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1968-1974:   Dual Resonance Era

1975-1983:   Quantum Gravity Era                            

1984-1994:   Unification Era

1995-1998:   Duality Era

1999-2013:   AdS/CFT Era

The Eras of String Theory

Strings as a model of the 
strong interactions
String theorists in the 
wilderness

Emphasis on worldsheet and 
CFT techniques

Emphasis on the spacetime 
point of view and role of 
supersymmetry

Duality between large N 
gauge theory and string 
theory, emphasis on formal 
and practical applications



Each era has provided different answers to fundamental 
questions such as

What is string theory?

What does string theory as quantum gravity tell 
us about the nature of spacetime? Is spacetime 
emergent?

Are there experimental tests of string theory?

Each era started with a paper or series of papers that 
changed the direction of research.

What is the nature of background independence 
in string theory?

What are the physical observables in string theory?



In the dual resonance era string theory was a model for the 
strong interactions. It was viewed as a generalization of 
quantum field theory involving an infinite number of fields 
and its goal was to explain the regularities observed in the 
spectrum of hadronic resonances and the Regge behavior of 
scattering at “high” energies and fixed angles. 
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It floundered because mathematical consistency required 26 
or 10 dimensions for bosonic or fermionic string theory, and 
because no mechanism was found to remove the massless 
spin 1 and spin 2 states that did not match any of the 
observed hadronic resonances.

In 1974 Scherk, Schwarz and Yoneya proposed a 
reinterpretation. The massless spin two particle was the 
graviton, massless spin one particles are gauge fields, and 
string theory should be viewed as a method to unify gravity 
with gauge theory in a relativistic, quantum framework. 
They were mostly ignored. 

1985



In 1984 the discovery of anomaly cancellation, the heterotic 
string, and Calabi-Yau compactification led to a framework 
whereby the gross features of the (supersymmetric 
extension of the) Standard Model, that is gauge theory with 
chiral fermions and a replication of families, emerged 
naturally from string theory.  Very few Calabi-Yau spaces 
were known and such models seemed close to being 
unique. 

The initial hopes of uniqueness were dashed by the 
discovery of thousands of Calabi-Yau spaces, and large 
numbers of discrete choices as well as continuous moduli
needed to specify the low-energy four-dimensional theory
that results from such a compactification. 



Critics claim this makes string theory untestable. I think this 
is too strong a statement, but it certainly makes tests more 
difficult. The gauge theories underlying the Standard Model 
are also infinite in number, involving a choice of an infinite 
number of gauge groups and representations for the physical 
fields.  The problem with testing string theory in my opinion 
is mainly the experimental inaccessibility of the energy scale 
at which string theory effects take place and this problem is 
common to all theories of quantum gravity. 



The duality era had its origins in new evidence for an old 
idea, namely that the maximally supersymmetric (N=4) 
Super Yang-Mills theory has a weak-strong coupling, electric-
magnetic duality
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This was quickly extended to supersymmetric string 
theories and led to many deep and beautiful mathematical 
results involving Calabi-Yau spaces.

For example, the heterotic string on K3xT2 is dual to the IIA 
string on a Calabi-Yau space. This allows one to compute 
geometric invariants of the Calabi-Yau space by 
computations in the dual theory. 

These dualities should be understood as different 
descriptions of one underlying mathematical (or physical) 
object, much like a function f(x) and its Fourier transform 
are (particle-wave) dual descriptions of a physical state in 
Hilbert space (e.g.  square integrable functions on the line)



A philosophical overview of string dualities can be found in
D. Rickles, “A philosopher looks at string dualites”

Rickles mentions the connection between dualities and 
gauge symmetries as redundancies in our description but 
makes a philosophical distinction based on the fact that 
dualites often involve representations “surprisingly different 
in appearance” that can have “radically different ontologies, 
even structural, with topologically distinct spacetimes.”

I would like to mention one fact that I have not seen in the 
philosophical literature (quite possibly because I haven’t read 
most of it! ) and that is the fact that in several important 
examples dualities really are the same as gauge symmetries.

The first example is the famous example of T-duality of a 
string on a circle of radius R. 



String theory on a circle exhibits T-duality
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It maps modes of the string with momentum (which 
are heavy when R is small) to modes of the string with 
winding (which are heavy when R is large)
It has a generalization to more complicated Calabi-Yau 
spaces which appear in more ``realistic”versions of string 
theory where it is known as mirror symmetry and has 
deep and surprising implications for the mathematical 
field of enumerative geometry.



At the fixed point of this transformation the theory exhibits 
an SU(2) gauge symmetry and the T-duality transformation is
a discrete transformation in SU(2). It is a redundancy at that 
point,  hence at all points. 

As another example, N=4 SYM is thought to arise from 
compactification on the two-torus of a somewhat 
mysterious (2,0) superconformal theory in d=6.  The SL(2,Z)
duality is then the manifestation of the group of global 
diffeomorphisms of the two-torus, that is a group of gauge
transformations. 



The understanding of these dualities involved the discovery of 
D-branes as solutions to string theory. D-branes are extended 
objects on which open strings can end, and whose dynamics are 
described  by                 Yang-Mills theory.
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This proposal was the start of the AdS/CFT era.  It involves 
an even more challenging idea of duality, that between a 
gauge theory in four dimensions with gauge group SU(N) in 
the t’Hooft limit of large N with fixed          and a string 
theory on                   .  As an outgrowth of these 
developments string theory is also viewed as one more tool

AdS5 ⇥ S5
g2N

In pure mathematics

In the study of strongly coupled field theories

In cosmology

In particle physics



Applications of AdS/CFT are similar to the game show 
Jeopardy!  One is provided with an answer, and asked to 
determine the appropriate question. 

Example (Horowitz, Strings 2013)

A:  A charged black hole in asymptotically Anti de Sitter 
space has a frequency dependent optical conductivity that 
varies as 

Q:  What is the intermediate frequency dependence of the 
optical conductivity of the high Tc superconductor 
BiSrCaYCuO?

The matching is not well justified. It may be correct if 
there are certain universal behaviors that can be captured 
by crude, but nontrivial approximations. 



Where is string theory today?

Here are the main topics discussed at the 2013 Strings 
meeting in Seoul, Korea.

The structure of supersymmetric gauge theory, and their 
application to the study of invariants of manifolds of 
dimension 2,3 and 4. 

Amplitudes, meaning the reformulation of the rules for 
perturbative calculations in SYM and SUGRA using twistor 
and other methods rather than standard Feynman diagram 
techniques.

Higher spin gravity in AdS (Vasiliev) and its description in 
terms of dual Conformal Field Theories



The application of AdS/CFT ideas to condensed matter 
systems, hydrodynamics, the quark-gluon plasma, and the 
study of the entanglement entropy of quantum systems. 

The study of extended objects in M-theory and the low-
energy theories that describe their excitations with 
particular emphasis on the (2,0) theory in six dimensions 
relevant to 5-branes.  It seems to hold the key to a deeper 
understanding of many dualities in string theory. 

The firewall debate.  AdS/CFT provides an indirect argument 
that Black Hole formation and evaporation is unitary, but 
does not give a local description of how this actually 
happens. There has been renewed debate about various 
alternatives starting with a claim that old BH have a 
“firewall” at the horizon.  ER=EPR?



Models of inflation based on the dynamics of string theory, 
often involving the stabilization of the scalar moduli that 
plague supersymmetric low-energy string theory.

Physical Mathematics:  Development of areas of pure 
mathematics using technology from string theory and 
generally at a lower level of rigor than when done by pure 
mathematicians: enumerative geometry, invariants of 4-
manifolds, “moonshine” phenomena and so on. 
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What of all this is of interest (or should be of interest) to 
philosophers of science interested in quantum gravity?

Background independence

Emergent spacetime

Black Hole physics

Mathematical consistency and finiteness

String dualities



Background Independence



What is background independence?

How much background independence 
should we expect or want?

How much background independence do we find in 
current formulations of string theory?



In many physical systems it makes sense to divide the 
system into a macroscopic part and small, fluctuating part. 
Some examples:

In the description of gravitational waves in General 
Relativity one writes the metric as                                
and expands to second order in         .

gµ� = �µ� + hµ�

hµ�

In the Higgs mechanism which breaks the electroweak 
symmetry of the Standard Model, or in the study of 
superconductivity, one writes the Higgs field (Cooper 
pair wave function) as constant, classical part plus a 
fluctuation                                       . �H(x) = �c + ��(x)

The classical part is the background. When quantum 
mechanics is taken into account the quantized fluctuations 
manifest themselves as particle-like excitations above the 
background (e.g. the graviton and the Higgs boson)



Background independence is the demand that the theory not 
require a specification of the background in advance, but rather 
it should emerge as a solution to equations of motion which 
make no reference to any preferred background, as in General 
Relativity.

If the fluctuating part becomes very large this 
separation is no longer useful, one must work harder. 

The background is not forever fixed and unchanging 
as in the Newtonian view of space and time,  one 
treats the changes as small as an approximation.

Large fluctuations may lead to new physics, e.g. in 
General Relativity large fluctuations form black holes 
with singular spacetimes that cannot be fully described 
by Einstein gravity. 



The AdS/CFT correspondence sheds some additional light on 
this issue. It gives a formulation of string theory not just on Anti 
de Sitter spacetime, but on any spacetime that has the same 
behavior as AdS at its boundary. It is independent of the bulk 
background, but not of the boundary background.  

String theory as formulated in the mid 80’s involves this kind of 
separation into background and fluctuations, but the equations 
which determine the allowed backgrounds are those of Einstein 
gravity with additional fields at large distances, and the 
fluctuations include fluctuations of the background geometry.  If 
this is background dependence it is a much weaker form than 
claimed by some critics of string theory.  Of course with no 
classical background at all it is hard to interpret what the theory 
means. What does GR describe when                 ?gµ� = 0



The dynamics of gravity, the possible observable quantities, 
and the required boundary conditions are dramatically 
different in Minkowski space than in spaces asymptotic to AdS.
For example, in AdS light rays can reach the boundary and 
return to an observer, thus requiring boundary data to specify 
the time evolution of physical quantities. In Minkowski space 
on the other hand one only needs data on an initial time slice.

A formalism which is independent of the choice of boundary 
behavior may or may not exist. It is not clear what problem 
would arise if it did not exist since no finite energy excitation 
can change the boundary behavior of such spacetimes.  In 
philosophical discussions of background independence in any 
theory of quantum gravity care should be made to distinguish 
independence of the bulk background from independence of 
the boundary background since these play different physical 
roles in the theory.



Emergent spacetime



The AdS/CFT correspondence provides us with an 
example of a theory with different classical limits, and each 
classical limit has different emergent structures. One limit 
has  gauge theory and gauge symmetry in a four-
dimensional space time, the other has gravitational theory 
and diffeomorphism invariance in a five-dimensional 
spacetime. 

Other examples of the phenomenon of emergent spacetime 
and emergent gauge symmetries include the Matrix 
formulation of 11d supergravity and dual descriptions of 
various supersymmetric theories where different gauge 
theories govern different limits of the underlying theory.

Although space is emergent in such descriptions, I am now 
aware of any examples in string theory where one would say 
that time is emergent.



Mathematical Consistency



It has been claimed for some time that superstring theory 
provides a UV finite theory of quantum gravity in which loop 
corrections to say graviton scattering can be computed 
without encountering divergences. However there have been 
some nagging worries due to the issues of defining the 
amplitudes on higher genus Riemann surfaces. These worries 
have been laid to rest in a series of papers by Ed Witten and 
collaborators. 

Of course as in any interesting theory, the perturbation 
series is not convergent and non-perturbative effects must 
be included to fully define the theory.  We know of such 
effects, but their complete merging into perturbative 
amplitudes is a very difficult problem, even in much simpler 
quantum field theories.



I would like to end with a few comments about philosophers 
of science and string theorists.  Although this is starting to 
change, one notes among philosophers a preference for loop 
quantum gravity over string theory as an approach to 
quantum gravity. Quoting Rickles:



Loop quantum gravity has its roots in General Relativity with 
major figures who have been open to insights from 
philosophy. 

String theory on the other hand has its roots in particle 
physics and its insights about the role of renormalizability, 
effective field theories and so on. These insights lead to the 
belief that GR is just one more, non-renormalizable effective 
field theory like pion effective theories or Fermi four 
fermion theory and as such needs to be replaced by a more 
fundamental theory at short distances. From this point of 
view the difficulties of obtaining macroscopic spacetimes 
from LQG seem likely to be fundamental and connected to 
the fact that the theory simply doesn’t exist in the UV, much 
like QED.



Philosophers say a great deal about what is absolutely 
necessary for science, and it is always, so far as one can see, 
rather naive, and probably wrong.     -R.P. Feynman

And of course some particle physicists have been rather 
hostile towards the role of philosophy:

However I think there are a number of ideas arising from 
string theory that should be of interest to philosophers, 
some of which I have mentioned,  and I also think there are  
issues in string theory that could benefit from increased 
clarity of thought. 



String theory is not at this moment anything like a complete 
theory of quantum gravity. It does some things very well: 
finite perturbative scattering amplitudes, detailed 
computations of black hole entropy.

In other areas it provides only partial information: resolution 
of the paradox of Black Hole formation and evaporation, 
construction of local observables, explanation of the 
apparently non-zero value of the cosmological constant. 

And as a unified theory it suffers from the landscape 
problem of the (apparent) existence of huge numbers of 
possible vacua. This leads to conceptual problems, anthropic 
issues,  and at the moment no obvious (scientific) path 
forward. 



Perhaps philosophers can help

Thank You


