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Introduction

The aim of this thesis is the derivation of black hole microstates through the calculation of string
amplitudes.

Black holes have always been fascinating and interesting from many points of view, for both
astronomical and theoretical reasons. The idea of black holes appears when one studies simple
solutions of Einstein’s equations of motion in general relativity. One can easily predict the
existence of solutions with an event horizon. The simplicity of such solutions and the properties
related to the event horizon make the study of black holes a fundamental way to inspect the key
features of a theory of gravitation.

The analysis of black holes in general relativity reveals interesting —and sometimes surprising—
properties; first of all, a number of uniqueness theorems shows that there are not many different
possibilities for a black hole geometry. It turns out that a black hole is completely determined by
a finite set of quantities, called charges; by this name we refer to quantities like mass, angular
momentum, electric and magnetic charge. If we think at a black hole as coming from the
gravitational collapse of a sufficient quantity of matter, we can say that the creation of an event
horizon has the effect of soften all the particular characteristics of the starting situation, and to
keep track only of some general features.

On the other hand, there are other interesting properties: black holes in general relativity
satisfy a number of laws that resembles the laws of thermodynamics. In particular it seems
possible to associate to black holes a temperature and an entropy, depending only on the event
horizon and not on what lies in its interior. The entropy of a black hole is proportional to the
area of the event horizon; the analogous of the second law of thermodynamics states that the
area of the event horizon of an isolated black hole cannot decrease through physical processes.
The thermodynamic interpretation is not restricted to an analogy in the three laws; the inter-
pretation of the area as entropy, for example, has a more fundamental origin. In fact, it has
been shown that black holes must be interpreted as real thermodynamic objects. A key process
is the radiation emission: it has been shown by Hawking ([I]) that this radiation is completely
thermalised; it depends only on the temperature of the black hole, which is a local property at
the horizon.

Uniqueness theorems and thermodynamic properties are somehow conflictual, and produce a
number of puzzles and paradoxes whose solution is completely non-trivial. The most famous
is, with no doubt, the black hole information paradox, which is closely related to the thermali-
sation of the emitted radiation. The paradox emerges when considering the formation and the
following evaporation of a black hole. The formation of the event horizon keeps track only of
few charges; on the other hand the evaporation produces a radiation which is dependent only on
the temperature, which is a quantity related only to the horizon. It seems that the information
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about the particular initial state is lost after the creation and evaporation of the black hole ([2]).
A related problem is the microscopical interpretation of the entropy; we could ask if it is possible
to relate it to the number of microstates of a black hole. However, the existence of uniqueness
theorems implies that there are not enough possible geometries.

It is natural to think that these problems will find a solution only in the framework of a
quantum gravity theory. It is clear that the classical description of black holes given by general
relativity is incomplete, and that all the paradoxes will find a solution, once a complete quantum
description will be found.

There are essentially two ways in which we can think to solve the information paradox. One
may think that the Hawking’s calculation for the spectrum of the radiation emitted from a black
hole would receive quantum corrections: we expect these corrections to be of order %, where
lp is the Planck length and ry is the radius of the event horizon. Alternatively, it is possible
that even the classical description of black holes in general relativity has to be changed; the
actual microstate geometries would differ from the classical solution up to the horizon scale,
invalidating the assumptions of the Hawking’s calculation.

Unfortunately we do not know what the right theory of quantum gravity is; anyway string
theory is the only complete and consistent attempt in this direction. A black hole in string
theory is a bound state of strings and multidimensional objects, called branes. The number
of possible vibrational modes of strings and branes is responsible for the existence of a large
number of states corresponding to the same classical solution (which is a supergravity solution).
Strominger and Vafa have shown ([3]) that there is a perfect matching between the microscopic
count of states and the entropy calculated looking only at the properties of the event horizon of
the classical solution.

This is with no doubt a great success of string theory, but leads to more questions: how
do the geometries of these microstates look like? How do these microstates help to solve the
information paradox? Many attempts have been made in order to find an answer to these
important questions, but they are still open problems.

The explicit form of some microstates have been calculated, starting from simple cases which,
to be precise, are not black holes. A real black hole, in fact, must be characterized by at least
three charges. Solutions with only one or two different charges, instead, have a vanishing horizon
area. Anyway from these systems one can learn features that are valid also in the black hole case.
It has been shown by Mathur (H]), in the two charges case, that the microstates can be different
from the corresponding classical solution at scales comparable with the event horizon. If this is
true the classical picture of black holes is replaced by a description in which quantum gravity
effects are not confined around the singularity, but extend up to the horizon. The information
of the system is not constrained to lie at the center of the hole, but it is spread in all the interior
of the horizon. The region between the singularity and the horizon is no more made up by
empty space, but has a more complicated description; we say that it is a fuzzball. The role of
the classical solution is to represent a statistical average of all the actual quantum microstates.
If this is true also for black hole microstates (i.e. in the three-charge case), we can see that the
information paradox can vanish. the derivation of the thermalisation properties of the emitted
radiation, in fact, was based on the assumption that the information and the quantum effects
are located in a small size region around the singularity.

The derivation of microstates, or more precisely of their large distance behaviour, is possible
in string theory through the calculation of the amplitude of the emission of a graviton from
the bound state of branes corresponding to the hole. This procedure has been applied to many
systems, but a complete characterization and classification of the microstates of black holes is
still lacking. The goal of this thesis is to summarize which progresses have been made in this
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direction, and to make an explicit derivation of a new type of microstate. In the two-charge
case, this method will not reveal anything new: a complete characterization of the microstates
of this system is already known. Anyway, we will understand exactly which is the microscopical
interpretation of each microstate. On the other hand, the three-charge black hole is a much more
complicated system; there is not a systematic way to characterize its microstates. Therefore the
calculation of string amplitudes is one of the few methods to obtain some of the microstates (at
least their large distance behaviour).

In chapter [1] we recall how black holes arise in general relativity; then we describe the uniqueness
theorems and the thermodynamic laws. In chapter [2| we see how black holes are described in
supergravity theories; for this reason we introduce briefly the key concept of supersymmetry
and supergravity, and make the explicit derivation of a black hole solution in five dimension,
the Strominger—Vafa black hole. In chapter [3| we introduce string theory, and we see why it
is a consistent theory of quantum gravity. In chapter [4] we explain what is the microscopical
description of black holes and sketch the explicit count of the microstates of the Strominger—Vafa
black hole. In chapter |5| we explain how we can find the explicit form of a microstate through
the calculation of a string amplitude: we review the progresses made in this direction in the last
15 years. In the end, in chapter [6] we do the explicit derivation of a new type of microstate of
the Strominger—Vafa black hole, and compare it to a known supergravity solution.






CHAPTER 1

Black holes in general relativity

1.1 Black holes in four dimensions

1.1.1 The Schwarzschild solution

The action that describes Einstein’s general relativity is the so-called Einstein—Hilbert action. It
involves the Ricci scalar R, which is derived from the Rienmann tensor through R = ¢g"” R,,,,. The
action should be a Lorentz scalar invariant under diffeomorphisms, involving second derivatives
of the metric. In fact it is

1
Ig=1 — [ d*z/ 1.1
=1+ om d*z+/g(z)R, (1.1)

where I represents the action of all fields different from the metric. The corresponding equation
of motion are the Einstein field equation; they are a set of 10 non-linear, coupled differential
equations:

1
R, — ig’WR = 8nGT,, , (1.2)

where the energy-momentum tensor 7}, is defined by:

B 2 ol
Vg(z) dg" () .

The purpose of solving Einstein equation seems to be quite difficult. The easiest particular
solution to such a set of equations is known since 1916, when Karl Schwarzschild discovered it.
It describes a spherically symmetric vacuum spacetime; in vacuum (7}, = 0) the 10 equations
become quite simpler:

T = (1.3)

Ry =0. (1.4)

It turns out that an isotropic metric in vacuum, must also be static (this result is known as
Birkhoff’s theorem). The resulting metric is therefore unique (it depends only on the parameter
M) and reads (see for example [H]):

-1
ds* = — (1 - MfG) dt* + (1 — MfG> dr? + r? (d6° + sin® 0d¢?) . (1.5)
We will see later that M can be interpreted as a mass. This solution is a good approximation
for the spacetime outside a massive object, such as a star. We see that the metric becomes
divergent at 7 = 0 and r = rgy := 2GM (Schwarzschild radius): normally this radius is quite
small with respect to the dimension of the object generating the Schwarzschild solution, and so
it lies in the interior of the object. But the Schwarzschild solution make sense only in vacuum:
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this means that the divergence does not bother us, because the Schwarzschild geometry does
not represent the interior of a massive object.

A very massive and compact object can have a Schwarzschild radius bigger than its dimen-
sion. Such an object is called a black hole. In this case the locus of points lying at r = r is
called event horizon. The divergence of the metric at the event horizon is not physical, but it
is only due to the particular choice of coordinates we have done. Rather than looking at the
metric components, we could detect a physical singularity when the curvature becomes infinite.
What this exactly means is hard to say, but we can check that the scalar quantity

12G2 M2

Ly po _
R Ryps = ——

(1.6)
diverges only at the point 7 = 0 ([6]). One can explicitly see that the event horizon does
not represent a true singularity, looking at the metric in the so-called Eddington—Finkelstein
coordinates:

v:t+r*:t+r+2GMln)2C§M71‘. (1.7)
The metric (1.5) becomes:
2GM
ds® = — (1 - T) dv? + 2dvdr 4 r*(d6? + sin? 0d¢?) . (1.8)

The event horizon is again at r = 2GM, but now the metric coeflicient becomes divergent only
at r =0.

1.1.2 Event horizons, Killing horizons and surface gravity

There is a precise way to characterise symmetries of a metric: they are given by the existence of
Killing vectors. The Schwarzschild metric possesses three (spacelike) Killing vectors correspond-
ing to the spherical symmetry, and a (timelike) Killing vector corresponding to the invariance
under time translation. A metric is stationary if it has a timelike Killing vector at infinity; fur-
thermore a metric is static, if it posses a timelike Killing vector (at infinity) which is orthogonal
to a family of hypersurfaces. In the case of the Schwarzschild metric the timelike Killing vector
field ¢ = % is orthogonal to all the hypersurfaces ¢ = const: thus the metric is indeed
static, not only stationary.

An event horizon is, roughly speaking, a surface that divides a spacetime into an exterior
part which can not be affected by events happening in the interior part. For a spherically
symmetric spacetime it coincide with the surface where r switches from being a spacelike to a
timelike coordinate; we take this as a definition for event horizon. For the Schwarzschild metric
the event horizon coincide with the surface where ¢"" = 0. In fact:

o\" 0

We thus see that the surface r = r, is indeed an event horizon.

There is another important concept of horizon in general relativity: the Killing horizon.
A Killing horizon is a null hypersurface, to which a Killing vector field is normal. For the
Schwarzschild metric, the Killing horizon corresponding to the vanishing of the norm of % is
again the surface r = r,. In fact:

2
= —Grr = _(grr)_l . (1.9)

(1.10)

CM = ((gt)u = (1>07070) ~ |C|2 = —git = <1 - 2MG> .

r
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There is an important quantity associated to the Killing horizon of a stationary black hole, the
surface gravity. It is a measure of the acceleration experienced by a test particle close to the
horizon. For a stationary black hole there exist a Killing vector field x* normal to the horizon.
A possible definition for the surface gravity « is ([8])

k2 = D"|x|D,|x| = 9"x|0u|x] , (1.11)

where 0*|x| is calculated at the horizon. In the case of the Schwarzschild metric, we can take
x* = ¢* =(1,0,0,0). Thus:

2GM
X| = V=X = V=g =\ 1= —— (1.12)
We can now calculate:
2GM 1 2GM\? G2M?
|0 =g (0¥’ =(1- = ) 1.13
Mol = g0 = (1= 252 (12 ) = O3 (113)

Calculating this quantity at the Killing horizon r = 2GM we obtain:

GM 1
T AGIM? T AGM (1.14)

K

We will later see that this quantity can be related to the temperature of the black hole.

1.1.3 The Reissner—Nordstrgm metric

The Schwarzschild solution is the simplest solution of the Einstein equations. We now turn to
the analysis of another solution, corresponding to a charged black hole. Such a solution should
exist, because in principle nothing prevents us from adding some charge to an object generating
a Schwarzschild metric. Anyway we expect the resulting solution to be stationary and static.
The key difference is that a charge produce a non-zero energy-momentum tensor. This means
that the solution we are looking for is not a vacuum solution. We know that

1 1
T#V = E <F'u‘pFVp - 4gﬂpro—Fpo-> . (115)

We restrict to the case of only electric charge (a magnetic contribution gives rise to similar
results), which means that the only non-zero contribution to F,, is Fi, = —F; = —%. We
should solve Einstein’s equations (1.2), which are now coupled to Maxwell’s equations:

9" DyF,, =0,  DyF,,; =0. (1.16)
We state here only the final result, the so called Reissner—Nordstrgm metric ([6]):

2GM  GQ?
+Q.

ds* = —Adt* + A7 'dr® + 1 (d9? + sin® 0d¢®) , where A=1- >

; ; (1.17)

We see that the solution is quite similar to the Schwarzschild one, and reduces to it in the limit
@ — 0: the only difference is an additional term in the expression of g (and ¢""). There are
two surfaces where the metric coefficient g, becomes singular, corresponding to the vanishing

of A:
ry =GM +/G2M? - GQ?. (1.18)
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In the following we will ignore the case GM? < Q?: this geometry would have the singularity
at 7 = 0 not hidden by an event horizon. This would be in contrast with the cosmic censorship
conjecture, which states that we do not observe in nature any naked singularity. Anyway this
situation (GM? < Q?) sounds unreasonable, because it would roughly correspond to an object
with the contribution to the energy coming from the charge bigger than the total energy. Let
us look at the case GM? > Q?. Now we have two interesting concentric surfaces, which are
both event horizons. A particle coming from infinity, and passing through r;, must continue
decreasing its distance from the center; in fact r is a timelike coordinate in the region between
the two horizons. At r < r_ a particle could start going away from the origin, because r is
again a spacelike coordinate. When it arrives again in the region between the two horizons, this
particle must keep increasing r, until it reaches r. The particle must then exit the outer event
horizon, emerging in an outside region which is actually different from the starting region; from
this point of view of the Reissner—Nordstrgm hole behave as a white hole. In the limit () — 0
we have that the inner event horizon reduces to a point (r— — 0) and ry — 2GM; we thus
recover the structure of the Schwarzschild black hole.

There is a particular case, when GM? = Q2. In this situation there is just one event horizon
(r4 coincide with r_), and the coordinate r is never timelike. The resulting black hole is called
extremal. Thanks to their simplicity, extremal black holes are useful for thought experiments
(even if they seem to be quite non-physical): we will use them in the following.

We observe also that » = r1 are both Killing horizons, where the norm of the Killing vector
(= % vanishes. We are mostly interested in the properties of the external event horizon r = r
because it is the only “accessible” from the exterior. The surface gravity is given by:

o 0\" 2
X = as :(1)0)070) = |X| :_gtt:Aa

ot
1 GM GQ?
) = 0.VA = .2 — , 1.1
Il =aVE= e (950 O (1.19)
GM GQ? G?*M? — GQ*?
K2 = grr(ar’XDQ = < 2~ — 3 > = 1 .
i it i
We see that the surface gravity can be written as kK = ”2;2“ ; from this expression it is straight-

forward to verify that it reduces to the surface gravity of a Schwarzschild black hole in the limit
ro = rs = 2GM, r— — 0. We also observe that the extremal black hole is characterised by
k= 0.

In the extremal case, it is useful to express the metric using a change of coordinates ([1):
let 7o be the position of the two coinciding event horizon, and let us define ' = r — rg. In this
new coordinates the event horizon is at v’ = 0 and the metric reads:

ds?

24 = —HE2d? + H(r')?(dr” + r?dQ?)  where H(r') = (1 + 7;0) : (1.20)

T/
These new coordinates (t,77,60,¢) are called isotropic: the reason is that in these coordinates
the metric shows explicitly an SO(3) symmetry. We will see later, when we will deal with black
holes in supergravity, that the presence of this symmetry in the extremal case can be seen as
the presence of a supersymmetry.

1.1.4 The Kerr metric

It is much more difficult to derive a solution corresponding to a rotating black hole, even if we
restrict to the vacuum case. We look for a stationary solution, but not static. The resulting
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metric was discovered by Kerr only in 1963, and reads ([d]):

2 2GM
ds® = —dt® + %er + p?db? 4 (r* 4 a®) sin® Od¢?® + G2 ! (asin® 0do — dt)?, (1.21)
p
where
A(r) =r* —2GMr +a®> and p*(r,0) = r* 4+ acos® . (1.22)

The parameter a is a measure of the rotation of the black hole; in the limit @ — 0 the metric
reduces to the Schwarzschild metric . We note also that in the limit M — 0,
reduces to flat spacetime, even if not in ordinary polar coordinates, but in ellipsoidal coordinates.
This means that surfaces at r = const are not spheres, but ellipsoids. The curvature singularity
corresponds now to p = 0, and not r = 0. We remember that » = 0 is not a point in space, but
a disk. The condition p = 0 is equivalent to r = 0, § = 7, which corresponds to a ring at the
edge of the disk: the curvature singularity is not confined to a single point, but spread over a
ring.
The metric coefficients are independent from both ¢ and ¢: thus we have two manifest Killing
vectors, that we call (* = % =(1,0,0,0) and n* = a% = (0,0,0,1). ¢ expresses the stationarity
of the solution; the fact that g5 # 0 implies that (* is not orthogonal to the hypersurfaces
t = const. It turns out that there is not any hypersurface orthogonal to ¢(#, which means that
the Kerr metric is non-static. The fact that n* is a Killing vector expresses the axial symmetry
of the metric, where the axis of symmetry is the axis of rotation of the black hole.

As for the Reissner—Nordstrgm metric, the Kerr metric possesses two event horizons, given

by the vanishing of A:
ry =GM £VG?*M? —a?. (1.23)

As before we exclude the case which would lead to a naked singularity (G2M? < a?), and
concentrate on the case G2M? > a?; the extremal black hole, given by G2M? = a?, is just a
particular case of the latter. The two event horizons behave exactly like the event horizons of
the Reissner—Nordstrgm black hole, and a test particle would follow similar geodesics.

The key feature that characterises a Kerr black hole is the fact that there is a Killing horizon
which do not coincide with any of the two event horizon. This is given by the vanishing of the
norm of the Killing vector (*:

2GMr 1

HC=gu=—-1+ o —p—z(A — a%sin?6). (1.24)

We see that this norm does not vanish at the event horizons (where A = 0). The norm actually
vanishes at two surfaces, given by

r1o = GM 4+ /G2M? — a2 cos? 6. (1.25)

The surface r = r lies entirely inside the inner event horizon: we do not consider it. The surface
r = r1, on the other end, lies outside the outer event horizon (and touches it at the poles, where
0 = 0,7). A consequence of this fact is that there exist a region between r; and ry, called
ergosphere, where a test particle would inevitably keep moving in the direction of the rotation
of the black hole. The situation is shown in picture [1.1]

This feature of the Kerr black hole has important consequences: the fact that ¢ is spacelike
in the ergosphere means that the energy of a particle £ = —(,p" can be negative. We can
then imagine a process by which we can extract energy from the hole; this is known as Penrose
process. We start from a composite object outside the Killing horizon with momentum given by
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outer event

horizon  ~_ Killing

/~ horizon

ergosphere ——<_

——— Inner event horizon

Figure 1.1: Horizons of a Kerr black hole.

ph = pi +pl, and energy Ey = Ey + E3. Let us suppose that this object enters the ergosphere,
and here separates into its two parts. It is possible that the part (2) has energy Es < 0 and
move toward the black hole finally entering its event horizon, and that the part (1) (with positive
energy Iy > Ej) follows a geodesic going again outside the ergosphere. Obviously this process
does not violate energy conservation: the object (2) must move in a direction opposite to the
rotation of the hole; the gain in mass due to the presence of the object (2) is opposed by a
reduction of the angular momentum of the hole. The nett result is a decrease of the total energy
of the black hole.

It is worth noting that even the outer horizon is a Killing horizon. This can be seen defining a
Killing vector x* in the following way:

X" ="+ Q. (1.26)

This vector is null at the outer horizon, provided that the value of Qg is Qfy = This

a
ri+a2 ’
value can be interpreted as the angular velocity of the black hole evaluated at the horizon.

We could calculate the the surface gravity at the horizon of the Kerr black hole, in the same
way we have done for the Schwarzschild or Reissner—Nordstrgm black holes. The calculation

would be much more complicated: we only state that the result is the following:

VGEM? — a2
R = .
2GM (GM + VG2M? — a?)

(1.27)

We see that in the limit a — 0 we recover the surface gravity of the Schwarzschild black hole,
while in the extremal limit G2M? = a? the surface gravity vanishes. This is a common feature
with the Reissner—Norstrgm extremal black hole.

1.2 Charges of a black hole

The goal of this section is to find practical rules in order to derive interesting quantities charac-
terizing a black hole, starting from its geometry. We take into account black holes in a spacetime
of generic dimension (D > 4). This is because in the following we will be interested also in higher
dimensional black holes.

10



1.2. Charges of a black hole

1.2.1 Mass and angular momentum

Starting from the generalisation of the Einstein—Hilbert action (1.1 for a generic dimension D,

_ 1 D
Ip = 6nC d“z/g(x)R, (1.28)

we derive the Einstein field equations, which look the same for any dimension D. In order to
define quantities like mass and angular momentum, we suppose that our solution can be written
as

uv = Nuw + hw/ s (129)

where h,,, is the perturbation from flat spacetime. The metric is normally chosen to be in the
so-called harmonic gauge, i.e.:

1
uh — S0"h%, =0, (1.30)

where the indices are raised and lowered with the flat metric n. With this assumption, Einstein
equations become, at the first linear order,

1 _
V2h,, = —167G <T,W —~ D_2T°<a> = —167GT (1.31)

where V2 is the D-dimensional Laplacian. The solution to such equation is known to be

167G T (y)

dPy . 1.32
@ 3)Aps ) o —yp 3" Y (1.32)

hw(x) =

Here Ap_5 represents the area of a unit sphere of dimension D — 2. The trace of the energy-
momentum tensor is dominated by the energy density, so we can approximate: T, ~ —Tj,. We
now recall that the mass (or total energy) of the system is defined by

M= /d% Too(z) . (1.33)
We always assume that we are considering the system in its rest frame, i.e.
/dD$ Toi(l‘) =0. (1.34)

In order to define the angular momentum, we suppose that the origin of the coordinates coincide
with the center of mass of the system; thus the angular momentum is given by

S = /de (. Tvo — x,Ty0) - (1.35)

Using also the conservation of the energy-momentum tensor we can derive the following expres-
sions:
Joi =0,
(1.36)
Jij =2 / dDiL‘ (:BZTJO — wyTHO) .

11



1. Black holes in general relativity

One should now expand the solution (1.32) in the region r = |z| > |y|, and using the definitions
of mass and angular momentum one can compare this quantities with the metric coefficients.
We write here the final expressions ([9]):

e~ 167G M
00 = (D — 2)AD_2 rD=3"7
b~ 167G M 5
1] — (D - 2)(D . 3)AD_2 7',D_3 1] (137)
81G xFJy,
hOi ~ = .
Ap_o rP-1

The Schwarzschild and Reissner—Nordstrom solutions (in dimension D = 4) do not satisfy the
harmonic gauge condition . Anyway, we can express the two solutions in harmonic gauge
by means of a shift of the coordinates r; this implies that we can safely use in order to
derive the mass and the angular momentum. In both cases the parameter M appearing in the
solution is indeed the mass, and the angular momentum vanishes. In the case of the Kerr metric,
we have again that the mass coincide with M, and the angular momentum is J = |Jy| = Ma.

1.2.2 Electric Charge

The action for a Maxwell field in D dimensions reads:
1 vV
I= —4/de\/g(x)F“ . (1.38)

The electric charge @ is completely defined by Fj,, through:

1.2

Fo; = —Qm . (1.39)
This is the generalisation to a generic dimension of the formula we have used to derive the
Reissner—Nordstrgm metric. The presence of an electric charge () gives a non-trivial contribution
to the energy-momentum tensor 7),,,, and thus influences the metric. It is a general feature that
contributions coming from the charge are of higher order in r—! than those coming from the
mass; this can be seen, for example, from the metric ((1.17)).

1.2.3 Uniqueness theorems

In section we have seen that every isotropic solution of the Einstein equations in vacuum
must be static, and thus it must be the Schwarzschild metric. This means that every isotropic
vacuum solution is completely determined by a single parameter M. This is an example of a
family of uniqueness theorems, that state that there is only a very limited family of stationary,
asymptotically flat black hole solution to the Einstein equations ([I0]).

The Schwarzschild metric is the only static vacuum solution, while the Kerr metric is the only
stationary vacuum solution. If we add an electric charge @, the Reissner—Nordstrgm metric is
the unique static solution, while a suitable generalisation of the Kerr metric (the Kerr-Newman
metric) is the unique stationary solution. We can also consider the presence of magnetic charges;
the resulting metrics are completely similar to the ones with electric charge.

Summing up, we can say that a stationary black hole can be completely determined by a finite
set of quantities (mass, angular momentum, electric and magnetic charges): in the following we
refer to these quantities with the common name charges.

12



1.3. Black hole thermodynamics

1.3 Black hole thermodynamics

During the study of the Kerr geometry we have learned that energy can not only be absorbed
by a black hole; it is possible to have processes where a black hole acts as an intermediary,
exchanging energy with other objects. From this trivial observation we may be led to think
whether it is possible to consider a black hole as a thermodynamic object. In this section we
will examine if we can define a temperature for a black hole, and if there exist some laws which
may be considered as the analogous of the thermodynamic laws.

1.3.1 Black hole temperature

In order to define a temperature for black holes, we now schematically review the key features
of a finite temperature field theory. Let us suppose to have a theory with Lagrangian £ in a 4
dimensional spacetime (the extension to higher dimensions is straightforward). If |¢,) is a basis
for the Hilbert space of our field theory, the partition function Z is given by

Z =Tr(e PH) = / da (dale™PH |pg) . (1.40)

Here H is the Hamiltonian of our theory, and § is related to the temperature by 5 = ICBLT' Let
us remember that the following Green’s function can be expressed via a path integral:

; b(t,x)=dp(x) ; Lo

<¢a|e*ﬂ|¢b> / [do] e n Jodt' [dzL (1.41)
(;S(O,x):d)a(z)

Defining now 7 = it we have:

. o(—iT,x)=¢p(x) e
165} = (Bale™ T ) = / (de] e 5 dr' [ dta s (1.42)
¢(0,I)=¢Q(I)

th

(Pale™

We can now rewrite the partition function as

—iBh,x)=¢a(x) L8R 5
Z= /d¢a <¢a’€_ﬁ /d¢a/ [d¢] e & Jotdr [dPx L
¢(0,x) (z)

:/ d) e ¥ drfd3a:£:/ (dg| e~ o Pt &L
¢(0,2)=¢(—iBh,z) #(0,z)=¢(—iBh,x)

We see that the partition function at temperature T is simply the path integral over configu-
rations with euclidean time 7 = it periodic with period Sh. We can thus argue that we should
associate a temperature T' = ﬁ to a solution with a periodic imaginary time with period Sh.

(1.43)

We now want to inspect whether we can assign a certain temperature to the simple black
hole solutions we know. Let us start with the Schwarzschild geometry (1.5)), and perform the
change of variable 7 = i¢t. The resulting metric is

ds? <1 _ 2]\fG> (1 _ W74G> dr? + r? (d92 + sin? 9d¢2) . (1.44)

From this expression one can not easily say if this solution has some periodicity in 7. In order
to make it manifest, we expand around r = rg, introducing the parameter ¢ = r — 2GM. We
make this because we want to inspect the geometry barely outside the black hole horizon, which

13



1. Black holes in general relativity

should be the region that characterises all black hole properties. Assuming e small and positive,
and taking only leading order terms, we obtain

9 | € 9 2GM
ds _72GMdT +76

2GM
€d7'2+G

2 2102 _
dr® + r3dSQ2 =50 ;

de* + r2dQ?, (1.45)
where we have expressed the trivial angular part as dQ? = d6? + sin® 8d¢?. We now perform a
further change of variable, defining p = v/2¢. Thus:

2 2
ds® ~ 457Md72 +4GMdp* + r?dQ* = 4GM <dp2 + MfQM?dT?) +r2d02. (1.46)

Remembering that a euclidean space in 2 dimensions can be expressed in polar coordinates by
the metric ds? = dr? 4 r2d¢? with the period ¢ being 27, we easily see that we must assign to 7
the periodicity 27 - 4GM = 8rGM in order to make the space smooth at r = r;. We then state
that to a Schwarzschild black hole with mass M can be associated a temperature

h

We now turn to the Reissner—Nordstrgm black hole. Using the euclidean time, and remembering
the expression for r4, we can write the metric (1.17) as

2 _ (r—ry)(r—r_) 5 r? 2 2 102
ds” = 2 dr* + (r—r+)(r—r_)dr + r°dQ” . (1.48)

We consider the geometry outside the outer event horizon, and expand it using the parameter
€ =r —ry. Keeping only leading order terms we get

2

ds® ~ L;_)Edrg + e + TidQQ . (1.49)
Ty (ry —r_)e

We see that the expression has the same structure as the Schwarzschild metric, with the substi-

2
"3
ry—r_"

rT——Tr—
’f‘2

tution ﬁ — : we can then conclude that 7 has periodicity 4 - Finally we find

that to a Reissner—Nordstrgm black hole is associated a temperature

Ch(ry —r_) 2/ M? — Q2 ' (1.50)

B 4mkpGr B 4mkpGr?

We can make two simple observation: firstly, as expected, the temperature reduces to the
Schwarzschild temperature in the limit ¢ — 0. Furthermore we can observe the temperature of
the extremal black hole vanishes.

We can now observe an interesting fact: it seems that there is a proportionality between
temperature and surface gravity, i.e..: T' = 5 7’2;3. It turns out that this is true even for the Kerr
black hole. This correspondence leads to the following properties (which we will not prove, but

sound reasonable thanks to what we know):

e although « is defined locally on the Killing horizon, it is constant (this is true for static and
axisymmetric black holes). This means that the temperature of a black hole is constant
over the horizon;

e the surface gravity (and hence the temperature) of a black hole is always non-negative,
and vanishes only in the extremal limit.

14



1.3. Black hole thermodynamics

The first of these two properties sounds similar to the zeroth law of thermodynamics, which
states that the temperature is uniform in a system in thermal equilibrium. This is a good
confirmation of the validity of our definition of temperature for a black hole.

It may seem a bit unclear what is the physical meaning of this derivation. Anyway there is
another way to calculate the temperature of a black hole, and it takes into account quantum
effects near the horizon. One can argue that the creation of pairs of particle in the proximity
of the horizon gives rise to an emission of radiation from the hole; Hawking ([I]) has shown
that this radiation is completely thermalised. In the simple cases we have taken into account,
this Hawking temperature coincides exactly with the one we have derived. We thus see that
the temperature of a black hole, which is the temperature of the emitted radiation, is a local
property on the horizon; this observation will be important in the following.

1.3.2 First law of black hole thermodynamics

In this section we will derive the form of the so-called first law of black hole thermodynamics.
We will see that there is an evident analogy with the first law of thermodynamics. Furthermore,
using our previous definition of temperature of a black hole, we will be able to identify a quantity
playing the role of entropy. We will follow the procedure in [II] and [I3].

We are going to derive the first law in a very general framework. Let us simply assume that
we have a gravity theory in D dimensions, deriving from a diffeomorphisms invariant Lagrangian
L. For practical reasons we do not deal directly with the scalar density £, but with its Hodge-
dual D-form L = *£; in the same way other quantities will appear in their dualised version,
as differential forms. Let us suppose that the Lagrangian locally depends on the metric g,
and possibly on other dynamical fields; we denote all the fields, including the metric, with ¢.
Performing a first order variation of the fields (¢ — ¢ + d¢) we get

5L = ES¢ + dO(¢, 56) (1.51)

where summation over the fields and indices contractions are understood. Integration over the
spacetime yields to the equation of motion E = 0, while the (D — 1)-form © is the boundary
term, which is locally constructed from the fields and their first order variation. It should be
noted that, thanks to the diffeomorphisms invariance, © is determined only up to the addition
of a closed form.

We can now perform a further variation of the fields, and then define the symplectic current
Q (which is a (D — 1)-form) in the following way:

Q(¢,610,020) = 61[0(¢, 620)] — 02[O (6, 619)] - (1.52)

Diffeomorphisms invariance implies that also € is defined up to a closed (D — 1)-form. Let now
&" be an arbitrary vector field, from which we can construct the field variations d¢ = L¢¢. We

remember that the Lie derivative of a generic form A can be written as SA = E-dA+d(&-A),
where the product £- denotes the contraction with the first index of the form. We can apply
this formula and calculate the variation of the Lagrangian form:

0L = LL=d(¢-L). (1.53)

We see that £ defines an infinitesimal diffeomorphism that leaves invariant L up to a closed form:
thus the action remains invariant, and we can say that this diffeomorphism is a local symmetry.
We can then define a Noether current (D — 1)-form, associated to this local symmetry, as

J1=0(¢, Led) =€ L. (1.54)
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1. Black holes in general relativity

This is indeed a Noether current, in the sense that it is conserved whenever the equation (E = 0)
of motion are satisfied. In fact:

dj = dO(¢,Led) —d(¢- L) = LeL — ELep — Lol = —ELeo. (1.55)

Let us call Q the Noether charge (D — 2)-form which can be locally constructed out of the fields
¢ and the vector £ and such that, when the equation of motion are satisfied, obeys

dQ =j. (1.56)

Again, Q is uniquely defined up to a local closed (D — 2)-form. What is uniquely determined by
the relation (1.56)), by the way, is the integral of Q over a closed surface ¥ of dimension D — 2.
Let us now consider the first order variation of equation (1.54):

0] = 00(9, Lcg) — € 0L = 6O(, Le¢) — & - [Ed)] — £ - dO(¢,09). (1.57)

We now evaluate this expression on the equations of motion, and use again the definition of Lie
derivative; thus we get

Looking at the definition of the symplectic current, we can recognise that
0j = (¢, 00, Led) +d[S - O(,60)] . (1.59)

The next step is to integrate this last equation over a Cauchy surface C. The key observation
is that the symplectic current is related to the variation of the Hamiltonian H corresponding to
the evolution generated by £. In particular, Hamilton’s equations of motion are equivalent to

(see [120)
ot = [ 96,50, Leo). (1.60)

which can now be written as
6H5—5/j—/d(§-®). (1.61)
C C

If we now assume that the equations of motion are satisfied, we can express the Noether current
in terms of the Noether charge:

st = [ dGalg ¢ ©). (1.62)

What is the meaning of the Hamiltonian H¢? It turns out that in an asymptotically flat space-
time it is natural to associate the surface contribution to the Hamiltonian from infinity with the
conserved quantity associated with the vector field £. For example, the canonical energy £ and
the canonical momentum 7 are associated respectively with the time translation vector ¢ and
a rotation vector 7. These definitions of energy and angular momentum are quite standard in
general relativity; even if it is not obvious how to prove that they coincide with the definition
we have made in section , one can at least verify that they give the same result in some
particular cases. This is indeed true from the black hole solutions we have encountered up to
now.
Let us specialise equation to the two cases ¢ = and £ = n:

55—/<5Q[g]_<.@),

(1.63)
57 = - / 5Qln) .
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1.3. Black hole thermodynamics

The minus sign in the second expression is just a matter of convention: it depends on the
definition of the sign of the angular momentum. In the same equation we have not written
any term like 7 - ®, because the vector 7 is assumed to be tangent to the sphere at infinity;
this means that the contribution to the integral of such a term would vanish. Furthermore we
suppose that it exists a (D — 1)-form B such that § [ _¢-B = [ _t-©. We can thus write

5=/(Q[C]—C-B),

J:—/ooq[n]-

We now want to specialise to a Killing vector field, and in particular a Killing vector field with
vanishing norm on a Killing horizon . We have in mind the three particular black holes we
have studied, and so we define £ as

(1.64)

& = ¢+ Qun”, (1.65)

where () is the angular velocity of the horizon. In principle a black hole in higher dimensions
could rotate not only in one direction, and so in the product Qgn* should be understood the
presence of a sum over all the possible rotational directions.

Being ¢ a Killing vector field, we have that L¢¢ = 0 for every field ¢. This means that the
symplectic current vanishes, and then

0j = d[§ - ©(0,00)], (1.66)
or, when evaluated on the equations of motion,
d(6Q) — d[é - ©(,59)] = 0. (1.67)

Let us now integrate this latter expression over an asymptotically flat Cauchy surface with
interior boundary on the Killing horizon ¥; equation (1.67)) becomes

/EéQ[ﬁ]—f-@):/ 5QlE] €@, (1.68)

The right hand side can be expressed in terms of energy and angular momentum. In the left
hand side, the fact that £ has vanishing norm on the horizon ¥ means that the term £ - @ does
not give any contribution. The final result is:

5/ Ql¢] = 66 — QusT (1.69)
by

This is the so-called first law of black hole thermodynamics; anyway, we can go further and
extract some more informations. An important fact is that, at least if we consider general
relativity with the Einstein—Hilbert Lagrangian, Q[¢] depends only on £# and its antisymmetrised
first covariant derivatives D[ﬂf”]; furthermore the dependence on these derivatives is linear.
These derivatives can be expressed in terms of the bi-normal tensor €#” to the surface I, because
the definition of surface gravity is equivalent to

Dl = et . (1.70)

However €’ does not depend on &: it is an object inherently related only to the surface .
Hence, defining Q as Q = xQ, we have that it is completely independent on £ when evaluated
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1. Black holes in general relativity

on the surface ¥. This because the Killing vector is null on the horizon, and the dependence
on the covariant derivatives reduces to a dependence only on the bi-normal tensor. With this
definition, the first law of black hole thermodynamics becomes

ms/ Q=6 —QudT . (1.71)
P

It is worth noting that if we allow the electric charge () to be variable, the first law has another
term, i.e.

ms/ Q=68 —QudJg — 3.5Q, (1.72)
by
where &, can be interpreted as electrostatic potential.

Recalling the definition of temperature given above, we can write

2rkp
h

T 5/ Q="T65 =065 —QudT — ®.0Q. (1.73)
X
Here we have defined what should be interpreted as the entropy of the black hole. A key

observation is that this entropy depends only on local quantities defined on the horizon of the
black hole.

1.3.3 Entropy and second law of black hole thermodynamics

Our derivation of the first law of black hole thermodynamics naturally led to a candidate for the
entropy of a black hole. We have seen that it depends only on the horizon 3. Let us now see
what this entropy exactly is in the case of the Einstein—Hilbert Lagrangian in four dimensions.
The Lagrangian (in its dual form) is

1

L,uupa = mﬁuupaR- (1.74)

One can derive the boundary term ©® with a quite tedious calculation; here we only state the
result:

1
@575(9, dg) = quﬁvdgwgw(l}”ég” — Dydgar) - (1.75)
Let us now recall that, given a vector field £, the Lie derivative of the metric is given by
Efg;w = Dufu + Dufu . (1.76)

One can now calculate the Noether current associated with this vector field, which is

3 1 (0% 17 1 17
JBys = %6;1575 {DQ(D[ 5“]) + <R“ - 59“ R) 5,,] . (1.77)

When calculated over the equations of motion (that are the Einstein field equations) the second
term vanishes. Hence it is straightforward to recognise that we can take as Noether charge the
following expression:

1
= Hey
Qpy 167rG€ﬂWwD &, (1.78)

We see that Q indeed depends only linearly on the first derivatives of the vector field £&. We can
now calculate what our candidate entropy is:

5—2”’“3/ ks w Akp
T The Jg ¥ T T8RG ) P T anG

(1.79)
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1.4. The black hole information paradox

where A is the area of the event horizon Y. This entropy is known as Bekenstein—Hawking
entropy; it is just, up to numerical factors, the area of the event horizon of the black hole.

A natural question arises: is there an analogous statement to the second law of thermo-
dynamics? It should say that the area of the horizon of a black hole can not decrease during
physical processes. This statement (called area theorem) was not proven in absolute generality;
under certain conditions, by the way, it was proven that the cosmic censorship conjecture implies
that the area of an event horizon cannot be decreasing ([I0]).

The interpretation of the area of a black hole as entropy is not only restricted to a formal
analogy between the laws of thermodynamics; one can derive the entropy of a black hole in
analogy with the entropy of a thermodynamic system. We can calculate the partition function
Z of the theory via a path integral, and then derive the entropy from Z; this method has the
advantage to have a more clear physical meaning. In the path integral one usually considers
only the contribution of the classical solution, which is the classical black hole metric of a given
system. Using the partition function, as we have done in section , one can derive the
thermodynamic potentials. Once these are known, one can derive the entropy of a black hole:
the result agrees exactly with (see [14]).

We can finally say that the laws of black hole thermodynamics are not only identities formally
similar to the law of standard thermodynamics; the fact that quantities like temperature and
entropy can be derived from the partition function of the quantum gravity theory, means that
thermodynamic properties can be associated to a black hole. The following step is to investigate
whether or not a microscopic interpretation for these thermodynamic laws is possible. This is a
completely non trivial purpose, and it will drive us throughout this work.

1.4 The black hole information paradox

There are some serious problems which compromise our interpretation of black holes as true ther-
modynamic objects. A first observation is that the Bekenstein—-Hawking entropy is proportional
to the area of the black hole; we would have expected that the entropy was an extensive quantity,
then proportional to a volume, rather than an area. This fact opens interesting perspectives
involving holography.

Another serious puzzle arises from Hawking’s calculation of the radiation coming out from
a black hole ([I): he has shown that this radiation is completely thermalised, i.e. its spectrum
depends only on the temperature (and possibly other charges) associated to the black hole. A
direct consequence is that information is lost during the process of formation and evaporation of
a black hole. This is simply because there are many possible configuration which can lead to a
black hole with the same charges: but the evaporation of the black hole is sensible only to these
charges, and does not keep track of all the information related to the matter which has formed
the black hole. This apparent loss of information is in contrast with the unitary evolution of
quantum mechanics; a true quantum theory of gravity should solve this puzzle, known as black
hole information paradoz.

The information loss should be just an trickery due to the semi-classical nature of the cal-
culation of the radiation spectrum; many attempts have been done, trying to identify where
semi-classical arguments fail. Different solutions have been proposed, each one with its own
virtues and vices; let us now briefly see which are the ideas:

e information is stored in a Planck-sized remnant;

e information is stored in a baby universe;
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1. Black holes in general relativity

e information suddenly escapes from the black hole at the end of the evaporation;

e information actually flows slowly out of the black hole during evaporation, due to small
correction to the semi-classical calculation;

e the classical picture of black holes is drastically modified at the horizon scale, resulting in
the disappearance of the information paradox.

Let us concentrate in particular in the two last possibilities. It could be possible that the solution
to the information paradox lies in the quantum corrections to the Hawking’s calculation: in this
case we would expect these corrections to be of order Ip/rg, where [p is the Planck scale and
rg is the radius of the horizon of the black hole (this means that these corrections are typically
very small). An alternative is to think that even the classical description of black holes must be
modified up to the horizon scale, resulting in correction to the Hawking’s calculation of order 1.
We will investigate this possibility in the following. We refer to [2] for an extended discussion
on the information paradox.

Another problem, related to the information paradox, is the following: the interpretation
of the area of a black hole as entropy naturally leads to the problem of identifying what are
the microstates responsible for this entropy. It seems that there is not a satisfying answer to
this problem, because of uniqueness theorems. We know that all different black holes geometry
are parametrised by a finite family of charges. It seems that we have no way to have such a
number of different microstates that could generate a finite entropy. Also this problem should
be solved by a quantum theory of gravity; in the following we will learn how it is possible to find
suitable black hole microstates in the framework of what is the better candidate to be a theory
of quantum gravity: string theory. First of all, however, it is necessary to study supergravity,
which is the (classical) low energy limit of string theory.
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CHAPTER 2

Black holes in supergravity

There are at least three reasons to deal with supergravity theories. The first reason is that
supergravity is an extension of general relativity (in four or more dimensions) that naturally
implements a theory which is invariant under diffeomorphisms. The second reason is that if
supersymmetry is indeed realised in nature, it would be very obvious to think that it would also
apply in the context of gravity. Third, but not less important, supergravity theories turn out to
be the low energy limit of superstring theories. This gives to supergravity a more fundamental
interpretation; if string theory is indeed the real quantum theory of gravity, then the correct
gravity theory describing our world will be a supergravity theory, if supersymmetry is not broken
at high energy scales. In this chapter we will briefly sketch the key features of supergravity in
four and more dimensions, and we will try to understand which are the generalisations of black
holes in supergravity.

The study of black holes in supergravity is a key passage toward the analysis of black holes in
string theory. This is because we will always need to compare a string solution with its classical
limit, which will be a supergravity solution. In this chapter we will also derive the explicit
form of a supergravity black hole; in the following we will also try to understand which are the
microstates of this hole.

2.1 Basic features of supergravity

An extended review of supergravity is far beyond the purposes of this work. Here we derive only
some basic properties. We refer to a complete reference such as [If] for details.

Supergravity arises from making a global supersymmetry local. A global supersymmetry
transformation relates bosons and fermions to each other; we can schematically write the trans-
formation rules, following [I5], as

5.B=¢F, 6.F =ey"0,B, (2.1)

where € is the infinitesimal parameter characterizing the supersymmetry transformation carrying
a spinor index and " are matrices satisfying the Clifford algebra. The commutator of two of
such transformations for a bosonic field is given by

[5517552]3 X (El’yMGQ)a“B . (2.2)

Making this symmetry local, means to promote the parameter ¢ to depend on the spacetime
coordinate x; thus the commutator of two local supersymmetry transformations reads:

[0c1 5 0e,| B ox (617" €2)(x)0, B . (2.3)
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2. Black holes in supergravity

The fact that the result has this form (i.e. the derivative of the field B times a function of x)
means that it can be interpreted as an infinitesimal diffeomorphism; hence we have found that
a theory which is invariant under local supersymmetry, must also be invariant under diffeomor-
phisms (which means that the spacetime metric must be considered as a dynamical object).
But this is exactly what characterises general relativity; in fact the Einstein theory of gravity
is the simplest diffeomorphisms invariant theory, even if other higher order corrections to the
Einstein—Hilbert Lagrangian are possible.

The simplest supergravity theory in four dimension (N = 1, D = 4 supergravity) predicts the
presence of a doublet formed by the graviton g,, and its fermionic super-partner, the gravitino
(i (here and in the following we will denote a spacetime index with u, v, etc... and a spinor
index with «, 3, etc...).

The necessity of the presence of the gravitino can be related to the general way one constructs
a local theory, starting from the global one. In the case of an ordinary gauge theory, one must
define a covariant derivative with the use of vector fields in order to make the Lagrangian
invariant under the local transformation. For example, a scalar theory with Lagrangian

1 _
£ = 0,0()0"3(x) (2.4)
has an U(1) global symmetry corresponding to the transformation

o(x) — eiAqﬁ(aﬁ) ) (2.5)

If we make the symmetry local, promoting the parameter A to depend on the spacetime coordi-
nate x, the Lagrangian would no more be invariant. If we want to construct a Lagrangian
invariant under this new local symmetry we must substitute the ordinary derivative with the
covariant derivative D, = 0, —iA,(x). Here we have introduced a vector field A, transforming
as

Au(z) = Ay(z) + 0,A(2) . (2.6)

Obviously, the Lagrangian should also be completed with a kinetic term for the new vector field.
In the case of a supersymmetry transformation, the role of the parameter A is played by the
spinor parameter €*. We then expect the new field appearing in the covariant derivative to be
a spin—% field +7;, the gravitino.
For practical reasons, when dealing with spinors in curved spacetime it is useful to reformulate
the theory in the vielbein formalism. Let us define a coordinate system which is inertial at the
point zo (y*(z0;z)); the vielbein is defined by

Oy (xo; )

e, (wo) : oy

(2.7)
xr=x
The choice of the locally inertial frame is unique up to a Lorentz transformation, under which
the vielbein transforms as
A B A
e, =e, Ag . (2.8)
With this object we can write the metric of the curved spacetime g,,, in terms of the flat metric

Nab, through
g#V(x) = euA(x)eyB(:C)nAB . (29)

We want to define a suitable covariant derivative, which should be the generalisation of both
the covariant derivative of gauge theories and the one of general relativity. Its relevant part is

~ 1
Dy =0+ -w AP Myp, (2.10)
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2.2. Supergravity in various dimensions

where M 4p are the antisymmetric generators of the Lorentz transformations. The new term
is needed for invariance under local Lorentz transformations, and involves the so-called spin

AB [AB]
“w

connection w =w, . If one wants to derive the expression of the total covariant derivative

D,, when applied to a tensor, one must add to the expression 5# all the necessary terms involving
the affine connection, in the very same way one does in general relativity. In order to determine
the spin connection one has to impose the wvielbein postulate; it is the analogous of the statement
that in general relativity the metric is covariantly constant, i.e.

Dugvp = 0ugvp — T 90p — '} p9v0 - (2.11)
The vielbein postulate requires that the vielbein is covariantly constant, i.e.
A_ 7 A A A A A B A A

0= Dye,” =Dye,” —T',ey" =0ue,” +w, " ge,” =T\ (2.12)
Antisymmetrizing this equation, and writing it with the use of forms, we get

det +wignef =0, (2.13)

2.2 Supergravity in various dimensions

There are essentially two parameters characterizing a supersymmetry theory: the dimension of
the spacetime D, and the number of supersymmetries V. One usually divides the fields of the
theory into multiplets, which are formed by fields related each other by supersymmetry transfor-
mations. We are obviously interested in the supergravity multiplet containing a spin-2 particle,
which we will interpret as the graviton. We notice that if a multiplet contains a particle with
spin greater than 2, we should consider it non-physical. Given this constraint, one can see that
the possible supersymmetry (and supergravity) theories are not many. In D = 4, for example,
the most common theories have N = 1,2,4,8. The field content of the graviton multiplet in all
these examples is represented in table (see for example [I0]).

Elicity: | =2 -3 -1 -1 0 3 1 3 2
N=1| ! 1 1 1
N=2| ' ! 1 1 2 1
N=a| ' " ! 1 4 6 4 1
N=8 | 1 8 26 56 70 56 28 8 1

Table 2.1: Graviton multiplet field content in D = 4.

We see that the number of particles is always 2V, eventually multiplied by 2 because of C PT
invariance. N = 1 is called minimal supersymmetry; it is the consistent theory (in D = 4) with
the smallest possible number of supersymmetries. On the other end, N = 8 is called maximal
supersymmetry; in fact N > 8 would imply the presence of particles with spin greater than 2,
and so it would not be a physical theory.

We now want to extend the analysis of supersymmetry and supergravity theories to higher
dimensional spacetime. There are several motivation that drive us to consider supergravity in
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2. Black holes in supergravity

D > 4. On the one hand supergravity in D = 4 naturally arises as dimensional reduction of
higher dimensional theories; on the other hand supergravity in D = 10 can be seen as the low
energy limit of superstring theory. The extension is trivial if one considers only bosonic fields;
in order to deal also with fermions, one should first study spinor representations in dimension
greater than 4. What really matters to us here, is just what is the dimension of the irreducible
spinor representation in D dimension. The first step is to identify the representation of the
Clifford algebra in D dimension, i.e. the generalisation of the v matrices satisfying

{ya,v8} = 2045 (2.14)

Let us parametrise the dimension D as

D =2k+2 if D is even,

no (2.15)
D=2k+3 if Disodd.

It turns out that there is always a representation for the v matrices; the corresponding spinors
transform under a representation with (complex) dimension 251, and are called Dirac spinors.
This representation, however, is not always irreducible: in even dimension it is possible to define
the matrix 4 = i*y9y1 ...7p_1, which generalise the 5 in 4 dimensions. The Clifford algebra
implies that ¥ satisfies

{3,974} =0, ¥ =-1,. (2.16)

Thanks to these two properties, the Dirac spinor representation can be decomposed into two
irreducible parts by virtue of the projectors

P, = %(lliify). (2.17)

The two resulting representations have (complex) dimension 2% and the corresponding elements
are called Weyl spinor. Up to now we have considered only complex spinors: one may ask
whether it exists a way to define real spinors. There are two ways to impose reality conditions,
and the resulting spinors are called respectively Majorana and pseudo-Majorana spinors. We
do not see explicitly how this can be done, but only state that it is not always possible to
impose these conditions: it depends on the dimension D of the spacetime (it is possible only if
D =0,1,2,3,4 mod 8). This fact allows to have a representation with half the (real) dimension.
Finally one may further ask if, in even dimension, these reality condition are compatible with the
split into Weyl spinors: if this is so, the resulting irreducible representation has real dimension
2% and its elements are called Majorana—Weyl spinors.

In table we summarise all the possible spinor representation in a D dimensional spacetime,
and write the real dimension of the irreducible representation dp (see for example [IT]).

D 2 3 4 6 7 8 9 10 11
k 0 0 1 1 2 2 3 3 4 4
Weyl v v v v v
(pseudo-)Majorana | v/ v v v v v oV
Majorana—Weyl v v
dr 1 2 4 8 8 6 16 16 16 32

Table 2.2: Possible types of spinors in D dimensions.
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2.3. Supergravity in 11 and 10 dimensions

We have stopped our table at D = 11, and this is not by chance. The reason is that one
may view supergravity theories in D = 4 as the dimensional reduction of supergravity theories
in greater dimension; but this process does not change the total (real) degrees of freedom of the
theory. We have seen that the maximal supergravity theory in D = 4 corresponds to N = §;
hence the total number of supercharges is 4-8 = 32. This theory can be viewed as the dimensional
reduction of a supergravity theory in a spacetime of dimension at most 11, because theories in
D > 11 have dp greater than 32. Thus the supergravity in 11 dimensions plays a significant
role: it can be seen as one of the most fundamental theories, since many other theories in lower
dimensions can be derive from this one.

The massless field content of the 11D supergravity can be derived easily. We know that we
have a total number of 256 degrees of freedom, just like N = 8 supergravity in 4 dimensions:
due to supersymmetry, these are divided into 128 fermions and 128 bosons. Our goal is to
identify representations of the little group of massless particles in 11 dimension (i.e. SO(9))
with the appropriate degrees of freedom. The bosonic 128 can be divided into the following two
irreducible representations:

e a symmetric traceless field g, (dy = % = 45);

e a completely antisymmetric 3-form A,,, (da = (g) = 84).

On the other hand, there is a fermionic irreducible 128 representation of SO(9), and thus the
(massless) fermionic content of the 11 dimensional supergravity is given only by

e a y-traceless vector spinor ¢y (dy = 128).

This theory is not only more fundamental, but also much simpler than other supergravity theories
in lower dimension, because its field content is very simple. This is the reason why it is often
useful to work with this theory and then, if necessary, to obtain physical results via dimensional
reduction.

Another important role is played by the supergravity theories in 10 dimension, which corre-
spond to the low energy limit of superstring theories. Differently from D = 11, there is more
than one possibility in D = 10, because the real dimension of the irreducible spinor represen-
tation is 16. The minimal supergravity in D = 10 is called Type I. On the other hand, there
are two possible maximal supergravity theories, which are called Type IIA and Type IIB and
are slightly different in their field content. It turns out that only Type IIA can be obtained via
dimensional reduction starting from the 11 dimensional supergravity.

2.3 Supergravity in 11 and 10 dimensions

When dealing with a supersymmetric theory, one often writes only the bosonic part of the
Lagrangian, the fermionic one being completely fixed by supersymmetry. In the case of the 11.D
dimensional supergravity, we have to write a Lagrangian for the metric g and the 3-form A. The
metric part should be the generalisation of the Einstein—Hilbert Lagrangian, while the kinetic
term for the 3-form should be the generalisation of the —%F‘“’ F,, corresponding to a vector
field. The correct action is (using the conventions of [I1])

_ o~ L@ _1/ 3) A @) A @)
Si1 = 21%2/(1 T/ g<R 2’F | 12,2 AV NFYNFY (2.18)

where we have defined the 4-form field strength F(¥) = dA®). The last term is called Chern—
Simons term, and it is required by supersymmetry; in spite of its explicit appearance it is
gauge-invariant.
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2. Black holes in supergravity

2.3.1 Dimensional reduction

The fields and the action for Type ITA superstring theory can be derived via dimensional re-

duction; this is obtained compactifying the coordinate x'° over a circle. Let us call y = !9,

while all the other coordinates will have an analogous significance also in 10 dimension; we then
parametrise the metric and the 3-form as

ds?, = €% (dy + Cﬁl)dx“)Z + ds?,,

A® — BO p gyt 0 (2.19)

We then see that the bosonic field content of Type ITA supergravity is given by:

e the metric g,,,,, with p,v =0,1,...,9;

the scalar field o or, equivalently, the dilaton ® = %J;

the 2-form B®;

e the forms C) and C®).

The first three fields are called NSNS (Neveu-Schwarz Neveu-Schwarz) fields, while the forms
C™ (with n = 1,3) are called RR (Ramond Ramond) fields. These names derive from the

interpretation of this theory as the low energy limit of superstring theory. We can now write
down the action, directly deriving it from (2.18):

1 1
Siia = Sy d"z/=g10 <€URlo - 2630|F(2)’2> +
’Iw (2.20)
S (e—a, HOPR 4 7| F(4>|2> - / BO A @) A p@)
4rK7, 4r1g

Here we have defined the field strengths F&) = dCM, HG) = ¢B® F® = 4C®) and P =
dC® — M A FG) The dilaton ® is related to the string theory coupling constant by

gs = o s (2‘21)

where ®., is the value of the dilaton at spatial infinity. We can observe that in the strong
coupling limit we have ¢ — oo, which means that we can describe Type ITA theory as a 11
dimensional theory, the M theory. We say that the strong coupling limit of Type ITA is M
theory.

An important observation is that the metric part of the action has not the correct form of
an higher dimensional Einstein—Hilbert action; this is due to the particular frame in which we
have written the action. If we want to derive physical results, we have to write the action in the
so-called Finstein frame, i.e the frame in which the part of the Lagrangian involving the metric
takes the form /—gR. In order to do so, one has to mix the metric and the scalar field in the
following way:

(92) 0 = €% (910) v = 6%(910)#1/. (2.22)

There is another useful frame, the string frame, which is the frame one uses when getting the
action of Type ITA as low energy limit of superstring theory. It is related to the others by

N[

(gE)/,LV =e (gs)uy . (223)
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2.3. Supergravity in 11 and 10 dimensions

The metric part of the action can be written in this three frames as

1
Sg = le Ty —gi1o€ R10 = T dlo I\ —JgE RE = —5 dlox\/ s . (2.24)

210 210 210

It is useful to write down explicitly how the action (2.20) reads in string frame:
Srra = Snsns + Srr + Scs (2.25)

where we have divided the action into the three parts corresponding to the NSNS and RR fields,
and the last Chern—Simons term. The explicit expressions are

1
SNsNs = T dr\/—gse*® ( + 40,00 D — 2\H<3>12> :

2 10
1
Srr = =17 [ d“cv/=g (|F<2)| + @) ) (2.26)
K10
Sos =~ [ BONFOAFD.
K10

2.3.2 T-duality

We have said that in 10 dimension there is another consistent supergravity theory (Type IIB)
with 32 supercharges, which cannot be derived from an 11 dimensional theory via dimensional
reduction. Anyway, this theory can be related to Type IIA supergravity, thanks to the presence
of a duality between the fields of the two theories; this is the so-called T-duality. This duality
can be derived by the properties of superstrings; in fact both theories are the low energy limit of
respectively Type IIA and IIB superstring theory. The T-duality depends on a chosen compact
direction y: starting from Type ITA one can derive the fields of the Type IIB theory parametrizing
(in string frame):

ds® = Gyy(dy + Aud:v”)2 + gudxtdz”

BY = B, da* A (dy + A,dz") + BP (2.27)
CW = PV A (dy + Aydat) + CP).
The fields of the corresponding type IIB theory are the following ones:
d = gyy (dy + B,uydxu) + guud$ﬂd$y I
. 2.28
B® — Adett pdy + B (2.28)
C'W) = CP=Y A (dy + Byydat) + CP).
We then see that the field content is very similar to that of Type ITA. The NSNS sector has the
same type of fields (metric, dilaton and B fields). The RR sector is again made up by p-forms,

but now p takes only even values (0, 2, 4), differently from Type IIA One can also derive the
action, starting from the Type ITA one in string frame (equations (2.25) and (| - the result

is ([I4)
SiiB = Snsns + Sr+ Scs (2.29)
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2. Black holes in supergravity

where

1 _ 1
SNSNS = CYOR dOry/—gee2?® <Rs + 49, DD — 2‘}](3)’2) 7
10

1 . 1
SRR = _4 2 dx —9Ys <‘F(1)’2 + ’F(3)|2 + 2F(5)|2> ) (2‘30)
K10

1
Scs = —42/0(4) NHO ANF®
K10

Here we have defined the field strengths F®tD = JC'®) (for p = 0,2,4), H® = 4B®@, FBG =
FG —c® A HG) and finally FO = p6) %0(2) ANH® + %B@) A F®). The action is very
similar to the corresponding one of Type IIA: the existence of this duality can be interpreted
as the fact that the two theories are, in some sense, different points of view in the framework of
the same theory.

2.3.3 S-duality

There is another important duality, that relates two different Type IIB theories. It is useful to
use this duality in order to obtain another solution starting from a solution of the equation of
motion of Type IIB supergravity, but it is also important for investigating the strong coupling
limit of Type IIB. Roughly speaking, this duality interchanges the role of the two 2-forms B(?)
and C'®, and changes the sign of the dilaton. The complete set of transformations is given by

= -,
/ -
Guv =€ Guv,
5O _ 0@ ’ (2.31)
c'? = _B@ .

The other fields (C(O) and C'(4)) remain unchanged. Changing the sign of the dilaton has the
effect of inverting the coupling constant:

/
ge = —. 2.32
(= (232)
From this relation we can relate two Type IIB theories, one with small coupling and one with
big coupling. We thus see that the strong coupling limit of Type IIB is again a Type IIB theory.

2.4 Branes and charges

We have seen that supergravity theories in 10 dimensions (both Type IIA and IIB) are charac-
terised by the presence of the 2-form B and other p-forms C®); in Type IIA p is odd, while it
is even in Type IIB. In this section we will see how these forms can be interpreted as the fields
that give electric and magnetic charges to some multidimensional objects, called branes.

We start reviewing briefly how a vector field (or 1-form) AWM can give electric and magnetic
charge to a particle (which is a O0-dimensional object) in 4 dimensions. In standard electrody-
namics the interaction term of the Lagrangian, connecting the field AE}) with a particle of charge
q with trajectory x*(\) is

dx*
Lo =g [ AP N = [ A0, (2:33)
Y
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2.4. Branes and charges

where ~ represents the world line of the particle, and the last integration in the above formula
is the standard integration of an n-form over a n dimensional domain (in this case n = 1). The
electric and magnetic charges can be calculated out of the field strength F @) = dAM and its
hodge dual F® = xF® through some integrals over a 2-sphere Sy, defined by ¢ and 7 constant
in polar coordinates. The exact definitions for the electric (@) and magnetic (Q,,) charges are

Q. = / WP = / FO . Q= / F@ = / =08 (2.34)
Sa Sa Sa Sa

The multidimensional generalisation of these charges derives from the generalisation of the
interaction Lagrangian (2.33), which is (for a p-form field CP)

Lint = :U'p/ A(p) ’ (235)
v

P

where p, is called charge density. Here v, is a p dimensional domain, which we can interpret as
the world volume of a p— 1 dimensional object, i.e. the “trajectory” this object describes as time
passes. This object is called brane, and it is the natural generalisation of the concept of particle
(a particle can be seen as a O-brane). Starting from C®) we can construct the field strength
FP+1) = gC®) and its hodge dual F(P—P=1) = «F(P+1) Thus each p-form couples electrically to
a (p—1)-brane, while it couples magnetically to another type of brane, with dimension D —p—3,
the values of the charges being;:

Q. = / *F(P=p=1) (electric charge of a (p — 1)-brane),
SDfpfl

(2.36)
Qm = / FtD) (magnetic charge of a (D — p — 3)-brane) .
S

1

For example, in 11 dimensions the field A®) gives electric charge to a 2-brane and magnetic
charge to a 5-brane; they are called respectively M2 and M5 branes (here M stays for M-
theory).

In table we schematically write all the branes coupled to the fields we have encountered
up to now.

Fields AG)
11D supergravity | Electric coupling M2
Magnetic coupling M5
Fields B® cW c®
10D Type IIA Electric coupling F1 DO D2
Magnetic coupling NS5 D6 D4
Fields B® cO c® cW
10D Type 11B Electric coupling F1 X D1 D3
Magnetic coupling NS5 X D5 D3

Table 2.3: Electric and magnetic couplings in 11 and 10 dimensional supergravity.

In 10 dimensional Type IIA supergravity C(!) couples (electrically) to a DO brane and
(magnetically) to a D6 brane; C'®) couples to a D2 and a D4 brane (D stays for Dirichlet).
Also B couples to a 1 dimensional and a 5 dimensional brane; the standard terminology is
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2. Black holes in supergravity

quite different in this case, as one calls them respectively F'1 (also called fundamental string)
and NS5. The reason for these different names will become clear dealing with string theory; the
distinction between F'1, NS5 and Dp branes will have a physical meaning.

In Type IIB supergravity, the new fields are C?), which couples to a D1 and a D5 brane,
and C', which couples both electrically and magnetically to a D3 brane. The field C(© is a
Lorentz scalar, and so it cannot produce charges on a brane. We note that a S-duality would
change the role of D1 and F'1 branes, as well as the role of D5 and NS5.

2.5 Solutions generation: some examples

In this section we will derive some non trivial solutions of the supergravity equations of motion,
in 11 and 10 dimension. We focus here on a particular type of solutions, called BPS (Bogomolny-
Prasad-Sommerfeld); they are purely bosonic solutions, where all the fermionic fields are not
present, and they are invariant under some of the supersymmetries characterizing the theory.
There are two methods that can be used in order to derive such solutions. The first and more
direct one, although not solving directly the equations of motion, uses the symmetry that these
solutions must have, in particular supersymmetry. The second method, which is more indirect,
starting from a trivial solution derives other solutions by means of T and S dualities.

2.5.1 Direct method

The first solution we are looking for is that corresponding to a M2 brane in 11 dimensional
supergravity. We know that such solution should exist, because the 3-form A®) naturally couples
to this type of brane. We want this brane to extend over the directions z* (i = 1,2) and to be
perpendicular to the directions % (a = 3,...,10). Let us start from the following ansatz:

ds* = Z(r)(—dt* + dz'dx?) + Y (r)dz®dz®
AB) = X (r)dt A dz' A da? (2.37)
Y =0

Here we have assumed that the solution would depend only on the 3 functions X, Y and Z,
and that these function would depend only on the radial coordinate r = \/(2%)?, where we have
understood a sum over a from 3 to 10. This ansatz sounds reasonable; we will now see that
a solution of this form is really allowed in 11 dimensional supergravity. We want this solution
to be invariant under supersymmetry transformations; we will not derive their exact form, but
only state that they are the following (using the vielbein formalism):

56“‘4 = E’YAI/JN ,

5Auup = _SEV[yywp} ) (238)
1

57/]/1 = DNE + @ (VHVPUTFI/;JUT - 87VpaFqu0) €,

where, for simplicity, we have understood all spinor indices, and the flat index A runs from 0 to
10. A ~ with more than one index must be intended as the antisymmetric product of v matrices;
for example 477 = w[”'ypvgl. The field strength F' = dA has only few non-trivial components,
that are

Faiat = 0a X (7). (2.39)
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The fact that our solution has a vanishing gravitino, implies that 56,[4 and 0A,,, automatically

vanish. Thus we must only check that also the variation of the gravitino is zero. We remember
that the covariant derivative is defined in terms of the spin connection (see equation (2.10])):

1 1
D/_LE = aME + §WMABMAB = 8“6 + ZWMAB"}’AB s (240)

where we have identified the generators Map with %'yAB. Our goal is to derive the spin-
connection, and we do this using the vielbein postulate (2.13). We interpret the vielbeins
as 1-forms e?; their explicit form can be easily derived from the ansatz (2.37):

et =/Z(r)dt, e =+/Z(r)dz', e*=/Y(r)dz". (2.41)

One can easily derive the expression of the spin connection components, using the vielbein
postulate. The result is:

Wab =

1 1 1 . 1
—— VY dr® — ——0,VYdrt, wig = ——=0,VZdx', wi = ———=0,VZdt. (2.42
oY et = TRV, wie = GR00V 2w = =0 (2.42)

Here we have written only the flat indices of the spin connection: this is because we see this
components as 1-form. We now have to impose that the variation of the gravitino vanishes. Let
us do it explicitly for the index p = 1:

1 1 ]
0= e+ - (wr) Ay Be+ T <4!71“ 2 Foror — 2883!fy2th12at) €, (2.43)

where hatted indices of the gamma matrices should be intended as curved indices: one should
express all in terms of gamma matrices with flat indices, by means of the appropriate vielbein.
The first and the third term trivially vanish, and so we are left with

1 1
0= ——0,VZy'* - —2771'9,X 2“) ) 2.44
(2 - 7y i% y ) € (2.44)

Multiplying this expression with y'¢ and using the Clifford algebra we arrive at
1
37&1)(’70126 =0,V Ze. (2.45)

This is a sort of projection equation for the spinor e: in fact we have that (7°'2)2 = 1. Thus
it must be 7%1%¢ = +e: these two possibilities are both possible, and correspond to a brane and
its anti-brane. Here we choose the + sign, and the equation reduces to

X(r)=Z(r)2. (2.46)

X(r)=Y(r)". (2.47)

This is all what we can say just using the supersymmetry. In order to go further, we cannot
avoid solving an equation of motion, which we choose to be the equation of motion of the form
A. It is simply the generalisation of Maxwell’s equations in 4 dimensional electrodynamics, i.e.

dxF=0. (2.48)
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2. Black holes in supergravity

The correct definition for the Hodge dual of F' is

( ),LLl M7 T \/76,[11 p,7 lF,UJg...,UJll . (2.49)

Thus we get xF = X 20, Xdx™ A--- Adx®, with a; ...a7 # a. The equation of motion is then
equivalent to the Laplace equation for X ~1:

%9, X1 =0,. (2.50)

The solution of this equation is an harmonic function in 8 dimensions. We thus write X! =
1+ %, where the adding constant is fixed requiring that the metric is flat at infinity. The
constant @) is precisely the electric charge corresponding to the M2 brane. We rewrite here the
complete solution we have found:

ds? = X(T‘)g(—dt2 + dxidx?) + X(T)_%dmadxa o\ !
= X(r)dt A dz* A da? , X(r)= (1 + T6> : (2.51)
Y =0

The fact that the metric and the A field depend on one single function X (r) is due to the
presence of supersymmetry. However, as we have seen for black holes in general relativity, the
metric coefficients are related to the mass of the object generating that solution. Having a
single function that determines the metric and the 3-form means that there is a precise relation
between the mass and the charge of our solution. This properties, related to BPS solutions, is
the analogous of the equality between mass and charge characterizing extremal black holes in
general relativity: in fact these solutions are the correct generalisations of extremal solutions in
general relativity. One can see it also from the form of the extremal Reissner—Nordstrgm black
hole written in (1.20).

Once we have this M2 solution, it is quite simple to derive suitable solutions of Type ITA
supergravity via dimensional reduction. There are two ways to do so, compactlfylng a coordlnate
z' or a coordinate z%. Let us first choose y = z! and apply the rules of equation (2 , we find
the following solution (where we have made a slight change of notation, and we have already
turned to the string frame):

ds* = Z(r)"Y(—dt? + dz*dz?) + dzdz®
e = Z(r) : Q

C Z) =142 9.52
B®) = —Z(r)"ldt A dx? r) 76 (2:52)

c® = (p=1,3)

This solution corresponds to a F'1 fundamental string parallel to the 2 direction, as can be seen
from table Obviously this is a Type IIA solution, because it was obtained via dimensional
reduction Obtaining this solution was straightforward, in that our M2 brane was parallel to
the z! direction; therefore the brane was invariant under translations along z!. If we now want
to do the same for a direction perpendicular to the M2 brane, say x>, we get some difficulties,
because we have one single M2 brane located at 23 = 0. The problem can be solved noting that
the Laplace equation is linear, and so we can safely take a superposition of branes at different
locations as a correct supersymmetric solution. Physically speaking, this is allowed because
of the equality of mass and charge, that balances the attracting gravitational force and the
repulsive gauge force between parallel branes. Suppose that we make a superposition of many
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2.5. Solutions generation: some examples

branes, each one at position xf’ = y; and with charge @); then the X function of equation ([2.51])

satisfies
1

X(r)yt=1 _— 2.53
10
Defining r’ = Z(:p“)z, and letting the branes be continuously distributed along x3, we have
a=4
_ 0 dy Ql
X(r)yt=1 =1+ — 2.54
=10 [ gy = e (25

where @’ is proportional to @ (it is not important the right proportionality coefficient). Thus
the solution corresponding to an infinite superposition of M2 branes is formally identical to
(2.51)), with the function X (r)~! replaced by ([2.54).

We can now safely make a dimensional reduction along the 23 direction. The result is a
solution corresponding to a D2 brane parallel to the directions z' and z? which, when expressed
in string frame, reads:

ds? = Z(r)2 (—dt? + (dz")? + (da?)?) + Z(r)2 (dz®)?

e® = Z(r)% 0
B® —0=0c® , Z(r)=1+ 5 (2.55)
C® = Z(r)~tdt A dzt A da?

Here r is the radial direction in the 7 dimensional space orthogonal to the brane. Starting from
these solutions for the F'1 and the D2 brane, we can use T and S dualities in order to find other
supergravity solutions in 10 dimensions. For example we can find the solution for a Type IIB
fundamental string, making a T duality along, say, 3. The result is formally identical to (2.52).
Now one can make an S duality, thus obtaining a Type IIB D1 solution, and so on.

2.5.2 Indirect method

As anticipated, there is another method that can be used to derive the same supergravity
solutions. One starts from a well known, almost trivial solution, and applies symmetries and
dualities to construct the desired brane solutions. Let us now see an example. Our starting
point is the 10 dimensional geometry

2M oM\
dsz__<1_7ﬁ>dt2+<1_qﬁ> (d2)? +dy?  (a=1,....8)
=0
B@ —0— W

(2.56)

This solution is the generalisation of the Schwarzschild solution (where we have set G = 1) along
the first 9 direction, and flat along the direction 2° = y; thus it is for sure a solution of the
Einstein equations in vacuum, and then a supergravity solution if all gauge fields vanish. This
solution can be seen both in Einstein or in string frame, because the dilaton vanishes; it can
also be seen both as a Type ITA or IIB solution, because all the gauge fields are trivial. The
next step is to make a boost along the y direction:

y — (cha)y + (sha)t, ¢ — (cha)t+ (sha)y. (2.57)
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2. Black holes in supergravity

This procedure gives another supergravity solution, because the supergravity action is Lorentz
invariant. Notice however that when y is a compact direction this is a non-globally defined
change of coordinates. This is the reason why we are actually constructing a different physical
solution, and not rewriting the same solution in a different set of coordinates. The metric ([2.56))
becomes

-1
ds® = dy? <1 + 2]\6{sh2a> + dt? (—1 + 2]\64ch2a> +2(chasha)¥dydt+ (1 — Mg) (dz®)?.
r r r r
(2.58)
This solution corresponds to a wave carrying momentum. The boost has the effect of adding a
charge to the solution; in this case the charge is precisely the momentum of the wave P. If we

now make a T duality along the y direction, we can get another solution with one charge; thus
we rewrite the metric as

2M 2Mchasha/r6  \?
ds* = ( 1+ —=sh?a ) (dy + dt) +
y < 6o YT + 2Msh?*a/r6

2M - 2M oM\ ! ' (2.59)
+ <1 + 68h204> <—1 + 6) dt2 + <1 — 6) (d$a)2
r r r
We are now ready to apply the formula (2.28), and we arrive at
2M - 2M oM\ !
ds? = (1 + 65h2a> [dy2 + (—1 + 6> dtz] + (1 - 6) (dz®)?
r r r
2M !
20 _ 2
et =1+ 5 sh*a (2.60)

@ _ 2M chasha /70
14 2Msh2a/r6
c® =

dt N\ dy

\

This solution sound a bit strange, when compared with the ones we have obtained using the first
method. This is because it is not a BPS solution. In order to get such a solution, one must take
the so-called BPS limit, which consists on M — 0 and o — oo, while the combination M e>®
remains constant, precisely

Me*® =2Q. (2.61)

The BPS limit of the previous solution is then

( Q -1
ds? = (1 + 7«6> (—dt* + dy?) + (da®)?
_1
20 __ Q ?
e = <1 + rﬁ) (2.62)
6 -1
B® — %dt/\dy: [1_ <1+f26> ] dt A dy
c® =

\

We notice that it coincide almost exactly with the solution of the fundamental string F'1 along
the y direction (cfr. equation (2.52))). The only difference is a constant shift in the expression of
the B field. This should not worry us: in fact this constant difference is not physical, because
the field strength is the same in both cases. The derivation of other solutions can be done using
T and S dualities, as explained before.
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2.6. The Strominger—Vafa black hole

2.6 The Strominger—Vafa black hole

All the geometries we have encountered up to now have a singularity at » = 0; notice that the
singularity is not confined at one single point, but it is spread over the brane. One may think
that these objects are black holes, but it turns out that they actually have a vanishing horizon
area. Therefore it is impossible to interpret these solutions as black holes with thermodynamic
properties, as we made in the previous chapter; in fact, assuming the validity of the relation
between area and entropy, the entropy of such solutions would be zero. We can solve this
problem considering solutions representing different types of branes in equilibrium with each
other. In some cases it is possible to have a bound state of branes of different dimension, but
not every possibility produces a supergravity solution.

We have seen that the solutions for M2, F'1 and D2 depend on a single charge ). Making
bound states with more types of brane leads to solutions depending on more than one charge.
Moreover each different type of brane halves the number of supersymmetries of the solution;
while the solutions of the previous section were %—BPS, in this section we consider a three-
charges, %—BPS solution. Doing so we will find that it has a non-vanishing horizon area, and
can be safely considered as a black hole, the Strominger—Vafa black hole.

2.6.1 Derivation of the solution

During the derivation of this solution we will not solve the supersymmetry conditions, but we
will follow the indirect method described in the previous section. The starting point is a 10
dimensional spacetime with topology R'* x S! x T%. Let us call (¢,2%) the coordinates of the
R, y the coordinate of the circle S' and 2® the coordinates of the torus 7%. This particular
choice of the spacetime allows us to easily make a dimensional reduction of the final solution;
the black hole we will find can also be interpreted as a black hole in 5 dimensions. Let us now
follow the derivation step by step.

e Let us start with a solution which is the analogous of the Schwarzschild one in the R4
directions, i.e.

oM oM\ !
ds® = — <1 - TQ) dt? + <1 — ﬂ> dr? +r2dQ3 + dy + ) (dz")?. (2.63)

Here we have set G = 1 and r? = (2')2 + ... (2*)2. Furthermore we have used polar
coordinates instead of the cartesian coordinates x*:

' =rsinfcos¢, 2?2 =rsinfsing, 2°=rcosbcostyy, z*=rcosfsin, (2.64)

where 6 € [0, ] and ¢, € [0,2n]. The angular part of the metric is then

dQ2 = db* + sin® Od¢? + cos® Odq)? . (2.65)

Here and in the following, fields like ®, B and C'®) should be considered as trivial, when
not written explicitly.

e The second step is to perform a boost (with parameter «) along the y direction. The
calculation is very similar to that one we have made in the previous section, and the result
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is

2M 2M chasha /r? 2
ds* = 1+h2)<d+ dt>+
’ < rz o Y7 + 2Msh?a/r?
2M ! 2 oM\ !
+ <1 + ﬂsh2a> <—1 + 7 > dt? + <1 -7 ) dr? +r2d03 + Z(dza)Q.
(2.66)

With this step we have introduced the first of the 3 charges characterizing the final solution.
We are left with a solution of Type ITA supergravity describing not a brane, but a wave
with momentum along the y direction; we name it P,.

Let us now perform a T duality along the y direction. The result will be a solution of Type
IIB supergravity describing a fundamental string; we denote it as F'1,. For simplicity let
us use the definition

oM
S, = (1 + 742sh204) : (2.67)

The solution for the fundamental string is given by

2M oM\
ds? =5 [dgf + <—1 + 7“2> dt2] + (1 — 7-2> dr? +r°dQ3 + > (dz")’
e2<I> — S_l ¢
oM
B® = ?chashasojldt A dy
(2.68)

The next step is to introduce the second charge, and we do so making another boost along
y; let the parameter of this new boost be 5. We are then left with a solution describing a
string carrying momentum, denoted by the F'1,-P,:

- 2M chshp3 /r? )2 o oM
ds® =S85 | dy + dt) +S18H -1+ = ) dt*+
T e ﬁ( YT aMsn2)r2 o o8 r2
oM\
+ (1 - 7«2> dr? + 1205 + ) (dz")? (2.69)
e2<1> — Sfl ¢

2M
B® = —5-chashaS; dt A dy
T

\
Here Sg is defined in the very same way as S, was.
We now want to change perspective, applying an S duality. The resulting solution will be

denoted by D1,-P,; it describes a D1 brane along the y direction carrying momentum.
The solution is

1 2MchBshB/r? 21 2M
2 3 2 1{ 2
ds® =54%53 (dy + 132 sh%/ﬂdt + 50?55 1+ 2 dt”+

2M

1 -1
+ 83 (1 — r2> dr?® +r2dQ3 + Z(dz“)Ql (2.70)

e?® =3,

2M
c® = ——zchashaSojldt A dy
T
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e The next step is to arrive at a solution describing a D5 brane instead of the D1. This can
be done applying four T dualities, along the four directions of the torus 7%. The result is
again a solution of Type IIB supergravity, which reads:

_1 2MchBshB/r:  \° -1 2M
2 3 2 1{ 2
ds® =S4 2S5 <dy 12 STy dt) +Sa?S; L+ —5 ) dt*+

-1
(1 - Mj) dr® + r?dQ3
r

1
+ 53

_1
+ 8oy (dz")? (2.71)
€2<I’ — S—l ¢

2M
CO) = —=—chashaSy dt Ady A dzi Adzy Adzs A dzy
r

We notice that the solution is given in terms of the 6-form: the standard form describing
a D5 brane is instead a 2-form, dual of the 6-form. The exact relation is given by

dC® = xdc® . (2.72)

The calculation is a bit complicated, and we will do it only when we will take the extremal
limit. Let us now simply observe that the 2-form will have non zero component only along
the angular coordinates ¢ and . Thus we write:

C® = f(r,a,B)do Adi. (2.73)

e Let us now turn to a description of a NS5 brane with momentum, performing an S duality.
The result is a bit simpler, and reads:

2 M chshp /r? )2 . ( 2M> )
ds® =S5 ( dy + dt | +S7H -1+ = ) dt*+
s < ARy VR YR g 2

oM\ 1
<1 - ) dr® + r2d3
T

+ S, +) (dz")? (2.74)

a

e?® =S,
B® = f(r,a, B)de A dy)

e A T duality along y allows us to have a solution describing two types of branes in equilib-
rium. We are left with a Type ITA solution, which we call NS5,1234-F1,:

2M\ !
<1 -= ) dr® + r2dQ3
r

2M

ds? = Sg'dy* + S5 <—1 + T2> dt* + S, + 3, (dz9)?

e** = 9,5,

B _ F(r 0, B)do A dip + 2MchBshB/r?

1+ 2Msh?3/r2

dt N\ dy
(2.75)

e We now want to perform an S duality in order to have a solution describing the bound
state of a D1 and a D5 brane. But the current one is a Type IIA solution, so we must
first move to a Type IIB description. We do so making a T duality; we choose a particular
direction along the torus, say z;. Notice that this will not change the explicit form of the
metric and the other fields, because g,,,, = 1. Anyway we have to remember that z; will

37



2. Black holes in supergravity

be a privileged direction. After making this T duality we can perform the S duality and
arrive to the solution D5y1234-D1,:

1 1 -1 _1 2M

ds® =Sa 2S5 2 dy* + 90 255 2 (—1 - 2) dt*+
r
L1 oM\ ! 9 9 12 11 o

+ 5282 (1 - ) dr® +r2dQ3 | + Sa S za:(dz ) (2.76)

e?? = 507155 )
2MchBshg/r

CO® =—f(r,a,B)de Adi — dt Ad

e We are now ready for the last step, where we introduce the third charge. We do it again
by performing a boost along the y direction, with parameter . Therefore we arrive to
a solution describing the bound state of two type of branes with momentum, that we
indicate as D1-D5-P. The final solution is

_1 1 2M chyshry /r? ) 2
d 2 :Sa 29 2 ((d dt
s 3 <y+1+2MSh2’y/T2 T
11 oM\ ! 9 2 142 ~3 a3 ay2
+ 525 <1—r2> dr® + 72| +5a 85 Y _(dz") (2.77)
e2® = 5;155 9
2MchBshs/r
C® = —f(r,a, B)dp A dip — dt A d
f(r,a, B)de A dip 1+2Msh26/r2 Y

We are interested in the extremal limit of this solution; let us now make the limit M — 0,
a, 3,7 — oo where
Me* =2Qs, Me* =2Q,, Me*' =2Qp. (2.78)

It is necessary to make this limit only at the end; in fact a boost acts trivially on a BPS solution,
so we cannot make the limit before, separately for «, 8 and . The final result for our solution
is the following:

1 1 1 1 1 1
ds? = 7y 27 ® (—dt* + dy® + K (dt + dy)*) + Z Z2 (dr® +r2d03) + 22 Z5 2 > (dz")?
62(1) — ZlZE,_l

O = —Qssin? 0dg A dyp + (1 — Zy 1)dt A dy

(2.79)
where we have defined the function Z; 5 and K as
Zis=1+ Qlj , K=Zp—1= Qf (2.80)
r r

The suffix 1 or 5 stands for D1 or D5 brane; in fact the charge Q5 is related to the boost with
parameter «, that we have used to “construct” the D5 brane.

2.6.2 Properties of the black hole

We want to derive physical properties of this black hole, in particular its entropy. This is possible
only in the Einstein frame of the metric, and not in the string frame (2.79)). In Einstein frame
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2.6. The Strominger—Vafa black hole

the metric is given by

ds? = Z;%Zﬁ (—dt?* + dy? + K (dt + dy)?) +Z§ ZE (dr? + r2dQ3) +Z§ Z;i D (dz")?. (2.81)
a

The formula of the Bekenstein-Hawking entropy is valid not only in four but also in higher

dimensions. One should consider that the Newton constant G (which appear in the Einstein—

Hilbert Lagrangian) depends on the dimension of the spacetime. Let us now calculate the

entropy of the Strominger—Vafa black hole both in 10 and in 5 dimensions, and compare the two

results. In 10 dimensions the volume element depends on the determinant of the metric. We

have
V=g =r3sinfcos0\/Z1Z5sZp . (2.82)

The event horizon is located at r = 0 and its area is given by

2 27 g
Ao :%/() d¢/0 dl/}/o df'sin 0 cos 0/Q1Q5Qp = 272Vs/O1Q5Qp (2:83)

where V5 is the volume of the compactified S' x 7. Therefore the entropy of the black hole is
symmetric in the three charges and, setting A = kg = 1, reads:

Ay ‘/5772\/Q1Q5QP‘

5= 4Gyo 2G1o

(2.84)

The fact that the area (and also the entropy) is finite crucially depends on the number of charges
of the solution; notice that with only two charges, the volume element would have vanished at
the event horizon r = 0. The calculation of the entropy is possible also in 5 dimension; one must
firstly calculate the form of the 5 dimensional metric derived from (2.81)). It is not sufficient to
cancel the terms related to the S! or the T%; one should also multiply for suitable coefficients,
so that the 5 dimensional action takes the right form of an Einstein—Hilbert action. In doing so
one finds also the relation between the Newton constant in different dimension, i.e.

G = VsGs. (2.85)

We do not follow each step explicitly, but we write only the final form of the metric in 5
dimensions, which is symmetric in the three charges:

ds? = —(Z1Z5Zp) " 3dt2 + (2125 Zp)3 (dr? + r2dQ2). (2.86)

The event horizon of this geometry is located at r = 0, and its area is given by

27 2 %
As = /O do /0 v /0 d0'sin 0 cos 03/01 QQp = 27°+/ 01050 - (2.87)

The only difference with the 10 dimensional area consists in the volume Vi; this is exactly

balanced by the relation between G719 and G5. Thus the entropy (which is a physical quantity)

is the same when calculated in 10 or 5 dimension, as should be expected:
As  7/Q1Q5Qp Ay

§= 4G5 2G5 T 4G

(2.88)

If one wants also to calculate the mass associated to this geometry, one should expand the ggo
component of the metric in 5 dimension, i.e.

1+2Q1+Q5+QP'

= —(Z125Z )_2 —
3~
goo 1454p 3 2

(2.89)
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A comparison with the formula given in the previous chapter shows that there is a precise
relation between the mass and the charges of this solution:

:Q1+Q5+QP‘

M
47 G

(2.90)
It turns out that is mass is actually the smallest one compatible with these three charges: the
Strominger—Vafa black hole is indeed extremal.

Let us now make a little observation on the construction of black holes in supergravity. We
have seen that a solution with an event horizon with non-vanishing area exists if one considers
three charges, i.e. a bound state of different types of branes. But we should remember that a
solution with an event horizon represent a true black hole only when its mass is big enough to
have the event horizon external to the object (notice that the horizon is at » = 0 only in this
particular coordinate system). Equation tells us that the mass is related to the charges: a
big mass means a big value for the charges. Therefore wee see that a black hole is characterised
by large values of its charges: this is possible if one considers the superposition of many branes,
each one parallel to others of the same type. In conclusion, a black hole in supergravity can be
constructed as a bound state of many branes, divided into a few sets of parallel branes of the
same type.

In the following we will study in more details this black hole, which can naturally be seen
as a five dimensional black hole. The construction of a black hole in four dimensions is also
possible, but requires the presence of at least four charges. In the rest of the thesis we will try
to derive some microstate geometries of the Strominger—Vafa black hole; the same goal would
be more difficult in the case of a solution with four charges.

In order to understand how to deal with the microstate of a given supergravity solution,
we need a theory of quantum gravity. String theory provides a consistent theory, and we are
going to investigate how black holes arise in this theory. First of all, however, we need a brief
introduction to the key concepts and results of string theory.
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CHAPTER 3

A brief introduction to string theory

String theory is one of the most promising theory of quantum gravity. Therefore one should
expect that a microscopic interpretation of the thermodynamic properties of black holes is
possible thanks to this theory. Our final goal is to understand how a black hole arises in string
theory, and to count (and identify) the microstates of a given black hole. In this chapter we
briefly describe what string theory is, and the fundamental properties that we will need in the
following. Some reviews on these arguments can be found, for example, in [I7], 18], [[9 and

0.

3.1 Bosonic string theory

The concept of string as a fundamental object is a natural generalisation of the concept of
particle. While a particle is a pointlike object, the string (as suggested by its name) is a one di-
mensional object. The action of the free string theory is therefore just the obvious generalisation
of that of a free particle. We remember that the latter (in D dimension) is given by

dXHdXV
S:—m/ds:—m/dT —— N (u,v=0,...,D—1), (3.1)
dr dr

where s is the proper time, while 7 is a generic function parametrizing the worldline of the
particle. This action has a problem: the presence of the square root makes the quantisation
of this theory complicated. This can be solved by means of another action, which involves an
auxiliary field e:

dX*dX”

o dr (3.2)

1 . .
S = 2/d7’ (671X2 — em2> where X2 =

This action gives the same equation of motion for the field X* as the action , when the
auxiliary e is integrated away. Notice that this action does not have any problematic square
root, and fits also for massless particles. We can also interpret the new field as some sort of (one
dimensional) metric on the worldline; defining e = y/—g¢, the action becomes

S = —% /dT\/TQ (g_1X2 - m2> ) (3.3)

We can now turn to the generalisation of these actions in the case of string theory.
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3.1.1 The Nambu—Goto action

We promote the field X* to depend not only on the time 7, but also on the coordinate o
parametrizing the string. As time passes the string describes a two dimensional surface, the
so-called worldsheet; let us parametrise it via the coordinates ¢® = 7 and o' = o. On the
other hand, the space where the string lives is called the target space, and it is a D dimensional
manifold with metric 7,,. The most natural generalisation of the action is the so-called
Nambu-Goto action, which reads (see [I8])

T
Sna = —2/d2m/—det Bab , (3.4)

where a,b = 1,2 and h, is the induced metric on the worldsheet given by
hab = (9aX“8bXV77W, . (3.5)

The quantity T is the tension of the string, and it is the generalisation of the mass for a particle.
It is conventionally related to another constant, the universal Regge slope o/, through
1

T= T (3.6)
We see that while the action for a point particle was proportional to the length [ ds,
the Nambu-Goto action is proportional to the area of the worldsheet. This action has the
same problem of the corresponding one for a particle: the presence of the square root makes
the quantisation more difficult. Anyway we can derive the classical properties of string theory
from this action; it is important to identify which are the symmetries of . First of all, we
have Poincaré invariance of the spacetime: this symmetry does not depend on the worldsheet
coordinates ¢®. Furthermore we have reparametrisation invariance of the coordinates ¢“; this
reflects the fact that the worldsheet coordinates do not have physical meaning.

3.1.2 The Polyakov action

The problem of the square root in the Nambu-Goto action can be solved in a similar fashion as
one does with the point particle. We introduce an additional field, the worldsheet metric g,
together with its inverse g?*. We can then write the so-called Polyakov action, which is ([IF])

T
Sp = -5 /d20\/—gg“b8aX“8bX”nW, (3.7)

where g = det g4, This action is equivalent to the Nambu—Goto one, in the sense that the
equations of motion for X* are the same in the two cases, when one uses the equation of
motion for the metric g, deriving from the Polyakov action. We notice that has the
same symmetries of : the reparametrisation invariance can be seen as the diffeomorphisms
invariance on the worldsheet. Furthermore, the Polyakov action has an additional symmetry,
called Weyl invariance. A Weyl transformation corresponds to a “dilatation” of the metric
coefficients dependent on the worldsheet point, and reads:

XH(o) = X*(0), gap(o) = Q2(0)gap(o). (3.8)

An important fact is that one can use these symmetries in order to fix three degrees of freedom;
typically one goes in the so-called conformal gauge, which corresponds to the choice of a flat
metric on the worldsheet: g,5 = 145 = diag(—1,1).
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Using this fact on can simply derive the equation of motion for the field X*#, which reads:
0%0, X" =0 (3.9)

where the worldsheet index a is raised and lowered by means of the metric g (in the same way
we raise and lower spacetime indices u, v, ... using the metric n). We have to remember that
even in the harmonic gauge we have to impose the equations of motion for the metric g, which
should now be considered as constraints. Remembering that the energy-momentum tensor is
given by the variation of the action with respect to the metric, we see that these constraints are
nothing but

1
Top = 0, X" X, — igabngacX"@qu =0. (3.10)

A closer analysis shows that these constraints have an important interpretation: the physical
degrees of freedom describe only transverse oscillations of the string.

The Weyl invariance of the Polyakov action implies that string theory is a two dimensional
conformal field theory on the worldsheet; this fact is important, in that the study of such a
theory is really simplified by the presence of the conformal symmetry.

3.2 Open strings and D-branes

The actions given in the previous section describe the local properties of the fundamental string;
it is also important to look at global features. We have essentially two types of strings, closed
and open.

3.2.1 Closed and open strings

A closed string is parametrised by a coordinate ¢ in a compact domain, which is conventionally
chosen to be [0,27]. An open string has instead two non-coinciding ends. One usually choose
to parametrise the string using the coordinate o € [0, 7]. In figure we can schematically see
the worldsheet of a closed and an open string, parametrised by ¢ and the time 7:

Figure 3.1: Closed (left) and open (right) string worldsheet.

In the open string case the derivation of the equation of motion requires appropriate boundary
conditions; let us see it starting from the Polyakov action written in the harmonic gauge:

S = —% /d%aaX“aaXﬂ. (3.11)
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We consider an open string evolving from some configuration at the initial time 7;, to some other
configuration at time 7;: the variation of the action is then

Tf ™ Tf s
08 = —T/ dT/ 0a X100X, :T/ dT/ 00, X"0X,, + total derivative. (3.12)

We have two terms involving total derivatives with respect to the coordinates 7 and o respec-
tively:
T T=Tf Tf o=T7
T [/ da@TXﬁ‘éXu] -T [/ dT@UX“éXN] . (3.13)
0 T=T; Ti o=0
The first term is of the kind one always gets when dealing with the least action principle; the
second one is non trivial, and its vanishing gives rise to the requirement

0, XH0X,, =0 ato=0,7 (3.14)
There are essentially two ways in order to satisfy this relation:

e Neumann boundary conditions: d,X* =0 at o =0, 7.
We do not have any restriction on the position of the ends of the string; hence they can
move freely. It turns out that both ends move with the speed of light.

e Dirichlet boundary conditions: §X* =0 at 0 = 0, 7.
This means that the endpoints of the string lie at some fixed position in space (X* = c#).

3.2.2 Boundary conditions and D-branes

It is also possible to consider mixed boundary conditions, i.e. Neumann conditions for u =0,...p
and Dirichlet conditions along the other directions (. =p+1,...,D —1). These conditions fix
the end of the string to lie on a p+ 1 dimensional hypersurface in spacetime (notice that we have
always Neumann condition on g = 0). Such an hypersurface is conventionally called Dp-brane,
where D stands for Dirichlet and p indicates the spatial dimensions of the brane. The situation
is represented in figure |3.2

m ﬂ\ Dirichlet
. -
4 Neumann

Figure 3.2: An open string with endpoints on a Dp-brane .

The two ends of the brane can lie on the same brane, or on two different branes; their dimension
could also be different.

We then see that a theory of open strings naturally has to deal with D-branes. It turns out
that branes should be considered as dynamical objects, in the same way as fundamental strings.
The right action for a D-brane is the higher dimensional generalisation of the Nambu—Goto

action, i.e.
Dpp = —T,,/dp“f«/— det . (3.15)
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where T), is the tension of the brane, £&* (a = 0,...,p) are the coordinates of the worldvolume
of the brane, and ~y, is the pullback of the spacetime metric:

oX* oXY

= . 1
Yab aga 6§b Nu (3 6)

Anyway strings play a more fundamental role than branes; in fact only strings are characterized
by the conformal invariance of the action. This symmetry plays a fundamental role, because
it makes the theory much simpler. The consequence is that the spectrum of string theory is a
discrete spectrum, and can be derived quite easily.

3.3 String theory spectrum

We are studying string theory because it is a consistent theory of quantum gravity; therefore
we are interested not only in the classical theory of strings, as described by the Nambu—Goto
(or Polyakov) action. We must turn to the quantisation of the theory. The starting point is
to express the classical fields in terms of their Fourier modes. It is useful to introduce the
coordinates o*:

ot =r+o=0"+0'. (3.17)

The equations of motion (3.9) read simply 04+0_X* = 0. In the case of closed strings the most
general solution of these equation is

XM(r,0)=XF(ot)+ Xh(o7), (3.18)

where X and X/, are arbitrary functions, subjected to the constraint (3.10)) and to the period-
icity condition
XH(r,0) = XH (1,0 4+ 27). (3.19)

The most general periodic solution is conventionally expanded in Fourier modes in the following
way:

1 1 | 1., .+
Xtoh) = 53:“ + io/puaJr i\ ,; Eaﬁe mar

XE(o7) = Low + lo/p“of + i1/ o Z L qpieino
R 2 2 2 oen " '

(3.20)

It is also useful to define the zero modes as

B~ o "
0= OZO = Ep . (321)

One can then see that the constraints (3.10]) can be written as
Lyn=L,=0 neZ. (3.22)

The quantities L,, and En are the oscillator modes of the constraints. They are nothing but the
oscillator modes of the energy-momentum tensor, the explicit expression of which is

1
Ln=3 > ak ek (3.23)
meZ
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3. A brief introduction to string theory

The expression for L, is the same, with the modes &4, instead of af,. The constraints arising
from Lo and Lg are simply connected to the square of the spacetime momentum p*, which is
nothing else than the rest mass of a particle. These two constraints are named level matching
conditions, and read:

4 y -
- a Z O/inan’r/l“/ - Z Oéfnan’r/,ulj (324)

n>0 n>0

The quantisation of the theory starts from the observation that the modes oy, and @&, (for every
) can be promoted, up to some normalisation, to be annihilation (for n > 0) and creation (for
n < 0) operators. One effect is that receive an additional contribution coming from the
normal ordering of these operators; the true level matching conditions are

4 v 4 S g

n>0 n>0

The space of quantum states can be constructed as a Fock space, starting from the family of
vacuum states |0; p), defined by

ah|0;p) = ah|0;p) =0 (n>0)

\/>%\0p [ “10; p) = p*|0; p) (3.26)

We notice that we have a vacuum state for each possible momentum vector p*. The construction
of the Fock space continues applying the creation operators to these vacuum states. Anyway
this is not the end of the story, because one must also impose the validity of the constraints.
There are two ways in order to do so: one is to solve the constraints in the classical theory, and
then quantise; this is called lightcone quantisation. The other is to first quantise the theory, and
then solve the constraint at the quantum level; it is called covariant quantisation.

We do not follow explicitly any of these two approaches, but only notice that the constraint
has the effect of eliminating two possible directions of oscillations (only transverse fluctuation
are possible). A remarkable result of the quantisation is that a consistent quantum theory of
strings is possible only if the dimension D of the spacetime is D = 26. Furthermore, the vacuum
state turns out to be a tachyon, i.e. it is characterised by M? < 0. The presence of this tachyon
is indeed a problem of this (bosonic) string theory; we will see later that it can be solved turning
to superstring theory, i.e. introducing fermions on the worldsheet.

The first exited states are obtained applying one right-moving and one left-moving oscillator:

&'y’ |0;p) withi,j=1,...,24. (3.27)

Here we have renamed the oscillators in such a way that the transverse oscillations are associated
to the indices 7 and j. These states are characterised by M? = 0 and can be associated to massless
fields in spacetime; in fact they can be decomposed in representations of the little group SO(24)
in the following way:

e a symmetric traceless field g;;(X), which we interpret as the metric;
e an antisymmetric fields B;;(X), called Kalb-Ramond field;

e a scalar field (X)), the dilaton.
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3.4. String theory as conformal field theory

We see that the massless field content of the theory reproduces some of the fields we encountered
in the study of supergravity in 10 dimensions. Anyway we do not have either any field analogous
to the gauge forms C®), or any fermionic field.

One can also consider more than one excitation, thus getting massive fields; we do not
consider them here. We notice however that their mass must be comparable to the Planck mass,
and thus it is natural to think that they would not contribute to any process characterised by
“normal” energy, i.e. very smaller than the Planck scale.

In the case of open strings there are some differences both in the classical theory and in the
quantisation. The resulting spectrum, anyway, can be derived in a similar way. Open strings
are characterized by only one set of oscillators: this means that the massless spectrum of the
theory will be constituted by a particle with the properties of a photon. However, it should be
noticed that even a theory of open strings requires the presence of gravity, because it naturally
describes also closed string, coming from the interaction of open ones.

3.4 String theory as conformal field theory

In this section we look in more detail at the conformal symmetry characterizing the Polyakov
action. We will introduce some notations and state some results that will be useful in the
following.

3.4.1 Conformal group and algebra

A conformal (or Weyl) transformation produces a scaling of the metric, dependent on the world-
sheet point:

gap(0) — Q2(J)gab(0) ) (3.28)

Roughly speaking, such a transformation has the effect of deforming in an arbitrary way (pre-
serving the angles) the worldsheet; an example is shown in figure

Figure 3.3: An example of a Weyl transformation.

In order to study a bit closer the properties of a 2 dimensional conformal field theory, it is useful

to deal with an Euclidean worldsheet, the coordinate of which are (o1, 0%) = (0, 47). One usually

defines also the complex coordinates

z=c'+io?, zZ=ol—io?. (3.29)

Conformal invariance in 2 dimension allows us to work always with flat metric; this means that
we can fix a gauge in such a way that the worldsheet metric is

ds* = —d7? + do® = (do*)* + (do®)* = dzdz. (3.30)
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3. A brief introduction to string theory

In complex coordinates conformal transformations of flat space are very simple, and correspond
to any holomorphic change of coordinates, i.e.

z—2 =f2), z—7=f(Z), (3.31)

where the functions f(z) and f(Z) are arbitrary. We see that the set of these transformations
has the structure of a group, the so-called conformal group. The corresponding algebra is
characterised by an infinite set of generators, which are conventionally defined as

ly=—2""0,, I,=-2""0;. (3.32)

One can easily see that these generators satisfy the following commutation relations:

U ba] = (1 — W)lnn s s In] = (10— W)lnsn s [lmsln] = 0. (3.33)

The generators [, and I, define two identical independent subalgebras, each of one is called
Witt algebra. When these generators are promoted to quantum operators, it turns out that the
commutation relations must be modified in the following way:

[lﬂ% ln] = (m - n)lm—f—n + 1762(7—”3 - m)5m+n ) (334)
and similarly for the generators l,,,. This algebra is called Virasoro algebra; the new term is
called central extension, and c is the central charge of the theory. This name reflects the fact
that ¢ commutes with all the generators l,,, and I,,. Another important subalgebra is the one
generated by lgp and [41; the corresponding group is called restricted conformal group, which is
isomorphic to SL(2,C). The transformations of this group can be parametrised by

az+b
_>

———, where a,b,c,de C, ad—bc=1. (3.35)
cz+d

This group contains translations and scaling transformations as special cases. An analogous
subgroup can be defined for transformations of the antiholomorphic variable Z.

3.4.2 Primary fields

An important object in conformal field theory is the energy-momentum tensor T,;, which is

defined as
47 0S8

=, 3.36

ab \/§ agab ( )
where the coefficient 47 is a matter of convention. A conformal transformation is characterised
by a variation of the metric of the form dg,, = €gq. Imposing that the action is invariant under

such a transformation implies that

oS 1
_ _ 2 — _ 2 a
0=065= /d a—agabégab e /d o/geT?, , (3.37)

which means that the energy-momentum tensor is traceless. When expressed in complex coor-
dinates, this properties is equivalent to T, = T3, = 0. On the other hand, the conservation
equation 9%T,, = 0 implies that

0:T,, =0, T5:=0. (3.38)
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3.4. String theory as conformal field theory

This means that the energy-momentum tensor is completely determined only by an holomorphic
and an antiholomorphic function:

T..(2,2) =T(2), T::(z,2)=T(2). (3.39)

The energy-momentum tensor is an example of field; a conformal field theory is characterised by
an infinite set of fields. This set contains also derivatives of other fields. Among this set we can
define the class of quasi-primary fields, that transform under restricted conformal transformation

as ot () (2wt o

h and h are not the conjugate of each other; they are real valued numbers, called conformal
weights. One can see that the energy-momentum tensor is a quasi primary field: in particular
T(z) has conformal weights (h, h) = (2,0), while T/(Z) has conformal weights (0, 2).

There are also the so-called primary fields, which transform as in for all conformal
transformations, not only the restricted ones. It turns out that T'(z) and T'(z) are not primary
fields. Quasi-primary and in particular primary fields are the building blocks of any conformal
field theory; the concept and transformation rules of primary fields can be seen as analogous to
those of tensors.

Looking at the Polyakov action , one can show that X* is not primary. Anyway, if we
express the theory in complex coordinates, we can see that 9, X* and 0; X* are primary fields
with conformal weights (1,0) and (0,1) respectively. Other primary fields deriving from the
bosonic string theory are the wvertex operators

Va(z, 2) =: X" (2) (3.41)

where : : gndiQCates the normal ordered product. Such operators are primary with conformal
weights (%, %), and are useful in the calculation of Green functions and amplitudes. In many
applications one often has to calculate correlators of fields like

(O1(2)Os(w) ...} . (3.42)

Fortunately products (and hence correlators) of primary and quasi-primary fields are greatly
simplified by the presence of the conformal symmetry. For example, the two point function is
completely determined only by the conformal weights of the two quasi-primary fields hy and hs:

d12 Oy b
<Ol(z)02(w)> = (Z — w)élfh? ’ (343)
where d; 2 is a constant factor, depending on the normalization of the fields. Notice that the
correlator is non-vanishing only if the conformal weights of the two fields are equal. Even the
form of other correlators is greatly simplified by the conformal symmetry; we remand to [I§]

and [I9] for details.

3.4.3 The ghost system

The conformal symmetry implies also that a completely consistent theory at quantum level
requires the presence of ghosts. This is completely analogous to the ghosts appearing when
dealing with theories characterized by gauge symmetries. In the case of bosonic string theory
one has to add a term to the action of the form:

1
S = o / L0 /Gbas D", (3.44)
T
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3. A brief introduction to string theory

where D% is the covariant derivative coming from the metric g. When expressed in conformal
gauge and in complex coordinates, this action reads

S = 5 / d=(bdc + e) (3.45)

The equations of motion deriving from S, imply that b and c are holomorphic fields, while b
and ¢ are antiholomorphic. The ghosts satisfy anticommuting relations and are characterized
by conformal weights h, = (2,0) and h, = (—1,0).

The presence of ghosts is not only a matter of formality, but it has important physical
consequences. In particular they are important for the correct calculation of string amplitudes.
We will see it in the following.

3.5 Interactions and amplitudes

Once we have identified how particles arise from strings, we would also like to understand how
the theory describes interactions. The simplest case is the following: we consider two closed
strings which enter in contact, interact, and then exit again the interaction region as isolated
closed strings. A diagram corresponding to this process is shown in figure [3.4]

S

Figure 3.4: The tree-level diagram describing the four-point scattering of closed strings (left) and a
conformally equivalent diagram (right).

We can use the conformal invariance of the theory in order to deform our diagram, obtaining
a simpler equivalent description. The final result in our case is a sphere with four punctures,
corresponding to the four initial or final states. We thus see that the contribution of an exter-
nal state reduces to an insertion of a local operator on the sphere. This properties is deeply
related to the conformal invariance of the theory, and gives rise to the so-called state-operator
correspondence. In the case of bosonic string theory, it turns out that these local operators are
related to the vertex operators defined in , with the quantity a, being the momentum of
the outgoing string. Schematically the m-point amplitude is given by a path integral of the form

m

A () ox / DX S T[Wip), (3.46)
i=1
where the operators W (p;) are given by
W(pi) x /d%%i(z, zZ). (3.47)
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3.6. Superstring theories

We see that we integrate over all possible position of the punctures on the sphere. However, the
invariance under the restricted conformal group SL(2,C) implies that we can fix the position of
three of the punctures on the sphere, while we have to integrate over all the possible position of
the other punctures.

Figure shows the tree level contribution to the four points amplitude: the same physical
process has contributions coming from a worldsheet with more complicated topologies. It turns
out that one has to sum over all possible different topologies, which are typically determined
by the genus of the surface. The first contributions to the four points amplitudes are given in
figure [3.5

N, S N o o~
NS A A A
NN NN S NN }
/ p \ )
f | [ '| =
| + | — | + | i | + ann
..\ I . '\\ | -
L0/ ) /N N A
oy \ = & T, N\ ‘\«'-5:) <‘*-{: \(,f ", 2
- - "
S 1@\‘ T o -
/ - ~ - -
| LT PN S e
[ o Sl + | S - N +
\ / e &/ \ e
] 3:/ e = \31‘!_7 - ®

Figure 3.5: Diagrams describing the four-point scattering of closed strings (up) and their conformally
equivalent diagrams (down).

The analogous of the loop expansion in quantum field theory is this expansion over all types of
topology, which is weighted by powers of the coupling constant g;.

If one wants to calculate an amplitude corresponding to a process involving open strings, the
situation is slightly different. An open string stretches between two branes: the worldsheet cor-
responding to a tree-level scattering is conformally equivalent to a disk, where suitable boundary
conditions must be imposed at the contour. The interaction with another open strings can be
encoded in the insertion of a suitable vertex operator at the boundary. It is also possible to
consider the interaction of an open and a closed string: in this case the situation is described
by a disk with an insertion of a vertex operator in the interior of the disk. This is the situation
in which we are going to interest in the following.

3.6 Superstring theories

The theory we have analysed up to now involves only the bosonic fields X* on the worldsheet;
for this reason it is called bosonic string theory. We have seen that it gives rise to a quantum
massless spectrum which consists only on bosonic fields on the spacetime: the metric, the
Kalb—Ramond field and the dilaton. We have also seen that this theory is problematic, due to
the presence of the tachyon. Furthermore a connection with supergravity is not possible: we
have no fermions in the theory, and also the dimension of spacetime (26) is inconsistent with
a supergravity theory. On the other hand, the massless spectrum of the bosonic string theory
does not have either any fermionic field, or any gauge form field. For these reasons we turn to
the analysis of the superstring theory (in particular Type II).
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3. A brief introduction to string theory

The starting point is to introduce fermionic fields at the level of the worldsheet: we will see
that this fact will solve the problems explained above. We would like to have supersymmetry
even at the level of the worldsheet, thus we introduce D spinors ¥* (along with their conjugate
Y"). An appropriate action for the fermions is the following one ([22]):

1

Sy =

[ ov=girou,. (3.48)

iV e%

where ¢ are the gamma matrices in two dimensions. A closer analysis of the action would
show that one must impose periodic or antiperiodic boundary conditions for the combinations
Yi = 044!, Periodic conditions give rise to the so called R sector, while antiperiodic conditions
correspond to the NS sector:

Pk (o) (R sector)

—yk (o) (NS sector) (3.49)

V(o +2m) ={

We have in total four combinations, because one can choose different types of boundary condi-
tions on ¢! and ¥". Using the point of view of conformal field theory, one can see that * and
Y* are primary operators with conformal dimension (%, 0) and (0, %) respectively.

A further step is to combine bosons (X*) and fermions (¢*) in the same theory, with an
action that should be supersymmetric: the resulting theory is Type II superstring, the action of

which is

S = ﬁ / V=g {g“”aaX“ﬁqu + %WW“ W + % (wa’yaw“) (%Xp - ;xwuﬂ :
(3.50)
Here x, is the supersymmetric partner of the worldsheet metric gqp, the gravitino. This action
is invariant under a supersymmetry transformation that involves X* and ¥*, which we indicate
as (1,0). There is also invariance under a supersymmetry involving X* and v*, which we call
(0,1). In summary, we say that our theory has (1,1) supersymmetry.

This theory, as the bosonic field theory, possesses reparametrisation and conformal invari-
ance. One can use them in order to fix some degrees of freedom, in the very same way we have
done introducing the conformal gauge for the Polyakov action. An useful choice is to impose a
gauge in which

Gab = Tlab and Xa =0. (351)

This choice is called superconformal gauge. One should also remember that the equations of
motion of these degrees of freedom must be imposed; we are then left with the constraints:

Ty =0 and G,=0 (3.52)

where T, is the energy-momentum tensor, while G, is its supersymmetric partner, called super-
current. The expressions for these fields in superconformal gauge, using complex coordinates,
are the following ones:

1 1
T(2) = = 50X"0X, — S0 0uy,,  G(2) = ip"0X,,, (3.53)

and similarly for the antiholomorphic components T'(z) and G(Z).
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3.6.1 The superstring spectrum

The quantisation of the theory is conceptually identical to the bosonic case; we have to deal
both with bosonic and fermionc oscillators, and impose the constraints corresponding to the
vanishing of Ty, and G,. An important feature is that the consistency of the theory requires the
dimension of the spacetime to be 10. The derivation of the spectrum of the theory is similar
to the case of the bosonic string, but consistency reasons drive to take a further restriction of
the Fock space, using the so-called GSO projection. Roughly speaking, physical states are only
those constructed applying an odd number of fermionic creation operators to a vacuum state. A
first consequence is that we are left with no tachyon in the spectrum; the first physical excited
states correspond to massless particles on the spacetime. Let us see which is the field content
of the massless spectrum, dividing it in the four sectors corresponding to the different ways one
can choose the boundary conditions.

e NS-NS sector: the massles spectrum is identical to that of the bosonic field theory (now in
10 dimensions), i.e. it consists on the scalar dilaton ®, the Kalb-Ramond antysymmetric
field B, and the symmetric traceless graviton g, .

e NS-R sector: the spectrum consists on two fermionic fields, the dilatino and the gravitino
(they are the supersymmetric partner of the dilaton and the graviton respectively).

e R-NS sector: the spectrum is identical to the NS-R sector

e R-R sector: in this sector we have again bosonic fields but it is important the way one
makes the GSO projection. There are two ways to do so, and then we are left with two
different possible theories, called Type IIA and IIB superstring theories. In Type IIA we
have a 1-form and a 3-form, while in Type IIB we have a 0-form, a 2-form and a self-dual
4-form.

We see that the field content of Type II theories exactly reproduces the Type II supergravity
theories we have encountered in the previous chapter; this is an important result of superstring
theory. This correspondence between superstring and supergravity is not limited to the massless
spectrum of the theory; one can show that the supergravity actions can be derived from the
superstring action, taking an appropriate low energy limit (see [I7] for details).

3.6.2 The superghost system

The conformal symmetry of the theory implies also the presence of a second ghost system,
related to the fermions t* and ¢*. While the ghosts of the bosonic string theory b and ¢ were
anticommuting, these new ghosts, which we call § and =, commute. The action of this ghost
system is completely analogous to (|3.54]):

1 = o
=5 [ 280y + 50%). (3.54)
The conformal weights, however, are different:
3 1

For practical applications, such as the calculation of string amplitudes, it is useful to parametrize
these ghosts in terms of other fields, using the so-called bosonisation. We thus introduce new
fields, ¢ and y, such that

B=e%50¢ and v =e %e?. (3.56)
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3. A brief introduction to string theory

With the use of these new fields, the expressions for the vertex operators become simpler; we
will use them explicitly in the following. For further details on the ghost systems and their
bosonisation, we remand to [2I].

What we have described in this chapter is, with no doubt, a brief and incomplete introduc-
tion to string theory; we have just introduced the concepts and results which will be needed in
the following. In the next chapter we will use string theory in order to understand the micro-
scopic nature of black holes: how does a black hole arise in string theory and what is its relation
with the corresponding “classical” supergravity solution.
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CHAPTER 4

Making black holes in string theory

In the previous chapter we have introduced some notions of string theory; we are now ready
to understand what is a black hole from the point of view of this theory. We are going to
see whether this theory can find an answer to the puzzles we have described in chapter [1], in
particular the information paradox.

In chapter [2] we have seen how a black hole can be constructed in supergravity, taking suitable
bound states of branes. The terminology for branes we have introduced can now be interpreted
in the language of string theory. The F'1-brane is the fundamental string; it should be considered
as the fundamental object of the theory. Dp-branes (with p generic) are D-branes; this means
that they can be considered as dynamical objects, and also be interpreted as surfaces where the
endpoints of fundamental open strings lie. The NS5-brane, on the other hand, is not a D-brane;
hence it should be considered as a fundamentally different object. It is actually the magnetic
dual of the fundamental string: it is a solitonic object of the theory. One can think at the
NS5-brane as the analogous of a magnetic monopole.

We have derived many supergravity solutions corresponding to bound states of branes, even
if not all of them were black holes. It is natural to think that these solutions are also superstring
solutions (at least in the low energy limit), but there could be a problem. The fact that we
can find such a solution does not mean that the corresponding singularity is allowed in string
theory. We have to be sure of the existence of a suitable microscopic source generating the
solution. This fact becomes clear when we look in more detail at some particular examples. In
the following we will consider only solutions with topology RM* x St x T, because this is the
topology of the Strominger—Vafa black hole solution, in which we are ultimately interested.

4.1 The single-charge solution

The first kind of solution involves only one charge; let us start from the solution corresponding to
a fundamental string F'1. Let us take a Type ITA solution, where we compactify the y direction
along the circle S'. The explicit form of the solution was derived in . We remember here
only the expression of the metric (in string frame):

ds® = Z(r) Y (—dt* + dy?) + dz'da’ + dz°dz*, Z(r) =1+ % : (4.1)
r
where 7,0 = 1,...,4. Notice that we have a different power of r in the function Z, due to the

compactification of the torus 7¢. The singularity of this solution is located at » = 0, but the
area of the horizon vanishes. From the point of view of string theory, this sounds reasonable:
we can think that the source is a string wrapped (possibly more than once) around the circle
S1. The tension of the string causes it to shrink; thus the string collapse at the position r = 0,
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4. Making black holes in string theory

which is consistent with the metric . The vanishing of the area, and consequently of the
entropy, of this solution is consistent with the microscopic count of state we can made. In fact a
single string, when thought in superstring theory, is in an oscillator ground state: its degeneracy
coincide with the number of the zero modes of this theory. If we sum all the degrees of freedom,
we obtain 128 bosonic and 128 fermionic states; thus, from a microscopic point of view, we would
have an entropy Spmicro = In(256). However, this entropy does not increase with the winding
number n: in the macroscopic limit (n; — 00) we must associate a null entropy to this system.
This result agrees with the vanishing of the area of this solution.

One can also look at this solution from another perspective, writing it in another duality
frame. An S-duality allows us to derive a solution corresponding to a D1-brane. The corre-
sponding metric in string frame is

ds? = Z(r)"2(—dt® + dy?) + Z(r)? (do'da’ + dz"dz"), Z(r) =1+ (4.2)

Q
r2’
The singularity is again located at r = 0; this is consistent with the fact that the brane wraps
around the circle S, and its tension causes it to shrink. From a fundamental point of view we
can think at this system as an open string stretched between the D1-brane. Hence the geometry
comes from a disk amplitude with boundary conditions relative to a D1-brane; we will calculate
explicitly this amplitude in the next chapter.

Another equivalent picture for this system is obtained applying a T duality for each compact
direction of the torus 7. In such a way we derive a solution corresponding to a D5-brane. The
metric of such solution is, in string frame,

ds? = Z(r)"2(—dt® + dy?) + Z(r)2 (dz'da’) + Z(r)"2(dz"dz"), Z(r) =1+ % . (43)

We will calculate explicitly the corresponding string amplitude in the following.

4.2 The two-charge solution

The second type of solution involves a bound states of two charges. A solution of this kind
corresponds for example to a fundamental string F'1 carrying momentum. The metric can be
read from (2.69), when the extremal limit is taken; the result is the following:

ds? = Z(r) Y (—dt®* + dy?® + K (r)(dt + dy)?) + da'da’ + dz°dz"

Z(r):l—i—%, K(T’):%. (44

Again the singularity is located at » = 0, and the area of the horizon vanishes. If we think at
the source of this solution as a string carrying momentum, we immediately see that it can not
be confined at the origin. In fact we have seen that only transverse vibrations of a string are
allowed; therefore a string carrying momentum must bend away from its central axis. We must
conclude that the singularity of this solution is not allowed in string theory, because there is
not any source that can produce it. We may ask what kind of solution produces a fundamental
string with momentum, i.e. with a non trivial profile; the resulting metric is known, and reads
in string frame([22]):

ds* = Z71(—=dt* + dy* + K(dt + dy)? + 2A;da" (dt + dy)) + da'dz" + dz"dz" (4.5)
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where the functions Z, K, and A; have the following expressions:

o) ) QIFt+ )
Z 9 7t :1+ - K v - - 9
S e e e (16)
. Qi1 fi(t+7v)
A’L b 7t - =y .
) = v )P

The functions f; represent the components of the profile of the string, which is not confined at
r = 0. The dependence of the profile on the combination ¢4y is a consequence of supersymmetry:
the solution could depend on ¢ + y or ¢t — g, but not on both. The choice of using ¢ + y is just a
matter of convention. The metric is singular along the curve z; = f;(t+y): this curve represents
the position of the string.

The macroscopic solution is obtained adding more than one of such solutions, corresponding
to more strands of the same string winding along the circle. The metric looks the same, while
the functions Z, K, and A; involves sum of different terms like the ones written in equation
. If we sum a great number of such strands, we can approximate the sum with an integral;
the resulting functions are then

—

. Q (" dv . Qi (" do|f(t+y)?
2@ ) =1+ | ————— K@ t) =2 [ T
=t /0 |7 — f(t+y)|? 0= /0 |7 — f(t+y)? (4.7)

. Q1 [* dv fi(t+y)
Ai s = —— e e————
@n=-7 = flt+y)P

We can use dualities in order to obtain analogous actual solution in other frames. Applying an
S duality, for example, one obtains a D1-P solution. Performing also T dualities we can derive
also a D5-P solution. In these cases the functions f; represent the profile of the D-branes: we
can think on an open string with endpoints on these branes. Now the branes are not located at
r = 0, but extend in the non-compact direction z'.

Using also T dualities, we can derive the solution corresponding to a D1-D5 bound state,
where the D1 wraps around the S', while the D5 wraps around the S' and the torus T%. In
this case the two branes do not carry momentum; hence their tension causes them to collapse
to the origin » = 0. Therefore in this case the functions f; do not have the interpretation of
profile of the branes. The explicit derivation of the geometry can be made following the same
passages we used when we derived the supergravity solution for the Strominger—Vafa black hole;
schematically they are

(D5 P) 55 (NS5 — P) % (NS5 NS1) =% (NS5— NS1) 55 (D5—D1). (4.8)

Notice that the presence of a T duality along y requires a smearing along this direction. The
starting point must be a solution independent on y; we must use the function Z, K and A; as
in , where the dependence on y is integrated away. The calculation is pretty long; we only
state that the resulting metric is the following:

ds? = (Z21Z5) "2 [~ (dt — Agdz®)? + (dy + Bida")?] + (21 Z5)2 (dz'dz’) + (1) *(d22d) . (4.9)



4. Making black holes in string theory

The functions Z1, Z5, A; and B; are given by

Q dv[ﬁ(v) Lo Q L dv
Z1(Zv) =14 = / —_— Z5(x,v)—1—|—L/O 7\f—f(v)]2’

7= L(” (4.10)
d
Ai(T,0) = / ”f’ . dB = — 4, dA,
|7 -
where x4 is the Hodge dual operator in the non-compact directions z!,. .., z*.

An important particularity of this duality frame is the fact that the geometry is completely
smooth. The singularities at x; = f;(t + y) can be cancelled by a change of coordinates.

4.2.1 Counting the microstates

The next question is how to count the number of microstates of this system, and find whether
it gives rise to a vanishing entropy, as expected on account of the vanishing area of the horizon.
We make this count thinking at a free string, i.e. in the limit where the coupling constant gs is
very small. However, this count makes sense, because for BPS bound states it is independent on
the value of gs. Therefore the result we are going to find is valid also in the “black hole limit”,
where gs is big. We are going to calculate the number of microstates in the F'1-P duality frame;
the result is the same in all the other equivalent duality frames.

Let us take a long string winding n; times around S', and with np units of momentum. Let
us assume that the circle has radius R: hence the total length of the string is Ly = 2rRny. The

total momentum of the string is
np 2mninp

P=—=—\ 4.11
7 . (4.11)
We know that to each excitation of the Fourier mode k is associated a momentum
2k
= —. 4.12
e =7 (4.12)

We can think at the total momentum being distributed among the transverse directions of
vibration. Let us suppose that we have m,; units of the Fourier mode k;; comparing (4.11)) and

(4.12) we can write
Z mlkzl =ninp. (413)

This means that the degeneracy of the system is given by the number of partitions of ninp.
One can show that this partition is roughly given by ev™ ™. One should also consider that this
momentum is partitioned among the 8 bosonic and 8 fermionic vibration modes. Remembering
that the partition functions of a boson and a fermion with energy e are given by

o) 1
1
B __ —Bmpyer __ B __ —Bmyer __ —Be
Z; = g e kk_il_e*ﬁek’ A E e Pk =1 4 e P | (4.14)
mp=0 m=0

one can see that a fermionic degrees of freedom count as half a bosonic one. In fact, summing
over k and approximating the sum with an integral we get

log ZB = log (Z Z,f) ~ 2log ZF = 2log (Z Z,f) . (4.15)
k

k
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4.3. The three-charge black hole solution

Taking into account all the proportionality factors, the final result (see [22]) gives a non-vanishing
entropy:

Sinicro = 27V 2 /mnp . (4.16)

We notice here an interesting puzzle: the microscopic count of states does not reproduce the
Bekestein—-Hawking entropy derived from the classical solution . We have to remember
that the latter has not an allowed singularity in string theory, even if it is a solution of the low
energy supergravity equation of motion away from r = 0. We should think at this solution as
a statistical ensemble describing only the common behaviour, far from the source, of the actual
microstates of the system. The fact that such solution has vanishing horizon area is due to
the higher order (in the curvature) terms in the supergravity action; the Bekenstein—-Hawking
entropy, in fact, was proven in the approximation where the action is the Einstein—Hilbert one.
When also higher powers of R are taken into account, one gets the right matching with the
microscopic count of states.

4.3 The three-charge black hole solution

We have already seen that the construction of a real black hole requires the presence of a bound
state with three charges. We have derived, in the previous chapter, the solution corresponding
to the D1-D5-P bound state (equation (2.79)). We remember here only the metric (in string
frame), which reads:

D=

1 1 1 1
(—dt® + dy® + K(dt + dy)*) + Z Z2 (dr® + r2dQ3) + Z£ Z5 2 Y (dz")?, (4.17)

a

1
) 1
ds® =27, * Zs

where the functions Z7, Z5 and K are related to the three charges by

Qlj, K=Zp—1-92 (4.18)
.

Z1’5 =1+ 2

This solution represents a physical black hole, because the area of the horizon does not vanish;
we have already calculated its value, and derived the Bekenstein-Hawking entropy

_ Vs /Q1Q5Qp _ V1 Q5Qp '

Spek 2G10 2G5

(4.19)

A calculation of the total number of microstates is possible in an analogous way as we did in the
two-charge case. Adding a charge means that one should now find the number of partitions of
ninsnp; the resulting entropy is then proportional to y/ninsnp. The three numbers are related
to the three macroscopic charges Q15 and QQp; when all the proportionality factors are taken
into account, one finds a perfect matching between the entropy calculated in this way and the
Bekenstein—Hawking one (see for example [22]). This is a remarkable and fundamental result,
which supports the validity of string theory as a quantum gravity theory.

Differently from the two-charge solution, in this case we expect such an agreement. In
fact, the three-charge solution is indeed a black hole; the problem of the vanishing Bekenstein—
Hawking entropy does not affect the three-charge solution. While the two-charge classical solu-
tion fails to reproduce the number of microstates, the black hole classical solution (4.17))
succeed in doing this. The non-vanishing area of the horizon, corresponding to a non-zero en-
tropy, encodes the information about the degeneracy of the solution. In this case the higher
order corrections to the Einstein—Hilbert action are not necessary for a correct matching with
the microscopic count of states.
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4. Making black holes in string theory

Finding correct expressions for actual string theory solutions, corresponding to microstates
of this system, can be made. The situation is obviously more complicated than the two-charge
system; we postpone the analysis of possible microstates of the three-charge system to the next
chapters. We can however make some important considerations. We expect the microstate
geometry to have no horizon; otherwise, to this horizon it would be associated an entropy, in
contrast to the fact that we are considering a microstate. A geometry with horizon is necessarily
a classical solution, a “statistical ensemble” of all the actual microstate solution of the system.

4.4 The fuzzball proposal

We have seen that string theory allows us to find solutions corresponding to microstates of
a system, in particular microstates of a black hole. The natural question is whether these
microstates can solve the problems explained in the end of chapter In particular we may
ask if we can find a satisfying answer to the black hole information paradox. The problem is
a non-trivial one, and its solution is controversial. There is a conjecture, the so-called fuzzball
proposal, that tries to explain where the derivation of the spectrum of the Hawking radiation
fails.

We describe here briefly the key features of this conjecture. Reviews of these concepts
can be found in E] or [22]. The basic idea is the following: not only the number of microstates
matches exactly with the Bekenstein-Hawking entropy, but the explicit form of these microstates
is responsible for the solution of the information paradox. The reason is that the differences
between two different microstates, and between a microstate and the classical solution, are
spread over an extended region, with dimension comparable with the size of the horizon. This
means that the creation of particle pairs near the horizon is influenced by the precise form of
the microstate we are considering; therefore the emitted radiation must retain in some way
the information relative to each microstate. Hawking’s calculation was based on the assumption
that the microstate were not distinguishable near the horizon: if this is not true, the information
paradox could vanish.

The idea underlying this concept of fuzzball can be understood looking at the two-charge
solution D1-D5. We have seen that the microstates are horizonless solutions characterised by
the functions f;; each solution has the same behaviour at infinity, but they are different in the
region near the center of the hole at » = 0. While the latter had a singularity at the origin, the
actual microstate solutions do not have any singularity, but they end with some sort of smooth
“cap”. The situation is explained in figure |4.1

\ \

3 N
] / |

Figure 4.1: Schematic representation of the classical solution F1-P (left) and some of its actual mi-
crostates (right).

It can be shown that the typical dimension of these caps grows with the charges Q1 and Qp.
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4.4. The fuzzball proposal

The size of the horizon of the black hole represents the size under which the differences between
microstates become sensible; this is the reason why the horizon would encode in some way
informations about the microstates.

We stress here that even if the fuzzball proposal is a tantalizing and promising solution to
the black hole information paradox, it is not entirely accepted. One problem is the extension of
the concept from the two-charge system (which is relatively simple) to the three-charge black
hole. Another problem is that the nature of the Strominger—Vafa black hole microstates is not
completely understood. In particular it is has not been proved yet that all the microstates of
this black hole can indeed be represented by horizonless smooth solutions. It is also not clear if
all these microstates will differ from the classical solution at horizon scales. Work has yet to be
made in order to understand whether this conjecture works or fails.

In the following we will try to understand how to derive the geometry of microstates from
string theory amplitudes. Firstly we will start from the simple single-charge system, but the
final goal is to arrive to the derivation of microstates of the three-charge black hole.

In two-charge system (and also in the single-charge one) the derivation of the geometries from
string amplitude will not reveal anything new; the classification of the microstates has already
been made by means of solutions such as . Anyway it is a non-trivial check to verify
that the microscopical interpretation given by strings gives the right supergravity solution we
expect. The situation become more complicated in the three-charge case. Here we do not have
a systematic way to classify all the microstates of a given classical solution; the calculation of
the string amplitudes is one of the few methods that can be used to investigate the nature of
the microstates of this system.

61






CHAPTER 5

Geometry of D-brane bound states
from string amplitudes

We have seen that it is possible to identify the geometries corresponding to the microstates of a
given classical solution, at least for the two-charge system. In this chapter we are particularly
interested in solutions expressed in duality frames involving bound states of D-brane. This is
because D-branes can be considered as surfaces where the endpoints of an open string lie. We
can use this picture to derive the metric from amplitudes that describe emission of closed strings
from D-branes. We think at the D-branes as the surfaces where the endpoints of an open string
lie. The interaction of a closed string with this open one is the process we are interested in. The
situation is schematically represented in figure [5.1

Figure 5.1: Diagram representing an open-closed string interaction (left) and its conformal equivalent
(right).

It is clear that such a diagram can be conformally deformed into a disk with a puncture in its
interior; to this puncture is associated a closed string vertex operator, of the same kind one
gets when dealing with closed-closed string interactions. The amplitude will also depend on the
particular branes on which the open string ends; their contribution will be encoded in suitable
boundary condition at the border of the disk.

In this chapter we will explain how to calculate such amplitudes, and compare the results
with known supergravity solutions. We start with the single-charge solution, but the final goal
is to arrive to the three-charge black hole. In this chapter we review known results, while in
the next we will turn to a calculation of another type of amplitude, which will give a new
microstate of the Strominger—Vafa black hole. All the example we treat are solutions with
topology R4 x S1 x T*. We will restrict for simplicity only on the bosonic fields relative to the
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5. Geometry of D-brane bound states from string amplitudes

NS-NS sector: the graviton g, the dilaton ® and the Kalb-Ramond field B, .

An important observation is that our procedure for calculating the disk amplitude will au-
tomatically give the metric in Einstein frame, where the dilaton and the metric are correctly
separated; in order to make a comparison with the corresponding supergravity solution, we will
have to express the latter in Einstein frame. The disk amplitude will not give the complete
metric g,,, but its deviation from the flat metric, i.e. hy, = gu — M. Furthermore, if one
wants to recover the complete metric, one should sum over an infinite number of configuration,
with arbitrary number of borders: figure represents only the tree-level contribution to the
process.

5.1 The single-charge solution

5.1.1 The D1 solution

Let us start with the simplest case: the single-charge solution. We are interested in the solution
expressed in the D1 duality frame, in such a way that we can compute the outgoing fields via
a disk amplitude. We have seen that the classical solution was an allowed one in string theory,
so we expect the disk amplitude to reproduce it. From a supergravity point of view, the D1
solution can be obtained from the F'1 one using an S duality. The metric has already been
calculated in ; we write here also the other NS-NS fields:

ds® = Z(r)" 2 (—dt? + dy?) + Z(r)? (da'da’ + dz%dz%)

2 — 70 Sz =1+ 2 G
B® =
In order to express the metric in Einstein frame we have to remember that (9g)u., = e 2 (9s) -
The D1 metric is then
ds% = Z(r)_%(—dt2 + dy?) + Z(r)%(dxidmi + dz%dz"). (5.2)

We are going to calculate the tree-level amplitude corresponding to this system; this means that
we will not derive the complete solution, but only the leading terms. The topology expansions
is equivalent to an expansion of the solution at small charges and large distance r; in fact the
charge is proportional to the number of D-branes, which is in turn proportional to the number
of boundaries of the diagram. For dimensional reasons, the topology expansion is then an
expansion with parameter 7% Therefore we have to compare the tree-level string amplitude
result with the first term of the expansion of the solution (with the metric written in Einstein

frame). Such an expansion can be derived easily, and leads to

3Q e o 10

1?7 hii:haa—1ﬁ7 —§ﬁ7

htt = _hyy >~ Bwj =0. (53)
In order to calculate the disk amplitude, we have to understand how the presence of the D-brane
reflects into suitable boundary condition on the disk. In the previous chapter we have defined
a D-brane as a surface along which one has Neumann boundary conditions for an open string,
while in the other directions one has Dirichlet boundary conditions. Expressed in imaginary

coordinates, these conditions are the following:

OXH =oXxH Neumann boundary conditions, along the brane, (5.4)
0X" = —0X" Dirichelet boundary conditions, perpendicular to the brane, '
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5.1. The single-charge solution

where we have defined 9 = 9, and 0 = 9;. When dealing with superstring theory, it is also
important to understand the boundary conditions relative to the spinor fields. In order to derive
it, it is sufficient to notice t}}at the agtion is supersymmetric; a supersymmetry transformation
relates ¢* with 0X* and ¢* with 0X#. This means that the boundary conditions can be
expressed as follows:

PP = M Neumann boundary conditions, along the brane, (5.5)

Y* = —p*  Dirichelet boundary conditions, perpendicular to the brane. '
To be precise, this is true for the NS sector, while in the R sector we would have an extra
minus sing. It is convenient to write equation (5.5) in matrix notation as ¢¥* = R¥,4"; the
matrix R encodes all the useful informations about the boundary conditions, and hence all the
informations about the D-brane characterizing the system. In the case of the D1-brane, the
matrix R is simply given by

(Rp1)°e =

0
0
0 (5.6)
1

0

0
-1

0

OO O =
O O = O

Here we intend the coordinate of the spacetime to be in the following order: (t,y, 2%, 2%).

The second ingredient needed for the calculation of the string amplitude is the vertex ope-
rator, that we call W; we deal here with the vertex operator in the NS-NS sector. There are
some technicalities concerning the right choice of this vertex operator. First of all one should
look for a superstring vertex operator; furthermore there are several equivalent pictures in which
a given superstring vertex operator can be written. Anyway the insertion of a vertex operator
into a disk amplitude gives vanishing result, unless it saturates the superghost charge of the
system. One can then show that the vertex operator must be taken in the (-2) picture. We do
not derive the explicit expression, and remand to a detailed reference ([2I]). We can take our
vertex operator as

WnsNs = C(Z)E(z)guu¢”(z)€_¢(z)1/jy(5)€_¢(2)eik“Xﬂ ) (5.7)

where ¢ and ¢ are the ghosts related to the bosons X*, while ¢ and ¢ are those appearing in
the bosonised form of the superghosts 8 and . The vector k, is the momentum of the outgoing
field; we always take k, to be zero, because the z® directions are compactified on the torus T%.
The fact that the supergravity solution depends only on the coordinates z? implies that we have
to integrate our string amplitude over the coordinates ¢ and y or, alternatively, © and v. The
term e**X will contribute only through the zero modes ug and vg; thus we will have a term like

A x /duoeik““‘) x 0(ky) - (5.8)

The same is valid for v. We see that the independence of the solution on u and v reflects on the
vanishing of the corresponding components of the momentum k, and k,.

G, is a sort of polarisation tensor, and can be decomposed into three parts, corresponding
to the dilaton, the metric and the Kalb—Ramond field. The decomposition is determined by the
following relations (see [23]):

1
g;(f;) = ﬁ(nﬂlj - kulu — ]{yl#) , k/’«lu =1 , l#lﬂ = 0’
G =gl GgWm =0 =gWr (5.9)

g&lj) _ _gl(lﬁ) )
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5. Geometry of D-brane bound states from string amplitudes

In the following we will always assume that even the vector [* has non-vanishing components
only along the z* directions.
We are now ready for the explicit calculation of the amplitude, which reads

dzdz

‘/gauge

Ansns = (Whsns(z,2)), (5.10)
where z and z should be intended as independent variable, and Vj44e takes into account the
invariance under reparametrisation and Weyl transformations. For our purpose it is not impor-
tant to keep all the multiplicative factors. That is the reason why we can avoid the calculation
of all the correlators of the fields: they will give terms depending on the integration variables,
which give constant factors when the integral is taken. All these factors can be calculated with
an explicit study of the conformal field theories of the bosonic, fermionic and ghost systems;
we will not do it for simplicity, and restrict to the analysis of the spacetime structure of the
amplitude. First of all, the contribution of the ghosts will give just constant factors. Regarding
the contribution of (e*#X") = (% X"} only the zero modes of X can contribute. Assuming that
the brane is located at r = 0, we then see that this term is simply 1. For the fermionic fields,
we can write

(WHY) = (WIRY AP o RV (5.11)
Summing up, and avoiding the constant multiplicative factors, we get the following expression
for the amplitude:

-ANSNS X g,u,VRV)\nM)\ = g;u/Rw/ . (512)

We see from the last expression that it is useful to calculate the matrix of boundary conditions
R with both indices up, where the second index is raised using the flat metric. This matrix is
simply given by

-1 0 0 0

w |01 0 o0
Ro)™=1 ¢ o 1 o (5.13)

0 0 0 -1

The next step is to distinguish from this amplitude the contribution relative to the various fields.
We immediately notice that the Kalb—Ramond field will not receive any contribution from this
amplitude, because the matrix R is symmetric. The amplitude given by the dilaton is

1 1 .
A®) = GOIRM o (1, — kuly — byl )RY = ——=(—6 + 2k;l') = —v/2. 5.14
guu 2\&(77/1 Iz P«) 2\/5( ) ( )
From this amplitude one gets a prediction for the Fourier transform of the dilaton, using the

formula
1

V2

The factor v/2 can be derived if one studies in detail the relative normalisation between the
dilaton and the graviton. In order to derive the contributions to the metric one has to subtract
properly the contribution coming from the dilaton. The expression for h,, (k) should satisfy an
orthogonality condition like h“”gﬁ%) = 0. The contribution of the dilaton must be proportional
to the flat metric 7, ; therefore the right expression must the following (see [23]):

®(k) A® o —1. (5.15)

R -G®)

hpuw (k) = Ry — PRGORCE

(5.16)
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5.1. The single-charge solution

We can easily calculate

n-G® = 2\1/5(10 —2k;l%) = 2v/2. (5.17)

We then arrive to the final expression for the deviation from the metric

1
h;w 8 Ruu + 5"7/11/ ) (5'18)

which leads to the following expressions:

3 1

hit(k) = —hyy (k) o< —3 hii(k) = haa(k) —5- (5.19)
We are left with the metric coefficient in the momentum space; we have to take the Fourier
transform, in order to get the corresponding expression in the coordinate space. This operation
depends on the number of non-compact directions of the solution: in our case the correct
expression for a generic tensor field a,, .., is given by

Oy (T) = /(g:; (—é) Ay (KT (5.20)

Notice that there is the insertion of a free propagator which, in 4 dimensions and in the so-called
de Donder gauge, is proportional to k~2. Remembering that

dk e~k 11
= 21
/(2%)4 k2 42 r2” (5:21)

we can write down the final expressions for the fields derived from the disk amplitude:

3 / 1 / /
_§%> hii:haaz_*g q)N_Q

htt:—hyyg 9,2 = Tja

B, =0, (5.22)
where we have indicated with @’ the overall multiplicative constant. We use the symbol ~
because we should remember that our amplitude is a tree-level process, and gives only the
first term of the expansion of the fields at long distances (or at small charge). If one wants
a better approximation, one has to add the loop contributions. A comparison with equation
(5.3) shows that our calculation correctly reproduces the leading term of the expansion of the
supergravity solution, provided that we identify Q = —2@Q’. Notice that it is very important
that our calculation succeeds in reproducing the relative proportionality factors between all the
metric coefficients and the dilaton.

5.1.2 The D5 solution

Another test is to verify if this method correctly reproduces the supergravity solution of a D5-
brane, wrapped around the S and the 7%. From a supergravity point of view it can be derived
from the D1 solution applying a T duality along each of the z* directions. The result (in string
frame) is the following:

ds? = Z(r)"2 (—dt? + dy?) + Z(r)z (da'da’) + Z(r) "2 (dz%dz2) 0
e?® = Z(r)! ;o Z(r)=1+—

T
B2 —

. (5.23)
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5. Geometry of D-brane bound states from string amplitudes

The metric in Einstein frame reads
ds? = Z(r)" 1 (—dt® + dy?) + Z(r)1(dz'dz’) + Z(r) "1 (dz"d2") . (5.24)
The long distance (or small charge) behaviour can be easily calculated, and gives

1Q 3Q 1Q 1Q
- = ~—-2 hyy~———2, ®~——-% B, =0. 2
472’ 472’ pr =0 (5.25)

hai 472’ 272’

htt = _hyy ~
Looking at the string amplitude, the only difference is the matrix of Boundary conditions. Along
the T* we have to change from Dirichlet to Neumann boundary conditions: the matrix R takes
the form

1 0 0 O -1 0 0 O
« |0 1 0 o0 w | 0 1 0 o0
0 0 0 1 0 0 0 1

The difference reflects on the fact that now A(®) changes sign; this means that our prediction
for the dilaton is

1
(k)= —=A® x1, (5.27)
V2
and that the metric coefficients are given by
R-G®) 1
huu(k) = R;w - WUW X R;w - 577/1,1/ . (5.28)

The final expressions for the metric coefficients and the dilaton are

1Q 3Q 1Q Q'
htt:—hyy:—i,r727 hu:_§ﬁ’ h(wﬁir—?, (D:ﬁ (529)
We can see that these coefficients coincide exactly with the ones in (5.25)); the only requirement
is again the identification Q = —2Q’.

5.2 The two-charge solution

Let us now consider some more complicated supergravity solutions, involving two charges. This
step is very important in order to arrive to the analysis of the three-charge black hole.

5.2.1 The D1-P solution

The first duality frame we consider is D1-P. This differs from the D1 solution because the
brane is not fixed in space, but has a non trivial profile, due to the presence of momentum.
The profile of the brane is transverse to it; let us also assume that it is non-trivial only along
the non-compact directions x;. The profile can be described by a set of functions f;(t + y);
the dependence on t + y is due to the fact that the momentum produces waves on the brane
travelling with the speed of light. An analogous treatment is possible considering functions of
t —y. We remember that a dependence on ¢t + y and t — y separately is not possible, because we
are considering BPS states. The D1-P solution is known, and can be derived from the F1-P

68



5.2. The two-charge solution

using an S duality. The result, expressed in terms of the lightcone coordinates v = ¢t + y and
u =t — y is the following:

ds? = Z 2dv(—du + Kdv + 2A;dz’) + Z2 (daida’ + dz2d2?)

e?® =7 , (5.30)
B® =0
where
Z(f,v)zl—i—L_,, K(f,v)zw, Ai(f,fu):—w. (5.31)
17— f(v)? |7 — f(v)[? |7 — f(v)[?

We consider here a single strand of the brane; if one wants the solution for more strands, it is
sufficient to superpose many single-strand solutions. Written in Einstein frame, the metric is
the following:

ds? = Z-1dv(—du + Kdv + 2A;dz") + Z1 (da'da’ + dz°dz") . (5.32)

In this case an expansion at small @ is different from an expansion at large r; In fact we have
another dimensional quantity, which is the profile f;. The correct expansion is then an expansion

of parameter ﬁ One finds the following coefficients for the deviation from the metric and
the other NS-NS fields:
- 5 . )
vV _C:2|f|—» ’ hvuzf _,Q—» ’ hv’i:* _,sz—» ’ hii:haagf _,Q—»
’m - f’Q 8 ’x - ‘2 ‘x - f’2 4 ‘x - ‘2 (5.33)
1 Q
P~ — —, B, =0.
A

If we want to calculate the string amplitude, we have to consider that the matrix of boundary
conditions changes; this is due to the fact that the boundary (i.e. the surface of the brane) is
not fixed in space. A derivation of the correct expression for the matrix R is possible, but we
write here only the result (see [24]):

1 0 0 0
e _ | Af@WP 1 —4fiv) 0
(Ro1)s = 2fiitv) 0 -1 0 |’
0 0 0 -1 (5.34)
—2]f(1v)|2 1 2fi(wv) 0 '
. 1 0 0 0
(R1p)™ = infv) 0 -1 o
0 0 -1

The order of the coordinates in which the matrices are written is (v,u, 2%, 2%). We can notice
that this matrix satisfy an important consistency condition: the border of the disk is the locus
of points where z = z. We also expect the energy momentum tensor to satisfy 7' = T at the
boundary. We then have to check whether the boundary conditions on ¢* and X* are such that
T = T, where we take the expression of for the energy momentum tensor. When a non
trivial profile of the brane is present, the boundary conditions are

P =RAY, DXH = RN OXY — 8/ fiapIy . (5.35)
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5. Geometry of D-brane bound states from string amplitudes

Using these expressions one can verify that the matrix (5.34) satisfies the condition T = T at
the boundary.

e X) gives a con-

The calculation of the amplitude has another new ingredient; the term (
tribution e/, coming from the zero mode of X. Hence the amplitude reads

Ansns o< Gu R ek T (5.36)

The part of the amplitude corresponding to the dilaton is A®) o —v/2e#"/ (and hence ®(k) o
—e'® 1), while the deviation from the metric is derived from

, R -G A 1
_ ik-f ik-f
hw/(k') =e (R#V — 477 ] g(q)) Nuv | X € <Rp1/ + 277py> . (537)

Finally one has to take a Fourier transform, in order to get the result in coordinate space. It is
useful to notice that we always have an integral of the form

= — (5.38)

/ d*k etk (@=f) 1 1
2m)t k2 Ar2 |z — fl2°
17— f|

The final result of the calculation is given by the following expressions, where we introduce an
overall multiplicative constant @'

1 £12 / 3 1 ’
hvv2_2 Q‘f|—» ) hvu2_§L—»a hvi22Q7fZ—»7 hii:haag_*i—»
|7 — f]? 4|z - 12 17— f]? 2|17~ f?
Q' (5.39)
@2—‘_’ f_,|2, B, =0.
T —

We notice that there is a perfect matching with (5.33)), provided that Q = —2@Q".

If one wants to derive the macroscopic solution from string amplitude, one should add by
hand the solution corresponding to different strands of the brane. Notice that the solution for
a single strand has explicit dependence on the coordinate v; it should be argued that for this
reason we should have considered a momentum with k, # 0. This is indeed true, but we can
notice that the momentum appears in the amplitude only through the term e?*X; therefore,
allowing for a k, # 0 would not have changed our result.

5.2.2 The D5-P solution

A completely analogous treatment can be made for the D5-P case. The supergravity solution
can be obtained applying four T dualities along the z® directions. The result is the following:

ds? = Z3dv(—du + Kdv + 2A;dz?) + Z3 (da'da?) + 273 (dz"d2?)

e?® =771 , (5.40)
B =0
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5.2. The two-charge solution

where the functions Z, K and A; are identical to those appearing in the D1-P solution. Re-
garding the matrix of boundary conditions R, it is simply given by

1 0 0 0
e | Af@P 1 —4fiv) ©
(RD5f) ° — 2fz(v) 0 1 0 5
0 0 0 1 (5.41)
—2[f()]? -1 2fi(v) 0 '
. 1 0 0 0
(Rps,)™ = 2f;-(2v) 0 -1 0
0 0 0o 1

The only difference with respect to Rp1, is a sign along the directions of the torus. It can be
checked that also this matrix satisfy the consistency condition T = T at the boundary of the
disk. The calculation proceeds as before; we write directly the result for the coefficients h,,, ®
and B,,,, which is

,QUE L@

h’U’U - U

. 2 — 1 = —»27 (3 = —»27
3 Q 1 Q 1 Q
it = — aa = 5 = = —3 = B,uV—O
2|7 - f]?’ 2|7~ fI? 2|17 - fP?

Again we have a perfect matching with the small charge behaviour of the supergravity fields
(with the metric expressed in Einstein frame), provided that Q = —2@Q’.

5.2.3 The D1-D5 solution

The two-charge system has another interesting duality frame: we can consider the bound state
of two different types of brane, in particular D1 (wrapped along S') and D5 (wrapped along S*
and T*). The microstate metric was derived in (4.9). Her we need also the other NS-NS fields,
which are the following ones (see 22] and [29]):

1
ds? = (Z1Z5) "2 [—(dt — Aida®)? + (dy + Bida®)?] + (21 Z5)2 (daidat) + (?) Y (dz2dz7)
5

w_ 2
Zs5
B® =9
(5.43)
The functions Z1, Z5, A; and B; are given by
r L
d
Z(wv—1+Q/ g, Z5(33',v):1+Q/ _’71_},2,
|7 — L Jo |7 — f(v)] (5.44)
L
Ay(F,v) = Q/ d“f”} dB = — %1 dA,
|7 — f(v)
where %4 is the Hodge dual operator in the non-compact directions z',...,z*. Notice that the

dependence on v has been integrated away: this is because we had to perform a smearing along
the y direction in order to apply the T duality needed to arrive to this solution.
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5. Geometry of D-brane bound states from string amplitudes

The functions f;(v) do not have the interpretation of profile of the brane; in fact the latter
do not carry momentum, and hence they lie at a fixed position (in particular at » = 0). When
expressed in Einstein frame the metric reads

1
1 7\2 7\2 L 3 Zl 1 aj.a
(Z5) i[—(dt — A;dx®)? 4 (dy + Bidz")?] + (Z1)2(Z5)2 (dz'da’) + <Z5) (dz%dz*)
(5.45)
It turns out that this time the suitable expansion of the metric is that with parameter %; in
fact, the quantities f*(v) do not have here a true physical meaning. It is useful to notice that
at long distances we can approximate the expressions:

Qrft & Q
L TR

»MO«

d82 = (Zl)

J (5.46)
=t e (et ) <% [ ().
17— fv)[?
In order to simplify the calculations, we define the quantities
R 1 rL . . . 1 L g
fij = L/ dv flf] = —fji, F = L/ dv |f(U)| N (5.47)
0 0

notice that they depend only on the functions f;(v), but are independent on v. We then perform
an expansion at long distances; we obtain that:

QF Q Y s a!

2

le]-‘F

The expression for the dual B; is
. xJ
Bi~ —Qe f ey (5.49)

Using these expressions we can finally derive the expansion of the metric and the dilaton at long
distances. The result is:

1Q - 1Q

1 R
hit = — hyy ~ ——=(3F 1 h”’:’f*F y haa— 1,
tt vy 4 ,,,_2 (3 + ) ’ 4 7‘2( + 3) 4 7,_2( ) (5 50)
Qi Q wm; j 1Q '
hii =~ _2ijij$] N —ﬁ%klfklfvj , O~ 572( —1).

The D1-D5 solution seems to be complicated; notice however that the metric coefficients we
have found depend only on the quantities Q, F and fzy Our goal is to reproduce the behaviour
of the metric using the method of calculating a disk amplitude.

Having a bound state of two different types of brane means that an open string has three
possibilities: the endpoints can lie both on the D1, both on the D5, or in different branes. We
have to calculate all these three different contributions, and to sum them at the end. The first
two possibilities correspond simply to a single charge system; we can draw the two diagrams we
have to calculate, denoting differently the two types of brane (figure .

These diagrams have already been calculated when dealing with single-charge solutions. We
rewrite here the result they give indicating with two different symbols @)1 and @5 the charges

of the two branes. Equations (5.3]) and ( - give
1301+ Q5 10Q1+3Q5 1Q1-Qs Q5 1Q1 Qs
hij ~ ~——5—, haa > ¢ ~

hg 2= =Ty = 4 2 ’ 4 r2 ’ 4 72 2

(5.51)
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5.2. The two-charge solution

D1 D5 mTTTE

Figure 5.2: The first two contributions to the amplitude of a D1-D5 system.

We immediately see that these terms correspond exactly to the ones we derived in (5.50)), when
we make the identifications

QF=Q1 Q=Qs; (5.52)

we are allowed to do this, because () and F are independent of each other, as should be expected
for the charges of two independent branes ()1 and Qs.

We now have to add the contribution of a disk amplitude with mixed boundary conditions,
i.e. corresponding to an open string with one end on the D1-brane and the other on the Db5-
brane. This contribution is what makes this system different from a trivial superposition of the
single charge solutions, but a real bound state. From an operative point of view, we have to
insert two new twisted vertex operators V,, and V; on the boundary, which allow for a change of
boundary condition. Schematically the situation is represented in figure [5.3

D1 y ' D5

Figure 5.3: The simplest contribution to the amplitude of a D1-D5 system with mixed boundary condi-
tions.

The expressions for these two additional vertex operator is (we use the same conventions of [25]

and [26
) A 9 _A 2
Ve=p"e" 2520, Vi=p"e 25,4A. (5.53)

Here ;1 and i are spinors with definite chirality, say positive. They are also matrices with
respectively n; X n5 and ns X n; components: they take into account all the possible branes on
which the endpoints of the string can lie. These matrices are usually indicated with the name
Chan—Paton factors. The field ¢ is related to the superghost system, while A is the bosonic twist
operator, which changes the boundary conditions for the bosonic fields. S4 are the SO(1,5)
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5. Geometry of D-brane bound states from string amplitudes

spin fields: they are fields related to the fermions 1) and 1)® (where a takes the values ¢, y and
i =1,...,4). Their precise definition is related to the bosonisation of the spinors; one usually
defines the complex spinors

\Iflzwt—l-id)y, \P2:1p1+i’(/)2, \1’3:¢3+i1/)4

51 t_ . T2 T 2 I3 3_ .4 (5.54)
U=y -, U=y —iy7, V=9 —iy".

The bosonisation is made introducing three bosons h; such that W/ = e and W/ = e=* The

spin fields are then defined in the following way:

—

Sy = S = ezcahs (5.55)
where the vector €4 is given by:
GA:{(___)7(_++)7(+_+)7(++_)}' (556)

The other possible combinations of + and — are not considered; in fact S, is contracted with
p? in the twisted vertex operator. Thus the total number of possibilities (8) must be reduced
by a factor 2.

We do not enter in further details explaining why the twisted vertex operators take this
form; a complete analysis is beyond the purpose of this thesis. We only give the necessary rules

needed to compute the amplitude. The latter will be given by

dzdzdz1dz
Ansns = V712<Vu(zl)WNSNS(Z7E)Vﬂ(@»7 (5.57)
gauge

where z; and 2z have to be chosen on the boundary, and so they are real coordinates (212 = 21,2).

The insertion of the twisted operators has a side effect: both V), and V}; carry —% superghost

charge. This means that the vertex operator W has to be taken in a picture such that it has —1
superghost charge. There is more than one way to write down a suitable operator of this type;

we choose an expression that will simplify the calculation:

WnNsNs = Guw (3X” - ;kpszw“) el X &”e_a)eigx (5.58)
Ignoring the normalisation factors, the interesting part of the amplitude is
Ansng o gwﬁAuBkU/dzdédzlsz<SA(zl)w"(z)w“(z)zﬁ”(é)SB(zQ» . (5.59)

Notice that the possible contraction <3X“eig'x ) o k* does not contribute, because of the
transversality condition G, k#* = 0. The product of the two Chan-Paton factors can be de-

composed in a basis constituted by products of gamma matrices (those corresponding to the
SO(1,5)) as follows

iAu® = v, (CTHAB] 4 %vam(CFaﬁ"’)(AB) : (5.60)

where C' is the charge conjugation matrix, and the Greek indices take the values t, y and
i =1,...,4. The fact that @ and u® have definite chirality implies that terms with an even
number of gamma matrices are absent, and that v, is a self-dual 3-form. In the following we
will ignore the contribution of the 1-form v,, and we will consider only the component of v,
with one index along the ¢,y directions, and the other two along the R*. With these assumptions
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5.2. The two-charge solution

we will be able to reproduce the coefficients ((5.50)); other possibilities give rise to different classes
of microstates of the system D1-D5 (see [25] for an example). The self-duality of v, gives the

following expression:
1
inj = §€Z‘jklvtkl . (5.61)

We have also to impose boundary condition for the spinor field 1). We thus obtain
(Sa(z0)0 9" (2)SB(22)) = R'\(Sa(21)0 9" .4 (2)Sp(22)) ox RY(ITC™ ) ap.  (5.62)

An awkward problem for the calculation is the choice of the matrix of boundary conditions.
Should we use the one corresponding to a D1-brane, or to a D57 It is an important consistency
check to verify that both matrices give the same amplitude. Let us use, say, Rpi; as defined in
. We are now ready for the explicit calculation of the disk amplitude:

A x guyRyAvaﬁka(I‘Uﬂ)\c—l)AB(CFaﬂv)(AB) _

N (5.63)
= G R \Vapr ko TrT7*T] o GH'R LK 000 -
Such an amplitude does not give any further contribution to the dilaton. In fact:
A®) (" — k*EY — KYE*)R PR vppe = k7 0ppe (R — KFIVR,P — IMEYR,F) . (5.64)

The first two terms vanish automatically, due to the total antisymmetry of v,,, and the sym-
metry of R¥#P. The third term is again zero because:

RS = kR o k. (5.65)

This amplitude will only give contributions to the metric and, possibly, the Kalb—Ramond field.
Remembering that the non-vanishing component of R,” are

R'=R}=1, R/ =-6, RbL=-4, (5.66)
we obtain the following expression:

Aoc kI [gtiR-kv ki + gyiRik'Uykj + githtUitj + giyRyinyj] =

A S 5.67
= Ko (—=G" = G") + vy (-G — GV)]. 97

Notice that the matrix Rps would have given the same amplitude, as should be expected for
consistency. This amplitude involves only the symmetric part of g“” this means that it gives
no contribution to the B field. It is useful to define the two tensor i and b int the following way:

o 1 -
g = h" + —=b"". 5.68
7 (5.65)
Therefore the amplitude becomes simply
A oc =2k W05 + h¥vy5] . (5.69)

It turns out that the correct Fourier modes of the metric and Kalb-Ramond field are given by

1 0A 1 6A4 dA
by (k) = 257 (b <v), huu(k) = 257 By (k) = o (n<v), (5.70)
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5. Geometry of D-brane bound states from string amplitudes

where the index p in hy,, is not summed. In our case we get the following two contributions:

. . 1 .
hm(k) X —/fj’l)tij, hyz(k) X —kj’l)yij = _ikjeijklvtkl . (5.71)

For the first time we encounter a dependence on the momentum k. In order to make the Fourier
transform and get the expressions in coordinate space, we remember the integral

ISR B j —ik-x __ Y L) __ 1z
/ (2n)" < k2> we oz, / 2 2 531 (5.72)

Calling Q" an overall proportionality constant we get the following predictions:

/ /

hm’ = *vatijl‘j, hyi = klvtkll'j . (573)

——€..
4 2rd

We can see that an exact matching with the expansion of the supergravity geometry (5.50) is
possible, if we make the identification

Qfij = %Q’vm . (5.74)

This identification is consistent, because both fij and vy; are arbitrary, subjected only to the
antisymmetry condition in the indices 7 and j.

5.3 The three-charge black hole solution

We are now ready for the analysis of some microstates of the three-charge Strominger—Vafa
black hole. The classical supergravity solution in the D1-D5-P duality frame has been derived
in equation (2.79)); we rewrite it here for convenience (only the NS-NS fields):

1 1 1 1 1 1
ds* = 7, 2 Z; % (—dt® + dy® + K(dt + dy)®) + Z2 Z2 (dr® + r*d03) + 27 Z; * ) (dz")?
a
e?® = 7,75

B® =9
(5.75)
The functions Z1, Z5 and K are related to the three charges by the relations
Zis(r) =1+ %125 . K(r) = % (5.76)

We expect that this time we have more possibilities to construct a microstate, due to the presence
of one more charge. From a microscopic point of view, we have to imagine a bound state of D1
and D5 branes carrying momentum, i.e. not localised in space, but having with a non trivial
profile. We have to use the ingredients we have learned in the study of the two charges system,
both in the D1-P (or D5-P) and D1-D5 frame.

In this section we analyse the direct generalisation of the microstate we have studied when
dealing with the D1-D5 solution. We consider the branes having a profile along R*, i.e. along
the non-compact directions. In chapter [6] we will turn to a different kind of microstate of the
Strominger—Vafa black hole, involving a profile along the compact directions of the torus 74.
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5.3. The three-charge black hole solution

5.3.1 The D1-D5-P solution with profile along R*

As we did with the D1-D5 bound state, we have to sum the three contributions coming from
the diagrams represented in figure and the only difference is the non-trivial profile of
the brane, which reflects in a different matrix R for the boundary conditions. The contributions
coming from the first two diagrams are simply the sum of the geometries corresponding to a
D1-P and a D5-P microstate. Let us concentrate on the new contributions, coming from the
third diagram. We can safely say that the amplitude looks like the case without momentum,
with an extra e’/ factor coming from the term (e**X)

A o GHR LK v, poe™ (5.77)

It is useful to work with the lightcone coordinates v = ¢ + y and u = t — y; the matrices of
boundary conditions are the following (they can be derived from (5.34) and (5.41)))

L 4P 2fiv) 0
0 1 0 0

(Rle).. = 0 _4fl(v) 1 0 , (578)
0 0 0o -1
L 4f ()l 2fitv) 0
. |0 1 0 0
(Rpsg)e® = | Caf0) -1 0 (5.79)
0 0 0 1

Again, the order of the coordinate is (v, u, 2%, 2%). It turns out that both matrices give the same
result when inserted in the amplitude, provided that the branes have the same profile f;(v). The
situation of branes with different profiles seems to be more complicated: we neglect this case
here. Furthermore we can see that the amplitude gives no further contribution to the dilaton.

Thanks to the fact that the matrix R has explicit dependence on v, we expect to derive
a solution which is dependent on v, as we found in the D1-P or D5-P case. For consistency
we must allow the momentum k to have a non vanishing component k,, or equivalently k.
However, when an integration over v is taken, the contribution coming from the presence of k,
will vanish. Let us do the explicit calculation:

A xce* T k! [g”“Rﬂjvvﬂ + g““R#jvuﬂ + gj“R#”ijl + gj”R#“ujul] + eik'fk“gi“R#jviju =
=M TR[(GHR] — GHR,vuji + (G R, — GFRMvug] + € TEGHR, Jviju =
=M TR [—(G% 4+ G Yougt — (G + G Youzt — 41 PG vut + 4,67 vugi+

+29G " vy + 217G vut] + €M TR (=G vigu + 271G viga]
Notice that this amplitude will produce non-trivial contributions to the Kalb-Ramond field. In
fact, using the definitions of A*” and b, we can write

(5.80)

.A(h) X eik'fkl |: — Qilvj’l)vjl — Zﬁ“jvujl — 4|f’2iljv’l)ujl + 4 Z }Alij (vm'lf;j + qulfz‘)'i‘
<y (5.81)
+ 20" vyt f1 4 20 vy f'ﬂ] + e TR 2 7R,

AP o 62k'fﬁ [ — APV v+ 4y b7 (vainf — vagnfi) + Qb“”vuufl] +
= (5.82)
+etkt [ - \/52 630 — \/if'ji)viviju:| .

i<j
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5. Geometry of D-brane bound states from string amplitudes

Notice that we have written in the amplitude fzij and Bij only with ¢ < j; in fact these are
the independent coefficients, the other being determined by the symmetry (or antisymmetry)
conditions. From this amplitude we can derive the expressions for the Fourier modes of the
metric and the Kalb-Ramond field, using

1 0A 1 04 0A
=0 hu(k) = =22 B
2 sir (n<v), (k) 2 i’

By () (1< v). (5.83)

The resulting coefficients h,, (k) and B, (k) are

hm,(k X levvilfieik.f v hyy klUuilfieik.f )
h‘m(k) X (_klvvil - 2|f’2klvuil)eik.f + fjkuUijueik.f )
hui(k) o< =Klogae™ T hij(k) oc 2K (vua fj + vug fi)e™ (5.84)

Byu(k) —ﬁklvuilfieik-f’ Byi(k) x 2\/§klvuil‘f.|26ik'f B \/ifjkuvijueik'f’
Bij(k) o< 2V2K (vuir f; — vaifi)e™ ! — V2k v
We should also remember that the duality condition 1) when written in lightcone coordinates

reads
_ 1 kl _ 1 kl
’Um'j = ieij Ukl 5 ’Um'j = _ieij Vukl - (585)

When we take the Fourier transform, the dependence k'e?*f becomes a factor proportional to
(2! — fL(v))|Z — f(v)|~*. But we have also the presence of terms with k", appearing in h.;, By
and B;;. Remembering that " = n* = —2 we have

kY ="k = —2k, . (5.86)

It is also possible to relate k, to the components of the momentum k;. This is because all
the coefficients of the metric and the B field will depend on v only through the combination
z" — f"(v). When a Fourier transform is taken, this fact reflects in the following relation (see

24]) 3
ko = — fi(v)k . (5.87)

When we sum this contributions with those coming from the diagrams with only one type of
boundary, we expect to obtain the long distance behaviour of a supergravity solution.

Contrary to the two-charge system, there is not a systematic way to construct all the super-
gravity solutions representing the microstates. This is because using dualities we can not reach
a simpler configuration, as the F'1-P was for the two-charges case. This means that our predic-
tions coming from the string amplitude cannot be directly compared with a known supergravity
solution. Here we see the importance of the calculation of the string amplitude corresponding
to this microstate.

We can anyway check the consistency of our prediction, i.e. verify that is satisfies the super-
gravity equations of motion, which are Einstein’s equations of motion and the supersymmetry
relations. Obviously we can do this only in a first order approximation, because we have a pre-
diction only for the large distance behaviour of our fields. This procedure has also the problem
that all bosonic fields are needed, not only those of the NS-NS sector, but also the R-R ones.
In [26] this has been done; here we do not go further in the investigation of this microstate and
refer to [26] for a complete analysis.
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CHAPTER 6

A new microstate of the
Strominger—Vafa black hole

In this chapter we consider another type of microstate of the three-charge Strominger—Vafa black
hole; the calculation of the corresponding amplitude has not been made yet. We work again in
the duality frame D1-D5- P, but this time with different assumptions on the setup of the source.

The idea is to see whether we can reproduce a known supergravity solution, derived in [27],
which break the symmetry of the torus 7. This solution is a good candidate to be a microstate
of the Strominger—Vafa black hole. We are interested to understand whether this is indeed the
case, trying to understand its microscopical interpretation. A natural guess is that this source
comes from a bound state of branes with profile along a direction of the torus (let it be z1).
To be precise, it is not possible for the D5-brane to have a non trivial profile along z7; in fact
the brane is wrapped around the torus, and its physical oscillations can only manifest in the
orthogonal space (the non compact R*). It turns out that such a “profile” along the torus has
to be interpreted as a gauge field propagating on the brane ([24]).

In this chapter we start from the analysis of the supergravity solution, and then we make
the calculation of the string disk amplitude. At the end we compare the two results and check
whether there is a correspondence or not.

6.1 Analysis and expansion of the supergravity solution

There are several methods that allow us to derive new supersymmetric solution starting from a
known one; this is what was made in [27]. The deformation of a D1-D5 background provides a
method to introduce one more charges in the solution. We thus expect the result to be a possible
microstate of the Strominger—Vafa black hole. In the following we assume that Q1 = Q5 = Q: we
thus expect the dilaton to vanish. In fact the supersymmetric solution we consider has vanishing
dilaton and Kalb—Ramond field. Adapting the solution to our conventions, the microstate of

21 reads

2
ds® = _% [du + A][dv+ B] + Hf [;liz - d@Q] + H [rPcidip® + (r* + a®)sgde?] + dz"dz",
T a
(6.1)
where
A= “f{szdw cgdv} + ®(E,v)dz, B= “f{szd¢ —cjdy}, f=r’+ad’G, H=1+ ? .
(6.2)
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6. A new microstate of the Strominger—Vafa black hole

The solution is actually supersymmetric if ® (&, v) takes the form

Inl

B(F,v) — i cne <7“2) . (6.3)

where R, is the radius of the circle S I and the coefficients ¢, satisfy (cn)* = c_y. This solution
is written in a set of coordinates that resembles the polar coordinates of R*. The latter are given
by:

' =7Fcosfcosyy, w2 =rcosfsiny, 2°=rsinfcos¢, z*=Fsinfsing. (6.4)

The coordinates 7 and 0 are related to 7 and 6 by the relations

r?cos’ 0 =7

2cos20, (r? +a?)sin?0 = 2 sin? 6. (6.5)
Notice however that the two set of coordinates coincide at infinity, where 72 > a?. Furthermore
we have introduced the notation cg = cos2 4, sg = sin? 6.

Our goal is to expand this geometry at large distances (r — 0); in fact this will be the
appropriate expansion in order to compare the result with the string amplitude. As one goes to
infinity ® approaches a regular function, that we call g(v). In the large distance limit we have
r?2 4+ a? ~ 72, and the metric becomes:

ds* ~ —(du+ g(v)dz1)dv + [dr® + r?d6* + r’cidip® + r®sjd¢®] + dz"d=". (6.6)

From this expression we see again that, in the large distance limit, we can safely treat r, 6, ¢ and
1 as polar coordinates. This metric is flat, although not written in the “standard” coordinates.
In order to remove the extra term —g(v)dzidu we perform the following diffeomorphism:

1 1
2 =2 — 3 /g(v)dv, u' =\ [u + 1 /g(v)de} , v = % (6.7)

There is a subtlety here: y is a compact coordinate, i.e. we have the identification y ~ y+27R,.
We must require that the coordinate ¢’ satisfies ¢'(y = 0) = t/(y = 27 R,,). This fixes the value
of A to:

P TEPTINE S L PE VR 6.8
= _87rRy/0 g-(v)dv . (6.8)

The resulting metric at infinity is now given by:

ds* ~ —du'dv’ + da'dx’ 4 dzydz) + dzodzo + dzsdzs + dzydzy (6.9)

which is the standard form for a flat metric expressed in lightcone coordinates. In order to find
a correct expansion comparable with the result of the string amplitude, we must first apply the
same diffeomorphism to the complete metric (6.1). Let us define A as

A=A—0(Z,v)dz = a]?{sgdgb + Gdy}. (6.10)
The metric after the diffeomorphism reads
1 [du A - A dr?
2 _ 2 1 2
ds == 5 T—ngv—l-AvL(I)dz +§¢)gdv [)\dv+B]+Hf[M+d6’]

(6.11)
AQ
+H [rQngwQ + (r* + a2)sgd¢2] + dz%dz® 4 Agdz'dv + ZQQdUQ )
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6.2. Calculation of the string disk amplitude

This is the complete solution expressed in standard coordinates, i.e. such that the metric at
infinity approaches the flat metric written in standard form. We then perform an expansion of
this metric at large r: remember that the function ®(Z,v) approaches the function g(v). The

resulting coefficients are:

LY (At S V) NS APONE - S AN A
Gov H< 4g+2 g>+ 4 ( ) 4 >\g

1/ 1 1
vy = = | ——=® ~ - M(1—H Y~
Guz 2( 7 PA+gA) = S Ad( ) = Ag
Q
gij = Hoij = dij + 30ij
gab:(;abu
1 1 Ay A a@ ,
=-(-=)(-28+2® Pz (2%
Gus 2( H)( 2 4 g+)\) 0= a5
1/ 1 Ay, A aQ ,
= (-—=)(-2¢4#-20 2o
oo =5 () (397 3001) 7
_1 1\ 1aQ@ 5 1aQ
Juo =9 \TH)NF 0T X220
_ 11V 1a@ , 1aQ ,
P =9 \H) X707 Nor2 Y
1 1 a@ o a@) 4
9¢Z1_2< H>‘I’f59— 92,2%
1/1 a@ , Q 5
9¢Z1—2<H>‘I’f 0~ 95.3%

Ag? 2 QQ

4r2’

Q (6.12)

(6.13)

Here we have divided the coefficients in two groups: those with no index along the R* and those
with one index equal to one of the two angles ¢ and . All the coefficients that are not explicitly
written, are intended to be zero. We remember again that the other NS-NS fields (® and B,,)

of this solution vanish.

We are now ready for the calculation of the string disk amplitude, and then for the comparison

of the two results. Notice that the coefficient in (6.12) and (6.13]) have explicit dependence on v

(through the function g = g(v)); we expect to derive the same dependence from the calculation

of the string amplitude.

6.2 Calculation of the string disk amplitude

The situation is completely analogous to the case we have studied in last chapter; the only
difference is the profile function f(v). We guess that we can derive our solution using a function
that is non-vanishing only along the direction z!. We have to sum three contribution, because

the open string can have:
1. both ends on a D1-brane
2. both ends on a D5-brane

3. one end on a D1-brane and the other on a D5-brane
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6. A new microstate of the Strominger—Vafa black hole

Let us analyse all these three contributions separately. We work with lightcone coordinates, and
use a generic profile function f*(v) with components along the torus. At the end we will restrict
to a profile only along z!. We remember that the flat metric written in lightcone coordinates
reads

0 -3 00 0 -2 0 0
1
-1 0 0 o0 -2 0 0 0
_ 2 727
=190 10| T T 0o 0o 10 (6.14)
0 0 0 1 0O 0 0 1

The coordinates are always intended in the order (v,u, 2%, 2%).

6.2.1 Open string with both ends on a D1-brane

What we have to do is to calculate the amplitude corresponding to a closed string emitted from
an open one stretching between D-1 branes carrying momentum. The key ingredient, as always,
is the matrix of boundary conditions R. When dealing with a D1-brane, the direction of the
torus are perpendicular to the brane itself, as the non-compact directions x* are. We thus expect
the matrix R to be completely analogous to , ie.

—2[f> -3 o0 2fe 1 4f2 o0 2fc
1
—= 0 0 0 0 1 0 0
_ 2 o _
Rovee=| & o 1 o |> ®0S=1 45 o 1 o (6.15)
2f 0 0 -1 0 —4f* 0 -1

The supergravity solution depends on z* and v; thus we take the momentum & having compo-
nents k,, = (ky,0, k;,0), or equivalently k* = (0, k", k%,0). Anyway, looking at the fact that we
assume f*(v) = 0 together with (5.87) implies that we have

ky=0<=k"“=0. (6.16)

The calculation goes in the very same way as in the case of a profile along R?*; the only difference
is the matrix of boundary conditions, and the term (e*X) which gives a trivial contribution,
due to the fact that the brane is located at » = 0 along the non-compact directions. Therefore
we have the following amplitude (in the NSNS sector):

A GMR,, . (6.17)

Notice that the symmetry of R, implies that we do not have any contribution to the Kalb—
Ramond field. On the other hand we have a contribution to the dilaton, which is

1

2V2

From this amplitude we can derive a prediction for the dilaton. In particular

A®) o Gl Ry = —= (" = K1 = K1) Ry = —V/2. (6.18)

1
V2

We then have to subtract properly the contribution of the dilaton, in order to obtain the coeffi-
cients of the metric. The result is

B (k) A® o —1. (6.19)

Gs R

1
=R+ = - 6.20
g¢> n Um my um ( )

hyw (k) < Ry — 5
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6.2. Calculation of the string disk amplitude

Therefore we obtain the following coefficients for h,,, (k):

. . 1
hoo(k) o< =2|f(0)*,  hou(k) —Z, hya(k) < 2f%(0),  hii(k) = haa(k) —5- (6.21)
The coefficients are not dependent on k; performing the Fourier transform, and calling @} an

overall multiplicative factor, we get the following (first order) predictions:

. / 3 / . / 1 /
Ry = —2|f(v)|2%, Ry = _Z%’ hva:2f“(v)%, hii = hga =~ —5% (6.22)
We make the same Fourier transform for the dilaton, obtaining
/
o~ 2L, (6.23)

6.2.2 Open string with both ends on a D5-brane

Let us now consider what happens when the open string has both the endpoints on a D5-brane.
In this case the function f%(v) does not have the interpretation of the profile of the brane,
because the latter wraps around the torus. Anyway it make sense to consider the analogous of
the matrix (6.15]), which can be obtained using T-dualities. The result is ([24]):

=2/f> -3 0 —2f 1 4f2 0 —2fe
1
-0 0 0 0 1 0 0
— 2 o __
(RD5)es = 0 0 -1 0  Ros)"=1 0 o 1 o (6.24)
2/« 0 0 1 0 —4fc 0 1

It can be checked that also this matrix satisfies T = T at the boundary. If one compares this
expression with the one given in [24], one notice that there is the difference of the sign of the
profile f*(v). Obviously there is nothing physical in this change of sign. Anyway is the
correct sign if we have to compare a D1-brane and a D5-brane. This fact will be very important
when dealing with the amplitude with mixed boundary condition. The fact that and
(6.24) are consistent with each other can be seen from the calculation of the monodromy matrix
(see 26]), defined as M*, = (RptRp1)" . Making the calculation one see that the result is
MH,, = diag(1,1, 1, — 1), which is the came result one can obtain from the other system studied
in the previous chapter. This monodromy matrix make the worldsheet very simpler; one can say
that in this case the D1 and D5 branes has the same “profile”. A change of sign in ((6.24)) would
have produced a non-diagonal monodromy matrix, and a much more complicated situation.

The form of the amplitude is the same of the case with the D1-brane. We can see that the
contribution of the dilaton is

A®) o Gl Ry = (" — kMY — K IR = V2. (6.25)

1
2v2
Notice that the matrix R, is not symmetric: this means the amplitude gives rise to a non-trivial
prediction for the Kalb—Ramond field. The correct normalisation is given by

9o R
Gsm
Performing the Fourier expansion, and calling Q% the overall constant, we get the following (first
order) predictions for h,, and B,,:

1 1
hﬂl’(k) (8 RHV - 77,LL1/ = R,LLI/ - 577/.1,117 Bﬂu(k) X i(Ruy - Ryu) . (626)

. / 1 / 3 / 1 /
how —2|f(v)|2%, how 295 g 39, L 16s (6.27)
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6. A new microstate of the Strominger—Vafa black hole

. Q’
By ~ —2f“(v)r—25 . (6.28)
We can do the same for the dilaton, and we obtain
Qs
ﬁ .

D~ (6.29)

6.2.3 Open string with ends on different types of brane

The third process we have to consider is that involving mixed boundary conditions. In this
case we have to insert two twisted vertex operators at the boundary of the disk, and to choose
the open string vertex operator with a —1 superghost charge. The situation is very similar
to the other D1-D5-P microstate we have studied in the previous chapter. The calculation of
the amplitude goes in the same way as in the case of profile along R*, and one arrives to the
following NSNS amplitude:

Ao k7GR, vupe (6.30)

where we have that (e’*X) gives here a contribution equal to 1. The product of the two Chan—
Paton factors fi and p involves the self-dual form v,,,; from now on we assume that only the
following components are non-vanishing:

Uyp12 = Up34 , Uyl2 = —Vu34, (631)
where the equalities follow from the self-duality conditions (5.85)). Thus the amplitude reads
Ao K (G"R, — G*R vu + (GRS — GHR,vui - (6.32)

Using the explicit expression for the matrix R we have that
Q”“RM’ — _gvz’ gzuRuv — gw ’ guuRuz — _guz’
gzuRﬂu — 4|f|2gw + gzu o 4fagza .
Notice that if we use R ps instead of Rp; we get exactly the same result. This is an important
consistency check, and supports our choice of the sign of f*(v) in equation (6.24]). Substituting

into we get:
Ao K (=G = G vy + KN (=G = G™ — 4| fPG™ + 4G Yvya - (6.34)
We use the fact that GF¥ = hHv + %I;’“’ and express the amplitude in terms only of the
independent components (u < v):
A oc B (=2k vy — AR f[Pogir) + 0 (=28 vair) + B (AR f o)+
+ b (Qﬁkl\ﬂ%uu) + b (Qﬂklfavm‘z) :
From this last equation we can derive first order predictions for h,, (k) and B, (k). We also
reduce to the case f* = (f,0,0,0); the result is
hoi(k) oc =K oy — 2k o, hui(k) o< =kvgir,  Biz, (k) o 2k fou,
Bui(k) o< 2V2k f20,5,  Bis, (k) o 2v/2Kk fog .

(6.33)

(6.35)

(6.36)

Making the Fourier transform, the dependence on k! become a dependence on f—i calling K an
overall constant we arrive at the following coefficients:
! ! ! !
x : x x .
i = —Kvmlrj —2K f%uilr—4 , hui ~ —Kvm-lﬁ  his, ~ 2K fvm,rTl , (6.37)

l !
. xr . Xz
By ~ 2V2K f%m-lﬁ , B, ~2V2K fvmz?4 . (6.38)
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6.3. Comparison between the supergravity geometry and the string amplitude

6.3 Comparison between the supergravity geometry and the
string amplitude

At the beginning of the chapter, we said that our goal was to compare the string amplitude
with the supergravity solution of [27]. We immediately see that this will not be possible: the
supergravity solution has vanishing Kalb-Ramond field, while our amplitude predicts B,,, #
0. Anyway, this fact simply means that the supergravity solution does not have the simple
microscopic interpretation we have thought.

Nevertheless, n this section we inspect how far we can go in the comparison of the expansion of
the supergravity solution with the prediction deriving from the string disk amplitude. First of all
we have to sum the terms in with the similar ones calculated in . We have to impose

that the charges of the two types of brane are equal; let us then assume that Q) = Qf = Q'.
Specialising to the case where f* = (f,0,0,0) we obtain
/ / / !/
Ry = —4f2(v)%, Rou =~ —%, Pz = Qf(v)%, hij ~ —2%(%, oo = 0. (6.39)

To get the prediction for the dilaton we have to sum (6.23) and (6.29):
oo ~AT

r2

=0. (6.40)

The Kalb-Ramond field receives contributions only from (6.28)); we rewrite it here for conve-
nience: o
B, ~ —2f'(v)r—25.

We immediately see that we have a match for the prediction ® ~ 0. Let us now turn to the
comparison of the metric coefficients (6.39) and (6.12)); let us do it step by step: We immediately
see that we have a perfect agreement regarding the coefficient hyp ~ 0.

(6.41)

Let us turn to the coefficient h,,: we have to compare h,, = —% with hy, = % The two
agree if we impose

Q=-2Q. (6.42)
With this identification the agreement between h;; = —2%52-3' and h;; = %&j is guaranteed.

We now turn to the comparison of the coefficient h,,,. From the string amplitude (6.39)) we get
hyzy = Qf% = —f%. Comparing to (6.12]) we have to impose the relation:

f(v) = —%)\g(v). (6.43)

The last term h,, should be completely determined now. In fact from the string amplitude we got
hyy = —4 f2% Using the identifications and this should be equal to hy, = 2 f2% =
)\292%. Now we see a problem: we have a factor 2 of difference with the supersymmetric
solution . This problem is probably related to the fact that our string amplitude predicts
a non-vanishing Kalb-Ramond field ((6.41])), while the supersymmetric geometry has B, = 0.
The comparison of the other metric coefficient and requires a change of coor-
dinates in the R* directions. We use the convention of . We notice however that we have
other non-vanishing predictions for the Kalb-Ramond field, given in equation . In order
to make the comparison of the metric, let us start from the simpler coefficient, i.e. h,;. Our

goal is to derive hyr, hyg, hue and hyy. The first one is (thanks to the fact that hy = gus)
dz’ !
L

hur = huzi = hu

y R 0, (6.44)
r

rd
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6. A new microstate of the Strominger—Vafa black hole

where we use the fact that v,;; = —v,;. For the second one we notice that
dx1? 19 da?*
= —x“tanf = 3% cot 6. 6.45
df v a " (6:45)

Using also the assumption (6.31]), we get

dz’

hue = huz‘@ = tan 9(—x1hu1 — a:2hu2) + cot 9($3hu3 + :c4hu4) ~ ( )
6.46

v v v v

~ K tanf (x1x2u—412 + :c2x1u—421> — K cot 6 (x3x4u—434 + x4x3u—ig> =0.

r r r r

We see that the string amplitude correctly predicts h,, = 0 = hyg, in agreement with the
supersymmetric solution. Let us now turn to the calculation of h,g, using the fact that

1,2 3 4
dz" _ de” a4 4T _ 3, (6.47)
de do de
we arrive at the following result:
dz 4 3 472 Vu34 312 Vud3 Vu3d 9
hu¢:hm~%:—x huys + hu4:K($) A —K(JJ) A :KT2 Sp - (6.48)

In an analogous way we find also that

_ da’ _ 2 1 _ 212 Vul2 1y20u21 L Uyl2 9
huw _hu’L@ = - hu1+x hu2 —K(l’ ) 7”4 *K(ﬂf ) 7”4 =K ""2 Cy - (649)

Using also vy,12 = —vy34 we see that the result actually agrees with (6.13), provided that:
K’l}u34 = ——. (650)

We now turn to the analysis of the h;,, terms. From (6.37) we see that h;,, = —2 fhuZ Using
the identification (6.43) we should have h;,, = Aghy;. This is indeed the case, as we can see
looking at (6.13]). The last terms are h,;. From (6.37) we see that h,; has two contribution, one

proportional to ztvy and one to zlvy;. We can use the same analysis we made for h,;, and

conclude that h,,. ~ 0 ~ h,g. Using the identifications (6.43)) and (6.50) we get

- Uu34 9 a@ 5 o W12 9 a@ 9 5
hU¢—K 7"2 89*)\@9 Sp 5 hv¢ —KTTCQ+ 477'29 Cy - (651)
We now remember that v,12 = v,34; looking at the first term (the one not proportional to g?),
we can make it agree with (6.13)) if we impose

A
Kvyzy = — ‘;Q . (6.52)

We see that we have again a factor 2 of difference in the terms proportional to g2.

Let us now draw the conclusions from what we have found in this chapter. We tried to find
the microscopical origin of the supersymmetric solution ; anyway, we found that the string
amplitude we have calculated fails to reproduce completely the solution. We can find a match
between many metric coefficients, but not all; we have found some factors 2 of difference. This
problem is related to the incongruence we have found for the Kalb—Ramond field; it is possible
that the two solution are somehow related to each other, even if they are not exactly the same.
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6.3. Comparison between the supergravity geometry and the string amplitude

In fact, changing the gauge fields of a supersymmetric solution induces some changes in the
metric, if one wants to get another supersymmetric solution.

It is natural to think that in order to obtain one has to take a more complicated
worldsheet setup: probably a “fine-tuning” of the microscopic situation is needed to make the
Kalb—Ramond field vanish.

One could continue the analysis checking whether the predictions coming from the string
amplitude satisfy the supersymmetry equation of motion at first order (as should be expected
for consistency): in order to do so, however, one needs also the R-R bosonic fields. One could
also try to deform in some way the solution , in such a way to derive a supersymmetric
solution with a non trivial Kalb-Ramond field. We think that such a deformation could be
responsible for all the mismatches we have described.
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Conclusions

In this work we presented the derivation of black hole microstates through the calculation of
string amplitudes.

We have described the properties of black holes in general relativity, the uniqueness theorems
and the thermodynamic properties. These two facts give rise to non-trivial puzzles, such as the
information paradox and the nature of the microstates responsible for the macroscopical entropy
of a black hole.

We have then turned to the study of black holes in supergravity, in particular in 11 and
10 dimensions; one has to consider suitable bound states of different types of branes, possibly
carrying momentum. Furthermore we have explained why a real black hole with non vanishing
horizon area needs the presence of at least three charges. In particular we have investigated the
properties of the Strominger—Vafa black hole, which is a three-charge system in a 5-dimensional
spacetime, and can be considered (in 10 dimensions) as the bound state of D1 and D5 branes
carrying momentum.

In order to give a microscopical interpretation to the properties of black holes, and to solve
the related problems, one has to turn to a quantum gravity theory. String theory provides such
a theory, and we turned to a brief study of its fundamental properties. It is then possible to
understand which sources can produce a solution with singularity, and to count all the possi-
ble microstates related to the same classical solution. We have seen how this count correctly
reproduces the entropy of the Strominger—Vafa black hole ([3]); furthermore we have described
a proposed solution to the information problem, the so-called fuzzball conjecture ([22]).

We have analysed the derivation of the microstate geometries from string amplitudes. The
idea comes from the interpretation of D-branes as surfaces where the endpoints of open strings
lie. These open strings can couple to closed ones, whose massless excitations describe the metric
and other supergravity fields. By computing the amplitude corresponding to this process one
can derive (at least in the large distance limit) the supergravity solution corresponding to the
bound states of D-branes. We expect this solution to describe a microstate of the corresponding
black hole.

We have reviewed the single-charge and the two-charge systems; we found that there is a
perfect matching between the amplitude predictions and some particular known supergravity so-
lutions. We have done the calculation only for a restricted set of bosonic fields, those appearing
in the NS-NS superstring sector. The analysis of the other fields has been made in the litera-
ture ([23], [24], [25]), resulting again in a perfect matching with the corresponding supergravity
solution. In the case of the three-charge black hole the situation is more complicated, and a
complete characterization of the microstates is still lacking. For this reason, the calculation of
string amplitudes provides one of the few methods to derive the supergravity solution describing
the microstates (at least in the large distance limit). We have done this for a particular mi-
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crostate; the complete analysis of this solution, and the proof that it is indeed supersymmetric
can be found in [26].

The new contribution of this thesis was the calculation of the amplitude of a string configu-
ration which should reproduce a different type of microstate of the Strominger—Vafa black hole.
The goal was to compare the amplitude prediction with a known supergravity solution, obtained
in [27], which is a candidate to be a microstates of the black hole. This calculation, however,
shows a non perfect matching between the amplitude predictions and the supergravity solution;
the reason is probably that we get a different microstate of the same black hole. What should be
done now, is to extend the calculation of the amplitude for all the other bosonic fields, belonging
to the R-R superstring sector; one can also compare these fields with the corresponding ones in
[Z7. A non-trivial check is the verification that our solution coming from the string amplitude
is supersymmetric; in order to do so, one should verify that our first order predictions satisfy
the supersymmetry equations at first order. For this purpose all bosonic fields are needed.

This result shows that it is not clear the connection between string configurations and su-
persymmetric solutions. Given the supergravity solution, we have done the simplest possible
ansatz for the corresponding worldsheet setup; however, we have seen that simple configurations
on the worldsheet do not correspond to simple supergravity solution. We think that a suitable
“fine-tuning” of the microscopic configuration is needed in order to get the desired supergra-
vity solution, and make some supergravity fields (like the B field) vanish. More investigation
is necessary to arrive to a complete understanding of the microscopical intepretation of black
holes.

There are several ways one could complete and generalize the work described in this thesis.
First of all it would be interesting to analyse more string configurations and derive the corre-
sponding supersymmetric solutions, in order to have a complete description of the microstates
of a given classical solution, in particular black holes. Progresses have been done in the case of
the Strominger—Vafa black hole. It would also be interesting to deal with the four-charge black
holes in four dimensions.
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