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The goal of the thesis is to investigate exact worldsheet descriptions of some
black hole solutions in string theory and to analyse their properties. In
particular, recently a worldsheet description has been found for a class of
microstate solutions (describing some of the microstates of the black hole) in
terms of null-gauged Wess-Zumino-Witten (WZW) models. In such cases,
the consistency of the worldsheet theory imposes the absence of horizons,
as expected from a solution describing a particular microstate. The thesis
will explore more general worldsheet models of this kind with the aim of
understanding whether they can describe string dynamics on black hole so-
lutions, and to study their properties. First, we will focus on a worldsheet
description of Witten’s two-dimensional black hole in both Euclidean and
Lorentzian signatures, and we will show that such solutions can be obtained
in the null-gauging formalism. This investigation is then extended to a more
general class of models that describe non-extremal three-charge black holes.
The spectrum of such models will be studied.
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Introduction

In the field of black hole physics, the pursuit of reconciling quantum field theory with general
relativity highlights some of the most profound and challenging aspects of modern theoretical
physics. Black holes are not only fascinating objects due to their extreme gravitational fields
but also serve as crucial arenas for testing and refining our understanding of the universe’s fun-
damental laws. Their study bridges the gap between the macroscopic description of spacetime
and the microscopic realm of quantum mechanics, presenting a unique opportunity to explore
the frontiers of both theories.

One of the most compelling puzzles that arises at this intersection is the black hole informa-
tion paradox. This paradox presents a profound challenge to our understanding of information
conservation in the context of black holes. Quantum mechanics asserts that information about
a system must be preserved, even when the system undergoes transformations or interactions.
Moreover, general relativity, particularly through the lens of black hole physics, suggests that
information falling into a black hole may be irretrievably lost beyond the event horizon. How-
ever, in 1974, Hawking argued that black holes emit thermal radiation [1], and the resulting
evaporation leads to contradictions that raise fundamental questions about the nature of infor-
mation and the structure of black holes.

To tackle these critical issues, it is essential to engage with various aspects of quantum gravity.
Quantum gravity seeks to merge the principles of quantum mechanics with those of general
relativity into a unified framework. Although no complete theory of quantum gravity exists yet,
exploring different theoretical approaches can provide insights into how black holes behave and
how spacetime operates on the smallest scales. String theory emerges as a prominent candidate
for such a framework. By proposing that fundamental entities are not point-like particles but
one-dimensional “strings”, string theory aims to provide a comprehensive description of gravity
alongside quantum phenomena. This approach opens new avenues for understanding black
holes and their complex interactions with fundamental forces.

Over the past few decades, researchers have made substantial progress in understanding the
properties of black hole solutions within string theory. This endeavor has involved studying
various models, including seminal work by Strominger and Vafa |2|, which demonstrated how
string theory provides a statistical description of black hole entropy. These contributions have
expanded to include a wide variety of black hole solutions in different dimensions. Despite
these developments, many approaches rely on effective field theories, which, while useful for
approximating certain aspects of string theory, do not fully capture its intricacies.

The primary focus of this thesis is to delve into exact worldsheet descriptions of black hole solu-
tions within string theory. This exploration involves extending beyond effective field theories to
understand how black hole solutions can be described in a true string-theoretic framework. In
this context, Wess-Zumino-Witten (WZW) models have emerged as a significant tool. Through
these models, it is possible to reproduce known supergravity solutions and further investigate
potential string effects by gauging certain currents and analyzing their quantum properties.



INTRODUCTION

The structure of this thesis is designed to guide the reader through a comprehensive exploration
of the key concepts related to black holes and string theory.

Chapter 1 sets the stage by delving into the black hole information paradox, a fundamental
issue that bridges quantum mechanics and general relativity. This chapter provides a detailed
examination of the paradox, exploring its implications for information conservation and the
theoretical challenges it presents. Although it is not the central focus of the thesis, this chapter
establishes the necessary context and some motivations for the more advanced discussions that
follow.

Chapter 2 offers a thorough overview of string theory, which serves as the foundational frame-
work for the analysis presented in this thesis. Here, the fundamental principles of string theory
are explored, including the notion that particles emerge as vibrational states of one-dimensional
strings rather than being mere point-like entities. Additionally, this chapter introduces con-
formal field theory techniques, which are essential for analyzing the worldsheet descriptions of
black hole solutions. By laying this groundwork, Chapter 2 equips the reader with the technical
tools needed for the subsequent sections of the thesis.

Chapter 3 shifts focus to known results concerning black hole solutions within the realm of
supergravity. This chapter delves into the properties of black holes with one, two, and three
charges and examines Mathur’s fuzzball proposal, which offers a novel perspective on black
hole structure. The fuzzball models aim to describe solutions that are smooth and horizonless,
challenging the traditional view of a singularity surrounded by an event horizon.

Chapter 4 constitutes the core of the thesis, presenting the detailed analysis of Wess-Zumino-
Witten (WZW) models. This chapter establishes the essential components of these models
and explores the null-gauging procedure in depth. The idea is to investigate in what sense a
null-gauged WZW model can describe a black hole solution. To address this goal, Witten’s two-
dimensional black hole in both Euclidean and Lorentzian signatures is considered. Subsequently,
other more advanced solutions are analyzed. Furthermore, aspects related to the spectrum of
Witten’s black hole are studied.

Hence, this thesis aims to identify Wess-Zumino-Witten models that describe black hole solu-
tions, with the goal of studying their properties.

vi



Chapter 1

The Black Hole Information Paradox

It is well-known that black holes emit thermal radiation, commonly referred to as Hawking
radiation. This process leads to one of the most influential puzzles in theoretical physics,
known as the Black Hole Information Paradox.

Initially, the state of the Hawking radiation is accurately described as a thermal mixed state.
Therefore, if a black hole is formed by the collapse of a shell of matter in a pure state [¢)),
the state that remains after the black hole has evaporated is represented by a density matrix.
Mathematically, if the initial pure state is denoted by [¢), the final state after evaporation is
described by a density matrix p given by

p= ) (W] — o =Uly) WU, (1.1)

where U is a unitary operator. This notation indicates the time evolution of the pure state
under the action of the unitary operator. In this context, p’ represents the state after evolution.

One can easily observe that if p = [¢)) ()] is a pure state, then p”> = p’ must hold true, implying
that the final state p’ is also a pure state. This follows from the property of unitary operators
that preserve the purity of states.

The term “information paradox” arises from the apparent contradiction between this theoretical
framework and quantum mechanics. According to quantum mechanics, unitary evolution should
preserve information; that is, the evolution of pure states via a unitary operator U should always
result in a pure state. In other words, the unitary evolution maps pure states to pure states.
Thus, the evaporation of a black hole, which transforms an initial pure state into a thermal
mixed state, seems to violate this principle, suggesting that information about the matter that
collapsed to form the black hole is lost.

To better understand this paradox, we now proceed with a brief discussion on Hawking radiation
and its implications for the black hole information problem. The information and discussions
that follow are based on [3].

1.1 Hawking radiation

Let’s consider the Schwarzschild black hole metric

-1
ds? = = (1= 2) a2+ (1= 22)  dr® 9 (d6° + sin? 0dg?) (1.2)
r r

where the Schwarzschild radius is r, = 2GM.

Natural units will be used here, where h = ¢ = kg = 1, with Newton’s constant expressed in
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terms of the Planck length and mass as G = [ = m;Q.

The previous coordinates are smoothly defined only in the exterior region corresponding to
r > rg; however, one can extend the validity of the description to the interior area by using the
so-called Kruscal extension of the Schwarzschild metric, namely

drg _ :
ds’ = === /"dUAV +1* (d6” + sin® 0dg?)

U
UV =ry(rs—r) €™, V= —e s,

(1.3)

The expression is well-defined for » — 7, and in the interior region while the value r = 0
represent a true physical singularity since the scalar R, ,, 2"’ diverges at this point.

Now, let’s consider an inertial observer falling through the black hole future horizon: it experi-
ences the whole process in a finite time 7 in its own frame, while an asymptotic observer never
sees it on the horizon for a finite time t.

The relation betweem these two times is dr o< e ¥/™dt and it is the origin of all the discussion.
In fact, a quantum field can be expanded in modes with a given 7-frequency v, related to the
infalling observer, as well as in terms of the asymptotic modes with ¢-frequency w.

The basic point is that the frequencies are not the same: their negative and positive parts are
mixed such that the mode blue-shifts as we follow it backward, or red-shifts as we follow it
forward.

For simplicity, the angular directions are ignored, treating the system as 141 dimensional. Ad-
ditionally, a massless scalar field is considered here, but analogous results can also be obtained
using other types of fields. The Klein-Gordon equation reads as

OOy = 0,0,0 =0, (1.4)

where new coordinates u, v were introduced as

U Vv
u=t—r,=—2r:n (——), v=t+r,=2rsln (—), re =71+ rsIn(r —rg). (1.5)
Ts Ts

The general solution is given by a superposition of waves

¢ = oL(v) + dr(u) = ¢r(V) + ¢r(U), (1.6)

where the left movers describe the ingoing solutions and the right movers the ougoing ones.
Let’s expand the right part of ¢ in modes by using the two different reference frames

[eS) dy - ‘
o —iv T iU
Or = /0 ()12 (ave +ale™),

< dw . .
— bw —iwu bT wu)
/0 27 (2w)1/2 (boe +ble™)

After the usual canonical quantization procedure, the bosonic ladder operators satisfy the
algebra

(1.7)

[al,, ai/] =25 (v —1'), [bw, bl,] =276 (w— w'). (1.8)
The w-frequencies are related to the v-frequencies by
*<d
bw = A é (awyau + ﬁwyal) ) (19)
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where the coefficients can be expressed as

Oy = 27 (w/y)l/z (rsy>2irsw eI <_2irsw) )

. 1.10
Buow = 2rg(w/v) V2 (1) 2" e 7™ (—2irgw) . (1.10)

The strategy now consists of taking the average of the number density of particles associated
with the b-modes in terms of the state |0,), where this state satisfies

ay |04) =0, (1.11)

due to the adiabatic principle.
In other words,

_ 1/2 = dv dv' * T _
(Ol 100 =2 [ o vl ) =

_ Q(ww’)l/z/ dv 8 B 2m) (w —w') 270 (w —w).
0

dry" elmrsw — 1 ew/Tu — 1

(1.12)

1

A7rs

One determines that the asymptotic observer measures a black body radiation with Ty =
that is the expected temperature of a Schwarzschild black hole.

The computation in the full 3-++1-dimensional spacetime gives the same results up to a positive
factor that appears and that represents the trasmission probability related to the scattering
process between the right-moving and left-moving modes of the scalar field.

1.2 Where is the paradox?

Only the exterior of the black hole was directly involved in the derivation of the Hawking flux.
However, to understand the state related to the black hole, one cannot neglect the interior
details.

Here, the modes a are defined in both the exterior and interior regions, while the modes b
are defined only in the exterior region. In particular, to correctly invert the expression [1.9]
additional modes, denoted as 5, need to be added.

Moreover, let’s defined the state |0) bp € H,;: ® H;,: to be the vacuum related to b and b modes
(respectively, the exterior and interior modes).

The decomposition now is

> d - L.
ay = / _w (a::l/bw - 5:1/bi1 + d:wbw - ﬁ::vubi)) ’ (113)
0 27

from which one can deduce that
|0), o< exp [/ dwe_Q;Hb:jl;:] 10055 (1.14)

The asymptotic observer is not able to detect the internal 5—modes; therefore, it is necessary to
trace over the H,,; factor,

Pout = Trint |0a> <0a| = H ‘Nwlz Z 67;7 |nw> <nw| ) (115)

where N, is a normalization constant.
As briefly explained before, the expression [I.15] consists of a thermal density matrix and it
contradicts quantum mechanics since the starting state is a pure one.

3
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Furthermore, one could argue that [H,b,'] = wb,,' and, since [H,b,'0]] = 0, the conclusion is
that [H, BL] = —wEL. The last result seems odd because of the negative energy but it is correct:
here, the energy is defined as the conserved charge associated to the Killing vector that looks
like the time translation outside the black hole. This Killing vector changes signature at the
horizon and thus acts as a momentum for the interior modes, allowing either sign.

Moreover, the equation simply indicates that the interior and exterior modes are entangled
with each other.

A possible naive interpretation is a pair production process at the horizon, where the particle
with negative energy falls into the black hole and the positive energy particle escapes to spatial
infinity.

1.3 The three standard alternatives

In addressing the black hole information paradox, three main alternative approaches have been
proposed over the past decades. Each approach presents its own advantages and challenges,
reflecting the complexity of the issue. Here, we will briefly discuss the key features of each
approach, focusing on their main ideas while omitting some of the finer details.

e Information loss.

One significant proposal is the concept of information loss, acknowledged by prominent
physicists such as Stephen Hawking, Robert Wald, and Ted Jacobson. This perspec-
tive suggests that information that falls into a black hole is irretrievably lost, implying
a fundamental reassessment of quantum mechanics as we understand it. The idea of
information loss posits that once information crosses the event horizon, it is destroyed
and cannot be recovered, leading to a conflict with the principle of unitarity in quantum
mechanics. This view is generally considered incompatible with the framework of String
Theory and the AdS/CFT correspondence, both of which imply that information should
be preserved. Indeed, String Theory and the AdS/CFT correspondence, which provide
a duality between a gravity theory in a higher-dimensional space and a conformal field
theory in lower dimensions, challenge the feasibility of information loss. Consequently,
this perspective is often seen as less satisfactory within the context of contemporary the-
oretical physics.

e Remnants.

The concept of black hole remnants offers an alternative approach, based on the idea
that black hole evaporation does not result in complete information loss. According to
this view, black holes might leave behind a remnant after they have evaporated through
Hawking radiation. The standard derivation of Hawking radiation, which is rooted in
quantum field theory on curved spacetime, breaks down when the event horizon shrinks
to the Planck scale during the final stages of evaporation. At this critical point, the
current theoretical framework is insufficient, and a theory of quantum gravity becomes
necessary to predict the outcome. In this scenario, one might envisage that evaporation
ceases and the black hole stabilizes into a remnant, preserving information in some form.
However, this proposal faces challenges, notably the requirement for an arbitrarily large
number of internal states to account for the information content. Both String Theory
and holography struggle to accommodate such a vast collection of states. This difficulty
casts doubt on the viability of the remnant hypothesis as a resolution to the information
paradox.
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e Corrections.

Another approach involves correcting the leading-order computations of Hawking radia-
tion to restore unitarity. Hawking’s original derivation, being a leading-order calculation,
is expected to be subject to corrections that could potentially address the information loss
issue. According to statistical mechanics principles, exponentially suppressed corrections
might be sufficient to purify the mixed state of the radiation, thereby preserving informa-
tion. However, these corrections have not proven effective in fully resolving the paradox.
Samir Mathur [4] demonstrated that even with small corrections, the von Neumann en-
tropy of the black hole’s final state would not decrease, indicating that the corrections
alone cannot purify the final state. Furthermore, in 2013, Almheiri, Marolf, Polchinski,
and Sully (AMPS) [5] introduced the concept of a “firewall,” a highly energetic radiation
zone at the event horizon, which infalling observers would encounter. Their analysis sug-
gested that adherence to general relativity and the nature of the horizon state implies the
presence of such a firewall, challenging the notion of a smooth event horizon. This con-
clusion suggests that some form of horizon-scale structure might be necessary to reconcile
Hawking radiation with unitarity. While this notion appears to contradict the “no-hair
theorem”™—which asserts that black holes are characterized only by their mass, charge,
and angular momentum—String Theory offers a potential workaround. By introducing
explicit solutions with horizon-scale structures, String Theory provides a framework in
which such contradictions can be addressed. The proposal to replace black holes with
an ensemble of horizon-scale objects, known as the “fuzzball proposal”, will be explored
further in Chapter 3 and 4.

The black hole information paradox remains a profound challenge at the intersection of quan-
tum mechanics and general relativity. Its resolution is crucial not only for our understanding
of black holes but also for the foundational principles of physics. The exploration of alterna-
tive approaches, including the fuzzball proposal within String Theory, highlights the dynamic
interplay between theoretical insights and emerging solutions. By offering potential resolutions
to the paradox, String Theory and its fuzzball model contribute significantly to the ongoing
quest for a unified description of the fundamental nature of black holes and quantum gravity.
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Chapter 2

Introduction to String Theory and
Conformal Field Theory

2.1 String Theory as a theory of quantum gravity

The main lessons of general relativity teach us that gravity is not merely a conventional force,
as in Newtonian mechanics, but rather a profound manifestation of spacetime—a 4-dimensional
Lorentzian manifold—that curves in response to any form of energy and matter. The degrees
of freedom of the theory are described by the metric, and its dynamics are governed by the

Einstein-Hilbert action )

r/—gR. 2.1
167TGN/dx gjz ( )

From the second part of the last century, many attemps were dedicated to understand how it
is possible to quantize the previous action.
Here, the aim is to briefly provide insight into some aspects related to the motivations for a
theory of quantum gravity: identifying its main issues, areas where such a theory is crucial
(and where it is not), and why String Theory could hold the key to solving these problems.
At first, the relevant coupling in general relativity is the Newton’s constant that can be written
in terms of the Planck mass mp as 87Gy = n%, where mp ~ 2 x 10'8GeV.

hy

By linearising the metric as g,, = 1, + prond then the action reads as

SEH =

Spn = /d‘{r [(0@2 - ih(ah)Q - %fﬂ(ah)? +... . (2.2)
mp mp

Hence, there is an infinite bunch of interactions where each term is accompanied by a power
of E/mp: therefore, one can treat a quantum gravity as an effective field theory that breaks
down when the energy E associated with the process of interest reaches the Planck scale.

It is currently uknown the UV-completion of general relativity at quantum level since the grav-
itational interactions become strong as the energy involved approaches the Planck scale and
a bunch of an infinite number of irrelevant couplings appears: in other words, this theory is
non-renormalizable.

One the most prominent solutions is given by String Theory. As explained in the following
sections, this theory, which describes the dynamics of a string, naturally incorporates the grav-
itational interaction. Furthermore, the concept of replacing fundamental objects from points
to strings allows for overcoming the problem of renormalizability and constructing a theory
that removes UV-divergences. At the beginning of this chapter, it is important to acknowledge
that much of the material has been drawn from [6]. In the subsequent sections, I will reference

7
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additional secondary sources that have been utilized to complement and support the discussions
and analyses presented.

2.2 The classical string

A particle traces out a worldline in Minkowski as a target spacetime, while a string sweeps out
a worldsheet M, that can be parametrised by a timelike coordinate 7 and a spatial one o.
Here, the worldsheet is embedded into a D-dimensional minkowski spacetime through the em-
bedding X*(7,0) that, for closed string, satisfy the periodicity condition X*(7,0 + 27) =
X*(r,0). The action that describes the dynamics of a string depends only on its tension 7" and
it is given by

Sne = —T/dQJ\/—_y. (2.3)

It is called Nambu-Goto action and it geometrically represents the area of the worldsheet since
v is the determinant of the metric induced from the target space to Ms.
By varying the action, one can obtain as equations of motion

du (V=17"05X") = 0. (2.4)
The same equations are equivalently reproduced by using the Polyakov action

T
Sp = —3 /d20\/—ggo‘ﬁaaX“85X”nW, (2.5)

where a new degree of freedom, that is the worldsheet metric g,3, was introduced in order
to get rid of the square root in the action. By using the previous action with the constraint
dg.59 = 0, one finds exactly the same equations as before.
In addition to Poincaré and reparameterization invariance, the Polyakov Action, compared
with that of Nambu-Goto, presents a new symmetry called Weyl symmetry. It consists of the
transformations

XH(r,0) = X*(7,0),

Gap(T,0) = Q*(0)gap(T, 7).

Notice that the invariance of the Polyakov action is guaranteed because of the one-dimensional
nature of the fundamental object — the string.

One could also simplify the action: indeed, by using the diffeomorphic invariance, the resulting
metric is flat up to a conformal factor that can be removed by exploiting Weyl invariance too,
finally obtaining g.s = 7as.

After the previous gauge choice, called conformal gauge, the expressions and simply
read as

(2.6)

1
Sp=— d?’00,X - 0°X.
P e / 7 (2.7)
0,0 X" =0,
while the constraint equations are given by
1
Tag = 8aX . 85X — §na5np"8pX . &,X = 0, (28)

where the string constant o’ is defined by T' = ﬁ

The first aim is to solve the theory at the classical level. Achieving this goal is not completely

8
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THEORY
trivial because of the constraints.
By introducing the lightcone coordinates ¢ = 7 4 ¢, the equations become
0,0_X"=0. (2.9)
Hence, analogously to the general solution is given by a superposition, namely
X' (o,7) =X} (oF) + Xk (07). (2.10)
The most general periodic solution can be expanded in Fourier modes as
1 1 ! 1 A
Xt (0%) = S+ alpio iy ; Lo
" (2.11)

XH f_lu 1’#* o lufma’
R(o)—éx +§ap0 +1 EZﬁane .
n#0

where z# and p* represent the position and momentum of the centre of mass of the string.
The reality condition imposes that

ab = (o))", ah = (ak,)", (2.12)
while the constraints are
(0,X)* = (0_X)* =0, (2.13)

and, in Fourier space, they reduce to

m (2.14)

with n € Z and the zero mode is defined to be off = & = |/ %p.

The zero modes are more relevant since they are directly connected with the square of the
momentum p*: in other words, with the mass of the string.
In fact, from Lo = Lo = 0, one can easily find the classical mass spectrum of the string,

M? = %Zan oy, = %Zdn SOy, (2.15)

n>0 n>0

since p,pt = —M?.
The previous equation is known as level matching, as it involves an equality between right-
movers and left-movers oscillators at the same time.

2.3 Open strings and D-Branes

In the closed case the spatial coordinate o takes values in the compact set [0, 27]; in contrast,
in the open string case, o € [0, 7] and the string dynamics are governed by the same action and
equations of motion as before.

The basic differences are related to the boundary conditions; specifically,

Tf s
55:—21// dT/ dod, X - 976X =
1”0‘ o o ) (2.16)
_ 2 e’ . . 2 lot .
- / Po (0°0.X) - 0X o [ o0 (2,X -6X).
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For the open string, the total derivative picks up the boundary contributions

T =T [ o=n
[/ doX - 5X} — [/ drX'- (5X] : (2.17)
2ra | Jo S 2ra | ), 0

o=

where X* = 85(: and X'* = Bgfyﬂ.

The first term is always zero by the principle of least action while the second one needs to be
put to zero.

This means that the possible boundary conditions are the following:

e Neumann boundary conditions:

0, X'=0 ato=0,m. (2.18)
Here, the ending points of the string are allowed to move freely and at the speed of light.

e Dirichlet boundary conditions:

X =0 ato=0,m. (2.19)

Now, the end points of the string lie at some constant position, X* = c*.

By reviewing the calculations previously done in the closed case, one can extract the mass
spectrum for the open sector which, apart from a different factor in front, is the same as seen
before.

In order to understand the consequences of the two different possibilities for the boundary
conditions, let’s consider Dirichlet boundary conditions for some coordinates and Neumann
boundary conditions for others, such as

0,X*=0 fora=0,...,p,

2.20
X =¢' forI=p+1,...,D—1. (220)

Therefore, in this situation the end points of the string are fixed to lie in a (p + 1)-dimensional
hypersurface in the target spacetime such that the SO(1,D — 1) Lorentz group is broken to
SO(1,p) x SO(D —p—1).

The previous hypersurface is called Dp-brane: D stands for Dirichlet and p is the number of
spatial dimensions of the brane.

Such a hypersurface is a new dynamical degree of freedom that appears in String Theory from
its open sector.

In order to promote a Dp-brane to be dynamical, one simply can generalize the Nambu-Goto
action from 2 to p + 1-dimensions as

Spp = —Tp/dp“éx/—_, (2.21)

where T, is the tension of the brane and {{%},—o._., are the worldvolume coordinates swept out
by the p-brane.
This and other related information can also be found in [7].

2.4 The Lightcone Quantization of a string

There are two standard methods to canonically quantize a gauge theory such as string theory.
1) The covariant quantization:

10
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first, quantize the system, and subsequently impose the constraints arising from gauge fixing
as operator equations on the physical states of the system.

2) Lightcone quantization:

the alternative method is to first solve all the constraints of the system to determine the space
of physically distinct classical solutions, and then to quantize these physical solutions.

Here, the section is dedicated just to the second method since it is more convenient and easier.

2.4.1 Classical degrees of freedom

At first, one has to notice that there is a residual gauge symmetry described by
ot =&t (0+) , 0 — 0 (a*) , (2.22)

that is given by diffeomorphisms that can be undone by a compensating Weyl transformation.
In lightcone coordinates on the worldsheet, the flat metric is given by ds? = —do*do~.
A convenient way to fix the residual gauge freedom is to use lightcone coordinates in the target

space as well, namely X* = \/g (X0 + XP71).
As always, the solution of the equation of motion for X is the superposition of the left part
X (07) and of the right part X7, (¢7). The residual gauge freedom is used to impose

1 1 1 1
X = ot ol Xi= et salpto (2.23)
namely,
Xt =2t +dptr, (2.24)

that is called lightcone gauge.

The function X~ (o%,07) is completely determined in terms of the other fields and one can
solve the constraint equation for X, going in Fourier space and obtain the mass spectrum by
looking at the zero mode,

D—-2 o 4 D—2 A A 4 D—2 A A
M?=2pTp =) pip = = YD alal = ~ > ) al,an, (2.25)
=1 i=1 n>0 i=1 n>0

where only the physical and trasversal D —2 modes in the oscillators {o/, di}izlymy p_o are taken
into account.

In conclusion, the most general classical solution is entirely captured by 2(D — 2) transverse
oscillator modes, together with a number of zero modes describing the center of mass and
momentum of the string z¢, p*, pTand z~.

2.4.2 Canonical quantization
Now, let’s canonically quantize the physical degrees of fredome by imposing

o, p] = i6%, [, pt] = —i,

v p b ) 2.26
[Oéim Odn} = [&im &f’n] = n51‘75”+m70' ( )

The Hilbert space is determined by defining a vacuum state |0; p) that corresponds to the state
with no oscillations and momentum p for the center of mass of the string.
Hence, it satisfies the conditions

P10 p) = p*[0;p), o |0;p) = @ |0;p) = 0 for n > 0. (2.27)

11
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The Fock space is built by acting with the creation operators o’ , and a* ,, with n > 0.

In the operator setting, there is an ambiguity in the summation over oscillator modes on the
right-hand side of this issue can be addressed by introducing a constant term in the
mass spectrum formula, which will be subsequently constrained to a specific value using some
consistency conditions. As presented in [8] , the final result is

M2:%<izo/na;_a>:%(Z_:Z&in@;—a) (2.28)

i=1 n>0 i=1 n>0

After a regularization procedure that consists in an analytic continuation of the sum of all the
natural number by using the Riemann Zeta function, the mass spectrum for the closed string

results to be A D9 A D9
M=—(N-—Z)==(N-"1->C2 2.2
S (-5 s (-2 220

_ D2 i i v \D-2 ~i o~
Where N - Zi:l Zn>0 a—nan and N - Zi:l Zn>0 a—nan‘

2.4.3 Why is String Theory a theory of quantum gravity?

The ground state |0;p) represents a tachyon since N = N = 0 implies M? = —5% and D
must be greater than 2 because it is the dimension of the target space where the two-dimensional
worldsheet is embedded.

Even today, tachyons in bosonic String Theory are not fully understood, but they are not
relevant to our discussion, since they are projected out by introducing fermionic degrees of
freedom in a supersymmetric scenario.

Conversely, the first excited states are the most importart sector since they contain the gravity

interaction. In fact, N = 1 means that there are (D — 2)? particle states
54i—1a{1|05p>, (2.30)

each of which with mass squared

4 D —2
M =—[1—-—Z21). 2.31
o/( 24) (2:31)

These states transform under the vector representation of SO(D —2) but, in order to guarantee
the Lorentz invariance to be respected at full quantum level, one has to impose that the previous
states need to fit into some representation of the full Lorentz group SO(1, D — 1). Recalling
the Wigner’s classification of representations of the Poincarée group, this is possible only if the
previous states are massless, namely if the target spacetime dimension of the bosonic string is
set to be

D = 26. (2.32)

As explained in [9], the proof can also be established by imposing the Lorentz algebra commu-
tation relations on the Lorentz generators. By adding fermions in a supersymmetric framework,
the critical dimension becomes D = 10 instead of 26.

So, the quantization procedure for a string is able, in order to avoid anomalies in the Lorentz
symmetry, to fix the dimension of the target space.

By using D = 26, the states transform into a 24 ® 24 representation of SO(24) that can
be decomposed as follows

traceless symmetric @ anti-symmetric & singlet . (2.33)

12
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Hence, each of these modes corresponds to a massless field in spacetime, such that the string
oscillation can be identified with a quantum of these fields.

The fields are a symmetric tensor G, (X), a differential 2-form B, (X) and a scalar field ®(X)
called dilaton.

The particle associated with the symmetric traceless representation of SO(24) is a massless
spin 2 particle. Nevertheless, based on general arguments initially proposed by Feynman and
Weinberg, any theory involving interacting massless spin-two particles must be equivalent to
General Relativity. A discussion of this topic can be found in [10]. Therefore, the tensor G, (X)
is identified with the spacetime metric.

The previous strategy is the standard way to motivate in which sense String Theory is a
theory of quantum gravity. In a supersymmetric scenario, the string spectrum still includes the
spacetime metric, the B-field, and the dilaton; consequently, the analysis remains essentially
valid.

2.5 Introduction to Conformal Field Theory

The transformations are a specific case of what, in general, are called “conformal transfor-
mations” and they show that string theory is a conformal field theory on the worldsheet.

This section is dedicated to concisely describing some relevant features of two dimensional Con-
formal Field Theory at both the classical and quantum levels.

A conformal transformation is a change of coordinates 0* — (o) such that the metric changes
by a positive function

9op(0) = Q*(0)gap(0). (2.34)

A field theory that is invariant under the previous transformations is called Conformal Field
Theory (CFT), namely it is a theory that looks the same at all length scales.

To make it more comfortable, let’s have a look at a theory on Euclidean space, where the
Euclidean worldsheet coordinates are defined from the Lorentzian ones by a Wick rotation in
time (o!,0?) = (0',i0°). Tt is easier using complex coordinate: hence, let’s introduce z and z
such that z = 0! +i0? and z = 0! — io?.

These coordinates are completely analogous to the left-moving and right-moving coordinates
introduced before in the lightcone quantization of a string.

By using the usual definitions for the holomorphic and antiholomorphic derivatives given by

0.=0= (O —ith), 0.=0= (01 +id), (2.35)

the flat Euclidean metric reads as
ds® = (do*)* + (do?)* = dzdz, (2.36)

1 and the measure factor becomes dzdz =

where the components are g., = gz = 0, ¢.; = 5

2dotdo?.
In this fashion, the conformal transformations in the 2-dimensional flat Euclidean space are
simply given by any holomorphic change of coordinates

z— 2 =f(2) and z— 7 =f(2), (2.37)

since, under this transformation, the line element transforms as ds* = dzdz — ]%Fdzdi.
Finally, I would like to emphasize that this introduction to conformal field theories is primarily
based on [11] and [12].
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2.5.1 Classical theory

Here, the stress-energy tensor is defined to be

4 08
Taﬁ = __—aﬁ
V9909
In any conformal theory the stress-energy tensor is trace-less T, = 0. Indeed, by taking a

rescaling (that is a special case of conformal transformation, just for simplicity) dgas = €gags,
then

(2.38)

S 1
_ 2 _ 2 e’
0S = /d O@gagéga'g = /d o\geT?, (2.39)

that must vanish since scale transformations are symmetries of the theory.
The trace-less condition in complex coordinates reads as T,; = 0.
In addition, the conservation equation in flat space-time 9,7%% = 0 simply becomes

OT,, =0 and 9T =0. (2.40)

In other words, 7,, = T..(z) is a holomorphic function while 7%; = T%:(Z) is an antiholomorphic
function.
For instance, let’s consider the stress-energy tensor of a free scalar field theory defined as

1
Y

S

/ d?00,X0°X. (2.41)

This is the most physically relevant theory for our treatment since the action is essentially the
Polyakov one in conformal gauge.
By varying the action with respect to the metric, the stress-energy tensor follows as

T = —i,axax and T = —%5}(5){. (2.42)
« «

2.5.2 Quantum theory

One of the key ingredients to discuss a conformal field theory at quantum level is the operator
product expansion (OPE), where the product of two local operators can be written as a linear
combination of all the operators of the theory. More precisely,

0i(2,2)0;(w, @) = > Cli(z —w, 2 — 0)O(w, w), (2.43)

where by translational invariance the coefficients C’fj (z—w, Z—w) depend only on the separation
between the two operators.

To be more specific, the right-hand side of equation [2.43] converges to the left-hand side within
a region defined by a radius of convergence. This radius is less than the distance from w to the
nearest insertion point of another operator. Notice that in [2.43] an abuse of notation is used:
properly, it is not an operator equality but between time-ordered correlation functions that are
neglected in the notation for simplicity.

In other words, any OPE needs to be interpreted as

(04(2,2)0;(w,w)) =Y Cki(z — w, 2 — ) (O (w, m)). (2.44)
k

The OPEs have singular behaviour as z — w: the singular terms are the only relevant for the
current discussion.
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Ward Identity and Primary operators
From the path integral formulation of the correlators
1
<Ol (Ul) ce On (Un)> = E / ®¢€7S[¢]Ol (01> ce On (0n> ) (245>

where ¢ schematically represents all the fields in the theory and the partition function is
Z =]/ Dpe S9! one can easily derive the generalization at quantum level of the Noether
current

1 o _
_%/68“ ()0, (01) -..) = (60, (1) ... | (2.46)

known as Ward identity, where the integral on the left-hand-side is performed over the region
of non-zero € parameter.
In any two dimensional quantum field theory, the previous result can be recast as
i _ 7 _ _
2 {2, 2)01 (02) ) - —7{ 02 (Jo(2, )01 (1) . ) = (601 (01)..) . (2.47)
T Joe 27 Oe
where the Stokes’ theorem has been used.
Let us focus on the shift transformations in z or in z: indeed, since .J, is holomorphic and .J;
is antiholomorphic, the contour integral is described by a residue.
More precisely, from the change 0z = €(z),

001 (01) = —Res [J,(2)O0; (01)] = — Res [e(2)T(2)01 (01)], (2.48)
while from the shift 6z = €(2),
601 (01) = —Res [J:(2)O1 (01)] = —Res [€(2)T(2)04 (01)] - (2.49)

Hence, the previous analysis leads to the conclusion that the OPE involving an operator and
the components of the stress-energy tensor, T'(z) and T'(Z), reveals how the operator transforms
under conformal transformations.

Moreover, to understand the spectrum of a two dimensional CFT, one can introduce a rel-
evant class of operators, known as primary operators.
At first, an operator O is said to have weights (h, h) if, under §z = ez and 0z = €z, O transforms
as

60 = —€e(hO + 200) — &(hO + 200), (2.50)

where s = h — h is the spin and A = h + h is the scaling dimension of the operator.
One can show that for an operator with weights (h, h), the OPEs with 7" and T are

O(w, w) N 00(w, w) N

T(Z)O(w,vjf):...—I—h(z_w)2 po— e
A (2.51)
T(2)O(w, @) = ... + hg(i_”w“’)l + ag(f”;l_}“’) .

Now, it was introduced enough technology to define what a primary operator is.
An operator O with weights (h, h) is said to be primary if its OPEs with the energy-momentum
tensor look like

O(w, w) N 00(w, w)

-+ non-singular terms ,

(z — w)? z—w

O( _) (9(9( _) (2.52)
T(2)0(w,w) = h— w,fu 4+ — wlw + non-singular terms.

(z — w)? zZ—w
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In other words, the singular terms with the maximum power are (z —w)™2 and (z — w) ™2

It is a quite important class of operators and they have a simple transformation rule,

O(z,2) = O(%,2) = (%) - (%) B O(z, 2) (2.53)

under
z— 2(2) and z— Z(2). (2.54)

Because it is the more influential for string theory, let’s revisite some of the features discussed
above for the free scalar field described by the action and with to be the stress-energy
tensor of the theory.

At first, let’s have a look at the propagator, namely

0= / DX 5 X‘S(U) [e X ()] = / DXe® [ﬁ@QX(O’)X (") +6(c—0d)|. (2.55)
From which, one can extract,
(0°X(0)X (0)) = —2md/6 (0 — o). (2.56)

Then, after some computations involving the Stokes’ theorem and by using the polar coordi-

nates,
/

(X(0)X () = —% In (o — o)’ (2.57)

that is the final expression for the propagator.
Moreover, one can analogously derive some other OPEs starting from the propagator: for
instance, some correlators involving derivative terms such as

o 1

0X (2)0X (w) = ECAEEE + non-singular terms. (2.58)
In order to compute the OPE with the stress-energy tensor 7', it has to be taken normal ordered
as always in any QFT. For instance, the correlator

T(2)0X (w) = —é L OX(2)0X(2) : OX (w) (2.59)
simply becomes
T(2)0X (w) = % b= (i)f%)”))? + az)i%) T (2.60)

by using the Wick’s theorem.

Another example that will appear in section 2.6 is : €** : which is a primary operator with
weights h = h = o/k? /4. The previous operator can also be involved in the derivation of the
OPE between the stress energy-tensor components that reads as

12 2T(w) | OT(w)

(z—w)t (z—w)? z—-w

T(2)T(w) = +.... (2.61)

In conclusion, the stress-energy tensor is not a primary operator in a conformal field theory.

The previous result can be generalized and is valid for any CFT, being essential for defining a
crucial quantity known as the central charge.

The central charge is defined as the coefficient (up to a factor of 2) of the term proportional to
(z —w)~* in the OPE with the stress-energy tensor.

Hence, as shown in in a CFT describing a free scalar field, the central charge is ¢ = 1.
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The Virasoro Algebra and the State-Operator Map

After having completed the discussion about the operators in a CFT, it remains to discuss what
the states of the theory are.

In order to describe the worldsheet theory, that for closed string is topologically a cylinder, by
using the tools of the previously introduced conformal field theory on the 2-dimensional plane,
one can construct the following map

Figure 2.1: The map between the cylinder and the plane

where the complex coordinate w of the cylinder is related to the plane coordinate z by
w=o+ir, z=e . (2.62)

On the cylinder, states exist on spatial slices of constant ¢ and evolve according to the Hamil-
tonian H = 0,. After mapping to the plane, the Hamiltonian transforms into the dilatation
operator D = z0 + z0. To maintain the cylindrical origins of the states on the plane, they
should reside on circles with constant radius. Their evolution is dictated by the dilatation oper-
ator D. Hence, the time-ordered correlator functions are replaced by some sort of radial-ordered
correalator functions by using the previous map (see Figure 2.1).

At first, let’s expand the stress-energy tensor components in Laurent series as

(e ¢}

Ly,
T(Z) - Z m+27
T 2.63
N (2.63)
(2) - Z Fm+2’
so that, the inverse relations are
1 n+1
L,=— ¢ dzz"""T(z),
2mi
1 (2.64)
L, = dzz"H T
2mi = (2):

In radial quantization, L, is the conserved charge associated to the conformal transformation
dz = 2" and, similarly, L,, is the conserved charge associated to §z = z"*!.
Now, let’s compute the algebra of the generators

(Lo, L) ( 7{ 5 f{ 5 7{ 5 7{ 2m) 2" T ()T (w), (2.65)

where here, z and w are both coordinates on the complex plane and, implicitly, the previous
equation contains a radial-ordering.
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Considering this, the outcome involves the OPE between the components of the stress-energy
tensor, which can be computed as previously described to yield the final result:

(L L] = (m — 1) Lo in + 1—62m (m2 = 1) Smino, (2.66)

which is known as the Virasoro algebra. Here, c represents the central charge introduced earlier.
Similarly, the operators L, satisfy the same algebra, but with ¢ replaced by ¢. Instead, the
commutation relations between L,, and L,, are trivial, specifically

[Lm, in} —0. (2.67)

From this perspective, one can intuitively introduce the State-Operator Map, a distinctive
feature of two dimensional conformal field theories that sets it apart from ordinary quantum field
theories. In conventional quantum field theories, there typically exists no direct correspondence
between states in the Hilbert space and operators within the theory. However, this distinction
is fundamentally different in the context of conformal field theories.

Let’s consider, for simplicity, a conformal field theory living on a Riemann sphere with three
punctures, where each puncture represents the insertion of a local operator.

Figure 2.2: The Riemann sphere with three punctures

By leveraging the conformal invariance, it becomes possible to elongate each puncture into
a thin, elongated tube. One can further contemplate the scenario where each tube extends
infinitely, thereby transforming each puncture (or local operator) into an asymptotic state of
the theory.

A
TR el '7_7“?/
-
~/
S \\
|
~. "l

Figure 2.3: The State-Operator Map
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In the illustration above, the punctures are represented as red points connected by thin black
tubes to the states, which are depicted as crosses in the image.

Obviously, one can reverse the procedure by starting with a state and obtaining a local operator
represented as a puncture.

2.6 The BRST quantization

The lightcone quantization of a string can provide all the main results, but in a not rigorous
way.

Here, it was discussed a more solid method through which adresses all the question related
to string quantization by making use of the results derived in the previous section related to
conformal field theory.

Let’s consider the Euclidean version of the Polyakov action that is given by

Sp / d?0\/G9°P 0 X" 05 X" 6 . (2.68)

" 4ral
Instead of the canonical quantization procedure, here the path-integral is involved: the partition
function

1
7= DgDX e~ Srory Xl (2.69)

is obtained by integrating over all the possible embedding coordinates and metric configurations.
As for any gauge theory, it is not relevant the integration over all the space of gauge fields but
just on the space of inequivalent gauge fields, that is the set of gauge fields that are not linked
to each others via a gauge transformation (here, diffeomorphisms and Weyl symmetries): for
this reason, the necessity to divide by Vol, which is the volume of the gauge action in the field
space.

A convenient way of doing so, consists in using the Fadeev-Popov procedure.

At first, in this case the metric changes under a general gauge transformation ( as

, wiey) 007 00°
Jap(o) — gi@ (o) = el )ﬁmgw(a% (2.70)

and, as explained in section 2.2, in two dimensions these gauge symmetries are enough to fix
the metric in a specific form gfw (¢”) called fiducial metric, that for example can be the flat one.
After having choosen the fiducial metric, one can compute the partition function related to this
choice as

L1 o
Z[9] —/DCDXi)gAFP(g)d (g — §) eS¢ Xl =

Vfl 1 (2.71)
_ SOV —Se[Xg] L o Sp [X,4]
Vol ‘DC@XAFP(Q )6 Vol /@C(DXAFP(Q)IS .

where the definition of the Fadeev-Popov determinant Agp(g), thatis 1 = App(g) [ DS (g — §°),
has been used.

Notice that in the second step, the integration over the metric disappeared because of the Dirac
delta function while in the third one the gauge invariance is involved.

Hence, in the integral nothing depends on the gauge transformation (: so, the gauge volume
factor can be extracted in the numerator that cancels the one present in the denominator,

219) = / DX App(g)e o 4, (272)
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resulting the final expression of the integral over all the distinct physical solutions.
All the problems converges in the computation of the Fadeev-Popov determinant that is a
standard result in gauge theories,

Arp(9) = /@v@ﬂ exp (4ﬂi/d20\/§ﬂaﬂvavg) . (2.73)

The steps to do in order to check the previous outcome consists in concentrating around the
identity of the gauge group such that the integration over ¢ reduces to an integrataion over w(o)
and v*(o) that are elements of the Lie algebra of the Weyl group and of the diffeomorphism
group respectively.

Then, one has to deal with an integral of a Dirac delta that can be written as an integral of an
exponential by introducing an ausiliary field 5*? that is a symmetric 2-tensor on the worldsheet.
Then, by treating 5% as a Lagrange multiplier, one can integrate over w(c) and find the result
written above.

Introduction of ghosts

The further step consists in computing the inverse of the expression to obtain the Fadeev-
Popov determinant.

A canonical way is to replace the commuting integration variables with anti-commuting fields
as

af —7 boz )
s 2 b (27
v — ?,
where b, ¢ are called ghosts fields since they are Grassman-valued functions.
The final upshot is
Brelg) = [ DHDeex (1S ) (2.75)
where the ghost action is defined to be Sghost = % f d%\/gbaﬂvacﬁ .
In conclusion, the partition function reads as
(3] = / DXDYDe exp (—Sp [X, 8] — St b, ]) (2.76)

Furthermore, the ghost action can be simplified by employing the conformal gauge, where the
flat metric is taken as the fiducial metric. This results in

1 _
Sghost = %/dQZ(bzzazcz +b228zcz)~ (277)

A more rigourous proof of D=26

The stress-energy tensor of the ghost CFT is
T = 2(0c)b+ cob, T = 2(Je)b + cob. (2.78)

Similarly to what was done in the section 2.5.2 for the bosonic scalar free field theory, one can
compute some relevant OPEs.

For instance, by computing the OPE with the stress-energy tensor, one can conclude that the
ghosts b and c¢ are primary fields with weight h = 2 and h = —1 respectively.

Instead, the central charge of the ghosts theory is ¢ = —26, since

—13 2T (w) 0T (w)
(z —w)4 * (z —w)? * z—w *

(2.79)
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A well-known fact is that the Weyl gauge symmetry is anomolous unless ¢ = 0 because at
quantum level the trace of the stress-energy tensor is given by

(T°,) = —1—623. (2.80)

Hence, one needs to add exactly the right degrees of freedom to the string to cancel the contri-
bution from the ghosts.

The simplest way consists of adding D free scalar fields: indeed, the expression [2.61] shows that
each of these contributes ¢ = 1 to the total central charge, so the entire procedure is consistent
if D = 26.

Vertex Operators and string spectrum

At first, let’s define a special class of states, known as primary states.
A state | V) is said to be a primary state of weights (a,a) if

L, |¥) = for n > 0,

Lo |0) = a| W),

Lo|¥) = ) s
L, |¥) = for n > 0,

Lo |¥) = a|®),

where L, and En are the Virasoro generators defined in m

The question is: what are the values of a and a? By using the State-Operator map, each state
is associated to a local operator but only those that are gauge invariant are acceptable: hence,
not all the states are physical.

Let’s begin by examining reparameterization invariance. In the previous section, operators
have been positioned at specific locations on the worldsheet. However, in a theory where the
metric is a dynamical degree of freedom, this approach does not produce a diffeomorphism
invariant operator. To create an object that remains invariant under reparameterizations of
the worldsheet coordinates, one needs to integrate over the entire worldsheet. Consequently,
the operator insertions (in conformal gauge) take the following form:

V ~ /d%@. (2.82)

Now, let’s consider also the Weyl invariance: the measure d?z has weight (—1, —1) under rescal-
ing and, in order to to compensate it, the operator must have weight (1, 1).

So that, the previous constants are fixed as a« = @ = 1 and this kind of operators are called
Vertex operators.

As an application, let’s briefly discuss the closed string spectrum by using the formalism intro-
duced so far.

In general, the vacuum of a two dimensional CF'T is linked to the identity operator but the
string vacuum has also a centre of mass momentum p* that can be generated by acting through
the operator e?X. Therefore, the Vertex operator associated to the tachyon is

Vo ~ /sz e X (2.83)
Note that in Section 2.5.2, it was stated that the exponential operator is primary with weights

h=h= %”2. However, since Weyl invariance requires h = h = 1, the ground state must have
the well-known mass squared

M? = —p*=——. (2.84)
«
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An analogous procedure can be applied to the excited states, confirming that the first level
consists of massless particles as expected.

For a more detailed discussion, I recommend referring to [13| and [14] where I drew part of the
material for this section.

2.7 Low-Energy Effective action

Up to now, a flat target space is taken into account: in this section, a more general background
describing where the strings propagate is provided. The Polyakov action is simply

Sp

/ d*0/39°7 0, X" 05 X" G, (X), (2.85)

4drad

where g,s is the worldsheet metric, while G, (X) is the target metric constructed from the
quantized gravitons discussed in Section 2.4.3.

In the same section, other fields appeared as the 2-form B, (X) and the dilaton ®(X) and one
needs to understand how a string can couple to them.

In particular, the Vertex operator related to the first excited states of the closed string is

Vieatted ~ / Pz PXOXIIX : (o (2.56)

where (,,,, is the polarization tensor of the state, that is traceless symmetric for the graviton,
antysimmetric for the B-field and the trace of (,, describes the dilaton.

Hence, by exponentiating the operator, one can uniquely determine the interaction terms,
resulting in the following action

B 1
Y

Sp

/ d*0\/G (G (X)0a X 05 X" g% + 1B (X)0a X 05 X" +a/®(X)RP), (2.87)

where R is the worldsheet Ricci scalar. As explained in [15], the specific form of the term
involving the dilaton depends on the fact that the dilaton is related to the string coupling as
gs = €0, where ®¢ = limitx_,o, ®(X). Instead, one can understand the physical interpretation
of the B-term by using an analogy with the electromagnetism. Indeed, an eletrically charged
point-particle couples to a background gauge 1-form A, on its worldline as

/ dr A (X) X", (2.88)
The analogous coupling on the worldsheet involving a background 2-form is
/ 20 B, (X) 00 X 05 X" e, (2.89)

where the derivatives appear since the 2-form is pull-backed on the worldsheet from the target
space.
Moreover, the analogy can be carried forward by considering the gauge transformation.
In the case of an electrically charged point-particle it is A, — A, + 0,«, that is generalizable
as

B,, = B,, +0,C, —0,C,. (2.90)

In addition, the field strength in electromagnetism is a 2-form F' = dA, while here a 3-form H
has to be defined such that H = dB.
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Another aspect, which is only briefly mentioned here, is the derivation of the Einstein equations
in the low-energy limit.

At first, let’s consider just the part of the action related to the metric. Certainly, one has
to demand that at full quantum level the conformal invariance of the theory is preserved, that

means
1 9G (X5 1)

ﬁMV(G) ~ aM

with p an arbitrary energy scale.

At 1-loop level, some UV divergences appear, which can be cured by adding counterterms. By
doing so, the wave function renormalization of the embedding coordinates is accompanied by
the renormalization involving the metric G,,,, such that

=0, (2.91)

ws
a/
G — G+ —Ry. (2.92)
€
Hence, the condition for the conformal invariance simply reads as
Bu(G) = 'R, =0, (2.93)

namely the target space needs to be Ricci flat.

In other words, General Relativity is recovered from String Theory by imposing its conformal
invariance at the quantum level.

In general, one needs to take into account the full bosonic action [2.87 and a generalization is
expected because of the presence of new fields. Specifically, the results are given by

/
Bu(G) = /Ry, + 20/V ,V, & — %HWHVM,

/
/BNV<B) = _%VAH/\;U/ + CUVA@H)\NV7 (294)

/ /
B(®) = —%v%p + 'V, OV D — %HWAHW*.

The preservation of conformal invariance means that (,,(G) = (,,(B) = 8(®) = 0, which can
be seen as the equation of motion for the background in which the strings propagate.

One can also focus on the low-energy effective theory of the bosonic sector from the string
theory, obtaining

1 1
Serr = 5 / d* X/ ~Ge™* (fR — EHWHM - 4@@3%@) : (2.95)
0

with kg a normalization constant. Indeed, the corresponding equations of motion at leading
order are given exactly by [2.94]

2.8 A gentle introduction to Superstring Theory

In this section, only a glimpse of how adding fermionic degrees of freedom on the worldsheet is
provided to the reader.

Bosonic string theory encounters notable challenges, including the presence of a tachyon in the
spectrum and the lack of fermionic degrees of freedom. These issues lead to instability and
incomplete descriptions of fundamental particles. Superstring theory addresses these problems
by incorporating fermions and supersymmetry. The addition of fermions helps to project out
the tachyonic state, resolving one of the primary issues of bosonic string theory.
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Moreover, while bosonic string theory lacks protection against quantum anomalies, supersym-
metry ensures anomaly cancellation. This is a crucial aspect that makes superstring theory
consistent and well-defined.

Another significant advancement with superstrings is the introduction of dualities such as T-
duality and S-duality. These dualities reveal profound relationships between seemingly distinct
theories and help in understanding the theory across different coupling regimes.

In the bosonic string theory the mass-shell condition M? = —p? derives from the zero mode
constraint Lo |¥) = 0 and also Ly |¥) = 0 for the closed string.

Since the previous mass-shell equation is the Klein-Gordon equation in momentum space, in
order to have some fermions in the spectrum the Dirac equation

ip Y +m=0 (2.96)

is needed.

Since Ly and L, are the center of mass modes of the bosonic worldsheet energy-momentum
tensor (T3, T), one can introduce some new fermionic energy-momentum tensor (T, Tr) such
that the corresponding zero modes give the Dirac equation.

One can guess that the gamma matrices v, satisfying the algebra {y#,7"} = 2n*” are the center
of mass modes of an anticommuting worldsheet field 1. In this perspective, one could consider
the following action as the generalization of the Polyakov one,

1 2 ~ _ -
S = yp d*z (aﬁXuaXu + Yoy, + Waw) ) (2.97)
From here, one can conduct similar analysis to what was previously done. One can compute
the spectrum and by using the supersymmetric framework, the critical dimension is found to
be
D =10. (2.98)

The massless bosonic fields G, B,,, and ® are always part of the superstring spectrum.
Additionally, there exist massless spacetime fermions and other massless bosonic fields. The
specific nature of these additional bosonic fields varies depending on the particular superstring
theory under consideration.

Indeed, with respect to bosonic string theory, the supestring one is not unique.

The main different theories are

e Type II: it possess both left and right moving fermions. This yields a spacetime theory
in 10 dimensions with N = 2 supersymmetry, indicating the presence of 32 supercharges.
Here, the additional degrees of freedom of the string are known as Ramond-Ramond fields.

— Type IIA: here, the new degrees of freedom include some gauge fields as a 1-form
(), and a 3-form C,,,.

— Type IIB: the Ramond-Ramond gauge fields include a scalar C', a 2-form C),,, and a
4-form C\ppo-

e Heterotic: it features only right-moving fermions on the worldsheet. Each heterotic string
includes a non-Abelian gauge field in spacetime, with gauge groups SO(32) and Fg x FE.

e Type I: it encompasses open strings propagating in a flat ten-dimensional space, along
with closed strings.

These diverse theories offer a broader and richer framework compared to bosonic string theory
and have led to significant advancements such as the concept of branes and the formulation of
M-theory or F-theory.
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M-theory represents an even more comprehensive framework by proposing an eleven-dimensional
universe where various superstring theories are unified as different aspects of a single underlying
theory. It introduces higher-dimensional objects, such as two-branes and five-branes, expanding
our understanding of the fundamental structure of spacetime.

F-theory, on the other hand, extends superstring theory by incorporating additional dimen-
sions and allowing for more generalized solutions. It is particularly adept at describing gauge
theories and various compactification scenarios, providing deeper insights into the geometric
and physical properties of higher-dimensional spaces.

In addition to these advancements, two notable concepts in the realm of superstring theory are
compactifications and the AdS/CFT correspondence.

Compactification involves reducing the higher-dimensional space of superstring theory to the
four-dimensional spacetime we observe by factoring out the internal degrees of freedom of the
theory into certain manifolds. These geometrical structures are essential for preserving super-
symmetry in the lower-dimensional effective theory and play a crucial role in determining the
physical properties of the observed universe.

The AdS/CFT correspondence is another pivotal development, positing a duality between a
superstring theory or supergravity in Anti-de Sitter space and a conformal field theory on the
boundary of that space. This correspondence has provided profound insights into quantum
gravity, gauge theories, and the dynamics of strongly-coupled systems, showcasing the deep
connections between different theoretical frameworks. The content and analyses introduced
previously are based on [16].
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Chapter 3

Black holes in Supergravity

In the 1970s, a remarkable parallel was discovered between black hole dynamics and thermody-
namics, with Bekenstein-Hawking entropy [17], which is one-quarter of the event horizon’s area,
behaving like thermodynamic entropy. The challenge has been to provide a precise statistical
mechanical interpretation of this entropy. A famous paper written by Strominger and Vafa [2]
advanced this effort by examining black holes within five-dimensional string theory that has
N = 4 supersymmetry. They showed that the degeneracy of extremal BPS states, which can
be computed in these theories, agrees with the Bekenstein-Hawking entropy for large charges.
In this chapter, general results will be provided on how to construct black hole solutions from
string theory and how to calculate their microstates. The methods for obtaining black hole
solutions using D-branes wrapped on compact spaces are discussed. Initially, the procedure for
creating an extremal and supersymmetric black hole is demonstrated. Subsequently, the focus
shifts to non-extremal solutions for completeness. Furthermore, the chapter includes an intro-
duction to special solutions known as fuzzballs, which have no horizon and represent a single
microstate solution. These will also be discussed in Chapter 4, where some Wess-Zumino-
Witten models capable of describing fuzzballs will be considered.

Specifically, in order to study black holes in string theory, Susskind proposed considering a
highly excited string state with a mass M > o/~/2. If the string coupling ¢ is assumed to be
small, meaning the string behaves almost like a free one, the left and right oscillator levels are
Np,Ng ~ va'M > 1, resulting in a large number of degenerate states at fixed mass. Fur-
thermore, using the statistical mechanics framework, the degeneracy translates to an entropy
of

Shicro = In[N] ~ VoM.

However, to describe a black hole, one needs to consider a regime where ¢ is no longer pertur-
bative, since the Newton constant is G' ~ g2

In particular, it was expected that if M is sufficiently large, then we get a black hole of mass

M with its entropy given by
A

Ea

which is the standard Bekenstein-Hawking formula.

SBH =

The microscopic computation of the entropy, namely Spico, 1S not trivial at large coupling
constant g,, and the matching with the Bekenstein-Hawking entropy (which is expected to be
valid) is not easy to prove.

In this scenario, the importance of BPS states emerges. In this context, the microstate count-
ing—and therefore the entropy—does not depend on the coupling, as it is protected by super-
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symmetry. The microstate counting S0 can be carried out in string perturbation theory at
small coupling, and although the number of microstates would generally change for non-BPS
states as the coupling increases, this does not happen for BPS states. Thus, for BPS states, one
can compare the microstate counting done in string theory at small coupling with the entropy
computed using the Bekenstein-Hawking formula.

To provide a more detailed explanation, in the next paragraphs some standard BPS solutions
will be considered, which include the one-charge, two-charge, and three-charge cases. For the
three-charge case, a computation of the microscopic entropy will be explained and the matching

Smicro - SBH

will be verified.

It is essential to mention that a significant portion of this chapter’s content is based on [1§]
and [19].

3.1 One-charge solution

The easiest BPS state is certaintly the one-charge solution.

Let’s begin by recalling that the Type ITA string theory can be obtained as a one dimensional
reduction of the eleven dimensional M-theory. In particular, let’s compactify on a circle S*
with radius R parametrized by a coordinate y with a periodicity of 2rR. Let’s suppose to wrap
n; times the circle with a NS1 brane.

Such a string configuration produces the following supergravity solution,

8
ds* = Z;' [—dt® + dy’] + Z dx;dx;,
=1
_ 3.1
e =7 (3.1)

lel+Q_61a
T

where the metric refers to the 10-dimensional one with x; as transverse coordinates. The
Bekenstein-Hawking entropy is trivially zero because the area corresponding to the horizon
r = 0 vanishes. The fact that Sgg = 0 is actually in line with the microscopic counting. The
N S1 brane is in its ground state, so its only source of degeneracy comes from the zero modes of
the string, providing 128 bosonic and 128 fermionic states. Therefore, Spicro = In[256], which
remains constant and does not increase with n;. Consequently, in the macroscopic limit as
ny — 0o, we would find Sy = 0 to leading order, which matches Sgy. The same result can
be computed in the full 11-dimensional M-theory by treating the NS1 of the Type IIA theory
as an emergent M2 brane in M-theory that wraps the directions x11,y.

In this perspective, the vanishing of the lengths of x1; and y leads to the vanishing of the area
of the horizon at r = 0, confirming the Type IIA result.

3.2 Two-charge solution

The previous problem of the shrinking of the coordinate x1; can be overcome by using M5
branes oriented transverse to xq1: namely, NS5 branes in Type IIA theory. This means that
additional compact dimensions are required to fully wrap around the five spatial directions of
the NS5 branes: for instance, let’s consider 7% x S*.
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The supergravity solutions of the previous configuration are the following ones,

ds’ = 77" [—dt® + dy*] + Zs de,d:pl + Z dzadz,
i=1
2 _ 25 (3.2)
Z
Zy =1+ @ Zs =1+ %

.....

number ns of NS5 branes
However, the horizon area remains zero. This is evident from the M-theory perspective, where
both the NS1 (obtained from M2) and NS5 (from M5) branes wrap around the y circle, caus-

ing it to shrink to zero as r — 0.

3.3 Three-charge solution

As discussed previously, both the one-charge and two-charge BPS models have zero horizon
area: this is no longer the case for the three-charge solution.

Indeed, let’s add a momentum charge P along the y — S! manifold. In partlcular let’s consider
N, units of momentum along the circle, so that these modes have an energy of : hence, their
energy decreases as I increases.

The supergravity solutions

ds® = Z;7' [—di? + dy? + Z,(dt + dy)* +Z5dedxl+2dzadza,

=1 a=1
g0 _ %5 (3.3)
7y
Zl—1+Q1 25:1+Q—§, Zp_%,

display an horizon at r = 0.

A deeper analysis related to this background was considered in [20], and it will be discussed
further when the Wess-Zumino-Witten models are introduced in Chapter 4.

As discussed before, the horizon area no longer vanishes for this configuration due to the
presence of momentum.

Let us check this fact by computing the area of the horizon in the Type IIA setup and let’s
convert this area in the Einstein frame.

In the near horizon limit, the part proportional to Zs in the 10-dimensional metric can be
written as

dr?
Zs5 Y duidr; = Zs (dr® + r*dQ3) ~ Qs [ i dQQ} (3.4)
Hence, approaching the horizon the length of the y — S manifold is given by

L,= QWRQP (3.5)

Ql

while the area of the transverse three-sphere becomes

3

Ags = (27°) Q2. (3.6)
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Furthermore, the volume of the torus 7* in the limit » — 0 simply reads as
Ve = (2m)tV. (3.7)
So, the horizon area of the considered S® x S! x T* geometry is the product
131
A% = Ags L,V = (20%) (27R) ((2m)"V) @, *QZ Q3. (3.8)

In conclusion, by transitioning from the String frame (with 10-dimensional metric g2,) to the
Einstein frame (with metric g%) using

E_ o485 _ P s (3.9)

finally, the Beckenstein-Hawking entropy is given by

E

A
SBH = e = 271‘\/ N1N5Np, (310)
10

where Gy is the 10-dimensional Newton constant and the horizon area in Einstein frame A¥
is related to the string one A° by

EN 4
AE = (g—;) A5, (3.11)
gab

3.3.1 Computation of black hole entropy

After computing the black hole entropy for the three-charge solution using the standard Bekenstein-
Hawking formula, one could attempt to perform the same calculation through microscopic
counting. This microscopic counting was first carried out by Strominger and Vafa [2].

Instead of using the configuration explained before, known as the NS1 — NS5 — P system, one
can compute the microscopic entropy by using a dual solution in the D1 — D5 — P frame, where
the computation is easier, as presented in [18§].

The two configurations are essentially the same since they are related through a sequence of T
and S dualities. In other words, by performing a T-duality in one of the directions of 7%, all the
charges remain unchanged, but the theory transitions from Type ITA to Type IIB. Moreover,
by using an S-duality transformation

NSINS5P 5 D1D5P, (3.12)

the configuration D1 — D5 — P is reached.
The D1 — D5 — P geometry is described by the following metric

ds?* = —(2:Zs) " dt* + (2, 25) "7 2 da? + (21 Z5)"? dadggry + 2127 P daly,,,  (3.13)

where the coordinates x1234 parametrize the torus 7%, x5 the circle and the others the transverse
direction to the D5 brane. Moreover, the three harmonic functions Z,, Zs, Z, have been defined
in B.3

Hence, by making use of the S and T dualities, one can realize an equivalence between the
D1 — D5 — P configuration and the NS5 — F'1 — P one. For this section, it was preferred to
use the former system. The branes are placed as shown in the picture below.
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N o

- IMGuacer e =

Figure 3.1: Diagram showing the placement of the branes. Image taken from [18].

The supergravity charges are presented below, excluding any additional factors

Q1 ~ g5 (6)° N1, Q5 ~ g5 (6,)° N5, Qp ~ 2N, (3.14)

The horizon area depends on the string length and the string coupling as

Ap ~ vV @Q1@Q5Q)p ~ 93 (65)3 V N1N5N,.

Conversely, the Bekenstein-Hawking entropy is independent of the coupling and length scales
as can be noticed from [B.10l

The goal now is to reproduce this entropy using string theory through a microstate counting:
for simplicity, the limit of small T
Since we are working in the limit g;N << 1 , the gauge theory describing the open strings is
a free theory. In other words, one can express the wave functions describing strings stretching
between D1 and D5 in the following form

¥ (w5) ~ € TINT, (3.15)

where n denotes the number of momentum units.

Hence, in order to compute the microstates, one has to calculate in how many ways we can get
the momentum p = % from partitioning the momentum over the D1 — D5 open strings with
the previous partition function.

This statement is the same of counting the number of partitionings

Ny M Np
1
Z N1N5R ’ (3.16)

where m counts the momentum in unit 1/(NyNs;R) added by n,, strings of this type.
This kind of counting can be performed by the following partition function:

Z =Y d.q", (3.17)
n=0

where d,, counts the number of partitionings of the integer n.

In order to compute Z, one can make use of the geometric series for ¢ < 1, the canonical
ensemble and a high temperature limit.

In particular, let’s set ¢ = e™? and take the logaritm of the partition function as follows

o) oo 00 (qn>m [e'e) 1 0 .
l = — —g" fry —_— e m fry
R N IIRVOED 3) SUCKES SR ot
n=1 n=1 m=1 m=1 n=1 (318)
1 1 —~ 1 g™
=Y (1) = s
m=1 m n=1 —4q m=1 mi—=q
Furthermore, the average occupation number is
(n) 1Zd on_ 9 1og 7 (3.19)
n)y = — nd,e """ = — : .
Z 0 ®
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The high temperature regime is imposed through g << 1, namely ¢ < 1, and the obtained
result is simply given by

log Z = % Zm—2 +0 (8", (3.20)

as (n) becomes large.
In terms of the Riemann zeta function,

@
SR

so that, by using the standard formula S = log Z + $(n) from thermodynamics, the final result
reads as

(n) (3.21)

N, NN
— %, (3.22)

since (n) = N1 N5N,,.

One may wonder about the factor of 6 that appears incorrectly in the denominator, but it is
not a problem: indeed, the previous computation was done considering only bosons, and in
a supersymmetric scenario, one must account for an equal number of fermionic and bosonic
degrees of freedom. By doing so, one can recover

Srnicro = 277\/N1N5Np, (323)

which is the expected result.
In conclusion, the microscopic computation of the entropy for the BPS three-charge black hole
solution is in complete agreement with the Bekenstein-Hawking computation, namely

sz'cro - SBH; (324)

as expected.

3.4 Non extremal black holes

This paragraph provides a brief introduction to the non-extremal generalization as presented
in |18§].
The easiest solution with M > @ is the so-called black D3-brane, namely

d 2
02— 22 (= f(r)E2 + da? + dad + da?) + 22 (#) ; 7“2ng> O ew)

where the gauge field takes the form Cyj03 = Z~! and both the functions f and Z are harmonic
with respect to the transverse directions.

Indeed, the previous solution is a non-extremal generalization of the usual supersymmetric D3-
brane that can be recovered by setting f to 1.

In this more general framework, f can be expanded around the supersymmetric solution as

fr)=1- AT—4M- (3.26)

The charge for this solution is given by

Q= /F5 =N, (3.27)
32



CHAPTER 3. BLACK HOLES IN SUPERGRAVITY

where Fj is the self-dual five-form field strength that couples to the brane.
Instead, the mass of the black D3-brane can be found by considering the g;; component of the
metric. More precisely, by using the previous expansion for f, the resulting mass is

M =Q+ AM, (3.28)

where AM must be positive to avoid a naked singularity. If M > @ (non-extremal regime), the
solution is not stable and two such branes can eventually collapse to a single object, because the
gravitational attraction is larger than the electrostatic repulsion. Furthemore, it has a non-zero
temperature.

An extremal solution is defined by the condition M = @). Such a black object has zero Hawking
temperature and does not emit radiation. For small AM, the temperature is approximately
proportional to the excess mass: T ~ AM.

Furthermore, one can consider other examples, such as the non-extremal generalization of the
results regarding the BPS three-charge black hole solution |21|, which is given by:

o L o 72 sinh 2cv,,
ds” = T fndt + fo | dx BT dt

H=dxNdtNd ( ) + 72 sinh 2a5d2s, (3.29)

1
+ f5 (?d’l“2 + T‘Qng) + ds%z;,
ré sinh 2a;

2f1T2

20 _ 2 f5

fi

(&

The harmonic functions in [3.29) are given by

2 2
T .
f=1- r_g’ fisn=1+ M 7"%,5@ =7y sinh? Q150 (3.30)

and the parameters a5, are related to k,p,n by

_ 202g°p . 202k . 211g*n Vipa
sinh 20y = 20 sinh 2ai5 = 7"_(2)7 sinh 2, = %, v = AL (3.31)

where V4 represents the volume of the 4-torus.
This configuration is crucial since it will appear again in Chapter 4 where a formulation through

the Wess-Zumino-Witten model % will be discussed.

Let’s take the near horizon limit of the NS5 branes and, by excluding for simplicity the S3 x T
factors from the metric, one can find

1 f r§ sinh 2« 2 klg
ds? = — |~ L a2 ¢ ¢, ( udt) s dr?,
fl [ fn 2fn7a f
r2 sinh 2a; 5 . (3.32)
H=dzANdtNd W + o sinh 20{5d93, .
o k2
T

The previous formula can be easily obtained from [3.29|since, in the decoupling limit previously
mentioned, f5 takes the form
kI2

r2

fs = (3.33)
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Hence, one can perform the limit by dropping the 1 from the harmonic function f5, obtaining

equation [3.32]
Moreover, for future purposes that will be explored in detail in Chapter 4, let’s perform a
change of coordinates on the latter solution, namely

72 =r? +risinh’® . (3.34)

Under the previous transformation, [3.32] can be equivalently recast as

52 52\ (2 2 22 2 5 2
—po —po kl _
g PP )2(2p P2) o o L dﬁ2+p_2(dx_p+~/; dt) |
2p (p* = p2) (P* — p2) ¢ p
r2 sinh 204
H=dzNdtNd | 2—"— 3.35
T A dt A ( o7 ) (3.35)
k2
2 — g2 -
where
o= cosh®a,, p° = résinh® oy,
and

=2 — 7‘3 sinh? o, + 7’3 sinh? o;.

3.5 A gentle introduction to fuzzball solutions

In theoretical physics, the concept of fuzzballs arises in black hole physics, specifically within
the framework of string theory. This hypothesis presents a novel approach to understanding
black holes by addressing the limitations of classical descriptions provided by general relativity
and quantum mechanics.

The primary challenge in black hole physics has been reconciling the classical notion of a
singularity—a point of infinite curvature at the heart of a black hole—with the principles of
quantum mechanics. Traditional approaches often depict black holes as objects with an event
horizon surrounding a singularity. This picture, however, leads to several unresolved issues,
including the black hole information paradox.

Fuzzballs offer a different perspective. Instead of a singularity, the fuzzball hypothesis suggests
that the entire region within the event horizon is filled with a complex, extended structure.
According to this model, the “fuzzball” is a conglomeration of fundamental strings and branes,
which avoids the problematic singularity predicted by classical theory.

Mathematically, some fuzzballs are described by solutions to the equations of motion in su-
pergravity that lack an event horizon in the classical sense. These solutions have zero entropy
because they correspond to a single microstate rather than an ensemble of states. The previous
ones are considered to describe atypical microstate configurations, while the typical ones are
expected to be solutions that go beyond the supergravity limit as discussed in [22].

Once again, a key point of discussion is the black hole information paradox. Indeed, fuzzball
models can provide a framework to explore how these microstates can contribute to understand-
ing information preservation. As the coupling constant g, increases, fuzzball models suggest
that the microstates themselves become larger and effectively fill the space where the horizon
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would classically be. This means that fuzzball solutions help illustrate how information might
be preserved and not lost as black holes evaporate.

To fully understand the fuzzball solutions in a string-theoretic regime, one can consider specific
models, such as Wess-Zumino-Witten (WZW) models, which provide a more comprehensive
description of these solutions.

The information provided here and in the following sections is primarily sourced from [19].
More details will be provided in the following chapter, where a specific fuzzball solution will be
discussed using a class of Wess-Zumino-Witten models.

3.5.1 D1-D5 fuzzball solution

Here, the idea is to consider a specific model to demonstrate how a configuration of branes
and strings can form a solution that is smooth and horizonless, namely a fuzzball. The explicit
example that will be considered is the two-charge D1-D5 configuration. Such a configuration
can be described as the following supergravity solution

_ 2a+/C1Qs

1 2
ds®* = —— (dzf2 — dy2) + hf (d92 + TQdi a2) (cos2 Odydip + sin? thdqb) +

h hf
+h [(Tz + —CL?Ql}g;gOSQ 9—) cos® Ody?® + (7“2 +a? — —G2Q1}§;2m2 9) sin® 0d¢2} +  (3.36)
Q1+ f
+ 0 1 fdzadza,
where 12
f=r*+a*cos’h, h= {(1—#%) <1+%)} : (3.37)

In particular, the previous model is specified by the D1-charge @)1, the D5-charge Q)5 and

a= —VQRK% where R the radius of one of the compactified directions.

Furthermore, in the limit r < (Qng,)l/ % one can show that the previous metric reduces to

dt? dy? dr’?
2 2 2
0 = Vs |~ (174 ) G+ |

(3.38)
+ Q105 [d92 + cos? Odip* + sin® 9d¢2] + %dzadza,
\/ 5

where 7' = . Namely, the spacetime geometry is given by AdSz x S3 x T* with a flat geometry
at infinity. Moreover, such a spacetime structure features a "throat"-like region at smaller 7,
and instead of ending in a singularity at r = 0, it smoothly closes off in a “cap”. Hence, there
is no horizon or singularity as expected for a fuzzball .

One could also investigate other fuzzball models such as the three-charge one, but the discussion
of the supergravity solution will be avoided here and will be addressed later by reproducing
this noted solution using a particular class of Wess-Zumino-Witten models.
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Chapter 4

Worldsheet description for black hole
solutions

As mentioned in Chapter 2, the quantization and some relevant physical aspects related to the
string action for a generic background G, are quite difficult topics. However, this is certainly
crucial in trying to address some problems related to black hole physics. In order to derive
some interesting properties for black holes, one can also proceed in a different fashion: the idea
is to use a class of sigma models, known as Wess-Zumino-Witten models.

In particular, the structure of the chapter is as follows. First, a general introduction to Wess-
Zumino-Witten (WZW) models will be provided. Subsequently, the null-gauging procedure
for WZW models will be presented, with a specific focus on the work of 23|, which describes
a fuzzball solution. Following this reference, an analysis of the worldsheet consistency of this
coset theory will be provided to show that it is possible to reproduce a fuzzball solution through
a WZW model. Then, the perspective changes, and some black hole solutions will be examined:
first, Witten’s black hole solution (in both Euclidean and Lorentzian signatures) will be dis-
cussed, demonstrating that the same results can be achieved using the null-gauging procedure;
second, a more general coset model will be studied with the aim of understanding whether it is
possible to reproduce the metric of the extremal three-charge black hole solution introduced in
Section 3.3. Some comments on the spectrum of Witten’s black hole and its null-gauged model
will conclude the chapter.

4.1 Wess-Zumino-Witten models

Given the string worldsheet M5, a non-linear sigma model on M, is given by an action describing
the dynamics of an embedding map g into a pseudo-Riemmanian manifold NV that is endowed
with a metric G,,,. Namely,

g: My — N. (4.1)

Let’s suppose that the sigma model has a compact Lie group G as target space N. Furthermore,
GG is assumed to be semi-simple that is equivalent to the existence of a non-degenerate inner
product on the associated Lie algebra g given by

(X,Y) = tr(XY), (4.2)
normalized such that it acts on the generators as tr(tt’) = %5“1’.
For simplicity, let’s focus on the Riemann sphere M, = S?, so that the group element is

represented as the image of the map ¢ : S — G. It is important to emphasize that this
introduction to the basic concepts related to the Wess-Zumino-Witten models is primarily
based on [24] and [25)].
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4.1.1 Classical theory

The most general global G x G-invariant action describing the dynamics of the embedding map
g is given by
Slgl = Solg] + kT[g], (4.3)

where the kinetic part is

1

=2 /. d*z tr (g_lﬁﬂgg_la“g) , (4.4)
S

So
while the second one, known as Wess-Zumino term, is an integral over a filling region B of the
sphere,

1
127 /5
1

=5 tr (g_1 dgngtdgng! dg) .
T JB

I'lg] QPyeasy tr (g'0%gg '0%gg ' 07g) =

(4.5)

The previous model is called the Wess-Zumino-Witten (WZW) model on the Riemann sphere.
The main advantage of the WZW models is that they are a completely solvable class of models
with the conformal invariance that is preserved at quantum level.

In fact, if one uses only the first term in the action, the conformal invariance that is manifest
at the classical level is spoiled at the quantum one since a negative S-function appears: hence,
one can impose [ = 0 by adding the Wess-Zumino term in the classical action.

It is easy to see the global G' x G-invariance by using

9(2,2) — gLg(z, 2)gg (4.6)

where g1, gr € G are constant elements.
Furthermore, the classical equations of motion in the usual (z, Z) coordinates are given by

(1 i %) 5 (g~'9) + (1 - %) 5 (g~'0g) — 0 (47)

and they are directly derived by varying the action with respect to g.
Moreoever, by computing the Noether currents related to the previous global and continuous
transformation, one can find

d(g~'0g) =0,
d(0997") =0,
that means that each term of the equation [4.7] vanishes separately. Hence, the theory possesses
the desired holomorphic J and antiholomorphic currents J defined respectively as J = kdgg™"
and J = kg~'0g, with k = 3z
In fact, the previous statement is equivalent to the tracelessness of the stress-energy tensor,
which must be verified in any conformal field theory as discussed in Chapter 2.
Someone might be concerned by the fact that the Wess-Zumino term required an extension of
the embedding ¢ to the interior of the sphere, since in the integral appears B.
As it should be, the action is completely independent of the choice of the extension, and now
the aim is to verify it.
The maps of the form g : S> — G are classified by the second homotopy group m(G) that,
for any Lie group, is well-known to vanish: in other words, every map g is homotopic to the
identity that certainly can be extendend on the interior.
However, the extension is not unique and different extensions are related to each other by

(4.8)

g:(BUB)/OB ~S* — G, (4.9)
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since one can glue them together along the common boundary.

A mathematical fact is that m3(G) = Z: hence, G = SU(2) = S? since any continuous map
from S® to G is hopotopic to a map into SU(2).

Therefore, under a small variation dg of the extension, the variation of the I'-term is just given
by

i

ol = i tr ((—g’légg’l dg+g7* dég) ANgtdgAg™? dg) =
B
b 15 1 -1 _ 15 1 -1 _
=, dtr (¢899~ dg A g dg) e tr(g~"6gg~" dg A g dg) (4.10)
__ b 1 .
= Lt (9709 d(¢7" dg)),

where the Stokes’ theorem has been involved.

Hence, by requiring that the variation dg vanishes on S?, I is invariant.

Then, one has to check what happens under considering topologically different estensions:
namely, under change of the homotopy class.

By using an expansion around the identity g(y) = 3° — iv*or, y € S* C R?, the difference of
the Wess-Zumino terms related to two different extension with neighbouring homotopy classes
can be computed as follows

: gy 108y i) g
Al =—9r o dPyeapy tr (9710%gg 7107997 0g) = _W%Q;em tr (o'oiot) =
i3k i,5,k,0 I,
= %12 = 2mi,

(4.11)
where the volume of the unit 3-sphere, that is 272, was used.
The previous fact can imply some ill-definedness of the theory at the quantum level. At classical
level, the expression is completely well-defined for any real value of k while at quantum
level the situation changes.
Let’s consider the partition function in Lorentzian signature

Z = / DgeSll, (4.12)

In order to have a well-defined Z, the exponential of the action has to be single-valued, namely
S must be a periodic function with a period of 2.
However, since AI' = 27¢, the previous requirement is the same as

keZ. (4.13)

In conclusion, for topological reasons, in any compact Lie group the number k, known as the
level of the model, has to be an integer.

4.1.2 Quantum theory

As in any conformal field theory, at quantum level the main focus is on the OPEs between the
several operators of the theory. Here, the aim is to discuss the principal features of current al-
gebra in order to derive the so-called Affine Kac-Moody algebra. Furthermore, some comments
will relate to the usual OPE concerning the stress-energy tensor by using the famous Sugawara
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construction.

At first, let’s start with the holomorphic current J(z) = kdgg~': it has a conformal dimension
(1,0) because of the partial derivative operator.

This means that the OPE looks like

Jo()w) ~ Y % (4.14)

where X,(w) is an holomorphic field with conformal weigh 2 — p and the adjoint indices are
keept explicit.
By unitarity, the field X,(w) has conformal dimension one and is therefore a current itself. In
fact, unitarity imposes that there are no operators with negative conformal dimensions; hence,
the second-order pole is the highest possible. Therefore, the only possibility (aside from the
trivial one, the identity) is to have a current. The previous sentence constrains the OPE to
satisfy the so-called current algebra that is
. RO ifmge(w)
JUz)J%(w) ~ G w)? + , (4.15)

Z—Ww

and similarly for the anti-holomorphic current

k?(;ab . ach -
| i)

(z —w)? Z—w

J(2)J°(w) ~ (4.16)

Analogously to what was done in 2.5.2 of Chapter 2 for the stress-energy tensor, one can
formulate the previous equations also in terms of modes by expanding the current as

= Z Joz L (4.17)
nez

The commutation relations by contour deformations are

[J2, T8 = 2m (%dz?{z>|w|dw ?{dziklw'dw) w"J(z)J (w) =

zm f{dw]{ dzzmw”< —Z) * faZbC_J;E >) - (4.18)

_ 271-% dw (kmé“b m+n— 1+Zfab Jc( ) m+n) —

= kmd* 5m+n o+ if® e

m+n

The previous Lie algebra is called Kac-Moody algebra.
Notice that the conserved quantities are given by the zero modes in the expansion

J§ = ]{dzJa(z), (4.19)

and they satisfy the original Lie algebra g.

A question that remains open in the discussion is: is the theory conformally invariant at the
quantum level? The answer that was given is yes, but without giving a solid proof: now, let’s
delve into it.

The aim is to show that the energy-momentum tensor satisfies the Virasoro algebra.

Let’s start by considering the classical stress-energy tensor that is

1 1

T(z) = %&Lbﬂ(z)f’(z) = %JG(Z)JG(Z). (4.20)
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A quantized version can be given after having performed the normal ordered product since the
vacuum expectation value is expected to be finite, namely

T(2) =~ (JT% (). (4.21)

The prefactor can be corrected at quantum level, for this reason a coefficient v was introduced
in the definition. Specifically, in this scenario the normal ordering is defined as the constant
part of the product of the operators involved, in other words as

() ()= 5

- 2m

dx

r —z

J(2)J%(2). (4.22)

At first, one can compute the singular part of the OPE of T'(z) with J%(w) and the result is
given by

2k5° b (w) f?bfé”Jd(w)> (4.23)

(w = z)? (w = z)?

w%aTmmmzw(

Moreoever, by using the dual Coxeter number h"Y defined as f%.f%; = 2h"3%, one can easily
prove that

JU)T(w) = 27 (k + hY) ( SR aMz)) . (4.24)

(w—2)2 w-—z

Hence, in order to have for J%(z) a conformal weight one, one obtains

J*(w) N 0J%(w)

T(z)J® ~ 4.25
@) ~ s T, (1.25)
after having defined the prefactor as v = m The previous relation can be used to compute
the OPE between the components of the stress-energy tensor. Indeed, starting from
1 dx a a a a
TET Wi = gy P 7m g (T @ g 7)) T 0.
(4.26)
one exactly finds the expected behaviour for a conformal quantum field theory,
c 2T (w) o7 (w)
T(2)T(w) ~ 4.27
()T (w) 2(z —w)* (z—w)2+z—w7 (4.27)
where b di
im g
= . 4.2
C= T (4.28)

This is the so-called Sugawara construction for the energy-momentum tensor.

4.2 Null-gauged Wess-Zumino-Witten models

In the previous chapter, the Wess-Zumino-Witten models were introduced because they are able
to reproduce string effects on a curved background, which would otherwise be difficult to treat.
The aim here is to provide motivation for this statement by explicitly showing all the details
in some specific models that illustrate the key ideas of the so-called null-gauging procedure for
a WZW model, as presented in [23], [26] and [27]. In general, given a Wess-Zumino-Witten
model defined on an upstairs group G, one can quotient away some specific generators related
to a subgroup H of G. The resulting G/H model is said to be gauged because for each cur-
rent that is quotiented away, there is a corresponding auxiliary gauge field that is introduced
and then integrated out. Moreover, the word “null” is related to the fact that the gauged
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currents are taken to be null with respect to the space-time causality of the upstairs group G
(i.e., with respect to the Cartan-Killing form defined on the Lie algebra of G); this condition
fixes some parameters of the theory in a natural way. First, before delving into a class of in-
teresting WZW models, the null-gauging procedure on general sigma models will be introduced.

4.2.1 Null-gauging formalism for general sigma models
Let’s consider a sigma model describing the dynamics of the embedding field
¢: My — N, (4.29)

where N is a pseudo-Riemmanian manifold equipped with a metric G, .

Furthermore, let’s suppose that in the model there exists a set of two Killing vectors {&,}a=12
generating isomotries of N.

In order to gauge them, one has to introduce independent worldsheet gauge fields A%, one
corresponding to each Killing vector.

Hence, the kinetic part dp'G;0¢’ becomes

Lk = DGy D, (4.30)

where D' = dp' — A% is the covariant derivative.
On the contrast, the WZ-term reads as

LWZ = B,](?go@go] + Aagaﬂ'é@i - ftaem&pi + ffaebuﬂa.f_{b, (431)

where 0, = (=1)*T1¢, - dp = (—1)*T1¢LGy dy’ are target-space one-forms pulled back to the
worldsheet.

The introduction of such one-forms is aimed at obtaining a chiral model, as it allows some
components of the gauge field to decouple.

Furthermore, a well-defined gauging is reached by imposing

1cH = dbf,, 1,60, = —1,0,, (4.32)

as contraints on H = dB.
Hence, in this U(1) x U(1) gauged models, the gauged part of the lagrangian becomes

L4 = —2AEG;00" — 2A61G ;007 — AAAY, (4.33)
where ¥ = —1£1G,;¢) and the notation used is A = A%, A = AL,

Let us define the worldsheet currents J and J as the pull-backs of the target-space one-forms
in the following manner,

J=—0,-0p=—0,,00", J=0y-0p=0q;0¢, (4.34)
so that, the lagrangian is now
L =Lk +La= L +2A7 +2A7 — 4AAX. (4.35)
Hence, after having integrated out the gauge fields, the result follows as
Lerr = Lungauged + % (4.36)
In conclusion, the null-gauging procedure acts by adding the term % to the ungauged la-

grangian.
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4.2.2 A class of interesting WZW models

Now, let’s consider a Wess-Zumino-Witten model defined on the upstair group G describing
the embedding g : My — G. In particular,

SL(2,R) x SU(2) x R, x U(1)

G/H x T = U1 x U)n

Y T, (4.37)

The action of H = U(1);, x U(1)g on the upstair group elements is described through the
following group homomorphisms
l:H— GL,

r: H — Gg,
1

where the global G x Gg symmetry given by g — ((h)gr(h)~', h € H will be gauged. Here
and in what follows, the [ and r are used also as the induced maps at Lie algebra level, namely
(:h—g, 7r:bh—g

Furthermore, ¢(h) and r(h) will be denoted as hy and hg respectively.

The choosen parametrization for the upstairs group is

(4.38)

g= (gsh Jsus Gt gy) = <e%(7—a)036p01€%(7+0)03’ 6%(¢—¢)036i001€%(¢+¢)037 €t7 6iy> , (439)

where o; denotes the i Pauli matrix and y € [0,27R,). Here, by looking at the previous
parametrization, SL(2,R) is treated as SU(1,1).

At the Lie algebra level, the chiral embeddings related to the subgroup H are specified by the
real parameters {l;,7;};,—1234 and act as

) = (illaag, —ilyaos, 13a, —il—4a> , r(a) =0,
| | o (4.40)
r(B) = — (Zflﬁaz, —irgfSo3, 1303, —7/}%5> , U(B)=0.
Equivalently, the previous transformation acting on the upstair group is the same as
. . . . —il—a _il4
g thhfl — (ezhaoggslezrl,&m’ elegcmggsuefzrgﬁcrg’ elgagtergﬁ’ e Rt/ gye Rzﬂ) ] (441)

In order to gauge the previous one, let’s introduced two independent h-valued worldsheet gauge
fields (A1, A1) and (A, A;) that are imposed to be null and chiral: hence, one of their compo-
nents drops out and one can set A; and Ay to be zero.
In order to define a Lagrangian that includes the remaining components of the gauge fields,
one needs to define similar embeddings for them such as
14 (ﬁl) = (Z.ll./zllUg, —ilgﬁlag, 13.[{1, —le%—z.[h) > 0 (.Ag) == 0, ( )
_ 4.42
r (.Ag) = — (irl.Ang, —irg.AQUg,rg.AQ, —’Llr%—z./qyg) , T (./41) = O,

that are coherent with the previous ones [4.40]
A well-known fact concerns the expression of the general gauged invariant action of this model
[28], which is given by

_ kj 1 -1 -15 2 1 -1 -1 -1
S—;sgn(/ij)?[/MZETr[g dgg 8g]jdz+/M$§Tr[g dgNg dgNg dg]j+

+/M Tr <— Z [E (fla) 8gg_1L + Z [r (Aa) g_lgg}j — Z [g_lﬁ (fla) gr (Ab)]j> d22] )
= a=1 ab=1 (.43)
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Hence, under [4.41], the gauge fields transform as
Ay — hpAsh, ' + Ohph', Ay — hpAihy' + Ohghy'. (4.44)

Then, let’s introduce the currents related to SL(2,R)

. .0 — = .03 _153

= kT (=i 200007 ). = ka T (=i5005 00 (4.45)
and similarly for SU(2),

B = ke Tr (—z%agsug;ul) . R =k Tr (—i%g;ulggsu) . (4.46)

One can easily compute them explicitely, finding

i% = ns (cosh? pdr + sinh? pdo) , i = ns (cosh? pdr — sinh? pdo) |
i3 =ns (Cos2 001) — sin® 98(25) . i =mns ((3082 001 + sin® Hégb) ) (4.47)

For the abelian groups, the currents are simply defined as
P, =0t, PL=0t PY=0y, PY%=0y. (4.48)
Gauging the transformation [4.41] is the same of gauging the currents

J = hjd + Ljs, + 1sPf, + LPY,

~ - > 4.49
J = r1ja + raji, + 13PR + 1P, )

constrained to satisfy the null-condition, namely
ns (15 =13) +15-13=0, ns (7 —r3) +15 —17 =0. (4.50)

With great patience, the previous action [£.43] can be made explicit and simplified, resulting in
S =S5+ S5+ S5+ S5+ S5Y + 5%, (4.51)
where

Syl = % / [0p0p + sh? pdodo — ch? pdToT — sh® p(0odT — ot0o)] d’z,

Si = % [y (sh? pdo + ch® pdr) + Az (ch? pdr —sh? pdo) — AsAi ch(2p)] dz,
spr =1 / (0600 + 500y + 550006 + ¢5(060¢ — Dp0Y)] d’z,
™
(4.52)
Sa = % (1244 (ch00 — 5500) + r2As (GOY + 5500) + laraAaAs cos(20)] d*z,

1 _ _

SgY = - /[—815875 + Oydy|d*z,
) _ _ _ _ _

Sj{y = — / [lgﬂlat + 7‘3.A28t + Z4A18y + 7“4../{28’3/ - (lg’l"g - l4’l"4) ..AQ..Al] dQZ.
™

For simplicity, the notations ¢y = cosf, sy = sin @, ch p = cosh p, sh p = sinh p have been used.
Once reached this point, what remains is to integrate out the gauge fields and to perform a
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gauge choice. In this specific class of models the null-gauging procedure requires quotienting out
two abelian groups. Hence, one can fully fix the gauge by fixing two parameters in accordance
with the gauge transformation given in equation [4.41} For instance, after having imposed the
gauge 0 = 7 = 0, one can easily read the metric and the B-field by looking at the symmetric
and antisymmetric parts of the action. More explicitly,

h h l3ry + lyr hy . h
ds® = — Z—Zdt2 + Z—Z;aly2 + %dtdy +ns (d@2 + dp2) + n52—i sin? fd¢* + n52—1§ cos? Odip*+
1 1
— Z_ [(lg’f’g — lgT’Q) dt + (l27’4 - l47’2) dy] Sin2 6d¢ + Z_ [(lgT’g + l37’2) dt + (l27’4 + l4’f’2) dy] COS2 tgdlp,
0 0
l3rg — Ly h 1
B =) 0B o2 0de A i+ — [(Tars + Lyra) di + (lara + Lars) dy] A sin® 0
27%520 20 220
1
— E [(lg?“g — l3’f‘2) dt + (lg?”4 — Z4T‘2) dy] A COS2 0d’g/},
0
(4.53)
where ) L4 l l
EO = —Z = Sil’th P — ZQTQ COS2 9 -+ + 212 + 378 7 4T4,
N5 2 27’L5
1+1 l l
hy = sinh? p — lory cos® 6 + tiaty  Gfst 47‘4,
2 2715
1+1 l l
hy = sinh® p — lyry cos? § 4 — 212y 873 T la, (4.54)
2 27’L5
) L —lyry  l3rg —lyry
he = sinh?
6 = SInh” p + 5 + e ,
. L+ lary  l3rg — lyry
h,, = sinh? :
w» = sinh” p + 5 + e

Notice that, without loss of generality, the parameters [; and r; were set to 1.

The above metric describes a background that is the same as the well-known JMaRT solutions
[20].

The full results for the null-gauged model can be compared with the upstairs model that is
described by

ds® = nj (— cosh? pdr® + dp® + sinh® pdo” + d6* + cos® 0dy® + sin® 0d¢?) — dt* + dy°,

. . (4.55)
H = ns(sinh 2pdp A dt A do + sin 20d0 A di N\ do).

Furthermore, it is possible to extract the expression of the dilaton by a 1-loop computation
or, analogously, by imposing that the previous B-field and metric satisfies the supergravity
equation of motion: one can solve them for the dilaton, obtaining the following expression,

1
e~ —. (4.56)

4.3 Worldsheet consistency and horizonless condition

In this paragraph, the aim is to work directly at the coset CF'T level, and some constraints will
be derived. Specifically, the values of the parameters related to the embedding of the abelian
subgroups being gauged cannot be chosen arbitrarily in order to ensure a well-defined gauge
invariant quantum theory.
The previous model is invariant under the gauge transformation and [4.44]
For simplicity, the notation

A=A, A=A, (4.57)
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will be used again.

In Chapter 2, we learned that the spectrum of a two dimensional CFT is related to the vertex
operators of the theory. It is the requirement of gauge invariance at the operator level that
brings forth some constraints, which will be derived here. To begin, a brief review is given
of the construction of superstring theory on the AdS; x S® x T*. Next, a discussion about
null-gauged model will be done, including some conditions for supersymmetry. The third part
is dedicated to constraints for a gauge-invariant spectrum, while the final part focuses on a brief
discussion in the supergravity limit, where some CF'T conditions will be derived by imposing
some constraints on the metric.

4.3.1 A brief review of superstring in AdSs x S3 x T*
As discussed in Chapter 2, the OPEs for the quantum SL(2,R) currents are

P ~ L L), (4.58)

Z—Ww

where k is the level of the affine algebra and n? is the Killing form.
By using the Sugawara construction, as explained in 4.1.2, one can compute the stress-energy

tensor OPEs, finding
3k
= —. 4.59
R - (4.59)
The canonical spectrum of the model is generated by lowest and highest weight and continuous
representations of the zero-mode algebra. Indeed, from the state |j, j) by acting with j&, one

can span the discrete part of the spectrum that is
+ . . .
®j _<’j7m>7m_.77.]+17j+27>7 (460)

where j3 |, m) = m|j,m). All the discrete states, and also the continuous ones that are given
by

1
C5 = <]j,m,a>,0 <a<lj= §+i8,5 ER,m—a,ail,ai2,~->, (4.61)
give rise to primary fields with conformal weights
i —1)
A= 7 4.62
P (4.62)

A similar discussion applies to the SU(2) group, as detailed in [23]. Here, k* is chosen for the
current generator to distinguish it from the generators of SL(2,R).

The relevant OPEs are
5abkl/2 féabkc(w)

k4 (2)kb(w) ~ 4.63
@R w) ~ o (163

Analogously, the associated primary operators have weights

-/ -/ + 1)
n=IUHD 4.64
k+2 (4.64)
while the central charge is
3K

su — . 4.65
ST T2 (4.65)

In order to encode the supersymmetry, one has to consider the supersymmetric version of the
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previous algebra, i.e. sl(?,]RT)n5 and s@s. The first one is generated by linear combinations
Y* + 60J% with 6 a Grassmann variable and J¢ that satisfied the bosonic SL(2,R) with level
ns.

Hence, the other significant OPEs are

Yt (w)

PTG e o
U w) ~

Notice that one can also decompose the current J* as J* = j¢ — 7%5 @, pPp¢, where the first

bosonic current j* generates an sl(2, R) algebra with level & = ns+2. A similar discussion can

be done for su(2),,.: the generators can be expressed as combinations of xy* + 0 K®. Just as J*
was defined in terms of j¢, a similar procedure can be followed to define a current k% from K?.
All the essential ingredients of the conformal field theory on the worldsheet are encoded in

1, .. a “ a 1 i i
T:n_S(jja_d]awa_‘_k‘ka_XaXa)+§(aYaY;_)\a)\J)’

) . b ) b . (4.67)
= (w“ja = 3 Jabe "+ X R — o faeX X XC) A

5 ns 3ns

where T is the energy-momentum tensor while G is the supercurrent of the WZW model.
Hence, the central charge reads as

3 2
(ns +2) n
ns

[\CR V]

+3(7’L5—2)

3
-+6=15 4.68
gt : (4.68)

CcC =

that, in order to avoid Weyl anomaly, needs to be cancel out by the central charge of the ghosts
CFT that has the be-sector and the 5 one.
As always, the BRST charge of the theory is obtained by the “matter” theory and the ghosts
by

Q= ]{dz ce(T +Tpy) — G+ c(0c)b — ibﬁ, (4.69)
where T}, is the stress-energy tensor related to the 8y ghost system.
Now, it is necessary to better understand which kind of physical states arise in such a model:
let’s focus only on the NSNS sector.
Here, it is crucial to understand all the possible inequivalent representations. To do that, the
following definition is necessary. As detailed in 29|, the so-called spectral flow automorphism
of the current algebra is defined as

7HE) = H(2) = 20 (2), P(2) = 5 (2) = 50 () - %wz_l' (4.70)

The previous transformation induces an automorphism of the Virasoro algebra that is

. k
Ly — Ly =Ly +wj? — Zw25n,o, (4.71)

where w is an integer and it is called spectral flow charge.
A well-known result is that the previous transformation acts on the canonical affine represen-

tations typically results in inequivalent representations. These must be taken into account to
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ensure the generation of a consistent spectrum. In this perspective, the Virasoro primary op-
erators possess a weight that consists of the usual value plus a correction term dependent on
the spectral flow charge, namely

_ U=y
A= g W W (4.72)

A similar analysis holds for the SU(2) group and for the fermionic sectors.
By considering both SL(2,R) and SU(2), the Virasoro condition is given by

1 1 J(] — 1) N5 o j/ (j/+1) 1o 5 o
4= S R AT ) D2 =1 4.73
2+2 - mw 4w—|— . —|—mw+4w , ( )

that is satisfies only by specific highest /lowest-weight operators.

4.3.2 Null-gauging procedure of coset CFTs at quantum level

Here, the aim is to learn which kind of constraints arise from the null-gauging procedure of a
coset CFT by focusing on the WZW model [£.43] An essential aspect is related to the ghost
sector: indeed, by using the following parametrization for the gauge fields

A=0H,H '\ A=0HrHz", (4.74)

it can be demonstrated that the path integral of the gauged theory is equivalently viewed
as the path integral of the original WZW model on the upstairs group with an added ghost
contribution. The main consequence is directly related to the physical spectrum of the theory.
In fact, the presence of ghosts necessitates the inclusion of new chiral terms of the form

%dz el j{dz e (4.75)

in addition to the usual contributions to the BRST charges Q and (). This leads to the previous
statement: physical operators must be gauge invariant. Indeed, under the gauging procedure
outlined above, the spectrum of the coset model is built simply out of the vertex operators of
the upstairs theory that are BRST-closed.

At first, from the usual coset construction given by

SL(2,R) x SU(2) x R, x U(1),
U1L), x U(1)g

x U(1)4, (4.76)

let’s analyze only the upstairs theory.
The null currents being gauged are

J =i = J? + LK3 + 1510t + 1,30y,

e _ _ i 4.77
J =i = J® + ro K? 4 r3i0t + 1430y, (477)

where the notation is slightly changed respect to |4.49|
In order to have a supersymmetric theory describing a BPS background, the superparters of
the null-currents have to be defined as

A= + X+ BN+ LN, A =07 +rx® +r3A + ) (4.78)

In this scenario, the BRST charge reads as
Q= j{dz e (T + Ty 5) +7G +EJ + A+ ghosts | . (4.79)
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Hence, only operators which meet the standard Virasoro and yG-invariance conditions, and
are also neutral with respect to the bosonic currents J, J and annihilated by 7 and 75, are
considered physical: these statements are translated into constraint equations that have to be
imposed.

Finally, it is possible to determine all the constraints that need to be imposed on the vertex
operators to ensure a well-defined gauge-invariant spectrum.

The lightest physical states (without winding) are represented by unflowed operators with a
single fermionic excitation. All such operators must fulfill the Virasoro condition

jG-1 JU+1) 1, 1
— —-E"+-P'=0 4.80
Ty + Ny 4 + 4 Y ’ ( )
and they are invariant under the action of A by construction.
The null-gauge condition reads as
;U3 ly 5 _ T3 T4,

Let’s now examine states that are spectrally flowed: here, the null-gauging constraints are given

by
) l
ozm—i-Ew—i—lg(m’—l—@w')+—3E+—4P7L,

S (452
0=m+ w7 (m’ + 7@’) + 5B+ Sy,

where w the spectral flow charge related to SL(2,R), while (w’, @) on SU(2) and the momenta
are

gMR:(%km%%)mw%ez. (4.83)
Y
In this context, the Virasoro conditions become more intricate
1 P 1) — (7 — 1 1
_:](]+) 70 )—mw—l—m'w’%—E(wa—wz)——(E2—P;L)+N,
2 ns 4 4 ’ (4.84)
L J U+ —G-1 N5 1 _ '
5= o —mw+m’w'+z(w'2—w2)—Z(EQ—PiR)—l—N,

with N and N’ defining the excitation numbers as always.

Globally, the analysis has to be conducted using the universal cover of SL(2,R), where the
left and right spectral flow parameters must be identical, namely w = w. Additionally, after
gauging the (1+1)-dimensional cylinder R x U(1), the resulting model has a single non-compact
timelike direction that enforces I3 = r3. There is also a more direct way to understand this
constraint. For instance, let’s substract the two equations in [4.84] and consider integer shifts
given by ¢ of the form

(W' &' E,P,1,Pyr) = (W —asq, & — baq, E + azq, Py — asq, Py r — bsq) . (4.85)

After performing a compensating shift and imposing the null-gauge conditions, the weights [4.84]
are unchanged under the shifts for some specific choice of the parameters

lo=m+ne2Z+1, rn=—(m-n)e€2Z+1, mmnecZ,

p p (4.86)
ly=— kR, — = =kR,+ —.
() g
By plugging the previous parameters into the null-gauging conditions one can easily find that
ly=r5 = — [K2R2 + 2 ng (w2 02— 1) (4.87)
3 =T3 = Yy R2 N5 | 1IN 10} s .
y
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as discussed before.

To summarize the results so far: starting with a class of generic null-gauged models, the gauged
currents are defined in terms of eight embedding parameters, namely [; and r; for i = 1,2,3,4
where, since the overall scale becomes irrelevant, one can impose l; = r; = 1. The remaining
six parameters must satisfy the two null conditions and also I3 = r3 due to the non-compactness
of t. Finally, by examining the worldsheet CFT, the theory is consistent only if the remaining
three parameters can be expressed in terms of three integers denoted as m, n, and k.

4.3.3 Supergravity background and fuzzball solutions

The aim of this section is to briefly explain what can be said about the previous conditions found
from the worldsheet analysis at the supergravity level, effectively finding that the consistency
of the worldsheet imposes a condition on the absence of horizons for the background metric.
Let’s consider the determinant of the metric [4.53], which, after imposing the usual null-gauging
conditions, can be recasted as

detg = — <n§ sin(26) sinh(?p))Q. (4.88)

43

From the previous formula, it is easy to see that the determinant only vanishes at p = 0.
To determine whether this point corresponds to a singularity or an event horizon, one can
compute the determinant of the induced metric on surfaces with constant p and ¢, and evaluate

it at p = 0, namely
_ (n5 (lg — 7”3) Sln(29))2 (4 89)
(y,0,6,%) 4%(0,6)

lim det g
p—

Hence, the consistency condition /3 = r3 found above is precisely the condition at the super-
gravity level that imposes the absence of both horizons and singularities in the background
metric.

In other words, the WZW model 4.2.2 describes a consistent worldsheet theory only if, in the
supergravity limit, the metric has no horizon: thus, it is precisely a fuzzball solution that was
introduced at the end of Chapter 3.

4.4 Witten’s black hole

Since, as seen above, WZW models are capable of reproducing fuzzball solutions, the question
is: is it possible to also reproduce solutions with horizons? To understand this, the null-gauging
of suitable models with horizons will be carried out, starting from Witten’s black hole.

The Witten’s black hole can be described as a SL(2,R) coset model given by G/H = S%}é’? ),
In this paragraph the Euclidean form will be presented at first and then, it will show how
to obtain the correspondent Lorentzian version in a non trivial way. The main reference for

Witten’s black hole is certainly given by [30].

4.4.1 Euclidean cigar

Let’s consider the following action

k . 1
Sy = . VIR Tr (97'9,99710,9) + k—— [ Trg'dg A g 'dg A g~ 'dg. (4.90)
T Mo 127'(' Ms

Here, h is used to denote the determinant of the worldsheet metric, whereas g denotes the
group element.

20



CHAPTER 4. WORLDSHEET DESCRIPTION FOR BLACK HOLE SOLUTIONS

In order to build a gauge abelian model, one can consider the U(1) subgroup generated in-

finitesimally by
0 1 0 1
5g:€-{<_1 O)g—i—g(_l 0)}, (4.91)

that is associated to the abelian gauge field

By using the complex coordinates (z, Z), the action of the model is

B k 9 0 1 1 0 1 _1
S—SO"‘%/CZZ{.AETI‘ (_1 O)g d.9| + A, Tr (_1 O)@;gg +
(4.93)
0 1 0 1 1
+AZA5<—2+Tr (_1 0)g<—1 0)9 ])}
The chosen parameterization for the upstairs group is given by
g = €LI3¢Po1¢0RTs (4.94)
where the parameters above are defined as
T—0 T+0o
0, — 0, — , 4.
L 9 ) R 9 ( 95)
One can easily integrate out the gauge field, finding the following effective action
k _ _
Sgppr = Py [8p8p + tanh? p 8080} . (4.96)
™

Hence, by comparing the final action with the string one, one finds a cigar form for the metric
k
ds* = §(dp2 + tanh? pdo?), (4.97)

while the B-field is exactly zero.

In order to obtain the physical results, one needs to remove the gauge redundancies. To do
this, a gauge fixing is generally required. Considering that the gauge transformation is given
by equations 4.91 and 4.92, one can certainly choose 7 = 0. However, this gauge choice has no
influence on the metric and the B-field since they do not explicitly depend on 7.

Furthermore, one can rewrite the previous model in a more suitable form. In particular, the
action S = Sy + S can be written as follows

k 1 5 1
So=1 [/M 5 Tr(951099™'0g) + / ;T dg ng™'dg g™ 'dg)] (4.98)

T Ms

while the gauged component can be identified as

SA:E/ Tr
T Mo

where the Lie algebra embeddings are defined to be

~ [0 (A) g9~ + [ (A) g 0g] — [ (A) gr (A)] — 3¢ (A) £(A) - %r(ﬂ)r(ﬂ)] &z,
(4.99)

I(A) = ilAcs, I(A) =ilAcs, r(A)=—irdos, r(A)= —irAos. (4.100)
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In this scenario, the gauge transformation is simply given by
A= A+0a, A—A+0a, g-— elaosgeirass, (4.101)

By using the parametrization 4.94 and the definitions 4.95, the last transformation is the same
of
T—=T4+all+r)

o—=o+a(=l+7r) (4.102)
p— p.

The gauge transformed action S’ is different from the starting one S by
k
55 =8 —5="( —r)/ Po(—A(l + 1) + 010+ (AU + 1) — dT)da).  (4.103)
Mz

Hence, the model described by equations 4.98-4.100 is certaintly gauge invariant if [ = r. This
identification (which can be normalized to 1) is the same condition under which the action
4.98-4.100 is the equal to the Witten’s action 4.93 (up to an irrelevant factor of 2).

4.4.2 Lorentzian version

In order to obtain the Lorentzian version, one could take the previous metric and just perform
a Wick rotation in the angle variable,

k
ds® = E(clp2 — tanh? pdf?). (4.104)

Witten showed that it is possible to obtain the same result by slightly changing the action of
the gauged group [30].
Let’s take some convenient different coordinates for the upstairs group, namely

g:( “4 Z),withab—l—uv:l. (4.105)
Now, the gauged current is taken to be proportional to the third pauli matrix

- {(5 0 )ara(3 ). (106

The action of the model is straightforward to obtain and reads as follows:

k

S = 22 (0,u0,v + 0,ud,v + 0padsb + 01a0,b) +
+— / d*z (A (bda — adb + udv — vdu) + A (bda — adb — udv + vou) + (4.107)
+AA 4 — 4uv) + Ina (Oudv — udv)) ,
with the gauge symmetry that simply acts as the following translations
0a = 2¢ea, O0b= —2¢eb, Odu=0v=0, OIA; = 0. (4.108)

After employing the same technology explained so far and imposing a = b as a gauge choice,
one can obtain a vanishing B-field and a metric that is
k dudv

ds®> = —= )
5 21 —wv

(4.109)
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The previous metric may seem unusual, but it is an extension of the usual Lorentzian Witten’s
black hole. Indeed, let’s consider the proper Lorentzian Witten’s black hole metric [4.104] and
let’s perform a radial redefinition

p=p+n(l—e?). (4.110)
In this fashion, the same line element just reads as
k
ds® = B [tanh® p - (dp” — dt?)] . (4.111)

Moreover, by performing the following change of coordinates

2w =e’ 2u=—e'""
) oy (4.112)
cosh”p=1—wv, sinh®p= —uv,
finally, the Lorentzian Witten’s black hole metric in these coordinates is just
k dudv
ds* = —= 4.113
° 21— uv’ ( )

that is exactly the metric found above.
In this coordinates, it is clear that the real singularity is uv = 1 since the scalar curvature
1 1

cosh? p T 1w

R~

(4.114)

diverges as it approaches the singularity, whereas p = 0 (namely, uv = 0) corresponds to a
coordinate singularity:.

The utility of the model in equations 4.98-4.100, used in the Euclidean case, can also be realized
in the Lorentzian case.

Moreover, one can consider the group parametrization

g= 60L036p0169R03 (41].5)

obtained by performing an analytic continuations of the parameters in equation 4.95.
Then, by using exactly the same action described by equations 4.98-4.99 and by modifying the
embeddings as follows

I(A) =1Aos, I(A) =1Acs, 7(A)=—rAos, r(A)=—rAos, (4.116)

the effective action, obtained after integrating out the gauge fields and by imposing again the
choice [ =r =1, is

k _ _
Sprr = — [8p8p — tanh? p 8080} , (4.117)
T
leading to a vanishing B-field and the following spacetime metric

ds* =k [dp® — tanh? pdo®], (4.118)

as expected for the Lorentzian version of Witten’s black hole.

In the previous derivation, the fact that both parameters [ and r need to have the same sign
is essential for two different reasons. The first reason is that if the parameters are set, for
instance, to [ = —r = 1, then the metric contains the following cotangent term:

ds® = k [dp® — coth® pda?] (4.119)
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resulting in a different model.

A more fundamental reason is given by gauge invariance. Indeed, in this Lorentzian model,
the gauge transformations are essentially the same as in the Euclidean case, namely they are
described by the shifts in equation [4.102]

An analogous computation of the gauge-transformed action can be performed, and due to the
absence of the i factors in the group parametrization and in the Lie algebra embeddings, the
result has an opposite sign respect to the Euclidean one, namely

55— 5 — 5= —g(z ) / P2 [(~A(+ )+ 07)9a + (A(l+7) — dr)da] . (4.120)

Hence, exactly as before, the gauge invariance condition leads to [ = r, which can be normalized
to 1.

4.5 Null-gauged model for Witten’s black hole

The aim is to formulate the previous Witten’s black hole in an equivalent way by using the
null-gauging procedure for both the Euclidean and Lorentzian signatures.

4.5.1 FEuclidean version

Let’s take the following coset group
~ SL(2,R) x U(1),

G/H , 4.121
M= W, < U (4.121)

where the general group element is taken to be
9="(90,9,) = (e%<7‘0)036””1e%(7+")”37eiy) . (4.122)

Since this model is a specific case of the null-gauged model discussed in Section 4.2.2, the action
is essentially the same as that in equation , except that terms related to SU(2) and R, are
neglected, and the Wess-Zumino term is zero in the Abelian case. Moreover, the embeddings
of the Lie algebras and the general conventions used are as follows:

sgi(ksp)hs =k, sgn(ky )k, = =2, A1 =0, A, =0, (4.123)
LA g, = ihAros, 1 (As)g, = —irAsos,  1(Ar), = —ilsdr, 7 (Aa), = irsds.

So that, the ungauged part becomes
1 _ _ _ _ _ _
So = / d*z= [k (8/)8,0 + sh? pdodo — ch? pdTOT — sh? p(0sdT — 8780) + 8y8y} , (4.124)
Mo T

as expected.
On the contrary, by taking the symmetric and antysimmetric part of the action, one can easily

find
ds* =k (— cosh? pdr? + dp? + sinh? pdaz) + dy?,

4.125
H = k(sinh(2p)dp A dT A do). ( )
Instead, by using the notations [4.123] the gauged part of the action is given by
2 _ - _ _
Sy = ;/ (A1 (L2 + LOy) + As (r1J2 + rady) — AsAq(kliry cosh(2p) — lura] dPz,  (4.126)
Mo
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where the currents are defined to be

ja=FkTr (—z’%égﬂggﬁ) , Ja=kTr (—z’%g;légsl) . (4.127)

One can also simplify their expression, finding

j3 = k (cosh? pOr + sinh? pdo) ,  j3 = k (cosh? por — sinh? pdo) (4.128)

By integrating out of the gauge fields via their equation of motion, they can be expressed as

- rJi’l + 7‘45y
YTk cosh(2p) — lyry’

. lljgl + 140y

"~ Lirikcosh(2p) — lyry

(4.129)

As

Hence, the effective action becomes

2 1 _ _
S =25+ / d2Z—{ 5 [k2 cosh® p Ot Ot — k? cosh? psinh? p O Do+
My T ( kcosh®p — lyry
+ k% cosh? psinh? p 9o 01 — k% sinh? p 0o 0o + 14k Oy (cosh2 pOT + sinh? p 80) + (4.130)
+ 4k Oy (cosh2 p 0T — sinh? péa) + lyry Oy 53/] },

where [y and r; were set to 1.

Furthermore, the null conditions are given by

— klf +12=0,
4.131
—kri +13 =0, (4.13)
and, by using [y = r; = 1, they can be used to express l4 and r4 as
l4 = —T4 = \/E (4132)

Then, after having performed the gauge choice 0 = 7 = 0, the effective action reads as

1 2[47"4 = = 1 — _
=— [ &z k =— [ d?z[tanh? k
Serr =1 [ sy kopd) = - [l pdyy-+ ko)
(4.133)
from which one can extract the metric and the B-field
ds? = kdp? + tanh? pdy?
’ Pt pays (4.134)

B =0.

The previous gauge choice was performed since, coherently with the previous conventions, the
gauge transformation acts as

g— <ei£x0'3 gae?s o—iVka g ei\/Eﬁ’)
A= A+08 (4.135)
A=A + da.

95



CHAPTER 4. WORLDSHEET DESCRIPTION FOR BLACK HOLE SOLUTIONS

The first line can be expressed as (by using k& = 1, for simplicity)

T—=T+a+p

c—o+p—-« (4.136)
y—y+pf—a

pr=p.

Furthermore, one needs to verify that the previous model is exactly gauge invariant with respect
told.135] By using the null conditions|4.131], the transformed action is different from the starting
one by

S=58-85= %/ 2 [VEOydp — dydp) + VE(dyda — dyda) + 2k(dda — Fda)+
Mz
k(010a — O1da) + k(0BT — 0BIT)).
(4.137)

Gauge invariance is guaranteed as 65 = 0 and this is exactly the case. In fact, each term in
the previous equation is a boundary term as

/ d?2[0wdy — 00w = / dw N\ dy = / d(dw N dy) =0, (4.138)
Mo M M3

where Stokes’ theorem and the nilpotency of the exterior derivative are involved.
In other words, the previous model is gauge invariant as expected.
Let’s notice that by employing the following different parametrization for the upstairs group

g= (gsl’gy) — <€%(7'70)026[)016%(TJra)Uz7 eiy) 7 (4139)

and by gauging the currents j2, j% instead of the third ones, the expressions for the metric and
the B-field remain the same.

4.5.2 Lorentzian version

Analogously to what was done previously for the Lorentzian non-null case, let us change
the parametrization by performing an analytic continuation on the parameters of the group
parametrization. Hence, the convenient parametrization is

(r—0o) (t+0)

g=1(gq,9:) = (e 2z e 2

‘73’ et), (4140)

where the coset group involved is G/H = %.

Referring again to [£.43] the null-gauged action is

1 _ . 1 - B )
S=- [/ d*z (5 tr (gSJil,agSLgsll/agSL)) + / G tr (gSlegSL A gsrdgst A gsidgﬂ) +
Mo M

™

+/ d*ztr [(—1 (fh)SL dgsrgse” ") + (r(A2)gp 9si ™ 0gse) — tr (gsy! (ﬁl)SL gser (A)gr] |+
Mo

1 / P01t — 2 / 0z (<, (A2) 0t + 1o (A2) Bt — 1, (A1) 1o (Aa).

™ ™
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where here the embedding homomorphisms are slightly changed as follows

l ('/le)SL = ll./zllO'g, r (.AQ)SL = —T'l.AQO'g, l (ﬁl)t = lg‘/zl,l, r (.Ag)t = —7“3./42. (4141)

After having integrated out the gauged fields and under the gauge choice ¢ = 7 = 0 , the action
is

1 A 2[37"3 =
S = — kOpo -1 otot 4.142
BET T o /MQ { pdp+ (14 Isrs — klyry cosh(2p)) ’ ( )
and by imposing the null conditions as I3 = —r3 = vk, l; = r1 = 1, the resulting metric and
B-field are
ds* = kdp® — tanh?® pdt>
° pr A pats (4.143)

B =0,

as expected for the Witten’s black hole in Lorentzian signature.
Let us mention that the general gauge transformations here are slightly different, as follows:

T T+ ha+rp
oc—o+nrp—La
t—t+ lsa+r3f
p = p,

(4.144)

while the transformations related to the gauge fields are the same of equation [4.135|

One could prove gauge invariance, in a manner similar to the Euclidean case. Indeed, by
applying the null conditions, gauge invariance holds also for such a Lorentzian null-gauged
model.

4.6 SL(Q’EE’;)XU(U WZW model

Now, the idea is to extend the Witten’s previous black hole model to be able to describe more
general black hole solutions in null-gauged WZW models. Similar to the approach taken for the
cigar, one needs to start with some known non-null gauged WZW models to describe certain
black hole solutions and then consider the corresponding null-gauged model. The simplest
generalization involves adding an external abelian group U(1), as discussed in [21].

In particular, the goal is to demonstrate the equivalence between the weakly coupled worldsheet
string theory described by the coset sigma model w x 83 x T* with SL(2,R) WZW
level k£ > 2 and the non-extremal three-charge black hole in the NS5 decoupling limit.

This decoupling limit theory involves k NS5 branes wrapping 7% x S, p > 1 F1 strings wrapping
S1 and n units of momentum along the S?.

4.6.1 Time-like coset formulation
Here, we are using the following parametrization for the upstairs group

G = (g,9:) = (e273er71eP7 ), (4.145)
that is the usual one up to the identification 0, = o« and 0z = .

As mentioned before a lot of times, again the WZW action is the sum of the two terms
S = S5y + S4, where the first piece is
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2]

T
2 —T 19,9~
(9, 0929, 00z),
7T
e

_ 1= 1 _ _ _
Tr(g5709s.95.09s1) + / ; Tr(gg;dgse A gs1dgst A gspdgsr) | +
M3

DN | —

(4.146)

while th gauged component is given by

SL dgsrgst | + [r (A)gp gsr " 0gsr] — [gsr™'C (f_l)SL gsrr (A)g;]

15 (-A)SLK(‘A)SL - %r (‘[l)SLT (Asr

2oyl /M 2 [_ [0 (A). 9g.0:~"]

2
_ _ 1, - 1, -
+ [T (‘A)g; gx_lagx} - [g:c_lg (A)x gzT (‘A)z] - ET (‘A)x r (‘A)x - ig (‘A>x ¢ <‘A)z] d2Z7
(4.147)
Here, the gauge embeddings are defined by
— —ll.[l —llfl Tl.A — Tlﬁ

= s = Ty )= oy (A =
\/E o3, ( )SL \/E 03, T( )SL \/EU& 7’( )SL \/EO-?” (4.148)
(A = —l4A, UA)y =LA, 1A =144, 1(A), =rA,

where k is the level of the SL(2,R) part.

After integrating out the gauge fields and imposing the convenient gauge fixing condition
a = —f =y/2, one can find

1 k81nh2(p)[(l1 - 7"1)2 + (l4 - T4)2]
ds?® = kdp? dz? — dy?
i T (1 - alyry ( )) g (l% + 12+ (lg — 14)? — 21371 cosh(2p) v

l%+r%+(l4+7’4)2—2l17‘1 cosh(2p

) ( 4vk sinh® (p)(lary — liry) >dxdy,

B+ 77+ (I = r4)2 — 20y cosh(2p)

2\/E[l47“1 + ly7y]

= dz A dy.
12+ 72+ (14 — r4)? — 2ly7ry cosh(2p) Ty

(4.149)

The previous complicated formulas can be simplified by imposing the so-called timelike condi-
tion on the currents, namely
B+12=1
{ 1T (4.150)

r?+ri=1.

Hence, in this timelike coset formulation, the results simply read as

21 141 l inh? 2(—1 l inh?
ds® = (1 — Z“)d:ﬁ (=14 hn +A47“4)Sln (p) dy? (=lary + X“zi) sinh”(p) drdy + k dp,
B = — (l47n1 + lerﬁl) Sinh2(p) dr A dy,

(4.151)
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where
A = =14 lyry + 37 cosh(2p). (4.152)

One can also check that the model is invariant under gauge transformations that here are given
by
g = (gSLagac) — (6_%70—398116_%7037 6*14"/923671“47)
A= A+0y (4.153)
A= A+ 5%

or, equivalently,

(o = a — \l/—lgy
B— B~ Ty
z—=x—(lu+r))y (4.154)
A— A+ 0y
A = A+ .

The timelike conditions can be implemented by defining some x, 1 angles such that

l = cos(x — ¥),

l4 = Sil’l(X - w)a

ry = —cos(x), (4.155)
ry = —sin(x).

It might seem simpler to define the parameters [; and r; without considering the difference
X — ©. However, this approach is taken because it precisely reproduces [21] as will be discussed
in the following paragraph.

4.6.2 An alternative formulation

Let’s follow the notations used in |21]. In particular, the parametrization of the group element
is simply given by G = (g, g,) = (e*?3eP7173 eV 2/’“”).
The action is given by

So = ﬁ [/2 d*z tr (g_lﬁgg_lég) — %/Bd?’X tr ((g_ldg)gﬂ + %/Ed%@méx, (4.156)
while the gauged action reads as
Sy = % /Z &’z (AT + AJ + 2AA(Ra)" M), (4.157)
with « is a unit vector and R, M are two 2 x 2 matrices defined as
r=( S0 ). (1159

CoS Y

7 — 4.159
Y (sin X)’ ( )
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1 ~1
M = ( 2t 0‘739"3> (1) ) +R. (4.160)

The action is constructed to be gauge invariant, and additionally, the terms involving R and
M are required to be present since they ensure that the theory respects a condition involving
the gauge generators 77, and Tg, namely

tr (17) = tr (T7) , (4.161)

that is necessary for having an anomaly free gauging.

Up to a factor of 2, the action above has essentially the same structure of [1.146], [1.147] Specif-
ically, by comparing the two actions, there is a clear dictionary that is specified by equation
155

One might wonder about the flip of the sign in the WZ term: the sign (or the presence of an i
factor) is strongly dependent on conventions, but in this case, it does not have any effects here
since the chosen gauge fixing « = —f = y/2 is such that the WZ term vanishes.

By performing these subtitutions, one can be easily able to pass from the the initial formulation
to this alternative’s one.

In this scenario, the currents that need to be gauged are the following

21 21
—J3,2Jr> R@) = —=cos(x — ¥)J? + 2sin(x — ¢)J,,
N () N (x — ) (x — )
= = = 21 - - 21 - -
J=—i (\/Etr (97 '0g0s) 261’) U= (—J3 —2J, | 4 = —=cos xJ® — 2sin x.J,.
Y \/E 9 \/E
(4.162)

By considering the previous action, one can analogously integrate out the gauge fields and,
finally, the gauged action is reduced to

J=i (\/Etr (899‘103) ,2893) (Ru) = (

1 JJ
Sp=—— | &2 |—i—-—]. 4.163
1= 5 ) e i
Hence, after have performed the gauge choice « = —f = y/2, the final action is
1 -k - - 1 JJ
S = 7 /d2z8x8x -+ %/dQZ (9pdp — sinh? pOydy) — e /d2zA—p, (4.164)

where A, = (Ri@)" (M) = 1 + cosh?® pcos 1) + sinh? p cos(2x — ).
Hence, the supergravity fields are expressed as

k 1 2sin x sin(x — ¢) k (2cos(1/2)sinh? p
2 _Ng2 (1 2 _ I 2
ds 2dp + 5 ( A, dz 5 A, dy~+
.12 .
N ﬁ (QSmh psmw) dedy. (4.165)
2 A,
. _ .12
B _@sm(?x 1) sinh P v A dy.

2 A

p

Now, we want to argue that this solution is the near-horizon limit of the three-charge black
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hole given in equation [3.32| Indeed, let’s perform the change of coordinates given by

P = k;[g (A, — 2sinysin(x — ),
- cos(1/2) cos(x — 1 /2)
t = Vkl, cosxcosx —0) ¥ (4.166)

sin v
klsx — t.
@~ Vhla 2 cos x cos(xy — )

The resulting theory is defined as

52 52\ (52 22 2~2 2 5 > 2
. =) (P-2) . kI2p L B bip
ds® = — 5 dt” + R ﬁQ_)d'O + ) dr — 52 dt |
H=drndtNd (%l? sin(x _Z/z) COS(W2)) 7 (4.167)

kI?
020 — 200 s

_ 7
where
pi = klI?(1 4 cos ) — 2sin xsin(y — v)),
P2 = KI2(1— cos(v)), (4.168)
0% = p? + 2k(*sin x sin(x — ).

The two backgrounds described by equations [£.167] and [3.35] are equivalent when considering
the following identifications:

r2 = 2kI? cos x cos(x — 1)),

sinh? oy — sinh? o, = tan x tan(y — ¢),

2sin(x — 1¥/2) cos(v/2)
cosycos(x — )

(4.169)

sinh 2a; =

In addition, let’s notice that by neglecting the abelian group in the upstairs group, namely by
using x — 0,40 — 0,x — 0, the previous metric is reduced to be

k
ds* = §(d92 — tanh?(p)dy?),

(4.170)
B =0,
that is the Lorentzian Witten’s black hole as expected.
Failure in the extremal limit
In the previous paragraph, it was proven that the timelike coset formulation given by %

was able to describe the near horizon limit of the three charge black solution [3.32]

However, it is crucial to stress that this is valid only in the non-extremal scenario and that in
the extremal limit the previous timelike formulation is no longer able to describe the black hole
solution.

The equivalence of the models [4.165] and [3.32| is based on the change of coordinates In
fact, the extremal limit is achieved by imposing

llT’l = 0, (4171)
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or, equivalently,
cos(x — 1) cos(x) = 0. (4.172)

This condition means that
X =(2n+1)7, Vn € Z,
X=02n+1)5+v¢, VneZ

Hence, one can notice that the change of coordinates is not defined and the models cannot
be matched to be same.

(4.173)

4.7 Null-gauged X QUﬂf); UX(U( ' WZW model

After discussing the timelike coset construction, we now aim to formulate the associated null-
gauged model.
The group element of the model is taken to be

9= (9sL, Gur gt) = (772”7177 6" ') (4.174)

since in the null-gauging procedure one needs to add an abelian upstairs group, namely U(1);.
The action of the null-gauged model is

k 1 _ = 1 _ _ _
Sp =~ / —Tr(95:095095.09s1) + / —Tr(gg;dgsr A gsrdgse A ggrdgse) | +
Vs Ma 2 Ms 6

4.1
5 ] (4.175)

2 1 =
L2 { [ 51000000, - 2 [ | 5000 00|,
7( Mg 2 T M2 2

where the WZ-term is zero for the abelian group.
Conversely, the gauged part of the action is

k _ _ _
50 =2 [0 ([0 s+ T ) 057 0] = o™ () 050 (A1)
M2

N %/M (= [€(A),09:9:7 ] + [r (A), g ' 0gi] — 90 € (A), ger (A),]]] d*2+
+%/M (= [6(A), 09:0. "] + [ (A), 9.7 0g0] — [9:7 € (A),, gur (A),]]] 2,
) (4.176)

where

l(f_h)SL = —l1f_1103, T(-AZ)SL = riAyos, l(f_h)x = —l4f_11, T<‘A2)x = 14As, <4 177)
l(.Al)t = l3.A1, T(.Ag)t = —T3.A2. '

By integrating out the gauge fields and by imposing the gauge choice ¢ = 7 = 0 (namely,
a = =0), one finds

1 - - - 130t + 1 Ot )
Sgpr = —/ d?2[kOpdp — OtOt + 0x0x — 2( 30t + L) (ry0t + r48x)]’ (4.178)
T I ANULL
where
Anurr = —lsrs + 474 + klyry cosh(2p). (4.179)
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The effective action described above leads to the following supergravity fields

d52 _ kdp2 _ <l37’3 —+ l47’4 —+ l17’1 COSh<2p)> dt2 _ (2([47’3 + 137’4)) dtdl‘ i <1 _ 2[47’4 )de’

AnurL AnvLL NULL
lsrg — 1
B =BT A dt,
AnuLL
(4.180)
where the null-constraints are the following
—kE+15-15=0, (4.181)
—kri+rs—ri=0. '
Moreover, the gauge transformations of the model are given by
9= (951, zr 9t) — (71778 ggre"1m78 e~lavg e7Tan elsT g ersm)
A= A+ (1.182)
A— A+ 57,
and they imply the following shifts
(o0 — o — lyy
B— B —rn
T —x—lyy—r4m (4.183)
t—=t+1l3y+rsm
A— A+ 0n
\fl — A+ Oy

under which the action is invariant since its variation is a sum of boundary terms, analogously
to equation 4.137.

Moreover, one can notice that the expressions for the B-field and the metric in equation
are parameterized in the same way as the ones considered in equation [4.53] after removing
the SU(2) component. This does not mean that the solutions are the same, since the null-
conditions in equation are different from those in equation [£.50} hence, there are two
distinct parameter spaces.

As a consistency check, one can consider the limit x — 0, 74, — 0, [ — 0 where the model

SL2)xU(1),
reduces to .
UM)xU(Dg . .
Indeed, after having integrated out the gauge fields, the effective action becomes
1 - 213 — 30tot
Sugar = lim  S=-— / — otdt — 3 , (4.184)
20,140,140 T I, —l3r3 + klyry cosh(2p)

that is the usual Lorentzian Witten’s black hole action by imposing [y =r; = 1 and I3 = —r3 =

V'k. Hence, both the timelike coset model previously discussed and the current null-gauged
model are able to reproduce the two dimensional Witten’s black hole in some certain limits.

4.8 Comments on the spectrum of the two dimensional
Witten’s black hole and null-gauging procedure

In light of the BRST quantization procedure (see |31], [32] and [21]) introduced in Chapter 2,
we now want to briefly analyze some properties related to the spectrum of the worldsheet CFT
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defined for the Witten’s black hole in Lorentzian signature (i.e., paragraph 4.4.2) and compare
it with respect to the null-gauged case (i.e., section 4.5).

Hence, let’s consider the ten dimensional critical string theory on a geometry given by % X
Ng, where Ng is an eight-dimensional spacelike compact manifold.
A primary vertex operator V(z, Z) can be written as
Vi(z,z) = Vi(z,2)Vy, (4.185)
where Vi is a primary vertex operator on Ng while V;(z, Z) a primary vertex operator for the
SL(2,R)s
coset 6

A standard ansatz is to factorize V;(z, Z) into a contribution related to the upstairs group and
one related to the downstairs group, namely

Vi(z,2) = U(z, z)el:(rrvrtrrur) (4.186)

where the coefficient w(z,z) = wg(z) + wr(Z) was introduced to parametrize U(1) at the
denominator of the coset. The absence of winding can be traced to the condition k;, = kg = k.
A well-known fact is that a vertex operator for SL(2,R); can be written in terms of the in
the continuous representation of Euclidean SL(2,R) defined to be the space generated by the
common eigenstates of J; and .J; with eigenvalues im, —im. This fact can be expressed by
writing

U(2,2) = Vi . (4.187)
By introducing the ghosts b, ¢ and performing the BRST quantization method through the
path integral, one can check that the BRST charges of the theory can be written as

1 - 1 -
(BRsT = 5— ]{dZJBRST, &BRST = _.j{dZJBRSTa (4.188)
2mi 2mi

where
Jprst = ¢(J +2Jy), (4.189)

and similarly for Jgrgr.
The current above is defined to be J = [-j3, namely the usual SL(2,R); current defined in the
paragraph 4.4.2 and in section 4.5 with the coefficient [ that was set to be 1.
By imposing that the state dual to the operator V;(z, z) must be BRST closed, one can derive
the following constraints
[-m+ 1lsff =0,
2 (4.190)
rem-4+ §lsl<, =0.

The previous results that has been derived in the timelike Witten’s model are in agreement
with the one that can be found from the analysis of the corresponding null-gauged model.

Indeed, one can consider the limit of where the upstairs SU(2) and U(1), are removed,
namely

(4.191)

with the parameters of the null model denoted by [ and 7 to distinguish them from the timelike
ones.
One can notice that there is a dictionary from the |4.190] to |[4.191] that is given by

l1:l17 7:1:7017

- 4.192
ls=1, 73=1, 192
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where units such that [, = 1 has been taken.

Therefore, the models are once again tested for equivalence with each other.

More specifically related to the spectrum of the theory, by considering Witten’s model as a

limit of the W model, as presented in [21], one can derive the Virasoro constraints.

The results are given by )
jG+1)  Px 1

? 1 =3 (4.193)
in agreement with the Witten black hole’s limit of the null-gauged model analyzed in Section 4.7.

One could repeat an analogous procedure for the timelike model discussed in Section 4.6 and its
null-gauged variant analyzed in Section 4.7; however, the situation appears to be more compli-
cated. Indeed, adding an external U(1) appears to be non-trivial. Some efforts have been made
to demonstrate the equivalence of these two models at the supergravity level, but it appears
that there is no coordinate transformation that makes the metrics in equations [.151] and .180]
identical. Despite considering different gauge choices consistent with the gauge transforma-
tions given in equations [.154] and [£.183] the equivalence has not been achieved. Hence, a more
detailed analysis will be needed.
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Conclusions

In this thesis, we have thoroughly investigated black hole solutions within the framework of
string theory, with a particular focus on worldsheet descriptions using Wess-Zumino-Witten
(WZW) models.

Chapter 1, which addresses the black hole information paradox, was dedicated to providing
motivations and interests for the subsequent studies.

Chapter 2 covered the essential aspects of string theory necessary to understand the following
sections.

Moreover, some well-known black hole and fuzzball solutions and their properties were briefly
summarized in Chapter 3.

In Chapter 4, we discussed the null-gauging procedure for WZW models and demonstrated
how a consistent fuzzball solution can be reproduced by analyzing the properties of a coset
theory at the quantum level. We addressed the challenge of formulating a null-gauged WZW
model capable of describing a black hole solution, starting with an analysis of Witten’s two-
dimensional black hole in both Euclidean and Lorentzian signatures and treating this solution
in a null-gauged framework. We also considered other solutions, namely those obtained by
extending Witten’s black hole and its null-gauged version with an additional U(1) group. In
particular, it has been established that, in the extremal case, the timelike coset construction is
not able to reproduce the decoupling limit of the three-charge black hole solution. Additionally,
Witten’s black hole is a consistent limit of this model. Moreover, some aspects related to the
spectrum of these models were studied.

Looking ahead, it would be particularly interesting to analyze further the seeming differences
between the timelike model discussed in Section 4.6 and its null-gauged variant analyzed in
Section 4.7. It might be useful to delve deeper into the worldsheet consistency of the timelike
model and study some strings effects on this background. Future work could also involve
examining other groups, such as SU(2), to describe black holes with angular momentum or
more sophisticated scenarios involving non-Abelian groups in the gauging. Additionally, the
consistency of the worldsheet CFT at the quantum level was only briefly introduced; further
investigation could provide a deeper understanding of the differences compared to fuzzball
solutions. An intriguing future direction would be to find a worldsheet description of black hole
entropy. Given that the entropy, according to the Bekenstein-Hawking formula, is related to
the black hole’s area, it would be valuable to identify a CFT operator on the worldsheet that
can reproduce the black hole entropy at leading order in ¢/, thereby extending the results of
[33], which are valid for the BTZ black hole solution.
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