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I .  INTRODUCTION 
Condensed mat ter  physics and p a r t i c l e  physics 

have very d i f f e r e n t  goa ls ,  and consequent ly,  
they requ i re  ra the r  d i f f e r e n t  a t t i t u d e s  on the 
par t  o f  the phys i c i s t s  who pursue them. In con- 
densed mat te r ,  one does not doubt the fac t  tha t  
basic physics is a l ready known at the leve l  o f  
the atoms and the e lec t ron .  Nevertheless,  con- 
densed mat ter  physics has been r ich in i n t e r e s t i n g  
and of ten unexpected phenomena because o f  the com- 
p l e x i t i e s  a r i s i n g  from the very large degrees 
o f  freedom. This s ta te  of  a f f a i r s  seems to con- 
t inue even now. In p a r t i c l e  physics,  on the 
o ther  hand, new phenomena turn up because there 
seem to be more and more layers of  e n t i t i e s  and 
physical  laws tha t  govern them. 

I t  is poss ib l e ,  however, t ha t  the above con- 
vent ional  d i s t i n c t i o n  may be i l l u s o r y  to a 
large degree. Over the years people have come 
to r e a l i z e  tha t  there is much common ground be- 
tween these two branches of  physics.  This t rend 
has in f ac t  become i nc reas ing l y  v i s i b l e  in the ac- 
t i v i t i e s  of  t h e o r i s t s  in the l a s t  two decades. 
The basic under ly ing reason fo r  t h i s  is the fac t  
tha t  the vacuum of  the wor ld is not a vo id ;  
i t  is packed wi th  very large v i r t u a l  degrees of 
freedom, and in t h i s  sense the vacuum is not 
d i f f e r e n t  from a medium of condensed mat te r ,  
except tha t  i t  does not have a p re fe r red  res t  
frame, and i t  occupies the e n t i r e  wor ld .  What 
degrees of  freedom can a c t u a l l y  be exc i ted  w i l l  
depend on energy and the mode o f  e x c i t a t i o n .  
The so -ca l l ed  elementary p a r t i c l e s  are l i k e  qua- 
si p a r t i c l e s ,  c o l l e c t i v e  modes, and even s o l i -  
tons tha t  show up at ce r ta in  energy scales.  
What, then,  are the analogs of  the basic i n d i v -  
idual  atoms and e lec t rons? Because one cannot 
get out of  the vacuum, and presumably the scale 
of  energy at  which they show up is so l a rge ,  one 
can only speculate.  Current t h e o r e t i c a l  t h i nk ing  
places the u l t ima te  scale to be in the realm of  
the Planck energy I02~ eV (1033 cm ) and the GUT 
(grand u n i f i c a t i o n )  energy 4, I02u eV ( I0  ~) cm), 
in con t ras t  to the scale of  the order  of  eV in 
condensed mat ter  physics.  

Another opera t iona l  d i f f i c u l t y  in the case 
o f  p a r t i c l e  physics is tha t  one cannot make ob- 
servat ions on the vacuum from the outs ide  or  
change i t s  p roper ty  by ac t ing  on i t ;  we are in 

the s i t u a t i o n  of Archimedes t r y i n g  to move the 
ear th w i th  a lever .  Nevertheless,  i t  is s t i l l  
t h e o r e t i c a l l y  conceivable t h a t ,  fo r  example, the 
vacuum can undergo phase t r a n s i t i o n s  from one 
type of  medium to another dur ing the evo lu t i on  
of  the universe,  and i t s  consequences may be 
tes tab le  in a h i s t o r i c a l  con tex t ,  j u s t  as b io -  
l og i ca l  evo lu t i on  is a t es tab le  thes is .  This 
is the reason why p a r t i c l e  physics and cosmology 
have recen t l y  developed a close a l l i a n c e  w i th  
each o ther .  

Now coming back to the h i s t o r y  of the i n t e r -  
ac t ion  between condensed mat ter  physics and par-  
t i c l e  physics,  i t  is  remarkable how the phenom- 
enon of superconduc t i v i t y  and the t h e o r e t i c a l  
problems behind i t  have served as a model lab-  
o ra to ry  in the development of  p a r t i c l e  physics.  
The main lessons one has learned from i t  are,  
as is wel l  known now, the s u b t l e t i e s  about gauge 
invar iance and the concept of  spontaneous break- 
down of  symmetry. Fol lowing T. Kuhn, one may 
count them among the paradigms tha t  have guided 
the course of p a r t i c l e  physics in the past two 
decades. 

In the f o l l o w i n g ,  i w i l l  review th is  devel-- 
opment in two par ts .  The f i r s t  par t  w i l l  be 
concerned wi th  basic t h e o r e t i c a l  problems and 
model bu i l d i ng  leading to the Weinberg-Salam 
theory of  the un i f i ed  e lect roweak i n t e r a c t i o n .  
In the second par t  I w i l l  go on to discuss the 
grand u n i f i e d  theor ies  and the va r i e t y  of  top ics  
tha t  have sprung up around them. 

2. PART I 
I , ]  London, Ginzburg-Landau and BCS Theories 
Superconduct iv i ty  has revealed to us through- 

out i t s  h i s t o r y  deep t h e o r e t i c a l  p r i n c i p l e s  which 
have universal  i m p l i c a t i o n s .  This can be eas i l y  
seen by f o l l ow ing  the three landmark theor ies  
tha t  have con t r i bu ted  to our understanding of 
supe rconduc t i v i t y ,  namely those of  London~ Ginz- 
burg-Landau2(GL), and Bardeen-Cooper -Schr ie f fe r  
(BCS). Simply put ,  the London theory made us 
aware of  the var ious n o n t r i v i a l  aspects of  the 
gauge f i e l d  and gauge invar iance.  The GL theory 
has in t roduced to us the idea of the e f f e c t i v e  
f i e l d  theory f o r  an order  parameter. The BCS 
theory showed us the mechanism of  energy gap 
generat ion and dramatized the concept of  spon- 
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taneous breaking of symmetry. 
With respect to gauge invariance, there are 

two main lessons we have learned from London. 
One is the transformation of the massless Maxwell 
f ie ld  into a massive Proca f ie ld,  which produces 
the Meissner effect and at the same time raises 
the question of how to reconcile i t  with gauge 
invariance. [Of course a similar phenomenon al- 
so occurs in a plasma as described by the Behm- 
Pines theory, but only to an imperfect degree.] 
The other has to do with the role of gauge in- 
variance under nontrivial topologies. This leads 
to the quantization of magnetic f lux, which is 
closely related to the problem posed by Aharon- 
ov and Bohm. 4 

The GL theory, l ike the London theory, is 
a phenomenological theory, but i t  goes one step 
further by introducing a dynamical f ie ld  for 
the superconductive medium, with a Lagrangian 
which is capable of causing a phase transition. 

The real microsopic origin of the London and 
GL theories becomes clear with the BCS theory. 
In addition, the BCS theory contains a new ele- 
ment, i .e . ,  the creation of an energy gap through 
the condensation of Cooper pairs. The electrons 
in the BCS medium behave as quasiparticles which 
are not eigenstates of charge, to be described 
by the Bogoliubov-Valatin equation. 

The BCS theory, being a microscopic theory, 
and therefore at a more fundamental level than 
the preceding theories, has stimulated one to 
seriously investigate al l  the theoretical ques- 
tions just mentioned. The significance of the 
ear l ier  phenomenological theories could then be 
better understood in l ight of the results ob- 
tained. 

The act iv i ty along this l ine took place 
mostly in the 1960's. I t  is perhaps not sur- 
prising that many of the participants were par- 
t ic le  physicists, who then started to investi- 
gate its implications in their own domain. I 
wi l l  now br ief ly look at the development of in- 
dividual topics from this point of view. 

1.2. Spontaneous Symmetry Breaking in General 
The name "spontaneous breakdown of symmetry" 

(coined by Baker and Glashow) S, may not be a 
very succinct one, but i t  has stuck for lack of 
a better name. Underlying this is the recogni- 
tion that the symmetry of physical laws and the 
symmetry of a state are two different things, 
and moreover, the ground state of a system need 
not be invariant under the symmetry in question. 
This la t ter  statement applies to f in i te  as well 
as in f in i te  systems. In the former case, one 
has dull examples l ike particles with nonzero 
spin (electron, nitrogen nucleus, etc.) and a 
l i t t l e  more interesting examples l ike the Jahn- 
Teller effect in molecules. More dramatic are 
the effects that show up in in f in i te  systems, 
to which the name is usually reserved, but they 
are actually rather famil iar phenomena after 
a l l ,  as in the case of idealized ferromagnet or 
idealized crystal, In the former, the relevant 
symmetry is the rotational invariance, whereas 

in the lat ter ,  i t  is the translational invari- 
ance (under infinitesimal translations). 

Characteristic to the spontaneous symmetry 
breaking in in f in i te  media is the existence of 
symmetry restoring excitations (the Goldstone 
modest) which wi l l  be discussed below. In the 
present examples, these are spin waves and sound 
waves, respectively. 

Thus the only really new element here is the 
recognition of the general principle as such, 
which also applies to the case of superconductivi 
ty, and by extension, to particle physics as a 
possibi l i ty. Actually the concept of spontane- 
ous breakdown already appears in Heisenberg's 
work 7 on nonlinear theory of elementary part i-  
cles; i t  included an attempt to interpret the 
photon as a Goldstone particle. But the theory 
i t se l f  fai led to generate a lasting impact. 

1.3. The Goldstone Modes 
In a medium with a spontaneously broken 

symmetry, the symmetry does look actually broken, 
because the medium is characterized by an order 
parameter which is not a scalar under the sym- 
metry operation, as would also be the case i f  
there was no symmetry from the beginning. But 
the two cases d i f fer  in the spectrum of low 
energy excitations. In the former case, a 
small change in the order parameter induced by 
a localized symmetry operation wi l l  generate a 
massless excitation, as is in tu i t ive ly  obvious, 
whereas this is not expected in the latter.  The 
statement has been promoted to a theorem by 
Goldstone and others 8. 

The above theorem holds, however, only i f  
there are no other long range forces with which 
the Goldstone mode can mix. Otherwise the mix- 
ing wi l l  result in the l i f t i ng  of their masses 
from zero. 

According to the BCS theory, a superconduct- 
or is not an eigenstate of charge, but the Gold- 
stone mode mixes with the Coulomb f ie ld ,  and 
gets promoted to the usual plasmon mode. 

This situation was f i r s t  c lar i f ied in the 
analysis of the BCS theory 9, but i ts recognition 
as a general theorem is due to Schwinger, Ander- 
son, Brout and Englert, and Higgs lo. In this 
connection i t  is instructive to make a distinc- 
tion between a global or ungauged symmetry and 
a local or gauged symmetry. The la t ter  contains 
the former as a special case. The spontaneous 
breaking pertains only to the global symmetry; 
i t  cannot destroy the general local symmetry. 
This leads to the above mentioned evasion of 
the Goldstone theorem. 

~-.4 Chiral Symmetry and Pion Physics 
The conscious and direct application of the 

idea of spontaneous symmetry breaking in particle 
physics originates with the Nambu-Jona-Lasinio 
(NJ) model 11 which was directly inspired by the 
BCS theory. A similar model was also indepen- 
dently considered by Vaks and Larkin 12. The 
analogy here is almost perfect in the corres- 
pondence: Dirac equation vs Bogoliubov-Valatin 
equation, Dirac mass vs energy gap, electric 



330 ). \rd##lhtl ,5"zq~,#'~ ::#~c/z~c lii'itl d#tU [~a#':i~ /~' p/: l'~:< 

charge vs c h i r a l i t y .  In the NJ model, the par-  
t i c l e  in quest ion was the nucleon N, and the p i -  
on :, was to be regarded as the Goldstone mode 
r e s u l t i n g  from the breaking of c h i r a l i t y  due to 
the appearance of  a mass term in an o r i g i n a l l y  
almost massless nucleon. The f i n i t e  pion mass 
was a t t r i b u t e d  to a small bare nucleon mass 

mNO. 

HiND = O(m :/m N) 

[A modern i n t e r p r e t a t i o n  of  t h i s  bare mass would 
be tha t  i t  is  of  e lectroweak o r i g i n ,  as i t  is 
b u i l t  i n to  the Weinberg-Salam theory (be low) . ]  

D i rec t  support  fo r  t h i s  i n t e r p r e t a t i o n  of  
the pion is found in such resu l ts  as the Gold- 
berger-Treiman r e l a t i o n ,  the p a r t i a l  conserva- 
t i on  of  ax ia l  vector  ( c h i r a l )  cu r ren ts ,  and so f t  
pion theorems. These enable one to r e l a t e  v a r i -  
ous pion coupl ing constants to each o ther  via 
Ward i d e n t i t i e s  and the algebra of  cur rents .  
They have been success fu l l y  app l i ed ,  fo r  exam- 
p le ,  to weak decays i nvo l v ing  pion emission. 

Although the o r i g i n a l  NJ model was based on 
elementary nucleons, i t  can be r e a d i l y  t rans-  
fe r red  to the leve l  o f  quarks. In any case, 
the model was p r i m a r i l y  aimed at  the hadrons be- 
cause of  the specia l  ro le  of  the pion.  S im i l a r  
bosons did not seem to e x i s t  f o r  the leptons.  

1.5. E f f ec t i ve  Lagrangian Descr ip t ion  
In modern te rm ino logy ,  the Ginzburg-Landau 

theory is an e f f e c t i v e  Lagrangian f i e l d  theory 
which e x p l i c i t l y  d isp lays spontaneous symmetry 
breaking.  The f i e l d  (the order  parameter)may be 
regarded as a composite opera to r  represent ing 
the Cooper pa i rs  in the BCS theory ,  and the re -  
fore the GL theory is de r i vab le  from the l a t t e r  
as an abs t rac t i on .  But i t  can a lso stand on i t s  
own. [Sometimes the name spontaneous breaking 
is s p e c i f i c a l l y  app l ied  to th i s  "Higgs (or  GL) 
mechanism", d i s t i n g u i s h i n g  i t  from the "dynanli- 
cal breaking" which occurs at  the leve l  o f  the 
BCS ra ther  than the GL t h e o r y . ]  I t  is in th i s  
context  tha t  i t  has come to serve as a p ro to -  
type fo r  nlodel b u i l d i n g  in p a r t i c l e  physics.  

The GL model was re invented in a r e l a t i v i s -  
t i c  form by Goldstone 6 and Higgs 12, r espec t i ve l y  
w i th  and w i thou t  the gauge f i e l d ,  as a means to 
i l l u s t r a t e  the symmetry breaking mechanism. But 
a s i m i l a r  cons t ruc t ion  was done e a r l i e r  by Ge l l -  
Mann and Levy I~ in pion physics.  I t  involves 
both the fermions (nucleons) and the bosons 
(pseudoscalar pion and sca la r  sigma meson). An 
analogous desc r i p t i on  of  superconduc t i v i t y  would 
correspond to an amalgamation of  BCS and GL 
theo r ies ,  thus d i sp lay ing  quas ie lec t rons  as wel l  
as c o l l e c t i v e  e x c i t a t i o n s .  

The class of  models discussed here are exam- 
ples of  what is g e n e r i c a l l y  ca l l ed  the sigma 
model, which is charac te r i zed  by non l inear  boson 
f i e l d s ,  o f ten coupled to fermions,  and possess- 
ing an i n t e rna l  symmetry which can be spontane- 
ously broken. [Viewed as a mathematical r e a l i -  
za t ion  of  a broken symmetry, models of  t h i s  type 

fo r  pion physics were also constructed by 
GU rs ey ~ J̀ . ] 

1.6. The Weinberg-Salam Theory 
The pion physics discussed above may be said 

to be an a p p l i c a t i o n  of  the BCS mechanism to 
strong i n t e r a c t i o n s ,  deal ing w i th  an ungauged 
ch i ra l  symmetry. A more dramatic success came 
wi th  the model of Weinberg i and Salam ' ,  who 
app l ied  i t  to the realm of weak and electron!ag- 
ne t i c  i n t e r a c t i o n s .  These two seemingly very 
d i f f e r e n t  i n t e rac t i ons  are viewed as being medi- 
ated by a un i f i ed  non-Abel ian gauge f i e l d  wi th  
an SU(2) X U(1) symmetry, which i s ,  however, 
spontaneously broken so tha t  i t s  four  components 
s p l i t  i n to  three "plasnlons" (the W +, W- and Z °) 
which mediate the weak forces,  inc lud ing  a new 
neut ra l  (non-charge changing) counterpar t  of 
the beta decay process, and the massless photon 
which survives the symnletry breaking.  

The dream of  an electroweak u n i f i c a t i o n  i< 
not new (Glashow ! ' and o the rs ) ,  but i t s  mani- 
fes t  r e a l i z a t i o n  in terms of a spontaneous sym- 
metry breaking i s .  To do t h i s ,  a Higgs f i e l d  is 
in t roduced to s imulate the GL mechanism, tu rn ing  
o r i g i n a l  massless gauge f i e l d s  in to  massive weak 
bosons whose masses m may be re la ted  to the 
Fermi constant F and the f ine  s t ruc tu re  constanl: 

as 

F /mW. , 

m W' , h - , 

so tha t  F I / < h >  is independent of . Here 
• h> is the nonzero expec ta t ion  value of  the 
Higgs f i e l d ,  i . e . ,  the order  parameter character-  
i z ing  the Cooper condensate in the vacuum. The 
second r e l a t i o n  above is a d i r e c t  analog of the 
f a m i l i a r  plasma frequency formula 

," ~Ntm, 

(N = dens i t y ,  m = lilass, of the e lec t rons  in the 
plasma). The value <h. turns out to be 250 GeV, 
which is the c h a r a c t e r i s t i c  energy scale around 
which the weak i n t e r a c t i o n s  should reveal i t s  
subs t ruc tu re .  [Compare th is  to the correspond- 
ing scales in superconduc t i v i t y  (lO -~, eV) and 
pion physics (lO 2 MeV)]. On the o ther  hand, 
the prec ise values of  the W and Z masses depend 
on another parameter (the Weinberg mixing angle) ,  
r e la ted  to the r a t i o  of  the SU(2) and U(1) gauge 
coupl ing constants ,  and thereby c o n t r o l l i n g  tha t  
of  the charged and neut ra l  weak cur ren ts .  Need- 
less to say, however, the ex is tence of  neut ra l  
weak currents as wel l  as the W and Z bosons have 
now been exper imen ta l l y  es tab l i shed ;~ ,  ; . The 
W and Z mass values are around 80 and 80 GeV, 
r e s p e c t i v e l y ,  in agreement wi th  t h e o r e t i c a l  re- 
l a t i o n s .  

The Weinberg-Salam theory contains another 
element which is not mandatory f o r  the weak in-  
t e rac t i ons  and l o g i c a l l y  independent of  i t ,  but 
comes natura l  in view of  our exper ience wi th  
the BCS theory and the ch i ra l  dynamics. Namely 
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the same Higgs f ie ld  is assumed to couple to 
the fundamental fermions (quarks and leptons) 
so that <h> is responsible for giving them their 
masses. The Weinberg-Salam Lagrangian, there- 
fore, looks rather similar to that of the amal- 
gamated BCS-GL theory, except that the quarks 
and leptons are not considered dynamically re- 
sponsible for the spontaneous symmetry breaking 
in the Higgs sector, but they simply inherit  i ts 
effects. In this sense i t  is more akin to the 
GML model. 

This aspect of the Weinberg-Salam theory con- 
cerning the fermion masses is unsatisfactory in 
that the Higgs coupling has to be adjusted for 
each fermion flavor to give i ts observed mass. 
The mass of the Higgs is also an arbitrary para- 
meter not related to low energy weak interaction 
phenomenology. Although common sense would 
place i t  at the scale of <h> , this is not a 
theoretical requirement. At any rate, the sim- 
p l i c i ty  and elegance of the gauge principle 
responsible for the electroweak unification gets 
compromised by the real i t ies of particle mass 
spectrum, the true origin of which s t i l l  remains 
unknown. 

PART I I  
2.1 The Basics of GUTS 
Once the un i f i ca t ion  of weak and electromag- 

net ic  in teract ions becomes a r e a l i t y ,  an obvious 
next goal would be to include the strong i n te r -  
actions as wel l .  Two theoret ica l  developments 
have made i t  possible. 

F i r s t ,  the dynamics of the hadrons has been 
reduced to that of the quantum chromodynamics 
(QCD) of the quarks. The s i tua t ion  is s im i la r  
to the case of molecular and atomic physics. 
The hadrons, made up of quarks, are l i ke  neutral 
(nonionized) molecules and atoms, which are made 
up of  electrons and nucle i .  The interact ions 
among hadrons are l i ke  those among neutral atoms 
and molecules, These rather complicated forces 
(e.g. ,  the van der Walls force) are jus t  secon- 
dary manifestations of the dynamics of t he i r  
const i tuents governed by a gauge f i e l d ,  i . e . ,  
the color SU(3) gauge f i e l d  (gluon f i e l d )  for  
the quarks and the electromagnetic gauge f i e l d  
for  the electrons and nucle i .  

The second development is the important dis-  
covery 2o, by ' t  Hooft, Gross and Wilczek, and 
Po l i t ze r ,  of the asymptotic freedom of non-Abeli- 
an gauge f i e l ds ,  which marks a di f ference between 
an Abelian gauge theory l i ke  QED (quantum elec- 
trodynamics) and a non-Abelian one l i ke  QCD. In 
the former, the e f fec t ive  strength of a test  
charge looks more reduced at larger distances by 
the screening action of v i r tua l  par t ic les  in the 
vacuum, whereas in the l a t t e r ,  the v i r t ua l  gluons 
themselves act as antiscreening agents fo r  color 
charge. Thus the e f fec t ive  e l ec t r i c  charge w i l l  
grow, whereas the color  charge w i l l  tend to 
diminish, as a funct ion of the momentum scale of 
the process in question. This has two impl ica- 
t ions:  the gluonic forces become stronger at 

larger distances, or lower energy scales, lead- 
ing to the p o s s i b i l i t y  of permanent quark con- 
finement, and the tendency for  apparently small 
electromagnetic and large gluonic couplings 
to approach each other at shorter distances, or 
higher energies. One should also remark that 
the SU(2) x U(1) gauge theory of Weinberg and 
Salam, with i t s  extra Higgs mechanism, has been 
shown by ' t  Hooft 21 to be renormalizable, making 
i t  qua l i f y  as a bona f ide quantum f i e l d  theory. 

Under these circumstances, the three observed 
low energy couplings, i . e . ,  the SU(2) and U(1) 
couplings in WS theory and the SU(3) gluonic 
coupling, have been shown by Giorgi ,  Quinn and 

Weinberg22 to in fact  merge when theo re t i ca l l y  
extrapolated to an energy scale of ~ 1024 eV 

10 9 ÷ 10-~. 
An e x p l i c i t  construct ion of th is  grand uni-  

f i ca t ion  scheme was given by the SU(5) model of 
Giorgi and Glashow 23. The SU(5) gauge symmetry 
spontaneously breaks in two steps: 

SU(5) ÷ [SU(3)] x [SU(2) x U(1)] ,  

and the Weinberg-Salam step, 

[SU(2) x U(1)] + U(1), 

leaving us with the unbroken gauge groups of 
color and e lec t r i c  charge. The f i r s t  step should 
occur at the grand un i f i ca t i on  energy scale due 
to a superheavy Higgs f i e l d .  This would i n te r -  
rupt the asymptotic freedom of the SU(5) gauge 
f i e l d  as a whole, and s ta r t  the three subgroups 
on t he i r  respective ways toward low energy 
scales. The SU(3) color  group is considered to 
be in tac t  because i t s  breaking would spoi l  the 
permanent confinement of quarks. More complica- 
ted models have also been proposed, but a l l  
these grand un i f i ca t i on  theories (GUTS) re ly  on 
the GL-Higgs mechanism for  symmetry breaking, 
and therefore also su f fe r  from the necessity for  
ad hoc phenomenological parameters, which pro- 
l i f e r a t e  as one t r ies  to take more phenomenologi- 
cal constraints in to  consideration. 

Because of the extremely large energy scales 
involved, there are not many d i rec t  experimental 
handles to constrain the GUTS except for  qua l i -  
t a t i ve  features and rare processes l i ke  proton 
decay. Instead, GUTS have come to play an im- 
portant role in cosmology and astrophysics, 
which in turn serve as constraints for  the for -  
mer. One of the important features of GUTS in 
th is  respect is the p o s s i b i l i t y  of phase t ran- 
s i t ions  during the evolut ion of the universe as 
i t  expands and cools s tar t ing  from the Planck 
scale. Here condensed matter physics, pa r t i c le  
physics, and cosmology get inseparably i n te r -  
twined, but the topic would be beyond the scope 
of th is  review. 

2.2 Chiral Symmetry Breaking in QCD 
The Higgs f ie lds  had to be invoked in forc-  

ing the s p l i t t i n g  of  the single SU(5) gauge 
f i e l d  in to  three phys ica l ly  d i f f e ren t  pieces. 



332 

On the o ther  hand, the o r i g i n a l  ideas behind 
ch i ra l  dynamics may be tes ted in the framework 
of  the QCD w i thou t  in t roduc ing  phenomenological 
assumptions. That is to say, the p o s s i b i l i t y  of  
spontaneous mass generat ion fo r  quarks due to 
st rong co lo r  forces may be addressed at the leve l  
o f  the BCS theory ra the r  than the GL theory.  In 
f a c t ,  the l a t t i c e  gauge theory of  Wilson ~'~ and 
the recent advances in the use of computers 
have made i t  poss ib le  to study the quest ion of  
confinement as wel l  as ch i r a l  symmetry breaking 
at a f a i r l y  q u a n t i t a t i v e  leve l  2~. I t  has in -  
deed been shown tha t  both phenomena do happen 
in the l a t t i c e  QCD; moreover, at  f i n i t e  tempera- 
tu res ,  the quark-gluon system undergoes two kinds 
of  phase t r a n s i t i o n s ,  one fo r  deconfinement and 
the o ther  f o r  ch i ra l  symmetry r e s t o r a t i o n .  The 
former is l i k e  a n e u t r a l - t o - i o n i z e d  gas t r a n s i -  
t i o n ,  whereas the l a t t e r  is a d i r e c t  analog of 
the superconduct ive- to-normal  t r a n s i t i o n .  These 
t r a n s i t i o n s  seem to be independent of  each o ther ,  
the c h i r a l i t y  r e s t o r a t i o n  occur r ing in general 
at  a h igher  temperature than fo r  deconfinement. 

2.3 Topolog ica l  Conf igura t ions 
Topology plays an impor tant  ro le  in quantum 

mechanics as wel l  as f i e l d  theory in general 
through i t s  e f f ec t s  on the boundary cond i t i ons .  
But in gauge theory ,  which may be said to be 
geometr ica l  in nature ,  i t s  man i fes ta t ions  are 
p a r t i c u l a r l y  i n t e r e s t i n g .  Superconduct iv i ty  
provides some t y p i c a l  examples l i k e  magnetic 
f l ux  q u a n t i z a t i o n ,  but there are many others in 
condensed mat ter  physics.  I t  is not s u r p r i s i n g ,  
then, tha t  in p a r t i c l e  physics,  too,  var ious 
t opo log i ca l  phenomena have been uncovered during 
the past decade. Although of  pure ly  t h e o r e t i c a l  
nature so f a r ,  they are never theless i n e v i t a b l e  
consequences of  the under ly ing theory or  model. 
A few rep resen ta t i ve  examples w i l l  be discussed 
here. 

a) St r ings 
Nielsen and Olesen's f l ux  tube=" is to a r e l -  

a t i v i s t i c  Higgs model what the Abricosov f l ux  
tube 27 is to the GL theory of  superconduc t i v i t y .  
Nielsen and Olesen rev ived the Abrikosov magnetic 
f l ux  tube as a dynamical model f o r  the hadron 
s t r i n g ,  which is a phenomenological representa-  
t i on  of  i n te rquark  forces.  Quarks at tached to 
the two ends of  the s t r i n g  are pu l led  toge ther  
by the constant  s t r i n g  tens ion.  In the Nie lsen- 
Olesen i n t e r p r e t a t i o n ,  t h i s  would ar ise  from the 
magnetic f l ux  t rapped in the tube. The f l ux  is 
quant ized and s tab le  because i t  has a nonzero 
winding number (analogous to angular  momentum) un- 
der the gauge group. I t  is as i f  the quarks were 
magnetic monopoles placed in a superconductor ~8. 
In QCD, on the o ther  hand, the quarks car ry  e lec-  
t r i c - t y p e  non-Abel ian co lo r  charges, but i t  is be- 
l i eved  tha t  the QCD vacuum mimics a magnetic super- 
conductor ,  lead ing to an e f f e c t i v e  e l e c t r i c  f l ux  
tube format ion (w i thou t  a need f o r  a Higgs f i e l d ) .  
This mechanism is e x p l i c i t  in the Wilson l a t t i c e  
gauge theory .  

More d i r e c t  analogs of the f l u x  tube are 
found in the GUTS where the Higgs f i e l d s  abound. 

At leas t  an endless tube (c losed or i n f i n i t e )  i 
poss ib le  when there is d s tab le  U(1) [lauge sub- 
group which s imulates t~he GL s i t u a t i o n .  E<is 
tence of cosmic s t r ings  spanning the universe 
and ulade up of ~uperheavv G!JT Higqs f i e l d s  h a  
been proposed:" • " " 

b) Monopoles 
The Dirac monopole is an a r t i f i c i a l  add i t i on  

to e lect rodynamics.  On the con t ra ry ,  t h e ' t  Hooft 
Polyakov monopole' is a consequence of a Higgs'ed 
S0(3] (Yang-Mi l l s )  gauge <.~eor'/, not r e a l i z a b l e  
in the Abel ian case. Ho~ever, the s i t u a t i o n  
may be compared to a s!~ir-1 system where Lite '.~bin 
S at d i f f e r e n t  s i tes  are a l l i gned  r a d i a l l y  
around a small hole.  The spin represents a w~ - 
t o r i a l  order  parameter (Higgs condensate)whosP 
r o t a t i o n  is an S0(3) gauge opera t ion .  Since 
the spin is unaf fected by a ro ta t i on  about i t -  
s e l f ,  the corresponding gauge degree of freedom 
escapes the Meissner e f f e c t ,  and the hole acts 
as a source of  a magnetic charge g' i n v e r s e l i  
re la ted  to the oi~iginal <!auge coupl ing constant  
g as in the Dirac case. Being an extended 
system, th i s  monopole has a wel l  def ined mass oi 
the order  of  

y ' S S! u, 

in the GU]S, t i le ' t  Hool-t-Polyakov monopoles 
are superheavy ob jec ts .  Recently the ex is tence 
and abundance of such monopoles has become ,t 
b ig  cosmological  as wel l  as l abo ra to ry  issue. 
In essence, too many of them would cause a l l  
sor ts  of  t h e o r e t i c a l  iteadaches. 

2.4 Neo-Kaluza-Klein Theories 
One of the impor tant  motives fo r  the Kaluza- 

Kle in type theor ies  is to un i fy  g r a v i t y  and 
other  forces l i k e  e lectromagnet ism by regarding 
the l a t t e r  as a r i s i n g  from the geometry of  ex t ra  
spa t i a l  dimensions. These ex t ra  dimensions are 
at tached to each o rd inary  space-t ime po in t  as an 
orthogonal complement. They must be compact and 
small because one does not see them. 

The KL theory has been rev ived in the l as t  
decade "~ Because of the p r o l i f e r a t i o n  of  in-  
te rna l  symmetries, the number of  ex t ra  dimensions 
must a lso increase.  However, a more i n t e r e s t i n g  
aspect is an at tempt to view the separat ion of  a 
h igher-d imensional  space in to  the o rd inary  and 
the compact par t  as a dynamical phenomenon, The 
Abrikosov f l u x  tube serves as a simple model to 
i l l u s t r a t e  the po in t .  The i n t e r i o r  of  the tube 
is where we l i v e .  I t  has two large dimensions: 
one t ime dimension, and one spa t i a l  dimension 
along the tube. The small cross sect ion cot 'res- 
ponds to the ex t ra  dimensions. I t s  topology pro- 
duces a U(1) symmetry, leading to quan t i za t i on  
of  normal modes. One cannot get out of  the tube 
because i t  requi res enormous energies inverse ly  
re la ted  to the s ize of  the cross sec t ion .  I t  
would be natura l  to set  t h i s  s ize to be of  the 
order  of  the Planck length ,  so the e x c i t a t i o n s  
would be of the order  of  the Planck mass lO 2' eV. 
However, there can be zero (or  p r a c t i c a l l y  zero) 
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modes, which would then represent the ordinary 
par t ic les.  These modes may be compared to the 
near-zero modes of electrons inside the Abriko- 
sov f lux tube, found by de Gennes et al .  32 

Another part of the modern KL program con- 
sists in exploring various possible geometries 
with respect to dimensional i ty,  topological 
structure, and patterns of compacti f icat ion. 
Supersymmetry and supergravity, which are be- 
yond the scope of this review, become part icu- 
l a r l y  in terest ing in the context of the KL ex- 
tension. [For example, the overal l  dimensionali- 
ty is rest r ic ted to no more than I I ] .  

2.5 Interface Between Low and High Energy 
Physics. 

Coming back from the very speculative regime 
to the more fam i l i a r  domain, one can also f ind 
interest ing phenomena which are closely re- 
lated to the topics already discussed. The 
fol lowing is such an example. 

The Ginzburg-Landau type theories give rise 
to two kinds of co l lec t ive  modes, normally 
cal led phase and amplitude modes. The former is 
the Goldstone mode which may remain massless or 
get transformed into a plasmon mode. The other 
is a scalar exc i ta t ion with a mass equal to 
twice the mass (energy gap) m of the quasi- 
electron. Thus there are simple re lat ions among 
the three low energy exc i ta t ions,  one fermionic 
and two bosonic} 3 Such relat ions are in fact a 
general consequence of BCS-type theories. Con- 
t rast  this with r e l a t i v i s t i c  models l i ke  Gell-  
Mann-Levy and Weinberg-Salam, where the counter- 
part of the massive bosons is respectively the 
sigma meson and the Higgs boson, but the i r  masses 
are arb i t ra ry  parameters not related to the fer -  
mion mass. This is because in these theories 
one is not at the dynamical level of BCS. 

The above mentioned amplitude mode is super- 
conductors has recently been detected. 3~ The 
s i tuat ion is s imi la r  in superf luid helium 3, too. 
Because the Cooper pairs form in t r i p l e t  P states, 
there are more co l lec t ive  modes than in ~upercon- 
doctors, Put again the i r  masses are simply re- 
lated to the fermion mass parameter. 35 Theory 
and experiment seem to be in f a i r l y  good accord. 

This brings up another domain where the BCS 
theory is e f fec t i ve ,  namely nuclear physics, 
where the nuclear pair ing has been interpreted 
as a Cooper pair ing. Thus one would expect 
existence of bosonic exci tat ions which are simp- 
ly related to fermionic (single par t i c le )  ones. 
In other words, there w i l l  be simple re lat ions 
among bosonic exci tat ions of an even-even nucleus 
and those of an even-odd nucleus d i f fe r ing  by a 
nucleon. The resul t  may be construed as a kind 
of (broken) supersymmetry between even-even and 
even-odd nucle i ,  giving a possible theoret ical  
explanation36to the empirical supersymmetry in 
nuclear physics observed by lachel lo  et a l .  37 

2.6 Looking Toward the Immediate Future 
The above discussion immediately brings us 

back to high energy physics: what about the 
Higgs bosons in the Weinberg-Salam theory? Are 

they not actual ly  co l lec t i ve  modes (or bound 
states) in the same sense that the bosons in 
superconductors are? 

The techicolor  models have been proposed ex- 
act ly from this point of view. 38 One f i r s t  ima- 
gines that there are massive fermions (techni- 
fermions) of I00 GeV to 1TeV scale with the i r  
own strong gauge interact ions,  and then essen- 
t i a l l y  repeats the hadron physics at this thou- 
sand times larger energy scale. Thus the Higgs 
boson would be a scalar bound state,  l i ke  the 
sigma meson, of technifermions. (Would that 
have twice the mass of the consti tuent fermions?) 
But there should also be a host of other pa r t i -  
cles. Even the W and Z could be of this kind. 

Such a scenario, although outside of the 
current standard model, probably w i l l  look 
natural to those who have been fol lowing the 
development of par t i c le  physics. As a matter 
of fact,  there are already several experimental 
signals from CERN and DESY hint ing at a rich 
spectrum of new physics. 

On the other hand, the WS theory is also 
working extremely well as far  as i ts  predict ions 
about the structure of weak interact ions are 
concerned. Why should this be so i f  the com- 
positeness shows up at these energies? 

We shall see. 
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