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The	
  World	
  in	
  1968



Particle	
  Physics	
  in	
  1968
• Quantum	
  electrodynamics	
  is	
  established	
  as	
  the	
  correct	
  theory	
  describing	
  the	
  
electromagnetic	
  interactions
• The	
  strong	
  and	
  weak	
  interactions	
  are	
  a	
  mystery

• The	
  weak	
  interactions	
  have	
  a	
  phenomenological	
  description	
  with	
  Fermi	
  theory,	
  
which	
  is	
  known	
  to	
  break	
  down	
  at	
  high	
  energies	
  (around	
  100	
  Giga-­‐electronVolt)

• In	
  strong	
  interaction	
  experiments,	
  a	
  zoo	
  of	
  particles	
  is	
  known,	
  but	
  the	
  underlying	
  
logic	
  is	
  mysterious…𝑝, 𝑛, 𝜋%,𝜋±, 𝐾%,𝐾±,𝜌,𝜂, Λ,Ω, Σ…

“If	
  I	
  could	
  remember	
   the	
  names	
  of	
  all	
  these	
  particles,	
  I’d	
  be	
  a	
  botanist”

Enrico	
  Fermi



Open	
  Problems	
  in	
  1968

• How	
  to	
  understand	
  the	
  strong	
  interactions?

1.	
  What	
  is	
  the	
  organising principle	
  of	
  the	
  strong	
  interactions?

2.	
  How	
  can	
  one	
  make	
  calculable	
  predictions	
  for	
  them?

3.	
  There	
  are	
  many	
  approaches	
  – Regge theory,	
  the	
  analytic	
  S-­‐matrix,	
  
bootstrap	
  methods,	
  total	
  nuclear	
  democracy,	
  quantum	
  field	
  theory	
  –
which	
  is	
  the	
  key	
  that	
  turns	
  the	
  lock?



The	
  first	
  ever	
  paper	
  on	
  string	
  theory

I L  N U O V O  C I M E N T O  V o i . .  L V I I  A ,  N .  1 1 ~ S e t t e m b r e  1 9 6 8  

Construction of a Crossing-Simmetric, Regge-Behaved Amplitude 
for Linearly Rising Trajectories. 

G. VENEZIA~O (*) 

C E R N -  Geneva 

(ricevuto il 29 Luglio 1968) 

Crossing has been the first ingredient used to make Regge theory a predict ive 
concept in high-energy physics. However, a complete and satisfactory way of imposing 
crossing and crossed-channel uni ta r i ty  is still  lacking. We can look at  the recent inves- 
t igat ions on the properties of Reggeization at  t ~ 0  as giving a first encouraging set of 
results along this line of thinking (1). A technically different approach, based on super- 
convergence, has been also recently invest igated (2), and the possibil i ty of a self-con- 
sistent determinat ion of the physical  parameters,  through the use of sum rules, has 
been stressed. 

In this note we propose a quite simple expression for the relativist ic scattering am- 
pli tude,  tha t  obeys the requirements of Regge asymptotics  and crossing symmetry  in 
the case of l inearly rising trajectories.  I ts  explicit  form is suggested by the work of 
ref. (z) and contains only a few free parameters  (**). 

Our expression contains automat ical ly  Regge poles in families of parallel  t rajectories  
(at all t) with residue in definite ratios. I t  furthermore satisfies the conditions of super- 
convergence (4) and exhibits in a nice fashion the dual i ty  between Regge poles and 
resonances in the scattering ampli tude.  

(*) On  l eave  of absence  f r o m  t h e  W e i z m a n n  I n s t i t u t e  of Science,  R c h o v o t h .  Addre s s  a f t e r  1 Sep- 
t e m b e r  1968:  D e p a r t m e n t  of Phys ic s ,  M.I .T . ,  C a m b r i d g e ,  Mass.  

(1) F o r  a g e n e r a l  r ev i ew  of these  p r o b l e m s  see L.  BERTOCCHI: Proe. o! the Heidelberg International 
Conference on Elementary Particles ( A m s t e r d a m ,  1967). 

(2) Such  a n  a p p r o a c h  w a s  p r o p o s e d  i n d e p e n d e n t l y  by" M. AD]~MOLLO, I~. ]:~. RUBINSTEIN', G. VE" 
NEZIANO a n d  M. A.  VIRASORO: Phys. Rev. Left., 19, 1402 (1967) a n d  Phys. Left., 27, B 99 (1968), a n d  
b y  S. MANDELSTAM: Phys. Rev., 166, 1539 (1968). F u r t h e r  d e v e l o p m e n t s  a n d  a n u m b e r  of r e fe rences  
to  r e l a t e d  w o r k s  c a n  be  f o u n d  in  ref .  (3). 

(a) ~r ADEMOLLO, H .  R .  RUBINSTEIN, G. VENEZIANO a n d  M. A.  VIRASORO: ~Veizmann I n s t i t u t e  
p r e p r i n t  (1968), s u b m i t t e d  to  Phys. Rev. 

(**) W e  s h a l l  m o s t l y  w o r k  he re  in  t h e  a p p r o x i m a t i o n  of rea l ,  l i n e a r  t r a j e c to r i e s  a n d  c o n s e q u e n t l y  
of n a r r o w  resonanceS.  W e  br ief ly  d i scuss  t h e  effects of a nonze ro  i m a g i n a r y  p a r t  in  t h e  t r a j e c t o r y  
f u n c t i o n  w h i c h ,  in  a n y  case ,  we d e m a n d  to  h a v e  a l i n e a r l y  r i s i n g  r ea l  p a r t .  

(4) F o r  s u p e r c o n v c r g e n c e  we m e a n  b o t h  t h e  o r ig ina l  s u m  ru les  p r o p o s e d  b y  V. DE ALFARO, S. FU* 
BINI, G. FURLAI~ a n d  C. ROSSETTI: Phys. Left., 21, 576 (1966), a n d  t h e  m o r e  r e c e n t  g e n e r a l i z e d  super* 
c o n v e r g e n c e  ( f in i te -energy)  s u m  ru les  (see rc f .  (*) for  d e t a i l e d  re fe rences) .  A uni f ied  t r e a t m e n t  of a l l  
s u p e r c o n v c r g e n c c  s u m  ru l e s  h a s  b e e n  g i v e n  b y  S. FUBINI: NUOVO Cimento, 52 A,  224 (1967). 



The	
  first	
  ever	
  paper	
  on	
  string	
  theory…

• ….	
  Does	
  not	
  mention	
  strings	
  ANYWHERE	
  in	
  the	
  paper!

• Veneziano proposes	
  a	
  formula	
  to	
  describe	
  the	
  scattering	
  of	
  strongly	
  
interacting	
  particles

• This	
  formula	
  is	
  now	
  called	
  the	
  Veneziano amplitude.



‘Dual	
  Resonance	
  Models’:	
  1968	
  -­‐ 1973

• Veneziano’s paper	
  triggered	
  a	
  burst	
  of	
  work	
  on	
  what	
  would	
  be	
  called	
  
Dual	
  Resonance	
  Models
• The	
  aim	
  was	
  to	
  understand	
  Veneziano’s formula,	
  generalise it	
  to	
  other	
  
processes,	
  and	
  make	
  predictions	
  for	
  strong	
  interaction	
  physics

Joel	
  Shapiro:

This	
  paper	
  arrived	
  at	
  [the	
  lab	
  in]	
  Berkeley	
  in	
  the	
  summer	
  of	
  
1968….and	
   I	
  returned	
  to	
  find	
  the	
  place	
  in	
  a	
  whirlwind	
  of	
  interest.	
  
Everyone	
  had	
  stopped	
  what	
  they	
  were	
  doing,	
  and	
  were	
  asking	
  if	
  this	
  
idea	
  could	
  be	
  extended.	
  



‘Dual	
  Resonance	
  Models’:	
  1968	
  -­‐ 1973
• In	
  this	
  period	
  another	
  surprising	
  result	
  was	
  found	
  by	
  Claud Lovelace:

The	
  dual	
  resonance	
  models	
  were	
  only	
  consistent	
  in	
  twenty-­‐six	
  
dimensions
• Reaction:

I	
  was	
  the	
  only	
  professor	
  not	
  being	
  promoted	
  despite	
  the	
  many	
  citations	
  
of	
  my	
  papers.	
  However,	
  the	
  jeers	
  of	
  the	
  physics	
  establishment	
   did	
  have	
  
one	
  good	
  consequence.	
  When	
  my	
  discovery	
  turned	
  out	
  to	
  be	
  
correct….they	
  remembered	
  that	
  I	
  had	
  said	
  it	
  first.	
  One	
  has	
  to	
  be	
  very	
  
brave	
  to	
  suggest	
  that	
  spacetime has	
  26	
  dimensions.



The	
  Naming	
  of	
  String	
  Theory

• ‘String	
  theory’	
  starts	
  as	
  Yoichiro Nambu and	
  others	
  realise in	
  1971	
  
that	
  the	
  Veneziano amplitude	
  arises	
  from	
  a	
  theory	
  of	
  quantum	
  
mechanical,	
  relativistic	
  strings
• What	
  do	
  strings	
  do?

1.	
  They	
  oscillate	
  in	
  many	
  different	
  modes

2.	
  If	
  you	
  pluck	
  them,	
  they	
  vibrate

3.	
  Two	
  kinds	
  of	
  string:	
  open	
  and	
  closed	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  closed



Strings	
  oscillate	
  at	
  their	
  harmonics



Strings	
  and	
  Harmonic	
  Oscillators

• A	
  string	
  corresponds	
  to	
  an	
  infinite	
  number of	
  harmonic	
  oscillators.

“The	
  career	
  of	
  a	
  young	
  theoretical	
  physicist	
  consists	
  in	
  treating	
  the	
  harmonic	
  
oscillator	
  in	
  ever-­‐increasing	
  levels	
  of	
  abstraction.”	
  	
  	
  	
  	
  Sidney	
  Coleman



The	
  Simple	
  Harmonic	
  Oscillator

• The	
  simple	
  harmonic	
  oscillator	
  is	
  the	
  most	
  important	
  system	
  in	
  
physics

• The	
  kinetic	
  energy	
  is	
  .
/
𝑚𝑣/ and	
  the	
  potential	
  energy	
  .

/
𝑚	
  𝜔/𝑥/

• The	
  classical	
  equations	
  of	
  motion	
  are

𝑚𝑥̈ = −𝑚𝜔/𝑥

with	
  an	
  oscillating	
  solution

𝑥 = 𝐴cos(𝜔	
  𝑡 + 	
  𝜙)



The	
  world	
  is	
  quantum.

For	
  a	
  quantum	
  harmonic	
  oscillator,	
  we	
  should	
  instead	
  use	
  discrete	
  
energy	
  levels.



The	
  Quantum	
  Harmonic	
  Oscillator

• The	
  spectrum	
  of	
  the	
  quantum	
  harmonic	
  oscillator	
  is	
  

𝐸%=	
  
.
/
ℏ𝜔

𝐸.=(1+	
  
.
/
)ℏ𝜔

𝐸/=	
  (2+
.
/
)ℏ𝜔

𝐸C=	
   3 +
.
/
ℏ𝜔

• The	
  nth	
  state	
  of	
  the	
  harmonic	
  oscillator	
  is	
  labelled	
  |n>



Strings	
  and	
  Harmonic	
  Oscillators

• A	
  string	
  can	
  oscillate	
  in	
  every	
  direction	
  transverse	
  to	
  its	
  length
• The	
  frequency	
  of	
  each	
  harmonic	
  is	
  an	
  integer	
  multiple	
  of	
  the	
  
fundamental	
  frequency

𝜔E = 𝑛	
  𝜔%

• Every	
  harmonic	
  corresponds	
  to	
  a	
  individual	
   quantum	
  harmonic	
  
oscillator
• Allowed	
  states	
  of	
  the	
  string	
  correspond	
  to	
  the	
  particles	
  present	
  in	
  the	
  
Veneziano amplitude.



Strings	
  and	
  Harmonic	
  Oscillators

• The	
  quantum	
  state	
  of	
  a	
  string	
  is	
  labelled	
  by	
  the	
  excitation	
  mode	
  for	
  
each	
  harmonic	
  oscillator
• A	
  string	
  in	
  D	
  space-­‐time	
  dimensions	
  has	
  (D-­‐2) directions	
  it	
  can	
  
oscillate	
  in
• In	
  each	
  direction,	
  there	
  is	
  a	
  first	
  harmonic,	
  second	
  harmonic,	
  third	
  
harmonic….
• The	
  quantum	
  state	
  of	
  a	
  string	
  along	
  x-­‐direction	
  is	
  labelled	
  as	
  

|𝑛.
G, 𝑛/

G, 𝑛C
G, … . , 𝑛.I, 𝑛/I, 𝑛CI, … . . 𝑛.IJ, 𝑛/IJ, 𝑛CIJ,… . . >	
  



String	
  theory:	
  1968	
  -­‐ 1973
• In	
  this	
  period,	
  ‘string	
  theory’	
  is	
  a	
  candidate	
  theory	
  for	
  the	
  strong	
  
interactions

• It	
  was	
  also	
  not	
  called	
  ‘string	
  theory’,	
  but	
  Dual	
  Resonance	
  Models

• The	
  aim	
  is	
  to	
  associate	
  the	
  excited	
  states	
  of	
  vibrating	
  strings	
  with	
  the	
  
hadrons	
  of	
  the	
  strong	
  interactions.

	
  𝑉𝑖𝑏𝑟𝑎𝑡𝑖𝑛𝑔	
  𝑠𝑡𝑟𝑖𝑛𝑔𝑠 >	
  ≡	
   𝑆𝑡𝑟𝑜𝑛𝑔	
  𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛	
  ℎ𝑎𝑑𝑟𝑜𝑛𝑠 >	
  ?

𝐻𝑎𝑑𝑟𝑜𝑛	
  𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 ≡ 𝑆𝑡𝑟𝑖𝑛𝑔	
  𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠	
  ?

• What	
  are	
  the	
  characteristic	
  predictions	
  of	
  string	
  interactions?



Strings	
  are	
  extended	
  objects
They	
  have	
  soft	
  scattering

They	
  scatter	
  like	
  jelly	
  and	
  not	
  like	
  snooker	
  balls	
  – they	
  do	
  not	
  scatter	
  at	
  large	
  angles



What	
  happens	
  in	
  1973?
VOLUME 30, NUMBER 26 PHYSICAL REVIEW LKTTKRS 25 JUNE 1975

Ultraviolet Behavior of Non-Abelian Gauge Theories*

David J.Gross t and Frank Wilczek
Joseph Henry Laboratories, Princeton University, Princeton, Nese J'casey 08540

(Received 27 April 1973)

It is shown that a wide class of non-Abelian gauge theories have, up to calculable loga-
rithmic corrections, free-field-theory asymptotic behavior. It is suggested that Bjorken
scaling may be obtained from strong-interaction dynamics based on non-Abelian gauge
symmetry.

Non-Abelian gauge theories have received much attention recently as a means of constructing unified
and renormalizable theories of the weak and electromagnetic interactions. ' In this note we report on
an investigation of the ultraviolet (UV) asymptotic behavior of such theories. We have found that they
possess the remarkable feature, perhaps unique among renormalizable theories, of asymptotically ap-
proaching free-field theory. Such asymptotically free theories will exhibit, for matrix elements of
currents between on-mass-shell states, Bjorken scaling. We therefore suggest that one should look to
a non-Abelian gauge theory of the strong interactions to provide the explanation for Bjorken scaling,
which has so far eluded field-theoretic understanding.
The UV behavior of renormalizable field theories can be discussed using the renormalization-group

equations, "which for a theory involving one field (say gq') are
[m&/em+ P(g) 8/Sg -ny(g)11",»~"i(g; P„..., P„)=0. (1)
is the asymptotic part of the one-particle-irreducible renormalized r&-particle Green's function,

P(g) and y(g'j are finite functions of the renormalized coupling constant g, and m is either the renor-
malized mass or, in the case of massless particles, the Euclidean momentum at which the theory is
renormalized. ' If we set P, =Aq, ', whe. re q.o are (nonexceptional) Euclidean momenta, then (1) deter-
mines the A dependence of r "~:
r " (g; P,.) = ~'I ~" (g(g, f); q;) exp [-n f, y (g(g, t')) dt'], (2)

dg/d ~ = P(g), g(g, o) =g.
The UV behavior of I" ~ i (A. -+ ~) is determined by the large-f behavior of g which in turn is controlled
by the zeros of P: P(g&)=0. These fixed points of the renormalization-group equations are said to be
UV stable [infrared (IR) stable] if g -g~ as f -+~ (—~) for g(0) near g~. If the physical coupling con-
stant is in the domain of attraction of a UV-stable fixed point, then

I' " (g P,) = A~ "& ~&I' " (g q, )exp{-n. f, [y(g(g, f))—y(gz)]dt]; (4)

where t=lnA. , D is the dimension (in mass units) of I ~"', and g, the invariant coupling constant, is the
solution of

so that y(g&) is the anomalous dimension of the
field. As Wilson has stressed, the UV behavior
is determined by the theory at the fixed point (g
=g,).'
In general, the dimensions of operators at a

fixed point are not canonical, i.e., y(gz) e0. If
we wish to explain Bjorken scaling, we must as-
sume the existence of a tower of operators with
canonical dimensions. Recently, it has been ar-
gued for all but gauge theories, that this can only
occur if the fixed point is at the origin, g&= 0, so
that the theory is asymptotically free." In that
case the anomalous dimensions of all operators

vanish, one obtains naive scaling up to finite and
calculable powers of ink. , and the structure of
operator products at short distances is that of
free-field theory. ' Therefore, the existence of
such a fixed point, for a theory of the strong in-
teractions, might explain Bjorken scaling and the
success of naive light-cone or parton-model rela-
tions. Unfortunately, it appears that the fixed
point at the origin, which is common to all theo-
ries, is not UV stable. " The only exception
would seem to be non-Abelian gauge theories,
which hitherto have not been explored in this re-
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~4Y. Nambu and G. Jona-Lasino, Phys. Rev. 122, 345
(1961); S. Coleman and E.Weinberg, Phys. Rev. D 7,
1888 (1973).
' K. Symanzik (to be published) has recently suggested
that one consider a A. @4 theory with a negative A, to
achieve UV stability at A=0. However, one can show,
using the renormalization-group equations, that in such
theory the ground-state energy is unbounded from below
(S. Coleman, private communication) .

'6W. A. Bardeen, H. Fritzsch, and M. Gell-Mann,
CERN Report No. CERN-TH-1538, 1972 {to be pub-
lished) .
' H. Georgi and S. L. Glashow, Phys. Rev. Lett. 28,
1494 (1972); S.Weinberg, Phys, Rev. D 5, 1962 (1972).
' For a review of this program, see S. L. Adler, in
Proceedings of the Sixteenth International Conference
on High Energy Physics, National Accelerator Labora-
tory, Batavia, Illinois, 1972 (to be published).

Reliable Perturbative Results for Strong Interactions?*

H. David Politzer
Jefferson Physical I.aboxatomes, Hazard University, Cambridge, Massachusetts 02138

(Received 3 May 1973)

An explicit calculation shows perturbation theory to be arbitrarily good for the deep
Euclidean Green's functions of any Yang-Mills theory and of many Yang-Mills theories
with fermions. Under the hypothesis that spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green's functions are the asymptotic forms of the physical-
ly significant spontaneously broken solution, whose coupling could be strong.

Renormalization-group techniques hold great
promise for studying short-distance and strong-
coupling problems in field theory. " Symanzik'
has emphasized the role that perturbation theory
might play in approximating the otherwise un-
known functions that occur in these discussions.
But specific models in four dimensions that had
been investigated yielded (in this context) dis-
appointing results. ' This note reports an in-
triguing contrary finding for any generalized
Yang-Mills theory and theories including a wide
class of fermion representations. For these
one-coupling-constant theories (or generaliza-
tions involving product groups) the coefficient
function in the Callan-Symanzik equations com-
monly called P(g) is negative near g=0.
The constrast with quantum electrodynamics

(QED) might be illuminating. Renormalization
of QED must be carried out at off-mass-shell
points because of infrared divergences. For
small e', we expect perturbation theory to be
good in some neighborhood of the normalization
point. But what about the inevitable logarithms
of momenta that grow as we approach the mass
shell or as some momenta go to infinity? In
QED, the mass-shell divergences do not occur
in observable predictions, when we take due
account of the experimental situation. The re-
normalization-group technique' provides a some-
what opaque analysis of this situation. Loosely
speaking, ' the effective coupling of soft photons

goes to zero, compensating for the fact that
there are more and more of them. But the large-
r' divergence represents a real breakdown of
perturbation theory. It is commonly said that
for momenta such that e'1n(p'/m') -1, higher
orders become comparable, and hence a calcu-
lation to any finite order is meaningless in this
domain. The renormalization group technique
shows that the effective coupling grows with mo-
me nta.
The behavior in the two momentum regimes is

reversed in a Yang-Mills theory. The effective
coupling goes to zero for large momenta, but
as p"s approach zero, higher-order corrections
become comparable. Thus perturbation theory
tells nothing about the mass-shell structure of
the symmetric theory. Even for arbitrarily
small g, there is no sense in which the interact-
ing theory is a small perturbation on a free mul-
tiplet of massless vector mesons. The truly
catastrophic infrared problem makes a sym-
metric particle interpretation impossible. Thus,
though one can well approximate asymptotic
Green's functions, to what particle states do
they refer?
Consider theories defined by the Lagrangian

2 = —4Eq,'E'"'+i iy, y D;; g;,
where

s ~ o++f ~&~~ &~ ~



What	
  happens	
  in	
  1973?

• Gross,	
  Politzer and	
  Wilczek establish	
  Quantum	
  Chromodynamics as	
  
the	
  theory	
  of	
  the	
  strong	
  nuclear	
  force
• Just	
  like	
  the	
  electromagnetic	
  and	
  weak	
  forces,	
  the	
  strong	
  force	
  is	
  also	
  
described	
  by	
  a	
  quantum	
  field	
  theory
• The	
  predictions	
  of	
  Quantum	
  Chromodynamics are	
  confirmed	
  and	
  re-­‐
confirmed	
  in	
  multiple	
  experiments
• Quark	
  and	
  gluons	
  scatter	
  like	
  snooker	
  balls	
  and	
  not	
  like	
  jelly

• String	
  theory	
  as	
  a	
  theory	
  of	
  the	
  strong	
  interactions	
  is	
  dead.



What	
  happens	
  in	
  1973?

• Joel	
  Scherk and	
  John	
  Schwarz	
  propose	
  a	
  re-­‐interpretation	
  of	
  string	
  
theory.
• One	
  of	
  the	
  oscillatory	
  modes	
  of	
  closed	
  strings	
  has	
  the	
  same	
  
properties	
  of	
  the	
  graviton	
   -­‐ the	
  hypothesised quantum	
  carrier	
  of	
  the	
  
gravitational	
  force.

• 𝑆𝑡𝑟𝑖𝑛𝑔	
  𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠	
   ≡ 𝑄𝑢𝑎𝑛𝑡𝑢𝑚	
  𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙	
  𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠?

• Very	
  few	
  people	
  care!



Particle	
  Physics	
  1973	
  -­‐ 1984

• The	
  golden	
  age	
  of	
  quantum	
  field	
  theory

• New	
  particles	
  discovered

1.	
  Charm	
  quark	
  in	
  1974
2.	
  Tau	
  lepton	
  in	
  1975
3.	
  Bottom	
  quark	
  in	
  1977
4.	
  Gluon	
  in	
  1978

• Jets	
  discovered
• Predictions	
  of	
  Standard	
  Model	
  confirmed	
  and	
  
reconfirmed….



String	
  theory	
  1973	
  -­‐ 1984

• Some	
  people	
  think	
  string	
  theory	
  may	
  lead	
  to	
  a	
  quantum	
  theory	
  of	
  the	
  
gravitational	
  force…..

….almost	
  no-­‐one	
  is	
  interested.

• String	
  theory	
  is	
  a	
  minor	
  topic	
  on	
  the	
  periphery	
  of	
  what	
  is	
  respectable

• A	
  few	
  people	
  continue	
  to	
  work	
  on	
  it,	
  but	
  most	
  have	
  their	
  attention	
  
elsewhere



String	
  theory:	
  1973	
  -­‐ 1984
• John	
  Schwarz:	
  

We	
  felt	
  that	
  string	
  theory	
  was	
  too	
  beautiful	
  to	
  be	
  just	
  a	
  mathematical	
  
curiosity.	
  It	
  ought	
  to	
  have	
  some	
  physical	
  relevance.	
  We	
  had	
  frequently	
  been	
  
struck	
  by	
  the	
  fact	
  that	
  string	
  theories	
  exhibit	
  unanticipated	
  miraculous	
  
properties…they	
  have	
  a	
  very	
  deep	
  mathematical	
  structure	
  that	
  is	
  not	
  
understood.	
  By	
  digging	
  deeper	
  one	
  could	
  reasonably	
  expect	
  to	
  find	
  more	
  
surprises	
  and	
  then	
  learn	
  new	
  lessons.

• A	
  series	
  of	
  technical	
  advances	
  improves	
  understanding	
  

• The	
  ‘superstring’,	
  which	
  requires	
  ten	
  space-­‐time	
  dimensions,	
  solves	
  
consistency	
  issues	
  with	
  the	
  bosonic string	
  (26	
  spacetime dimensions)



String	
  Theory	
  in	
  1984
• ’The	
  First	
  Superstring	
  Revolution’

• A	
  calculation	
  by	
  Michael	
  Green	
  and	
  John	
  Schwarz	
  shows	
  that	
  string	
  theory	
  
solves	
  a	
  problem	
  in	
  standard	
  ’supergravity’	
  approaches	
  to	
  quantising the	
  
gravitational	
  force.

• The	
  result	
  reaches	
  Edward	
  Witten	
  in	
  Princeton	
  – who	
  was	
  by	
  now	
  one	
  of	
  
the	
  most	
  influential	
  physicists	
  in	
  the	
  world

• He	
  adopts	
  string	
  theory	
  – and	
  everyone	
  else	
  follows.

• The	
  failed	
  theory	
  of	
  the	
  strong	
  interactions	
  becomes	
  the	
  number	
  one	
  most	
  
fashionable	
  topic	
  in	
  particle	
  physics



String	
  Theory	
  from	
  1984

• This	
  is	
  a	
  period	
  of	
  triumphalism

• String	
  theory	
  is	
  viewed	
  as	
  a	
  consistent	
  theory	
  of	
  ten-­‐dimensional	
  
quantum	
  gravity

• Reduction	
  of	
  this	
  theory	
  to	
  four	
  dimensions	
  will	
  give	
  the	
  Standard	
  
Model	
  of	
  particle	
  physics	
  and	
  explain	
  the	
  value	
  of	
  its	
  constants	
  (the	
  
details	
  were	
  still	
  to	
  be	
  filled	
  in,	
  but	
  it	
  was	
  thought	
  these	
  would	
  not	
  
take	
  very	
  long….)



The	
  Age	
  of	
  Excitement

• ‘We	
  study	
  candidate	
  vacuum	
  configurations	
  in…..superstring	
  theory	
  
that	
  have	
  unbroken	
  N=1	
  supersymmetry in	
  four	
  dimensions.	
  This	
  
condition	
  permits	
  only	
  a	
  few	
  possibilities,	
  all	
  of	
  which	
  have	
  vanishing	
  
cosmological	
  constant.’

from	
  the	
  paper	
  Vacuum	
  Configurations	
   for	
  Superstrings	
  in	
  spring	
  
1985.

• Today,	
  there	
  are	
  at	
  least	
  473	
  800	
  776	
  similar	
  possibilities	
  known!



(1988)

”….	
  a	
  remarkable	
  new	
  theory	
  has	
  captured	
  the	
  
imagination	
  of	
  physicists.	
  Known	
  as…	
  superstring	
  
theory,	
  it	
  promises	
  to	
  proved	
  a	
  unified	
  
description	
  of	
  all	
  forces,	
  all	
  the	
  fundamental	
  	
  
particles	
  of	
  matter,	
  and	
  space	
  and	
  time	
  – in	
  
short,	
  a	
  Theory	
  of	
  Everything.	
  “



1995:	
  ‘The	
  Second	
  Superstring	
  Revolution’

• Traditionally,	
  this	
  starts	
  with	
  a	
  talk	
  by	
  Edward	
  Witten	
  at	
  the	
  Strings	
  
1995	
  conference	
  in	
  Santa	
  Barbara

Witten	
  integrates	
  his	
  and	
  others’	
  insights	
  into	
  a	
  new	
  picture	
  of	
  the	
  
subject
• String	
  theory	
  is	
  a	
  limit	
  of	
  ‘M-­‐Theory’,	
  a	
  mysterious	
  11-­‐dimensional	
  
theory	
  known	
  from	
  its	
  boundaries.
• Away	
  from	
  the	
  boundaries,	
  M-­‐theory	
  is	
  not	
  a	
  theory	
  of	
  strings
• What	
  does	
  ‘M’	
  stand	
  for:	
  ‘magic’,	
  ‘mother’,	
  ‘mystery’,	
  ‘membrane’?



1995:	
  ‘The	
  Second	
  Superstring	
  Revolution’

All	
  different	
  types	
  of	
  string	
  theory	
  
are	
  viewed	
  as	
  different	
  limits	
  of	
  a	
  
single	
  over-­‐arching	
  theory

This	
  over-­‐arching	
  theory	
  is	
  dubbed	
  
“M-­‐Theory”



1997	
  :	
  AdS/CFT

• In	
  November	
  1997	
  the	
  Argentinian	
  physicist	
  Juan	
  Maldacena
proposes	
  a	
  correspondence	
  between	
  certain	
  string	
  theories	
  and	
  
certain	
  quantum	
  field	
  theories

• Certain	
  string	
  theories	
  are	
  identical	
  to	
  certain	
  quantum	
  field	
  theories

• Calculations	
  in	
  one	
  are	
  entirely	
  equivalent	
  to	
  calculations	
  in	
  the	
  other

• Result	
  is	
  both	
  deep	
  and	
  useful!	
  (cf Andrei	
  Starinets’	
  talk)



1997:	
  AdS/CFT
Different	
  words,	
  different	
  
languages….the	
  same	
  text.

The	
  same	
  is	
  true	
  with	
  AdS/CFT

The	
  same	
  physics	
  can	
  be	
  described	
  
EITHER	
  with	
  string	
  theory	
  OR	
  with	
  
quantum	
  field	
  theory

Different	
  symbols	
  and	
  different	
  
equations	
  can	
  describe	
  the	
  same	
  
physics



AdS/CFT

• The	
  original	
  paper	
  on	
  AdS/CFT	
  is	
  now	
  the	
  most	
  cited	
  paper	
  ever	
  in	
  
theoretical	
  particle	
  physics

(even	
  more	
  than	
  the	
  foundational	
  papers	
  of	
  the	
  Standard	
  Model…..)

• It	
  is	
  the	
  start	
  of	
  a	
  period	
  where	
  string	
  theory	
  is	
  used	
  as	
  much	
  for	
  its	
  
applications	
  to	
  other	
  areas	
  as	
  for	
  a	
  fundamental	
  theory	
  of	
  physics

• String	
  theory	
  and	
  its	
  method	
  are	
  used	
  as	
  tools	
  in	
  many	
  areas	
  of	
  
mathematics	
  and	
  quantum	
  field	
  theory



String	
  Theory:	
  The	
  Backlash



‘String	
  theory’	
  in	
  2016

• First,	
  it	
  is	
  not	
  (mostly)	
  about	
  strings.

1.	
  Most	
  ‘string	
  theorists’	
  do	
  not	
  work	
  on	
  the	
  theory	
  of	
  quantised,	
  
relativistic	
  strings

• Second,	
  it	
  is	
  not	
  (mostly)	
  about	
  quantum	
  gravity

2.	
  Only	
  a	
  small	
  fraction	
  of	
  ‘string	
  theorists’	
  work	
  on	
  understanding	
  the	
  
quantum	
  aspects	
  of	
  the	
  gravitational	
  force



‘String	
  Theory’	
  in	
  2016

• ‘String	
  Theory’	
  today	
  involves	
  research	
  on	
  many	
  different	
  topics	
  for	
  
many	
  different	
  reasons:

Quantum	
  gravity,	
  particle	
  physics,	
  cosmology,	
  mathematics,	
  quantum	
  
field	
  theory	
  
• It	
  involves	
  different	
  communities	
  who	
  use	
  different	
  tools	
  and	
  care	
  
about	
  different	
  things
• The	
  ideas	
  involved	
  come	
  from	
  the	
  theory	
  of	
  quantised relativistic	
  
strings	
  	
  -­‐ but	
  the	
  connection	
  may	
  be	
  loose



String	
  Theory:	
  Fifty	
  Years	
  On
• Michael	
  Green	
  (2014):

“As	
  time	
  goes	
  by	
  and	
  String	
  Theory	
  evolves,	
   it	
  is	
  more	
  and	
  more	
  
apparent	
  that	
  it	
  is	
  not	
  just	
  a	
  

‘Theory	
  of	
  String-­‐like	
  Elementary	
  Particles’

but	
  it	
  is	
  a

‘Magnificent	
  theoretical	
   framework	
  that	
  interrelates	
  a	
  very	
  wide	
  
range	
  of	
  topics	
  in	
  physics	
  and	
  mathematics.’




