain a classical theory. This would amount to saying
that the uncertainty principle applies to gauge theoriies, but
not to gravity.

The connection between the uncertainty principle and dif-
ficulty in quantizing gravity is as folloms. If a photon has energy
exceeding twice the electron mass {about 1.1. MeV) then it
has a certain probability of converting into an electron-
positron pair. Conversely such a pair can always mutually
annihilate and change into a photon. The uncertainty prin-
ciple allows the photom-pair conversion even when the
pheten is less energetic than 1.1 MeV, in which case the
pair will exist only for a very sheft tife peried before ehanging
baek te the eriginal pheton. TRiS proeess

PHOTON = (virtual) e*e- PAIR — PHOTON

is called vacuum polarization; the energy of the pair can be
arbitrarily high, corresponding to an arbitrarily short wave
length and, according to the uncertainty principle, the time
period for existence of the pair must be correspondimgly siort.
By their very nature all quantum theories permit vacwwm
polarizatiom, and give precise rules for computing its
probabillity.

Invariably on first trial the calculated amplitude for vacuum
polarization is infinitely large, giving a singularity to the theory,
In gauge theories such infinities can be absorbed by rede-
finitioms of the wave functions, interaction strengths amd
masses of the particle, so that (at least in principle) a finite
prediction is made of the value of any physically measureable
quantity. This scheme, known as renormalization, has been
empirically tested many, many times for gauge theoriies, and
has yet to be shown to be flawed.

——
———

(@) (b)) ()

Fig. 4. Spaces classified by their topological properties are called
manifolds. The Moebius strip M2 (a) is formed by cutting
a strip and gluing it back together after giving it a single
twist. It facilitates an intrimsic integer-counting system
based on the number of loops a wound around the strip.
The strip also has a group with two elements: e, the identity
and g, gZ = 1. This group structure is revealed when an
upward-pointing arfow changes to downward pointing
after it is transported once around the strip. The action
of the group element g on the arfow is to flip it from
up to down, of vice versa, while e leaves the arfow
unchanged. The torus T2 (b) is the product St x S, It
faeilitates two independent integer-counting systems: one
counting the winding number around the small eirele B
and the other the winding number around the big cirele
¥. The two-sphere 52 (¢) eannot eaunt leeps, since any
leap drawh 6h iﬁ €an §ﬁfi'ﬁk to a peint. However, it eauRls
Iaiyeﬁ of wiapping eavering the whele sphere. M2, T2 and
§7, a5 de mest eampaet spaees; alse have other topslegieal

fOUp StrUEtuNRS W'ﬁieh aré mere ﬂlffi@uli te visuatize.
ecause these tepelegieal groups are independent of the
size of the ?{93%%% and aré uneRhanged By any distortion
affected on the spaces; they are itractive candidaies a8
the Bases 8f interhal symmelries of elementary particies:




RENORMALIZATION

The concept of remormiatization cam be understood by con-
sidering the following functiomal (function of a function),

Lif,m,g] = (d/dbu¥243) — m2f2(x) + g(x)
which one may think of as the Lagrangian describing the
dynamics of the self-interacting particle with “wavefumctiion™
f, with mass m and coupling constant g. Vacuum polarization
may induce new elements into the dynamics of the system
whiich, let us suppose, may be incorporated into a mew
Lagrangian

Lv.p. = Z(d/@Pf(x) = m2(x) + gaffttx)
The dynamiics of the system including vacuum polarization
is now given by the sum of L and L, .. Homewer this change
in L can also be expressed alternatively, by absorbing it in
redefinitioms of f, m and g, as follows:

f—f = (1 + Z)U2
m=m=(@d+2"m+m)

g8 =(1+2)%(g+g)
It is easy to check that the origimal L with the new wanefiumctiion
f', new mass m’ and new coupling constant g’ satisfies

L[[f“ﬂm',g'] = LI[f,m,g] + Lv:p:-
Thus the effect of vacuum polarization is included by a
renormalization of L. The rules of the game allow the guan-
titiess Z, my and g{ to be infinite. Since only f, m’ and g'
are the quantitiies that can be directly or indirectly measured
in the laboratory, it is sufficient that these be finite. In
particullar the origimal quantitiees f, m and g need not be finite.
Alil that is needed to elimimate the infinities induced by
vacuum polarization is for the origimal quantities to have
corresponding infinities but with the oppasite signs, so that
the infinities are exactly cancelled in the new quantities.

It is easy to see that the renormalizatiom programme outlined
above can always be carried out if vacuum polarization does
not introduce terms not contained in the origimal Lagramgian.
Actually a much stronger statement can be made: remorma-
lization is possible provided vacuum polarization imtroduces
only a finite numier of new terms not included the original
Lagrangian. To see that this is indeed true one only has to
recoegnize that all the new terms ean be thought of as also
belng present in the origimal Lagrangian, but with zere
coefficiens.

Renormalizability is thus reduced to the issue of aswentaiming
that only a finite nhumber of terms can appear in the Lagran-
gian. Usually this assurance is provided by a symmetry that
is sufficiently restrictive. In gauge theories this job is precisely
done by the gauge symmetry. However, the presence of a
symmetry alone is not sufficient to guarantee remormalization,
and gravity, built on the principle of invariance under general
co-ordimate transformatiom, is unfortumately just such a case.

A quantum version of gravity also permiits vacuum polarization
of the type

GRAVITON = PARTICLE — ANTIPARTICILE PAIR
= GRAVATON

but here, because of the short-diistance property of the theory
the infinities are so innumerable that renormailizatiom breaks
down. The innumerability of infinities in gravity is a direct
consequence of the fact that Newton's gravitatiomal constant
G has dimension -2 (ie., inversely propottiomal to rmomentum
squared)), unlike the coupling comstamts in gauge theories
which are just dimensionkss constant numibrss. The dimen-
sionality of G assures that the Langrangian density for Ein-
stein’s aetion, G-1R where R is the eurvature and has dimen:
§ien 2, has the eefreet everall dimension, Aamely 4. The lewest
level of vacuum pelarization in guantum gravity induees new

infinite terms to the Lagrangian density having the form
GlEDAdgTIY

where J.. is a derivative with respect to x# and Tw can be
any dimemsiom 2, rank-2 tensor such that é9a)mv is general
coordiimate transformatiom invariant. Note that the presence
of the two derivatives exactly cancels the dimensiom of G
so that the new term has overall the required dimension 4.
The next level of vacuurn polarizatiom will induce yet another
set of terms having the form

GRS, ) Trvhx

where TsvAx is rank-4 tensor but otherwiise satisfies the same
criteria as THMY. The nth-level vacuum polarization will induce
new terms that can be schematically written as

G-1(G@dN T2n)

where T is a rank-2n tensor. Since new tensors of higher
ranks can always be constructed, the process of new terms
appearing at each successive higher level is unendimg and
therefore quantum gravity is unrenomlizalble. Note how the
dimersiomality of G has been instrumemntal in allowing new
tensors to come into play. Had G been dimersionitess, like
in gauge theorixs, then (G3d) would have been replaced
by (G)f in the last expressiom, and T<% by T(®, that is scalars
of dimemnsion 2, of which there are a finite humiber, the theory
would have been rereppiakiiziile.

Wihat is the relation betweenm the unremonmualizability of
gravity and its short distance behaviar? In units of lengtte),
G is equal to (1033 cm)2. This implies that variations of T#Y
at the length scale of 10-33 cm (the Planck length) are important
and strongly coupled to the origimal Lagrangian demsity, since
for such small scale variations

(68,8 ~ R.

In other words, because T#v (as well as the other T&ns)
describe spacetime, the operator (G84) is sensitive to the
structure of spacetime at the Planck scale.

SUPERSYMMETRY AND SUPERGRAVITY

The dynmamiical symmetries — gauge invariance and general
coordiimate transformatiom invariance — that have givem us
a deeper understanding of the fundamental laws impaose very
strict comstraints on the force carriers. The bosoms of gauge
theories have one-to-ome correspondemce with the gener-
ators of gauge transformatiors and the gravitom (of Einstiein’s
gravity) Is just the metric of Minkowski spacetime. On the
other hand, these symmetirs impose rather loose constraints
on the fermiors; it Is sufficient that the fermiomns transform
8§ representations of the gauge groups. This Is net at all
Festrietive sinee every greup has an Infinite numiber of
Fepresentations. The fermions have teo mueh freedem and
a guiding prineiple is Aeeded te reduee it. SUPETSHRMELFY
i§ SUER @ PrinCipk: it assighs te each besen a supersymmetrie
fermipmic Eaﬂﬁ%ﬁa Supersymrmetiy has several ether aitractive
featuies: (8) A supersymmetiiic theery with spaeetime depend:
8Rt Supersymmeliic transfermations autemaltically €sntains
gﬁmi&% sueh a theery is ealled supergravity. (B) If gauge

ROFRS are dRited With pravity, them as a result ef finite
EBFrREtioNS from vacuum pelarizationh, massiess er almest
Massiess particies (a eategery to Which all knewn Elémentary
F%Fl RS Belong) will dequire masses ot the Planek mass scale

1619 E8V) URIRSS they 3re “protected” By a symmetry BFiR:
cipie; SUpersymmetry can Sérve a8 sdeh 3 prifciple.
(¢) Supersymmetric Bo3BH aR FEFMION parthers al fake
8%’;:%?&%}%5 B CORtHBUIOHS 18 IRRRTHRS [RAUCed BY VACHYM
poarization. 1Rdesd, A3pe WAS FAISEd considerably Wheh &

& Physicists find it conveniemt to convert a dimensionful quantity
into powers of length units by attaching to it factors of i and
c. Thus € — GH/c3 = 2.7 + 10% cm2
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supersymmetric theory was found in which all vacuum
polarization-infiimiiees cancel exactly’. Does there exist a
supergravity in which such a cancellation also oceuts? This
would give us a theory uniting gauge theories with a quant-
izable gravity. So far all searches for such a supergravity have
failed.

STRINGS

If the uncontrollable infinitermess associated with vacuum
polarization in quantum gravity is caused by the short distance
property of the theory, one may try to avoid the difficulty
by altering the short distance structure of the theory. A radical
and so far quite successful approach is to assume that particles
are not points moving in spacetime, but are strings. Sting
theorirs were accidentally discovered in the late 1960's when
atternpts were made to explain a phenomenon, known as
duality, in eelisions among strengly interaeting partieles (sueh
85 Aueleoms and mesems). Roughly speaking, duality iR fhis
eentext deseribrs the eguivalenee between the amplitudes,
apart fref trivial kinematie faetens, for the twe reaetions

A+B=C+D
A + anti-C = anti-B + D.

where A, B, C and D stand for particlkes. The equivalence
extends to reactioms in which the positioms of particles are
permuted in other ways, provided a particle is changed to
its anti-particle whenever it is brought across the arrow, and
vice versa. Modiels for the strong interaction having this
property, called dual models, were intensely studied in the
mid-sixties. Around 1970 it was discovered that the quantum
theovy of a vibrating string (in the normal sense of the word;
mathematically it is a one-dimemsiomal externded object)
shares the same undeflying algebraie strueture with dual
medrls, and therefore alse has the property of duality. Viewed
as a peint field theery, string theety is a theery of SpiRless
partiees mevihg in a twe-dimrisivml (BRe space, BRe fime)
spacetime. Sinee it is Aet pessible te argue esmsistently fhat
_§B§‘€€fémé€ i§ two-dimrinsionl, 3R alierRative interpretation
i3 REEHEA:

The interpretation commonly adopted is the followimg: the
(wavefunctioms of the) spinlkess particles are viewed as space-
time coordiimates which are however not poimts, but rather
strings. Recall that when a point particle mowes, it traces out
a world-lime. Classical mechanics follows from the action
principle requiring that the worldi-lime describes the geodesic,
or the path of shortest distance between two given points.
In complete analogy, the motion of a string sweeps out a
world-sheet, and the dual model follous from the action
prineiple requiring the worlidt-sheet to be the two-dimensional
surfaee having the smallest area (see Figure 5).

If a comsistent theory is to be built from string coordimates,
then the dynamical tensor variables associated with linear
and rotatiomal transformatioms of the coordiimates must satisfy
among themselves the Poincaré algebra set down by Dirac
long ago. The consequence is surprising: the algebra can be
satisfied only if spacetime is twemnity-six dimemsional! The early
string theory also suffered from two serious maladies: it
predicted a incorrect spectrum for the strongly imteracting
particles and admitted the existence of particles with negative
masses, known as tachyanst9. This plus the discovery in 1973
of quantum chro! its, which was very guickly dem-
onstrated to be a far superior theory for the strong interaction
than the string theory, expedited the almost eemplete aban-
donment of the latter by physicists soon afterwards, although
bs{ then it had already been peinted out that the spectrum
ot string theery eonims particies that may Be identified as

# From the Greek word tachy, meaning swift. It can be argued that
if a particle has negative mass, then it must travel faster than the
speed of light, hence the name.
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gravitoms, so that string theory could be viewed as a candidate
for a unified theory, instead of a theory for the strong
interaction. The observation was eventually instrumental in
motivating the recent revival of the string theory, this time
as a unified theony, after all other attempts at unification had
failed.

The fact that string coordiinates are extended objects means
they can have excitatioms associated with vibratioms and other
possible contortioms of strings. Although the mathematical
articulation of the string theory is often very compllex, the
computation of the spectrum of these excitations is essmmtially
that of a harmonic oscillator. Because the wavelength of these
oscillatioms cannot be longer than the length of the string,
whieh will mest likely be of the order of the Planck length,
even the lewest exeitatioms will have energies that are far
teo high for any of the knewhn particks. Thus the latter must
Be iR the greund state, i.e. they must beleng te the Zers
eRergy medes of the string. The phyaies of these zere energy
medes, which Behave |ike paint particks, just like the nermal
medRs of amf pseillating sysiem Behave as peint parfieles,
i§ eglled the lew energy limit of string theory. Siring thesry
i§ viewed 35 3 Hnified tARBRY iREluding gravity Beeause it
glready conins all the kRBwWR partickes = the spin-2 gra-
VItgRR, the SPiR-i vecisr BBseRs and the $piR-1/2 fermioRs
— IR {ts 18w H%E%g limit, TR relegares 3l) the point thegries
g have 18! & st3tis BF MEere eHEEHVe theores Which €an
8 Sf_ESFH t fF8M HEBIOYS Fé Hﬁ%i?%’ﬁ SHER 35 FERBHMAL:
238111t 3AA FERGRTS IFrelevant the fact that ENSIEIRS FQ.W{%
3RAGY BE AlaRtize Qgﬁ 3 HHE%R%W?JJ&% fe: It IS flhl "ﬁf@ﬂ
fHah SiHiRG tAERH cah BE QUARtSEa SRA 1§ FEGFMAlIZARIE:

SUPERSTRINGS

Wihat happened to the tachyoms that were present in the
old string theantes? These are removed from the unified string
theories by the introduction of supersymmetry: correspond-
ing to the spinlkess string coordimaies obeying the usual
bosonic commuitation relatioms are now introduced spinor
(spin-1/2) eoeidiiinirs obeying fermionic amticommutation
relatioms. Strings with both kinds of eeerdirivs are called
superstringsi0, Supersymmetry ensuies that the tachyens
generated respeetively by the besenie and SpiRer strings
exaetly eaneel. The eenditioh that they dyhamic variables
associated with the supersiring eeordinnigs satisfy the gener-
glized Poineare algebra — super-Poincare algebra — ean 8nly
Be safisfied in a ten dimemioral spacetime, with ene temperal
ahd Aine spatial dimensiensy):

I X{e.m)

(a) (b) (©

Fig. 5. (@) A world-line x(r) formed by a point moving in spacetime
can be parametrized by a single time-like variable r. (b) A
moving open string parametrized by a sweeps out a two-
parameter world-sheet X(a,1), which is treated as a space-
time coordinate in string theory. A consistent theory
requires that X(a,r) be reparametrization invariant, (c) For
closed strings the world-sheet coordinaiies are tubes. Note
the different interpretaiiions given to the Kaluza-tube in
Figure 3b and the world-tube depicted here.

8 Spacetimes with more than one tempaoral dimemsions do not obey
causality. For in such spacetimes it will be possible to have a world-
line whose projection on, say, two of the temporal dimensions
form a closed curve, thus implying that an event taking place at
one spatial point may occur before itself at another spatial point.
However, the ancient Taoist who asserted that time ran in a circle
might have known something that we don't.




What about renonmalizability? The sometimes made pro-
nouncement that superstring theories are finite and remor-
malizable is premature, even though there are many reasons
to be optimistic: a) Unlike the point theory of gravity, which
as explained earlier is manifestly unrenomallizable, there is
not a dimensionful coupling constant in superstring and thus
no a priofi reason to believe that It sheuld net be rener:
malizable. (b) On the eentirary, if vaeuum pelarization pre-
sefves super-Poincaré invarianee, then superstrings would be
renermmilizable beeause the set of allowed terms iR the siring
aetien is restrieted By the iAvarianee. IR this ease vacuum

Blarization weuld Ret iRtFeduee Rew terms iR the ACtisA;

ut weuld at mest iRduce SUER Ehanges iR existing terms
that esuld Be aBsorbed By redefinitioh of the cgsrdinaies
and ether Auantiies. TRIS i3 3R2l6R0YS 18 gauge theorRs f8F
Which preservation, 8?5%%% IRVAHAREe guarantess réngrmal:
123Bility. HOWRVRT, it Rds ABt BEER Broved that super-POIREaFe
IRVAFIZRES IS iR fact ?F%&SFVSB BY StH{Ag VAEUUM BOIaFZa%HSA
E&S Figtre éi: é&) $6 1aF BRI 4 limiteq g}%rr 8 E3ICHIAHORS

8k the 18West Brdet VACUUM BBIaH23tI8h BiEEH | tAE VAKiSHS
types 8f sHBEISIFNGR Rave BBER €3l it ARH FEsUNs &r8
iper tnt Qr inmite ut renormalliza . e reqguire-
el inite or intinite put renormalizable e require-
men al vacuum pofarizaiion (in e [owes raer reserves
men at vacuum polarization (in the lowest ord reserves
super-goincar nvariance Im SES ver resirictl symme-
uper-rogincare invariance impases very restrictive symme-
ries o the 780 eherdl modes of the superstring, symmetries
Whlcﬁ C never qF Sail .I(g . 4

which can neévertheless be satistied.

In short, the renormalizability of superstrings is reduced to
the issue of the preservation of super-Poincaré imvariance,
and so far there is no sign to suggest all is not well, atthough
practicable techmiques for calculating high order vacwum
polarizatioms are still under developmemnt, and a proof of
invariance to all orders is lacking.

Assuming for the moment that superstrings are remormal-
izable, what is the progress made in terms of wniquemsss?
In this regard superstring theory is an improvement over
Kaluza-Klein theory. In Kaluza-Klein theory one begins with
a set of pre-chosen (gauge) symmetries and then proceeds
to find a space(time) with extra dimemnsions that possesses
sueh symmeltirs, In the superstring appreaeh super-Poinearé
invarianee uhiqwg determines the Aumber of extra dimen:
§5i6RS t6 Be six, aRd the spaee thus determined mMust pessess
8 symmetry large eneugh te accommeriate all KR8wWh partieles.
TRere i3 dnfertumately still an infiRite Aumber of six-
dimemsional eempact spaces. EVER the AUmber 8f SUER spaces
with the fight symmetrRs is likely t6 Be very 1arge; and we
still 46 ABt Rave 2 priRciple 6 Relp us pick But ither the
BREROMITHIRSERAIN FEqUired SYMMmetiRs 8r the Fight space.

Fig. 6. (a) The open string propagates from r; to 75, at which
“time” it splits into two strings, which then fuse to form
a single string once again at r;. Because siring is an
extended object, it admits vacuum polarization even in
the absence of a string field theory. (b) A similar process
for a closed-string is represented by a tube with a handle.
(€) A worlldsheet for an open-string can also grow a
handle. String theories admitting enly closed-strings are
simpler; they involve only tubes with handles. Theories
with open:strings must alse have elesed-strings; they
invelve surfaces with slits, handks and other meve &om:
plieated growths and forfmations.

There is also the question: if spacetime is indeed ten dimen-
sional, then what causes six of the dimensions to be compact
and the other four noncompad®? Indeed, why not five and
five, eight and twe, all compact or all noncompat® We would
like to believe that questioms such as these have rational
answers, that the six-and-four combimatiom is the swlution
of some master equation derived from the same set of
principles that give rise to string theorirs, or is the conse-
guence of the dynamics of string theorrs. At the same time
the pessibility eanrot be ruled eut that the sikandfour
eombination IS Adt 8 unigue selution of these principks oF
dyRamiics, that different solutiems exist, eaeh assoeiated with
its ewh prebabiliyy, tAuS giviAg fise te different peossible
HRIVRTRRS With different [aws of phygics, and that we are By
eRanee liviRg iR just Bne BF the possible YRIVEISes.

STRING FIELD THEORY

Even though string theory contaiims gravity and gauge theories
in its low energy limit, a comsemsus for a string theory principle,
in the sense of the equivalence principle for gravity and the
principle of local gauge invariance for gauge theories, has
not yet been established. The string theory we have talked
about so far Is just the quantum mechanics of strings, mot
the guantum fleld theovy of strings. The difference between
the twe Is analogous te the difference between Bohr's patch-
werk guantum theery of the 1920's and the elegant quamtum
eleetredymamics that eventually replaeed it in the late 1940’s.

String field theory is inheremtly more compilex than point
field theory. Central to the latter are fields d&ig), which
(mathematiiczally) create and/or annihillate partickes, that are
functioms of spacetime coordinates x. In comparisom siring
fields ®fX], which create and annihilate strings, are functions
of spacetime coordimates X(a,r), which are themselves func-
tioms of the two parameters & and 7 (this makes the string
fields functiomals, that is, functioms of functiions). String field
theorikes including interactiom among strings have been found
only in special cases that do not reveal the full synmmetry
and geometric structure of the theory and permit only
perturbation expansioms. They are therefore not very useful.

A very different approach, geometrically based but also giving
only a perturbation expansiom, is characterized by a sum over
all wonlld-sheet surfaces that are topologically distinct. For
closed strings this boils dowm to summing all surfaces with
different numibers of handles (see Figure 6), equivalent to
summing all levels of vacuum polarization in point field
theoriis.

The search for an underlying string principle is currently the
most intensely pursued topic in theoretical particle physics.
Many propomemts think success is immiment. Whether this
will come to pass onlly time will tell. Wihat has already occurred
with the rise of string theory are a vastly expanded horizon
for theoretiical physics, a new awaremess of the links between
physiecs and several branches of mathemfics, Hhitherto
thought to be purely abstract, and a much deeper wunder-
standing of the laws of physics,

TESTING UNIFIED THEORY

When a new theory is put forward, especially a theory as
radical as string theory where the existence of extra dimen-
sions is proclaimed, it is essential that it be experimentally
verified. Eiimstein’s general relativity was tested against the
precession of the perihelion of Mercury and the bemding
of light; quantum electrodlymamiics against the magnetic mo-
ment of the electrom; the unified electroweak theory against
the detection of neutral weak forces and the observation of
the W and Z besoms; gquantur chromadiyraamias against the
diseovery of eharm and beauty resonances and the obser-
vatien of gluen jets. Wivat are the testable predictions of stiring

La Physique au Canada juillet 1987 129




theaiitas? The answer is embarrassing but true: none has yet
been identified. Critics are not slow to point out that string
theories appear to have tremendous “postdictive” power, but
nothing much else.

The lack of testable predictioms from string theories is es-
sentially an unavoidable consequence of a theory uniting
gravity with the other forces, and originates from the fact
the dimensionful gravitational (Newtaris) constant G is equal
to the square of the Planck length. This immediiately implies
that, unless there is some very subtle and as yet undiscovered
mechanisms at work, spacetime (in the unified theomy) is
niontrivially structured at the scale of (at mest a few orders
of magnitude greater tham) the Planck length. Equivalently,
it implies that spacetime has nenvanishing eurvature at the
Planek seale. This of eourse epuld net happen te the Min-
kewski spacetime that we krew, for etherwse the resultant
%FQVIEQEI%%I feree would be Unimaginably stronger than what
it i3. TRerefere it is the extra-dimensiomdl spaees that are
RBRtFNAl gt the PlsAck seale. IR aAy ease; any irrefutable
verification 8f string tResry weuld invariably invelve some
meastrement at the PIanck seale, which B EBurse is far smaller
thaR aAythiRg We €aR éver RBpe 18 measure direetly:

One idea crucial to string theories could be tested in the
near future, however. If superstring is to be at all realistic,
then there should exist for each known elementary particle
an as yet undiscovered superpartner. The new generation
of accelerators at Fermilab near Chicago, SLAC in Stamfiord
and CERN in Geneva should give us a verdict on the existence
of these particles within the next few years. As well, the case
for unification, though not necessarily for string theory, will
receive a tremendous boost if evidence of proton decay is
eventually established at one of the many wmderground
detectors around the world.

If neither supersymmetry nor proton decay can be confirmed
long after the new accelerators have come into operation,
and this should bring us well into the next decade, then our
hopes for a unified theory would unavoidably be severely
dampened. Even then, it would be difficultto imagine theorists
to be complacent with the status quo, to accept that uni-

fication of the electromagnetic and weak forces is just an
accident, that the intermal quantum numibers of elementary
particles do not have a geometric basis, that gravity, alone
among all the fundamental forces, is exempt from the un-
certainty principle.

If, by chance, both supersymmetry and proton decay are to
be confirmed, then work must still continue to assure that
other crucial predictioms of the unified theory are not con-
tradicted. Since none of the tests would likely be a direct
test at the Planck scale, this verification process could go
on for a long time.
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