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Summary

In this chapter we sketch an overview of the line of research to which this thesis be-

longs. We begin with a brief overview of our current knowledge of the elementary

particles which can be summarized in a quantum field theory called the standard

model. Afterwards we discuss the incompleteness of the standard model, in parti-

cular we discuss the absence of a proper description of gravity. In the third section

below we eventually explain how string theory may possibly complete the standard

model into a theory that would correctly describe gravity. Afterwards we discuss

the so-called ‘gauge/gravity dualities’, the research direction within string theory

to which this thesis belongs. Finally we summarize the results of this thesis.

The standard model

In 1900 Max Planck presented a formula for the temperature-dependence of elec-

tromagnetic radiation. The most remarkable property of Planck’s formula was

that it contained a new constant, h, whose value is currently determined to be

around 6, 63 · 10−34Js. It was soon realized that h was a new fundamental con-

stant of nature around which a radically new theory, called quantum mechanics,

had to be developed in order to correctly describe the behavior of particles at short

distances. Using quantum mechanics one may for example describe the electron’s

orbits in an atom and compute the associated absorption spectrum.

The development of quantum mechanics was however not the only revolution ta-

king place at the beginning of the twentieth century. In 1905 another fundamental

constant of nature, namely the speed of light c, featured prominently in a paper

by Einstein. According to his special theory of relativity there is no absolute way

to measure time or distance, rather their definitions depend on the observer’s own

velocity. The speed of light makes it possible to unify distances and times in a

single concept, called the spacetime.

Measurable effects of special relativity only occur when particles move close to the

speed of light. These effects are however not incorporated by quantum mecha-
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nics, which therefore gives incorrect results for example when trying to describe

electrons moving close to the speed of light. Improving quantum mechanics to

incorporate relativistic effects however turned out to be remarkably difficult. The

resulting framework is called quantum field theory and its development required

the efforts of several generations of physicists. Furthermore, quantum field theory

is still not fully understood, although we nowadays have sufficient understanding to

properly use quantum field theory to predict with very high accuracy the outcome

of certain particle accelerator experiments.

A quantum field theory describes the quantum-mechanical behavior of an arbitrary

set of particles moving at high velocities. In nature we however observe a very

concrete set of elementary particles which form the fundamental constituents of

all other matter. The specific quantum field theory describing these elementary

particles is called the standard model. The particles in the standard model are six

types of quarks, six types of leptons and the Higgs boson. The quarks are called up,

down, charm, strange, top and bottom. The leptons are called the electron, the

muon and the tau-particle plus three different neutrino particles. The Higgs boson

has not been observed yet but is necessary for consistency of the standard model.

According to the standard model all known matter can be obtained by combining

these constituents, for example a proton would roughly speaking consist of two up

quarks and a single down quark.

In the standard model there are also three different forces that act on these ele-

mentary particles: the strong nuclear force, the weak nuclear force and the more

well-known electromagnetic force. These forces are modelled by so-called force-

carrying particles. For example, the electromagnetic force between two electrons

is modelled by the exchange of photons. The force-carrying particles replace the

usual description in terms of for example electromagnetic fields, which is no lon-

ger tenable because of the quantum-mechanical behavior of the particles at short

distances. The particles used to model the strong nuclear force are called gluons,

whereas those modelling the weak nuclear force are the so-called W- and Z-bosons.

There are eight gluons in nature, two W-bosons and a single Z-boson.

Incompleteness

Besides Planck (in 1918) more than 60 nobel prizes have been awarded for con-

tributions to the development of first quantum mechanics and then quantum field

theory and the standard model. The standard model represents our most funda-

mental knowledge of the workings of nature which certainly makes it a model to

be proud of. Present-day theoretical physicists are however also relieved that the

standard model is necessarily incomplete and more fundamental physics remains

to be discovered. Important experimental evidence in this direction are the scale

270



Summary

of electroweak symmetry breaking as well as dark matter which essentially point

towards new particles that are yet to be discovered. In the future we may find such

particles using for example particle accelerator experiments and we may then add

these to the standard model. In this way it is plausible that this procedure results

in a more complete quantum field theory which incorporates these new particles.

Another incompleteness of the standard model is the fact that there exists yet

another force, namely gravity, which is not yet described by the standard model.

Let us now explain how this is conceptually a much larger problem.

First of all there exists of course an accurate description of gravity at large distan-

ces, namely Einstein’s classical theory of general relativity. According to general

relativity the spacetime which already featured in special relativity is actually

curved. General relativity successfully describes a vast array of astrophysical and

cosmological phenomena. At very small distances we however do not know how to

properly describe gravity; although the special theory of relativity was eventually

united with quantum mechanics into quantum field theory, there appears to be

no easy way to do the same for the general theory of relativity. This is because

quantum field theory dictates that one should replace the gravitational field with

a force-carrying particle (just like the electromagnetic field was replaced with a

photon) which in this case is called the graviton. However when we perform com-

putations with a quantum field theory that has gravitons then we obtain certain

mathematical problems which point towards the fact that this cannot be a fun-

damental description of nature. Because of these issues quantum field theory and

gravity cannot be united on a fundamental level: in a world where quantum field

theory would be exactly valid there is no place for gravity and vice versa. Nevert-

heless to describe events happening in our world one needs to use both theories

and therefore neither theory can be exactly true! The challenge is then to find a

correct and mathematically consistent quantum theory of gravity, which because of

the aforementioned problems has to surpass the concept of a quantum field theory.

Unfortunately there are very few experimental results available to assist us in

addressing this challenge. The experimental success of the standard model (so

of a quantum field theory without gravity) for example demonstrates that the

effects of gravity on the results of particle-accelerator experiments is completely

negligible. This is consistent with a simple order-of-magnitude estimate: if we

assume that general relativity remains valid at very short distances then we can

for example estimate that the gravitational attraction between two electrons is

1042 times smaller than the repulsive electric force. This is hopelessly beyond

our current experimental abilities: the electric force is for example known with a

relative precision of about 1010. (This order-of-magnitude analysis uses however

the classical theory of general relativity which we know cannot be consistent at
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small distances. This makes the analysis inherently unreliable and in reality there

is so far no consistent theoretical approximation of the effects of gravity at small

distances.)

String theory

The fundamental idea of string theory is to replace the elementary particles with

small one-dimensional strings. This indeed surpasses the usual quantum field theo-

ry which considers all particles to be point particles. Furthermore this assumption

makes it possible to overcome the aforementioned mathematical problems and to

consistently describe the interactions with gravitons. String theory thus seems

to fullfill all the basic requirements for a quantum theory of gravity. Our cur-

rent comprehension of string theory is however still incomplete and understanding

string theory better is the main motivation behind much present-day research.

Although string theory seems to be a consistent theory of quantum gravity it has

so far been quite difficult to also obtain a realistic version of such a theory. Alt-

hough depending largely on the precise type of string theory used, one generically

seems to obtain far more and rather different elementary particles than the afo-

rementioned particles of the standard model. It is however not impossible that

we eventually find a specific type of string theory which does result in a realistic

particle spectrum. The search for such a string theory is another point of focus in

much present-day research.

Nevertheless string theory remains a useful concept which gives us unique insights

in the inner workings of a quantum theory of gravity. An example of such an insight

is the description of black holes in string theory. Black holes cannot be accurately

described by general relativity since according to this theory the gravitational force

would pull matter together to zero size. At small distances however quantum

effects become important and therefore a quantum theory of gravity like string

theory should be used to accurately describe black holes. String theory has already

given us important insights into this ‘microscopic’ structure of black holes but this

also remains an active area of ongoing research.

The gauge/gravity dualities

The research presented in this thesis concerns the so-called ‘gauge/gravity duali-

ties’. These dualities propose a radically new picture of quantum gravity: they

postulate that quantum theories of gravity may alternatively be described in terms

of an ‘ordinary’ quantum field theory without gravity, but this quantum field theo-

ry is defined in one spacetime dimension less than the original gravitational theory.

This is called the ‘holographic principle’ as it is just like a hologram which con-

tains all the necessary information to reconstruct a three-dimensional image from
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the data on a two-dimensional surface. The fact that a quantum field theory in d

dimensions (for arbitrary d) can be used to completely describe quantum gravity

in d + 1 dimensions is very counterintuitive and the implications of this idea are

still not completely understood.

To obtain a concrete realization of such a gauge/gravity duality one needs to make

the relation between the quantum field theory and the quantum theory of gravity

more precise. This amounts to the development of a dictionary which translates

quantities between the two theories. Using this dictionary we for example know

how to describe objects like black holes in terms of the lower-dimensional quantum

field theory. The dictionary can actually also be used the other way and this

turns out to be quite practical as well, since it allows one to use relatively simple

computations in general relativity to obtain so far notoriously difficult results in

the quantum field theory.

So far the dictionary had been developed in great detail for equilibrium cases like

for example the so-called eternal black holes, which are present in the spacetime for

all times. For non-equilibrium situations, for example the holographic description

of gravitational collapse of a star to a black hole, the dictionary was however

not yet complete. In chapter 2 we give a detailed dictionary for these dynamical

situations, which not only allows us to apply the duality to several new cases but

also allows us to gain insights in the structure of the quantum theory of gravity.

To test this new dictionary we worked out a number of relatively simple examples

in chapter 3. According to our dictionary several quantities in the quantum field

theory should be obtained by performing some very specific computations in the

quantum gravity theory. We perform these computations in a number of concrete

cases for which the quantum field theory answer is known and indeed find complete

agreement with expectations. In chapter 4 we briefly describe the relation between

our dictionary and another prescription from the literature which applies to certain

special cases.

For certain spacetimes it is difficult to precisely understand the workings of the

holographic principle since naively some information is hidden ‘too deeply’ in the

spacetime. This is for example the case for so-called wormholes which are space-

times that are roughly speaking comparable to black holes. If the gauge/gravity

duality holds exactly then all the information about the spacetime should be sto-

red in the quantum field theory, so in particular also the information which is

deeply hidden. Using our new dictionary we can describe the details of the duality

in detail for these wormhole spacetimes and verify its validity. This is the subject

of chapter 5, where we demonstrate that at least for the wormhole spacetimes no

information can possibly be hidden too deeply in the spacetime. In chapter 6 we

give an alternative representation of the wormhole spacetimes which may be useful
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for future research.

The success of holography in string theory has led to several attempts at a ge-

neralization of this approach. In particular one often tries to apply holography

to theories of gravity in only two spatial dimensions (rather than the usual three

dimensions). These theories are ‘toy models’ for the real world where computati-

ons simplify and therefore new insights might be gained more easily. One may for

example apply the usual dictionary to such lower-dimensional theories to investi-

gate whether this would result in a consistent quantum theory without reference

to string theory. We apply this idea to a specific two-dimensional theory of gravity

called topologically massive gravity, which is a slight variation of the usual general

theory of relativity. The results we obtain for a possible dual quantum field theory

are however inconsistent with the basic requirements for a ‘good’ quantum field

theory. It therefore seems that topologically massive gravity is not a suitable toy

model for quantum gravity and we would need a more complete theory like string

theory to obtain consistent results.
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