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SUMMARY

Throughout the history of physics, trying to demystify puzzles and paradoxes was
always an efficient way to uncover new faces of nature. This thesis deals with the
mysterious black holes and their paradoxes. Solving the latter is believed to be an
important window into the mystic theory of “Quantum Gravity”. In the following,
we will try to give a quick taste of what has been done in this thesis.

THE ENIGMATIC BLACK HOLES

Black holes are among the physical objects that are both extensively studied and
not fully understood. Since the theoretical prediction of their existence, they have
always shown non-expected behavior. The classical side of their story reached its
apogee with the “no-hair theorem” and the “laws of black hole mechanics”. The latter
suggests that the black hole could behave like a thermodynamical object –at least at
the level of formulas– provided we identify its horizon area (surface gravity) with
entropy (respectively, temperature). However, the no-hair theorem (implying a van-
ishing black hole entropy) and the fact that black holes are black (no radiation)
confined the similarity with thermodynamics to the level of formulas. A totally un-
expected development in the physics of black holes occurred when Hawking studied
quantum fields in the black hole background. This study revealed a new face of
black holes: a “white face”. It turns out that black holes are not completely black as
they Hawking radiate as follows. A particle anti-particle pair is produced near the
horizon where the particle escapes to infinity as radiation whereas the anti-particle
falls behind the horizon.

The discovery of the white face of black holes opened a Pandora box of paradoxes
whose resolutions were the center of an ongoing effort for over three decades now.
These paradoxes are:

• The entropy paradox: With the discovery of black holes radiation, the ther-
modynamical nature of black holes was promoted from a resemblance at the
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level of formulas to a physical equivalence. In such equivalence, the black
hole horizon area is identified with its entropy which led to the following two
paradoxes. First of all, the no-hair theorem clearly prohibits any black hole
entropy, hence, clashes with the thermodynamical nature of black holes. Sec-
ondly, the entropy being extensive would naturally be associated to a volume
rather than an area as is the case of the black hole entropy.

• Information loss paradox: It turns out that the black hole loses its mass
through radiation. The end result of radiation, baring some caveats related
to trans-Planckian physics, is the complete evaporation of black holes. Since
the radiated particle is correlated with the anti-particle that fell behind the
horizon, such a complete evaporation of black holes results in the destruction
of a part of the information leading to information loss.

• Black hole singularity On the contrary to the other paradoxes of black holes,
this one has nothing to do with the semi-classical treatment of quantum grav-
ity. Each black hole has a singularity where the curvature blows up. We do not
know for the moment how to formulate physics laws near such region.

The thermodynamical nature of black holes on the other hand suggests that, black
hole geometry could be an effective description of an underlying microscopic system.
This is in the same spirit as thermodynamics is an effective description of an under-
lying complex microscopic system, a well established paradigm in statistical physics.
Investigating such possible description of black holes in the fuzzball scenario was
the main subject of this thesis.

THE UNORTHODOX FUZZBALL IDEA

Driven by the search for a better understanding of the D1-D5 system, the so called
“small black hole”, in the framework of AdS/CFT duality, Mathur and collaborators
were led to suggest an unorthodox idea that was called the “fuzzball proposal”. In
this proposal, the black hole is conjectured to be an effective description of an ex-
ponentially large number of smooth geometries with the same asymptotic charges
as the black hole. These smooth geometries are usually called “black hole states”, al-
though they are not quantum states in the usual sense. In favorable circumstances,
these smooth geometries are geometric manifestations of the coherent states of the
underlying black hole microscopic system. The black hole states geometries only
differ significantly from the naive black hole geometry in a compact region of space-
time delimited by a surface dubbed the “stretched horizon”. Outside such a surface,
all the black hole states geometries settle very quickly to the naive black hole geom-
etry in such a way to avoid differences in measurements done with respect to either
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the naive black hole geometry or a black hole state geometry.

Let us take a look at what has the fuzzball idea to say about the black hole paradoxes
mentioned above.

• The fuzzball and the entropy paradox: In the fuzzball proposal, the num-
ber of black hole states gives, in principle, the statistical explanation of the
black hole entropy. What is missing to complete the picture is a satisfactory
explanation of the second part of the entropy paradox i.e. the entropy being
proportional to the horizon area.

• The fuzzball and information loss paradox: Since the black hole states ge-
ometries are smooth, the information is not lost. The incident quantum gets
trapped in the complicated black hole state geometry for a long time, but
eventually escapes to infinity in a process similar to Hawking radiation. The
fuzzball also predicts large quantum fluctuations of horizon size giving a pos-
sible explanation to why the semi-classical treatment breaks down.

• The fuzzball and black hole singularity: In the fuzzball scenario, the singu-
larity is not there in the first place as black hole states geometries are smooth.
It only emerges in the effective description of the black hole states.

What actually has been done in this thesis is the concrete realization of the idea that
black holes are an effective description of some underlying microscopic system in
the fuzzball scenario in some simple systems: the D1-D5 system and the 1/2-BPS
black holes of the four-dimensional N = 2 supergravity.

THE ELEGANT D1-D5 SYSTEM

The D1-D5 system turned out to be a very successful testing ground of the fuzzball
ideas. Due to its simple supergravity solution, averaging over geometries was possi-
ble. By choosing appropriately the weights of the D1-D5 smooth geometries, we
managed to construct average geometries that asymptotically look like the five-
dimensional small black hole and small black ring. The word “small” refers to the
vanishing horizon area of these black objects when restricting to the five-dimensional
supergravity. Black ring, on the other hand, stands for a black object solution with
horizon toplogy S2× S1 instead of S3, the horizon toplogy of a black hole. These are
five-dimensional solutions, and they are the first solutions that violated the no-hair
theorem as they have an extra non-conserved charge dubbed the “dipole” charge.
The latter is invisible at infinity, but, nevertheless does enter in the first law of black
ring mechanics.

The effective geometry that we got differs from the corresponding naive black object
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geometry by an exponentially suppressed term that renders the geometry smooth at
the would be singularity for the naive geometry. We have also uncovered a version
of the no-hair theorem, where, we found that generically the effective geometry
depends only on three charges, the mass and angular momentum both visible at
infinity and a “dipole” charge that sets the size of the “core” of the geometry.

We have also found that we cannot associate weights to the D1-D5 smooth geome-
tries in such a way to get an effective geometry into a conical defect metric with an
arbitrary opening angle, except of the form “2π/n” where n is an integer.

TOWARDS DOWNTOWN BLACK HOLES

Although the D1-D5 system allowed for different successful checks of some of the
fuzzball ideas, it can be argued that it is too “good” to address real black hole physics
questions. This is essentially due to the vanishing of its horizon area and the fact
that this system is BPS with eight preserved supercharges. Since realistic black holes
are out of technical reach at the moment, we opted in this thesis to make small
steps towards such black holes. We chose to deal with BPS black holes with fewer
preserved supersymmetries, four in our case. In doing so, we could hope also to
study black holes with a macroscopically large horizon as such black holes belong to
these class of BPS solutions.

It turns out that on top of the single centered black hole solutions, the N = 2 four-
dimensional supergravity admits 1/2-BPS multi-center solutions that are essentially
a bound state of black holes. In this thesis we described a quantization procedure
of these solutions. Such a quantization allowed us to count the number of BPS
states related to the external degrees of freedom of these solutions. Although, the
quantization was carried out only for a restricted class of multi-center solutions that
share the same mathematical properties, this class includes interesting multi-center
solutions that were argued to be the geometric manifestation of the D0-D4 black
hole states. Unfortunately, the entropy that we got after counting the number of
states of these geometries was far less than the horizon area of the D0-D4 black
hole. We believe that such mismatch is due to the limitation of supergravity. In
other words, we conjecture that to account for the entropy of these class of black
holes we need stringy degrees of freedom. We have also given a free field estimate
of an upper bound on the number of states accessible in super gravity which scales
precisely like our wrong entropy.

We have also managed to check in a simple case that quantum fluctuations of the
1/2-BPS solutions of N = 2 four-dimensional supergravity are enhanced and can be
macroscopically large.
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